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Understanding the microwave heating properties
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Microwaves can selectively and rapidly heat materials upon absorption, offering advantages over

conventional heating methods. However, practical applications in oxide materials remain limited due to

insufficient understanding of fundamental heating mechanisms and inadequate control of heating
characteristics. In this study, we elucidated the heating mechanism of La—Ce—Ni oxides to develop oxide
materials with excellent microwave heating properties. We comprehensively investigated the crystal

structure, microstructure, electrical conductivity, and dielectric properties of La—Ce—Ni oxides with var-
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ious compositions. In La—Ce—Ni oxides, the strong CeO,-LaNiOs3 interaction induced structural distor-
tions and modified dielectric properties, which predominantly contributed the heating properties under a
microwave electric field, rather than electrical conductivity. The dielectric properties, rather than the

electrical conductivity, were the primary factors determining the microwave heating performance of this

rsc.li/pcecp system.

Introduction

The industrial sector heavily relies on fossil fuels to generate
large amounts of energy for heat." Therefore, improving heat
utilization efficiency is a crucial challenge for industrial dec-
arbonization. Among various heating technologies, microwave
heating is regarded as one of the most promising methods to
achieve efficient heating.> This method offers several advan-
tages, including (i) efficient internal heating, even in materials
with low thermal conductivity; (ii) speed, thereby reducing the
time to reach the target temperature; and (iii) selective heating,
which minimizes unnecessary energy losses.’” Indeed, the
implementation of microwave heating in industrial processes
has the potential to reduce energy consumption by approxi-
mately 60-80% compared to conventional heating.

Many researchers have attempted to develop microwave-
assisted catalytic processes.® For example, Krech et al. reported
microwave-assisted oxidative methanol conversion in a hetero-
geneous sample at the pilot scale, demonstrating that power
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consumption could be reduced by nearly half compared to
conventional methods during an 8 h operation.? In addition,
microwave heating enhances catalytic performance, increasing
the reaction rate by several times to as much as 1000-fold,
improves selectivity, and suppresses byproduct formation.*>’
Nevertheless, only a limited number of microwave-assisted
processes have been successfully implemented in practical
applications, with one of the main obstacles being the limita-
tions of available catalytic materials. Conventional supports
such as Al,O3, TiO,, MgO, ZrO,, and CeO, exhibit poor micro-
wave heating properties,®® resulting in underperformance in
microwave-assisted catalytic systems. Carbon-based materials,
as efficient microwave susceptors,'®'! have been applied in
various reactions, including organic synthesis and heteroge-
neous catalytic reactions such as NO, and SO, reduction and
methane decomposition. However, carbon-based materials
react with the reactant under certain conditions, leading to
limited durability.'®'>"'* The development of catalysts with
excellent microwave heating properties, activity, and durability
is required for highly efficient, microwave-assisted, solid-gas
heterogeneous catalytic reactions.**

Notably, oxide catalysts, particularly those with good micro-
wave heating properties, catalytic activity, and durability, have
been employed in microwave-assisted catalytic processes.
Among complex oxides containing transition metals, those
incorporating Mn, Co, Cu, and Ni often exhibit relatively good
microwave heating properties.”> For instance, the CuMnO,
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spinel oxide exhibited good performance in microwave-assisted
benzene oxidation.”

Perovskite oxides, represented by the general formula ABO;,
can incorporate various elements into A and B sites, enabling
fine-tuning of a wide range of physicochemical properties.®
Thus, the microwave heating properties of perovskite oxides
may be improved by controlling their dielectric properties,
conductivity, and magnetic properties. Taking advantage of
these characteristics, perovskite oxides with various consti-
tuents have been applied in microwave-assisted catalytic reac-
tions, such as methane oxidation using La-Ce-Mn perovskite
oxides,"” bisphenol A degradation using LaCuCoOj catalysts,"®
CO oxidation using LaMnOj;, LaCoO;, and LaSrCoO; cata-
lysts,">*® and NO decomposition using BaMnO; and BaCoO;
catalysts.>">*

Among perovskite oxides, LaNiO; is a promising catalyst
owing to its high lattice oxygen reactivity and excellent CO
oxidation activity under conventional heating conditions.*
Furthermore, La, Ce,,NiO; (where part of La in LaNiOj; is
substituted with Ce) exhibits excellent microwave heating
properties, catalyzing CO oxidation with low energy consum-
ption.”* However, most previous studies have focused solely
on correlating the composition with the bulk heating beha-
vior, without clarifying the microscopic mechanisms that
govern the dielectric and electrical conductivity. In particular,
the role of interfacial interactions between coexisting phases
has rarely been investigated previously. Therefore, although
previous studies have suggested that the addition of Ce
enhances the dielectric properties of oxide materials,®* this
does not sufficiently explain the heating mechanism, given
that microwave heating properties are affected by multiple
factors, including the crystal structure and electrical conduc-
tivity.>'? Hence, this study comprehensively investigates the
effects of composition (i.e., Ce/La ratio), electrical conductivity, and
crystal structure on the microwave heating properties of La-Ce-Ni
oxides to gain insights into the optimal design for microwave
heating.

Experimental
Material preparation

La-Ce-Ni oxides were synthesized using a co-precipitation
method, as described in the previous study.”* The required
amounts of La(NO;);-6H,0 (>99.0%, Wako), Ni(NO3),-6H,O
(=97.0%, Wako), and Ce(NOs);-6H,O (>98.0%, Wako) to
synthesize La, ,Ce,NiO; (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, corres-
ponding to Ce/La = 0, 1/9, 2/8, 3/7, 4/6, 5/5, respectively) were
weighed and dissolved in deionized water. The resulting
solution was then added dropwise to an aqueous tetramethy-
lammonium hydroxide solution (10 wt%, Kishida) to obtain the
hydroxide precipitates. The precipitates were stirred for 1 h and
let settle for another 1 h. The resulting precipitate was filtered,
dried, and subsequently calcined in an electric furnace at
850 °C for 5 h. As a reference sample of CeO,, JRC-CEO-5 was
obtained from the Catalysis Society of Japan.
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Sample characterization

The crystal structures were measured using an X-ray diffract-
ometer (Smart Lab, Rigaku Corporation, Japan) with Cu-Ko
radiation, and the crystallite size was estimated using the
Scherrer equation (K = 0.94) based on the XRD patterns. The
specific surface areas of the samples were estimated using
Brunauer-Emmett-Teller (BET) plots. The samples (0.1 g) were
degassed in a vacuum at 200 °C for 1 h, followed by N,
adsorption isotherms measured at —196 °C using BELSORP-
mini (MicrotracBEL Corp., Japan). Scanning transmission elec-
tron microscopy (STEM) images were acquired using a JEM-
ARM200F (JEOL Co., Ltd, Japan). X-Ray absorption fine struc-
ture (XAFS) measurements were performed at beamline BL06 of
the Kyushu Synchrotron Light Research Center, Japan. The
XAFS data were processed for background removal and normal-
ization using Athena.*

Microwave heating

For the microwave heating experiments, a microwave generator
(MR-2G-100, Ryowa Electronics Co., Ltd, Japan) was operated at
2.45 GHz with a maximum power of 100 W. Two distinct cavity
configurations were utilized: (i) an electric field cavity, where
the electric field intensity is maximized at the central axis of the
resonator, and (ii) a magnetic field cavity, where the magnetic
field intensity is maximized at the central axis. A quartz tube
filled with the sample was placed at the center of the resonator.
The detailed dimensions of the cavity, coupling mechanism,
and sample positioning details are explained in (Fig. S1 and
S2). After placing the sample, impedance matching was per-
formed for each sample using a double slug tuner to minimize
the reflected waves and ensure efficient power transfer. The
microwave was irradiated at 20 W, obtained by subtracting the
reflected microwave power from the irradiated microwave
power. The coupling was retuned during microwave irradiation
for each sample using a double slug tuner to minimize reflec-
tion and ensure efficient microwave transfer. To avoid shifts in
the resonance frequency due to variations in the dielectric
properties, the resonance frequency was automatically tuned
during irradiation. The sample temperature was measured
using an infrared pyrometer (TMHX-TME0050, Japan Sensor
Corp., Japan) with an emissivity of 0.911. Each measurement
was performed three times, and the results were averaged.

Measurements of relative dielectric constant of the samples

The relative dielectric constants of the samples were measured
using the cavity perturbation method. Briefly, a quartz tube
without sample was placed in the setup of the heating experi-
ment, and the resonance frequency was measured. Subse-
quently, a quartz tube filled with sample was placed in the
same setup and heated under dry air flow. The resonance
frequency at the steady-state temperature was measured to
obtain the dielectric constant. The cavity perturbation method
offers several advantages: (i) it enables measurements to be
taken using the same weight and shape of the sample as
in microwave heating experiments, and (ii) it facilitates
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measurements at high temperatures.”® Thus, samples with
same shape and weight as in the microwave heating experi-
ments were placed in the same cavity under the same condi-
tions. The acquired Q-factor and resonance frequency at each
temperature were substituted into eqn (1) and (2) to obtain the
dielectric constant (&) and dielectric loss factor (g)), respec-
tively, followed by calculation of the loss tangent (tan 6).>’

Here, f, and f;, represent the resonance frequencies obtained
before and after inserting the sample, respectively; V and AV
refer to the internal volume of the cylindrical resonator and
sample volume, respectively; and Q, and Q; are defined as
Qo = fol/ Afo and Qy, = fi/Afy, where Af, and Afy, are the half-widths
of the resonance signals obtained before and after inserting the
sample, respectively.

’_ ﬁ) 7fL 14
f=1+0539"2= 5 1)
" Lo\
& = 0.539 (QL QO)AV )

The cavity perturbation method requires a small sample
volume compared to the resonator volume, identical sample
and resonator heights, the sample must have a thin rod shape,
and the material must be homogeneous.*® The packed samples
could be assumed to be homogeneous given that they were
randomly introduced. Filling the resonator to its full height
with sample causes excessive perturbation of the electric field,
leading to a substantial decrease in measurement accuracy,’®
whereas too little sample causes inaccurate temperature mea-
surements, leading to inaccurate results. Therefore, measure-
ments should be performed using an adequate quantity of
sample. Herein, the same height of sample and glass tube
was used for the heating experiments. Prior to measurement,
the samples were heated at 600 °C for several minutes to
remove moisture. The dielectric properties of the samples were
measured in the range of 500 °C-600 °C.

Simulations of the electromagnetic field distribution and
heat dissipation were conducted using COMSOL Multiphysics
6.1 software (COMSOL AB, Stockholm, Sweden). The electric
field intensity and heat generation were simulated under
microwave irradiation at 20 W based on the height of the
packed sample in the quartz tube, dielectric constant, and
dielectric loss factor, which were experimentally obtained.”
Electrical conductivity measurements were performed using a
VSP-300 potentiostat (BioLogic Science Instruments, Seyssinet-
Pariset, France). The powdered samples were packed into a jig,
and measurements were conducted at room temperature. The
potential was swept from —0.05 to 0.05 Vand —0.1 to 0.1 V, with
a sweep rate of 200 mV s *, for LaNiO; and Ce-doped samples,
respectively.

Results and discussion
Material characterization

Fig. 1 presents the X-ray diffraction (XRD) patterns of the
samples prepared in this study. Distinct peaks corresponding
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Fig. 1 XRD patterns of La—Ce—Ni oxides.

to the perovskite phases were observed for the catalyst with Ce/
La = 0. The intensities of peaks attributed LaNiO; decreased
with increasing Ce/La ratio, whereas those attributed to CeO,
and NiO increased, indicating that the added Ce did not form a
perovskite structure but existed as CeO, within the samples.
Peaks attributed to NiO were also detected in La—-Ce-Ni oxides,
and their intensities increased with increasing Ce/La ratio.
These findings were consistent with those of previous studies
reporting that the CeO, and NiO phases are segregated in
La-Ce-Ni oxides.?**?

The crystallite size of LaNiO; tended to decrease with
increasing Ce/La ratio (Table S1), likely due to the formation
of an amorphous structure at the grain boundaries induced by
Ce substitution or lattice mismatch with CeO,. Additionally, the
crystallite size of the CeO, phase increased with increasing
Ce/La ratio, indicating the formation of well-defined CeO,
crystallites.®® For La-Ce-Ni oxides, the peak at approximately
59° attributed to LaNiO; slightly shifted toward a lower angle
with increasing Ce/La ratio. Additionally, the peak split for the
catalyst with Ce/La = 5/5, with a distinct additional peak
observed (Fig. S3a). A similar trend was observed for the peak
at approximately 33° (Fig. S3b). Furthermore, the peak at
approximately 28° corresponding to CeO, shifted toward a
lower angle with increasing Ce/La ratio (Fig. S3c). The prepared
samples exhibited peak shifts toward a lower angle compared
to the reference CeO, sample, which was attributed to the
tensile strain caused by a stronger interaction between CeO,
and LaNiO;** facilitating oxygen vacancy formation due to
weakened Ce-O bonds.** The observed shift in the peak corres-
ponding to CeO, conflicted with previous studies reporting that
the peak corresponding to CeO, shifted toward a higher angle
in Ce-added LaNiO;.** This discrepancy was likely due to
differences in preparation processes, as citrate decomposition
or the Pechini method was used in previous studies, which can
induce different crystal structures.*>

X-ray absorption fine-structure studies can provide informa-
tion about the electronic states and local structures of materials.
Fig. 2(a) presents the Ni K-edge X-ray adsorption near edge
structure (XANES) spectra of La-Ce-Ni oxides. For all samples,

This journal is © the Owner Societies 2025
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Fig. 2 Normalized Ni K-edge (a) XANES spectra and (b) first derivative XANES spectra of La—Ce—Ni oxides.

a pre-edge peak was observed at approximately 8.335 keV, corres-
ponding to the quadrupole transition from Ni 1s to 3d.*® The pre-
edge peak height decreased with increasing Ce/La ratio owing to
the increased density of 3d states.*® Additionally, a shoulder peak
was observed at approximately 8.340 keV in the first derivatives of
XANES spectra (Fig. 2(b)). This shoulder peak, which is known to
appear in reduced LaNiOj3, was attributed to transitions from 1s to
4po and 4pr states. The energy splitting between 4pc and 4pn
increased with decreasing Ni** concentration, causing the appear-
ance of the shoulder peak in response to the changing valence
state of Ni.>® Hence, the absorption edge of each sample, defined
as the energy at the midpoint of the edge step, was related to the
Ni valence state (Table S2). The absorption edge shifted toward
lower energy with increasing Ce/La ratio, suggesting a decrease in
the Ni valence state.’”

Fig. 3 presents the Fourier-transformed Ni K-edge extended
XANES (EXAFS) spectra of the samples. The peak at approxi-
mately 1.5 A corresponded to the Ni-O bond in LaNiO; and
NiO, while that at approximately 3.1 A corresponded to the
Ni-O-La bond in LaNiOj, and the shoulder peak observed at
approximately 3.5 A was attributed to the Ni-O-Ni bond within
the perovskite structure.”® The observation of these distinct
peaks indicated that the sample was composed of perovskite
structures. The peak at approximately 2.5 A corresponded to the
Ni—-O-Ni bond in NiO, which was not detected for the catalyst
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Fig. 3 Fourier transformed EXAFS spectra of La—Ce—Ni oxides.
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with Ce/La = 0. By contrast, the intensity of the peak attributed
to the Ni-O-Ni bond in NiO increased with increasing Ce/Ni
ratio, whereas the intensity of the peak corresponding to the
Ni-O-La bond in LaNiO; decreased. This finding indicated that
the addition of Ce to LaNiO; caused the formation of an
impurity phase, NiO, as observed in the XRD results. Scanning
transmission electron microscopy (STEM) facilitated more
detailed structural investigations of the La-Ce-Ni oxides.
Fig. 4 presents the STEM images of the samples with Ce/La =
0 and Ce/La = 3/7. Ni segregated as NiO was observed in both
samples and was more pronounced for the catalyst with Ce/La =
3/7. Furthermore, although less pronounced than that of NiO,
partial segregation of CeO, was evident for the catalyst with Ce/
La = 3/7. The STEM and XRD results were consistent. Bright-
field images and electron diffraction patterns obtained from
transmission electron microscopy (TEM) also clearly show the
presence of LaNiO; and NiO phases in the sample with Ce/La =
0, and LaNiO3, NiO, and CeO,_, phases in the Ce-added sample

100 nm

Fig. 4 STEM-EDS images of (a) Ce/La = 0 and (b) Ce/La = 3/7.
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(Fig. S4 and S5). The specific surface area increased with Ce
addition up to Ce/La = 2/8, as observed in previous research
(Table $3).>*

Heating properties of samples under electric field

To investigate the effect of the Ce/La ratio on the microwave
heating properties of the La-Ce-Ni oxides, the samples were
heated under a microwave electric field of 20 W obtained by
subtracting the reflected microwave power from the irradiated
microwave power (Fig. S6), and the acquired temperature
profiles were averaged across three measurements (Fig. S7).
The heating rate tended to increase with increasing Ce/La ratio
(Table S4), and the samples reached an almost steady-state
temperature after heating for 3 min. The steady-state tempera-
ture of the catalysts increased with increasing Ce/La ratio up to
Ce/La = 3/7 and slightly decreased at higher Ce ratios (Fig. 5). In
addition, we confirmed that the catalyst with Ce/La = 3/7 was
reproducibly heated under microwave irradiation (Fig. S8).
Although studies investigating microwave heating of graphite
particles have shown that heat diffusion increases with increasing
surface area,”® no such correlation was observed with the pre-
pared samples. The maximum temperature of a catalyst depends
on the balance between heat transfer and microwave absorption,
whereas the heating rate primarily depends on its microwave
absorption properties.*® Therefore, the catalyst with Ce/La = 3/7
exhibited efficient microwave absorption and optimal heat dis-
sipation, resulting in the best microwave heating properties.
Subsequently, we investigated the microwave heating properties
of the catalysts with Ce/La = 0 and Ce/La = 3/7 under microwave
powers of 15 and 25 W. The differences in the heating rate
(Table S5) and steady-state temperature (Fig. S9) were more
pronounced at higher microwave power.

To investigate the contribution of the impurity phases NiO
and CeO, to the microwave heating properties of La-Ce-Ni
oxides, LaNi,; ,03;, LaNi; 503, LaCey,NiOz;, and LaCe,sNiO;
were prepared and subjected to microwave irradiation (Fig. S10).
The steady-state temperature increased in the sample with excess
Ni, but not significantly. By contrast, the sample with excess Ce
exhibited a distinctly higher steady-state temperature, indicating

700
600
8 500
[}
é 400
o
o 300r
Q
g 200
l_
100
0
0 1/9 2/8 3/7 4/6 5/5

Cel/La

Fig. 5 Steady-state temperature after 3 minutes under microwave elec-
tric field heating at 20 W of microwave power.
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that the contribution of segregated CeO, to microwave heating
was more pronounced. Furthermore, the effect of physical contact
between the LaNiO;, NiO, and CeO, phases on heating perfor-
mance was examined. CeO,, NiO, and LaNiO; were calcined
separately, followed by physical mixing using a mortar and pestle
at an approximate Ni/La/Ce ratio = 1/0.7/0.3, and the physically
mixed sample was heated under microwave irradiation, as pre-
viously described. The sample exhibited almost the same steady-
state temperature as the catalyst with Ce/La = 0 (Fig. S12),
suggesting that CeO, played a crucial role in enhancing the
microwave heating properties of La-Ce-Ni oxides only when it
was in close contact with LaNiOs, potentially inducing distortion
of the crystal structure, as discussed in the previous section.
Given that the crystallite size of LaNiO; decreased with
increasing Ce/La ratio, potentially influencing the microwave
heating properties of La-Ce-Ni oxides, we investigated samples
with different crystallite sizes of LaNiO;. LaNiO; was subjected
to ball milling, as described by Uchiyama et al.,** and XRD
analysis confirmed that the crystallite size of LaNiO; was
reduced (Fig. S13). The sample was then sieved and micro-
wave-heated. As shown in Fig. S14, the steady-state temperature
of LaNiO; decreased after ball milling, suggesting that the
reduction in crystallite size induced by Ce addition negatively
affected the microwave heating properties of La-Ce-Ni oxides.

Dielectric properties of samples

The energy loss per unit volume of the material (denoted by P)
is expressed by eqn (3).>*° Here, o, uo, 1!, |H|, €0, €/, 7, and |E|
refer to the electromagnetic wave frequency, vacuum perme-
ability, imaginary part of complex permeability, magnetic field
strength inside the material, vacuum permittivity, imaginary
part of complex permittivity (&}), electrical conductivity, and
electric field strength inside the material, respectively.

1
P = 5 (onou | HP+osos | EP+o| EP) 3)

In eqn (3), the first, second, and third terms represent
magnetic, dielectric, and conductive losses, respectively.’
Under an electric field, the second and third terms contribute
to energy loss. Thus, the dielectric property (¢), magnetic
property (1), and electrical conductivity (o) of the material are
important parameters for explaining its microwave heating
properties. However, given that separating the dielectric prop-
erty and electrical conductivity is challenging, these terms are
sometimes combined.*"** ¢’ epresents the dielectric loss fac-
tor, which refers to the ability of a material to dissipate
electromagnetic energy as heat, as expressed in eqn (4). By
contrast, ¢, is the real part of complex permittivity, which refers
to the ability of a material to reversibly store electromagnetic

energy.*"*

& =& +Jer (4)
The microwave absorption capability of the material can be
determined using eqn (3) if the electric field can be measured

inside the material (E). Otherwise, when the applied power is
constant, the dielectric loss (the second term in eqn (3)) can be

This journal is © the Owner Societies 2025
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expressed by eqn (5), using the electric field strength in air
(denoted by E,).**

1 i
P = S0 tan O|E, (5)

The loss tangent (tan ¢) is defined as the ratio of ¢/ to ¢/, and
similar to ¢/, it represents the ability of a material to convert
absorbed electromagnetic wave energy into heat.*"*® Thus,
these dielectric properties are crucial for evaluating the micro-
wave heating properties of La-Ce-Ni oxides.

The accuracy of dielectric data is substantially influenced by
factors such as the measurement method, sample quality, and
dielectric property magnitude.”” Miyakawa et al. reported that
the obtained values were 30% higher when measuring the
dielectric constant of ethylene glycol using this method compared
to using a network analyzer, indicating an overestimation.>”
Consequently, the measured dielectric constants in this study
were solely employed for comparison purposes among samples.
As shown in Fig. 6(a), the value of the real part of the dielectric
constant (&) decreased with increasing Ce/La ratio, except for the
catalyst with Ce/La = 3/7. By contrast, the value dielectric loss
factor (¢/) exhibited an increasing trend with increasing Ce/La
ratio, as shown in Fig. 6(b). However, the value of ¢ began
to decrease when the Ce/La ratio exceeded 3/7. Notably, the
contribution of the increase in & surpassed that of ¢, for
La, ;Ceo 3NiO3, resulting in the highest tand value (Fig. 6(c)).

To further understand the dielectric properties of La-Ce-Ni
oxides, the temperature dependences of the dielectric constants
¢, and ¢ were examined. According to the Debye equations, &/
reaches its maximum when o = 1/t, where 7 is the relaxation
time, which is the time required for the ordered polarization
induced by an external electric field to decay to 1/e of its initial
value.® Given that t depends on the polarization potential or
other material properties, the peak frequency of ¢ varies with
temperature and material composition. Thus, Ce addition may
alter the polarization of the catalyst, resulting in different
temperature dependences of ¢ and ¢. Furthermore, intermo-
lecular bonds weaken with increasing temperature, leading to
smaller t values, and the ¢/ peak consequently shifts toward
higher frequencies.***” However, no significant temperature
dependence of ¢/ was observed for any of the prepared cata-
lysts, indicating that the influence of temperature was negligi-
ble within the measured range. Furthermore, the tand value
exhibited a slight decreasing trend with increasing tempera-
ture, reflecting the slight temperature dependence of F:

Previous studies have suggested that ¢ is influenced by
lattice defect sites, which affect the response of the material to
an external electric field.*> Zhang-Steenwikel reported that the
formation of cation and oxygen vacancies could lead to an
increase in ¢ value in Ce-doped LaMnO; sample.*® However,
the La-Ce-Ni oxides in the present study exhibited the opposite
trend, where an increase in the Ce/La ratio did not lead to an
increase in ¢.. To investigate the formation of oxygen lattice
defects in La-Ce-Ni oxides, the dielectric properties of each
sample were measured under different oxygen partial pressures.
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Fig. 6 Estimated (a) relative dielectric constant, (b) relative dielectric loss
factor, and (c) loss tangent of La—Ce—Ni oxides using cavity perturbation
method.

Specifically, the samples were heated under 100% N, or 100% O,
gas flow, with the gas switched every 3 min, within the range of
approximately 500 °C-550 °C, and their dielectric properties were
measured every time the gas was switched (Fig. S15). Among the
tested samples, the catalyst with Ce/La = 0 exhibited the most
pronounced changes in dielectric properties and heating tem-
perature. The steady-state temperature increased under the N,
atmosphere, suggesting that the formation of oxygen vacancies
enhanced the dielectric properties of the samples. By contrast,
the catalyst with Ce/La = 3/7 maintained a relatively stable

Phys. Chem. Chem. Phys., 2025, 27, 23802-23812 | 23807


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp02279g

Open Access Article. Published on 21 October 2025. Downloaded on 4/12/2026 4:31:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

temperature, regardless of the atmospheric conditions. The O,-
temperature programmed desorption experiment under micro-
wave irradiation revealed an oxygen desorption peak at a lower
temperature for the catalyst with Ce/La = 3/7 (Fig. S16), suggesting
that oxygen defects were generated more easily. Close contact
between the LaNiO; and CeO, phases in Ce-added samples
caused lattice distortions with more stable lattice defects, result-
ing in a relatively weak response under varying oxygen partial
pressures and good heating properties under microwave heating.

To examine the contribution of the dielectric properties to
the heat dissipation of La-Ce-Ni oxides, the electric field
distribution and heat generation within the samples were
simulated using the obtained dielectric property values. Fig. 7
present the simulated electric field distributions for each
sample, demonstrating that the electric field intensity inside
the cavity tended to decrease with increasing Ce/La ratio. The
average electric field strength within the microwave cavity
(Fig. S18) decreased with increasing Ce/La ratio, and the
catalyst with Ce/La = 3/7 exhibited the lowest value. The total
power loss density within the samples, as shown in Fig. 8, also
exhibited an increasing trend with increasing Ce/La ratio.
Furthermore, the average power loss density reached its maxi-
mum value for the catalyst with Ce/La = 3/7 (Fig. S20). As shown
by the electric field power density distribution within the
samples, the power loss was significant at the lateral surfaces
of all samples, suggesting that heat was concentrated around
these regions.

In addition to the concentration of power loss at the lateral
surfaces, depolarization effects are expected in the TMO010

a ——— 14
122

ﬁ, . | 08
06

Cavity resonator

Catalyst Sample tube (V/m)

View Article Online

Paper

mode. These effects can weaken the net field inside the sample,
particularly near the upper and lower planes, and decrease
toward the center.”® Although they were not experimentally
analyzed in this study, they should be considered when inter-
preting the simulation results. In addition, this simulation
assumed a uniform and insulating sample, whereas the actual
samples were sieved samples, resulting in numerous vacant
spaces. In addition, the samples exhibited electrical conductiv-
ity, as will be discussed in the following section. Therefore, the
actual electric field and energy loss distribution may differ from
the simulated results. Nevertheless, the heat generation values
(Fig. S21) exhibited a similar trend as the microwave heating
properties, indicating that dielectric loss led to efficient micro-
wave absorption and heat generation.

Conductivity of samples

As previously discussed, dielectric loss generally includes con-
ductive loss. However, separating these properties and deter-
mining whether heat generation is due to dielectric loss or
conductive loss at a given frequency can be challenging.**
Therefore, the dielectric loss factor may, in some cases, repre-
sent conductivity loss, as expressed in eqn (6).***® Previous
studies have reported that an increase in the dielectric loss
factor can be attributed to its conductivity.*>*”~*°

s:#—j(%—i—s”) (6)

To examine the contribution of conductivity loss in the
microwave frequency range, we performed microwave heating

|
== o
_

Fig. 7 Cross-sectional views of the simulated electric field strength within the reactor with Ce/La = (a) 0, (b) 1/9, (c) 2/8, (d) 3/7, (e) 4/6, and (f) 5/5.
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Fig. 8 Cross-sectional views of power loss density within the reactor with Ce/La = (a) 0, (b) 1/9, (c) 2/8, (d) 3/7, (e) 4/6, and (f) 5/5.

under a magnetic field at 20 W, obtained by subtracting the
reflected microwave power from the irradiated microwave
power (Fig. S22), and the temperature profiles of the samples
were averaged over three measurements (Fig. S23). A rapid
increase in temperature was observed with decreasing Ce/La
ratio. The average heating rate of the samples when heated for
1-25 s (Table S6) clearly indicated that the addition of Ce did
not promote the heating properties of the samples under a
microwave magnetic field. In addition, the steady-state tem-
peratures of the samples after 3 min of magnetic field heating
at 20 W (Fig. 9) exhibited a decreasing trend with increasing Ce/
La ratio, in contrast to that under the microwave electric field.

Materials that exhibit ferromagnetic or ferrimagnetic pro-
perties are heated through hysteresis loss at MHz frequencies

700 200

600- ]
=L -150
4001 .
-100
300
200+ L Isp
100}
0 [ n 0
0 9 28 3

7 4/6 5/5
CellLa

Fig. 9 Steady-state temperature after 3 min under microwave magnetic
field heating at 20 W of microwave power and conductivity of sample.

Temperature (°C)
Conductivity (S/m)
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and magnetic resonance heating at GHz frequencies,’® whereas
nonmagnetic materials such as aluminum and copper are
known to be heated by eddy current loss.**> Given that LaNiOj
is a Pauli paramagnetic material known to exhibit relatively
high electrical conductivity among metal oxide materials,>>>
its heating mechanism under a magnetic field is likely due to
eddy current loss. Therefore, the contribution of electrical
conductivity loss to heating was evaluated based on the heating
properties of La-Ce-Ni oxides under a magnetic field. The
results were consistent with the direct current (DC) conductivity
results, as shown in Fig. 9. The conductivity of the samples
decreased with increasing Ce/La ratio, with La,,Ce,3NiO;
exhibiting 0.02% of the conductivity of LaNiO;. This significant
decrease in conductivity can be attributed to the changes in the
electronic structure induced by Ce substitution. LaNiO; exhi-
bits relatively high conductivity due to the strong hybridization
between the Ni 3d and O 2p orbitals, which form a metallic
band structure.’® Upon Ce addition, the average oxidation state
of Ni decreased, thereby weakening the Ni 3d-O 2p orbital
hybridization, as evidenced by the reduced pre-edge intensity in
the Ni K-edge XANES. This disruption of the metallic band
structure promotes electron localization, leading to the sup-
pression of the electrical conductivity of La-Ce-Ni oxides.

The conductivity in the microwave frequency range should
be represented as complex conductivity.***” Indeed, AC elec-
trical conductivity is affected by frequency, which is related to
the space charge polarization.”® When the microwave frequency
is relatively low compared to the collision frequency of free
electrons (i.e., metals), it is possible to discuss sample
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conductivity using DC conductivity without considering fre-
quency dependences.”® Thus, DC conductivity was utilized
to estimate the microwave penetration depth of Cu and
carbon.*®? Although the catalysts with Ce/La = 0 and Ce/La =
1/9 exhibited similar steady-state temperatures under the
microwave magnetic field, the DC conductivity decreased.
Several factors may explain the observed heating behaviors of
these samples: (i) the presence of a weak electric field along the
central axis of the TM 110 cavity, with magnetic loss potentially
contributing to sample heating; and (ii) differing microwave
penetration depths depending on the presence of an electric or
magnetic field.*”

In summary, CeO, segregated from the LaNiO; phase in
La-Ce-Ni oxides and strongly interacted with LaNiOs, causing
distortion and reduced crystallite sizes of the CeO, and LaNiO;
phases. This strong interaction was observed only in the co-
precipitated samples and not in the physically mixed samples.
The CeO,-LaNiO; interaction contributed to the formation of
stable lattice defect sites, resulting in dielectric property
changes. However, no clear correlation was observed between
crystallite size and the heating properties of La-Ce-Ni oxides
under microwave electric field heating. Conversely, the incor-
poration of CeO, decreased the structural regularity, leading to
poorer electrical conductivity and, consequently, reduced heating
performance under microwave magnetic field heating. Although
microwave heating consists of dielectric and conductive losses,
the results of the study suggest that La-Ce-Ni oxides are primarily
heated by dielectric loss.

Conclusions

The development of materials with excellent microwave heating
properties is crucial for the practical application of microwave-
assisted processes. This study investigated the mechanisms
responsible for the excellent heating properties and catalytic
activity of La-Ce-Ni oxides from a comprehensive perspective,
including their dielectric properties, electrical conductivity, and
crystal structure.

The prepared La-Ce-Ni oxides contained CeO, and NiO
phases that coexisted with the LaNiO; phase, causing crystal
distortion of the LaNiO; and CeO, phases. The heating proper-
ties of La-Ce-Ni oxides under an electric field increased with
increasing Ce/La ratio, and the catalyst with Ce/La = 3/7
exhibited the highest steady-state temperature and heating
rate. The superior heating performance of this oxide was not
dependent on crystallite size but was strongly influenced by
the CeO, phase, which was highly dispersed and in close
contact with the LaNiO; phase, likely due to crystal distortion.
The simulation results demonstrated the greatest energy loss
and heat generation for Ce-added samples. By contrast,
the electrical conductivity of La-Ce-Ni oxides significantly
decreased with Ce addition, similar to the trend observed
in steady-state temperatures under magnetic field heating,
indicating that conductivity loss was less pronounced for Ce-
added samples.
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Future studies should investigate the lattice defects at the
Ce0,-LaNiO; interface and the temperature distribution near
the interface to obtain a more comprehensive understanding of
the mechanism responsible for the observed excellent heating
properties of La-Ce-Ni oxides. These insights will support the
rational design of oxide materials for efficient microwave-
assisted processes, including catalytic reactions, sintering of
ceramics, and thermal processing of waste.
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