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The application of microwave radiation (MWR) during materials synthesis can generate

a wide range of interesting phenomena, such as rapid, low-temperature phase transitions and
the formation of nonequilibrium phases. However, the underlying mechanisms by which
MWR can influence processes like nucleation, crystallization, sintering, and grain growth
remain unknown. A critical need for studying these mechanisms is the ability to quantitatively
characterize the effects of MWR exposure on atomic structure. In this regard, synchrotron X-
ray sources provide an opportunity to shed new light on electromagnetic (EM) field—assisted
synthesis due to the availability of high-energy X-rays that enable a wide range of
experimental characterization techniques. Here, we review the use of synchrotron X-ray
sources for both ex situ and in situ studies of MWR-assisted synthesis. While many
synchrotron-based tools are available to characterize the structural effects of MWR from the
micron down to the atomic scale, work in this field is ongoing, and no clear consensus exists
regarding the underlying mechanisms of EM field—-mediated phase transitions. We discuss the
instrumentation available to study field—matter interaction mechanisms and identify future

needs in synchrotron characterization to better understand how EM fields can engineer

advanced materials.

B. Reeja-Jayan

Il. INTRODUCTION

Application of electromagnetic (EM) fields with fre-
quency between 0.3 and 300 GHz, or microwave
radiation (MWR), can generate surprising phenomena,
which are not observed during conventional materials
synthesis. Field-assisted methods have been shown to
induce rapid phase transformations,'™ influence local
atomic structure,5 and affect microstructure®™® at signif-
icantly lower temperatures compared with conventional
techniques. Indeed, field-assisted processes have been
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applied to a range of material systems, including
ceramics,"'®!"  metal-organic frameworks,'>  poly-
mers,'>'* and pharmaceuticads.15 However, the wide-
spread application of these methods is still limited by
a lack of understanding regarding the underlying mech-
anisms of many field-mediated effects, particularly in the
case of ceramic materials. In particular, the role of
thermal effects and field-induced “non-thermal” effects
is debated.'*' Currently, the prevailing explanations
attribute the observed effects to thermally driven rapid
heating rates'”'® and localized grain boundary heat-
ing,'>** while increased mass transport®?' and signifi-
cantly enhanced defect generation”*? are the most
commonly cited non-thermal mechanisms. For a more
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comprehensive discussion of the potential mechanisms
underlying field-assisted techniques, the reader is directed
to reviews by Raj et al.'” and Jha et al.?® To further
investigate these mechanisms and understand how
applied fields can drive these low-temperature trans-
formations, it is necessary to deploy emerging, advanced
characterization tools.

Synchrotron X-ray sources are a powerful tool for such
structural characterization, as they couple high-energy
X-rays (>300 keV) with increasingly rapid data acqui-
sition to enable characterization in a variety of sample
environments and on a wide range of material types.
Synchrotron sources can also provide a range of beam
energies and measurement techniques to enable charac-
terization from the microscale down to the atomic scale
for both crystalline and non-crystalline materials. These
advantages of synchrotron radiation are not available
using standard laboratory X-ray sources (e.g., Cu K,
radiation), and thus provide the opportunity to apply new
characterization methods to the study of MWR-
synthesized materials. Additionally, synchrotron sources
provide the capability to analyze materials both ex situ
and in situ. In situ instrumentation is inherently more
difficult to implement, as it requires custom sample
environments that simultaneously contain MWR and
isolate the material of interest without significant in-
terference from the surrounding environment (e.g., pre-
cursor solution, walls of the reactor). However, such in
situ studies capable of observing the effects of MWR in
real time may be of critical importance in uncovering the
influence of EM fields on phase transitions and other
related transient phenomena. Currently, synchrotron
techniques have not been widely implemented in the
characterization of MWR-grown materials either ex situ
or in situ. The purpose of this review is to introduce
recent advances that utilize synchrotron radiation to
characterize MWR-assisted synthesis and to discuss the
potential of synchrotron-based techniques in helping to
uncover the mechanisms underlying field-assisted
synthesis.

This review outlines recent synchrotron X-ray exper-
imentation applied to characterize materials grown by
MWR-assisted synthesis and discusses how the charac-
terization methods used may be beneficial in understand-
ing the mechanisms underlying field-assisted materials
synthesis, with a focus on ceramic materials such as
metal oxides. While MWR has also been used for
sintering of ceramic powders, this topic is outside the
scope of this review. The review is split into five sections.
Section II introduces the process of MWR-assisted
synthesis. Section III reviews recent ex situ studies using
synchrotron radiation to characterize MWR-synthesized
materials. Section IV details advances in in situ in-
strumentation and results. Finally, Sec. V provides
a summary and discusses prospects for the use of

synchrotron X-ray sources to understand how externally
applied fields can engineer advanced materials in the
future.

Il. OVERVIEW OF MWR-ASSISTED SYNTHESIS

MWR-assisted synthesis involves the application of
MWR with a frequency typically in the range of 0.3-300
GHz to a precursor solution or solid-state mixture,
promoting rapid heating and crystallization. This process
has been demonstrated in the synthesis of a wide variety
of ceramic materials,' as well as to sinter oxide and non-
oxide ceramic powders. The heating mechanism in
MWR-based methods is inherently different from con-
ventional furnace-based heating. MWR heats a material
volumetrically, while a furnace heats only the outer
surface and is reliant on conduction to move heat
throughout the material. There are two main mechanisms
widely proposed for microwave heating: ohmic (Joule)
heating and dielectric heating. Ohmic heating is caused
by the oscillation of free charges in an alternating electric
field (E-field), leading to dissipation of thermal energy.
Dielectric heating is caused by the rotation of molecular
dipoles as they attempt to align themselves with the
E-field (Fig. 1). These can be described mathematically
by the complex form of permittivity:

e=¢ —j&’ |

where ¢’ is the real component of permittivity and
describes the electric charge storage within the material
and €” is the imaginary component describing energy loss
from dipole relaxation. The energy lost by a given
material exposed to microwave energy can then be
described by the loss tangent, as follows:

!
we' + o
tand = ——
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where o is the angular frequency of the applied field and
o is the electrical conductivity. we” describes the di-
electric heating component, while ¢ quantifies the ohmic
energy loss from free charge (e.g., electron, ion) oscilla-
tion.”* For more information on how microwave heating
is utilized in materials synthesis, the reader is directed to
review articles by Tompsett et al.> and Rybakov et al.'®

The volumetric heating provided by dielectric and
ohmic losses can be advantageous, leading to rapid
heating rates and the potential for selective microwave
heating of specific components in the reaction.?®~>8
However, in many cases, the results observed during
microwave synthesis are not easily explained by these
thermal mechanisms, leading to speculation regarding
potentiall MWR-driven non-thermal effects.'®2%-29-30
These potential non-thermal effects include enhanced
mass transport due a ponderomotive force,® reduced
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activation energies,31 and improved reaction kinetics.*?
Expanding the techniques available to characterize
MWR-grown materials is critical to furthering our un-
derstanding of these effects. In the following sections, we
review reports utilizing synchrotron radiation to study
MWR-assisted synthesis both ex situ and in situ, pro-
viding details into the experimentation required to con-
duct such studies and the insights that can be obtained.

lll. EX SITU SYNCHROTRON X-RAY STUDIES OF
MWR-ASSISTED SYNTHESIS

There are only a handful of synchrotron-based studies
characterizing MWR-synthesized materials ex situ. While
the debate about MWR-driven non-thermal effects is
centered predominantly around ceramic materials, partic-
ularly oxides, insight can still be gained from the
experimental techniques used and conclusions obtained
from studies on other material systems. Two such recent
reports will be reviewed in this section, covering MWR-
assisted synthesis of TiNiSn and TiCoSb half-Heusler
compounds33 and titanium dioxide (TiO,) thin films.>

Birkel et al. used a domestic microwave oven (LG
Goldstar, Seoul, South Korea) operating at 700 W to
synthesize TiNiSn and TiCoSb half-Heusler compounds
at significantly reduced reaction times.>” The reaction time
was reduced from more than a week (conventional) to
1 min (microwave). It was found that MWR-grown TiNiSn
had improved thermoelectric properties relative to the
conventional sample, while MWR-grown TiCoSb had
significantly diminished thermoelectric properties relative
to conventionally made TiCoSb. Synchrotron X-ray dif-
fraction (XRD) data were collected at the Advanced Photon
Source (APS), Argonne National Laboratory, and used to
compare the crystalline structure of MWR and convention-
ally grown compounds. For the TiNiSn compound, the
phase composition present was the same in both MWR and
conventional samples. However, the compound exposed to
MWR exhibited a lower thermal conductivity and thus
a higher Seebeck coefficient. This was attributed to in-
creased phonon scattering by the nanocrystalline grains
induced by the MWR-assisted synthesis process and
provides a beneficial examples of how MWR exposure
can influence structure and resultant material properties.

In the TiCoSb compound, the low Seebeck coefficient
observed in MWR-grown samples was attributed to the
formation of a secondary metallic impurity phase, CoSb,
in the material. This impurity phase led to metallic-like
behavior in the thermal and electrical transport properties,
thus hindering the thermoelectric properties of MWR-
grown TiCoSb. This impurity phase was observed only in
MWR-grown samples and was characterized by addi-
tional peaks observed in the synchrotron XRD data. The
TiCoSb example discussed in this report provides an
example of an MWR-driven effect on the resultant phase

composition of the material. However, little discussion is
given to how the application of MWR may have induced
this secondary phase, making it difficult to clearly
distinguish the role of MWR in the formation of half-
Heusler compounds. Additionally, no information was
given regarding the reaction temperature in the micro-
wave compared with conventional methods, making
a direct comparison of phase formation difficult. While
this study provides an example of how MWR can
influence microstructure, atomic structure, and the re-
sultant material properties, it does not further investigate
potential mechanisms of how MWR may influence phase
transitions in materials.

By using synchrotron X-ray pair distribution function
(PDF) analysis, our work (Nakamura et al.), also reported
differences in phase composition relative to conventional
processes in TiO, films synthesized by MWR-assisted
synthesis.” Unlike XRD, which uses Bragg reflections
and characterizes only long-range atomic order (crystal-
line phases), PDF analysis is capable of quantitatively
characterizing both local and long-range atomic order,
thus giving information on crystalline and amorphous or
locally disordered components in the material >* By
incorporating both Bragg and diffuse scattering informa-
tion, PDF analysis provides a powerful new tool to study
deviations from the symmetry (e.g., changes in short-
range atomic ordering) that is frequently observed when
external fields like MWR are applied.’ Figures 2(a) and
2(b) illustrate the ex situ PDF data collection process for
a TiO, thin film sample. The resultant PDF gives the
scaled probability of finding atomic pairs a certain
distance apart. Therefore, PDF analysis yields a direct,
real-space measurement of interatomic distances in a ma-
terial [Figs. 2(c) and 2(d)]. Using a starting reference
structure, least squares fitting can be performed to extract
quantitative information in addition to bond distances,
including phase percentages, lattice parameters, and
atomic displacement parameters [Fig. 2(e)].**> For more
details regarding PDF data collection and analysis, the
reader is directed to the textbook by Egami and
Billinge.**

In the study by Nakamura et al., TiO, thin films were
synthesized on electrically conducting layers using
MWR-assisted synthesis. The conducting layer facilitates
preferential MWR absorption by focusing the MWR like
an antenna. This experimental design promotes localized
crystallization and growth of TiO, films on the conduct-
ing layer. Utilizing thin film PDF data acquisition and
analysis methods®® at the National Synchrotron Light
Source I (NSLS-II) at Brookhaven National Laboratory,
it was found that TiO, films grown by MWR-assisted
synthesis at a solution temperature of 160 °C contained
long-range crystalline anatase phase TiO, mixed with
a locally ordered amorphous component. PDF fitting
revealed that this amorphous component could be
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FIG. 1. Schematic of MWR-assisted synthesis. MWR-assisted synthesis has been demonstrated for a variety of syntheses, including nanoparticle
and thin film growth. The predominant modes of microwave heating, ohmic and dielectric heating, are also represented. Open questions remain in
the field of MWR-assisted synthesis regarding if these heating mechanisms are the sole driving force behind the rapid, low-temperature
crystallization observed during MWR-assisted synthesis or if potential non-thermal, MWR-driven effects exist.

estimated by a 77:23 brookite:anatase ratio. In contrast,
TiO, films synthesized in the furnace without MWR
exposure at similar low temperatures (150-160 °C) using
the same substrate and precursor were found to be fully
amorphous, with a local atomic structure estimated by
a 80:7:13 brookite:anatase:rutile ratio. These results in-
dicate a clear influence of MWR exposure on both
crystalline phase formation and local atomic ordering in
TiO, even at such low temperatures. Regular XRD alone
could not discriminate these subtle structural changes,
which suggest that MWR can influence atomic structure
in ways not attainable via conventional, furnace-based
synthesis routes.

However, further work is necessary to better explain
the mechanisms by which MWR induces phase trans-
formations. For example, the impact of field absorption
by the electrically conducting layer on local reaction
temperature is not known, making the differentiation of
potential thermal or non-thermal effects difficult. Addi-
tionally, the observation that MWR can influence phase
transitions is not supported by a hypothesis to explain
how MWR may drive these transitions. Clearly, more
work is needed to differentiate thermal and non-thermal
effects of MWR and to better develop an underlying
theory as to how MWR influences phase formation in
ceramic oxides. The implementation of in situ

experimentation to monitor MWR-assisted synthesis will
be critical for expanding upon these early ex situ
investigations and working toward development of such
a theory.

IV. IN SITU SYNCHROTRON X-RAY STUDIES OF
MWR-ASSISTED SYNTHESIS

An important component of uncovering the mecha-
nisms underlying MWR-assisted synthesis is the ability
to monitor structural changes in the irradiated material as
MWR is being applied. In this regard, the development of
in situ instrumentation to study field-assisted reaction is
critical. The application of in situ synchrotron techniques
during MWR exposure will enable detailed characteriza-
tion of phase transitions, intermediate phase formation,
and other transient processes to directly relate applied
fields to changes in structure. The following section
discusses recent advances in in situ instrumentation
capable of monitoring MWR-assisted reactions using
synchrotron-based techniques.

A. In situ XRD

XRD yields information on crystalline phases in
a material. Utilizing synchrotron radiation for XRD
studies is particularly useful, as the high-energy X-rays
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FIG. 2. (a) Schematic of PDF data collection. (b) The resultant 2D diffraction pattern, which includes contributions from both the TiO, thin film
and the substrate. Dead pixels and the beamstop (seen as black regions in the image) are masked out before integration to a 1D intensity. (c) PDF
data for a furnace-grown TiO, thin film at 450 °C (blue), shown with a phase refinement to crystalline anatase TiO, (red). The difference is shown
below offset in green and is quantified by the goodness-of-fit parameter R,,, where lower R, values correspond to a better fit to the data. (d) Low-r
PDF data, which corresponds to the local atomic order in the material. Specific PDF peaks are labeled in (d), with their corresponding interatomic

distances in the anatase unit cell shown in (e).

allow data collection over a large 260 range and improves
penetration through the sample, which limits interference
from the background (e.g., precursor solution) during in
situ studies.

In a study by Liu et al., a Monowave 300 microwave
reactor (Anton Paar, Graz, Austria) operating at 2.45 GHz
was modified to enable in situ XRD experiments at the 1
ID-E beamline at the APS [Fig. 3(a)].>’ The MWR-
assisted growth of Ag nanoparticles was then monitored,
and it was found that the reaction kinetics of Ag nano-
particle growth when exposed to MWR are significantly
enhanced compared with synthesis using conventional oil
bath heating [Figs. 3(b) and 3(c)]. While no conventional
oil bath experiments were presented in the above report,
results from MWR-assisted synthesis were compared
with prior publications from the authors on conventional
oil-bath Ag nanoparticle synthesis. The rapid growth was
attributed in part to oriented attachment of Ag nano-
particles in the solution. Indeed, it was shown that the
growth kinetics differed along various crystallographic
directions, with the (111) direction having a higher rate
constant than the (200) direction. This indicates that
MWR-assisted growth of Ag may be anisotropic and that
surfaces of the Ag are terminated with {111} facets.
Despite these results, the authors do not discuss why the
Ag nanoparticles may prefer to terminate with a particular

orientation or how the MWR may be influencing which
orientation is preferred.

The preferred orientation observed in situ during
MWR exposure is interesting, as it suggests that prefer-
ential alignment may occur along the direction of the
E-field vector when exposed to MWR. For example, prior
work on MWR-assisted sintering found that pores in
710, align preferentially with the applied MWR.® Direct
E-field—assisted sintering experiments (e.g., flash sinter-
ing) have also reported field-induced texture in TiO,
samples.* While the processes of synthesis and sintering
differ, the theme of preferred orientation induced by
externally applied fields appears to be consistent. As
pointed out by Liu et al., within the context of synthesis,
this preferential orientation and attachment may be
a driving factor in the rate enhancement observed during
MWR-assisted synthesis.

In another report, Nicula et al. utilized a single-mode
microwave applicator with a rectangular cavity to study E
(electric) and H (magnetic) field—assisted heating sepa-
rately, including phase transitions during the reduction of
magnetite (Fe3O04) to iron,***! " intermetallic synthe-
sis,*** and crystallization of amorphous materials.**~*°
We will focus our discussion here on the reduction of the
ceramic oxide system of Fe3O4. The reduction of
magnetite Fe;O, was studied by in situ XRD during
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MWR exposure in both an E-field maximum®*' and an
H-field maximum® and during conventional furnace
heating.*® Fe;O4 was mixed with carbon black and
exposed to MWR at a frequency of 2.45 GHz and
a forward power of 500 W. When in an E-field maximum,
the powder was heated to 1100 °C and Fe;0,4 was reduced
to Fe metal. The transition occurred by first reducing
Fe;0, to a nonstoichiometric FeyggO phase, then to
a nearly stoichiometric Fey 94O composition, and finally
to Fe metal [Fig. 4(a)]. When the same reaction was

carried out in an H-field maximum, the sample heated to
only 770 °C, and the yield of Fe metal was only 32.6%
(compared with 58.8% in the E-field maximum). Conven-
tional furnace heating at 1000 °C again reduced Fe;O4 to
Fey 330 and Fe( 040, but it was unable to further reduce
the oxide to pure Fe metal [Fig. 4(b)]. Additionally, the
reaction was much slower using conventional heating,
indicating that MWR increases the reaction kinetics.

The results observed in the above study on MWR-
assisted Fe;O, reduction were attributed to multiple

ot
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FIG. 3. (a) Anton Paar Monowave 300 microwave reactor modified to enable in situ XRD. (b) Plot of XRD patterns from Ag nanoparticle growth
over time. Green arrows indicate when the reaction reached its final temperature of 140 °C, and the standard Ag XRD pattern is plotted above for
reference. (c¢) XRD patterns from a few specific times during the reaction. Reprinted with permission from Ref. 37. Copyright 2016 American
Chemical Society.

& magnetite 100 F Cog,_ ,_):b_nmo
O wislite o0k </
&£ 4
@m Fe = o p
—KJMA fit ® OF & )
c 70F le) .
£ . o & 7
2 8 60 F (:: m?gflehte r:C o) ’ -
£ = sob O wistite £ :
=) B linear fit o IR
H E ©OF o w2 &%
P /o
’9_? 20 F j ,C" ¢
10F - ! =3}
3 s g z
D- \'t L 1 1 1 1 ' L 1 1 1 1 1

240 300 380 420 480 540 600 660 720 780 840 900 960
Elapsed time (seconds)

100 150 200 250 300 350 400 450

(a) Time (seconds)
FIG. 4. (a) Variation in weight percent of Fe;0, (magnetite), Fe gsO (W1), Fey 940 (W2), and Fe over time when the Fe;0,/carbon black mixture
is heated in an E-field maximum. Wustite refers to the total amount of Fe,O phase present. KIMA fit refers to a fit to the Kolmogorov-Johnson-
Mehl-Avrami equation. (b) Variation in the amount of phase present under conventional furnace heating. Note that pure Fe metal never forms,
despite a significant increase in the reaction time. (a) Reprinted from Ref. 41, with the permission of AIP Publishing. (b) Reprinted from Ref. 40,
with the permission of Elsevier.
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mechanisms, including a lowered activation energy for
the reaction, enhanced mass transport induced by MWR,
and enhanced volumetric heating by MWR due to a large
concentration of defects in the Fe,O phases. The un-
derlying cause of a potential decrease in activation energy
or enhanced mass transport was not discussed, but similar
ideas have been proposed previously in MWR-assisted
synthesis and sintering processes.®>' MWR was hypoth-
esized to enhance heating due to the high concentration
of defects in Fe,O phases, which would enhance local
energy losses. An interesting observation can be made
from the experimental results showing that the E-field
maximum led to higher sample temperatures and more
Fe;0,4 reduction. This result suggests that the increase in
the E-field component led to either improved heating
around these defects or the generation of an increased
amount of oxygen defects in the material. As the furnace
sample was also heated to a similar temperature and held
for a long period of time, this could suggest that E-field—
induced defect generation or MWR-driven defect clus-
tering may have been one of the driving forces for the
reduction reaction. If the effects were indeed due only to
a volumetric heating component, the long furnace hold
times should have given ample time to dissipate heat
throughout the Fe;O, sample and produce similar
reduction results. A similar debate exists in the direct
E-field—assisted/flash sintering community, where en-
hanced densification has been attributed to both enhanced
local heating at grain boundaries'®*° and enhanced
oxygen defect generation in the bulk of the material.”**
However, both in the above study and within the broader
field-assisted community, no quantitative explanation can
be given for why MWR may lower defect formation
energy or enhance defect clustering, making it difficult to
attribute MWR-based effects to non-thermal defect gen-
eration. The low energy of the 2.45 GHz MWR applied
further strengthens this argument.

Energy-dispersive XRD (EDXRD) has also been used
to study MWR-assisted synthesis in situ. EDXRD gives
similar information to conventional XRD. However,
EDXRD uses a polychromatic incident beam and holds
the detector angle 20 constant, while XRD uses a mono-
chromatic beam of constant energy and scans over a range
of 20 values. Wragg et al. have used EDXRD to study the
synthesis of AIPO4 frameworks in situ under both MWR
and conventional heating.*’ They find that the synthesis
rate in the microwave is 10 times faster than when grown
conventionally, again indicating an enhancement in re-
action kinetics due to MWR. When synthesized using
conventional heating, an intermediate phase is observed
prior to the final AIPO, framework. However, in MWR-
assisted synthesis, the final AIPO, structure is observed
directly with no indication of intermediate phase forma-
tion. This suggests that the application of MWR can
influence phase formation pathways during materials

synthesis. This study was unable to identify the compo-
sition or structure of the intermediate phase that formed
during conventional synthesis, but the lack of an inter-
mediate phase in the MWR-grown sample was attributed
to the fast nucleation rate and rapid heating associated
with MWR.

B. In situ small- and wide-angle scattering

In addition to XRD, small-angle X-ray scattering
(SAXS) and wide-angle X-ray scattering (WAXS) have
been used for in situ monitoring of MWR-assisted
synthesis. SAXS involves collecting only low-angle 20
values, generally by moving a 2D large-area plate de-
tector far from the sample of interest. SAXS thus collects
only the small-angle scattering and can be used to
monitor particle size distributions and interactions.
WAXS, on the other hand, involves collecting the high-
angle 20 scattering and can monitor the dynamics of
long-range ordering in materials and growth of crystalline
phases.

A custom-built microwave reactor was used to monitor
MWR-assisted silicate zeolite synthesis.*®*? This reactor
operated at 2.45 GHz and featured a rectangular wave-
guide, coaxial stub tuners, and a sliding short (Fig. 5).
This design allows the frequency to be tuned to promote
maximum heating in the chamber. The microwave power
was supplied via a coaxial cable attached to a SAIREM
type GMP 03 KS/M generator with a forward power of
300 W. Rectangular slots were machined in the side of
the waveguide to allow the X-rays to pass through. This
experimental setup was then used to study the role of
precursor solution on silicate zeolite synthesis.** Panzar-
ella et al. found that MWR enhanced the rate of zeolite
crystallization regardless of the precursor used. Despite
the rate increase, certain precursor concentrations had no
effect on the mechanisms of zeolite formation, as SAXS
data indicated that the nanoparticle reorganization leading
to crystallization is similar. However, other chemistries
produced a clear effect of MWR on the material formed.
For example, when a precursor solution containing
a mixture of NaA zeolite, NaX zeolite, and sodalite
was used, MWR was found to selectively promote
different phases relative to conventional heating. Con-
ventional heating led to a nearly pure sodalite phase,
while MWR exposure induced high NaA and NaX
content. This example thus demonstrates the ability of
MWR to shift the selectivity of certain reactions.

The above results, however, were not discussed in the
context of any underlying MWR-based mechanisms,
making it difficult to draw conclusions regarding how
MWR exposure may have influenced selective phase
formation during the silicate zeolite synthesis. However,
the outline for the custom microwave reactor designed
here should be applicable to other synchrotron X-ray
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characterization techniques, as the only the sample holder
and location of outlet ports would need to be modified to
accommodate specific experiments. Additionally, the
ability of SAXS to characterize particle size distributions
and interactions provides the opportunity for future
SAXS studies to yield valuable information regarding
MWR-induced particle reorientation and oriented attach-
ment in solution.

C. In situ X-ray absorption spectroscopy

In situ studies of MWR-assisted synthesis have not
been limited to X-ray scattering methods. X-ray absorp-
tion spectroscopy (XAS), specifically extended X-ray
absorption fine spectrum analysis (EXAFS), has also
been recently demonstrated.”® XAS involves scanning the
incident X-ray energy around an absorption edge of
a particular atom, with a large increase in X-ray absorp-
tion occurring at the edge. The corresponding interaction
of the ejected photoelectron with its surrounding

environment then affects the measured absorption co-
efficient after the edge and can be related to the local
coordination environment around the atom of interest.
EXAFS is thus a chemical-specific structural probe,
capable of providing information regarding the local
atomic environment around a specific atom type of
interest.”!

Cozzo et al. demonstrated that time-resolved in situ
EXAFS data could be collected to monitor the evolution
of gelation reactions.’® The experimental setup was tested
in two experiments: (i) flow of droplets of a Ce(NO;)3
solution through a waveguide with EXAFS data collected
in fluorescence mode [Fig. 6(a)] and (ii) precipitation of
Ag from an AgNO; solution with data collected in
transmission mode [Fig. 6(b)]. This was a proof-of-
concept study to demonstrate the feasibility of collecting
XAS data on a discontinuous signal [from the falling Ce
(NOs3); droplets] and to determine if rapid data collection
techniques provided usable EXAFS spectra. The Super-
XAS beamline at the Swiss Light Source was used, which
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has a Quick EXAFS monochromator capable of rapid
XAS data collection.’* Rather than starting from below the
absorption edge and scanning upward in energy for each
scan, this method alternatively scanned the energy from
below the absorption edge to above the edge and then
reversed direction to collect a new scan moving from high
energy to low energy. This allowed for rapid data
collection, with two full spectra collected every second.
This report demonstrated that rapid XAS data collection
on a discontinuous solution under MWR exposure was
feasible and that the rapid Ag precipitation occurring
during MWR-assisted synthesis could be effectively mon-
itored using the SuperXAS beamline [Fig. 6(c)].

As this study was meant as a feasibility test in
preparation for future in situ XAS experiments, no
discussion was presented on the mechanisms underlying

the synthesis performed. It is additionally worth noting
that such rapid data collection is not always possible at
XAS beamlines due to limitations on monochromator
movement, pushing the data collection time for individ-
ual spectra to the order of minutes rather than seconds.
For more rapid MWR-assisted reactions, this longer time
scale may not be feasible for effectively monitoring local
structural changes and reaction kinetics. However, given
a long enough reaction or the ability to use similar rapid
data acquisition tools as presented here, monitoring the
local atomic order and chemical specific coordination
environment as a function of MWR exposure would be
very beneficial. This information regarding local atomic
order is not available using XRD or SAXS methods, and
the atom-specific nature of XAS data provides the
opportunity to investigate the response of specific atomic
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coordination environments, such as how cations of
differing oxidation states respond to MWR exposure.
The role of local structural probes such as XAS is
discussed further in Sec. V.

V. SUMMARY AND FUTURE OUTLOOK

The use of EM fields, such as MWR, during materials
synthesis holds tremendous promise for engineering
novel materials at significantly lower temperatures and
reaction times than conventionally required. To realize
this potential, it is critical to address open questions in the
community surrounding the underlying mechanisms of
MWR and field-assisted synthesis methods.'®** Many of
the synchrotron-based characterization tools presented
above provide valuable insight into these mechanisms,
but there is still no clear consensus regarding how EM
fields promote these rapid, low-temperature processes.
For example, is the rapid rate enhancement driven purely
by enhanced heating rates or more efficient volumetric
heating, or can applied fields influence mass transport or
defect generation in ways not possible via thermal
mechanisms alone? Synchrotron X-ray sources and their
corresponding characterization tools provide a new path-
way for investigating such mechanisms, and this work
reviews recent developments in both ex situ and in situ
studies using synchrotron tools to study MWR-assisted
synthesis. Ex situ studies have provided valuable in-
formation regarding the effects of MWR on atomic
structure, phase formation, and resultant properties but
are inherently limited in that they are unable to directly
observe field-mediated effects as they occur. Ex situ
experiments thus fail to capture the dynamic, time-
dependent nature of field-mediated chemical reactions.
Experimental arrangements capable of in situ X-ray
characterization of MWR-assisted growth are therefore
critical to understanding how MWR exposure influences
nucleation, growth, and crystallization relative to con-
ventional synthesis processes.

Moving forward, several areas of development can be
identified to further improve our understanding of the
mechanisms underlying field-assisted processes. It is
important to apply the characterization methods dis-
cussed here to a broader range of ceramic and other
materials of interest to develop a more comprehensive
framework describing MWR-based effects as a function
of intrinsic material properties. Additionally, coupling
accurate localized temperature measurements with in situ
X-ray characterization will help distinguish between the
role of purely thermal and non-thermal effects. While
infrared imaging tools have steadily improved in spatial
resolution, the exact local temperatures when external
fields such as MWR couple with materials remains
unknown. Finally, it is critical to expand the scope of
in situ characterization beyond XRD. While in situ XRD

studies will continue to provide valuable information
regarding crystalline phase formation and the reaction
kinetics of MWR-assisted synthesis, they are unable to
quantify the effect of MWR exposure on local atomic
order (e.g., changes in bond distances or coordination
environments, defect generation).

Expanding the implementation of XAS measurements
can provide information regarding how MWR exposure
influences atomic coordination environments and will
provide insight into how MWR influences the environ-
ment of specific cations. This can help distinguish MWR
effects across different ceramic materials and inspire future
studies on how the valence state of cations or changes in
local coordination environment influence interactions with
an applied field. Expanding the scope of X-ray PDF
studies will also be of importance in future investigations.
While in situ experimentation to acquire PDF data during
MWR-assisted synthesis has yet to be implemented, it
would provide a means to monitor changes in both local
atomic order and long-range crystalline phase formation
simultaneously. In situ PDF studies would also provide
direct information regarding changes in bond lengths and
local interatomic distances as a function of field exposure.
The increased use of local structural probes such as XAS
and PDF analysis will be instrumental in studying the
potential role of defects in MWR-assisted reactions, as
such short-range structural perturbations are not observ-
able via XRD. In situ XRD can also be complimented by
increased usage of SAXS, which can provide information
on particle size and orientation distributions in solution,
thus investigating the role of preferential alignment with
the applied field as well as potential MWR-induced
oriented attachment of particles.

Uncovering the mechanisms underlying MWR-
assisted synthesis may also require a broad viewpoint,
taking into account observations from other field-assisted
synthesis and sintering methods to investigate how
mechanisms may be connected across field-driven tech-
niques. As discussed previously, many of the proposed
thermal and non-thermal mechanisms, such as rapid
heating rates, localized heating, and potential field-
induced defect generation, are consistent across both
MWR-assisted synthesis and E-field—assisted sintering
(e.g., flash sintering).'®*® In particular, in situ
synchrotron-based studies of flash sintering in ceramic
oxides have been useful in identifying potential non-
thermal effects of E-field exposure, such as field-induced
texture,” non-thermal anisotropic lattice expansion,”
formation of field-stabilized phases,54 and increased
disorder on the oxygen sublattice relative to the cation
sublattice.”® These observations, particularly with regard
to field-mediated texture, phase formation, and oxygen
defects, appear to have a high degree of similarity to the
observed experimental results on MWR-assisted synthe-
sis presented in this review.
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Identifying the mechanisms underlying field-assisted
materials synthesis techniques is of fundamental impor-
tance to realizing the full economic potential of these
methods. The reduced temperatures and processing times
observed under external fields can have significant impact
in diverse areas, such as energy-efficient manufacturing.
Future expansion of in situ synchrotron-based character-
ization tools for the study of MWR-assisted synthesis, as
well as integration of these results with observations from
the broader field-assisted processing (e.g., sintering)
community, will be instrumental in identifying these
mechanisms and differentiating between potential ther-
mal and field-driven non-thermal effects. Continued
improvement of instrumentation and analysis tools, as
well as development of fourth-generation synchrotron
sources and X-ray free-electron lasers, will further
enhance in situ studies and enable characterization at
length and time scales not previously possible.
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