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1. Introduction

Chemists have

nanomaterials with complex hierarchical structures and

demonstrated that

Aerosol processing: a wind of innovation in the field of advanced
heterogeneous catalysts

Damien P. Debecker,>* Soléne Le Bras,? Cédric Boissiére,® Alexandra Chaumonnot,® Clément
Sanchez®*

Aerosol processing is long known and implemented industrially to obtain various types of divided materials and
nanomaterials. The atomisation of a liquid solution or suspension produces a mist of aerosol droplets which can then be
transformed via a diversity of processes including spray-drying, spray pyrolysis, flame spray pyrolysis, thermal
decomposition, micronisation, gas atomisation, etc. The attractive technical features of these aerosol processes make them
highly interesting for the continuous, large scale, and tailored production of heterogeneous catalysts. Indeed, during aerosol
processing, each liquid droplet undergoes well-controlled physical and chemical transformations, allowing for example to
dry and aggregate pre-existing solid particles or to synthesise new micro- or nanoparticles from mixtures of molecular or
colloidal precursors. In the last two decades, more advanced reactive aerosol processes have emerged as innovative means
to synthesise tailored-made nanomaterials with tunable surface properties, textures, compositions, etc. In particular, the

|

“aerosol-assisted sol-gel” process (AASG) has demonstrated tremendous potential for the preparation of high-performance
heterogeneous catalysts. The method is mainly based on the low-cost, scalable, and environmentally benign sol-gel
chemistry process, often coupled with the evaporation-induced self-assembly (EISA) concept. It allows producing micronic
or submicronic, inorganic or hybrid organic-inorganic particles bearing tuneable and calibrated porous structures at different
scale. In addition, pre-formed nanoparticles can be easily incorporated or formed in a “one-pot” bottom-up approach within
the porous inorganic or hybrid spheres produced by such spray drying method. Thus, multifunctional catalysts with tailored
catalytic activities can be prepared in a relatively simple way. This account is an overview of aerosol processed
heteroegneous catalysts which demonstrated interesting performance in various relevant chemical reactions like
isomerisation, hydrogenation, olefin metathesis, pollutant total oxidation, selective oxidation, CO2 methanation, etc. A short
survey of patents and industrial applications is also presented. Our objective is to demonstrate the tremendous possibilities
offered by the coupling between bottom up synthesis routes and these aerosol processing technologies which will most
probably represent a major route of innovation in the mushrooming field of catalyst preparation research.

Porous materials presenting multimodal or multiscale
porosity are of major interest, for catalysis, fuel cells, batteries,
and separation processes, for which optimisation of the

materials and T " . ) - .
diffusion and confinement regimes is required.® In this context,

textures can be finely tailored through bottom-up and
sometimes « bioinspired » chemical strategies.!> The resulting
advanced functional materials are playing an important role in
the development of energy and environmental sciences and
nanomedicine. Numerous fields are targeted, such as sensing,
separation, sorption, electrochemical and
photoelectrochemical devices for energy conversion and
storage, controlled release, nanobiomaterials, smart
therapeutic carriers, and of course heterogeneous catalysis.®8
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the development of bottom-up strategies such as sol-gel
chemistry routes, has open a land of opportunities.1 Various
templating strategies used to control the materials textural
properties include cooperative self-assembly (with molecular or
polymeric surfactants), multiple templating with submicronic or
micronic objects (e.g.: latex,11'13 biotemplates like bacteria,
viruses, etc.1#17), dynamic templating (breath figures,18 19
organogelation,?% 21 microphase separation,22-23 nanocasting).24
However, conventional procedures used to process
nanostructured porous nanomaterials mostly rely on multi-step
and time-consuming batch operations.

Modern approaches coined “integrative chemistry”,1 2 2527
where chemistry and process are strongly coupled, provide the
ability to design materials at several length scales, with tuned
functions and adjusted complex morphologies. These new
approaches integrate synergistically template directed sol-gel
chemistry with a large variety of processing methodologies
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producing efficient materials with multiscale textures. The main
processing methods reported to date concern inkjet printing,28
32 electrospinning,33-3> foaming,36-0 dip-pen lithography,** TPA
lithography,*2 multilayers deposition (via dip- or spin-
coating),*3-46 3-D printing,*”-*° and finally, aerosol processing.5%
56

Around the year 2000, the coupling between (i) sol-gel
chemistry, (ii) evaporation-induced self-assembly, and (iii)
aerosol processing was envisaged as a practical way to prepare
porous materials.>% 57 38 |n such aerosol-based synthesis, the
dynamic coupling between chemical and processing conditions
is an important factor that controls materials on both the micro
and nanostructures. In contrast to the classical solution
pathways, the “aerosol-assisted sol-gel process” (AASG)
involves a very limited number of preparation steps, produces
material in a continuous mode, allows for a simple collection of
the powder and generates low amounts of waste. Moreover,
the kinetic quenching associated with droplet formation and
fast drying allows for the “freezing” of materials into metastable
states, which are hardly achievable by the usual precipitation
method, because condensation/dissolution equilibrium usually
favours the formation of the thermodynamically stable
material.>® The very short thermal treatment at relatively low
temperatures associated with the aerosol process is compatible
with the use of fragile organic moieties.>* Moreover, a control
over particle localisation can be achieved through an adequate
functionalisation of nanoparticles and accurate control of the
spray drying processing parameters.%°

Understandably, heterogeneous catalysis is a field which
takes advantage of such preparation technique that offers so
many degrees of freedom to tune the properties of the
materials at the nanoscale.®! Continuously, important effort is
indeed being made to develop a variety of innovative
regularly open up new
In fact, the preparation of

nanostructured materials which
perspectives in catalysis.61-69
advanced catalytic materials by aerosol processes (spray drying,
flame-aerosol processes, etc.) was already long recognised as a
prime method for commercial catalyst synthesis. However, the
on-purpose and controlled
techniques and sol-gel chemistry is much more recent. The
literature records in the past two decades evidently show that
the peppy field of heterogeneous catalysis has been strongly
impacted by the development of new and advanced aerosol-
based methods.

In this review, we cover some historical aspects of the
development of aerosol-based methods for the preparation of
nanomaterials and we propose some perspectives to this
mushrooming field. We first present the different types of
aerosol-based preparation methods and we propose a
classification: (Type 1) simple drying, (Type Il) precipitation,
(Type Ill) reactive aerosol processes, and (Type V)
micronisation of metal melts. We discuss the —sometimes fuzzy
—frontiers between these types of processes, and we rationalise
our proposition to focus on some of these types of aerosol
processes. Then, we present and discuss a comprehensive list of
aerosol-made catalysts which have been successfully applied in
the fields of environmental catalysis, biomass conversion,

coupling between aerosol
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organic synthesis, petrochemistry, photocatalysis,
electrocatalysis, etc. Systematically, we cover the details of the
aerosol preparation procedures and we highlight the decisive
properties of the aerosol-made catalysts which explain their
performance.

2. Aerosol processing
2.1. The rise of aerosol processes in materials science

Aerosol processes encompass all procedures which involve
the production of an aerosol, i.e. a gas-transported “mist” of
liquid particles. The nature and composition of the starting
material, the subsequent processing of the aerosol and the
targeted final materials can differ and this gives rise to a
relatively wide range of subclasses of aerosol processes (vide
infra).

Spray drying has long been used to dry solid materials that
are present in a liquid suspension and obtain fine or aggregated
dry particles or to encapsulate active molecules.”’073 Such
techniques are widely used industrially, especially in the food
industry, for example for the microencapsulation of flavours
and other food ingredients’#78 or for the production of milk or
fruit juice powders,”2-82 for example. Spray drying is also used
for the preservation of micro-organisms,83% in the
manufacture of pharmaceuticals,?%%3 or even in the large scale
production of burning rate modifiers for propellants.®* Spray
drying is a traditional unit operation in chemical engineering
with an important know-how about its design, automated
control and scaling up. Often, it can be operated at low-cost
and in environmentally benign conditions.

Another particular example of aerosol process is the “gas
atomisation” (and derived processes) of metals and metal
alloys.?>99 In this case, a melt stream is sprayed through a nozzle
and disrupted by an inert gas to produce fine liquid droplets,
which are rapidly cooled and solidified to give small spherical
Rapid solidification allows
obtaining fine microstructures, avoiding segregation effects and

particles of metals or alloys.

exploiting the possibility to produce metastable phases.
Aerosol techniques used for the synthesis of solid materials
were claimed by Govers as early as in 1924,190 and then by
Behrman Abraham in 1930191 for the preparation of divided
siliceous materials. Then Ebner et al. in 1939 claimed a spray
method for the thermal decomposition of mixtures of salts.102
In the late 1970s, important advances were made in the field of
high performance ceramics, electronic materials, and super-
conducting oxides.193 In the early development of aerosol
technologies for materials synthesis, the main method was
alternatingly called evaporative decomposition of solutions
(EDS), spray pyrolysis (SP), flame spray pyrolysis (FSP), liquid-
feed flame spray pyrolysis, (LF-FSP), high temperature aerosol
decomposition (HTAD), mist decomposition (MD), aerosol
thermolysis (AT), or aerosol high temperature decomposition
(AHTD). It generally implied the atomisation of metal salt
solutions and the rapid decomposition of the molecular
precursors in a high temperature furnace or in a flame. The
decisive advantage was the possibility to initiate the process
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with a homogeneous — aqueous or organic — solution of various
metal salts (nitrates, chlorides, acetates, hydroxides, etc.),
generating highly divided solid particles with controlled
composition. Such techniques are currently used to prepare a
range of nanomaterials at the industrial scale for various
applications (including catalysts), as reviewed recently by
Buesser and Pratsinis.>® For example, flame aerosol-processed
fumed silica particles serve as excipient materials in drug
tablets. Similarly, the white nanoparticles of titania used as an
opacifying agent in most paints are also produced by flame
aerosol technology. In fact, the method provides an access to a
large range of single and mixed oxide nanopowders with various
morphologies.’* As far as heterogeneous catalysts are
concerned, one interesting feature of the flame aerosol
technology is the fact that the most refractory oxides
condensate first in the flame, while other components get
dispersed at the surface of the particles, thus accessible for
surface reactions.0>

Independently, the advent of sol-gel chemistry led to the
development of new types of inorganic or hybrid materials with
tailored structural, textural and surface properties. Sol-gel
routes can be defined as the synthesis of solid materials such as
metal oxides starting from a solution of molecular precursors
which evolve towards a suspension (sol) and then reticulate to
form a gel via inorganic polycondensation reactions.106 107
Synthesis is typically performed at a moderate temperature (<
200°C) and upon long reaction times. Importantly, the
introduction of sacrificial templating agents in the synthesis
mixture allows generating a variety of textural features,
essential for heterogeneous catalysis preparation.? 108

Thus, a rather recent development in aerosol-processes
which builds upon the progress made in sol-gel chemistry is the
so-called “aerosol-assisted sol-gel” process (AASG). The concept
of the AASG process is to merge the two fields of (i) sol-gel
chemistry and (ii) aerosol processing. In 1997, Bruinsma et al.

d

were the first to report the synthesis of mesoporous silica
powders by spray drying of alkoxide-surfactant solutions.>®
They atomised an aqueous hydrolyzed
tetraethylorthosilicate (TEOS) containing also
cetyltrimethylammoium chloride as the surfactant, dried the
aerosol, and calcined the obtained powder. The resulting solid
particles of silica with a
mesoporous texture. In 1999, Brinker et al. proposed an
aerosol-based process for synthesising solid, well-ordered, and
spherical silica particles with stable pore mesostructures.43 50
Datye et al. described the actual impact of preparation
parameters like the temperature of the drying zone, the
surfactant-to-TEOS ratio, the pH, etc. on the final properties of
the mesoporous silica.? Like other classical templated sol-gel
syntheses, the method relies on the evaporation-induced self-
assembly (EISA) of surfactant molecules, and on the
concomitant condensation of the silica precursors. However,
the whole process is confined to individual spherical aerosol
droplets and occurs during the very short time (typically 1 or a
few seconds) needed to dry the particle.

Since then, the method has been adapted to the
preparation of various nanostructured materials which

solution of

was made of hollow spherical
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accommodate different types of textural features and a large
range of chemical formulations.>* Indeed, an infinite number of
the template-directed sol-gel
chemistry is coupled with aerosol processing methods. This
consolidated by the better
understanding of the coupling between sol-gel chemistry and
processing provided by the use of in
characterisation techniques that can follow, in real time,

combinations arise when

scientific orientation was

aerosol situ

aerosol droplets formation and structuration from the
molecular precursor solutions to the final stabilised powder.10%
110 Examples of the use of such AASG techniques for the
preparation of heterogeneous catalysts have flourished in the
past two decades, as it will be shown in details in the present
review.

2.2. Classification of aerosol techniques used for the preparation
of solid materials

A range of techniques based on the processing of aerosols
has been developed for the preparation of divided materials.
Names commonly encountered include spray drying,
atomisation, aerosol-assisted sol-gel, gas atomisation, flame
aerosol methods, aerosol-assisted self-assembly process, etc.
All of these techniques start with the atomisation of a liquid
sample in the form of a mist of micronic or submicronic
droplets. Several types of atomisation techniques are available,
which use either pressure, centrifugal, electrostatic or
ultrasonic energy to generate dispersed and gas-transported
droplets. The processes, however, differ (i) on the nature and
properties of the sprayed solution or colloidal suspension and
(ii) on the treatments that are subsequently applied on the
aerosol. Based on this, we propose a classification of aerosol
processes, in four categories: Types | to IV (Scheme 1).

Type | — Drying of pre-formed solid particles

The starting point is a suspension of solid particles and the
spray processing is only used to dry pre-existing solid materials
(i.e. pre-formed particles). The process yields new solid particles
of the same chemical composition and nature as the starting
materials but different in the aggregation form, humidity
content, size, The obtained materials are often
subsequently sintered by thermal treatments to ensure the

etc.

cohesion of the aggregates. Note that in some case, additives
(binders) are introduced to tune the aggregation behavior.111
Such binder can itself be reactive in some cases, which
complicates the classification as a “simple drying” process.
Additionally, active compounds can be added to the starting
mixture and get deposited onto the preformed solid particles
upon drying. Nevertheless, if the final solid is mainly composed
of the pre-formed solid particles used as a starting point (> 50
wt.%), we propose to put them in the Type | category.

For heterogeneous catalysis, Type | aerosol techniques are
used to shape aggregates of small catalytic particles so that
larger particles can be used in the catalytic process, allowing for
an easier catalyst recovery or for the design of flow processes in
fixed beds.112 Also, spherical aggregates typically obtained via
such spray drying process usually display improved attrition
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REVIEW

resistance which makes them highly interesting for applications
in fluidised bed reactors.13
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Scheme 1. Classification of aerosol processes for the preparation of solid particles in 4 categories. (Type I) Simple drying of pre-existing particles in suspension leading to particles
aggregates (binders, sacrificial texturing agents may be added). (Type Il) Molecules in solution are dried by aerosol and precipitate under the effect of solvent evaporation (binders
or sacrificial texturing agents may be added). (Type IIl) Molecular precursors in solution react via inorganic polycondensation reactions during the aerosol processing to yield a solid

which is chemically different from the starting compounds. Depending on the aerosol processing technique — which includes flame processing, high temperature thermal

decomposition or mild thermal treatment — we define three sub-types for Type Ill processes (see text). In the presence of sacrificial texturing agents, porous particles can be obtained.
(Type IV) A metal melt — usually obtained from a mixture of different metals — is atomised and cooled to yield micronized metal particles. Note: the frontier between Types | and IlI

or between Types Il and Il may be blur in the cases where the starting system contains both reactive precursors and for example preformed nanoparticles or non-reactive molecular

species. We propose to put such processes in the most relevant category, based on the main phenomena (simple drying or precipitation or reactive inorganic polycondensation)

which leads to at least 50 wt.% of the final solid.

Type Il - Precipitation

The starting solution contains molecular species (e.g. salts,
organic molecules, organometallic complexes, biomolecules,
etc.) which will dry and precipitate under the effect of
increasing concentration, as the solvent evaporates. Thus,
molecular species in solution form solid particles by simple
precipitation. There are no inorganic polycondensation
reactions and no decomposition of the starting molecule. The
chemical nature of the initial species can be either totally
preserved (e.g. in the case of a single salt, a protein, etc.) or a
new kind of solid may be formed from their combination (e.g.
precipitation of a mixture of salts yielding a new crystalline
compound). The composition, size, crystallinity, humidity,
texture depend on the composition of the starting solution and
on the parameters of the drying. In some cases, seeds of the
desired crystal may already be present in the precursor
solution. Additives and sacrificial texturing agents may be added
in the process to help control the physical properties of the final
solid particles. Such drying by atomisation is often applied in the
pharmaceutical and in the food industry.114-116 |n
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heterogeneous catalysis, such technique was used for example
to produce microspheres of sodium aluminate used as basic
catalysts for biomass upgrading,’'’ or intimate mixtures of
metal salts which are then thermally treated to yield complex
oxide catalysts active in selective oxidation reactions.118

Type Ill — Reactive aerosol processes

The solution contains reactive molecular precursors which
react during the aerosol processing to give new solid
compounds by decomposition or by inorganic
polycondensation reactions. The solid formed is chemically
different from the species initially present in the solution. For
example, metal oxides are formed starting from molecular
precursors (metal alkoxydes, metallic salts, etc.) or metal
nanoparticles are obtained through thermal or reductive
processing of metal halides. Depending on the conditions used
to trigger the chemical reactions during aerosol processing, we
define three sub-categories.

Type llla — Flame-aerosol synthesis

This journal is © The Royal Society of Chemistry 20xx
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The precursor solution — or less frequently a suspension — is
atomised and the aerosol is injected into a flame, where fast
thermal decomposition and condensation occur.>6 104,105, 119-122
The temperature in the flame can be as high as ~3000°C.120 The
sprayed solution usually includes a combustible and the process
yields non-porous particles. Depending on the parameters of
the process, primary particles can form loose agglomerates or
aggregates,>® where porosity arises from the interparticle voids.
Particles can be heterogeneous in composition because more
refractory materials condense first in the flame, forming the
core of the particles, while less refractory species are found at
the surface. This technique is widely applied for the preparation
of various kinds of nanomaterials, both at the research level and
in large industrial processes.119.123,124 As far as the preparation
of heterogeneous catalysts is concerned, flame-aerosol
processes have already been identified as highly efficient and
versatile routes to produce catalysts such as, for example
V,0s5/TiO, for pollutant total oxidation catalysts,'25> BiMo
complex oxides for selective oxidation of light hydrocarbons,126,
Mo03/Si0>-Al,05 olefin metathesis catalysts,'2” CoMo/Al,03
catalysts for hydrotreatment,12! Pt-Sn/Al,O;5 catalysts for light
alkane dehydrogenation,128 Pt/Al,03 and Pd/SiO, catalysts for
hydrogenation reactions, 129 130 etc.

Type lllb — High-temperature thermal decomposition

The precursor solution — or less frequently a suspension —is
atomised and the aerosol is processed in a high temperature
reactor where precursors are thermally decomposed. So the
process is very similar to Type lla, but no flame is used. Typically,
the reactor temperature is around 1000°C. The process leads to
non-porous particles with various degrees of aggregation. In
catalysis, high-temperature
decomposition is typically applied to obtain formulations based

heterogeneous such
on a metal dispersed at the surface of a refractory oxide, like for
example Ru/TiO, methanation catalysts,3! or doped TiO;
photocatalysts.132

Type llic — Aerosol-assisted sol-gel processes (AASG)

The precursor solution is atomised and the aerosol is
processed to dry in relatively mild conditions, triggering
inorganic polycondensation reactions. Here, the typical
strategies of sol-gel chemistry are exploited during aerosol
processing (see below, section 3.1.). The spray is processed in
mild conditions, to activate chemical reactions from the
precursors under the effect of increasing concentration, of a
variation of the pH, etc. The method often takes advantage of
the presence of organic species in the starting solution to tune
the textural properties of the final material. Thus, the starting
precursors solution often includes templating agents which can
be either pre-formed (e.g. beads or rods of polymer or
biopolymers) or can self-assemble during the drying process
(i.e. surfactants forming micelles). The aerosol-assisted sol-gel
process is frequently followed by a separate thermal or
chemical post-treatment to remove the templating agent and
release the porosity, or to modify the obtained solid (e.g.
reduction to metal nanoparticles, conversion of amorphous
materials to crystalline, etc.). Often, the starting solution is

This journal is © The Royal Society of Chemistry 20xx

exclusively composed of molecular species (no solid particles),
which co-condense and self-assemble in a strictly bottom-up
fashion during the drying process.133 In some cases, however,
polycondensation and/or self-assembly is initiated before
atomisation and the droplets already contain inorganic
oligomers and/or organic micelles. Also, the starting system can
contain a suspension of pre-formed objects (e.g. particles,
nanoparticles, polymer beads, zeolite seeds, colloids, enzymes,
viruses, cells, etc.) in addition to the main reactive chemical
species which condenses during the process.134 In this case, the
frontier with Type | process performed in the presence of a
reactive binder is blur. If the majority (in mass) of the material
is obtained through reactive inorganic polycondensation, we
propose to position the process in the Type llic category.

Type llic aerosol processes have offered tremendous new
opportunities for the design of advanced heterogeneous
catalysts in the last two decades, yielding a wide range of
catalysts with tailored properties (texture, composition, surface
functionalities). These will be an important focus of the review
(see below).

Type IV — Gas atomisation of metals and alloys

In this technique, also called “micronization”, a metal or a
mixture of several metals is melt at high temperature and
atomised in the form of small droplets. The aerosol is processed
to cool and generate small spherical particles of metal or metal
alloys which can be exploited as heterogeneous catalysts.13> Gas
atomisation was used to produce Raney-type catalysts and
other Ni-based alloys for hydrogenation reactions,136-140 and
mixed metallic glasses for the catalytic degradation of dyes,141
for example.

2.3. Process — morphology — performance relationship

One crucial aspect of particles synthesis is the possibility to
control the particles size and morphology. In all above-
mentioned aerosol processes, this can be achieved with a
certain degree of versatility, by tuning the process parameters.
Nandiyanto and Okuyama have recently covered the technical
aspects of such control on particle morphology and size, mainly
for spray drying techniques (Type | processes).12 In many of the
applications covered in the present review, the particle
morphology is in fact one key property of the new catalyst
which can participate in the enhanced catalytic performance.

The size of the particles is primarily governed by the size of
the aerosol droplets and by the composition of the starting
suspension or solution, i.e. by the proportion of volatile solvent
species which produce the final
material.1*3 Indeed, in aerosol processes, a single droplet

vs. non-volatile solid
produces one particle. Depending on the type of atomiser used,
a range of droplets size can be selected: ~200 um (rotary disks),
10-1000 pm (two-fluid nozzles), or 1-10 pum (ultrasonic
nebuliser).144 Apart from the choice of the atomiser type and
the operating parameters (precursor
temperature, spray volume rate, drying gas volume rate) and
the physical properties of the starting solution or suspension
(surface tension, viscosity, density) can be used as control

concentration,
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parameters to tune the particle size.*> Empirical correlations
are available to help the engineers in the design of their
process.142

Particle morphology can be adjusted as well, and many
different types of particle ultrastructures have been described
in the literature.>* 142 These can be obtained on purpose by
carefully selecting the drying conditions (type of drying gas,
temperature, relative humidity, residence time, co-current or
counter-current, etc.). As particles formation results from the
drying of liquid droplets — for which the spherical shape is the
most stable — aerosol processes typically produce spherical
particles. Yet, depending on the rate of mass and heat transfer
during the drying, different particle morphologies can be
obtained.1#® If the drying occurs fast at the droplet surface, a
solid skin can rapidly form and result in hollow particles.
Changes in the hydrodynamics and structural stability of the
droplets during drying can allow the transformation of spherical
droplets into convex structures which yield donut-like particles.
Obviously, when using a suspension of preformed particles or
sacrificial nano-objects used as templating agents, the size of
the latter will dictate particle roughness and porosity.

When looking specifically at heterogeneous catalysts, it is
evident that the size and microstructure of the particles have a
tremendous importance and can — to some extent — dictate the
level of catalytic performance reached by the material. In
particular, diffusion phenomena are governed not only by the
size of the pores but also by the path that the reactants and
products have to follow to enter and exit the catalyst particles.
In this context, small or hollow particles may be advantageous
because they imply shorter diffusion distances.'*’” Looking at
catalytic applications using fixed beds in flow mode, larger
particles can be more interesting because they develop lower
pressure drops. Finally, resistance to attrition is an important
factor as well, especially in fluidised bed applications or in batch
mode when intense stirring is required.14® In those cases, dense
and spherical particles appear more practical than anisotropic
or hollow microstructures. The process operating parameters
also govern the particle size distribution, which has a
tremendous importance for many catalytic applications.

Finally, catalytic performance is largely governed by the
chemistry of the solid (nature of the surface species, degree of
dispersion of the active element, etc.). These aspects will be
covered specifically for each categories of materials covered in
the review.

2.4. Focus of the review

The methods described above are developed for the
synthesis of a variety of divided materials with a huge diversity
of potential applications for the obtained materials. This review,
however, is focused exclusively on heterogeneous catalysis as
the targeted application. The purpose is to provide a wide-
ranging overview of the recent (~ last two decades)
developments that have been made in the field of the synthesis
of heterogeneous catalysts using aerosol techniques.

The frontiers between the different types of processes as
defined above are somewhat arbitrary. Yet, this classification

6 | Chem. Soc. Rev., 2018, 00, 1-3

should allow the community to identify more clearly the
principles behind the formation of solid catalysts when
discussing the scientific literature.

Here, we purposely excluded from the review the catalysts
obtained by aerosol-flame techniques (Type llla) and those
prepared from metal melts (Type IV). Indeed, Type llla and IV
rely on very specific high-temperature equipment and
technology. As such, they should be discussed separately. As far
as flame-made heterogeneous catalysts are concerned, the
reader can find a number of recent which
comprehensively cover both the technological and fundamental
aspects Of the methOdS.SG' 104, 105, 119, 120, 122, 149, 150

Thus, the present systematically the
heterogeneous catalysts prepared using Type Il, Type Illlb and
Type lllc processes. In other words, the review is an account on
preparation methods starting from solutions or suspensions
containing molecular precursors which undergo
polycondensation, decomposition or precipitation during the
processing of aerosol droplets, under the effect of mild or
moderate thermal treatment (no flame), often exploiting
templating strategies to control the textural properties of the
materials. For these processes, no systematic and
comprehensive review of the literature is available to date.
While Type | processes are important in the field of
heterogeneous catalysis, they rather consist in shaping
techniques than actual synthesis of heterogeneous catalysts.
The literature on these processes is vast and we chose to select
a few examples to illustrate the role of aerosol techniques in the
aggregation of powdery catalyst particles.

reviews

review covers

3. Review of successful catalyst development by
the aerosol process

In this section, the preparation of heterogeneous catalysts
using aerosol techniques is reviewed. The synthesis conditions,
the specific textural, structural, chemical, physical properties of
the obtained catalytic materials are discussed, together with
the performances. When possible, we attempt to highlight the
decisive advantage that the aerosol process offers as compared
to a more classical preparation route.

In the first section, the syntheses based on the aerosol-
assisted sol-gel process (AASG, Type llic) are systematically
covered. This category of synthesis appears to be the most
innovative and promising for the design of advanced
heterogeneous catalysts. Indeed, Type lllc processes can
combine the versatility of sol-gel approaches to obtain tailored
chemical formulations and functionalities, along with an array
of strategies that allow designing tailored textures. In the
second section, the preparation of catalysts using high-
temperature decomposition (Type llb) is covered. This category
is particularly interesting for the synthesis of non-porous
catalyst particles exploited mainly as photocatalysts, or possibly
decorated with metal nanoparticles active in various redox
reactions. In the third section, the preparation of catalysts
through precipitation is covered. In this case, the starting
molecules or salts are simply dried to yield a crystalline solid.

This journal is © The Royal Society of Chemistry 20xx



The latter can be used directly as a catalyst of further thermally
treated to yield active phases. In the fourth section, a non-
exhaustive overview of Type | processes is proposed to illustrate
the importance of aggregation and shaping in heterogeneous
catalysis.

3.1. Porous catalysts obtained by the aerosol-
assisted sol-gel process with a texturing template

Metal oxides and mixed metal oxides are an important class
of heterogeneous catalysts and catalyst supports, for which
bottom-up approaches —including Type llic aerosol processes —
have proven to be useful in the development of high catalytic
performance.®! Catalytic activity is often brought about by the
formation of unbalanced bonds between the different partners
of the mixed oxides, resulting in the formation of acid or basic
surface sites, like in the case of SiAl mixed oxides used in
cracking and isomerisation reactions,>1153 or like MgAIl mixed
oxides obtained from alkaline clays and used in condensation or
cycloaddition reactions.1>4156 The dispersion of isolated metal
oxide species with specific coordination leads to the formation
of selective redox sites, like for example in the case of Ti-Si
mixed oxides used in epoxidation reactions.1>7-160 Thus, sol-gel
processes are recognised as a versatile way to prepare mixed
metal oxide catalysts because they allow to make dispersed
materials through the growth of metal-oxo polymers in a
solvent.

Inorganic (mixed) metal oxides are obtained as amorphous
or crystalline network or as metal-oxo clusters via inorganic
polycondensation of metal organic precursors (such as
alkoxides) or metallic salts.® 10 Sol-gel polymerisation can be
driven through hydrolysis reactions (eqg. 1 in Scheme 2) to form
reactive M-OH species which then condense through oxolation
or olation to generate metal-oxo polymers assembled via M-O-
M and/or M-OH-M bridges (reactions (2) and (3) in Scheme 2).
A large variability of materials morphology can be obtained
depending on the many different ways in which these inorganic
oligomers and polymers can be linked and organised when they
are dispersed in a solvent. By controlling the structure of these
oxo polymers, it is possible to tailor the final properties of the
This is typically achieved by tuning synthesis
parameters (pH, hydrolysis ratio, temperature, use of a catalyst,

materials.

use of complexing ligands, nature of the solvent, etc.).

M-OR  +  H,0 — M-OH + ROH )
M-OH  +  M-OX —_— M-O-M  + XOH @)
M-OH  +  HO-M — M-(OH)p-M 3)

Scheme 2. Classical sol-gel chemistry is based on inorganic polymerisation reactions
usually involving metal alkoxides (M = Ti, Zr, Al, etc. and OR = alkoxy group). For Si, only
reactions (1) and (2) apply. Upon hydrolysis (equation (1)), reactive hydroxyl groups are
created, which can then polymerise via (2) oxolation or (3) olation reactions to yield a
polymer or branched polymer with a metal oxo based skeleton. X = H or alkyl group.?

This journal is © The Royal Society of Chemistry 20xx

In aerosol-assisted sol-gel processes, these reactions occur
very fast during the processing of the liquid droplets. In fact, sol-
gel reactions can already start to proceed in the precursor
solution; in particular, alkoxide pre-hydrolysis is often carried
out before atomisation and the formation of the first small
oligomers can also happen at this early stage. Yet, the
consolidation of the solid oxide occurs during the aerosol
processing.

In many cases, the aerosol process has proven to be
advantageous over other more classical preparation techniques
either because of higher production yields or because the
properties of the catalytic materials were significantly
improved. Indeed, though satisfactory, classical
preparation methods also suffer from important limitations.
Heterogeneous catalysts are usually prepared by one of the
three classical routes: (i) impregnation or grafting of active
species on preformed supports, (ii) co-precipitation or (iii)
hydrolytic sol-gel.58 161163 |mpregnation and grafting methods
ensure that the active phase is deposited at the surface of the
preformed support, where it can act in the catalytic process.
However, they are multi-step procedures and a challenge is to
ensure that the active phase gets evenly dispersed over the
available support surface. The texture is often altered during
impregnation procedures (e.g. pore plugging). The workability
of these methods is somewhat limited by the nature and quality
of the interactions between the active phase precursors and the
supports. In co-precipitation and classical sol-gel methods
where several precursors are to be used simultaneously, one
challenge is to ensure a truly homogeneous composition
throughout the Indeed,
hydrolysis/condensation rates can vary significantly from one

often

materials. precipitation  or
precursor to another, resulting in segregated phases and lack of
control on the composition and texture. These issues may be
the cause for limited catalyst activity, selectivity or stability.
The technical
process make it particularly well-suited for the preparation of a

features of the aerosol-assisted sol-gel

range of tailored heterogeneous catalysts (Table 1). In
particular, the Type lllc processes where a template is used to
generate porosity take advantage of the so-called EISA
phenomena. More precisely, the process relies on three key
features, which are schematically illustrated in Scheme 3 and
detailed here:

(1) The starting solution (or suspension) is relatively dilute
and is metastable over the timespan of atomisation. No gel or
precipitate is formed spontaneously before aerosol formation;
the solutions remains homogeneous. As a result, each droplet
of aerosol produced from the starting solution (or suspension)
has exactly the same composition. This is the key to the control
of composition and particle-to-particle homogeneity
throughout the obtained solid product.

(2) If a surfactant is used as a templating agent, operating
conditions can be selected so that the evaporation-induced self-
assembly of surfactant to form micelles occurs earlier than or
together with the formation of the inorganic network through
inorganic polycondensation reactions. Consequently, micelles
are trapped in the inorganic material and will leave calibrated

Chem. Soc. Rev., 2018, 00, 1-3 | 7
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pores upon calcination or washing. This templating action is the
key to the formation of controlled textural properties.

(3) Upon evaporation, heating and concentration,
components with high sol-gel reactivity (e.g. pre-hydrolyzed
metal alkoxides) rapidly form an inorganic network via
polycondensation reactions, trapping other species with low or
no reactivity (e.g. salts or metal nanoparticles).% 133 This
“kinetic quenching” is the key to obtain metastable solid
phases, which feature a homogeneous dispersion of the

Chemical Society Reviews

different components throughout the material that is difficult
to obtain with other classical synthesis routes.

Scheme 3. Schematic view of the aerosol-assisted sol-gel process (Type llic) in the case where a surfactant is used as sacrificial texturing agent.>* The one-pot reactive medium
containing all precursors is sprayed in the form of an aerosol. (a) Each of the formed droplets has the same composition (provided the starting solution is stable during in the timespan
of the spraying) and contains a mixture of molecular precursor monomers (blue dots) and a surfactant (in red). For the sake of clarity, only monomers are depicted but in some cases,
a partial polycondensation may already be initiated before atomisation. (b) The aerosol droplets are dried by passing in a heated zone (this can be a glass or quartz tube inserted in
a tubular furnace or a cyclone separator fed with hot drying gases, for example). Upon solvent evaporation, the concentration of non-volatile species increases and two phenomena
take place: (i) the evaporation-induced self-assembly of surfactant molecules to form micelles and (ii) inorganic polycondensation reactions leading to the formation of an oxide
matrix, surrounding the micelles. (c) Dried particles are collected on a filter of via cyclone separation for example and calcined (or washed) to eliminate the surfactant and release

the calibrated porosity. Depending on the precursors used, complex formulations can be obtained including mixed oxides, hybrid materials bearing (multi)-functional groups, etc.

As it will be demonstrated individually for most of the
following examples, such aerosol-assisted sol-gel approach
often allows to adjust the process parameters to fine-tune some
of the most important catalyst properties (structure,
morphology, homogeneity, dispersion, surface properties,
texture, etc.) and in turn to develop catalysts with enhanced
performance. Generally speaking, one may underline three
reasons for improved catalytic performance (activity,
selectivity, stability) that are directly linked to the control on the
aerosol-assisted sol-gel preparation process.

8 | Chem. Soc. Rev., 2018, 00, 1-3

First, the method is run at moderate temperature (as
compared to flame processes for example). This opens up the
possibility to use a wide range of structuring and
functionalization strategies: templating with organic species
(self-assembly, phase separation, polymer beads, etc.),
fabrication of nanocomposites, or preparation of hybrids. This
control on texture and surface chemistry opens important
opportunities for the production of heterogeneous catalysis
with tailored reactivity and performance.

Second, the fast drying implies a fast polycondensation
process and results in the kinetic quenching of metastable

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Please do not adjust margins

Chemical Society Reviews

phases which can exhibit improved catalytic performance. In
fact, in sol-gel processes, the small oxo-clusters formed via
polycondensation reactions are in dynamic equilibrium with the
solid phases formed. Yet, unlike for classical sol-gel processes in
which the most stable formulation is ultimately obtained after
long reaction times, the aerosol-assisted sol-gel allows to freeze
the system in “local minimum states” that are different from the
thermodynamically favoured one. For example, the degree of
crystallisation of metal oxides can be tuned, allowing to reach
amorphous materials that mimic crystalline ones but with a
composition  that does not correspond to the
thermodynamically stable one and with open texture (e.g.
mesoporous aluminosilicate!® or titanosilicates®> with high
concentration of heteroelement incorporated in the silica
network). Such metastable states may feature specific
molecular structures in which the coordination and/or the
angles between the elements are different from the most stable
formulations, resulting in different levels or types of reactivity.

REVIEW

Third, the process offers the possibility to place specific
constituents preferentially at the pore surface or in the walls of
porous materials. This was shown for example with
hydrodesulfurisation catalysts where the interaction between
the Co or Mo precursors and the surfactant could be tuned by
adapting some parameters of the synthesis, allowing to force
the localisation of the active components at the internal surface
of the pores.1%¢ Another successful example was reported with
Fe/carbon composites, for which the processing temperature
allowed to either disperse Fe oxide nanoparticles at the surface
or inside of carbon nanospheres.167

Finally, the process can be adjusted to yield different
particles morphologies (e.g. hollow spheres, plain spheres,
donut-shape particles, core-shell particles, etc.) which can —in
many cases — have a decisive impact on catalytic performance,
as discussed in Section 2.3.

Table 1. Porous catalysts obtained by the aerosol-assisted sol-gel process with a texturing template

Templating / Pore . Reference
) ) Specific surface Pore volume 5 A
Catalyst structuring diameter Reaction Key chemical property
area (m2.g?) (cm3.g?)
agent (nm)
i m-xylene Increased acidity in comparison 168
SiO2-Al203 F127 / TPAOH 5-16 240-900 0.27-0.97 i L K
isomerisation to classical LAB
. m-xylene Microporous surface seems tobe ¢,
SiO2-Al>03 F127 / TPAOH 6.3-26 240-880 0.27-1.23 i L
isomerisation a relevant structural parameter
SiO2-Al20s- High dispersion of MoOx species,
s Brij58 1.9-2 480 0.23 Olefin metathesis gh dispersion oT MIOBsp 13
MoOs3 high acidity
SiO2-Al20s- High di i f WO« ies,
10 P123 5.3 530 0.7 Olefin metathesis o operoon OF TESPECIES, = 160
WOs3 high acidity
Si02-WOs Brij58 2 490-570 0.25-0.28 Olefin metathesis High dispersion of WO, species ~ *°
Hydrotreatment o
. . Homogeneous distribution of 166
CoMo-SiO2 P123 8 280 0.42 (hydrogenation . .
active species
catalyst)
. Synthesis of alkyl i . . 1
Sn-Si P123 6 360 0.5 Incorporation of Sn as single sites
lactate
Metal (Ce, Catalytic
Mn, Cu, Al) CTAB 2.4-4.56 230-1150 0.24-0.9 oxidation of VOCs Synergetic effect of Ce-Al 172
/SiO2 (acetone)
Metal (Ce, Increased stability (96h) and
Mn, Cu, Al) CTAB 2.4-3.05 550-1150 0.49-0.9 VOC acetone destruction at 250°C s
/SiO2 with Ce
Catalytic Increased fraction of vanadium
V205-TiO2 P123 6.6-14.2 55-140 0.24-0.458 oxidation of 1,2-  active sites exposed to the pores 17
DCB surface involved
" L Amount of Ti accessible sites
. . a-chitin nano- Oxidation of MPS L. . 175
Si02-TiO2 5-6 70-450 0.1-0.44 controlled by initial chitin volume
rods and DBT X
fraction
Micro
. ) CTAB and and Cyclohexene Hierarchical porosity, high Ti 165
SiO,-TiO2 720-760 0.42-0.47 L . .
TPAOH mesopor epoxidation loading and formation of TS-1
es
X Photocatalytic performances
] Photodegradation ] 176
TiO2 F127 3.2-93 2.5-88 0.014-0.084 enhanced by controlling

of acetaldehyde . K
crystallinity and microstructure
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Metal(Pd,R
CTAB 2.7-7.8 780-1670 0.64-0.9
h,Ru)-PMO
Pd@MOF - 1.3 180-1400 0.07-0.54
Amorphous
Metal
X P123 n.r n.r n.r
Oxides (Fe-
Ni-Ox)
Metal
i P123 /F127 5-12 18-190 0.04-0.52
oxides
NiFe204
F127 3.7-7.1 120-280 0.33-0.84
Au/Al,03
and CTAB/P123 n.r n.r n.r
Au/CeO,
Au, Pt,Pd /
Al Ti,Zr F127 5.1-13.6 150-190 n.r
oxide
Au(Al,Co)/S
X . CTAB 2.7-2.9 450-480 n.r
i0; (TiO2)

Barbier reaction,
Sonogashira
reaction, terminal
alkyne acylation,
Suzuki reaction,
isomerisation,
Miyaura-Michael
reaction

Presence of cavities chamber
enhances both activity and
stability against damage of the
mesostructure and leaching of
metals

177

Homogeneous dispersion of Pd
nanoparticles inside the MOF
structure

Alkene
hydrogenation

178

Photocatalytic
oxygen evolution
and gas sensing

Easier synthesis of amorphous
metal oxides than with the PMOD
route

179

Easy doping of multimetallic

Photocatalytic
v oxides than with conventional

oxygen evolution 180

i wet-chemistry of solid-state
and gas sensing

preparation methods

Photocatalytic H2
evolution from
H.0 with CH3OH

Increases catalytic activity and
robustness

181

Nanoparticles small size

Hydrogenation of
yarog maintained and H; reduction

4-nitrophennol

182

avoided

Catalytic

) Y Nanoparticles well distributed 183

reduction of 4-NP L . . .
inside entire oxide microspheres
to 4-AP
Limited pore connectivity,
CO oxidation P v 184

resistance to sintering for Au

n.r. stands for “not reported”

3.1.1. Amorphous aluminosilicates and zeolites for hydrocarbon
cracking

Refining catalysts are required for transforming heavy
petroleum fractions into fuel.18 As commonly used structured
aluminosilicates (zeolites) present narrow pores that limit the
diffusion of heavy molecules, the quest for alternative large
pore acid catalysts is important. In this perspective, syntheses
strategies rely on multi-step grafting procedures or on the
assembling of preformed zeolitic particles.186-188 The aerosol-
assisted sol-gel process offers a cost-effective alternative for
the production of mesostructured aluminosilicates, with
controlled morphology. For examples, Fiorilli et al. reported on
the preparation of mesoporous aluminosilicates, under mild
acidic aqueous conditions starting from either aluminum
isopropoxide or aluminum chloride as Al source.’®® The
microspheres were rather monodisperse in size, and
characterised by high surface areas (up to 640 m? g™') and
narrow pore size distributions (centred at 2.5 nm). Their surface
acidity makes them attractive materials for applications in
catalysis.

Earlier, aluminosilicates with large mesopores and high
acidity were successfully produced by Pega et al. using the
aerosol-assisted sol-gel process (Type llic) and exploited as
catalysts for the cracking of large-molecules.®% 164 The acronym
“LAB” was coined, standing for “large-pore aluminosilicates
made in basic medium”. The precursor solution contained

10 | Chem. Soc. Rev., 2018, 00, 1-3

aluminosilicate  precursors (pre-hydrolysed TEOS and
aluminium sec-butoxide), pluronic F127 block copolymer as the
templating agent, and tetrapropylammonium hydroxide
(TPAOH) as the microstructure-directing agent. The obtained
mesostructured particles were calcined to obtain amorphous
mesoporous spherical particles (Figure 1).

Depending on the Si/Al molar ratio, on the amount of
TPAOH added in the preparation, and on the precursor solution
ageing time before spray drying, texture can be tuned in a
certain range. The Si/Al molar ratio fixed in the initial solution
between 6 and 50 was strictly preserved in the powder. The Al-
O-Si  network
nanozeolitic nuclei

in the LABs was completely amorphous;
in XRD and the
characteristic FTIR signature of ZMS-5 zeolite was not observed
either. Yet, echo MAS-1H-NMR experiments performed on
dehydrated samples exhibited resonance signals similar to
those of zeolitic Si-(OH)-Al acid sites.1?0 The strength of the
active acid sites was higher than in classical amorphous
aluminosilicates (AI-SBA-15 sample with a Si/Al atomic ratio of
12), but lower than in a Y-zeolite (Y/Al,Os reference sample with
a Si/al atomic ration of 16.7). Using a (2’Al)-1H TRAPDOR effect,
it was shown that these protons are in close proximity with
aluminium centres. The presence of such “zeolitic” protons
could explain the strong Brgnsted acidity of LABs similar to that
observed for improved mesostructured materials prepared
from zeolite seeds.191-195 | AB have demonstrated higher

were not observed

This journal is © The Royal Society of Chemistry 20xx
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catalytic activities with much lower coke formation for the m-
xylene isomerisation process than a 10 wt% Y-zeolite industrial
reference (Figure 1). The high microporous volume of LAB
materials (up to 0.2 cm3.g1) seems to be the relevant structural
parameter dictating their catalytic properties in m-xylene
isomerisation.

Conversion / %

| l l l L
0 50 100 150 200 250

Time on stream / min

Figure 1. (top) TEM pictures of the mesostructured sub-micrometric spheres (scale bar:
50 nm), (bottom) m-xylene conversion as a function of the time on stream for a) Y/AI,O3
(Y-Zeolite with Si/Al = 16.7), b-f) LAB catalysts with variations in the preparation method.
Reproduced with authorisation from Pega et al. &

3.1.2. WO3- and MoOs based catalysts for olefin metathesis

importance in the
petrochemical industry as it allows the on-purpose production
of highly demanded propene from cheaper butenes and
ethene.1%6-199 The reaction can be catalysed with Mo-, Re-, or W-
based heterogeneous catalysts.19%205 MoOs-based
catalysts offer a good compromise in terms of activity, stability,
and price. Classically, molybdenum oxide is deposited on the
surface of a preformed support by means of impregnation
methods or by thermal spreading.206-208 Sjlica-alumina supports
are preferred to silica or alumina because their moderate
acidity significantly enhances the metathesis activity of the
deposited MoOy species.29% 210 Excessive acidity, as typically
encountered in zeolites should be avoided because it favours

Olefin metathesis is of crucial

oxide

isomerisation and alkylation over metathesis reactions.?1! One
difficulty with impregnation, thermal spreading or grafting

This journal is © The Royal Society of Chemistry 20xx
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methods is to effectively disperse MoOy species over the whole
available surface of highly porous supports. Inhomogeneous
deposit, pore plugging and formation of MoOs crystals are often
encountered, thereby limiting the catalytic performance of
catalysts prepared in two steps.206 Therefore, one-step
preparation techniques, allowing the dispersion of MoOy
species at the molecular scale onto/into a silica-alumina matrix
are desired. Three successful one-step preparation methods
have been reported recently: (i) non-hydrolytic sol-gel route
(NHSG),212. 213 (ij) flame spray pyrolysis (FSP),127 and (iii) the
aerosol-assisted sol-gel process.133

In the aerosol-assisted sol-gel process, an aqueous solution
containing ethanol, pre-hydrolysed TEOS, a Mo Keggin salt (or
Mo chloride), Al chloride and a block copolymer (Brij58) was
sprayed and dried rapidly by passing through in a tubular
furnace set at 450°C. The recovered powder was then calcined
at 550°C. Spherical particles were generated with a nanoscale
organisation of super-microporous pores of ca. 1.9 nm (Figure
2). The specific surface area reached 480 m2g! and
molybdenum was effectively dispersed. This catalyst performed
very well in the metathesis of ethene and 2-butene to propene.
In Figure 2, it is compared to series of catalysts prepared by the
other one-step preparation methods (FSP and NHSG). One
catalyst prepared in two-step via an improved impregnation
method — using molybdenum hydrates as precursors214 —is also
plotted as a reference. In FSP catalysts, Mo is condensed solely
at the surface of non-porous silica-alumina particles. As the
available surface is low, polymolybdates and MoOsj; crystals
form as the loading increases and this relates to poor specific
metathesis activity.12” The Mo-Si-Al mixed oxide obtained by
NHSG have a high surface area (470-500 m2.g1) and feature high
Mo dispersion, even at high loading. This makes NHSG catalysts
highly active olefin metathesis catalysts, even if part of the Mo
is obviously lost in the bulk of the materials and not available at
the surface.?’® Nevertheless, the aerosol catalyst was even
more active than the corresponding NHSG catalyst (10 wt.%
Mo0Qs). In terms of apparent turn over frequency, the aerosol is
also more active than the most active NHSG catalyst (13 s vs.
9 s1). This shows that the dispersion of surface molybdate
species in aerosol catalysts is at least as good as in NHSG
catalysts.

Convincing results have also been obtained with aerosol-
made super-microporous WO03-SiO, metathesis catalysts.170
Such tungsten-based metathesis catalysts require higher
reaction temperature but are known to be more stable on
stream.21> When prepared through classical impregnation on
preformed porous silica supports, inactive crystallites of WO3
form readily from a relatively low tungsten oxide loading. When
prepared by the Type llic aerosol process, high tungsten oxide
loading can be achieved while keeping a high degree of
dispersion. It can be noted that calcination plays a double role
here. In addition to removing the surfactant, calcination also
triggers the partial migration of W oxide species towards the
surface of the catalyst (as proven by XPS measurements).170
Thus calcination was identified as a key step that must be
optimised for the design of a highly active WOs-based
metathesis catalyst. Also mesoporous WQO3-SiO,-Al,03
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metathesis catalysts have been prepared starting from an
alkaline sol-gel medium, with TPAOH used as a structure-
directing agent and Pluronic P123 as templating agent.16° These
catalysts performed significantly better than corresponding
catalyst prepared by impregnation, confirming again that the
dispersion of the active oxide species was the key to obtain high
olefin metathesis performance.
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Figure 2. (Left) M003-SiOs-Al,0; mixed oxide catalyst3? prepared by the aerosol process
as observed in TEM. (Right) Comparison of the performance of this aerosol catalyst with
other metathesis catalysts prepared by various methods (FSP = flame stray pyrolysis, IMP
= wet impregnation with molybdenum oxide hydrate, NHSG = non-hydrolytic sol-gel) and
tested in the cross-metathesis of ethene and 2-butene to propene at 40°C.

3.1.3. Co- and Mo-based catalysts for hydrocarbon
hydrotreatment

Among the different catalytic processes that take place in
petroleum refining, hydrotreatment is a key process since it
enables the elimination of heteroatoms, responsible for
environmental issues and facilities damages.26 217
Conventional hydrotreating catalysts are usually obtained by

12 | Chem. Soc. Rev., 2018, 00, 1-3

impregnation on porous oxide of the oxometallic elements
precursors (e.g. Co and Mo salts), which are the precursors of
the promoted active phase (e.g. Co-MoS,) itself obtained after
calcination and sulfidation treatments.218-220 This multistep
preparation processing suffers from different drawbacks and in
particular, the amount of oxo-species and their localisation
must be optimised to avoid crystallisation of bulk CoMoO, or
MoOs, which are refractory to sulfidation.22! Although sol-gel
method allows a good dispersion of metal oxo-species within
the catalyst, their localisation into the wall of the support may
hinder their accessibility and then decrease the final catalytic
activity.

In a recent work,166 an original and low-cost aerosol method
was developed for synthesising mesoporous CoMo/SiO;
composites that demonstrate a good compromise between
metal oxo-species localisation and catalyst activity. In a typical
synthesis, an aqueous solution of hydrolyzed tetraethyl
orthosilicate (TEOS) is blended with a solution of a molybdic
heteropolyacid (H3PMo01,040) with Co(OH). (Co/Mo = 0.36 mol)
and a solution of block-copolymer Pluronic P123. The resulting
solution was sprayed with a Blichi B-290 spray drier and the
material was then calcined under static air (350 °C for 12 h) to
remove the surfactant. By promoting the co-location of the
precursor nearby the micelles of non-ionic structuring agent
during the evaporation of aerosol droplets, the active phase of
the mesostructured catalyst for sulfidation of molybdenum
centres was made more accessible. This co-location could be
obtained by adjusting the interaction between the
heteropolyacid precursor and the surfactant as well as the
kinetics of hydrolysis-condensation of the silica matrix. Aerosol-
processed mesoporous CoMo/SiO, catalysts had a spherical
shape with a diameter ranging between 0.1 and 20 um (Figure
3-A). Mesostructuration is clearly observed on the TEM
micrographs (Figure 3-B) and was also confirmed by small angle
X-ray scattering measurements. Nitrogen physisorption
isotherms exhibited the characteristic features of mesoporous
materials showing periodic porosity. The simultaneous
presence of oxo-species of Mo and Co did not trouble the
mesostructuration indicating that the localisation of the oxo-
metallic phase is not in the silica wall matrix. The resulting
mesoporous microspheres of CoMo/SiO, composites exhibit 8
nm pore size, BET surface area of 278 m2.g"1 and porous volume
of 0.42 cm3.g'l. SEM-EDX cartography of the one-pot aerosol
synthesised CoMo/SiO, materials, that the
dispersion obtained by spray drying was homogeneous. After
sulfidation, the presence of highly dispersed entangled MoS,
slabs inside the pores is clearly observed by TEM (Figure 3-C)
indicating that the spray drying process has the very favourable
effect to produce particles with homogeneous repartition of
metal centres, as well as to allow the co-location of both
molybdenum precursor and cobalt promotor at the pore
surface.

confirmed
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Figure 3. CoMo/SiO, composites obtained by the aerosol process, observed in (A) SEM and TEM (B) before and (C) after sulfidation (white arrows point out entangled MoS; slabs).

Reproduced with authorisation from Colbeau-Justin et al. 166

The catalysts were tested in the model reaction of toluene
hydrogenation and showed higher activity on the basis of the
Mo content (Figure 4) than the catalysts prepared by
impregnation at equivalent composition and also outperform
the industrial catalyst by 50%.1%¢ This enhancement of
hydrogenation activity is likely related to the facts that MoS.,
crystallites are forced to grow within an interconnected
vermicular network of mesopores. This favours both the
formation of anisotropic morphology of the slabs that is
expected to increase the number of edge sites in comparison
with an isotropic slab and the formation of entangled slabs as
observed in TEM. Defects being the quality of catalysts, these
structural features certainly promote the better catalytic
activity observed for these new catalysts.
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Figure 4. Catalyst performance in toluene hydrogenation (model reaction for
hydrotreatment catalysts). The one-pot aerosol CoMo@SiO; catalyst is compared to an
industrial reference and to a catalyst with the same bulk composition (10 wt.% MoO3
and a molar Co/Mo ratio of 0.36) prepared by impregnation. 166
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3.1.4. Stanosilicate for the synthesis of alkyl lactate

Since the advent of biodiesel, the upgrading of glycerol — a
by-product of the transesterification of triglycerides — has
become a major field of research in heterogeneous catalysis.
One proposed pathway is to first oxidise glycerol into
dihydroxyacetone (DHA) which then reacts with an alcohol to
produce alkyl lactates or lactic acid. Note that DHA can also be
obtained from sugars and enter the same upgrading routes.??2
Lactates are important bio-based building blocks for
biodegradable plastic material (polylactates).223-226 Lactic acid
and lactates also find applications in the pharmaceuticals,
chemical, and cosmetic industries.?27-228 |n the recent years, Sn-
silicates emerged as highly active heterogeneous catalysts for
the direct conversion of DHA to ethyl lactate.?2%-233 |n these
catalysts, the dispersion of tin in the form of single sites is the
key to obtain high activity. Also, the activity of the catalysts can
be improved by tuning the pore size in the mesoporous range
and using smaller particles, to facilitate mass transfer.230

Thus, Godard et al. have proposed the aerosol preparation
of mesoporous Sn-silicate, using TEOS and SnCl, as precursors
and Pluronic P123 as a templating agent.17! After calcination,
the catalysts consisted of porous spherical particles in the range
of 100-400 nm (Figure 5-top) and had advantageous textural
properties (SSA = 360 m2.g?, V, = 0.5 cm3.g%; D, = 6 nm).
Aerosol-made SnSi mixed oxides displayed record activity in the
synthesis of ethyl lactate from DHA and ethanol, reaching a TON
of 173 after 6 hours of reaction at 90°C (to be compared with a
TON of 113 for a previously reported highly active sol-gel
catalyst239). This high activity was correlated to the excellent
dispersion of Sn centres in the aerosol catalyst, as compared to
other reported methods. Indeed, no crystalline phase was
detected in XRD and 119Sn-MAS-NMR showed unambiguously
the presence of intra-framework Sn(lV) connected to four
silicon atoms?234 and the absence of extra-framework Sn(1V) that
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would be easily detected in the presence of SnO;
microcrystallites?35 (Figure 5-bottom). Such effective insertion
of Sn into the silica framework allowed for the formation of
abundant and strong acid sites, which are responsible for the
catalytic activity in the synthesis of alkyl lactates.
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Figure 5. (a) TEM micrograph and (b) Solid state 11°Sn static NMR of a SnSi mixed oxide
catalyst prepared by the aerosol assisted sol-gel process (Si/Sn molar ratio = 74) Adapted
with authorisation from Godard et al.?’*

3.1.5. Transition metal-doped silica and titania for the total
oxidation of volatile organic compounds

Volatile organic compounds (VOCs) constitute a major
environmental concern and intense efforts are paid to limit
industrial emissions.?36-238 The total oxidation of VOCs can be
catalysed by noble metal catalysts?3® 240 or transition metal-
based catalysts.?*? While the former can work at lower
temperature and show good stability and selectivity in most
reactions, the latter is much cheaper and can be preferred in
some specific cases.?42 243 |n this application, a key parameter is
the pollutant adsorption behavior,244247 and therefore the
available catalyst surface area and its affinity for the pollutant
have to be tuned.

Wang and Bai used the aerosol process to prepare transition
metal-doped mesoporous silica catalysts for the total oxidation
of acetone.l”2 CTAB was chosen as a templating agent. Five
metal dopants — Ce, Mn, Cu, Fe, and Al — were tested as the
active species, with Si/metal molar ratios varying from 10 to
200. The catalysts were compared to MCM-41-based materials
of identical composition, obtained by a classical hydrothermal

14 | Chem. Soc. Rev., 2018, 00, 1-3
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method. In the proposed aerosol process (Type llic), two
furnaces were used in series at 150°C and then 550°C. The dried
powder was then calcined at 550°C for 6h.

The method allowed for the production of doped
mesoporous silica materials with interesting texture and high
sorption capacity. The CeO>-doped catalyst with a Si/Ce molar
ratio of 25 was the most active (Figure 6). This catalyst had
pores around 2.5 nm in diameter and displayed large specific
surface area (950 m2.g'1) and pore volume (0.7 cm®.g1) (Table
1). This result was related to the good dispersion of CeO
particles and to its high specific surface area. Several bimetallic
catalysts were also studied,”®> and the mesoporous silica
particles doped with both Ce and Al seemed to display a
synergetic effect on the acetone removal as compared to the
respective formulations with only one dopant. High catalytic
activity was reached as long as the mesoporous structure could
be maintained with high BET surface area and small CeO;
particles sizes. These catalysts also showed good stability during
a 24h test reaction at 250°C.
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Figure 6. Acetone light-off curves obtained with transition metal-doped mesoporous
silica catalysts prepared by the aerosol process, at a Si/metal molar ratio of 25 (acetone
inlet concentration = 1000 ppmv, GHSV = 15000 h-1). Reproduced with authorisation
from Wang and Bai.”2
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Figure 7. Comparison of two V,0s/TiO, catalysts respectively prepared by the aerosol-
assisted sol-gel process (Type llic, here denoted “spray pyrolysis” by the authors) and
impregnation method in the total oxidation of 1, 2-dichlorobenzene. Reproduced with
authorisation from Jung et al.17*
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Another common catalyst for the oxidation of chlorinated
organic pollutants is V,0s-Ti0O,.125 158, 238, 248-253 |t has been
demonstrated that its catalytic activity and selectivity strongly
depend the dispersion of vanadia species, on the support
crystallinity and on the catalyst texture.?°* 255 Jung et al.
compared two V,0s/TiO, catalysts prepared by different
methods and tested their catalytic performances in the
conversion of 1,2-dichlorobenzene (1,2-DCB).174 In the aerosol
a mixture of titanium tetra-isopropoxide (TTIP),
NH4VOs3 and P123 was spray-dried in a two-zone electrical oven
heated at 200 and 500°C, and then calcined at 450°C. In the
conventional impregnation method (incipient wetness), the
TiO, P25 from Degussa was used as the support. The V,0s/TiO;
particles obtained by the spray method was mesoporous (Table
1) and presented anatase and rutile TiO; as the major and minor
crystalline phases respectively. The rutile content increased
with the increase of V,0s loading, together with the catalytic
activity. The best catalyst was obtained at 7 wt.% V,0s and with
a P123/Ti molar ratio of 0.05. This catalyst was much more
active than the one prepared by impregnation (Figure 7). Such
excellent catalytic behaviour in the total oxidation of
chlorinated VOC can be ascribed to the stabilisation of highly
dispersed VOy crystallites of less than 4 nm, earlier identified as
the more active than both isolated VO species and bulk V,0s
crystals.125

method,

3.1.6. Silica-titania for selective oxidation reactions

Silica-titania materials are long-known as excellent catalysts
for the oxy-functionalisation of alkanes.?56-258 |ntroducing
mesopores in titanosilicate allowed to target the mild
oxidations of bulky molecules, and particularly of sulphur-
containing products.256-258 Nevertheless, the textural properties
of the mesoporous Si-Ti materials obtained with classical
synthesis methods, such as the direct hydrothermal synthesis of
ordered mesoporous materials (e.g. Ti-MCM-41, Ti-MCM-48,
etc.),2%% 280 the grafting of Ti species onto mesoporous silica,26%
262 or the hydrolytic’5? and non-hydrolytic sol-gel routes,?263
usually offer limited accessibility for large molecules.

Alonso et al. proposed to use a-chitin-nanorods as a natural
template combined with sol-gel chemistry and spray drying
process to obtain silica particles with large pores (Type llic).134
264 The idea was to simultaneously achieve optimum pore sizes
and address the issue of the high cost of synthetic templating

agents. To obtain Ti-Si catalysts with a similar texture, an
ethanolic suspension of siloxane oligomers (3 nm) was first
mixed with different quantities of Ti(OiPr),(acac); and then with
an aqueous chitin suspension (Figure 8).17> Thus, in this case,
one of the precursor for the sol-gel polycondensation reaction
is already partly condensed. The resulting sol, presenting Si/Ti
molar ratios from 19 to 70, was exchanged with ethanol before
the spray drying (heated zone set at 120°C). The recovered
powder was dried in an oven at 60°C for 72h and calcined at
550°C for 8h. Unlike the precipitation route, the aerosol-
assisted sol-gel process enabled to recover — after calcination —
the total amount of titanium introduced. These catalysts
performed at high rates in the mild oxidation of methyl-phenyl
sulfide (MPS). Interestingly, linearly
dependent on the pore volume.l’> In fact, the amount of
accessible Ti sites was controlled by the initial chitin volume
fraction. Thanks to the network of well-defined and
interconnected mesopores obtained with the use of chitin as a
sacrificial templating agent, the mass transfer was enhanced.
Activity normalised by the surface area increased three-fold,
compared to a Ti-MCM-41 catalyst and a SiO,-TiO, non-
hydrolytic sol-gel material.

Another application of the aerosol-assisted sol-gel process
for the production of titanosilicate catalysts was proposed by
Guo et al.1%5 |n this case, the TS-1 zeolitic structure was targeted
for its well-known high activity in olefin epoxidation. Two
different strategies were proposed in order to obtain spherical
particles made of the TS-1 structure. In the first case, an
aqueous solution containing TEOS, tetra-n-butyl titanate
(TBOT), CTAB, TPAOH, HCIl and ethanol was sprayed using a TSI
atomiser and dried at 200°C. Upon subsequent calcination at
500°C, and thanks to the presence of TPAOH used as a
structuring agent, the TS-1 phase could be obtained. In the
second approach, TS-1 crystallites were first prepared and then
re-dispersed in a precursor solution containing TEOS, TBOT, and
CTAB. This suspension was processed in the same way by spray
drying. In both cases, only framework Ti species could be
observed. The catalysts exhibited both micro- and
mesoporosity. Owing to its mesopores allowing facile diffusion
paths and thanks to the presence of small TS-1 crystallites
exhibiting larger external surface, the catalyst prepared by the
first method showed excellent performance in cyclohexene
epoxidation.

activity was almost
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Figure 8. Synthesis of silica-titania nano-composites. The obtained spherical particles are porous, as a result of the templating effect of chitin nanorods. Reproduced with

authorisation from Sachse et al.17>

3.1.7. Titania microspheres for photocatalytic degradation of
organic pollutants

The development of TiO,-based materials with periodic
mesostructured is an intense field of research, especially for
photocatalytic applications.265-267 TiO, is the most classical
photocatalyst used to degrade organic pollutants.268 269
Knowing that the catalytic properties of titania are largely
governed by its crystal structure, surface area and particle
shape, the aerosol process appears as a powerful tool to design
TiO,-based materials with enhanced performance.
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Figure 9. (a) N,-physisorption isotherms obtained on TiO, photocatalysts prepared
through an aerosol-assisted sol-gel process and calcined at different temperatures. (b)
Performance of the same catalysts in the photocatalytic degradation of acetaldehyde
during irradiation at 365 nm (C, is the initial acetaldehyde concentration at adsorption
equilibrium and C is the remaining acetaldehyde concentration during the reaction).
Adapted with authorisation from Oveisi et al.17®

Oveisi et al. have reported on the aerosol-assisted synthesis
of mesoporous titania spheres with crystallised anatase
domains.176 Titanium tetraisopropoxide was dissolved and
hydrolysed in a highly concentrated HCI solution, which was
then added to an ethanol solution containing F127. After 24h
ageing, the solution was atomised and dried in an air flow
injected at 200°C. To remove the surfactant and enhance
crystallinity, the spray-dried products were calcined at various
temperatures. Calcination above 350°C was required to remove
efficiently the surfactant and release the mesoporosity (Figure
9(a)). Spherical particles were obtained in the 0.5-10 um range.

16 | Chem. Soc. Rev., 2018, 00, 1-3

They showed a very smooth surface before calcination and a
rough surface after calcination (at 350°C), indicative of the
formation of small anatase crystallites of ~14 nm and of
interparticle porosity accompanying the removal of the
surfactant (Figure 10). This catalyst exhibit a surface area of 88
m?2.g1, a pore volume of 0.07 cm3.g! and an average pore size
diameter of 3.5 nm. The onset of anatase crystallites was found
at 250°C and the rutile phase was detected from 600°C. As the
calcination temperature increases, the specific surface area and
the pore volume decrease, while the average pore diameter
increases. This can be attributed to the distortion of the
mesostructures due to the anatase grain growth and then to the
anatase-to-rutile phase transformation.

The photocatalytic properties were tested in the oxidative
decomposition of acetaldehyde under UV irradiation (Figure
9(b)).17¢ Expectedly, the crystallinity and surface area were
found to have a major effect on the photocatalytic performance
of the materials. Calcination at 400°C appeared to provide the
best compromise to obtain relatively well-crystallised anatase
domains while keeping a relatively high specific surface area (80
m2.g1).

Figure 10. SEM micrographs of TiO, micro-spheres obtained by the aerosol process (a)
before and (b) after thermal calcination at 350°C. Reproduced with authorisation from
Oveisi et al.176

3.1.8. Metal functionalised periodic mesoporous organosilica
Inorganic-organic hybrid materials find various applications
in technology and especially nanotechnology fields.” 27 The
grafting of organic moieties at the surface of silica-based
materials, for example, allows to tune their chemical properties
and paves the way to various strategies that are important for

This journal is © The Royal Society of Chemistry 20xx
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heterogeneous catalysis, like enzyme immobilisation,40. 270-273
grafting of organometallic complexes,274 275 etc.

About 20 years ago, the first Periodic Mesoporous
Organosilica materials, or PMOs, were synthesised.276278 |n
these materials, the organic functionalities are directly
incorporated into the silica walls, which reduces pore blockage
and confers additional properties to the hybrid, mainly in terms
of chemical and thermal stability.® Their uniform pore system
and their high specific surface area make them excellent
candidates for various applications, and especially for
heterogeneous catalysis.5 279-281

Aerosol preparation of PMOs was proposed by Yamauchi
and co-workers: the aerosol-assisted co-condensation of TEOS
and organosilanes lead to ethane and thiol-functionalised
spherical mesoporous silica.282 283 The incorporation of Fe304
nanoparticles, in one step, was also demonstrated.?* More
recently, a PMO materials were synthesised by Ide et al. using
bridging groups bearing a propylene group, which can then be
further functionalised.28> While none of the aforementioned
materials were tested as heterogeneous catalysts, these reports
should trigger future research work in this direction.

Zhang et al. applied an aerosol preparation technique to
prepare a new kind of PMO by the co-condensation of TEOS of
organometallic silanes, in the presence of CTAB and NaCl double
templates. 177 In this case, the final material displays all the
features of aerosol-processed PMO — i.e. high surface area,

{110}

[100]

REVIEW

uniform pore structure, spherical particles, etc. — and
additionally contains metal centres which can be exploited to
generate catalytic active sites. Thus, CTAB, NaCl, ethanol, water,
HCI, and TEOS were mixed together, allowing for the pre-
hydrolysis of TEOS. Then, a THF solution containing the
organometallic-bridged silane was added before atomisation.
For comparison, materials were synthesised in the absence of
NaCl and/or CTAB, or replacing these templates by P123. Pd, Ru
and Rh-based catalysts with the repeating units [-Si-O-Si-CH,-
CH3-PPh2-M-PPh,-CH;-CH,-Si-O-Si-] have been prepared in this
way (M is the metal). Authors demonstrate the formation of
uniform spheres with an average size around 400 nm and
mesoporous structure (Figure 11). Cubic cavities of ~60 nm
dimension could be formed by the templating effect of NaCl.
The metallic species incorporated into the silica walls were
shown to act as active sites in an array of catalytic reactions:
Water-medium Barbier reaction, Sonogashira reaction,
terminal alkyne acylation, Suzuki reaction, isomerisation, and
Miyaura-Michael reaction. Activity levels were comparable with
the corresponding homogeneous catalysts. Apart from the
nature of the metal, the pore structure was shown to play a
major role in the level of catalytic performance that could be
achieved with the different catalysts. Good recyclability was
obtained, owing to the true incorporation of the metal centres
in the silica walls, thus not being prone to leaching.
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Figure 11. Left: (a) SEM and (b, c) TEM images of a Pd-PPh,-PMO catalyst prepared with a double template approach (CTAB and NaCl). Spherical organosilica is obtained with (i)
cavities in the macropore range due to the templating effect of NaCl and (ii) small mesopores due to the templating effect of CTAB. (d) TEM of a similar catalyst without cavities,
prepared in the absence of NaCl. Right: chemical structure of the precursors used in combination with TEOS to produce metal periodic mesoporous organosilica. Adapted with

authorisation from Zhang et al.1”?

3.1.9. Metal organic frameworks

Metal organic frameworks (MOFs) are a class of porous
materials formed by bridging inorganic ions or clusters with
organic ligands.286 MOFs have attracted a lot of attention in the
catalysis community because they can combine the benefits of
heterogeneous catalysis — easy post reaction separation,

This journal is © The Royal Society of Chemistry 20xx

reusability, stability — with those of homogeneous catalysis —
well-defined active centres, high efficiency and selectivity.287

In a recent article, Gholampour et al. disclose the one-step
preparation of a catalyst consisting in Pd nanoparticles
entrapped in the bulk of a MOF structure.1’8 The widely studied
ZIF-8 structure was selected for this first example of
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simultaneous fabrication of palladium particles inside a MOF
using an aerosol-assisted approach. Inspired by the work of
Maspoch and co-workers®5, the authors have prepared an
aqueous solution of zinc acetate and methylimidazole, and they
have supplemented it with palladium acetate. The solution was
processed by spray drying at 180°C. The recovered powder was
washed with methanol and dried at room temperature under
vacuum. Characterisation confirmed the formation of the ZIF-8
crystalline structure. Bulk Pd was not detected in XRD
suggesting a good dispersion. Indeed, electron microscopy
studies demonstrated the presence of small (2-10 nm) Pd
nanoparticles dispersed within the bulk of the ZIF-8 network
(Figure 12). XPS revealed that Pd was present in its metallic
state, probably because 2-methylimidazol acts both as the
organic linker and as reducing agent. The incorporation of Pd
did affect the textural properties of the microporous materials,
and this was highly dependent on the Pd loading.

200 nm

2000m| Zn/Pd

200 nm

Figure 12. TEM-EDX elemental mapping of the 0.05%Pd@ZIF-8 catalyst showing that Pd
is homogeneously dispersed in the ZIF-8 crystal. Adapted with authorisation from
Gholampour et al.178

In the hydrogenation of various akenes, the pristine ZIF-8
was totally inactive, but Pd-loaded samples displayed high
activity. Again, this was highly dependent on the Pd loading and
the catalyst with 0.05 % Pd content was the most active,
outcompeting previously reported catalysts?8 289 where the Pd
nanoparticles were incorporation into the ZIF-8 structure by
solution infiltration or encapsulation. The possible occurrence
of diffusion limitations is not addressed in the paper.

Regarding the catalyst synthesis, it should be noted that the
mixture turns white before atomisation and that a white
precipitate forms during the timespan of atomisation. This
suggests that the synthesis of the solid is somewhat already
triggered at this early stage. Yet, authors have reported that the
precipitate was totally amorphous and that the ZIF-8 structure
is actually obtained during the aerosol processing. This is why
we place this example as a Type llic process.

3.1.10. Metal oxide catalysts for electrocatalysis

Electrochemical water splitting is an efficient way to
produce 100% pure H, without CO, rejection.??0. 291 |t is
therefore being paid considerable attention, since H; is
currently mainly being produced by the reforming of fossil fuels.
Also, electrochemical water splitting allows to timely store
sustainable but intermittent energy, like solar energy.292.293 The
cathodic H; evolution reaction (HER) can be catalysed by Pt-
based catalysts but can be replaced by cheaper sulphide,
carbide, phosphide chalcogenide and even metal-free

18 | Chem. Soc. Rev., 2018, 00, 1-3
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phases.174,294-296 The anodic O, Evolution Reaction (OER) can be
catalysed by many different metal oxides — especially Co-based
and Ni-based catalysts, perovskites, spinels — and hydroxides
catalysts like layered double hydroxides.2%7

Figure 13. SEM micrographs of (a) NiO, (b) Fe;NiypO,, (c) Fe,NigOy, (d) FegNigOy, (€)
Fe1oNi00,, (f) FeloNigOy, (g) FeioNiOy, and (h) Fe,03 microspheres. Scale bar is 500 nm.
Adapted from Kuai et al.17® with authorisation.

Among the studied materials, amorphous metal oxides have
shown high OER performances with low overpotential and Tafel
slope than crystalline oxides which can be linked to their high
capacitance.298300 Kuai et al. have proposed to screen for
amorphous metal oxides using an aerosol-assisted synthesis
approach.17? Their proposition was to take advantage of a Type
Illlc aerosol process to prepare formulations from cheap
precursors, with adjustable compositions and mesoporous
structures. Indeed, the elemental proportion can be accurately
controlled from the composition of the mother solution and the

This journal is © The Royal Society of Chemistry 20xx
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texture can be controlled by using an appropriate sacrificial
templating agent. Ni-Fe mixed oxides were chosen as a case
study, starting from an ethanolic precursor solution containing
P123, Fe(NOs); and Ni(NOs). The mist of droplets generated by
an ultrasonic humidifier was processed through a tubular
furnace heated at 480°C where the salts undergo a fast and
partial co-decomposition to yield an amorphous mixed metal
oxide. Indeed, the short residence time in the furnace implies
that the metal oxides do not have sufficient time to crystallise.
The collected powder was washed with ethanol to remove the
template before the calcination. Fe-rich formulations yielded
solid microspheres, while Ni-rich formulations tended to give
concave hollow particles (Figure 13), which was tentatively
attributed to a difference in the diffusion rates of Fe3* and Ni%*
ions during the thermal processing.

It turned out that FegNiigOx was the best catalyst for the
electrochemical oxygen reaction with an overpotential of as low
as 0.286 V at 10 mA cm? and a Tafel slope of 48 mV/decade.
Thanks to this aerosol preparation process, it was
demonstrated that the homogeneous distribution of Fe into NiO
plays a crucial role in the electrochemical water splitting
activity. HAADF-STEM-EDX element mapping showed that a
remarkable control was achieved in terms of mixed oxides
composition and dispersion. Interestingly, the charge-storage
capacitance decreased with the calcination temperature, and
this aerosol route allowed to keep the calcination temperature

low, as compared to other synthesis procedures, thanks to the
preliminary short pre-treatment that already occurs in the
aerosol furnace.

The same authors have expanded the method to
versatility and cost-effectiveness. They
prepared a large set of monometallic oxides (Al,03, Cr;0s3,
Mn304, Fe203, C0304, ZnO, Ga203, ZFOZ CeOz, MgO, NiO, CUO,
WOs3) and a large series of complex metal oxides starting from
metal nitrates salts, and using P123 and F127 as templates.180
Depending on the formulation different types of complex metal
oxides were obtained. For example, starting from Al and Zr
nitrates, amorphous mixed oxides were obtained. In contrast,
starting from Al and Au nitrates, the obtained solid was
composed of AuO crystalline particles dispersed onto an
amorphous alumina matrix (Figure 14).

Fe,03 catalysts prepared by this technique were tested in
the photocatalytic oxygen evolution reaction (Figure 15). Owing
to its higher specific surface area and crystallinity, this catalyst
performed better than a reference a-Fe;0Os photocatalyst.
Moreover, adding Au in the formulation to obtain a Au/Fe,03
formulation enhanced significantly the O, evolution rate. This
was ascribed to the enhanced charge separation at the interface
between the Au nanoparticles and the Fe;03 host, as well as a
possible contribution of plasmon-induced light absorbance by
Au nanoparticles.

demonstrate its

Figure 14. TEM micrographs of (a) mixed Al,05-ZrO, amorphous mixed oxide and (c) Al,03; microspheres loaded with gold nanoparticles. Representative complex mesoporous metal

oxide products. (b) and (d) show the HAADF-STEM images (top-left corner) and elemental mappings of the corresponding products. Adapted with authorisation from Kuai et al.18°
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NiFe,04 is often reported as an active hydrogen evolution
photocatalyst.3°1 Hong et al. compared an aerosol-based
protocol, using an ethanolic mixture comprised of F127, Fe and
Ni nitrates, to a conventional hydrothermal synthesis route.18!
In their Type llic aerosol procedure, the droplets first pass
through an assembly chamber at 50°C before entering another
chamber set at 400°C. Two F127 concentrations were tested (5
g.L'l and 10 g.L!) and the catalysts were further calcined at
300°C or 400°C. Clearly, the texture and crystallinity of the
obtained mesoporous nickel ferrites spheres were found to
dictate the photocatalytic performance. High crystallinity of
semiconductors is known to improve photocatalytic activity due
to an enhancement in electron-hole separation.302 303 [ ogically,
higher crystallinity resulted in higher catalytic activity for the
photocatalytic hydrogen evolution from water with methanol
(Figure 16). The surface areas had also an impact and the
highest photocatalytic activity and robustness for the H;
evolution was achieved with the sample exhibited both high
crystallinity and surface area.
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Figure 15. Oxygen evolution rates as a functions of the irradiation time for the different
Fe,0s-based samples. Reproduced with authorisation from Kuai et al.18
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Figure 16. H, evolution under visible light irradiation (Xe lamp, A > 420 nm) in a reaction
suspension (5.0 mL) [methanol/ water, 1/4 (v/v)] containing 2.0 g of photocatalyst; NF5
(blue squares) was amorphous and displayed 235 m2.g* surface area; NF10a (green
diamonds) was amorphous and displayed 278 m2.g* surface area; NF10b (red triangles)
was crystalline (spinel nickel ferrite, NiFe,0,) and displayed 278 m2.g" surface area. The
catalysts are compared with a reference NiFe,0,4 prepared by a classical hydrothermal
method (black dots). Reproduced with authorisation from Hong et al.18!

3.1.11. Supported Au, Pd, Pt nanoparticles for hydrogenation
reactions

Noble metals efficiently catalyse hydrogenation reactions
and are classically dispersed at the surface of a refractory oxide
support to ensure high dispersion and high activity.304

Hydrogenation reactions are obviously critically important in
organic synthesis.305-307
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Figure 17. SEM (left) and TEM (right) micrographs of (a, b) 1% Au/Al,O; prepared by the
aerosol approach starting from Au colloids and (c, d) 1% Au/Al,O3 prepared by the spray
method starting from chloroauric acid. Adapted with authorisation from Kan et al.182

Kan et al. proposed an aerosol strategy to support Au, Pd,
and Pt nanoparticles onto Al,O3 or CeO, supports.182 |n this case,
a suspension of nanoparticles was preliminarily prepared via
NaBH, reduction of the metal salt in the presence of a capping
agent (CTAB, CTAC or CTAB/PVP). The nanoparticles suspension
was then mixed with an AI(NOs), or Ce(NO3)3.9H,0 solution and
a template (P123). The resulting precursor solution was
atomised and passed through a tubular furnace set at 480°C.
During the drying process, solvent evaporation induced nitrate
decomposition and oxide cross-linking, together with the
surfactant-directed mesostructure formation. The procedure
can therefore be put in the Type llic aerosol process category,
even if pre-formed metal nanoparticles were also included in
the precursor solution. The nanoparticles were trapped in the
mesoporous Al,Os or CeO, microspheres. For comparison, a
1%Au/Al,O3 catalyst was synthesised using an aqueous HAuCl,
solution instead of the Au nanoparticles colloidal suspension. In
this case, a subsequent thermal treatment in H, was required to
obtain the metallic Au nanoparticles. According to TEM
observations, the final mean Au particle size was ten times
smaller on the catalysts prepared via the colloid approach
(Figure 17). Thus, this preparation process allows preserving the
small size of the pre-formed nanoparticles even at high metal
loading because no prolonged thermal treatment in H; is
required in this case. TEM images also revealed the
homogeneous dispersion of the metal active phases on the
oxide supports achieved with the aerosol process.

Among the tested catalysts, 1%Pd/Al,03 and 1%Au/Al,0s
showed high reaction rates in the hydrogenation of 4-
nitrophenol into 4-aminophenol at 20 °C in water (Figure 18).
After five successive reaction cycles, the 1%Au/Al,03 prepared
from Au colloids still exhibited a 96% conversion whereas the

This journal is © The Royal Society of Chemistry 20xx

conversion obtained with the catalysts prepared from HAuCl,
decreased to 58%. This different behaviour could be explained
by the larger nanoparticles generated with the conventional
spray method starting from the metal salts. However, the
thermal stability of 1%Au/Al,O3 was not satisfactory: after a 4h
treatment at 400°C, 85% of the activity was lost. The
coalescence of the Au nanoparticles into large crystals of 100
nm was responsible for the poor thermal stability. Authors
found out that CeO; was a better support allowing to reach both
higher activity and highly improved thermal stability.

Jin et al. reported the aerosol preparation of 9 types of
catalysts with TiO3, ZrO; and Al,O3 as mesoporous microspheres
supports and with Au, Pd and Pt as active nanoparticles.183
Taking inspiration from the work of Tsung et al. 3% they
combined the evaporation-induced self-assembly of a
templating agent (F127) and the acetic acid-mediated sol-gel
chemistry of Ti, Zr and Al alkoxide precursors. A metal salt was
added in the starting mixture, which was then atomised and
processed at 380°C. The collected powder was calcined and
then reduced in flowing H,. Thus, in this case, the metal salt is
directly incorporated along with the precursor solutions in an
attempt to enhance the interactions between the metal species
and the surrounding matrix. Such direct incorporation of the
metal salts in the precursor solutions is indeed often claimed to
give rise to synergistic interactions between the metal oxide
based active support and the metallic nanoparticles.309-311 After
thermal treatment and reduction, metal nanoparticles were
clearly observed in SEM, and the observation of a broken
microsphere showed that they are located both on the surface
and inside the microsphere.

Conversion

Figure 18. 4-nitrophenol conversion for the 1 % Au/Al,O; (prepared from Au colloids)
and 1 % Au/Al,05-D (prepared from chloroauric acid) catalysts for five successive cycles
at 5 min reaction time. Reproduced with authorisation from Kan et al. 182

The highest performances in the liquid phase reduction of 4-
nitrophenol with sodium borohydride to 4-aminophenol were
achieved with the TiO, microspheres loaded with Au and Pd
(Figure 19). The highest TOFs were generally achieved with the
lowest metal loading (0.1 wt.%), and this could be explained by
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fact that smaller particles are formed at low loading, generating
a higher fraction of coordinatively unsaturated surface atoms.
Although the recyclability of these catalysts was shown to need
further improvement, this work demonstrated that it is possible
to prepare highly efficient noble metal-based catalysts via an
easy and economical aerosol approach.

To go further, the same authors also investigated a
multistep aerosol approach for the preparation of noble-metal
nanocrystals embedded into hollow mesoporous microspheres
using polystyrene nanospheres as a template.312 Activity and
selectivity in noble metal catalysts are known to be highly
dependent on the geometry of the metal particles.313 Thus, Au
nanorods, Pd nanocubes and Au core/Pd shell nanorods were
prepared in a first step and then stabilised using
methoxypoly(ethyleneglycol) (mPEG). These functionalised
metal nanocrystals were adsorbed on preformed polystyrene
(PS) beads of ~270 nm. These particles were then added to an
acidic sol-gel solution containing a surfactant and Ti, Zr or Si
alkoxides. The mixture was spray dried in an oven set at 380°C
and the collected powder was calcined at 400°C to remove the
surfactant, mPEG, and PS beads. The process is illustrated in
Figure 20 in the case of metallic nanorods incorporated into
hollow mesoporous zirconia microspheres, but similar results
have been obtained with Au nanorods and Pd nanocubes,
embedded into titania or microspheres. The
embedding of the metal nanocrystals into the hollow
mesoporous metal oxide microspheres was shown to prevent

zirconia

Chemical Society Reviews

the aggregation of the metal nanocrystals. For example, in the
catalytic reduction of 4-nitrophenol to 4-aminophenol, the Pd
nanocube-embedded ZrO, microspheres were found to exhibit
a much higher catalytic activity and a superior recyclability in
comparison with a commercial Pd/C catalyst.

Figure 19. Turnover frequencies obtained in the catalytic reduction of 4-nitrophenol to
4-aminophenol using various metal-based catalysts prepared by an aerosol process.
Percentages indicate the molar metal loadings. Reproduced with authorisation from Jin
et al. 18

Figure 20. The different steps of the preparation of mesoporous oxide hollow microspheres embedded with metal nanocrystals. In this case, Au core / Pd shell nanorods (a) are
adsorbed onto polystyrene beads (b) and theses particles are sprayed together with a zirconium butoxide solution to yield spherical microspheres from which the polymer template
is removed by calcination (c and d). Images (a) and (d) were obtained in TEM, Images (b) and (c) were obtained in SEM. Adapted with authorisation from Jin et al.312

3.1.12. Supported Au nanoparticles for CO oxidation

Supported gold nanoparticles constitute one of the major
objects of investigation in catalysis, 314316 in particular in
environmental catalysis, owing to their high activity of CO
oxidation.317 It is well documented that the activity of gold
nanoparticles is mainly dictated by their size and one of the
challenges is to develop catalysts in which sintering of gold
nanoparticles is avoided.39% 318 |nterestingly, Gabaldon et al.
have used an aerosol process to produce porous silica materials
subsequently used as support for gold nanoparticles.18* In their
study, an aqueous solution of TEOS containing CTAB as a
templating agent was sprayed and dried rapidly to generate
mesoporous silica microspheres (Type llic aerosol process).
Gold was incorporated in a second step by the deposition-
precipitation method and then reduced in flowing H, at 200°C.

22 | Chem. Soc. Rev., 2018, 00, 1-3

Other classical mesoporous silica materials were used as
supports as well. One of their significant findings is that the
nanoparticles formed at the surface of aerosol-made silica are
much more stable towards sintering during the reduction
treatment, as compared to the nanoparticles on all other
supports (Figure 21). In fact, 3-D pores like those found in SBA-
11, SBA-12, and HMM-2 have great interconnectivity which
favours particle sintering via the Otswald ripening mechanism.
Aerosol-made silica, on the other hand, displays 1-D pores — like
those found in MCM-41 — with limited connectivity. Moreover,
the pores in the aerosol-made support are tortuous, because 1-
D micelles of surfactant don’t have the time to align during the
fast synthesis process. Resulting tortuosity also hampers the
Otswald ripening. Thus, the catalysts based on the supports
made by the aerosol process exhibited gold
nanoparticles with narrower size distribution and generally

smaller
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performed better in the oxidation of CO. Further catalyst
improvement has been obtained by modifying the silica
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Figure 21. Size distribution of Au nanoparticles deposited onto various mesoporous silica
under flowing 20% CO, 10% CO and He. The solid line represents the pore diameter; the
Gabaldon et al.18*

3.2. Thermal decomposition towards non-porous oxides particles
and supported metal nanoparticles

In Type lllb aerosol methods (Scheme 4), the processing
temperature is high, leading to the decomposition of the
precursors (alkoxides, salts, chlorides, etc.). In this case, no
organic sacrificial templating agent is used, and therefore the
obtained elementary particles are typically non-porous. The
latter are often aggregated together, thereby generating
interparticle mesoporosity. Non-porous elementary particles
can also form a spherical crust during processing, generating
hollow particles. Two main families of catalysts can be obtained
in this case (Table 2): (i) bulk metal oxides or mixed metal oxides
and (ii) supported metals or metal oxides.

The case of bulk oxide is illustrated by TiO, photocatalysts,
obtained from the high temperature decomposition of Ti
precursors. In this case, performance will be dictated by the
crystallinity of the formed particles and by their specific surface
area. Also, the process can be used to insert dopants in the
photocatalyst. Such doping can be effectively achieved using
aerosol preparation routes.

The case of supported catalysts is exemplified by noble
metal-based hydrogenation catalysts supported on alumina.
Dispersing highly active and stable metal nanoparticles onto a

This journal is © The Royal Society of Chemistry 20xx

supports with amino groups or by incorporating TiO,, further
enhancing the stability of small gold nanoparticles.
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supports after (left) reduction under H, at 200°C for 2h or (Right) reaction up to 400°C
dotted line represents the mean particle size of Au. Reproduced with permission from

metal oxide support is an important challenge in catalysis
science.®3, 319321 |n conventional preparation methods, a metal
salt is impregnated onto a support and then thermally treated
—often reduced —into its active form.322 Alternative procedures
include the “deposition-precipitation” methods323 as well as
colloidal methods where the metal nanoparticles are pre-
formed before being deposited onto — or trapped into — a
suitable support.32% 325 |n general, one major issue in the
synthesis of oxides catalysts loaded with metal nanoparticles is
to allow the diffusion of the metal species into the nanometre
scale pore channels, to ensure high metal dispersion and also to
prevent them from blocking the pore openings.326

Aerosol methods can be used for the preparation of
supported nanoparticles. In some cases (discussed in the
following sub-sections), the metal salt is directly incorporated
in a precursor solution and both the support and the
nanoparticles are obtained in a one-step bottom up approach
using the aerosol process. In other cases, only the support is
built via the aerosol process, but preformed metal or metal
oxide nanoparticles are introduced in the starting solution. A
successful example is the preparation of mesoporous TiO;
microspheres doped with preformed Fe,Os nanoparticles.331
Another innovative strategy was demonstrated by Backman et
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al. for the synthesis of Ag/TiO, materials.332 They used a

particular one-step aerosol process that allowed avoiding the

drying and the calcination steps used in wet processes. In this

case, the heated zone consisted in two separate zones. Titanium &» .
tetra-isopropoxide (TTIP) was used as a precursor for the TiO3

and nebulised before passing through the first portion of the

heated tubular reactor. The thermal decomposition of the TTIP .

gave rise to the TiO; supporting material. The latter was carried
through a second zone heated at 1100°C where silver (particles

Metal oxide particles

of less than 250 um in size) was evaporated from a ceramic '

crucible. This ensures that the TiO; particles are already formed &} .
before they reach the Ag deposition zone. The finely dispersed

silver nanoparticles had a mean particles size of 1.1 nm, Mixed metal oxide
according to TEM observations. They could be interesting in S particles

photocatytic applications, or in organic synthesis for
dearomatisation or epoxidation reactions, for example.333-335
Aerosol methods were also used to prepare tailored metal

particles, including for example core-shell nanoparticles.33¢ The (c)
ﬂ

materials listed in this paragraph, appear highly interesting in

the perspective of applications as heterogeneous catalysts but supporte Metal or

they have not been tested as catalysts. In the next sections, we W metal oxide

present an overview of materials prepared by aerosol

processing at high temperature (Type ”Ib)' which have been Scheme 4. Thermal decomposition of aerosol droplets to heterogeneous catalysts. In

successfully applied as heterogeneous catalysts. route (a) the starting solution contains a molecular precursor for a metal (i.e. the green
dots represent a metal alkoxide, or chloride, etc.) which is thermally decomposed to give
non porous metal oxide particles (the latter can be found in various sizes and forms of
aggregation). A typical example is the preparation of TiO, photocatalysts. In route (b) the
same process is carried out in the presence of two (or more) different molecular
precursors which decompose together to give mixed oxide particles. A typical example
is the preparation of Bi-doped TiO, photocatalysts. In route (c) the starting solution
contains a molecular precursor that will decompose to form non porous metal oxide
particles (or carbon microspheres from organic sources in some examples) and a metal
salt (depicted as red triangles) which does not react simultaneously during the thermal
process and is deposited at the surface of the support typically in the form of dispersed
nanoparticles. An example is that of Ru/Al,0; methanation catalyst.

Table 2. Thermal decomposition towards non porous oxides particles and supported metal nanoparticles (Type llib)

) Specific
Pore diameter Pore volume . )
Catalyst surface area Reaction Key chemical property Reference
(nm) (cmi.g?)
(m2.g™)
Photocatalytic i .
X i Core-shell microspherical
Ti1xZrxO2 0.45-3.68 39-96 0.23-0.45 degradation of K i 132
X solid-solution
Rhodamine B
Ni and B-doped Photocatalytic removal of Hollow structure favour NO
! 3.8-7.3 39-106 0.08-0.16 . 327
TiO2 NO transportation
Fe/C Remediation of Fe nanoparticles accessibilit
i ibili
. n.r. n.r. n.r. chlorinated hydrocarbons P . ¥ 328
nanocomposites and stability
(TCE)
. Controlled Fe nanoparticles
Fe nanoparticles /
i 3-5 14-118 0.0284-0.2324 Water treatment placement on carbon 167
Carbon matrix .
microspheres
Electrocatalytic activity Highly porous coating
Ru/TiO2 coating n.r. n.r. n.r. for OER and CER obtained by ordered packing 32
evolution of sub-micron spheres
Li, Na, K, Rb, Cs . Activity higher than with
( ) n.r. 25-27 n.r. CO; hydrogenation y 8 X X 330
Ru/Al,0O3 conventional impregnation
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Ru/TiO2 n.r. 10-15 n.r.
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Activity higher than with
CO; hydrogenation y € . . .
conventional impregnation

n.r. stands for “not reported”.

3.2.1. TiO; and doped TiO; for water decontamination
(photocatalysis)

TiO,-based materials are extensively used in the field of
environmental photocatalysis, for example for the degradation
of organic dyes in industrial wastewater.337-341 The challenge is
to extend the optical absorption of titania from the UV to the
visible light region, for example using dopants,342346 5o that
solar light can be used directly as the excitation source. In
addition, producing smaller TiO, particles with higher
crystallinity allows reducing recombination rate of photo-
produced electron-hole while accelerating charge transfer.

Huang et al. have used an aerosol process to produce a
series of Ti1«Zr«O> photocatalysts made of spherical particles,
starting from aqueous solutions of TiCl, and ZrOCI,.8H,0
solutions sprayed and processes at 600°C in a tubular
furnace.132 No template was used and the texture was simply
dictated by the agglomeration of non-porous elementary

NO Removal Rate (ppm/min)

particles. Among the tested catalysts, the formulation where 9
wt. % of Ti was replaced by Zr showed the best photocatalytic
activity in the photocatalytic degradation of rhodamine B,
outcompeting the commercial P25 TiO,. Later on, the same
research group extended the method to produce pure and
boron and nickel doped TiO, microspheres.32’ The synthesis was
performed via the nebulisation of an aqueous solution of TiCl,
supplemented with H3BOs and/or NiCl,.2H,0, followed by rapid
thermal decomposition. Microspheres, in the ~100 nm range
(Figure 22), were formed by the aggregation of elementary
crystalline particles ranging between 7 and 11 nm. In particular,
they observed the formation of hollow spheres when the
synthesis was performed in the presence of H3BOs. This was
tentatively explained by the emission of gaseous HBO, during
the drying process. The materials were tested in the
photocatalytic removal of NO and the aerosol-made catalysts
performed significantly better than the commercial Degussa
P25 photocatalyst (Figure 22).
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Figure 22. (left) SEM micrograph of a B-doped TiO, microsphere obtained by the aerosol process and (right) catalyst performance of aerosol-made photocatalysts as compared to
the reference Degussa P25 in the photocatalytic removal of NO (PT=pure titania, BNT = B,Ni-doped titania, BT = B-doped titania, NT = Ni-doped titania). Reproduced with permission

from Huang et al. 327

3.2.2. Iron nanoparticles supported on carbon for the remediation
of chlorinated organics

Chlorinated organics such as trichloroethylene are classical
contaminants in groundwater and are difficult to remediate.
Zero valent iron nanoparticles can be used directly in
contaminated underground water to convert these chlorinated
hydrocarbons into less harmful hydrocarbons via reductive
dechlorination.34” The efficiency of these nanoparticles can be
enhanced if they are immobilised onto a carrier. Using an
aerosol process, Zhan et al. obtained micrometric Fe/C particles
(100-800 nm), starting from a solution of sucrose — used as the
carbon source — and FeCls;.6H,0.328 The solution is atomised to
form aerosol droplets which were then carried by an inert gas
(N2) through a heating zone where solvent evaporation and
carbonisation occurred. H,SO; was added to the starting

This journal is © The Royal Society of Chemistry 20xx

solution, as a catalyst for sucrose carbonisation. Interestingly,
sucrose carbonisation and iron salt precipitation are
competitive phenomena which can be tuned by changing the
temperature of the heating zone. This, in turn, allows
controlling the position of the Fe nanoparticles with respect to
the carbon matrix: embedded inside or dispersed at the surface
of the carbon spheres (Figure 23).167 The composites exhibited
excellent performance in the remediation of chlorinated
carbons. The carbon matrix plays the role of the adsorbent for
the pollutant, facilitating the action of the iron nanoparticles. In
this application, the composite is not a true catalyst since iron
acts as a reactant and is not recycled. However, the materials
developed by Zhan et al. look very promising in the perspective
of other heterogeneous catalysis processes (e.g. for Fischer-
Tropsch synthesis).348 349
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Figure 23. (left) Proposed mechanism of morphological changes and metal nanoparticle placement with temperature (reproduced with authorisation from Sunkara et al.1¢7). (right)
(a) TEM of carbon spheres prepared by an aerosol-based process. (b) TEM, (c) cut-section TEM, and (d) SEM of a Fe/C catalyst (the inset in (b) is the low magnification TEM of Fe/C).

Reproduced with authorisation from Zhan et al. 328

3.2.3. RuO,/TiO; for electrocatalysis

Chlor-alkali important bulk
processes in modern electrochemical industry.350 351 Electrodes
consisting of Ti coated by a combination of TiO; and a noble
metal oxide are the most investigated electrocatalysts for the

electrolysis process is an

chlorine evolution reaction.352. 353 291 |n this context, aerosol
techniques have been proposed to prepare a variety of
promising materials. For example, TiO, core/RuO; shell particles
have been prepared using a multistep ultrasonic spray set-up.354

KoSevic et al.32® have recently proposed the continuous
synthesis of spherical RuO,/TiO, particles coupled with their
deposition as a coating onto expanded titanium substrate. In
their process, tetra-n-butylorthotitanate is hydrolysed in a first
step, then mixed with RuCls and finally dispersed in the form of
an aerosol via an ultrasonic atomiser using O, as a carrier gas
(Figure 24-top). RuO,/TiO; particles form when the aerosol is
carried through a tubular furnace set at 800°C. During this
process, both TiO; and RuO; formation and
crystallisation occur. The gas-transported particles
electrostatically collected at the surface of expanded titanium
by the application of a high-intensity electrostatic field. The
titanium plate is maintained at 500°C to trigger an immediate
thermal treatment which favours the adhesion of the particles.
The particles were shown to adhere to the surface and to form
a thick coating of ca. 20 um, with some cracks (Figure 24-
bottom). The anodes showed good electrocatalytic activity for
oxygen and chlorine evolution reactions, as well as acceptable

thermal
are

This journal is © The Royal Society of Chemistry 20xx

stability in the conditions used for the electrolysis of dilute
chloride solutions.

Figure 24. (top) Schematic representation of the setup used to synthesise RuO,/TiO,
particles and their deposition onto expanded Ti by an electrostatic field. (bottom) SEM
micrograph of a Ti rod with the RuO,/TiO, coating (scale bar is 20 um). Reproduced with
authorisation from Kosevic et al.32°
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3.2.4. Ru-based catalysts for CO, methanation

With the urgent need we face mitigating our impact on the
climate,3>> 356 important efforts are being made to curve net
CO; emissions. In the perspective of CO; utilisation, the Sabatier
reaction is a currently vibrant field of research in which a large
variety of heterogeneous catalysts are being investigated.313.357-
364 Among those, Ru-based catalysts are recognised as the most
active CO; methanation catalysts and is intensely studied.357- 360,
365-371

Li et al. prepared Ru/Al,O3 methanation catalysts via a one-
pot aerosol method.339 An aqueous solution of RuCl3.3H,0 and
Al(NO3)3.9H,0 was atomised using an ultrasonic device and
then passed through a quartz tube reactor heated by two
furnaces connected in series and set at 600°C and 1000°C. The
residence time for the droplets in the heated reactor was about
one second. Interestingly, authors also prepared alumina
supports by the aerosol method and then impregnated the
latter with RuCl5.3H,0 to study the interest on the one-pot
approach versus the impregnation method. Prior to use in the
methanation reaction, all catalysts were oxidised under oxygen
(400°C) and then reduced under hydrogen (400°C). The high
temperature encountered during spray drying provoked the
crystallisation of the alumina supportin the alpha phase and the
formation of relatively large RuO, crystals. The latter were in
strong interaction with the alumina support, as attested by the
relatively high reduction temperature observed in TPR for the
catalysts prepared through spray.

Spray-dried Ru/Al,O3 catalysts outcompeted markedly the
impregnated catalysts, both in terms of specific activity and in
terms of TOF (Figure 25). Authors put forward that the higher
performance of sprayed catalysts could be attributed to a more
intimate interaction between the active phase and the support.
Possibly, the lower chlorine contamination in the sprayed
catalyst could also have led to higher methanation activity. It
can be noted that promotion with alkali metals could be
achieved easily by simply adding an appropriate salt (e.g. KNO3)
in the precursor solution. The addition of alkaline salts

Table 3. Catalysts prepared by an aerosol-mediated precipitation (Type Il).

promoted the catalytic activity of Ru/Al,0s3, irrespective of the
preparation methods employed. It may be noted that such
formulation should be highly active in the mild condition
synthesis of ammonia, which is also of great current interest.372
used to prepare Ru/TiO;
methanation catalysts, using TiCl, as the titania precursor.131
Again, the catalysts prepared by the spray technique were much
more active than those prepared by the impregnation method,
which was rationalised by the formation of additional active
sites at the boundaries between the metal and the support and
by the inhibition of the so-called strong metal support
interaction (SMSI) effect. Apart from the aerosol synthesis itself,
an important parameter was found to be the temperature of

A similar approach was

the reductive pre-treatment.

6 T T T 6

5.0 mol% Ru/Al,0,

To

Tor  |°

ro/ 10-2 mol min-! Ru-mol-
TOF/min!

Impregnation Hybrid

Spray

Figure 25. Effect of the preparation methods on the activity (rate and TOF) of 5.0 mol.%
Ru/Al,O;3 catalysts in the methanation of CO, at 300°C. (Spray) catalyst prepared in one-
pot by atomisation of a RuCl3.3H,0 and Al(NO3);.9H,0 solution, (Impregnation) catalyst
obtained by the impregnation of a commercial alumina support with RuCl;.H,0, (Hybrid)
catalyst obtained by the RuCl;.H,O impregnation of an alumina support prepared by
spray drying. Adapted with authorisation from Li et a/.33°

Specific
Pore volume X X
Catalyst surface area (cmP.g) Reaction Key chemical property Reference
cmi.g
(m2.g™) &
Glycerol transesterification with
NaAlO, n.r. n.r. v High surface basicity u7
DMC
Selective oxidation of propane to Controlled synthesis of phase-pure mixed
MoVTeNb 2.5-88 0.014-0.084 o . us
acrylic acid oxides
Selective oxidation of propylene High purity and stoichiometric ions
Bi-Mo 4.1-12.2 n.r.? . . propy gh punty K . 373
into acrolein interaction
Higher SSA by coupling complexation and
Bi-Mo 1.4-35 n.r.2 & y cotpiing comp 7
spray drying
Ce-Co/Si-Al . . Smaller NPs and lower soot combustion T°C
n.r.? n.r.? Diesel soot oxidation i i K 375
papers than with conventional drip method
Photo degradation of MO/MB to Good interaction between basic Mo
ZnAl;04 90 1 oo 376
MO molecules and acidic-sites of ZnO/ZnAl>04
Nano-sized . . . .
Catalytic cracking of 1,3,5- Uniform pore channels, high thermal
ZSM-5 4133 0.3251 M . L s 7
triisopropylbenzene stability, acidity, good Al species distribution
aggregates
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Pd/ferrierite n.r.? 0.22

Hydrogenation of propyne (alkyne)

Higher Pd dispersion 378

n.r. stands for “not reported”.

3.3. Catalysts prepared by an aerosol-mediated precipitation from
salts

In this category, the Type Il aerosol processing is used to
trigger the precipitation of molecular or ionic species initially
present in solution (Scheme 5 and Table 3). Owing to the fact
that the precipitation is confined into the aerosol droplets and
occurs very rapidly, the solid formed particles can exhibit
particular crystallites size and shape, very different from what
can be obtained by classical precipitation processes triggered by
(slow) evaporation or pH change. The possibility of mixing
different salts is an interesting feature of such process. Also, the
gas transported particles can advantageously be deposited onto
suitable structured supports.

Precipitate

Mixed precipitate

Scheme 5. Aerosol-mediated precipitation from salts (Type Il process). In route (a) one
type of salt (depicted as small green rectangles) is spray dried to yield a precipitate. In
route (b) a mixture of two or more different salts is spray dried to yield a new crystalline
compound.

3.3.1. NaAlO; microspheres for the synthesis of glycerol carbonate

One of the economically attractive way to upgrade glycerol
is to convert it into glycerol carbonate.37°-381 By using
dialkylcarbonates (preferentially dimethyl carbonate, DMC) and
a basic heterogeneous catalyst, a truly green process can be
designed.382-385 For example, good yields of glycerol carbonate
were obtained with CaO, MgO, and various hydrotalcite
catalysts.386-392

A less common basic heterogeneous catalyst is NaAlO,,
which is highly soluble in water but can be used in its solid form
in most organic solvents.385 393,3% |n 3 recent communication,
NaAlO; was shown to exhibit high activity in the
transesterification of DMC with glycerol to provide glycerol
carbonate in high vyield,
Interestingly, solid NaAlO;
prepared from the solution state by drying through atomisation,
as compared to the commercial solid or the solid obtained by
simple vacuum drying. In the aerosol-assisted precipitation
technique, an aqueous or hydro-alcoholic solution of NaAlO;

even at room temperature.l’

was even more active when

28 | Chem. Soc. Rev., 2018, 00, 1-3

was simply spray-dried in a tubular furnace maintained at
700°C. The dried solid was composed of spherical particles of
sodium aluminate (Figure 26). Interestingly, the NaAlO;
crystallites constituting these spherical aggregates were
relatively small, accounting for a higher number of strong basic
sites, as compared to the commercial or to the vacuum dried
catalysts. In turn, this exalted basicity resulted in significantly
enhanced catalytic activity, as measured in the most classical
reaction conditions (excess DMC, 90°C). A significant finding is
that this highly active catalyst can also catalyse the reaction in
high yield at room temperature. Using only 3 wt.% catalyst (with
respect to glycerol) and a DMC to glycerol ratio of 2, the
equilibrium conversion of 75% was reached in only 30 min. A
clear correlation was established between the size of the
NaAlO; crystallites in the different catalysts tested, the basicity,
and the catalytic activity in the synthesis of glycerol carbonate
(Figure 26). In this respect, aerosol-made catalysts had a clear
advantage over those made by simple drying. A similar aerosol-
precipitation synthesis strategy was recently reported to
prepare hollow Na,ZrOs microspheres with high surface area,
successfully exploited for CO, capture.39>
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Figure 26. (top) SEM micrograph of the NaAlO, microspheres obtained by spray drying;
(bottom) correlation between crystallite size, basicity and intrinsic activity in the room-
temperature synthesis of glycerol carbonate from glycerol and dimethyl carbonate
(3 wt.% of catalyst, 1:2 mol ratio of glycerol:DMC at 30 °C). AerW = NaAlO; prepared by
spray drying starting from an aqueous solution, AerWE = NaAlO, prepared by spray
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drying starting from a hydro-aloholic solution, CM = commercial NaAlO, powder, VD =
NaAlO, prepared by vacuum drying starting from an aqueous solution. Reproduced with
authorisation from Ramesh and Debecker.Y’

3.3.2. Complex Oxide Catalysts for the selective oxidation of light
hydrocarbons

Complex multicationic oxides are intensely investigated as
catalysts for alkane activation.396 397400 |n particular, the
catalytic properties of MoVTeNb oxide catalysts have captured
the interest of researchers for the selective oxidation of
propane to acrylic acid.#01-404 The performance of such selective
oxidation catalysts are dictated by the crystallinity and by the
specific surface area of the solid. The crystalline structure is
particularly crucial because these catalyst work via a Mars and
van Krevelen mechanism where oxygen atoms diffuse from the
bulk of the crystal towards the surface to oxidise the organic
substrate (and the vacancies are replaced by oxygen atoms
coming from molecular O, which diffuse in the opposite
direction).?%> Only some specific crystalline structures are
efficient in these processes, like the well-known “M1” phase. To
obtain such active phase, a specific calcination procedure is
usually employed but the latter also favour the formation of
particles with low specific surface area.

Kolen’Ko et al. compared three different solution-based
methods with multistep approaches.?® In particular, they
report two preparation methods based on aerosol processing.
In the first one, the precursor solid is obtained by spray drying
an aqueous solution containing (NH4)sMo07024.4H,0, NH4VOs3,
Te(OH)s and NH4[NbO(C,04);].xH,O with a nominal molar
composition Mo/V/Te/Nb of 1:0.3:0.23:0.125. The solid was
mainly formed by the concomitant precipitation of the three
salts even if partial transformation to the mixed oxide probably
occurs already at this early stage. The precursor solid was
calcined in air (275°C) and then annealed in Ar (600°C) to yield
a mixture of the crystalline M1 and M2 MoVTeNb oxide phases.
The M1 phase was then isolated using a dedicated washing
route.*% The spherical particles obtained initially have short-
range structural ordering with a week XRD signal for the M1
phase. Upon thermal treatment and washing, the particles
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morphology and crystallinity are strongly affected. The M2
phase is effectively eliminated by the washing and small rod-like
crystals of the M1 phase are obtained. The final product exhibits
a specific surface area of 9 m2.g1.

The second aerosol method is based on the spray drying of
a homogeneous complex solution, followed by a superheated
water vapour treatment. MoO3; was dissolved in water along
with C;H;04.2H,0 and then Te(OH)s. A V-containing solution
was prepared by dissolution of V,0s in an aqueous C2H;04.2H,0
solution. Both solutions mixed together and
NH4[NbO(C;04)2].xH,0 was added to yield an oxalic complex
solution with a nominal ratio 1:0.225:0.15:0.1535. The solid
product collected after spray drying was immediately calcined
at 275°Cin air, treated in superheated water vapour (500°C, 20
MPa) and then annealed at 600°C in Ar (Figure 27-A). In this
case, the catalyst precursor (before thermal treatments) is
essentially amorphous. The superheated water vapour
treatment yields a single-phase M1 catalyst, with relatively low
crystallinity. After annealing in Ar, the catalysts consist of
cylindrical structures on a sub-micrometer scale and faceted,
elongated nanoparticles, exhibiting moderate aggregation
(Figure 27-B). This method vyields relatively small M1
nanocrystals, as compared to those produced by a classical
hydrothermal method. Specific surface area reaches 13 m2.g1.

Both catalysts prepared by an aerosol-assisted method were
more active than reference catalysts prepared by hydrothermal
method. This can be rationalised by the lower specific surface
area of the latter (6 m2.g'1), even if the density of active sites
also seems to be different in the different catalysts.

Bismuth molybdates exhibit good catalytic activity for the
selective oxidation of light hydrocarbons, yielding for example
acrolein, metacrolein, butadiene, etc.126,407-411 “BiMo” catalysts
can be found in a, B, or y phases, with the formula Bi,03.nMo00Os,
where n =3, 2, or 1 respectively. Activity and selectivity of these
phases are different for each reaction and it is therefore
interesting to master the synthesis of pure phases of bismuth
molybdates or at least their mixtures in controlled ratios.412

were
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Figure 27. SEM micrographs of the MoVTeNDb oxide catalyst obtained by the spray drying of a salt solution. (A) spray-dried and calcined, (B) after annealing in Ar, (C) washed in H,0,
and (D) heat activated in Ar. Reproduced with authorisation from Kolen’Ko et al.18
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Figure 28. SEM micrograph and rate of acrolein formation with a-Bi,Mo030,, phase obtained by spray drying (a) without or (b) with citric acid (citric acid/Bi molar ratio = 3). (scale
bar = 40 um) Adapted from Le et al.37*
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Van Driessche et al. have used a spray drying technique to
synthesise a range of multi-metal oxides with interesting
properties.?13 Based on this method, BiMo catalysts have been
obtained by the rapid drying of an aerosol generated from an
acidic aqueous solution of (NH4)sM0024.4H,0 and
Bi(NOs)3.5H,0.373 The collected powders were amorphous,
indicating that intermediate crystallisation or phase segregation
did not occur during drying. Depending on the Bi/Mo atomic
ratios introduced in the synthesis and on the calcination
temperature, pure o, B, and y phases could be obtained. In
terms of specific activity for the oxidation of propylene to
acrolein, the spray dried samples compared well with catalysts
prepared by classical precipitation method. This was not
surprising because the specific surface area of the obtained
materials remained very low (< 2 m?.g1). The aerosol method
was subsequently improved by the same authors,374 by
combining it with a complexation method based on the use of
citric acid.** The latter method is known to favour a gelation
with better intermixed oxides through a three-dimensional
organic network of metallic components, and to yield materials
with enhanced surface area due to the organic additive burning
off.#15 Again, pure a, B, and y bismuth molybdate phases could
be obtained when the spray drying method was applied in the
presence of citric acid. Expectedly, the materials had a more
divided structure, higher surface area and this resulted in an
increase in catalytic activity while selectivity for acrolein was
preserved (Figure 28). Dimethyl oxalate, malic acid, and malonic
acid were tested as well as organic additives and showed to
have a similar effect.

3.3.3. Structured catalytic filters for soot oxidation

Soot particles coming from diesel engines are classically
abated by catalytic filters based on SiC monoliths promoted
with active elements.*16-421 Ceramic papers have recently
emerged as a suitable alternative to monoliths, allowing
accommodating flexible structured catalysts for diesel filters.42%
427 Catalytic components are incorporated into the filter to
permit the passive regeneration of the filter.428 This can be done
by drip impregnation of metal salts, followed by calcination.

Trying to achieve a better distribution of the catalytic
components throughout the filter, Tuler et al. have proposed
the direct spray deposition of Ce and Co onto Ce-promoted
aluminosilicate ceramic papers.37> An aerosol generated from
an aqueous solution of Ce(NO3); and Co(NOs); was treated in a
tubular oven in which the formed droplets were dried rapidly.
The air-borne particles were directly sprayed onto a ceramic
paper disc inserted in the collecting filter. By comparison with
wet preparation techniques, it was shown that the dispersion of
the active elements was highly improved (Figure 29). Drip
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impregnation shows agglomerates of catalytic particles larger
than 5 pm resulting from the active elements accumulation at
the fibres crossings due to capillary forces exerted during the
drying. On the contrary, when using the spray deposition
method smaller agglomerates are formed (< 1 um), distributed
throughout the filter. This resulted in a significant improvement
of the soot oxidation activity, with a light-off curve shifted by
about 30°C. One remaining challenge in the case of such
structured catalyst is the stability of the interaction between
the sprayed particles and the support.

Figure 29. SEM micrograph of ceramic filter fibres after Ce and Co deposition by (top)
drip impregnation and (bottom) aerosol spray deposition. The filter catalysts are calcined
at 600°C. Scale bars represent 1 um. Adapted with authorisation from Tuler et al.37>

3.4. Drying of preformed particles

3.4.1. Drying preformed catalyst particles to form aggregates
(shaping)

Type | aerosol processes can be advantageously exploited to
aggregate pre-formed fine catalysts powders. Considering the
fact that such processes do not belong to catalysts synthesis
methods — but rather shaping — they are not covered
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systematically and exhaustively in the present review. Only a
handful of representative examples are provided below.
Nevertheless, particle aggregation is crucial for many catalytic
processes, where the size of the catalyst particles dictates the
practicality of the process. For examples, catalyst recovery
through filtration, sedimentation or centrifugation will be made
easier with larger particles. Also, aggregated particles allow for
the design of flow processes where the reactants mixture has to
pass through a fixed bed of particles, without excessive pressure
drop. Finally, aerosol processes usually yield spherical particles
— potentially featuring good attrition resistance — making them
particularly well-suited for applications in fluidised bed

reactors.
Kim et al. showed how spray drying reprocessing enables to
achieve spherical particles with increased attrition

resistance.*?® Fine powdery SAPO-34 catalysts have been
prepared by a hydrothermal method before being introduced
into a slurry solution containing binders. The slurry was spray-
dried to yield SAPO-34 microspheres of 60-65 microns. The
latter showed good yields in the methanol-to-olefins (MTO)
process. More importantly, they had highly improved attrition
resistance, as they were able to withstand the rapid flow
velocity in circulating fluidised bed reactors.

Liu and Zhou have reported on the preparation of Cu-
incorporated TiO, granules used in the photocatalytic
degradation of an azo dye.*3° A slurry was prepared from
commercial TiO; and CuO powders and simply spray-dried to
yield spheres of 40-80 um.

Attrition-resistant  Ni-Mg/Al,O3; catalysts have been
synthesised by Cui et al. via spray-granulation.*31 Such catalyst
formulation is important nowadays because nickel — combining
relatively low price and good activity — is the most classical CO;
methanation active phase.#32434 The purpose of this work was
to determine the influence of the combination of the spray

drying process with two types and amounts of binders (silica sol
or alumina sol) on their mechanical strength. The catalysts were
tested a fluidised bed methanation reactor. Characterisations
revealed that their attrition resistance was in correlation with
their microstructures: the higher the pore volumes, the lower
the attrition resistance.

3.4.2. Preparation form preformed colloids (followed by thermal
treatments)

One interesting example of Type | process for
heterogeneous catalyst preparation is that of hydrotalcite (or
layered double hydroxides, LDH) microspheres. LDH feature a
unique bi-dimensional layered structure, able to adsorb,
intercalate and immobilise species of interest.43> 436 LDH have
attracted increasing attention in the last decades, with the
emergence of a range of applications in the fields of adsorption,
catalysis, drug carriers, energy production, storage and
conversion.*37-441 |n particular, the basic properties and the
interesting textures of LDH make these materials highly
interesting in heterogeneous catalysis.442446 |n a recent review,
Prevot and Tokudome covered the synthesis and applications of
3D hierarchical and porous LDH structures.#4” Spray drying was
highlighted as an efficient means to obtain such structures,
starting from LDH colloidal suspensions, which can be obtained
either by the polyol method**® or by designing the LDH
preparation as to separate the nucleation and aging steps.*4°
Upon solvent evaporation, spherical microparticles are readily
formed in which the layered structure of the LDH s
preserved.#s® Such LDH particles feature accessible diffusion
pathways in the macropore domain; they have been obtained
with a wide range of compositions.4>!
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Figure 30. (a) SEM micrograph and (b) XRD patterns of the ZnO/ZnAl,0, photocatalyst obtained by the spray drying method (Type 1) followed by calcination. (c) photocatalytic

performance in the degradation of MB (1.2 x 106 M) at 25°C under mercury lamp, compared to a blank experiment (no catalyst) and to a commercial ZnO powder. Upon calcination,

topotactic transformations occur, the layered double structure collapses and ZnO and ZnAl,0, phases are formed. Yet, the hierarchically spherical morphology of the particles is

preserved and the final texture remains advantageous (specific surface area of 90 m2.g* and pore volume of 1.0 cm?.g'). Adapted with authorisation from Huo et al.376

This method has been exploited by Huo et al. for the
preparation of a hierarchical ZnO/ZnAl,0O4 photocatalyst.376
Nano-sized ZnAl-LDH powder was prepared by mixing a salt
solution containing Zn(NOs),.6H,0and AI(NO3)3.9H,0 (with a
Zn%t/AI3* ratio of 2) with a base solution containing NaOH and
Na,COs. After ageing, the slurry was washed and filtered. The
filter cake was re-dispersed in water to form the precursor

32 | Chem. Soc. Rev., 2018, 00, 1-3

slurry (3 wt.% of ZnAl-LDH nano-platelets). At this stage, ZnAl-
LDH nano-platelets are obtained with a mean size of 140 nm.
The slurry was atomised, dried in hot air (150°C) and the
obtained powder was collected in a cyclone. Spherical particles
with dimensions in the 1-20 um range were obtained, with a
specific surface area of 100 m2.g! and a pore volume of 0.65
cm3.gl (Figure 30). Finally, the ZnO/ZnAl,0, composite
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photocatalyst was obtained by calcination in air at 800°C. Upon
such thermal treatment, topotactic transformations occur, the
layered double structure collapses and ZnO and ZnAl,04 phases
are formed. Yet, the hierarchically spherical morphology of the
particles was preserved and the final texture remained
advantageous (specific surface area of 90 m2.g?! and pore
volume of 1.0 cm3.g™1). Photocatalytic activity of the composites
was assessed in the degradation of methylene blue (MB) and of
methyl orange (MO). The ZnO/ZnAl,0,4 photocatalyst proved to
be much more active than the commercial ZnO powder (Figure
30).

Another example of Type | process based on the use of
colloidal suspensions is that of acidic alumino-silicates. In the
petrochemical industry, nano-sized ZSM-5 catalysts have shown
outstanding performances for naphtha cracking, methanol to
gasoline (MTG), ethanol to gasoline (ETG), and acetone to olefin
(ATO) in comparison to microporous ZSM-5, by reducing both
diffusive constraints and the deactivating effect of coke.379, 452
454 However, the synthesis process — based on the silanisation
of protozeolitic seeds#>>-45° — usually requires large quantity of
solvents and achieves only low product yield.

Xiong et al. have proposed a two-step aerosol-assisted
synthesis of nano-sized ZSM-5 zeolite from an aqueous solution
of silicon and aluminum precursors.377 In this case, the aerosol
process is only used for the first step of the material synthesis
and is not sufficient to obtain the final active catalyst. First, an
aqueous precursor solution containing a silica source (colloidal
silica, Ludox®) and NaAlO; is sprayed and dried by passing
through an oven set at 230°C to form an amorphous SiO,-Al;03-
Na,O powder. No organic template was used. The obtained
powder was further dried at 120°C overnight to eliminate
residual water. Then, the material was crystallised in an
autoclave after addition of an aqueous TPAOH solution, used as
a structure directing agent to form MFI aggregates. The
obtained catalyst was composed of MFI nanocrystals (50-100
nm) and had improved textural properties as compared to those
of a ZSM-5 zeolite synthesised by a conventional hydrothermal
method.

Their catalytic performances have been compared in the
cracking of 1,2,5-triisopropylbenzene, which requires strong
acid sites.182 The higher stability and activity (Figure 32)
achieved by the nano-sized ZSM-5 (noted AZ-5) in the catalytic
cracking of 1,3,5-TIPB are related to the improved
interconnectivity of the mesopores and to the higher amount of
acidic centres exposed, due to the larger external surface area
(73 m2.g1) as compared to the reference catalyst (noted HZ-5).
This aerosol-assisted synthesis of nano-sized ZSM-5 aggregates
appears to be more effective than the conventional
hydrothermal method to ensure a good distribution of the Al
species in the network and to generate slightly stronger acidic
sites.377 According to the authors, the aerosol route favours the
crystal nucleation thanks to the high supersaturation of the
precursor solution achieved in this dense system.

A similar strategy was applied by the same authors4t to
prepare zeolitic titanosilicates, and in particular TS-1, which is
known to find various important applications in heterogeneous
catalysis, like olefin epoxidation.461465 |t should be noted
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however that with such two-step procedures — i.e. (i) aerosol
preparation of an amorphous material and (i) further
crystallisation of the zeolite in hydrothermal conditions in the
presence of structure directing agent — the shape and size of the
initial particles are lost. Instead of small and spherical particles,
zeolite crystals obtained after re-dissolution and
crystallisation; their shape and size are governed by the
parameters of the crystallisation step.

Nandiyanto et al. proposed an elegant method to prepare

are

large macroporous anatase TiO; particles, successfully used as
photocatalyst for the degradation of rhodamine-B.4%¢ A colloidal
suspension of small anatase particles (~5 nm) was mixed to a
suspension of polystyrene beads (~200 nm), sprayed using an
ultrasonic nebuliser, and thermally treated in a tubular furnace.
The aerosol processing involved two heated zones set
respectively at 200°C and 500°C. Solvent evaporation in the first
zone resulted in the formation of large particles of
titania/polystyrene composite. Interestingly, despite a short
residence time of ~3 seconds, the treatment at 500°C allowed
to remove the polymer beads and directly reveal the
macroporosity. At the same time, this thermal treatment did
not trigger any significant sintering of the TiO, nanoparticles,
ensuring that the intrinsic photocatalytic activity was preserved.
Thus, a hierarchical photocatalyst was obtained in one step,
exhibiting much higher photocatalytic activity than the
reference catalyst prepared in the absence of polystyrene
template, and almost as active as the free nanoparticles.
Additionally, the particle outer diameter could be tuned in the
0.2-1 um range simply by adjusting the concentration of the
starting suspension.

D,= 1077nm
c =83nm
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Figure 31. Macroporous photocatalyst made of small anatase TiO, particles sprayed
together with polystyrene beads which served as a template for the macropores.
Reproduced with authorisation from Nandiyanto et al.*6¢

3.4.3. Impregnation via aerosol processing

Drying preformed particles via an aerosol process can also
give a convenient opportunity to supplement the materials with
components. For examples, additives may be
included in the process to modify the surface properties of the

additional
catalyst (binders for adhesion, mineral acids or bases for the

formation of corresponding surface sites, etc.). Interestingly, a
catalytically active phase can be added on the surface of

Chem. Soc. Rev., 2018, 00, 1-3 | 33



Please do not adjust margins

REVIEW

preformed support particles to yield a supported catalyst. The
method can be seen as an alternative to classical impregnation
techniques.
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Figure 32. Cracking of 1,3,5-triisopropylbenzene with a reference ZSM-5 catalyst
obtained by conventional hydrothermal method (HZ-5) and with a nano-sized ZSM-5
catalyst prepared by a two-steps aerosol process (AZ-5): (a) conversion, (b) selectivity of
AZ-5, (c) selectivity of HZ-5 for the different products (propylene (Pro), m-
diisopropylbenzene  (MIPB), isopropylbenzene (IPB),
diisopropylbenzene (PIPB)). Adapted from Xiong et al.3”7 with authorisation.
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Chemical Society Reviews

generated larger nanoparticles compared to the spray-
deposition method. By modifying the flow rate, the droplets size
could be modified and the nanoparticles distribution and their
potential re-agglomeration during the crystallisation could be
studied. Reduced Pd-ferrierite catalysts prepared by aerosol
were highly active in the gas-phase partial hydrogenation of
propyne at 75°C, with high alkene selectivity. In HRTEM, the
used catalyst was not significantly altered, indicating good
sintering resistance.

—20nm —20nm

Figure 33. TEM micrographs of the Pd/ferrierite samples obtained by (a) wet
impregnation, (b) dry impregnation, (c) freeze drying, and (d) aerosol spray deposition.
The samples were calcined in static air at 573 K for 2 h. Reproduced with authorisation
from Santiago et al.378

Santiago et al.37® highlighted the benefits of aerosol
processing in the preparation of Pd/ferrierite catalysts. Starting
from preformed a ferrierite powder, they compared four
methods for the deposition of Pd: wet impregnations, dry
impregnations, freeze-drying and aerosol spray deposition. For
the latter, a ferrierite powder was dispersed in a palladium
nitrates solution and sprayed using a spray dryer device from
Buchi. During drying, supersaturation of Pd was reached in the
droplets and crystallisation of Pd was triggered at the surface of
the zeolitic particles, resulting in ferrierite-supported Pd
nanoparticles. According to the TEM observations (Figure 33),
wet and dry impregnation methods did not allow to control the
distribution and homogeneity of the Pd nanoparticles unlike the
freeze and spray drying methods. Also, the freeze-drying

34 | Chem. Soc. Rev., 2018, 00, 1-3

4. Transfer to industrial applications

The aerosol production of solid particles can be envisaged at
various scales. A small lab-scale atomizer (e.g. from TSI
Incorporated?6?) can produce a few gram of dry materials per
hour. A popular lab-scale device is the Mini Spray Dryer B-290
from Buchi“®8 which can deliver typically 10 to 50 g of dry solid
in an hour. In the examples described above from the scholarly
literature, the production rates are rarely provided by the
authors. At the pilot scale, production rate typically range
between 1 kg and 100 kg per hour (e.g. with a GEA spray drier
equipped with a high speed turbine?#®). Large scale industrial
spray dryers, like for example those commercialised by Dorst470
typically deliver several hundreds of kg per hour. Thus, small
scale research on the preparation of heterogeneous catalysts
via aerosol process can be expected to transfer to the industrial
scale, at least in terms of production capacity. The remaining
challenge is to master the details of particle formation and final
chemical and physical properties of the solid particles formed at
the different production scales.

This journal is © The Royal Society of Chemistry 20xx
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From an industrial point of view, spray drying has been a
catalyst processing technique used for nearly a century. A
research on an international patent database with the
keywords “spray drying catalyst” resulted in more than 1400
hits, illustrating that spray drying is indeed a major processing
technique for producing catalysts at the industrial scale. The
first report in patent bibliography can be found as early as 1923
(published in 1924) and was described by Francis X. Govers.100
From a chemical point of view, this process was used to produce
SiO; particles (or other mixed metal oxide/SiO; particles) from
colloidal silicic acid suspensions (or from other mixed metal
oxide/colloidal silicic acid suspensions). The suspensions were
atomised before any gelation could occur so that the gelation is
actually triggered during the drying. In the classification that we
propose for aerosol processes, this corresponds to materials
prepared according to the Type | or Type lllc processes,
depending on whether the particles are pre-formed before
atomisation or being formed during the processing. Targeted
applications were adsorptive agents, catalysts or catalyst
supports.

The next remarkable patent was deposited by Gen Zeolite
Company in 1930 for the preparation of silica or mixed
Si02/MOy materials, produced by mixing a silicic acid suspension
(resulting from the reaction between sodium silicate and an
inorganic acid) with salts of transition metals like iron,
aluminium, etc.191 The gelation was then induced by adding a
base to the mixture. Atomisation is mentioned as a potential
drying method provided that the gel formed is sufficiently fluid
(i.e. Type | process following our classification).
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Figure 34. Chronology of patents of catalysts made by aerosol processes since 1923

Since then, and until the 1990’s, between 5 and 10 patents
can be found on average every year. Most patents were filed to
protect methods for aggregation, drying of gels, drying of
slurries made of particles (catalyst supports), bonding catalysts
support particles with sol-gel binders and/or loading suspended
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particles with active phase precursors (Figure 34). In almost all
cases, as-made materials are calcined for decomposing active
phase precursors.

From this body of literature, the sol-gel chemist can be
somehow frustrated. Indeed, apart from silica chemistry that
was well understood before the 1960’s, it is difficult to
determine the part of sol-gel chemistry (involving the
polycondensation of molecular precursors) from the mere
drying of catalysts precursors followed by a calcination (i.e.
oxidation or reduction in a furnace) that leads to the final
catalyst. Apart from this, the patent literature clearly shows that
many variations of catalyst supports / active phases were
addressed, either for petrochemical industry, or fine chemistry,
or environmental chemistry. Yet, no conceptual breakthrough
was reported until the end of the 1990’s.

In 1999, a revolution was patented by Bruinsma and co-
workers who introduced integrative chemistry concepts for the
design of silica-based catalysts made by aerosol.4’! They used
supramolecular assembly of surfactant as a template for
creating very high surface area catalysts supports, thereby
inventing the first mesostructured materials made by aerosol
using the evaporation-induced self-assembly (only six years
after the first communication of Kuroda et al. on mesoporous
molecular sieves#’2). Since then, this pioneering approach was
further developed and led to numerous advanced formulations
with superior catalytic activities, such as those we proposed
from 2004 for various applications,*’3-47° from hydrotreatment
to olefin metathesis (some of them being described in this
manuscript).
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Figure 35. Evolution of patent number from 1991 to 2017 (blue: total number; red: from
China researchers and industry)

Looking at the evolution of the number of patent since 1990
(Figure 35), an intense boost in the patenting activity is
observed in the beginning of this century. A closer look shows
that the subjects of these patents are similar to those of the 20t
century with no major additional concept. Indeed, the reason of
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this recent boost in patent activity has to be put in parallel with
the current dynamism of Chinese research and industry sector.
In 2017, Chinese patents represent more than 50% of the world
patenting publications.

5. Prospects & conclusions

The catalysis scientists are currently facing important
challenges mainly related to the pressing need we have to
envisage a more sustainable chemical industry —in the broader
context of a more sustainable society. Challenges in chemistry
are often solved by catalysis, and it seems reasonable to state
that our ability to build new types of catalytic materials with
new properties will help us build what Taarning et al.222 call the
“renewable chemical industry”. New solid catalysts will be used
to convert lignocellulose or its fractionation products into a
range of useful chemicals and materials,%8% 481 to synthesise
bioplastics,226: 482 to perform organic synthesis in cascade
reactions,*83. 484 to combine the action of inorganic functions
with organometallics or enzymes,*8 etc. To proceed, one will
need to design inorganic and hybrid solid materials with a new
level of control on composition, homogeneity, special
dispersion and distribution the active elements, speciation,
surface functionalities, hydrothermal stability,
hydrophobic/hydrophilic balance, texture, structure, etc.

This review demonstrates through a large range of practical
examples that aerosol processes have decisive technical
features which make them highly attractive to address such an
ambitious agenda. Aerosol preparation techniques should be
looked at with an opportunistic eye, in the perspective of new
technology breakthroughs in chemical science. The most
important of those features can be summed up by looking at the
key properties which dictate the performance of
heterogeneous catalysts. We also look into the unresolved
issues of aerosol preparation techniques and we identify the
most promising areas of development for innovative catalytic
materials.

5.1. Technical upsides of aerosol processing

Aerosol processes offer a good control on the composition
and homogeneity of the produced materials, as long as the
properties of the starting solution or suspension are controlled
and kept constant over the timespan of atomisation. As
demonstrated in this review, the use of sacrificial templating
agents offers a very broad spectrum of textures with tuneable
and uniform pore size and shape. This is obviously a key
parameter for heterogeneous catalysts.

The tuneable contact time in the reactive zone offers a
range of possibilities. If it is short, the process can yield
metastable states involving species with very different
reactivity. This cannot be achieved via conventional
precipitation or gelation based routes. A long processing time
can also offer some flexibility and allow the formation of more
complex structures, including clays, hybrid and hierarchical
structures (vide infra).

In principle, aerosol preparation techniques are continuous
and scalable. Each droplet should be seen as an individual
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micro-reactor where chemical and physical transformations
occur during drying. In this sense, simply feeding the atomiser
for longer timespans allows accumulating larger quantities of
the same desired materials. If larger production equipment is
needed to increase productivity, the scalability will mainly be
governed by the ability of the engineer to maintain similar
atomisation and drying parameters at different production
scale (vide infra).

5.2. Technical issues and related opportunities

The particle size distribution is largely dictated by the
spraying nozzle. Intrinsically, small-scale atomisers generate
droplets in a relatively broad range of sizes which results in
particle size polydispersity. When it comes to heterogeneous
catalysis applications, this can be an issue. Post-synthesis
separation is usually used to select the particles with the
appropriate size (centrifugation, cycloning, etc.). Large-scale
atomisers are less sensitive to this issue. Also, it should be noted
that many technical options are available regarding the type
and geometry of atomisation devices (ultrasonic nozzles,
pressure nozzles, two-fluid nozzles, rotary atomisers,
piezoelectric nebulisers, etc.).142 486, 487 This can offer the
engineer a way to control size polydispersity to a certain extent.

The actual size of the spherical particles can also be crucial
for application in heterogeneous catalysis. While some
processes can use directly small particles size (e.g. around 50
micrometers for fluid catalytic cracking), many other
applications and reactor geometries (including fixed bed or
moving reactors) require larger particles. Thus, the possibility to
obtain relatively large solid particles would allow to proceed
directly to the application, without further shaping (pelletizing,
extrusion, etc.). Obviously, the atomisation mode has a direct
impact on the aerosol droplet size and therefore on the size of
the final solid particles. However, the size also depends on the
composition of the starting sol. On the one hand, it is easy to
obtain
particles, simply by playing on the concentration of the slurry
that is atomised. On the other hand, when the solid has to be
formed during the aerosol processing, starting from a precursor
solution, the size of the elementary particles tends to remain
small. It is actually limited by the concentration of the precursor
solution, which is itself limited by stability and/or homogeneity
issues. Two-step procedures may be applied in which small
elementary particles are synthesised first, exploiting for
example the aerosol-assisted sol-gel process, and then re-
suspended and aggregated together in a second “shaping” step
via spray drying.

Energy consumption may be pointed as a potential
shortcoming of aerosol processes, because large amounts of
solvents have to be vaporized and possibly re-condensed. Yet,
many aerosol processes also allow to shorten and simplify
significantly the catalyst preparation, and to obtain improved
catalyst formulations. Therefore, the comparison between
competing preparation procedures should be done carefully,
taking into account all the economic and environmental
aspects.

relatively large aggregates of preformed smaller
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When sacrificial templating agents are being used, their cost
should be taken into account. Most heterogeneous catalysts
with tailor-made textural properties — as described in this
review — have been obtained using block copolymer templates,
the price of which can be prohibitive for large scale industrial
production. These solids might make it to commercial
application only if they offer a significant performance
breakthrough in the application in which they are subsequently
exploited.

Managing the kinetics of surfactant micelle formation and
inorganic polycondensation is a challenge. In order to fully
benefit from the templating effect of the surfactant, its
evaporation-induced self-assembly must occur before the
inorganic network is completely formed. Obviously, complex
formulations involving several inorganic precursors and/or
several templating agents will be trickier to control. On the one
hand, it must be recalled that the precursors which undergo fast
polycondensation reactions are expected to trap the other
precursors, resulting in rather homogeneous formulations. The
formation, under kinetic control, of multi-components catalytic
materials with high surface areas allows to quench original
metastable phases trapped inside new architectures
broadening the scope of possibilities for the design and
production of new catalysts. On the other hand, it may be
envisaged to slow down the drying process, to generate
tuneable gradients in composition or in porosity. In fact, the
resulting hierarchical or core-shell materials would have
tremendous potential for application as heterogeneous
catalysts.

5.3. Future trends

We believe the future of aerosol processes for the
preparation of heterogeneous catalysts will deal with (i) hybrid
catalytic materials and (ii) coupling with smart engineering
strategies.

Short processing times coupled with moderate heating
temperatures and volatile solvents should allow to process
fragile components such as organic moieties and even enzymes.
Thus, it is expected that a wide range of catalytic materials will
be developed in the near future, including oxides bearing
organic functions at their surface, metal organic frameworks
(MOFs), (COFs), periodic
mesoporous silicas (PMOs), entrapped enzymes, etc.

A first example of silica-based hybrid materials was obtained
by the aerosol-assisted sol-gel method, using organosilanes to
insert thiol surface functions.*88 The latter were converted to
sulfonate groups by chemical modification, to generate
materials with high surface acidity. Depending on the nature of
the organosilane, materials could be obtained with varying
degrees of mesostructuration and proton exchange capacity.
These hybrids could be applied in various acid catalysed
reactions. Along these lines, much is still to be discovered. The
scope is very large if we simply envisage to combine the
synthesis of porous silica with the range of available
organosilane precursors. It is even broader when it comes to
expanding the strategy to other oxides and mixed oxides.

covalent organic frameworks

This journal is © The Royal Society of Chemistry 20xx

As we have seen above, PMOs can be prepared by the AASG
route and their heterogeneous catalysts
demonstrated for a range of organic reactions. There is no
doubt that the technical and economic advantages of aerosol
processing, coupled with the large variety of chemical functions
that can be accommodated within such structure will give rise
to important applications in heterogeneous catalysis.

The same holds for MOFs and COFs which have long
attracted the interest of the catalysis science community.489 490
MOFs, in particular, have shown tantalizing potential for
commercial applications as heterogeneous catalysts.287- 491 The
synthesis of MOFs is progressively being coupled with
interesting processing techniques which allow either to enable
large-scale production or to design specific materials
architectures.?%2 Very recently, several reports were published
on the synthesis of MOFs via aerosol processes.>> 178, 493-497
Successful application as heterogeneous catalyst was only
demonstrated in the case of Pd@ZIF-8.178 The other examples
however undoubtedly validate the versatility of the method to
synthesise such complex hybrid materials and other examples
of applications in heterogeneous catalysis should flourish in the
coming years.

The coupling of aerosol synthesis with advanced processing
techniques and smart engineering strategies will be an
important driver for future innovations in the field of
heterogeneous catalysis. Yet, this field is still in its infancy.
Implementing multi-nozzle injection for example (e.g. the mist
at the exit of a first atomisation module is combined with
colloidal matter coming from a second nozzle) will probably
initiate a new wave of innovation in the synthesis of catalytic

use as was

materials with complex, hierarchical or core-shell structure.
Also, aerosol processing can be used to design “spray coating”
techniques®! leading to transparent or coloured surfaces with
coatings. The latter
properties, to be exploited in environmental applications.

functional can have photocatalytic

5.4. To conclude

Aerosol- or spray-processed materials have already strongly
impacted many sectors such as nano-medicine, pharmacy,
cosmetic, food, etc. In these fields aerosol-made materials are
an industrial reality. Today, the scholarly literature related to
the field of spray
heterogeneous catalysts is relatively abundant and promising.
Yet, it only represents the tip of the iceberg as compared to the
tremendous application potential of aerosol techniques for the
preparation of heterogeneous catalysts. In particular aerosol-
based integrative strategies combined with hybridisation will
allow to tailor make original catalysts and will open new areas
using the so-called “chemistry of shape” concept. Such
approaches rely on two pillars: miniaturisation and
hybridisation. Miniaturisation aims at housing a large number
of elementary functions in small volumes. Hybridisation — in
particular between mineral and organic components — enriches
the whole by association of functions selected from the best of
both worlds. The confinement of solid materials synthesis in
small aerosol droplets can offer a decisive advantage. Moreover

synthesis for the preparation of
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the processing of complex mixtures containing colloidal nano or
microparticles, templating agents, precursors,
organometallic complexes, bioactive species, dopants, etc.
allows envisaging the synthesis of heterogeneous catalysts in a
sort of “Lego-like” approach starting from a myriad of potential
nano-building blocks. The obtained catalysts will be
hierarchical, multifunctional, and well-defined down to the
actual structure of the active site. These will pave the way to
new chemical processes and to a more sustainable chemical
industry and society.
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