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Microwave (MW) irradiation has emerged as a powerful tool for accelerating materials synthesis, yet the
origins of its specific influence on reaction kinetics remain elusive. While multiple studies have attributed
the observed enhancements in reaction rates under MW heating to reduced activation energies, other
accounts have suggested modifications to the Arrhenius pre-exponential factor as the predominant
cause. Distinguishing between these parameters in modern applications of MW processing in
nanomaterials requires experimental approaches capable of resolving the dynamic and nuanced
structural kinetics that govern MW-assisted chemistry. Here, we combine in-situ synchrotron X-ray total
scattering with pair distribution function (PDF) analysis to track the structural evolution of SnO,
nanoparticles synthesized via MW-assisted and conventional hydrothermal conditions. Avrami modeling
and Arrhenius analysis suggest that although MW irradiation yields a higher apparent activation energy,
the enhanced crystallization is better explained by a pre-exponential factor several orders of magnitude
larger than that of conventional heating. These findings suggest that the MW field induces a higher
frequency of successful molecular rearrangements rather than lowering the intrinsic activation barrier.
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1 Introduction

The application of microwave (MW) radiation in materials
processing has been topic of considerable scientific intrigue in
recent decades. Since its initial inception within the domain of
organic chemical synthesis, numerous studies involving MW-
assisted processing of materials have demonstrated experi-
mental effects that are not observed via conventional processing
methods.” Although the literature is abundant with reports of
enhanced reaction rates,*® improved product yields or purity,”®
lower necessary synthesis temperatures,”" or even atypical
material properties of irradiated products,””™* the precise
nature of the underlying interactions between the incident MW
field and the reactant species remains elusive and speculative.
While thermal phenomena specific to MW heating, such as
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sophisticated descriptions of nanoscale transformations for MW-driven reaction kinetics.

volumetric or selective heating, are well established, the exis-
tence of particular nonthermal effects of the applied MW field
remains a controversial topic.»*>*®

One reoccurring interpretation of the unique influence of
MW irradiation in materials synthesis is that it lowers the
activation energy of a reaction, providing an alternative reaction
coordinate."”*® For instance, studies on the MW-assisted crys-
tallization of various lead-based perovskite thin films demon-
strated shorter reaction times and lower synthesis temperatures
relative to conventional processes, and this was correlated with
decreases in the activation energy of the MW-activated process
by roughly 30-40% compared to that of conventional heat-
ing."?° An investigation comparing the hydrogen-based reduc-
tion of magnetite under MW and conventional heating reported
that MW heating halved the apparent activation energy of its
conventional counterpart, resulting in a greater extent in the
reduction and metallization of magnetite with MW irradia-
tion.** Similar accounts of accelerated reaction kinetics in MW
processing have been described with considerable diminutions
in the apparent activation energy relative to conventional
heating for a variety of other metal oxide systems.>**
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However, a handful of studies have instead suggested that
the Arrhenius pre-exponential factor may play a more decisive
role in governing the distinct effects, such as the faster kinetics,
of MW-assisted synthesis. For example, an early study investi-
gated the synthesis of titanium carbide powder via the carbo-
thermal reduction of titania.>® Reaction rates were more than
three times faster under MW heating than conventional heat-
ing, and this was attributed to a comparable increase in the
calculated pre-exponential factor with no appreciable change in
the activation energy. Another study systematically investigated
the influence of various MW processing parameters on the
synthesis of silicoaluminophosphates (SAPO) zeolite crystals.?®
They found that MW heating increased both the activation
energy and pre-exponential factor of SAPO-11, with the pre-
exponential factor being several magnitudes higher than that
of conventional synthesis and more likely to explain the
improved reaction rate. A similar finding was determined by
monitoring changes in crystallinity from diffraction measure-
ments for the synthesis of a metal-organic framework material
via conventional electric heating, ultrasound irradiation, and
MW heating.”” Unsurprisingly, MW heating resulted in accel-
erated synthesis (two-to-threefold increase) over conventional
heating; however, this was also associated with both increased
pre-exponential factors and activation energies compared to
that of conventional heating. Therefore, the increased rate of
synthesis was attributed to the increased pre-exponential factor
rather than commonly-cited decreased activation energies.

Further elucidating the role of the applied MW field requires
time-resolved, atomically sensitive experimental probes that can
resolve the dynamic and nuanced effects of MW-assisted
synthesis.”® Therefore, in-situ characterization methods are
necessary to reveal the rapid phase transitions and reaction
kinetics that aren't captured in ex-situ studies.’®*® While in-situ
diffraction studies have previously been performed to directly
monitor phase transformations during MW processing,”* the
use of traditional X-ray diffraction (XRD) suffers from the inability
to appropriately characterize nanoscale materials or structures
with varying degrees of atomic disorder.>**® For such applications
where crystallinity is compromised or features of interest reside on
the nanoscale, as has been demonstrated in MW-synthesized
materials,*'***?*® total scattering and atomic pair distribution
function (PDF) analysis provide a more suitable tool over
conventional powder diffraction. With PDF analysis, structural
resolution from the local to global order can be studied with
a single probe, enabling characterization of the incipient
precursor reaction species all the way to the final amorphous/
crystalline product(s). However, integrating in-situ total scat-
tering measurements with MW irradiation poses nontrivial
experimental challenges and has represented a major bottleneck
in uncovering the fundamental mechanisms underlying MW-
assisted synthesis.

Recent in-situ PDF studies have successfully revealed crys-
tallization pathways during MW-assisted synthesis and
provided experimental evidence for local MW heating effects at
the atomic level.**® A prior study inspiring the one presented
herein demonstrated enhanced crystallization of SnO, nano-
particles in MW-assisted synthesis relative to conventional
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hydrothermal synthesis.® The more rapid growth of larger
crystallites was associated with distinct changes in the evolu-
tion of the local atomic structure and atomic oxygen displace-
ment parameter that did not occur with conventional heating
during the reactions. Despite these seminal findings, further
work is necessary to clarify the nature of the role of the applied
field in MW-assisted synthesis.

The aim of this study is to address these gaps by extracting the
Arrhenius parameters in the synthesis of SnO, nanoparticles.
Determining the apparent activation energies and pre-exponential
factors yields quantitative information on the influences of the
MW field on the reaction kinetics and intrinsic activation barriers.
Such insights can consequently provide a clearer interpretation of
the role of the applied field in promoting phase formation. We
chose SnO, as our material system for a couple of key reasons.
Firstly, a number of relevant studies for both conventional and
MW-assisted hydrothermal synthesis of SnO, have established
experimental precedence to provide a useful foundation for
mechanistic comparison.**” Furthermore, SnO, is a versatile and
promising material for a wide array of electrochemical applica-
tions in gas sensors, optics, batteries, and catalysis.**** We observe
that MW-assisted synthesis of rutile SnO, nanoparticles demon-
strates rapid crystallization relative to conventional hydrothermal
synthesis. The structural evolution of the irradiated chemical
precursor seems to increasingly deviate from that under conven-
tional heating as the applied MW power increases, demonstrating
that the extent of the MW effect is dependent on the intensity of
MW exposure. By applying Avrami modelling with Arrhenius
analysis, we show that the faster crystallization corresponds with
an elevated apparent pre-exponential factor rather than a reduced
apparent activation energy, suggesting that the applied MW field
augments the frequency of successful molecular rearrangements
rather than modifications to the intrinsic activation barrier.
Resolving this knowledge gap remains a critical obstacle in har-
nessing the specific benefits of the MW field in realizing modern
paradigms for ecological materials processing and precise mate-
rials design.

2 Methods

2.1 Synthetic procedures for tin oxide nanoparticles

Tin(v) chloride pentahydrate (SnCl,-5H,0, 98%) powder
(Sigma-Aldrich, USA) was dissolved in deionized (DI) water to
form a 2 M aqueous precursor solution. The solution was con-
tained inside borosilicate tubes (Hilgenberg GmbH, Germany)
with an outer diameter of 3 mm and a wall thickness of 0.3 mm.
The reaction tubes were sealed with quick-setting epoxy (J-B
Weld Company, USA) and an assembly of graphite ferrules
(Trajan Scientific and Medical, USA) and steel cap fittings
(Swagelok Company, USA). The reaction tubes were then
inserted into the process chamber of a bespoke MW waveguide
built for in-situ X-ray scattering experiments and designed in
collaboration with Gerling Applied Engineering. A schematic
diagram of the system is depicted in Fig. 1. A similar setup to
the one used in the present study, including the MW system,
has been previously described.®

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Schematic diagram of the experimental setup involving in situ
total scattering measurements with the custom MW reactor during
nanoparticle synthesis. The precursor sample is loaded into a borosil-
icate vessel within the MW chamber. MW radiation at 2.45 GHz is
supplied to the waveguide via a coaxial cable from a solid-state MW
generator. The incident X-rays are directed into the inlet port of the
MW chamber that contains the sample reaction vessel and are scat-
tered onto a 2D area detector located behind the outlet port of the
MW chamber throughout the chemical reaction.

The hydrothermal synthesis of SnO, nanoparticles was con-
ducted via conventional and MW-assisted methods. The conven-
tional synthesis method involved the application of a convective
heat gun (Maxwel Manufacturing, Hong Kong) that was mounted
adjacent to the MW process chamber and set to a desired output
temperature spanning the range of 200-240 °C. The MW-assisted
synthesis method was performed with mixed-heating involving
the application of conventional heating and MW radiation. This
was done to maintain a comparable heating rate to that of the
conventional synthesis method to afford a more direct compar-
ison with the results from conventional syntheses. This was
necessary due to the inherently slower heating rate of the pulsed
MW deposition scheme used to mitigate the pressure buildup in
the 0.9 mL reaction vessel during the experiments. The MW-
assisted synthesis method was achieved with the heat gun set to
a constant output temperature of 100 °C and MW output powers
spanning 20-40 W with an exposure cycle of 1 second on and 4
seconds off. An experimental reaction time of 35 minutes was set
for all conditions. However, some of synthesis conditions were
terminated prematurely during nanoparticle growth due to vessel
implosion from autogenous pressure buildup.

The reaction temperatures for each of the experimental
conditions were measured by adhering a fiber optic tempera-
ture probe (Qualitrol Corp, USA) to the surface of the reaction
tube via a thermally conductive ceramic compound (Artic Silver,
Inc., USA). For the synthesis experiments that reached steady
state, the reaction temperatures (of the liquid solution) were
measured to be 164 °C, 174 °C, and 181 °C under conventional
hydrothermal synthesis conditions and 130 °C and 138 °C
under MW-assisted synthesis conditions (Fig. S1). A maximum
temperature of 143 °C was recorded for the final MW-assisted
synthesis. Although this experiment did not reach an appre-
ciable steady-state temperature, the results have been included
for completeness and where applicable. Future references to the
temperatures from the synthesis conditions will be that of the
measured temperatures.

This journal is © The Royal Society of Chemistry 2026
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2.2 Pair distribution function (PDF) data acquisition and
analysis

The in situ X-ray PDF experiments were conducted at the X-ray
Powder Diffraction (XPD) 28-ID-2 beamline at the National
Synchrotron Light Source II (NSLS-II) at Brookhaven National
Laboratory (BNL). The MW system was installed at the hutch at
beamline 28-ID-2. PDF data was collected according to the rapid
acquisition PDF (RA-PDF) method.** A 2D PerkinElmer silicon
image-plate detector (2048 x 2048 pixels with 200 x 200 um
pixel dimensions) was positioned 247.33 mm behind the
sample. The incident wavelength of the synchrotron radiation
was A = 0.182 A. Calibration measurements were done with
CeO0,, and all datasets were collected at room temperature. The
PDF data processing was performed using PDFgetX3 within the
xPDFsuite software to subtract out the signal from the back-
ground and to set the Fourier transformation limits.*>** The
data was transformed with Qpin = 0.5 A~ and Q. = 17.5 A™1
with r,0y = 0.9 A. Structural refinements and analysis were
conducted using PDFgui.** Refinements were conducted in the
range of 1.5-50 A and implemented Nyquist data sampling. The
instrument resolution parameters Qgamp and Qproaa are refined
when fitting the standard CeO, data, and are fixed in the
subsequent structural refinements of PDF data, where Qqamp =
0.0307 A™" and Qpyoaq = 0.0478 A~1.4445 Experiments conducted
with DI water at identical settings with regard to the experi-
mental parameters for the conventional and MWe-assisted
synthesis conditions were performed to obtain the corre-
sponding temperature-dependent background scattering
signal. This component was subsequently subtracted from the
total scattering signal for the respective dataset before analysis
of the data. The data acquisition, reduction, and analysis are
described in greater detail in the SI.

3 Results and discussion
3.1 Nanostructures in the synthesis of SnO, nanoparticles

A plot of the time-resolved PDFs describing the formation of
rutile SnO, nanoparticles from the SnCl, precursor solution for
a conventional hydrothermal synthesis experiment is shown in
Fig. 2(a). Expectedly, there are no significant structural corre-
lations beyond 5 A at the beginning of the reaction, indicating
a monomeric complex. Early nuclear magnetic resonance
(NMR) spectroscopy studies revealed that aqueous solutions of
SnCl, comprised of several species, such as [SnCl,(H,0),] or
[SnCl;(H,0);]", in various quantities.’® To simplify its repre-
sentation, an initial discrete model for [SnCl,(H,0),]-H,O was
used to approximate the amorphous precursor complexes.®”
During the refinements with this model, the H atom was
removed due to its negligible scattering power. The crystal water
was included in the model but was not independently refined
due to its weak contributions to the PDF. A scale factor, low-r
correlation parameter (d,), and isotropic atomic displacement
parameters (Ujs,) were refined to the experimental PDF data of
the precursor solution as shown in Fig. 2(b). The spherical
nanoparticle size parameter was set to 7 A to only capture the
nearest-neighbor distances for the Sn—O and Sn-Cl bonds, and
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Fig. 2 Representative plots of the collected in situ PDFs and the resultant PDF refinements. (a) Time-resolved map of the in situ PDFs corre-
sponding to the conventional hydrothermal synthesis of SnO, nanoparticles at 164 °C. (b) The PDF refinement of the precursor solution near the
beginning of the synthesis reaction. The experimental data (blue) is fit to a [SNCl4(H,O),]-complex (red) with the difference offset below in green.
(c) The PDF refinement of the final synthesized product near the end of the synthesis reaction. The experimental data (blue) is fit to a mixed-phase
model (red) comprising the [SNCl,(H,O),] complex and the crystalline rutile SnO, phase with the difference offset below in green. The calculated
PDFs for the [SNCl4(H20),] (purple) and SnO, (yellow) phases are offset below.

symmetry constraints were automatically imposed on the
atomic positions according to space group, P2,/c. While some
misfit exists, the overall fit is agreeable and illustrates that this
simplified approach sufficiently describes the intensity ratios of
the Sn—O and Sn-Cl bonds at ca. 2.17 A and 2.37 A, respectively.
Furthermore, these experimental and refined peak locations are
in good agreement with previous diffraction studies of cis-
[SnCl,4(H,0),] which described Sn-O and Sn-Cl distances of
2.13-2.15 A and 2.37-2.39 A, respectively.”’

The synthesis of SnO, nanoparticles yielded the crystalline
rutile phase as shown in Fig. 2(c). A scale factor, the lattice
parameters (a, c), a low-r correlation parameter (6,), isotropic
atomic displacement parameters (Ujs,), and a spherical nano-
particle size parameter were refined. Refinements of the
evolution of the monomeric complexes in the precursor solu-
tion to the final crystalline rutile SnO, nanoparticles included
both the [SnCl,(H,0),]-H,0 and SnO, phases in which the ratio
of the constituent models was allowed to vary. The refined
parameters are provided in Table S1. Similar modelling strate-
gies have been implemented before.**” The analytical workflow
and general trends described here are also relevant to the total
scattering data from the experiments performed at the other
synthesis conditions (Fig. S2).

3.2 Formation of SnO, nanoparticles in conventional and
MW-assisted syntheses

The final experimental PDFs from the conventional hydro-
thermal synthesis and MW-assisted synthesis methods are
shown in Fig. 3. Specifically, the PDFs for all the synthesis
conditions in the long-range order (LRO) domain are shown in
Fig. 3(a). The extent of the PDF oscillations in the MW-
synthesized samples is similar to that of the conventionally
prepared SnO, nanoparticles, suggesting that the final spherical
nanoparticle diameters from the MW method are comparable
to those from the conventional method despite a deficit of more
than 30 °C in their nominal reaction temperatures. The final

J. Mater. Chem. A

diameters of the nanoparticles as determined by the PDF
refinements from the conventional hydrothermal synthesis
conditions at 164 °C, 174 °C, and 181 °C are 39 A, 49 A, and 45 A,
respectively, while the final spherical diameters of the nano-
particles synthesized via the MW-assisted method at 130 °C,
138 °C, 143 °C are 38 A, 39 A, and 41 A, respectively (Table S1).
The results seem to suggest that the resultant nanoparticle
diameters at the present experimental conditions are not
heavily dependent on the synthesis temperature. This observa-
tion is also supported by findings from previous studies
involving the hydrothermal synthesis of rutile SnO, nano-
particles which reported that the particle size was not temper-
ature dependent below 200 °C and seemed to stabilize around
4 nm.”’

The formation of the crystalline rutile phase was consistent
between the resultant SnO, nanoparticles from both synthesis
methods with no significant deviations in the final lattice
parameter values (Table S1). Similarly, the PDFs of the resultant
products in the local range, corresponding to the local atomic
arrangements, are comparable across the experimental condi-
tions as shown in Fig. 3(b). Previous studies of MW-processed
samples have demonstrated varying degrees of amorphization
or disordering induced in the resultant atomic structure of the
irradiated materials, especially those probing the local atomic
environments via PDF characterization.®'®'>'3¢ However, the
PDFs of the final SnO, nanoparticles in the local domain seem
largely comparable between the MW-assisted and conventional
hydrothermal synthesis methods in the present experimental
conditions. The PDF peaks at 3.8 A and 5.7 A are characteristic
of the Sn-Sn bond in rutile SnO,. The peak around 2.0 A
corresponds to Sn-O bonds present in the tin chloride
precursor and final rutile phase while the peak at 2.4 A corre-
sponds to Sn—Cl interatomic distances. The persistent intensity
of the Sn-Cl peak in the final PDF of the synthesized nano-
particles suggests that the formation of SnO, predominantly
involves the coordination of concomitant Sn—-O complexes to
the precursor species rather than the chloride complexes

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 PDF results of the synthesized SnO, nanoparticles. (a) The experimental PDFs of the final SnO, nanoparticles for the various synthesis

conditions in the LRO. (b) The corresponding experimental PDFs of the

final SNO, nanoparticles in the SRO. (c) The AG(r) plots for the various

synthesis conditions in the SRO throughout their synthesis reactions. Lighter colors represent earlier reaction times while darker colors represent

later reaction times.

themselves. This notion is supported by the considerable
presence of the precursor complexes indicated by the resultant
phase fractions from the refinements (Table S1) and has also
been reported previously in comparable studies.**” Overall, the
similarity of the PDFs in the local domain suggests that the local
atomic arrangements in the final synthesized SnO, nano-
particles were consistent between the synthesis methods.

To further evaluate structural differences between the
synthesis methods, the difference PDF, AG(r), was applied to
the in-situ PDFs to discern structural differences in the context
of phase formation. The AG(r) is given by eqn (1):

AG(r) = G(r) — G(r)—o (1)
where G(r) is any PDF following the start of the reaction, and
G(r);=o is the PDF at the start of the reaction at ¢t = 0 corre-
sponding to the initial precursor phase. Accordingly, positive
peaks represent an emergence of interatomic bonds forming at
that r value relative to the precursor tin chloride structure while
negative peaks represent a loss of interatomic distances at that r
value. In-situ characterization offers more transparent and
representative insights into the dynamic nature of MW-induced
structural effects that can be concealed by purely ex-situ
measurements.

The AG(r) plots for the MW-assisted and conventional
hydrothermal synthesis methods throughout their respective
reaction durations are shown in Fig. 3(c). For both synthesis
conditions, the development of peaks at the Sn-Sn bond
lengths of 3.8 A and 5.7 A as the reaction progresses illustrates
the formation of rutile SnO, as expected. Furthermore, the
depressions around 2.4 A corresponding to the Sn-Cl bond
intensity signify that the tin chloride complexes were involved,
representing a decrease in the Sn—Cl interatomic correlations
during phase formation. These trends and the overall time-
resolved profiles of the PDFs seem largely consistent among
the conventional synthesis conditions and the MW-assisted
synthesis at 130 °C. At an initial glance, this similarity

This journal is © The Royal Society of Chemistry 2026

contrasts with a previous MW study that observed noticeable
differences in the nearest neighbouring distances in the AG(r)
between MW-assisted and conventional hydrothermal
syntheses of SnO, performed at 140 °C and 150 °C, respectively,
thereby suggesting a mechanistic change under an external MW
field during phase formation.®* However, the MW conditions in
the present experiment performed at 130 °C are less intense
with regard to the exposure cycle and applied power, which
could affect the extent of the physical or discernible influence of
the external MW field on crystallization. Indeed, prior studies in
MW-assisted chemistry have demonstrated that variations in
the applied MW parameters affected the final properties of the
irradiated specimens and the influence of the MW field's
effect.®***%%* Furthermore, the concentration of the precursor
solution in the present study (2 M) is different than that used in
the aforementioned study (1 M), which would affect the scat-
tering signal and derived PDFs. Nonetheless, further inspection
shows that as the applied MW power increases from 20 W to
higher levels at 30 W and 40 W, structural deviations illustrated
by the AG(r) become more prominent and distinguished from
that displayed by the conventional hydrothermal method. The
existence of low intensity peaks in the r region from 2.5 A to 2.9
A that are not evident during conventional synthesis is also in
excellent qualitative agreement with the results from former
experiments.® While the assignment of specific interatomic
distances in this range is nontrivial due to the potential overlap
of Sn-Sn, O-O, and Sn-Cl peaks, the present study further
illustrates the effect of the MW field in the evolving structural
deviations in this region during the phase formation of SnO, at
increasing applied MW powers.

3.3 Kinetics of SnO, nanoparticle formation in conventional
and MW-assisted syntheses

The in-situ total scattering method allows further investigation
into the kinetics of crystallization of the SnO, nanoparticles,
providing an opportunity to survey fundamental differences in
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kinetic properties, such as the apparent activation energies or rate
constants, that can further clarify the role of the applied MW field.
While in-situ X-ray diffraction (XRD) techniques are well-
established for the quantitative analysis of reaction kinetics,*>
the use of the PDF method has further expanded quantitative
studies of phase formation and crystallization kinetics into
nanomaterials.***** The Kolmogorov-Johnson-Mehl-Avrami
model, also referred to as the Avrami model, has been widely
applied to describe and study phase transformations for a variety
of material systems.*®>* While it was originally developed for
solid-state reactions, its application has proven useful for studying
the crystallization kinetics of various nanomaterials synthesized
under hydro- and solvothermal conditions.*** In such cases, the
Avrami equation offers a straightforward, phenomenological
framework for extracting kinetic parameters, such as apparent
activation energies, or identifying relative trends in reaction
behavior.* The formulation for representing Avrami behavior can
be expressed by eqn (2):

a=1—e®" @)

where « is the transformed fraction of the reactant to the
product, k is the reaction rate constant, ¢ is the reaction time,
and n is the Avrami exponent reflecting the geometry of the
transformation. The fraction of the transformed product can be
estimated from the refined scale factors of the final rutile SnO,
phase. The full curves for the transformation fractions repre-
senting the formation of the SnO, nanoparticles for the
synthesis conditions are shown in Fig. 4. A portion of the red
curve representing the conventional synthesis condition at 174 °©
C near the middle of the reaction time was redacted due to an
experimental artifact resulting from particle agitation during
data collection. Nonetheless, the shapes of the phase trans-
formation curves largely exhibited the traditional sigmoidal
profiles characteristic of the Avrami model. The phase trans-
formation curves further support the observation that MW
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exposure improved the synthesis of the SnO, nanoparticles,
resulting in comparable or even higher crystallization rates at
lower measured temperatures than that of the conventional
hydrothermal conditions. In addition, conventional nano-
particle growth generally results in larger particles at higher
synthesis temperatures.*”*>** Therefore, the proximity of the
final diameters of the MW-synthesized SnO, nanoparticles to
that of the conventionally prepared SnO, is consistent with the
notion that MW irradiation accelerated the growth of the
resultant nanoparticles even at lower measured reaction
temperatures (Table S1).

The plots illustrating the fits to the Avrami model for the
conventional hydrothermal and the MW-assisted methods are
shown in Fig. 5 and 6, respectively. The final MW-assisted
synthesis condition was excluded for this portion of the anal-
ysis due to its lack of reaching an appreciable steady state
temperature (Fig. S1). The fit windows for the various synthesis
experiments were chosen such that they corresponded to the
experimental isothermal conditions for subsequent Arrhenius
analysis and the phase of nanoparticle growth past the initial
incubation period in accordance with Avrami model assump-
tions.*® The resultant fit parameters for the rate constant and
Avrami exponents as well as the coefficient of determination, or
R?, values for all the presented fits are tabulated in Table S2.

To elucidate the potential origins of the observation of
enhanced phase formation during MW-assisted synthesis of
SnO,, the Arrhenius parameters that relay the kinetic properties
of a chemical reaction can be considered from the Arrhenius
equation given by eqn (3):

k= Aexp (7;;) 3)

where k is the reaction rate constant, A is the pre-exponential
factor, E, is the activation energy, R is the universal gas
constant, and T is the absolute temperature. The equation can
be algebraically rearranged such that a graphical plot of the
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Fig. 4 Transformation curves derived from the PDF data during the SnO, nanoparticle synthesis experiments. (a) The evolution of the min—max
normalized scale factors for the rutile SnO, phase from the conventional hydrothermal synthesis condition. (b) The evolution of the min—max
normalized scale factors for the rutile SnO, phase from the MW-assisted synthesis condition.
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Fig. 5 The Avrami plots for the conventional hydrothermal synthesis conditions. The fitting was applied to the transformation curves following
the first inflection point corresponding to the onset of the growth-dominated regime and when the reaction temperatures stabilized at the
nominal temperatures at (a) 164 °C, (b) 174 °C, and (c) 181 °C. The respective rate constant, k, and Avarmi exponent, n, values are also shown.

natural logarithm of k as a function of the inverse T yields an
Avrami plot in which the slope of the linear trend is related to

the activation energy by Eaand the y-intercept of the plot is

related to the pre-exponential factor by In (A).

The Arrhenius plots constructed from the data for the
conventional hydrothermal and MW-assisted synthesis
methods for SnO, are shown in Fig. 7. The corresponding
regression statistics are tabulated in Table S3. We note that the
Arrhenius parameters are derived from experimentally acces-
sible isothermal conditions with the present setup, with repre-
sentative maximum temperatures recorded where steady-state
temperatures weren't achieved. Accordingly, the values for the
MW condition should be interpreted as comparative indicators
and are used here to assess relative kinetic trends rather than
absolute kinetic constants.

The resultant values for the apparent activation energy for
the conventional synthesis and the MW-assisted synthesis
methods are 16 k] mol™" and 270 kJ mol ", respectively. Inter-
estingly, the apparent activation energy for the MW-assisted
method is higher than that of the conventional hydrothermal
reaction. This result deviates from many reports of reduced
activation energies in MW processing, whether experimentally
determined or ascribed to postulated mechanisms, relative to
its conventional counterparts. However, given the number of
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Fig. 6 The Avrami plots for the MW-assisted synthesis conditions. The
fitting was applied to the transformation curves following the first
inflection point corresponding to the onset of the growth-dominated
regime and when the reaction temperatures stabilized at the nominal
temperatures at (a) 130 °C and (b) 138 °C. The respective rate constant,
k, and Avrami exponent, n, values are also shown.
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experimental data points, it is not unreasonable to assume that
the differences in the activation energies between the synthesis
modalities in the present experimental conditions could be
negligible. This would suggest that the reaction pathway for the
irradiated synthesis is not meaningfully distinct from the
conventional process. This is sensible in the present study given
the relatively mild MW irradiation conditions. However, such
a conclusion does not readily explain the observation of faster
crystallization in the MW-synthesized SnO, nanoparticles.

On the other hand, the apparent pre-exponential factors
determined for the conventional synthesis and the MW-assisted
synthesis methods are 37 min~" and 3.4 x10** min~", respec-
tively, representing several magnitudes of increase for the pre-
exponential term in the MW-irradiated process. Attributions
to an increased pre-exponential factor accounting for improved
reaction rates and/or yields in MW-assisted chemistry are not
uncommon in the literature.*>”%* The experimental results in
the present study further support prior findings which suggest
that an effect of the applied MW field in MW-assisted chemistry
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Fig. 7 The Arrhenius plots for the MW-assisted synthesis and
conventional hydrothermal synthesis of SnO, nanoparticles. The E,
values for the conventional hydrothermal method and MW-assisted
synthesis are 16 kJ mol™ and 270 kJ mol™?, respectively. The pre-
exponential factors for the conventional hydrothermal method and
the MW-assisted synthesis are 37 min~* and 3.4 x 10** min™?%
respectively.
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is an increase in the corresponding pre-exponential factor
rather than a decrease in the activation energy.

A common caveat in attributions to a nonthermal effect of
the MW field in experimental studies is the matter of accurate
temperature measurements. Indeed, the experimental difficul-
ties of measuring the local, representative temperature in MW-
assisted reactions remains an ongoing effort. Although the
presented temperature measurements herein incorporated
fiber optic probes as close to the reaction site as experimentally
permissible, errors in representing the exact reaction tempera-
ture are expected. One way to estimate the extent of erroneous
temperature measurements is through the substitution of the
values for the conventional Arrhenius parameters into eqn (3) to
calculate the corresponding temperatures under standard
hydrothermal synthesis that could plausibly account for the rate
constants observed during the MW-assisted reactions. Doing so
for the experiments that reached steady state for comparison
yields temperatures of 158 °C and 169 °C for the first and
second MW conditions, respectively, representing an inaccur-
acy of 28 °C and 31 °C in the measured temperatures, respec-
tively. Variations of this magnitude are modest and well within
the realm of temperature gradients expected in MW
processing,®*” initially suggesting that the experimental
outcomes could simply stem from purely thermal phenomena
albeit under MW irradiation. However, this does not fully
represent the possibilities responsible for the faster crystalli-
zation rates shown in Fig. 4 under MW irradiation relative to
conventional hydrothermal synthesis at the nominal tempera-
tures determined via eqn (3).

One possible explanation involves the challenge of capturing
the representative temperature in MW heating, i.e., a disparity
between the local reaction temperature and the measured bulk
temperature. The observed rupture of the reaction vessel at the
end of the second MW synthesis suggests that the reaction
temperature may have exceeded the measured temperature.
However, vessel failure alone does not confirm that the reaction
volume experienced uniformly elevated temperatures. Localized
heating, transient temperature gradients, or pressure pulses
could have mechanically stressed the vessel walls or interfaces,
leading to structural failure.

The phenomena of selective heating or “hot spots” is well
documented within MW processing,*>*® and reports of unique
effects of MW processing have been linked to such character-
istic behavior, even at the atomic scale.”?** Further experi-
mental probes, such as high temporal and spatial thermal
imaging or temperature-dependent chemical markers, would be
necessary to better understand the correlation between local
and bulk temperatures in MW-assisted reactions.”’®”* None-
theless, localized temperatures or phenomena that aren't rep-
resented by the measured bulk temperatures could account for
the notable crystallization rates observed in the MW
experiments.

Conversely, if we consider that the measured temperatures
adequately represented the bulk reaction environment in the
compact vessel-probe setup, then the temperatures estimated
from the Arrhenius relation still yielded lower values for the
MW-irradiated reactions compared to the conventional
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syntheses, yet the former exhibited faster crystallization rates.
This discrepancy suggests an additional influence of the MW
field that is not fully described by a single thermally activated
process.

In this case, findings of an increased pre-exponential factor
with MW-assisted synthesis signify increases in the frequency of
molecular collisions with the appropriate orientation and
energy for the progression of a reaction. It is well known that
MW radiation can induce molecular motion in the form of
dielectric heating mechanisms, such as ionic conduction or
dipolar rotation, in which charged particles oscillate due to the
imposed alternating field.””® Accordingly, MW coupling to
polar solutes in the reaction could augment molecular motion
in a manner that enhances solute collisions and overall reaction
probability.”* However, rather than simply an increase in the
indiscriminate molecular motion typical of conventional
thermal agitation, the influence of the MW field could induce
steric effects through dipole alignment, thereby improving
accessibility to reactive sites and further enhancing solute
reactivity.>*** In other words, it is a specific molecular motion
rendered by MW irradiation rather than a sole increase in the
average molecular motion represented by an increased pre-
exponential factor that is responsible for the reaction
enhancements observed with MW-assisted synthesis. The
polarity or polarizability of the irradiated species could also
amplify such effects. It is well known that polar materials are
highly efficient MW absorbers and therefore more susceptible
to MW heating and its consequent effects.””® The high elec-
tronegativity of the Cl and O atoms relative to the Sn species in
the present experimental system can result in polar Sn-Cl and
Sn-O bonds in the chemical system, leading to enhanced field-
driven effects such as dipole reorientation or local heating.

The finding of an increased Arrhenius pre-exponential term
in the present study invites further discussion into the
contributing factors governing this term. The pre-exponential
factor can be expressed in the general form by eqn (4):

A=~2T (4)

where v is a geometric factor representing the nearest-neighbor
jump sites, A is the jump distance between atoms, and I is the
jump frequency. An initial inspection within the context of the
MW effect typically rules out the jump frequency due to its value
for that of atoms (10" Hz) to be orders of magnitude higher
than typical MW frequencies (ca. 10° Hz), making resonance
between the two unlikely.”” Although the number of jump sites
and the jump distance have previously been cited to be constant
for a given material, recent studies have challenged the
assumption that these terms are immutable. The number of
jump sites can be modified by point defects, such as lattice
vacancies or interstitials, that could stem from an externally
applied MW field.****”® The increasing variations in the short-
range domain of the PDFs for the MWe-assisted synthesis
conditions illustrated by Fig. 3(c) could be indicative of atomic
defects or local asymmetries encountered in the present study.
Indeed, prior studies in field-assisted processing of metal
oxides have attributed observations of abnormal structural

This journal is © The Royal Society of Chemistry 2026
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alterations and phase formation with the generation of
defects.***”® Computational investigations have also postulated
that oxygen point defects in oxide systems could impact phase
stability and mediate phase transitions.*****! In a similar vein,
the jump distance might also be affected by a proliferation of
point defects that could subsequently distort the lattice struc-
ture. For example, prior in-situ studies of field-assisted pro-
cessing techniques, including MW-assisted synthesis, have
demonstrated anomalous behaviors in regard to lattice expan-
sion in a variety of oxide systems.**”®*># The experimental
outcomes involving abnormally large and/or anisotropic lattice
expansion were not readily explainable by usual thermal
expansion and instead attributed to a buildup of point defects,
suggesting that externally applied fields can affect the colloca-
tion of lattice planes through defect formation. Taken alto-
gether, these findings align with the concept that MW-assisted
synthesis can plausibly influence chemical kinetics and reac-
tivity via modifications to the pre-exponential factor.

4 Conclusions

This study submits experimental evidence that the faster crys-
tallization of SnO, nanoparticles under MW-assisted hydro-
thermal synthesis originates from an elevated pre-exponential
factor, rather than a reduced activation energy commonly
credited in MW-assisted chemistry. The increased Arrhenius
pre-exponential term reflects a higher frequency of successful
molecular collisions for the initiation of a reaction that could
stem from enhanced dipole alignment, solute mobility, or
defect formation under the applied alternating MW field. By
combining in-situ X-ray PDF analysis in conjunction with
Avrami modelling and Arrhenius analysis, this work provides
further clarity on the role of the MW field in chemical reactivity
and materials synthesis. Further applications of advanced in
situ probes or experimental systems to resolve the local
temperature will be instrumental to unambiguously assess the
nature and contributions of nonthermal MW effects. Comple-
mentary diagnostics to directly monitor or subsequently survey
the atomic environment can also further link macroscale
behavior to underlying atomic mechanisms. Nevertheless, the
workflow demonstrated herein can be adapted to other material
systems to gain a richer understanding of the mechanistic
influences underlying MW-assisted synthesis.
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