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1. INTRODUCTION

In the materials manufacturing sector, energy efficiency,
sustainability, and economic viability have become increasingly
important to industry and society in recent years. Microwave
(MW) methods can help to achieve these criteria by providing
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Figure 1. Difference in the temperature profile of (a) conventional and (b) microwave heating. The image shows a slice through a tube showing
temperature gradients after 60 s of heating in (a) a water bath and (b) an CEM Discover MW system.”* Copyright 2003. Reprinted from ref >* with kind

permission from Springer Science and Business Media.

potential to foster interest among the materials chemistry
research and industrial communities and widen access to MW
methods. We will examine recent progress in rationalization of
the mechanisms and outcomes of MW synthesis, with particular
focus on development of in-situ techniques that allow time-
resolved study of MW reactions. Final emphasis will be that of
MW materials chemistry at the interfaces, not just those of the
materials themselves but also at the boundaries of the discipline,
especially with chemical, electrical, and electronic engineering. At
these interfaces, we see the best chance of furthering our
understanding of the mechanisms and outcomes of MW
synthesis and developing appropriate instrumentation to allow
MW synthesis to be accessible to a wider range of research
activities and ultimately for large-scale industrial processes.

2. HISTORY OF MICROWAVE HEATING

MWs are broadly regarded as those electromagnetic waves which
are situated between infrared and radio wavelengths in the
electromagnetic spectrum, with wavelengths between 0.01 and 1
m, corresponding to frequencies between 0.3 and 300 GHz. Use
of radiation within the MW region is regulated at national and
international levels to avoid interference with telecommunica-
tions. Numerous frequencies have been allocated for industrial,
scientific, and medical uses, but the most widespread are ~900
MHz (896 MHz in the United Kingdom and 915 MHz in the
United States) and 2.45 GHz. The latter value is the most
common, as all domestic MW ovens and laboratory-scale
synthesis systems operate at this frequency.

In 1971, use of MW heating in chemical research was reported
for the first time.” This precipitated several more publications on
this novel technique, but it was not until 1986 that the first
successful chemical reactions in conventional domestic MW
ovens (DMOs) were performed,® bringing easily accessible MW
chemistry to the attention of the wider chemical research
community. Since these early experiments, MW heating has
become an important method of chemical synthesis and
processing,"*”~'? especially in the case of organic and
solution-phase reactions. Particular interest in MW methods
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was catalyzed by several notable synthetic studies describin§ high
yields, with up to 1000-fold increases in the reaction rates.”"* In
the laboratory, the availability of cheap, high-power, MW sources
led to an explosion of papers describing MW-induced chemical
processing, and MW techniques are now well established in
many areas of industrialized life. More recently, MW applicators
designed specifically for laboratory use have made MW heating
more convenient to nonspecialists and made use of MWs far less
unconventional.

Opver the same period, MW-induced solid-state chemistry has
developed steadily but without the exponential growth and
widespread acceptance that has accompanied solution-phase
applications. Several reasons for this slower growth may be
identified. First, there are no commercial laboratory MW
applicators aimed at solid-phase reaction chemistry, as there
are for solution-phase work. Second, the complexity of MW—
solid interactions appears to be much greater than that in
solution, and our understanding of the processes involved is far
less comprehensive. Third, the complexity of the heating process
means that there are significant difficulties associated with
monitoring temperature conditions inside the sample. Finally,
the absence of (or maybe simply the practical difficulty of
producing) clear, critically assessed information on sample
temperatures allowed many authors of early papers to claim that
some MW heating enhancements are due to nonthermal effects
of the MW electric or magnetic field, effects that are not easily
quantifiable or verifiable.'*"®

Stemming from this final point, practical difficulties and lack of
understanding in early MW studies resulted in claims for effects
that were often contentious (and occasionally outrageous), and it
has taken some time for the field to overcome a degree of
scepticism. With subsequent insight into how MWs couple
directly to charge carriers and mediate solid-state reactions, many
of the results from the earlier years of MW chemistry have been
reasoned and discussed in a number of reviews.*'°”*' Since
Rao’s review in 1999, research on MW synthesis of inorganic
solids has continued apace. In parallel, application of MW
heating to chemistry and materials processing has progressed
from the laboratory to pilot-scale or full-scale applications in
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chemical processing, such as wood, paper, and material drying,
sintering of ceramics, and vitrification of waste materials. It is to
some degree ironic that the area with probably the greatest
potential for energy savings from MW processing is also among
the least explored. The overwhelming majority of solid-state
processing or synthesis at high temperatures involves at least one
of three stages, namely, combination of the reactants,
homogenization (annealing) of the product, and densification.
MW heating has demonstrated advantages over conventional
methods in all three of these areas,”** due to the unique
properties of MWs and their interaction with solids, which will be
discussed in the following sections.

3. PROPERTIES OF MICROWAVE HEATING

MW heating is characterized by a number of properties,
discussed below, that make the technique fundamentally
different from conventional heating methods, both in theory
and in practice. It is these factors that can make MW synthesis
much more rapid and energy efficient than the corresponding
conventional heating techniques. They also result in the potential
for different reaction pathways to exist and can lead to structural
and/or chemical differences in the reaction product.

3.1. Direct Heating

MW radiation interacts directly with the reaction components, so
the sample alone is heated with minimal need for energy to be
expended in heating furnaces, containment materials, and the
sample environment.'® In theory, this requires at least one of the
reactants to be capable of converting MW energy into heat, but
the efficiency of modern MW applicator designs effectively
allows almost all materials to be heated in this way. As a
consequence of the direct heating of samples, the temperature
profile of a microwave-heated material is the inverse of that seen
in conventionally heated examples (F'ggure 1), resulting in the
surface being cooler than the interior."

3.2. Volumetric Heating

As a consequence of the MW heating process taking 5place
directly in the sample, heating also occurs volumetrically.”> In a
homogeneous material, this means that heating is uniform
throughout the sample. In most real samples, the thermal
homogeneity is reduced by MW field and sample inhomogene-
ities and the temperature dependence of the interaction of the
sample with a MW field. In contrast with conventional heating,
volumetric heating results in a reduced requirement for heat
transfer via thermal conduction within the sample, and this
allows relatively large samples to be heated much more efficiently
and with a much more uniform thermal history throughout the
sample.

3.3. Instantaneous Heating

The direct and volumetric nature of MW heating results in a very
fast transfer of MW energy into heat, which can lead to extremely
rapid temperature rises, far beyond that which can be achieved in
a conventional furnace, which results in very rapid reaction
times.'® Similarly, when the application of MW power is
terminated at the end of a reaction, heating stops immediately, '’
which often results in the reaction essentially being quenched
and can lead to metastable reaction products that are inaccessible
using conventional methods.

3.4. Selective Heating
The direct heating process allows specific reactants that interact

more strongly with the MW field to be heated selectively. As a
result, MW heating is uniquely capable of generating extremely
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high temperatures in specific regions of the sample while
maintaining lower temperatures in others.”*® This principle is
widely used in the specific heating of active sites in supported
metal catalysts.”® It also enables successful synthesis of, for
example, metal chalcogenide systems, which can be difficult to
synthesize conventionally due to the volatility of the chalcogen
starting materials. Using MWs, the metal components of the
reaction mixture are heated preferentially and react very quickly
with the chalcogen before it has chance to volatilize.””

4. MICROWAVE HEATING MECHANISMS

The overwhelming majority of MW-induced chemical reactions
rely directly on the heating effects that MWs induce in many
materials. These heating effects primarily result from the
interaction of the electric component of the MW field with
charged particles in a material (or more rarely, the magnetic
component may interact with magnetic dipoles). The precise
nature of the interaction depends upon the mobility of charged
particles and may give rise to one or both of the two major MW-
heating processes. In substances where the charges are bound as
dipoles, the electric field induces motion until it is balanced by
electrostatic interactions; this is known as dipolar polarization
(P,) and is most significant in the liquid phase. For materials in
which the charge carriers are mobile, as with electron and fast ion
conductors, the alternating MW field gives rise to a current
traveling in phase with the field and causing resistive heating in
the sample. Generally, this mechanism is the dominant effect in
solid materials and is referred to as conduction heating. Despite
these generalizations, solids with bound solvent molecules, for
example, may display dipolar polarization effects, and ionic
solutions may equally well display the effects of conduction
heating.

It is important to note that MW heating in condensed phases is
quite distinct from the quantized energy absorption observed in
MW spectroscopy. While absorption of MW in solid and liquid
samples is frequency dependent, it is, in effect, nonquantized.
Instead, the material behaves as though reacting to a high-
frequency electric field, and so may be subjected to classical
analysis. Details of this analysis are beyond the scope of this work,
although some of its chemically significant aspects will be
introduced and discussed below.

The principles behind MW heating and the interactions of
MWs with solids have been discussed extensively previously. For
such information the reader is referred to the existing literature,
such as the seminal text by Metaxas and Meredith.*® Several
terms are important for reference nevertheless, and we discuss
these briefly below.

Dipolar polarization, P, occurs on a time scale of the order of
those associated with microwaves. Hence, when a dielectric is
subjected to an external electric field of strength E, the
polarization is related to the intrinsic properties of the material
through the relation in eq 1>>%*

P =¢y(e, — 1)E (1)
where ¢, is the permittivity of free space and ¢, is the relative
permittivity of the material. Given that in reality the permittivity
is a complex quantity, £* (equal to the product £¢, and expressed
ase*=¢ + 1'8”),25’29 then the loss tangent, J, is commonly used
to describe the interaction of a dielectric with microwaves (eq 2)

"

tand = —

e ()
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where ¢’ represents the time-independent polarizability of a
material in the presence of an external electric field and &”, the
time-dependent component of the permittivity, quantifies the
eﬂiciencgf with which electromagnetic energy is converted to
heat.”>*® The angle & represents the phase lag between the
polarization of the material and the applied electric field. This is
therefore an extremely useful quantity in determining how
efficiently microwave heating will take place.

Even though the frequency is usually fixed, the loss tangent is
important as the temperature of a reaction has been shown to
vastly affect the dielectric properties of a material*>*" This
observation is important, particularly in the case of solids that do
not absorb microwave energy at room temperature; often such
materials will begin to absorb when the temperature is increased.
In these cases, a susceptor material is often used to raise the
reaction temperature to a point where the dielectric properties
are more favorable for the reactant.*” An example of this is in the
MW heating of alumina which becomes 3000% more efficient
when the temperature is raised from 200 to 1200 °C."° However,
this increase in heating efficiency can cause problems such as
thermal runaway (where an increase in temperature results in a
change in reaction rate which leads to further increase in
temperature), and without careful monitoring the temperature
can become uncontrollable.*

By contrast, the interaction of charge carriers with the applied
electric field in solids leads to ohmic heating. In such cases the
complex permittivity is modified to take account of losses by
including a separate conduction term (eq 3)**

io; )
WE, (3)

where o; is the conductivity of the material and  is the frequency
of the microwave field. The losses in this case arise not from a
phase lag, as the relaxation time for this process is of the order of
that of a microwave phase period, but from the intrinsic
resistance of the material to an electric current. This term is
extremely significant in metallic conductors or semiconductors
such as carbon.

The dielectric properties of a material can also be used to
determine the amount of power absorbed, P, by a sample as
shown in eq 4°°

8*:8’—1’8”—[

P = 6B = 2afe,e"|E* = 2afe e’ tan S |EI (4)

where o is the total effective conductivity, E is the magnitude of
the internal electric field, & is the permittivity of free space, and f
is the microwave frequency.

Finally, a key aspect in practical design of microwave solid-
state syntheses and processes is consideration of how the
efficiency of MW heating is mediated by sample volume. As the
size of the sample being irradiated is increased, an absorbance
loss factor becomes progressively more significant. The
penetration depth, D,, is the distance into the sample at which
the electric field is attenuated to 1/e of its surface value (eq 5)*°

Ve
T 2re’ (%)

where 4, is the wavelength of the microwave radiation. For
materials at microwave heating frequencies, D,, ranges between
several micrometers for metals and several tens of meters for
some low-loss polymers. For many materials at microwave
frequencies, the penetration depth is of the same order of
magnitude as the dimensions of the sample, a fact that often has

b,
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important implications for heating uniformity. From the above it
is apparent, for example, that high dielectric loss materials, such
as carbon, are more suited for small batch processes or a
continuous feed system. If the volume of the sample is too large
then insufficient microwave energy reaches the center of the
sample, resulting in nonuniform heating and inhomogeneous,
impure products.

5. APPARATUS FOR MICROWAVE HEATING

Design of MW apparatus depends strongly upon its purpose. Key
concerns are achieving maximum efficiency in the transfer of
power from the generator to the material that is to be heated,
both for economy and longevity of the equipment and for
obtaining repeatable and reliable results. In an industrial setting
each system is typically required to treat only one particular
material and can be optimized without unnecessary compro-
mise.”> Conversely, at home, the DMO is designed to treat a wide
range of food types and portion sizes. The unavoidable trade off
is a reduction in the efficiency and repeatability that can be
achieved in any given heating task. Despite this, the ease of use
and ready availability of the DMO is at least partly responsible for
the burgeoning interest in MW chemistry, although superior
systems are available and will be described later in this section.

The relationship between the wavelength and the size of the
applicator’s cavity determines the nature of the applicator. In a
DMO the applicator is typically a rectangular cavity with
dimensions several times larger than the wavelength of the MW
radiation. Thus, the cavity can support many different possible
configurations of the MW field (modes), and the precise
configuration present at any given moment is a function of the
material that is placed in the cavity, its position within the cavity,
and the evolution of the material’s dielectric properties during
heating. The applicator in a DMO is hence also known as a
multimode cavity (MMC). The repeatability of DMO experi-
ments remains low due to the essentially random electric field
pattern which is created each time the experiment is run, and it is
difficult or impossible to calculate with certainty the power
delivered into the reaction.

To remedy the inherent shortcomings of the DMO,
commercial suppliers have created an automated benchtop
single-mode cavity (SMC) apparatus that is suitable for sealed
vessel experiments with volumes from 0.2 to 80 mL or more
depending on the particular product. In single-mode cavities, the
field is well defined in space and the material to be heated can be
placed at a point of known and relatively even intensity
(assuming that it is small as a function of wavelength). Examples
of such machines include CEM Discover S and SP series (Figure
2),% Biotage Initiator,>* and Milestone Ethos One.** Typically,
key reaction parameters such as pressure, power, temperature,
and time can be automatically controlled, including ramp up,
hold, and ramp down. Infrared temperature®® and Raman
spectroscopy>’ accessories among others are available for
tracking reaction progress. Accessories for agitation, stirring,
and pumping are available.>® For liquid-phase scale up by the
batch method, reaction volumes of up to 1—12 L can be
accommodated in multimode cavity systems that are akin to the
DMO but better instrumented, for example, CEM MARS
(Figure 3),>® Milestone MultiPrep,” and Accelbeam.* Notably,
the Milestone Multisynth can operate as either single or
multimode. Continuous-flow systems are also available, e.g,
the Milestone Flowsynth, shown in Figure 4.*"** All these
systems are very attractive to users of liquid-based protocols;
however, the maximum reaction temperature is typically 300 °C

dx.doi.org/10.1021/cr4002353 | Chem. Rev. 2014, 114, 1170—1206
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Figure 2. CEM Discover single-mode MW reactor.*® Reprinted from ref
38 with kind permission from Springer Science and Business Media.

Figure 3. CEM MARS multimode MW reactor. Copyright 2003.
Reprinted from ref 38 with kind permission from Springer Science and
Business Media.

and the maximum pressure 300 psi. Thus, their utility for solid-
state chemistry is severely hampered. Alternative systems that are
designed to cope with high temperatures are required.

Given the difficulties of controlling the electric field
distribution in a cavity that is large with respect to the
wavelength, for small reaction volumes chemists often turn to
single-mode systems that use a length of waveguide as the
applicator. In this way, the number of degrees of freedom in the
field distribution is drastically reduced to the point where it is
possible to ensure optimum conditions throughout the reaction
so long as grovision is made for suitable impedance matching
structures.*

6. MICROWAVE SYNTHESIS OF SOLIDS

In an ideal situation, some or all of the reagents in the synthesis of
a material will exhibit a high coupling efficiency at MW
frequencies and therefore be good MW absorbers. This will
facilitate rapid heating of the reagents in a MW field and lead to
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Figure 4. Milestone Flowsynth continuous-flow MW reactor.*
Reprinted with permission from ref 42. Copyright 2008 American
Chemical Society.

successful synthesis of the target material in a short period of
time. In some cases, the reagents that are used conventionally will
be poor MW absorbers, but it is often possible to select
alternative precursors for synthesis with more favorable dielectric
properties.

In the event that there are no good MW-absorbing reagents
available for synthesis of a material, it is usually possible to find
another material that can act as a heat source. Such a material is
commonly referred to as a susceptor, which is defined simply as a
substance that has the ability to absorb electromagnetic energy
and convert it to heat. This essentially means that a susceptor is a
material that has a high dielectric loss tangent. Commonly used
susceptors include carbon (in the form of either graphite or
amorphous carbon), silicon carbide, and copper(II) oxide. A
susceptor can be either in direct contact with the sample (either
mixed in with other reagents or used to surround a pellet) or kept
separate, generally by surrounding the reaction vessel in a
container of the susceptor material. It is important to note that
use of a susceptor can cause problems. Reactions that require the
susceptor to be intimately mixed or in contact with the other
reagents can naturally result in contamination of the products,
adding an additional separation step to the synthesis or even
resulting in unwanted side reactions. Clearly, when scale-up is
considered, use of susceptors is also highly undesirable.

In the most difficult cases, the reaction components are
transparent to MWs and MW susceptors cannot be used. In these
circumstances, use of single-mode cavities can sometimes
provide an effective way of maximizing power transfer to a
sample.** An alternative solution for reactions in which the
precursors do not couple with MWs is the use of MW-induced
plasma (MIP),* as shown in Figure 5. The MIP is effectively
used as a replacement for a susceptor in these reactions; the
plasma transfers energy between the MW radiation and the
reactants, allowing any solid to be heated. Use of the MIP also
avoids contamination of the product by the susceptor and issues
of unwanted side reactions. A further useful characteristic of MIP
reactions is that the plasma may also serve as a source of reactive
species (e.g, N, or NH; plasmas for nitriding solids).

dx.doi.org/10.1021/cr4002353 | Chem. Rev. 2014, 114, 1170—1206
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6.1. Oxides

Oxides have always been a major focus of research in
conventional solid-state chemistry, as they generally require
reasonably simple experimental conditions for their synthesis
and exhibit a huge variety of interesting properties or industrially
important applications, so it is perhaps not surprising that oxides
represent the largest single class of MW-synthesized solid-state
materials. Many hundreds of oxide compounds synthesized using
MW methods have been documented in the past decade. In the
majority of these cases, it has been reported that reaction times
are considerably shorter and reaction temperatures significantly
lower when using MW irradiation compared to conventional
synthetic techniques, for instance, in the synthesis of LaCrO;,"’
GaAlO,,*® LiyssLagy ssTiO3,* La,_,Sr,C00,;,°° oxide
bronzes,”** and numerous lithium, copper, cobalt, and nickel
ferrites.>> However, the particularly interesting cases are those in
which the use of MW heating is able to improve the properties of
the resulting oxide when compared to a conventionally
synthesized material. Previously, properties of oxides have been
most commonly improved by MW heating at the sintering stage,
and a recent example where the photoelectrochemical perform-
ance of MW-annealed a-Fe,O; thin films can be improved
compared to those heated conventionally demonstrates this.>*>
The low processing temperatures, rapid reaction times, and
subsequent retention of the microstructure of the films was key in
this respect, and Binner et al. demonstrated that ceramic
microstructure is very sensitive to conventional vs MW heating
parameters; yttria-stabilized zirconia (YSZ) synthesized in a
hybrid microwave/radiant sintering furnace (600 W) exhibits an
intergranular fracture mechanism, whereas larger grains of YSZ
synthesized conventionally follow a transgranular fracture
mechanism.>®

Many transition metal binarzf oxides exhibit high dielectric loss
tangents at MW frequencies,”” and furthermore, the products
themselves are very often MW susceptors, which facilitate
postreaction MW-induced sintering. In many cases, it is possible
to select starting materials that couple strongly with MWs. For
instance, in the case of lead zirconium titanate synthesis, it has
been observed that use of reduced oxide precursors (TiO,_, and
“partially stabilized” doped zirconia) instead of the conventional
reagents TiO, and ZrO, is preferable, due to their better MW-
absorbing properties.*® Similarly, in the MW synthesis of
NaZr,(PO,); (sodium zirconium phosphate, NZP) and related
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compounds such as sodium titanium phosphate, use of the same
nonstoichiometric precursors was found to be preferable; Figure
6 shows a comparison between the MW heating profile of
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Figure 6. MW absorption characteristics of regular TiO, (in air) and
reduced TiO,_, (in N, atmosphere).59 Reprinted with permission from
ref 59. Copyright 2004 The American Ceramic Society.

stoichiometric TiO, and TiO,_.>* MW synthesis of some
colossal magnetoresistive manganites, La;_,A,MnO; (A = Ca, Sr,
Ba, 0 < x <1), has been achieved using metal nitrate precursors
instead of the conventional metal oxides.®° Primarily, the nitrates
couple strongly with MWs, removing the need for a susceptor,
but in this case they have the further advantage of providing a
source of oxidizing NO,, which induces mixed valency in the
samples.

Of course, there are many materials for which there are no
suitable MW-absorbing precursors, and in these cases, a
susceptor is often used. Examples of MW syntheses of oxides
that proceed via the use of a susceptor include Lig35Lag ssTiO3, "
LiV;04,°" and LaCrO,% and gadolinium aluminum perovskite
using carbon susceptors, YBa,Cu,0,_,,* NiALO,** LaCoO,
and LaNiO3,62 and yttrium aluminum garnet,65 which use SiC as
a susceptor, and LianOfé and Na,WO,** using CuO
susceptors.

While multimode cavities in the form of DMOs have been
used most extensively in oxide synthesis, there are also some
examples of the use of single-mode MW cavities. SMCs can
maximize the MW power transferred to the sample, which is
particularly useful when the precursors are poor MW absorbers,
and it is also considerably easier to gain deeper insight into a MW

dx.doi.org/10.1021/cr4002353 | Chem. Rev. 2014, 114, 1170—1206
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reaction performed in a SMC. For instance, synthesis of
Lay¢Sro,MnO; (LSMO) by Grossin et al. shows clearly the
effect on temperature and reaction rate with change in power.®”
For a fixed time of 10 min the power was varied between 700 and
1000 W for a number of samples, and it can clearly be seen how
the temperature rises much faster as the power increases. Directly
related to this is the phase purity of the product, which improves
with temperature.

Microwave-induced plasma has also been used for synthesis of
oxides. These cases demonstrate how heating via interaction with
plasma eliminates the requirement for a susceptor. The MIP-
promoted process has been used, for example, in the synthesis of
ternary titanate and niobate phases using plasmas of argon and
oxygen®® and preparation of the spinel phases (MALO,, M = Mg,
Zn, Ni; and MFe,0,, M = Mg, Zn, Mn) using an oxygen
plasma.%® In all these cases it was observed that heating reactants
in a MIP resulted in an improvement of their ability to couple
with the microwave field, which can be directly linked to an
enhancement of the dielectric properties of the reactants with
increasing temperature. Interestingly, in the MIP-promoted
preparation of tetragonal BaTiO; an alternative reaction
mechanism to that reported in conventional synthesis was
observed, with powder X-ray diffraction (PXD) revealing the
presence of hexagonal BaTiO; as an intermediate.*®

In their work on the MIP synthesis of various ternary oxides,
Chou et al. note that the dielectric properties of the intermediate
and product phases will be important in determining if a reaction
is driven to completion.” They also suggest that MIP is a viable
route to facilitate MW heating of materials which will not
otherwise interact with MWs to heat from room temperature.
Binary oxides demonstrating plasma-promoted heating via in-
situ temperature measurement were used subsequently in the
synthesis of several ternary oxides (Table 1).

Table 1. Ternary Oxides Synthesized via MIP Methods from
the Respective Binary Oxides (with appropriate reaction
conditions)”® ¢

precursors power (W) time (min) product
TiO,, BaCO, 900 3 t-BaTiO;
TiO,, 2BaCO; 900 6 m-Ba,TiO,
ZrO,, BaCO, 500 N BaZrO,
Ga, 03, BaCO; 700 3 7-BaGa,0,
NiO, TiO, 900 10 NiTiO;
MgO, AlL,O, 900 20 MgALO,
ZnO, AL,O; 900 20 ZnAl 0,
NiO, AL O, 900 20 NiO, AL O;, NiAL O,
NiO, ALO; 1800 60 NiAL, O,

“Adapted with permission from ref 70. Copyright 2010 The Royal
Society of Chemistry.

The very fast heating rates provided by MW methods have
advantages beyond the reduction of reaction times. There are
numerous reports on the effect of MW synthesis on the size of
particles or grains in solids. In some cases, MW heating leads to a
reduction in particle size compared to the conventionally
synthesized analogue. In the synthesis of tetragonal zirconia
nanoparticles using a MW-assisted sol—gel technique, the very
fast combustion time leads to extremely small particle sizes in the
region of 5—10 nm.”' Similarly, finer microstructures were
observed in NaZr,(PO,),;,’ CuCrO,,’”* and LiMn20466
synthesized using MW techniques than samples synthesized
conventionally. In the case of the electrode material LiMn,0,,
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the small grain size resulted in an increased capacity and
enhanced cycle performance.*

There are also some examples of MW synthesis resulting in
larger particle sizes than conventional synthesis, with consequent
influences on the properties of materials. In the production of
CaCu,Ti,0,, in either a modified DMO” or a 1600 W
commercial MMC,”* the products are reported to have a higher
permittivity than conventionally synthesized samples, which was
attributed to a larger grain size in the MW-synthesized powders.
Intriguingly, there is some disagreement in observations of the
dielectric loss of these samples; in the report by Yu et al, the
dielectric loss of the MW-prepared sample was relatively high,
apparently as a result of increased sample porosity.”* In contrast,
Thomas et al. observed that the dielectric loss was lower than that
seen in conventional samples, but this can be attributed to the
short sintering time used in the synthetic method.” In the
synthesis of cerium-stabilized yttrium aluminum garnet
(YAG:Ce), which is a common component of yellow light-
emitting diodes, MW heating leads to YAG:Ce particles that
show higher luminescence intensity compared with those
prepared by the conventional method.”> The particle size of
the MW-prepared sample was established by analysis of PXD
data and found to be larger than conventionally prepared
YAG:Ce, despite negligible differences in the measured reaction
temperature in each case. The conclusion reached was that the
emission intensity of this material has a linear relationship to the
crystallite size.

Sample morphology and crystallinity can also be influenced by
MW synthesis. In the DMO synthesis of LiV;Og, a commonly
investigated cathode material for lithium batteries, it was found
that morphology, crystallite size, and defect concentration were
dependent on irradiation time and power, which in turn directly
affected conductivity, discharge capacity, and cycle performance
in the product.®’ Samples prepared at a relatively high irradiation
power and very high temperatures presented a very stable cycle
performance, because as-prepared crystallites had a similar
microstructure and small distribution of crystal size.

There have been many studies on the effect of MW heating on
the density of samples. Densification and sintering will not be a
primary concern of this review, but it should be noted that Wang
et al. provided evidence for enhanced densification in the
presence of a MW field and the relationship of this phenomenon
to MW power. Using a hybrid furnace capable of heating purely
conventionally or by a combination of microwave and conven-
tional processes, it was observed that an increase in microwave
power results in an increase in relative density, as shown in Figure
7.7% This conclusion is corroborated by numerous other
publications. For instance, sample density is enhanced in MW-
synthesized samples of YBa,Cu;0,_,%° NaZr,(PO,),"’
LaCrO;, LaCoO;, and LaNiO, perovskites,62 Lay §Sry,MnO;
and BaZrO;,”” and yttrium aluminum garnet,°> among many
others.

Prado-Gonjal et al. conducted an extensive study into the use
of MW for synthesis of a range of LaMO; (M = Al, Cr, Mn, Fe,
Co) perovskite materials and observed that only certain
precursors yield the respective ternary oxide in a single MW
step (Figure 8).”® Substituted samples could be similarly
prepared by MW heating a sol—gel precursor for 30 min prior
to a calcination step (500 °C, 2 h, air) in a conventional furnace.
As metallic conductors LaMnOj; and LaCoOj act as susceptors to
drive the MW reaction to completion.”® The magnetic and
electrical properties of the MW-synthesized and MW-assisted
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Figure 7. Final density curves of (a) “submicrometer” zinc oxide sintered using hybrid MW heating at 680 and 780 °C and (b) “micrometer” zinc oxide
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Figure 8. Schematic of MW and MW-assisted synthetic routes to lanthanum perovskites.”® Reprinted with permission from ref 78. Copyright 2011

Elsevier.

synthesized materials compared very favorably to previous
literature reports for these phases.

Similarly, LaMO; (M = Mn, Co, Fe) perovskites could be
synthesized directly using MWs from the respective nitrate
hydrates.”” The resulting samples, however, contained varying
amounts of the component binary oxides. It is not clear whether
this was a consequence of insufficient mixing of the starting
materials or from inefficiencies in the MW heating process. The
authors acknowledeged that use of an external susceptor may
improve the process.

Nonetheless, when phase purity is achieved, MW synthesis can
promote catalytic activity in oxide materials such as perovskites.
Synthesis of La;_,AMnO;;5 (A = Sr, Ag; x = 0 or 0.2) was
achieved using a MW-assisted sol—gel method, and it was
observed that the activity of the product in the catalysis of
methane combustion was considerably enhanced compared to
the corresponding perovskite synthesized using a conventional
process.*® This improvement in activity was attributed to an
increase in the surface area of the MW-synthesized material, and
it was suggested that lanthanum manganese oxide-based catalysts
could compete, in terms of activity and cost, with currently used
supported platinum catalysts. Similarly, MWSs have been
investigated in the production of synthetic todorokite, which is
a complex manganese oxide-based mineral used as an oxidation
catalyst.®" The MW reaction is predictably much faster than the
conventional synthetic route, and this high reaction rate serves to
prevent formation of reduced phases such as Mn;0, and Mn,O5.
Furthermore, the MW heating profile inhibits growth of
magnesium hydroxide deposits on the todorokite surface, leading
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to an improvement in catalytic properties; the yield of styrene
was improved considerably from the oxidative dehydrogenation
of ethylbenzene.

6.2. Chalcogenides

Chalcogenide materials are of considerable technological and
industrial interest due to their applications in areas including
thermoelectrics, semiconducting devices, high-temperature
lubrication, catalysis, and optical devices. Conventional solid-
state synthesis of chalcogenides can involve multiple steps and
therefore be complex and time consuming. There are many
examples of the use of MWs to simplify synthesis and reduce
reaction times. The majority of examples in the literature have
involved solution-based processes, particularly in the case of
nanomaterial synthesis. For instance, ZnS nanoballs,**> Cu$
nanorods,®® and Cu,_,Te and HgTe nanoparticles®* have been
prepared using solutions refluxed under MW heating. The polyol
method is also common in the synthesis of chalcogenides, such as
nanosized Cu,SnSe,* Bi,Se;*® Bi,Te,*” and Cd,_Zn,Se*®
alloys. Similarly, fast synthesis of lead, tin, copper, cadmium,
silver, iron, and nickel sulfides, selenides, and tellurides has been
achieved using simple reactions in alkaline aqueous solutions,*”
while nanocrystalline metal (Cu, Hg, Bi, Zn, Pb) sulfides have
been prepared in formaldehyde solution.”

In some solution-phase reactions, there have been advantages
beyond the decrease in reaction time. For instance, synthesis of
ZnS nanoribbons with a hexagonal wurzite structure was
observed for the first time using a MW solvothermal procedure,
and these nanoribbons were the smallest to have been obtained
at the time.”! Sample morphology was found to be related to
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MW irradiation time in the solution-based DMO synthesis of
MoS,; shorter reaction times resulted in fullerene-like structures
containing randomly oriented, highly folded MoS, layers with
short-range ordering, while longer irradiation periods generated
a nanotube morphology alongside the fullerene-like material.”*
These unusual structures featured numerous defects and edges,
resulting in the MoS, samples being suitable as potential catalysts
for hydrodesulfurization reactions. In some cases, the precursors
used in MW synthesis are preferred from safety and environ-
mental perspectives than the reagents used conventionally, as is
the case in the MW synthesis of CdSe multipods from Cd(NO,),
and Se.” Conventional synthesis of these materials uses
hazardous phosphine-based precursors, so use of nitrate starting
materials in this MW synthesis offers an attractive alternative. In
addition, the morphology of these CdSe nanocrystals was found
to be controlled by addition of capping agents of different
polarity to give tetrapods, hexapods, octapods, or more complex
structures; Figure 9 shows the most complex multipods, which
are formed when a nonionic capping agent is used.

In general, solid-state MW synthesis of chalcogenide materials
takes place by direct reaction of the appropriate elemental
powders, usually in an evacuated silica ampule. In the solid state,
itis often possible to take advantage of the dielectric properties of
the sulfur, selenium, or tellurium component to improve upon
conventional reaction processes, which often suffer from
volatilization of the chalcogen, particularly in the case of sulfur
and selenium. Chalcogens are generally relatively poor MW
absorbers, so application of MW radiation to a mixture of
chalcogen and metal powders generally serves to selectively heat
the metallic element very rapidly, resulting in extremely fast
reaction with the chalcogen before it is able to volatilize.””

An example of a direct reaction between elemental powders is
the preparation of the ternary sulfide CulnS, in a DMO.”* This
reaction requires a total heating time of just 5 min, and reaction
to form CulnS, is observed to be faster than sublimation of S.
Sintering of the resulting CulnS, powder is achieved by
embedding the reaction tube in a container of CuO, which acts
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as a susceptor and reaches a temperature above the melting point
of CulnS, after MW heating is applied for 7—9 min. This
promotes crystallization of the powder into bulk polycrystals in a
melt—solidification process, and the resulting material possesses
luminescence properties that compare well with those of single
crystals grown using a conventional heating method.”® Similarly,
the zintl phases Na,SnSe,, K,Sn,Se;, and K,Sn;Se; have been
synthesized by reaction of the elemental powders under vacuum
in a modified DMO.’® In this case, the MW heating
characteristics of the starting materials were also studied
individually, revealing that Se was a poor MW susceptor and
that the reactions were initiated by the strong interaction of Na,
K, and Sn with MWs. The quality of the products was found to be
superior to the conventionally synthesized analogues, in which
there are often problems with reaction of the metals with the
silica ampule. The lack of Si-containing impurities in the MW-
synthesized materials was attributed to the short reaction times
and direct, volumetric heating of the samples.

A number of other zintl phases have been synthesized using a
similar method. Na;SbTe;, NaSbTe,, and K;SbTe; were
produced in a DMO, and it was found that the necessary
reaction time and MW power was dependent on the phase being
formed.”” Higher MW power and a short irradiation time were
necessary in the synthesis of Na;SbTes;, which contrasted with
the low power and longer reaction time required to produce
NaSbTe,, while intermediate conditions favored synthesis of
K;SbTe;. In the case of Na;SbTe;, MW synthesis enabled a
phase-pure sample to be produced for the first time. Magneto-
resistive Ag, sSe samples have also been prepared using
elemental precursors.”® Once again, selective heating of the
silver powder resulted in rapid product formation without loss of
selenium, and in this case, the product was sintered
simultaneously, leading to high sample density. Synthesis of
bulk powders of MoS, and WS, was attempted from powdered
elemental precursors but found to be unsuccessful,” in contrast
to the solution-based synthesis discussed above.”> However, the
same publication reported successful use of elemental precursors
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to produce thin films of MoS, and WS,. It is proposed that the
success of the thin film reactions is related to the higher partial
pressure of sulfur in the reaction tube, as the ratio of sulfur:metal
is much higher in the thin film case than with the mixture of
powders.

Carbothermal reduction is an alternative to direct heating of
elemental reagents in the synthesis of strontium sulfide.'®
Conversion of the mineral celestine, SrSO, to SrS is an
important step in the commercial processing of strontium ores.
In this case, StSO, was converted to SrS in a commercial MW
oven in the presence of charcoal, which acted as both a MW
susceptor and a reducing agent. A detailed study of the effects of
MW irradiation time and percentage of excess charcoal was
performed, and it was observed that the rate of temperature
increase and the maximum reaction temperature were both
higher when the charcoal content was increased, but ultimately
97% conversion to SrS occurred after 10 min heating in all cases.

MIP synthesis has also been used in the synthesis of
chalcogenides, allowing poor MW absorbers to be heated
without use of a susceptor. ZnTe nanocrystals have been
synthesized by heating elemental Zn and Te powders in an
evacuated silica tube using a 900 W MW plasma.'®" Synthesis
times were found to be prolonged due to evaporation of Zn and
Te during the reactions; the effect of this problem was reduced
and reaction times correspondingly decreased when an excess of
Zn was used. Similarly, Sb,Te; was produced using a near-
identical plasma synthesis method, for which the experimental
setup is shown in Figure 10, and resulted in the observation that
crystallite size increased with increasing irradiation time,
although no explanation for the mechanism of crystal growth
was provided.'*

In order for MW methods to become more widely appealing,
initially to the solid-state chemistry community and ultimately on
an industrial scale, it is necessary to improve our understanding
of the way in which these reactions occur. This will allow
improvement of predictability and reproducibility and ultimately
allow reactions to be designed to give specific products. Some
efforts to address this issue have been made in studies of the
synthesis of chalcogenides. AgInSe,, for example, has been used
as a model system to investigate the effect of sample volume,
irradiation time, and grinding of reagents on product phase
purity.'® All three variables were found to have significant effects
on the phase purity on AgInSe, in this case. It was observed that
product purity varied with sample size, as shown in Figure 11,
due to a combination of factors. MW power absorbed by the
sample is proportional to the sample volume, which results in
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Figure 11. PXD patterns obtained for select MW reactions to prepare
AglnSe, using different sample volumes as compared to the calculated
pattern. All three samples were ground for 20 min followed by
irradiation for three 1 min intervals. Asterisks mark diffraction peaks due
to the presence of AglnsSeg.'* Reprinted with permission from ref 103.
Copyright 2007 Elsevier.

very small samples not reacting fully. However, it is also
necessary to consider penetration depth (eq S), which means
that particularly large samples are also not conducive to high-
purity products. Thus, there is an optimum sample size for
accessing a pure phase. An optimum irradiation time and
procedure was also found, but it was acknowledged that an
explanation for this would involve complex analysis of the
kinetics and thermodynamics of the reaction. In simple terms,
increased grinding time was found to result in improved phase
purity. This in itself is not a surprising finding and presumably
due to more intimate mixing of reagents, but this is well
established and not exclusive to MW reactions.

In the solid-state synthesis of Sb,Se;, Sb,Te;, Bi,Se; and
Bi,Te; by MW irradiation of elemental powders, the effects of a
number of variables on the outcomes of reactions were
explored.'® The effect of sample quantity on phase purity was
dependent on which chalcogenide was being synthesized. In the
case of Sb,Tes, it was observed that there was an optimum
sample size at which greatest phase purity was achieved, whereas
in Sb,Se; reactions, there was a minimum sample size required
for reaction to occur. Possible explanations given for the effect of
sample quantity on phase purity again invoke MW penetration
depth and acknowledge that larger samples are more likely to
exceed this depth. Further, it was also recognized that heat
dissipation is slower in larger samples due to their smaller surface
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area:volume ratio. In fact, the relationships between reaction
variables were complex; in some cases, increasing time resulted in
increasing purity as might be expected, but in others this was not
the case. Sample geometry was reported to have a profound effect
on the outcome of reactions; in this case the geometry refers to
the powder being either concentrated at the end of the tube in a
vertical position or spread along the length of the tube when it
was positioned horizontally. Once again, this was rationalized in
terms of penetration depth, heat dissipation, or field nonun-
iformity in the MW apparatus. The findings in this report did not
significantly improve understanding of MW reactions, but it was
realized that reporting such observations is important to assist in
future investigations. Two approaches may ultimately be
required to address the lack of understanding of the mechanisms
and products of MW reactions. First, use of in-situ techniques is
necessary to help rationalize the outcomes of the multitude of
reactions that have previously been reported (see section 7).
Second, development of reliable models for the MW field
distribution and interaction of MWs with solids is essential to
help predict the outcome of future reactions (see section 8).

6.3. Borides

Significant interest in magnesium diboride arose with the
discovery of a superconducting transition of 39 K in the material,
and it has since been studied extensively.'®® This interest in MgB,
inevitably resulted in investigations into alternative synthesis
methods, and this led to its successful synthesis in 30 min using a
DMO operating at 900 w.10¢ Temperatures in this reaction were
probed with an optical pyrometer, which showed a surface
temperature never exceeding 900 °C, which is noticeably lower
than conventional methods (>950 °C). MWs also offer a route
to smaller and more uniform MgB, grain sizes, which reportedly
enhances mechanical properties.'” Use of carbon as a susceptor
in the reaction proves important (as discussed in more detail in a
previous publication by the same group).'®” The importance of
avoiding C contamination is thus clear, and use of SiC as a
susceptor has been reported in successful MW synthesis of
MgB,."% In this way, a complete synthesis in 11 min at only 560
W in a DMO was achieved. A temperature of approximately 800
°C was reported, but the relatively crude nature of the
temperature measurement in this study, using a thermocouple
postreaction, was acknowledged.

A more recent example of a direct MW synthesis of MgB, was
performed at various input powers of 0—1 kW.'% Applying 400—
700 W for ca. 10—20 min achieved a temperature of 750 °C. This
temperature was then maintained for 30 min using a MW power
between 100 and 200 W before cooling to room temperature.
PXD indicated that MgB, was the major phase and that all
impurity peaks were from MgO, which is a common impurity in
MgB, samples prepared by conventional methods.''*~""> SEM
images showed that grain size was homogeneous with a
magnitude of several hundred nanometers. The superconducting
onset temperature of the sample was measured as 37.6 K, which
is in good agreement with MgB, prepared by other routes."'>~'*®

Another boride which possesses interesting and useful
properties is ZrB,."'® ZrB, has a number of the advantageous
properties associated with refractory materials, e.g, a high
melting point (3250 °C) and hardness (36.0 GPa).''” The
material also displays a high resistance to oxidation, high thermal
and electrical conductivities, and chemical inertness against
molten metals.''® Importantly, the thermochemical stability of
this material meets the requirements applicable to the aerospace
industry and more specifically for thermal protection systems for
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space re-entry vehicles."'” MW synthesis of this material has been
explored due to the expense and time involved in its production
conventionally."'® Synthesis utilizes ZrO, plus either B,O; or
B,C as the source of boron. The authors do not provide a
specification of the MW cavity, but they reported that the
reaction was completed at 1.2 kW in <4 h. The highest reaction
temperature reported was 1100 °C, measured by an infrared
temperature sensor.

MW arc heating has also been utilized in formation of ZrB,
nanofibers from the bulk boride.*® Commercially available ZrB,
was heated in air inside a 2100 W MMC with a mode stirrer (used
to increase the homogeneity of the heating) for 10—4S s per
treatment with a variable number of treatments (<5). Use of a
100 mL alumina crucible resulted in arcing in the reactant
powder. ZrB, heated rapidly during this time and emitted strong
flashes of light from the localized arcing. Compared to the
starting materials, SEM analysis showed the samples displayed a
completely different morphology after MW treatment. The
surface appeared much smoother and more homogeneous than
the raw powder. Both nanorods and nanofibers were observed,
with the larger nanorods being of a mixed composition (mixtures
of zirconium, boron, nitrogen, aluminum, and oxygen), while
nanofibers were identified as ZrB,. It is proposed by the authors
that initial MW arcing induces rapid heating, meaning a
susceptor is not required. This is possible because the dielectric
loss factor increases with temperature, and thus, as the material
heats up the absorption efficiency will increase. This treatment of
ZrB, offers significant potential, and more generally, addition of
nanofibers to structural materials to form composites can
significantly impact characteristics such as strength, surface
energy, conductivity, and reactivity.'">' MW processing might
therefore present a route to prepare such (nano)materials that is
otherwise not attainable.

6.4. Carbides

The refractory carbides are extremely important materials in
modern industry. They have a number of advantageous
properties'** and find applications in a variety of fields, e.g,,
catalysis,">> high-temperature electronics in nuclear power
instrumentation,"** and optoelectronic devices.'*® However,
their synthesis is long and energy intensive.'?® For this reason, as
for many other materials, MW heating has been recognized as a
viable alternative to conventional heating. A key advantage in the
MW synthesis of carbides is the strong coupling of C with MWs.
Thus, carbon acts as a combined reactant and susceptor.
Synthesis has generally concentrated on the more industrially
relevant materials such as tungsten, silicon, and titanium carbide,
but many other compounds have also been investigated (Table
2).

In all cases the carbide is synthesized faster and often at a lower
temperature by MWs than by conventional heating processes.
Many articles also note improved mechanical properties and finer
grain size. For example, processing of WC—Co reported by
Cheng et al. has a sintering time of less than 30 min in
comparison to the hours required conventionally.'>* The
reaction setup is illustrated in Figure 12. The reaction
temperature was only 1250 °C, which is 250 °C lower than
that necessary in the commercial process. In addition, enhanced
densification of the product and a fine grain size (~1 ym) was
reported. Cheng also reports development of a continuous-flow
process in this article; the apparatus is shown in Figure 13.
Utilizing a single-mode cavity it is shown how one can
successfully sinter up to 1 m long ceramics. This is an important
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Table 2. Examples of Some Carbides Successfully Synthesized
by MW Methods Since 1999

element carbide

Mg MgNi3C,127’128 MgC03Cx127

Ca  CaC,'" Ca,NiyCs'?’

Si SiC,"** 713! MoSi,—SiC,"** ZrC—SiC,'** SiC/C,"** SiC/Si0,,"**
AlLO,/SiC'

Ti Tic,l34,136—138 A1203—TiC139

Fe Fe—Cu—C and Fe—Ni—C'®

Co  MgCoyC,"””

Ni MgNi;C,"*""*® Ca,NiyC;,"”” Fe—Ni—C'*

Cu Fe—Cu—C'"¥

Nb  NbC' and Nb—Ta—C**

Mo  Mo,C,'"** Mo,C—CNT'#

Ta TaC136,141

W WC’144—151 WC_CO'18,144,152—154 WC_C155,156

step toward development of an industrially viable MW heating
apparatus, which will be discussed later (section 8).
Complementing this work, Rodiger et al. published an
examination of the penetration depth in various materials,
including metals, while investigating WC—Co processing (see
Table 3)."** The article stresses the importance of considering
this parameter when designing experiments. The scale-up of
batch processes is limited by the penetration depth of the
materials to be heated, and this is one reason why considering
continuous rather than batch processing is an important step.
In 2005 Breval et al. published work providing a comparison of
MW and conventionally sintered WC—Co in which transmission
electron microscopy (TEM) was used to show that the cobalt
phase in the MW-processed product dissolves nearly no
tungsten.">® This is noteworthy given that conventionally up to
20 wt % tungsten can be dissolved into the Co binder phase. In
addition, a more uniform distribution of the Co binder and finer
WC grains were observed in the MW-produced composite,
which resulted in a material 1—5 GPa harder than the
conventionally synthesized product. It was also reported that
the MW-synthesized sample is six times more resistant to
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Figure 13. Apparatus for continuous MW sintering of ceramics up to 1
m long and 10 cm in diameter."** Reprinted with permission from ref
154. Copyright 1997 Springer Science and Business Media.
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Figure 12. Schematic of the SMC used in the sintering of WC—Co."** Reprinted with permission from ref 154. Copyright 1997 Springer Science and
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Table 3. Penetration Depths of 2.45 GHz MWs in Different Materials'**

metals metallic conductors insulators powder-metallurgical green-parts
Al Co wC TiC Al O, H,0 WC—-6Co Al,0;—10 Al Al,0,—30 TiC
1.7 ym 2.5 pym 4.7 ym 8.2 ym 10 m 1.3 cm 7.5 cm 31 cm 36 cm

corrosion (measured via weight loss after immersion in 15%
HNO; for 48 h) and twice as resistant to erosion (tested by a grit
blasting method).

Given that there are numerous reports of rapid carbide
syntheses by MWs, it is surprising to note that comparatively
little work has been performed probing reaction mechanisms or
to elucidate experimental observations. Rapid WC synthesis (W
+ C) published by Vallance et al. is one such article which begins
to shed light on solid-state MW reactions, specifically of the
transition metal carbides."*”"'>" WC was synthesized in a single-
mode cavity at 3 kW in 20 s. By monitoring reaction temperature
using an optical pyrometer and measuring sample dielectric
properties ex-situ it could be shown that reaction temperature,
phase fraction, and dielectric properties were directly related, as
illustrated in Figure 14. Ultimately this enabled a degree of
control over the process as well as building on the understanding
of how MWs interact with materials and as a result how these
materials react. In addition, a temperature plateau was observed
at high product purity manifesting in a self-terminating reaction.
The authors attributed this behavior to the phenomenon of self-
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Figure 14. (a) Loss tangent and reaction temperature versus reaction
time for reaction of W + C in the 3 kW SMC; (b) loss tangent and WC
phase fraction versus reaction time for reaction of W + C in the 3 kW
SMC (trend lines serve only as a guide to the eye).151 Reprinted with
permission from ref 151. Copyright 2012 The Royal Society of
Chemistry.
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limiting heating. This is where de”/dT (change in dielectric loss)
decreases rapidly above a certain temperature; in this reaction it
coincides with formation of WC. This is in contrast with the rapid
heating which initially occurs during reaction.

Vallance et al. also applied the same technique in the synthesis
of Mo,C (achieved in 10 s from Mo + C), which revealed similar
trends to those seen in the synthesis of WC.'"** Correlations
between temperature and phase purity were also made in the
synthesis of ZrC—SiC composites from oxide and carbon starting
materials.'*® Das et al. examined the reaction kinetics by
followin§ the change in phase with temperature over a 30 min
period.">* This monitoring offered a detailed understanding of
the phases present at specific temperatures and thus some
indication of the reaction mechanism. It is also noted that a slow
increase in the MW power up to 700 W was required initially to
avoid pellet disintegration. This could well be due to the gas
evolved from the pellet as the oxide starting materials are
reduced.

In a systematic study, Carassiti et al. investigated the effects of
several variables on the ultrarapid synthesis of high-purity SiC."*”
The variables investigated included the choice of Siand C source,
use of a binder in pelleting, and choice of MW source (MMC vs
SMC). The effect of these variables on carbide purity and
processing time were discussed. PXD of samples synthesized in
an MMC revealed that reactions of silicon with activated carbon
produce single-phase 3-SiC after 5 min. When graphite was used,
pellets always fractured during reaction in the MMC. Graphite
and silicon reflections only disappeared after long irradiation
times. In reactions of silica with activated carbon, violent pellet
fracturing occurred and the course of the reaction appeared more
complex. PXD showed f-SiC at short irradiation times, but as
times increased graphite and SiO, reflections were apparent, and
at extended times SiO, increased in phase fraction while SiC
decreased. In the SMC phase-pure -SiC was obtained from a dry
pellet of Si and graphite in 20 s, as demonstrated in the PXD
pattern in Figure 15a. Longer reactions started to produce the
high-temperature polymorph, 6H-SiC. The type of cavity used
and power applied also had a marked effect on the carbide
morphology. MMC syntheses with Si and activated carbon
produced SiC nanofibers, as shown in Figure 16, and a water
binder appeared critical for their growth. SMC reactions
produced denser materials, and larger crystallites were formed
(Figure 1Sb). SMC reactions with activated carbon, however,
produced the smallest carbide particle size, suggesting a degree of
pseudomorphism in the reaction.

Synthesis of carbides from metal oxides is also possible. A
susceptor is often required to drive reactions, e.g, in rapid
synthesis of Mo,C from MoQ,.'** Hassine et al. used metal
oxides in the synthesis of TiC (TiO, + C, <1550 °C) and TaC
(Ta,05 + C, <1500 °C)."* In both cases the power was slowly
ramped from 500 W to S kW to avoid thermal shock of the
reaction crucible, and both syntheses were completed in 1 h (cf. 6
h at 1750 °C required conventionally). Unfortunately,
commercial-grade TiC could not be produced due to excessive
grain growth as the temperature increased. Hassine et al. did,
however, observe that the reaction proceeded via Ti,O, before
reduction to Ti and that the more commonly observed

dx.doi.org/10.1021/cr4002353 | Chem. Rev. 2014, 114, 1170—1206



Chemical Reviews

38000
i(a)

w -
= 30000 A
c 3
- 3
£ ]
© 200004
g‘ 3
® 3
c ]
2 10000
E -

. Jk_L '

20 40 60 80

20/°

Figure 15. (a) PXD pattern and (b) SEM micrograph of SiC synthesized
in a SMC reactor by irradiation at 3 kW for 20 s."*” Reprinted with
permission from ref 129. Copyright 2011 The Royal Society of
Chemistry.

Figure 16. SEM micrographs of SiC prepared from Si + C in a MMC:
(a) nanoparticle clusters and (b) nanofibers.'?’ Reprinted with
permission from ref 129. Copyright 2011 The Royal Society of
Chemistry.

intermediate Ti,0; was never present. This suggestion of an
alternative reaction pathway may be due to the reduction in
reaction temperature.

There are few examples of the MW synthesis of more complex
carbides. In 2009, Valence et al. reported a MW heating route to
binary and ternary niobium and tantalum carbides, which are
used in the manufacture of cutting tools and wear-resistant
parts."*" The authors used a single-mode cavity reactor in the
ultrarapid MW synthesis of ternary phases for the first time.
Experiments were performed in a TE , single-mode cavity with
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a power of 3 kW (at 2.45 GHz) and yielded a solid solution of
single-phase carbides, each in a fraction of a minute.

6.5. Silicides

There are a number of silicide materials of significant interest for
commercial applications.'>” Certain silicides with high thermal
stability, corrosion resistance, and favorable mechanical proper-
ties have been recognized as potential materials for both high-
temperature structural and electronic applications, e.g., jet engine
components and field effect transistors, respectively.'>® This
interest has made these compounds a key target for developing a
simpler and faster synthetic route via application of MW
technology. This has been achieved by a number of different
groups with a variety of silicides (Table 4; Figure 17).

Table 4. Examples of Some Silicides Successfully Synthesized
by MW Methods Since 1999

element silicide
Li Liy, Sis™?
Mg Mg,Si*%
Ca CaAlSi and CaAl,_,Cu,Si'®" (Figure 17)
Ti TiSi,'®
Co Cosi2,158'162’163 CoSi's®
Ni NiSi and NiSi,'®
Mo MoSiy, "> Mo,Si;'**
w WSi,'*

Figure 17. Reaction setup used by Yang et al. in the synthesis of pure and
Cu-doped CaAlSi superconductors.'®’ Reprinted with permission from
ref 161. Copyright 2008 IOP Publishing.

Being brittle materials, the cobalt silicides, among others, pose
a number of processing difficulties. Combustion synthesis is a
technique often applied to the synthesis of bulk products. This
technique uses an initiating “trigger” to begin a self-sustaining
exothermic reaction. In the case of the cobalt silicides the
reactions are not exothermic enough to be self-sustaining. In such
cases combustion synthesis can lead to inhomogeneous products
and thus nonuniform microstructure and properties. Many
proposed routes of activation have been explored including
thermal, mechanical, and electromagnetic energy.15

As a potential solution to these issues, Jokisaari et al. propose a
route termed “MW activated combustion synthesis” (MACS),
and since MW energy is absorbed volumetrically, relatively high
homogeneity can be achieved."*® Using the MACS setup shown
in Figure 18, products were compared to those prepared via
either thermally activated combustion synthesis (TACS) or
conventional combustion synthesis (CS).

dx.doi.org/10.1021/cr4002353 | Chem. Rev. 2014, 114, 1170—1206
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Figure 18. Schematic of the MACS system utilized by Jokisaari et al.'*®

Reprinted from with permission from ref 158. Copyright 2005 Elsevier.

The reaction to produce CoSi behaved much the same way
whether implemented by MACS, CS, or TACS methods;
however, reaction to CoSi, behaves in a significantly different
manner via MACS compared to CS. For the CS reactions, PXD
showed residual silicon which was attributed to incomplete
reaction. Samples had a banded microstructure with dense
regions alternating with porous ones. In TACS, PXD confirmed
that the product was a phase mixture of CoSi and CoSi,, with
CoSi being the major phase. However, the product failed to
densify. In MACS a uniformly porous product formed which was
determined to be single-phase CoSi,. The product reached full
density after an additional 20 min of processing. This also led to
an increased grain size (>300 ym) and formation of a secondary
Si-rich phase. The authors showed MACS to be a rapid and an
effective means of synthesizing cobalt silicides with higher phase
purity than more traditional methods.

This synthetic method was also employed by the same group
in the synthesis of single-phase MoSi;.'** Again, the MW
reaction was compared to conventional CS and TACS. Via CS
stable combustion could not be maintained. This gave an
inhomogeneous product composed of MoSi;, MoSi,, Mo, and
Si. Under TACS Mo,Si; was synthesized but was of low quality
containing unreacted starting material and secondary phases.
The MACS process successfully activated the reaction and drove
the reaction to form nearly phase-pure products containing a
small amount of Mo but with no other secondary phases present.
The MACS sample also displayed a more uniform microstructure
than the samples prepared by other methods.

6.6. Nitrides and Pnictides

Nitride materials have been used in recent years in a wide range
of applications."®™"*” Many binary nitrides possess very high
thermal, mechanical, and chemical stabili‘cy.168 Conversely, other
nitrides are characterized by low densities, which have
technological interest in lightweight applications.'”® Usually,
commercially important nitride powders are conventionally
synthesized via carbothermal reaction of their oxides and
subsequent nitridation or by direct nitridation of the
metals.'””"”" In general, nitride formation from oxide precursors
requires relatively long processing times, and this often results in
incomplete nitridation, leading to oxygen (and carbon)
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impurities. Moreover, in conventional processing, initial nitriding
of the surface can limit nitrogen diffusion into the bulk metal.

MW synthesis has the potential to solve some of the problems
encountered in traditional nitride syntheses. First, given that
shorter reaction times and enhanced reaction kinetics are
possible for appropriately designed MW syntheses, it becomes
conceivable that the purity of nitride products might be
improved. For instance, Liu et al. demonstrated that synthesis
of TiN from rutile TiO, in a single-mode cavity at 1.5 kW was
possible with reaction times reduced over conventional methods
by a factor of 10.'”* Further, the reported reaction temperature
was 1473 K as compared to 1573—1723 K required convention-
ally, and the purity of the final TiN product is increased vs the
conventional carbothermal reduction.'”

Second, the surface nitridation prevalent from conventional
methods can be overcome by the inverse temperature gradient in
MW synthesis, leading to complete nitridation of the metal.
Titanium and chromium nitrides have been successfully
synthesized in a multimode cavity by reaction of the appropriate
metal powders in a fluidized bed with the reactive gas (N, and/or
NHj) as the fluidizing medium.'”* Ultimately, the high reaction
rates attributed to MW radiation can effectively influence the
microstructure of the material synthesized; particle agglomer-
ation and densification can be reduced, and in some cases a wide
range of nanostructures have been produced unexpectedly. An
example of this behavior has been reported by Vaidhyanathan
and co-workers, who observed that AIN produced by MW-
assisted combustion consisted mainly of fibers 100—200 nm
thick and lengths varying from 20 to 40 ym."”* These nanofibers
were distributed throughout the surface, center, and bottom of
the reaction pellet.'”® Single-crystalline whiskers of AIN with
hexagonal morphology (>S5 um length) were also observed in
some portions of the reaction compact, although in a minor
proportion. Fabrication of TiN and VN by analogous routes,
however, led to particles with average sizes estimated at 250 and
900 nm, respectively.'”®

Since the review by Rao et al. in 1999,° the majority of
publications regarding MW synthesis of nitrides has involved the
use of MMCs, e.g., rapid synthesis (25 s) of Ta,N in a 1.6 kW
DMO.'7® There are, nevertheless, some limited examples where
SMC:s have been successfully employed, e.g, in the synthesis of
Si;N,'”” and AIN.'”® Table S summarizes binary and ternary

Table 5. Selected Nitrides Successfully Synthesized by MW
Methods Since 1999

element nitride
Li LiSi,N; and Li,SiN,"7
Al AINI75178179
S LiSi,N; and Li,SiN,,'7® Si;N, 7%
Ti TiN*6:175:180
A% VIN*6175,180,181
Mn Mn,N and Mn3N2182
Ga GaN*6175.183
Ta Taané

nitrides successfully produced using MW methods since the turn
of the millennium. Some selected examples of various
approaches to MW syntheses of nitrides are presented in more
detail below.

Brooks et al. reported the synthesis of GaN, TiN, and VN in an
MMC using an ammonia MIP.* The precursors for these
syntheses were Ga,0;, TiO,, and V,0O;, respectively. Initially,

dx.doi.org/10.1021/cr4002353 | Chem. Rev. 2014, 114, 1170—1206
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these oxides were placed in an alumina boat within the cavity
which was then slowly evacuated to 107> mbar; subsequently,
ammonia was introduced at a flow rate of 113 cm® min™" (20
mbar) to produce the nitrides. Reactions were completed at 2.5,
3.5, and 6 h respectively; intermediate grindings were necessary
for full conversion. The authors estimated the plasma temper-
ature to be 1043—1074 K at the power used (900 W) by exposing
salts of known melting point (i.e., KCl and NaCl) to the plasma
for 10 min. The melting process was thus useful as an indicator of
the equilibrium temperature in the plasma. MIP reactions in an
SMC have also been attempted for preparation of TiN from
TiO,, although interestingly longer reaction times were reported
for these reactions than the MMC equivalents above.'**

GaN has also been synthesized by plasma methods in a
multimode MW via reaction of molten Ga metal previously
heated conventionally to 883—973 K. Two stages of treatment
were employed: (1) an H, plasma and (2) an N, plasma so as to
eliminate oxide impurities and form the nitride, respectively.'®>
Hydrogen and nitrogen plasmas operated at 420 W under
pressures of 200 and 200—400 Pa respectively. It was reported
that the yield of polycrystalline GaN increased at longer nitrogen
plasma exposure times, reaching a yield of 96% of GaN after 3 h;
images of the reaction products are shown in Figures 19 and 20.

Figure 19. Typical GaN reaction products obtained at nitrogen plasma
exposure times of (a) 10, (b) 60, and (c) 120 min."®® Reprinted with
permission from ref 183. Copyright 2008 Elsevier.

Figure 20. SEM image of the as-formed GaN material shown in Figure
19¢.'® Reprinted with permission from ref 183. Copyright 2008
Elsevier.

GaN grew from the bottom to the top of the BN crucible used. It
was proposed that initial nitridation on the surface layer of the Ga
melt forms Ga—N clusters, followed by displacement of the Ga—
N clusters to the bottom of the melt by thermal convection.

In a variation on the plasma reactions described above, VN can
be prepared via decomposition of gaseous vanadium oxy-
trichloride, VOCI;, in an N,/Ar/H, MW plasma at atmospheric

pressure.'®" Kabouzi et al. estimated the temperature in a
nitrogen discharge to be around 6000 K via studies on the
rotational temperatures of N,* under a MW field.'"® Nano-
spheres (33—36 nm) of VN were produced by this method.
Similarly, TiN, SizN,, and VN can be prepared from the
respective chloride precursors, MCl,, using an analogous gas-
phase method."*’

Nitrides can be prepared by MW methods from solid metal-
containing sources without invoking MIPs, however. Vaidhya-
nathan et al. utilized MW combustion synthesis in the synthesis
of TiN, VN, AIN, and GaN via reaction of the compacted porous
metal powders (or Ga,O; for GaN) with N, gas at 800 W in an
MMC."”> Metal powders were mixed thoroughly with NH,Cl in
a 1:1 weight ratio and compacted at a pressure of 75—300 MPa.
The porosity in the metal powders is created by sublimation of
NH,CI at temperatures below the ignition temperature. N, gas
was flowed throughout the sample (500 mL min~") in order to
“occupy the voids” left by sublimation of NH,Cl. A dual-
wavelength optical pyrometer indicated that NH,Cl sublimation
starts at 673 K and lasts for less than 1 min. Ignition and
combustion temperatures ( T,gand T.,), which ranged from 848
to 1273 K, were found to be totally dependent on the metal used.
It was found that Ty; and T, increased in the order AIN > VN
>TiN, which was attributed to (1) a higher reaction enthalpy for
the formation of AIN (—418.4 k] mol™") vs TiN (=336 kJ/mol)
and (2) the higher thermal conductivity of Al (AIN), which
facilitates dissipation of thermal energy; hence, greater temper-
atures for reaction completion are needed. The authors reported
a high crystallinity and yield of ca. 100% for the nitrides described
in this paper, which contrasts with the conventional combustion
synthesis where a purification step is required.'”” Peng and
Binner later reported the synthesis of AIN from reaction of an Al
powder bed under N,; the higher reaction temperatures achieved
here (1439—1553 K) might compensate for the absence of the
aforementioned NH,Cl additive.'%

Solid-state metathesis (SSM) has also been used in MW
synthesis of nitrides. Anderson et al. reported synthesis of the fast
ionic conductor Li,SiN, via a metathesis reaction involving the
silicon halides (SiCl, or Sil,) and Li;N as a nitrogen source."®’
Here, the heat is derived from the ability of the ionic conductor,
Li;N, to couple efficiently with MWs (without the need fora MW
susceptor). This heat was sufficient to initiate the metathesis
reaction. Reactions were initiated at 1100 W (100% power
setting), and after approximately 1—3 min for Sil, and 10—18
min for SiCl, the applied field was stopped. Figure 21 shows a
typical thermal image of an SSM reaction in progress showing
multiple reaction zones. NH,Cl and LiNH, were added so as to
regulate the reaction temperature and enhance the yield of
Li,SiN, (vs LiSi,N;), respectively. The reactions produced by
this method are shown in egs 6 and 7. Li,SiN, was isolated by
washing with water-free solvents such as dimethyl formamide
and dry methanol.

6Sil, + 8Li,N + 3LiNH, + 4NH,Cl
— 6Li,SiN, + 13Lil + 2LiCl + 3NH; + 11HI
+ 2HCI (6)

6SiCl, + 8Li;N + 3LiNH, + 12NH,Cl
— 6Li,SiN, + 1SLiCl + 11NH, + 21HCI )

To the best of our knowledge, there is only one report in the
literature of MW-synthesized pnictides other than nitrides.'® In

dx.doi.org/10.1021/cr4002353 | Chem. Rev. 2014, 114, 1170-1206
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Reaction initiation

Figure 21. Thermal image taken through the door of the DMO during
reaction 7. Reaction zones (orange-red light) are marked with arrows,
and the outline of the reaction vial is added in white. Red, orange, and
yellow areas correspond to the hottest areas in the reaction vessel,
whereas green and blue regions represent cooler areas."” Reprinted
with permission from ref 187. Copyright 2006 The Royal Society of
Chemistry.

this study, the intermetallic lithium alloys Li;Bi and Li;Sb were
successfully prepared from the elements in an evacuated carbon-
coated quartz ampule. Syntheses were conducted using an MMC
(900 W, 80% power, 2.45 GHz) for 2 and 1 min, respectively.
The preparation method reported here contrasts to the
conventional alloying and electrochemical deposition techniques
used for this purpose, which often require high temperatures and
complicated apparatus.'*”'*® Despite the limited examples to
date, we would anticipate that MW methods could address the
main difficulties encountered in conventional pnictide syntheses,
namely, long processing times, high reaction temperatures, and
complicated synthetic routes."”"

6.7. Carbonitrides and Oxynitrides

The focus of MW processing in formation of carbonitrides has

very much been on chemical vapor deposition, which is beyond

the scope of this review.'”>™'*® Solid-state MW synthesis of

members of the V,_,Ti,(C, N) system is reported by West et
138 . . .

al.””® The MW carbothermal reduction ammonolysis/carburiza-

tion (MW-CRAC) was carried out in a modified reactor, shown
in Figure 22, which allowed reaction under anaerobic conditions.
Anaerobic conditions were essential for prevention of oxide
formation. This modified reactor also offered control over feed
gas and gas flow rates. For the synthesis of the bimetallic nitrides,
V,0; and TiO, were ground in a 2:1 ratio with excess amorphous
carbon (acting as reductant, carbon source, and susceptor) and
reacted under a flowing NH; gas stream. PXD revealed NaCl
structures with a cell parameter, g, that increases with x. PXD and
energy-dispersive X-ray analysis (EDX) both supported the
conclusion that mixed metal carbonitrides were being formed in
each of the experiments. Reaction times are an order of
magnitude quicker than those for the respective monometallic
carbides and nitrides prepared by conventional heating
methods."”’

MW heating has been used in the synthesis of aluminum
oxynitride (ALON), which has promising mechanical and optical
properties due to its unusual transparency.'”® Cheng and co-
workers synthesized single-phase ALON (Al,;0,,N;) from a
ball-milled mixture containing 67.5 mol % Al,O; and 33.5 mol %
AIN. MW heating was performed in a single-mode cavity reactor
for 60 min under flowing ultra-high-purity N, gas at 1 atm. This
synthesis yielded both a marked reduction in processing time and
a high phase purity compared to conventional synthesis
methods."”’

A silicon aluminum oxynitride, f’-SiAlION, has also been
synthesized using a similar MW-assisted carbothermal reduc-
tion/nitridation process using the mineral kaolinite
(ALSi,O5(OH),) and carbon black as starting materials.”* It
was observed that the optimum conditions for synthesis of a
single-phase oxynitride of formula f’-Si;Al;O;N; involved MW
heating at 600 W for a total of 60 min under flowing nitrogen. A
combination of PXD and "Si nuclear magnetic resonance
(NMR) spectroscopy data collected from samples at different
stages of reaction was used to gather information about the
mechanism of the oxynitride formation, with SiC, mullite
(ALSi,O13), and SiO, observed as intermediate phases in the
synthesis.
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Figure 22. Schematic of the MW-CRAC reactor."*® Reprinted with permission from ref 138. Copyright 2009 Elsevier.
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7. IN-SITU APPROACHES TO THE STUDY OF
MICROWAVE REACTIONS

7.1. Necessity of in-Situ Techniques

In the past decade, huge numbers of publications have
demonstrated that MW techniques are a viable route to the
synthesis of an extensive selection of solids from all areas of the
periodic table. However, the reasons behind the advantages that
MW methods undoubtedly bring to solid-state synthesis remain
unclear. As discussed above, it has been consistently observed
that MW reactions lead to significantly faster reaction times,
lower reaction temperatures, alternative mechanistic pathways,
and novel reaction products when compared to conventional
solid-state synthesis methods. Unfortunately, there are also
numerous issues with the use of MW heating in solid-state
syntheses, which mainly arise from the lack of control and
reproducibility of the reactions, the considerable difficulty in
rationalizing the outcomes, and a fundamental lack of under-
standing of the interaction of MWSs with solids. Analysis of the
products of MW reactions allows characterization of the
materials formed but gives little insight into the mechanisms of
these reactions or how or why they occur.

Ultimately, in-situ reaction probes are needed to gain this
additional information, but the challenge of developing such in-
situ methods is considerable. First, the ultrafast nature of MW
reactions requires at least an equally fast analysis technique.
Second, it is necessary for the analytical procedure to be
compatible with the requirements of MWs; the technique must
not interact with the MW field and must be able to be applied to a
sample that is contained within a MW applicator. Temperature
measurement, for instance, is difficult to achieve in a MW system,
as devices that would be used conventionally, such as
thermocouples, are made of metals and so distort the MW
field. In some reaction configurations, it is possible to use an
optical pyrometer to determine temperature, but even then
pyrometers are limited to a certain restricted temperature range
and provide a measurement only of the surface temperature of a
sample, which may be significantly different from the bulk.
Studying the mechanism or the structural evolution of
components in a MW reaction has additional complications
because it is necessary to combine the requirements of both the
analytical technique and the MW reactor. In consequence, in-situ
structural investigations of these reactions are very few in
number, but a handful of ground-breaking studies have been
published.

7.2. In-Situ Studies Using X-rays

There have been several reports of the use of X-rays as an in-situ
structural probe in MW reactions. Robb et al. used laboratory
PXD to study the MW heating of silver iodide, which undergoes a
phase transition from wurtzite-type $-Agl at room temperature
to body-centered cubic a-Agl at elevated temperatures.””!
Heating was performed using a prototype MW applicator,
shown in Figure 23, and also by convection heating with a
variable-temperature heat gun for comparison. Using conven-
tional heating, the phase transition from f- to a-Agl was found to
occur at 412 + 2 K, while under MW irradiation, the transition
temperature (T.) was 380 + 10 K, as illustrated in Figure 24. A
hypothesis for this observation was offered in which the MW
energy is able to interact with low-energy transverse optical (TO)
modes in the f-Agl via a multiphonon process, as opposed to
interaction with rotational or vibrational modes, as is the case in
conventional heating. Redistribution of the energy from these
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Figure 23. MW applicator for in-situ laboratory PXD: (a) applicator
attached to the diffractometer and (b) schematic of applicator.”®!
Reprinted with permission from ref 201. Copyright 2002 The Royal
Society of Chemistry.

TO modes is slow compared to the input of energy from the MW
field, which results in a nonclassical distribution of internal
energies. The phase transition is initiated when there is enough
energy in the relevant TO mode to either create sufficient silver
ion defects or displace enough iodide ions to instigate structural
change. At this point, the average energy in the structure is lower
than that at the point of phase transition under conventional
heating, so the transition temperature is consequently lower.

Using a laboratory X-ray source for in-situ studies is a
technique of limited use on account of the relatively low beam
penetration depth of X-rays, which severely restricts the design of
the MW reactor used in an in-situ experiment. Furthermore, the
low X-ray flux from lab sources results in comparatively long data
collection times, which are incompatible with many fast MW
reactions. In several cases, synchrotron X-rays have been used as
an alternative in-situ structural probe, as the extremely high flux
from synchrotron sources allows very rapid data collection. In
2006, Tompsett et al. used in-situ small-angle and wide-angle X-
ray scattering (SAXS and WAXS) techniques to study the MW
synthesis of zeolites.”*> Previous studies revealed that the rates of
preparation of several zeolites were over an order of magnitude
faster under MW irradiation than for conventional methods. The
focus of the paper was on the zeolite silicalite, the conventional
hydrothermal synthesis of which has been the subject of
extensive investigation by both SAXS and WAXS.

In order to study the MW synthesis of silicalite, a MW reactor
was developed that could be used with in-situ WAXS and SAXS
and also Raman spectroscopy. The reactor was constructed using
a SAIREM MW generator with a maximum power of 300 W and
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Figure 24. Diffraction peak evolution of Agl across the f—a phase transition with (a) MW heating, T, = 380 + 10 K, and (b) conventional heating, T =
412 + 2 K*** Reprinted with permission from ref 201. Copyright 2002 The Royal Society of Chemistry.

WR-284 waveguide components with a sliding short circuit to
adjust the positions of the maxima in the MW field. A hole in the
waveguide allowed the synchrotron X-ray beam to enter, and a
slot was provided for the scattered beam. Samples were
contained within a variety of glass reaction vessels and the
temperature monitored with a fiber optic probe. SAXS
measurements collected at a reaction temperature of 403 K
allowed the particle size to be calculated throughout the reaction.
Corresponding WAXS measurements made it possible to
establish the reaction induction time (the duration at the
reaction temperature before nucleation commences) and
monitor crystallization of silicalite from the precursor solution
from the appearance of Bragg reflections from the emerging
zeolite crystals. SAXS revealed that the particle size increased
from the start of the reaction, reaching a plateau at 100 min, as
shown in Figure 25. This was attributed to the crystallization of
the particles, which was first seen to occur in the WAXS data after
100 min at 403 K. MW irradiation resulted in an enhanced
crystallization rate compared to conventional synthesis. The
reaction was also studied using Raman spectroscopy, but
unfortunately this provided little insight. No conclusions were
drawn regarding the mechanism of zeolite synthesis under MW
heating in this experiment, but reaction mechanisms were
discussed in a follow-up publication, which used the same in-situ
setup to study formation of several other zeolites, specifically
NaA, NaY, and beta zeolites.>® The evolution of nanosized
precursor particles during nucleation and crystallization of the
zeolites was examined in great detail, providing considerable
insight into the way in which these reactions proceed. Of
particular interest was the observation that MW heating of a
single zeolite precursor to form NaA, NaX, and sodalite resulted
in a shift in the selectivity of the reaction toward NaA and NaY,
where conventional heating forms almost pure sodalite.

Zeolite synthesis was also studied in situ when Wragg et al.
used energy-dispersive X-ray diffraction (EDXRD) to investigate
the reaction pathway and kinetics in the MW synthesis of
aluminum phosphate frameworks.”** In this case, the zeolites
were synthesized using ionothermal conditions. Glass reaction
tubes were positioned in the center of a bespoke MW cavity,
which was adapted for in-situ measurements by addition of a
small hole through which the incident X-ray beam could enter
and a larger aperture covered with thin aluminum foil, through

1188

Silicalific o 130°C

Counts

0 00C 00

Disumeter (am)

-»

0 20 0 oo L1

lioxe (obouices)

10 120 140 160
== Resoran 117C 10mm NMR =@ Resonant |30 D-locp

==l S8C Resoazd 10vun NMR

Figure 25. (a) SAXS patterns of silicalite formation at 130 °C for 90 min,
and (b) plot of silicalite particle sizes with time for three reaction
temperatures: 88, 117, and 130 °C.**> Reprinted with permission from
ref 202. Copyright 2006 AIP Publishing LLC.

which the diffracted beam could reach the detectors. Samples
were heated using 2.45 GHz MW radiation, generated by a 20—
1000 W Astex AX2110 source, and the cavity could be tuned

remotely by moving a sliding short circuit, permitting control of

dx.doi.org/10.1021/cr4002353 | Chem. Rev. 2014, 114, 1170—1206
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the efficiency of MW heating. Reaction temperature was
monitored using a fiber-optic probe. EDXRD data were collected
on Station 16.4 at the Daresbury Synchrotron Radiation Source.
Analysis of the EDXRD data revealed that MW synthesis of
zeolite SIZ-4 followed a significantly different reaction route than
that seen for conventional synthesis of this material, with direct
synthesis of the target zeolite being observed (Figure 26) and no

Energy/KeV

Figure 26. 3D plot of EDXRD data for MW synthesis of SIZ-4 showing
direct formation of the final product with excellent crystallinity.>**
Reprinted with permission from ref 204. Copyright 2009 American
Chemical Society.

evidence of the intermediate phases that had been reported
previously for conventional heating pathways. It was suggested
that this difference could be attributed to a more rapid onset of
crystallization under MW heating. The speed and consistency
that MW irradiation offers leads to a larger number of nucleation
sites, which results in formation of very small crystals. This
proposal was supported by scanning electron microscopy of the
reaction products, which revealed small, spherical crystals in the
MW-heated samples and larger plate-like crystals from conven-
tionally synthesized samples.

In-situ synchrotron PXD was used in the study of MW heating
conducted by Vaucher et al’*® The experiment involved
investigation of the mechanism of formation of quasi-crystalline
aluminum—copper—iron alloys from ball-milled Al-Cu—Fe
precursors.”®® Research efforts have focused on synthesis of
these materials on a larger scale for industrial purposes, and MW
heating was identified by the authors as a synthesis route with
several advantages over conventional techniques. MW heating of
the samples was achieved using a WR-340 waveguide terminated
with a sliding short circuit, which could be adjusted to ensure that
the sample was placed at a maximum in the MW field.

In-situ experiments were performed using synchrotron X-ray
radiation at the powder diffraction station of the Materials
Science X04SA beamline at the Swiss Light Source, Villigen,
Switzerland. The ball-milled precursor contained a mixture of -
Al(Fe), 6-AL,Cu, and pure Al. Upon MW heating, the material
was found to undergo several phase transitions until ultimately
forming the target product, quasi-crystalline y-(Al—Cu—Fe).
The sequence of transformations, as shown by the PXD patterns
in Figure 27, was identified as -Al(Fe) + 6-AL,Cu + Al — w-
Al,Cu,Fe + 6-Al,Cu — w-Al,Cu,Fe + y-(Al-Cu—Fe) — y-
(Al—Cu—Fe). These finding did not contradict previous reports,
but two phases (a body-centered cubic Al,Cu,-type y-phase and
Fe;Al) that had been previously reported as intermediates when
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Figure 27. In-situ synchrotron PXD data showing the sequence of solid-
state transitions leading to formation of single-phase y-(Al—Cu—Fe)
quasicrystals [up triangles -Fe(Al); down triangles 6-Al,Cu; diamonds
@-Al,Cu,Fe; open circles y-phase).”*® Reprinted with permission from
ref 20S. Copyright 2008 Materials Research Society

using conventional synthesis methods were not observed with
MW heating. This suggests that either formation of these
intermediates is suppressed under MW irradiation or they exist
only as transient intermediates, which cannot be observed at the
time resolution used. The striking difference in this report
between MW and conventional heating is the rate of reaction.
The authors refer to a previous in-situ study (using conventional
heating) that indicated only 96% transformation from -
Al,Cu,Fe to the target y-(Al—Cu—Fe) after 40 min at 973 K.
In contrast, the phase transition was complete in <10 s under
MW irradiation, as illustrated in Figure 27d—f.

Vaucher et al. also used in-situ synchrotron X-ray diffraction
(SXRD) to study the mechanism of MW synthesis of Ti—Al
intermetallics.’*® Ti—Al phases are conventionally prepared
using combustion synthesis, and previous studies predicted
different synthesis mechanisms at slow and high heating rates. In
the MW heating experiment, elemental Ti and Al precursors
were heated in sapphire capillaries in the in-situ setup described
above. PXD patterns were collected at 10 s intervals, and
temperature was monitored using an optical pyrometer. The
resulting time-resolved PXD data were used to establish a
reaction mechanism, which was found to proceed via a molten
aluminum stage, in contrast with expectations from previous
publications. Data were also used to perform a quantitative
evaluation of the kinetics of the synthesis. Perhaps the most
important aspect of this publication is the fact that the in-situ
techniques developed in Vaucher et al’s earlier paper,”*®
discussed above, have been successfully applied to study another
material and type of reaction. It is clear that the study of a wide
variety of MW reactions is essential in developing knowledge and
improving understanding of how and why these reactions
proceed, and the experimental technique described by Vaucher
et al. should be applicable to a wide range of other MW reactions
involving solid-state materials. Technical details of apparatus and

dx.doi.org/10.1021/cr4002353 | Chem. Rev. 2014, 114, 1170—1206
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Figure 29. Schematic of the sample arrangement and MW applicator (left) and of the electric field between the vanadium plates at the sample (right) for
in-situ single-crystal diffraction at the SXD neutron diffractometer at the ISIS Facility.>*® Reprinted with permission from ref 208. Copyright 2003 The
Royal Society of Chemistry.

configurations will be vital to improve the design of next- so this interaction is very weak in comparison to X-rays. A
generation reactors for in-situ SXRD experiments. neutron beam is therefore a highly penetrating form of radiation,
so it can be used in a much wider variety of in-situ reaction
configurations and probe bulk reactivity even in large samples. In
addition, development of modern neutron detectors is enabling

7.3. In-Situ Studies Using Neutrons

While SXRD offers considerable improvements over laboratory

X-ray techniques and may seem an ideal choice for in-situ studies time-resolved study of reactions on very short time scales, so
due to the very fast data collection times, they are limited by the neutron scattering techniques perhaps provide the best
issue of beam penetration. X-rays interact with the electrons of an opportunities for in-situ studies.

atom, and this electromagnetic interaction is strong, resulting in The first report of an in-situ neutron scattering study of a MW
significant attenuation of an X-ray beam by the majority of reaction came in 2001, when Whittaker et al. described apparatus
samples. As a result, the design of MW reactors suitable for in-situ designed to study the MW-driven growth of particles in solution
X-ray analysis is extremely challenging, because the MW by in-situ small-angle neutron scattering (SANS).*” A MW
apparatus is generally made of materials that are opaque to X- reactor, shown in Figure 28, was designed for use on the LOQ
rays. In addition, X-rays are normally capable of only probing instrument at the ISIS Facility, Rutherford Appleton Laboratory,
close to the surface of a sample, and the reactivity in this region is and allowed investigation of the growth of particles of iron oxide
not necessarily representative of the bulk. Importantly, also, the and oxyhydroxide by the MW induced hydrolysis of iron-
bulk is the very region of the solid sample where MWs interact containing solutions. The experiments revealed that heating
most strongly. In contrast, neutrons interact with atomic nuclei, these solutions using MW often results in different products to
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those observed with conventional heating. Of particular note was
the experiment in which a mixture of ferrous and ferric ions was
heated at ~80 °C for several hours; the product of this reaction
was acicular magnetite (Fe;O,) rather than the expected
hemeatite (Fe,O;), which is obtained with conventional heating.
In addition to the product being different from that expected, this
was also the first synthesis of acicular magnetite directly from
solution. The reactor was designed to be adaptable for study of
other solution reactions, although no further work has been
published. The experimental configuration is considerably
different from that required for solid-state MW synthesis, but
in principle, the design could be adapted to study such reactions.

In 2003, Harrison et al. performed the first in-situ neutron
diffraction experiments on solid-state materials under MW
heating. Single-crystal and powder neutron diffraction experi-
ments were performed upon a crystal of aspirin and a sample of
barium titanate powder, respectively.”*® Both experiments made
use of bespoke MW reactors. For the single-crystal experiment,
the aspirin crystal was mounted on a custom-made (MW
transparent) aluminum nitride pin and the MWs were delivered
to the sample by means of parallel plate vanadium waveguides, as
shown in Figure 29. The temperature of the sample was set by
cooling the sample pin with a cryostat, which in turn controlled
the temperature of the crystal. Single-crystal neutron diffraction
data were collected at 100, 200, and 300 K using the SXD
diffractometer at the ISIS Facility, Rutherford Appleton
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Laboratory, with the MW power output set at a constant 40
W. Barium titanate was selected for study by powder neutron
diffraction (PND) on account of its susceptibility to MW heating
and the fact that it passes through several well-defined phase
transitions on heating, making it a suitable material for probing
temperature through lattice parameters or atomic displacement
parameters. The MW reactor was designed for use on the HRPD
high-resolution powder neutron diffraction instrument at the
ISIS Facility. The reactor setup is shown in Figure 30 and
consisted of a MW generator which feeds MWs into a waveguide,
where the field is tuned using a four-stub tuner. The MWs passed
through a rectangular to cylindrical waveguide transition into the
cylindrical sample cavity, in which the MWs could be further
tuned using a sliding short circuit. The neutron beam entered the
sample cavity through a vanadium window. Vanadium has a
coherent neutron scattering cross section close to zero ((7C =
0.0183 barn),”® so there was no significant Bragg diffraction
from this window. The reaction temperature could be monitored
using an optical pyrometer, and the output MW power was
controlled using the output from the pyrometer via a PC.
Single-crystal and powder diffraction experiments gave
contrasting results. Refinement of the single-crystal data showed
a significant increase in the isotropic and anisotropic displace-
ment parameters when the aspirin crystal was subjected to MW
irradiation, as can be seen in Figure 31. However, the increase in
the displacement parameters is approximately the same for all
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Figure 31. Structure of aspirin, showing ADPs at various temperatures and with different sources of heat: (i) 100 K with conventional heating,(ii) 100 K
with MW heating, (iii) 300 K with conventional heating.**® Reprinted with permission from ref 208. Copyright 2003 The Royal Society of Chemistry.
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atoms, so there is no evidence for nonuniform equipartition of
energy within the structure. The observations are explained by
MW irradiation serving simply to heat the sample, with the
energy distributed rapidly to all parts of the molecule, on the time
scale of neutron diffraction. The authors acknowledge that in
order to investigate the possibility that MW heating may have
more localized energy effects on different parts of the molecule
an alternative, more rapid technique would need to be used. In
the case of barium titanate, systematic differences were observed
between MW and conventional heating; the lattice parameters of
the MW heated sample were considerably larger, while the
anisotropic displacement parameters were smaller. The increased
cell volume can be attributed to higher sample temperatures than
are observed at the sample surface by the optical pyrometer.
However, the smaller ADPs appear to contradict this. The
authors rationalize the low ADP values with the suggestion that
certain forms of ionic motion are damped by the MW field. The
data also show a significant increase in the widths of diffraction
reflections in the MW-heated sample, which is explained by the
presence of thermal gradients or local hot spots within the
sample, which leads to a distribution of cell parameters that
manifests itself as peak broadening.

The most recent study involving in-situ neutron diffraction of a
MW reaction was presented in 2005 by Giinter et al.*'® Previous
reports identified the apparent nonthermal effects of a MW field
on mass transport properties of ionic solids. However, only ionic
solids such as NaCl had been studied; Giinter et al. investigated
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whether this nonthermal effect extended to fast ion conducting
materials and specifically the Sr/Mg-doped lanthanum gallate
superionic conductor Lao_gsro_1Ga0A8Mg0‘202_85.210 The experi-
ment made use of apparatus that was able to subject the sample to
both conventional and MW heating. The equipment involved a
mirror furnace with two halogen lamps and two ellipsoid mirrors,
into which a MW cavity could be inserted and connected via a
waveguide to a MW generator. In-situ powder neutron
diffraction data was collected at various temperatures using the
D2B instrument at the Institut Laue-Langevin (ILL) in
Grenoble. The setup of the apparatus for the D2B diffractometer
is shown in Figure 32. The authors observed evidence which
could be interpreted as nonthermal MW effect in their results,
with MW heating leading to structural changes contrasting to
those from the use of conventional heating. An alteration in the
ionic diffusion pathway was also inferred in the MW-heated
sample, which could not be attributed to the presence of an
electric field alone.

Given the applications of in-situ PND described above in
addressing the possible “non-thermal” effects of a MW field in
solid-state synthesis, it is valuable in this section to consider
briefly the nature of nonthermal MW effects in the solid state and
the challenges associated with their validation experimentally.
Anomalous reaction rates in liquid-phase microwave-induced
reactions have been satisfactorily explained by effects such as
superheating.*'! However, in the solid state it has been suggested
that ion migration occurs due to a nonthermal mecha-
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nism.”'>7>'"* We can define MW nonthermal effects, in the
present context, as those effects which result in the MW electric
or magnetic field exerting a direct influence on ion motion,
without the need for the microwave energy to first be
repartitioned into thermodynamically equilibrated thermal
energy modes.”'*

There is an expanding body of work on MW-processed
ceramics which suggests both enhanced mass transport>'® and
sintering rates which correspond to higher temperatures than
those actually observed.”'” The validity of such analyses works on
the assumption that the reported temperatures are accurate (as
highlighted in sections 3 and 7.1). Given inverse heating profiles,
a difference of several 100 K between the sample surface and core
is possible. A thermocouple will only measure temperature in the
zone close to its tip and must be shielded to protect against the
systematic errors induced by MW field damage. Optical
pyrometry is noninvasive but provides only the surface
temperature, and since ceramics do not behave as black bodies,
uncertainty in sample emissivity presents significant limita-
tions.”'®

Attempts have previously been undertaken to separate the
effects of the electric and magnetic components of the MW field
on solids.”"® A large number of oxides containing 3d ions were
reported to undergo a crystalline to amorphous phase transition
in a 0.5 Oe magnetic field at 2.45 GHz in a few seconds at
temperatures “far below the melting point”.*"® However, all
temperatures were recorded using a single-wavelength infrared
pyrometer using literature emissivity values, and it is not
impossible to rule out a more conventional thermal explanation
of these results despite the parallels drawn between the MW-
induced amorphization in the above oxides and the effects
observed by the bombardment of solid phases with high-energy
neutrons or c(-particles.219

In other cases it is possible that results which were attributed to
nonthermal effects may be interpreted as a conventional
consequence of inhomogeneous heating. While conventional
heating may be assumed to give rise to uniform temperatures
throughout a small sample, microwave heating imparts energy
directly to the sample and, particularly within large samples,
inhomogeneous heating may occur, although it has been
calculated that significant thermal gradients may not be
maintained across particles at the micrometer scale under
steady-state conditions.”*
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Undeniably, while inferences of nonthermal effects are
relatively common, evidence-based explanations of these
observations are somewhat limited. One interesting hypothesis
in the understanding of nonthermal effects in MW-heated solids
is that proposed by Booske et al.** Their premise is that high-
frequency electromagnetic fields enhance solid-state ionic
diffusion by exerting ponderomotive forces on mobile ions in
solids. This effect is modeled as a consequence of gradients in the
mobility of mobile charged species at or near grain boundaries or
other physical interfaces.””’ This phenomenon can be
considered as analogous to the ponderomotive forces observed
in gas-phase plasmas, where charged species are driven away
from high electric field gradients due to gradients in the radiation
field intensity.”*' In an SMC however, at least on a macroscopic
scale, this would result in ions diffusing away from the field
strength maximum in the center of the waveguide, and with all
ions moving in a similar direction, no extra mixing is likely. Thus,
for this effect to play a relevant role, one would expect to have to
consider an effect arising from microscale field strength
variations occurring due to material inhomogeities. Simulation
work may yield some insight, but it would be difficult to measure
the field strength variation directly because the microwave field
would damage any semiconductor-based modulated-scatterer
measurment.

Whether such effects are significant in microwave-heated
ceramic systems remains an interesting point of debate but
perhaps one that is less relevant than it might first seem. Studies
of diffusion in microwave-heated ceramic systems show results
that are consistent with the ponderomotive model, with diffusion
enhancement in the early stages of sintering that is linked to the
presence of small grains with proportionally large surface areas
and intense intergrain field gradients.222 However, such results
do not represent unequivocal evidence of the significance of the
ponderomotive effect at high temperatures. High temperatures
under microwave heating are often associated with high
microwave power densities and the presence of gas molecules
that require less additional energy input for ionization. Under
such conditions, it is possible that energy is imparted into plasma
discharges between grains leading to highly localized heating in
the presence of highly energetic gaseous species. As such unusual
conditions are not well studied, it remains possible that plasma
discharges may also be responsible for some of the nonclassical
behavior that is observed in the solid state under a MW field.

Ultimately, the key question is to what extent nonthermal
effects are actually important in influencing microwave synthesis.
It is clear that more experimental evidence aimed at elucidating
the nature of MW heating in solids is required before a
conclusion can be drawn. Without an enhanced understanding of
the nature of the interaction of solids with electromagnetic fields
this is simply not feasible, and thus, in-situ analysis and
monitoring is a vital step forward.

7.4. In-Situ Studies Using Other Techniques

There are numerous examples of in-situ studies of organic MW
reactions using spectroscopic techniques, including UV—vis,**®
infrared,”** and Raman®*>?*® spectroscopy. In solid-state
chemistry, there are a rather limited number of examples of the
use of spectroscopy. For instance, in their SAXS and WAXS
study of zeolite synthesis discussed in section 7.2, Tomzpsett etal.
also had the facility to perform in-situ Raman analysis.”*> Raman
spectra obtained as the reaction progressed were used to monitor
the progression from starting materials to the target silicalite, and
data were found to support the reaction mechanism suggested by
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Figure 33. In-situ Raman spectra taken during MW synthesis of silicalite, in which the reaction temperature was maintained at 115 °C.
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the X-ray scattering techniques (Figure 33). Infrared (IR)
spectroscopy has also been used in the in-situ analysis of solid-
state reactions, specifically in the study of heterogeneous catalyst
activity. Silverwood et al. designed a cell that consisted of a
parallel plate applicator surrounding a ceramic sample holder,
with connections to allow the flow of reactant gases through the
cell””” The experimental setup also allowed the exhaust gases
from the reactions to be analyzed by mass spectrometry. The cell
was used to study the oxidation of carbon monoxide over the
EUROPT-1 Pt/SiO, catalyst, as shown in Figure 34.227228 While
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Figure 34. Time-resolved IR spectra of CO oxidation over the

EUROPT-1 catalyst under MW heating.*” Reprinted with permission

from ref 227. Copyright 2006 The Royal Society of Chemistry.

no difference was seen between the rate of CO, production
under MW heating and the rate seen conventionally in this case,
the experimental configuration could equally well be used in the
study of other catalytic systems where reports that catalytic
activity is enhanced by MW irradiation exist.

7.5. Summary of in-Situ Techniques

In-situ studies (as discussed above) provide considerably
improved insight into the reactions involved. Some of the
authors of the papers discussed in sections 7.2—7.4 recognize that
the methods could be applicable to a wide range of reactions and

the MW equipment could be used in the study of other systems.
However, only in a few cases have there been further publications
following from an original study. Isolated investigations into MW
heating of specific compounds, while useful, only partially
advance our understanding of MW reactions in general, so it is
clear that a far more extensive study of a variety of reactions
would be enormously beneficial. In addition, it is important to
note that the two publications by Vaucher et al.>*>*% are the only
examples of the structural study of MW synthesis of solid-state
materials in situ; all other work has focused on either analysis of a
sample during MW heating (as opposed to during reactions) or
solution-based MW synthesis. Clearly there is a recognizable
need for in-situ analysis of the synthetic chemistry in the solid
state if we are to understand mechanisms, structure, bonding, and
kinetics in these MW reactions to any significant extent.

8. CHEMISTRY—ENGINEERING INTERFACE

Development of continuous processing is an important
consideration when discussing the commercial advancement of
MW techniques for materials production. Despite being of
paramount importance from an industrial perspective, relatively
little work has been carried out on development of continuous-
flow processes. Significant process development and scale up is
difficult to consider without significant improvements in control
and reproducibility, which is ultimately obtained from in-situ
analysis and monitoring (section 7).

In terms of industrial processing, some of the potential
advantages offered by MW methods include***?*°

o rapid and uniform energy transfer,

volumetric and selective heating,
environmental compatibility,
increased throughput,
fast on and off switching,
compact equipment—space savings,
clean environment at the point of use-enhanced worker
safety, and
o unique characteristics of the products.

The scale-up of MW processing is a complex process and will
require a combination of computational simulation, expert
system design, and comprehensive cost and benefits analysis.**°
It has already been established that a MW system can efliciently
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deliver energy to a reaction vessel; however, there are several
. . . . 22
considerations which must be taken into account®”

e ensuring a homogeneous electric field profile,

e optimum reactor design which takes into account
penetration depths,

e control of temperature and pressure within the reactor,

e cost of the reactor and spare parts, and

o safety issues and MW leakage.

Reports of MW scale-up can be found in the literature but
often refer to liquid-phase processes in organic chemistry. While
not immediately transferable to processes in the solid state, many
of the considerations and challenges are relevant. Leonelli et al.
discuss some of the early successes of MWs in industry.”>” MW
have of course found application across the food sector. For
example, the tempering of blocks of food from —20 to —2 °C can
be done using a 60 kW system which occupies 1/6th of the space
of conventional equipment.”*” Use of MW hybrid baking and
cooking allows retention of distinctive flavor, color, and texture
of oven baking with the increased throughput associated with
MW. In the rubber industry MW heating of blocks of rubber of
up to several hundred kilograms in weight has replaced
conventional vulcanization.”*” Applications have also been
found in various areas of waste processing: processing of
automotive tires,”>' treatment of hospital and municipal
wastes,”>” treatment of toxic substances (Figure 35),>* and
waste recovery of plastics.”** In the case of hospital waste
sterilization a 50% saving can be achieved in disposal costs.”*
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Figure 35. MW setup for treatment of soils contaminated with toxic
metal ions employed by Abramovitch et al.”*® Reprinted with
permission from ref 233. Copyright 2003 Elsevier.

Cherian discusses one strategy for scale up of MW processes,
which exploits advanced reactors with control over time,
temperature, sample movement rate, and microwave power
input to manufacture battery electrode materials.”** The quality
of electrode materials used to form a battery has a significant
influence upon performance.”*® Facile syntheses of the
component ceramic phases are key to successful commercial
production of efficient and cost-effective batteries, and MW
synthesis has been demonstrated to be effective in synthesis of
electrode materials (see section 6.1).%" Cherian®** considers the
MW-enhanced synthesis of both LiFePO,, a cathode material for
lithium-ion batteries,”’ and Li,TisO, a promising anode
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material.>*® Both materials had previously only been synthesized

in lab-scale batches using MWs,**~>** and so processing trials
were performed using a programmable HAMiLab-V6 industrial
microwave batch furnace. Three temperature monitoring points
in the reactor provide feedback for output power regulation so
that predetermined set temperatures can be programmed in
these monitored regions. Simultaneously, times at set temper-
atures are controlled by setting the reaction vessel “push-
through” rate to correspond to the holding time for the batch
process. Importantly, these processing trials showed that both (i)
phases of the appropriate purity could be obtained by a MW
process and (ii) an optimum processing profile which could then
be adapted to develop the continuous process.

Terigar et al. published the results of a scale-up from lab scale
to pilot scale for extraction of oil from plant material, as shown in
Figure 36.”* Smaller scale experiments were used to determine
optimal processing parameters which could then be directly
transferred to the pilot scale. The authors briefly discuss some of
the considerations required in scaling up MW processes. One
consideration is the change in frequency of the system. It is noted
that MWs at 915 MHz (used industrially in the United States)
have much higher penetration depths as compared to those with
a frequency of 2450 MHz commonly used in laboratory-sized
equipment. Higher penetration depths allow for larger scale
equipment to be used, e.g,, larger diameter tubes, which allow for
higher processing flow rates. Results indicated that oil yields
obtained from both laboratory- and pilot-scale systems were
better than the yields obtained by conventional extraction. The
quality of the extracted oils was sufficient to meet biodiesel
feedstock standard specifications, and a MW-based extraction
method was considered a viable alternative to the current state of
the art.

Bowman et al. discuss the technical design considerations for
the scale-up of a variety of MW-promoted reactions and the
strengths and weaknesses of a continuous-flow MW cell as
opposed to batch processing (whether using one large vessel of
parallel batch reactors).*” It is noted that continuous-flow
apparatus can be difficult to implement in processing solids and
heterogeneous mixtures. They also note the likely time
implications of development from small-scale to industrial-
scale implementation. One advantage of batch processing is that,
theoretically, reaction mixtures will be homogeneous. The
penetration depth of MWs into the reactor is however a
significant limiting factor.

The influence of reactor size on the leaching outcome of
copper from chalcopyrite in Fe,(SO,);—H,SO, solution was
reported by Al-Harahsheh et al. (Figure 37).*** In this study it is
reported that a single-mode MW reactor (diameter SO mm)
allowed copper recovery comparable to that obtained conven-
tionally. However, in a smaller reactor (diameter 20 mm)
enhanced recovery was observed. This was explained by the
authors as an effect of selective heating in heterogeneous systems
in MW reactors. Hydrometallurgical systems such as
Fe,(S0O,);—H,S0, solution are composed of both liquid and
solid material, each of which has its own behavior in a MW field.
This highlights the importance of knowing the properties of each
component of a system for enhanced extraction efficiency. The
reduced effectiveness of the larger reactor was attributed to the
presence of a superheated layer at the wall of the reactor due to a
low penetration depth. Such considerations might become
relevant in solid-state synthesis and processing, particularly for
low melting point systems.
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Terigar et al.*** Reprinted with permission from ref 243. Copyright 2011 Elsevier.

Recently there has been a report of a continuous MW
treatment system developed for treatment of oil-contaminated
drill cuttings at a pilot scale.**® Previous MW studies of drill
cuttings had been carried out at small scale using both single- and
multimode systems.”*® In moving from the lab scale to a
continuous treatment it is imperative to maximize power density
to allow conversion of water to steam without significant heat
loss to the surroundings. Electromagnetic simulations, shown in
Figure 38, were employed to optimize the MW applicator
geometry for optimal power density distribution. An analogous
approach is likely to be essential when designing scale-up
processes for manufacture of solids.

The requirement for maximum power density almost certainly
eliminates the use of multimode cavities at a pilot scale due to
their low peak power density and high power density
distribution. In single-mode cavities, very high peak power
densities can be achieved but such cavities exhibit a very high
power density distribution varying from zero at the edge of the
cavity walls to a peak value in the center.”*” This would lead to
uneven heating across the cavity. Robinson et al. discussed and
implemented an alternate MW design which was employed to
attain more uniform electric fields in the processing of the above-
mentioned drill cuttings.”** Process material was moved by a
MW transparent conveyor belt, as shown in the schematic in
Figure 39. MWs enter orthogonally from the top of a TEj,
waveguide such that the polarization in the waveguide is
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perpendicular to the direction of material movement. The
orthogonal feed of the waveguide creates a uniform power
density across the width of the applicator. Three hot spots are
generated as a result of the cavity geometry. However, this
geometry can be manipulated so that the hot spots overlap to
give a high power density in the vertical direction. This
specialized system design was capable of treating 500 kg h™" of
material. It was also shown that the treatment was successful in
meeting the environmental targets required for disposal of the
drill cuttings.

Kumar et al. report the scale-up of aseptic MW processing of
vegetable purees from pilot to full industrial scale.”*® One of the
major issues in implementing such a process is the nonuniform
temperature distribution within the product. This is an issue
which is also encountered in the large-scale MW processing of
solids. This study utilized pilot-scale (Figure 40) and industrial-
scale bespoke applicators to overcome issues associated with
scale-up. Two vegetable purees were processed for a run time of 8
h (a typical duration of plant operation in industry) in the
industrial-scale system based on the procedures developed.
Temperature measurement revealed significant temperature
nonuniformity in the pilot-scale S kW MW system, as shown
in Figure 41. The temperature difference between the center and
the wall of the applicator tube at the outlet became smaller with
increasing reaction temperature. The authors propose that this
could be due to the enhanced absorption of MWs at higher

dx.doi.org/10.1021/cr4002353 | Chem. Rev. 2014, 114, 1170-1206
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temperatures or the reduced viscosity of the purees at higher
temperatures facilitating faster thermal dissipation. Temperature
nonuniformity was to be overcome by the use of static mixers
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installed at the exit of each microwave applicator, in which the

purees were channeled through a geometric arrangement of
mixing elements.
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For further scale-up the purees were processed in a 60 kW MW
system (Figure 42) with the objective of successful operation for
at least 8 h. The mixers employed successfully decreased the
temperature difference (Tables 6 and 7). Processing was
performed for 8 h in the 60 kW MW system with an output
power of 30—40 kW and a flow rate of 3.78 L min™"

These results illustrate the effectiveness of mixers to reduce
temperature differences during reaction. One of the key
challenges in solid-state MW synthesis, particularly during scale
up, is temperature nonuniformity. Successful use of the static

mixers to decrease temperature differences in the above example
is a strong indication that with careful engineering control these
effects can be minimized.

The importance of simulation in the development and
optimization of MW systems has only been briefly discussed in
some of the examples above.****** Whereas the role of
theoretical and empirical models in describing the microwave
sintering process is considered in some depth by Rybakov et
al,**?it is worth considering at this point how modeling might be
applied to solid-state microwave synthesis processes in more

1198 dx.doi.org/10.1021/cr4002353 | Chem. Rev. 2014, 114, 1170—1206
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Figure 41. Temperature profile across different regions of the applicator
during processing of carrot puree in a 5 KW MW system.**® Reprinted
with permission from ref 248. Copyright 2008 Elsevier.

detail. Although it is beyond the scope of this contribution to
consider the specifics of the mathematical models, the under-
standing garnered by such approaches is likely to be profound in
the design of scaled up processes.

Simulation of a microwave heating process requires at least an
electromagnetic solver tool. The finite-difference time-domain
method is one of the most popular, because it is accurate and

Table 6. Average Cross-Sectional Temperature Differences in

the 5 kW System

reaction temperature/K

vegetable used

temperature difference”/K

323.15 green peas 8.6
403.15 green peas S
323.15 carrot 32.9
403.15 carrot 3.6

“Taken between the center and the wall of the applicator tube at the
outlet.

Table 7. Average Cross-Sectional Temperature Differences in
the 60 kW System

temperature difference®/K

vegetable used without mixers with mixers
green peas 17.2 5.2
carrot 54.5 11.6

“Taken between the center and the wall of the applicator tube at the
outlet.

robust and avoids the problem-size limitations associated with
frequency-domain techniques.”* In the simplest approach, the
electric field strength is calculated for a given load and then the
temperature rise is inferred in postprocessing by considering the
specific heat capacity of the material.>*® Where the materials’
electrical properties are temperature dependent, the heat
transport equations should also be solved. This results in a
nonlinear mathematical system that yields complex behavior
such as hot spots and waiting time.**" The fundamental time

Figure 42. MW (60 kW) continuous-flow system used by Kumar et al.>** Reprinted with permission from ref 248. Copyright 2008 Elsevier.
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scale of the electrodynamics is far shorter than that of the
thermodynamics, so an iterative approach is typically taken when
both aspects are solved numerically.*** Such a methodology is
well known in the food industry.**® The methodology is similar
for application to heating of chemical reactions, except that
chemical change is expected to significantly affect the field
distribution.

Coupling of electromagnetic and thermal solvers to chemical
reaction solvers is currently problematic due to a lack of spatially
resolved chemical modeling algorithms that can handle complex
dynamics such as phase changes (e.g, melting of solids and
evaporation of liquids). For example, numerical analysis of a
saponification reaction in dilute solution coupled a finite-
difference time-domain solver to a thermal transport solver and
a chemical solver based on the rate equation, but the results were
restricted to a small temperature change of less than 10 °C,
starting from room temperature.”>* To the best of our
knowledge, there has been little further progress on coupling
to numerical chemical solvers, with attention instead focusing on
coupling via Navier—Stokes equations to fluid flow in
liquids.>*?%¢

A further challenge lies in validating the simulation (see
section 7). For a MW heating application, it is difficult to validate
the electric field distribution directly, because it is usually inside
an enclosed cavity. Further, electric field probes are conductive
and typically disturb the measurement. Modulated scattering
methods>*” reduce the disturbance, but only mechanically driven
schemes are viable for use in high-field strengths, and this would
limit their use to outside of the load, unless it was liquid. The
temperature profile can be more readily measured without
disturbing MW fields. A number of approaches are available, but
typically they offer only a surface temperature map (infrared
imaging) or are invasive and offer only poor sgatial resolution
(thermocouples, fiber optic thermometers).”*® An innovative
approach is to use magnetic resonance imaging, which can infer a
rise in temperature from the drop in precession frequency of the
water proton.”* This approach is presently impractical for solid-
state synthesis reactions due to the lack of water in the system,
but neutron diffraction offers an average temperature reading.

9. CONCLUDING REMARKS

It is often assumed that MWs do not offer a cheap form of energy
when compared to conventional heating sources, although
detailed costs for MW processes are notoriously difficult to
uncover. Some data were reported in a paper in 1988 based on
MW applications in the ceramics industry.”*® The typical cost of
MW generators was reported, at that time, to be somewhere
between US $1000 and $5000/kW, with the generator typically
accounting for less than 50% of the system expense and the
applicator representing more than 50% of the expense. In order
to justify the significantly inflated capital cost when compared to
conventional heating, it could be argued that other process
advantages are required to justify the expenditure in the value
proposition. Unless driven by environmental legislation, one
view is that MWs will only see commercial implementation if
they are able to deliver a benefit that no other technology can.
The examples in the previous sections show that MW heating
almost always provides considerably reduced reaction times with
commensurate savings likely to be made in terms of processing.
This feature alone may not be sufficient to prompt a switch to
MW heating in industrial processes. The driving factors may
prove to be more closely related to volumetric or selective
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heating or to very significant improvements in the properties of
the target materials.

On analysis of the position of MW synthesis and processing in
inorganic materials chemistry since the turn of the 21st century,
three key areas are identifiable: (1) applicability and utility of
MW methods across a wide range of materials systems; (2)
increasing importance of in-situ methodologies in determining
the origins of MW interactions with solids and understanding the
mechanisms of MW-driven reactions; (3) advantages, but
conversely challenges, associated with the process and electrical
engineering in the scaling up of MW approaches toward
materials manufacturing.

Not only has proliferation of MW-based materials chemistry
become more widespread over the past decade but also so has the
area begun to mature and become more sophisticated.
Development of experiment design has allowed greater emphasis
to be attached to reproducibility and repeatability, greater control
to be exerted over materials homogeneity and temperature
measurement and management and greater understanding to be
applied to use of input power, frequency, and susceptors. These
advances have been made in part through growth of in-situ, time-
resolved, characterization, and measurement techniques. Accu-
rate measurement of temperature within the bulk of MW-heated
materials—during chemical reactions—remains a challenge, but
contactless methods that avoid perturbation of the MW field are
central to this development. Further, just as in other (extreme)
reaction environments, to the solid-state chemist, the ability to
monitor and elucidate phase composition and structure with
time is a crucial step toward rationalizing the reaction
mechanism. Even under conventional heating conditions,
compared to the molecular case, the reaction mechanism in
the solid state is elusive; for MWs the challenge is compounded
further given processes that are complete over second time
scales. Advances in instrumentation (both hardware and
software) however are able to put such ambitions within reach
for the first time.

Beyond the fundamental objectives above, the remaining
requirements that have the potential to propel MW methods
from the laboratory to the marketplace depend on the efficiency
of processes and economic cost. Optimizing the synthesis
environment especially via modeling of electromagnetic field
distributions and cavity design is at the core of the former.
Manipulating MW penetration depth will be vital to develop the
flow processes that underpin manufacturing and mass
production. Finally, full life cycle analysis is a priority not only
in terms of deriving definitive economic parameters but also in
assessing the sustainability and green credentials of future
processes. Given the tremendous advances that have already
taken place since the turn of the millennium, then there is every
reason to be optimistic that such goals can be achieved to
transform materials manufacturing within a generation.
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