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Hydrogen plays a pivotal role in decarbonizing the energy and chemical sectors, yet current production

methods are limited by high temperatures and energy demands. Microwave-assisted thermochemical

redox cycles offer a promising low-temperature, contactless alternative by coupling electromagnetic

energy with reducible oxides. In this study, we explore La-doped ceria (Ce1−xLaxO2−d) as a tunable

platform to enhance microwave-driven hydrogen production. We demonstrate that introducing La3+ into

the ceria lattice reduces the bandgap and increases dielectric permittivity, enabling Ce4+ to Ce3+

reduction at temperatures as low as 110 °C. Among the series, Ce0.9La0.1O1.95 exhibits optimal

performance, balancing high ionic mobility and microwave absorption. Combined with tailored surface

area, this composition achieves an unprecedented hydrogen production rate of 2.60 mL g−1 per cycle at

temperatures below 400 °C. Correlations between dopant concentration, polarization behavior, and

redox kinetics reveal the key role of band structure breakdown and defect formation in driving non-

equilibrium reduction. Our findings uncover mechanistic insights into microwave–material interactions

and establish design principles for next-generation redox materials. This approach provides a framework

for scalable, electrified hydrogen production via electronic structure and defect engineering in oxide

systems.
Introduction

Implementing renewable energy sources is crucial for the
transition away from a fossil-fuel-based economy. Due to the
intermittent nature of these resources, developing robust
energy storage and conversion technologies is essential.1–3 In
this context, green hydrogen is emerging as a key energy
carrier,4–7 enabling chemical storage of renewable electricity for
use during demand peaks or low generation periods.

Among available technologies, thermochemical redox cycles
have attracted growing interest for green hydrogen production
due to their ability to deliver high-purity H2 in a two-step
operation without requiring downstream separation.8–14 These
cycles proceed via an initial high-temperature endothermic
reduction step, in which oxygen is released from a metal oxide
lattice, creating oxygen vacancies (V��

O). A subsequent
exothermic oxidation step in the presence of H2O rells these
vacancies, releasing hydrogen.15–17 Cerium dioxide (CeO2)
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of Chemistry 2025
remains the state-of-the-art material for these cycles, owing to
its robust redox stability, fast oxygen exchange kinetics, and
favorable thermodynamics.10,18,19 However, conventional ther-
mochemical approaches require temperatures exceeding 1400 °
C to activate ceria-based oxides, which impose serious chal-
lenges for materials, energy efficiency, and reactor design.10,19,20

Microwave-assisted technology offers advantages such as
contactless and volumetric energy transfer to dielectrics with
rapid and selective activation of redox-active oxides.21–27 The
thermodynamics of this process closely resemble those of steam
electrolysis and could potentially achieve similar energy effi-
ciency levels as solid-oxide electrolysis.21 In microwave-driven
redox cycles, materials undergo cyclic exposure to electromag-
netic elds (MW ON) and subsequent oxidation (MW OFF).
During the MW ON phase, dielectric materials absorb micro-
wave energy, which drives spontaneous reduction by inducing
dielectric breakdown and oxygen vacancy formation.21,22 The
onset of reduction is typically triggered upon reaching a critical
threshold power (Pth) and induction temperature (Ti), above
which polarization and charge displacement within the oxide
lattice lead to signicant increases in electronic conduc-
tivity.22,28 This transition involves electronic excitation from O2−

2p valence orbitals to Ce 4f conduction states,20,22 accompanied
by formation of Ce3+ and polarons,21,22,29,30 which also promote
J. Mater. Chem. A
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rapid heating. Once the material reaches ∼400 °C, the micro-
waves are turned off, and the material undergoes oxidation with
water vapor, regenerating Ce4+ and producing H2.22,31 Notably,
because this redox behavior is surface-limited at these lower
temperatures, the rapid reduction-oxidation response is
strongly dependent on the oxide's textural properties.21,22

Previous studies have demonstrated that aliovalent doping
of ceria with trivalent cations such as La3+, Gd3+, and Y3+

enhances redox performance under both thermal and micro-
wave conditions by expanding the lattice, lowering the reduc-
tion enthalpy, and increasing oxygen mobility through steric
and coulombic effects that promote vacancy formation and
diffusion.22,30,32–34 Beyond ionic transport, recent investigations
reveal that the microwave response of doped ceria is governed
by a synergistic interplay between defect chemistry, dielectric
polarization, and electronic structure.22,24,32 Acceptor-type
dopants such as La3+ and Gd3+ not only enhance ionic
conductivity but also introduce localized defect states and
reduce the bandgap, thereby facilitating non-equilibrium elec-
tronic transitions and accelerating Ce4+ reduction under
microwave elds. In contrast, donor-type dopants (e.g., Nb5+)
stabilize the electronic structure and suppress charge delocal-
ization, mitigating thermal runaway effects.35 These
phenomena are consistent with the microwave-induced break-
down of the band structure, which promotes oxygen vacancy
formation and rapid redox cycling. Furthermore, the effect of
surface area is critical,34 as microwave-induced reduction is
spatially localized and surface-limited, making high-area,
small-grained materials particularly effective in amplifying O2

and H2 evolution.24 Together, these insights highlight the need
for simultaneous control over defect landscapes and electronic
structure to optimize microwave-driven redox processes.

In this work, we systematically investigate La-doped ceria
(Ce1−xLaxO2−d) as a model system to elucidate how trivalent
doping and surface modication inuence redox kinetics,
dielectric response, and hydrogen yield under microwave exci-
tation. By correlating structural, textural, and electronic
descriptors with redox performance, we identify Ce0.9La0.1O1.95

as the optimal composition, capable of reaching high reduction
reactivity at low induction temperatures (∼110 °C) with high H2

production rates. These ndings offer a clear path toward the
rational design of next-generation redox materials for electried
water splitting, where performance is governed by the synergy
between microwave–material interaction and defect-mediated
reactivity.

Experimental methods
Materials preparation

The Ce1−xLaxO2−d (x = 0.05, 0.10, 0.15, 0.20, 0.25, and 0.30)
materials were synthesized using a coprecipitation method.
This involved the use of Ce(NO3)3$6H2O (99.5% purity, Alfa
Aesar) and La(NO3)3$6H2O (99% purity, Merck Life Science S. L.)
as metallic precursors. The nitrates were dissolved in distilled
water at a concentration of 0.5 M while stirring continuously at
60 °C. Once the nitrates were dissolved entirely, precipitation
was initiated by adding a 0.75 M solution of (NH4)2CO3 ($30%
J. Mater. Chem. A
NH3 basis, Merck Life Science S. L. U.) to the precursor solution.
Aer the solids precipitated, the resulting suspensions were
vacuum ltered, dried overnight, and then calcined in air at
temperatures between 600 and 1400 °C for 5 hours to obtain the
desired uorite crystal structure.

Physicochemical characterization

The synthesized materials were characterized using various
techniques to obtain their structural, morphological, and elec-
tronic properties. X-ray diffraction (XRD) analysis was per-
formed using a PANalytical Cubix fast diffractometer with
CuKa1,2 radiation and an X'Celerator detector in Bragg–Bren-
tano geometry. Diffractograms were obtained by scanning the
2q values from 15 to 100° and were analyzed using the X'Pert
HighScore Plus soware. Furthermore, the size of the crystal-
line domain of the materials was calculated by the Scherrer
equation.36 Additionally, the microstructure of the materials
was characterized using Field Emission Scanning Electron
Microscopy (FESEM) with a ZEISS ULTRA 55.

The BET specic surface area of the as-synthesized materials
was determined from the corresponding N2 adsorption–
desorption isotherms obtained at 77 K using a Micromeritics
ASAP 2000 system. Before the adsorption measurements, the
samples were outgassed at 473 K for 10 h.

UV-vis diffuse reectance spectroscopy was employed to
determine the bandgap between the valence and conduction
bands of the semiconductor materials. Optical absorption was
measured in the 800 to 190 nm range using a Varian 5000 UV-
vis-NIR spectrophotometer in diffuse reectance mode at
room temperature. The Kubelka–Munk transformation method
was applied to calculate the bandgap, using BaSO4 as the
reference material.

X-ray photoelectron spectroscopy (XPS) was conducted to
analyze modications in the surface oxidation state of the
materials. A SPECS spectrometer with an MCD-9 detector and
a non-monochromatic Al K X-ray source was utilized. The
resulting spectra were processed using the CASAXPS soware.
The 1s orbital of adventitious carbon was used to correct the
binding energy in the XPS spectra.

Microwave equipment

Microwave irradiation of doped cerias was conducted using
a custom-designed cylindrical microwave cavity operating at
a frequency of 2.45 GHz in the transverse electric mode (Fig. S1).
The ceria-doped particles were placed on top of a frit membrane
inside a tubular quartz reactor, occupying a volume with
a diameter of 9.8 inches and a height of 15 mm. The reactor was
positioned at the center of the microwave cavity through open
apertures at the top and bottom, allowing for precise and
controlled irradiation. High-power microwaves were supplied
by a 120 W solid-state microwave amplier (RCA2026U50,
RFcore Ltd), which operated between 2.2 and 2.6 GHz. This was
driven by the oscillator and receiver of a network analyzer
(Rohde & Schwarz ZVRE) and a control system. The microwave
control system employed a variable penetration coupling device
and a dual directional coupler (Meca Electronics, model 722-40
This journal is © The Royal Society of Chemistry 2025
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– 1950 W) to measure and adjust the reected and transmitted
signals to the microwave cavity based on frequency and
temperature. This setup enables achieving temperatures higher
than 1000 °C in the sample under various gas atmospheres. The
cavity also features additional open apertures in the side and
bottom walls for positioning coupling antennas for microwave
irradiation and process monitoring. To determine the mate-
rial's bulk temperature, the quartz reactor's surface tempera-
ture was measured using an IR pyrometer (Optris CT – Laser
LT). A mass spectrometer (Omnistar Balzers) was attached to
the side of the tubular quartz reactor to analyze the exhaust gas
composition during the experiments.

In this setup, materials sieved to sizes between 200 and 250
mm were reduced in a synthetic air or nitrogen atmosphere by
applying microwave power in the 80 to 90 W g−1 range. The
microwave irradiation was halted once the temperature reached
400 °C, and the materials were allowed to cool down to room
temperature.
Measuring the conductivity of the sample by MCPT and DC

The conductivity of doped ceria materials was measured at both
microwave frequencies (AC) and direct current (DC). For high-
frequency measurements, a second low-power microwave
setup (Hewlett Packard HP8720E) was positioned at the bottom
of the microwave cavity to operate in the TM010 transverse
magnetic mode within the frequency range of 1.9–2.2 GHz. This
orthonormal conguration and a cross-coupling isolation lter
minimize interference from irradiation signals. The complex
permittivity (which includes the dielectric constant and loss
factor) and conductivity of the materials were calculated using
the microwave cavity perturbation technique (MCPT). This
technique involved dynamic measurements of the microwave
cavity's resonant frequency and quality factor while the samples
were irradiated.

Four-point direct current measurements (DC) were also
conducted to isolate the effects of the materials' interaction
with microwave radiation on conductivity. To prepare the
samples, the materials were pressed at 80 MPa and calcined at
1480 °C. Electrical contacts were established using silver wire
and paste. Conductivity measurements were performed in
a controlled synthetic air environment at temperatures ranging
from 100 to 700 °C, with a 1 K min−1 cooling rate. The current
was supplied by a programmable current source (Keithley 2601).
Fig. 1 Lanthanum doping expands the ceria lattice while preserving
fluorite structure. (a) XRD patterns of Ce1−xLaxO2−d (x = 0.05–0.30), all
indexed to the fluorite phase; (b) zoom-in of primary diffraction peaks
shows peak shifts with increasing La content; and (c) unit cell volume
increases linearly with La content, confirming solid solution behavior
by Vegard's law.
Material's polarizability calculation

The polarizability of the materials was calculated with the
Clausius–Mossotti equation (eqn (1)) frommeasurements of the
dielectric constant at different temperatures.

3
0 � 1

3
0 þ 2

¼ 4p

3
$
am

30V
(1)

where am is the macroscopic polarizability, also termed the
polarization volume, V is the lattice volume of the cubic crystal
cell, 30 is the relative dielectric constant, and 30 is the vacuum
permittivity.37,38 Due to the similarity between all the materials
developed (V similar), am reects the ease with which the local
This journal is © The Royal Society of Chemistry 2025
charge distribution (including dipoles) is distorted or reor-
iented by the applied electromagnetic eld.
Hydrogen production by microwave-driven water splitting

The capacity of the materials to generate hydrogen using the
microwave-driven water-splitting process was investigated in
a xed-bed quartz reactor within the microwave cavity described
earlier. For this study, the materials were subjected to micro-
wave irradiation while maintaining a ow of 100 mL min−1 of
a 3 or 7% wet nitrogen atmosphere. Six cycles were conducted to
obtain an average measurement of the oxygen and hydrogen
produced. Themass spectrometer was calibrated using 5–10mL
pulses of different concentrations of O2 and H2 to accurately
quantify the oxygen and hydrogen generated.
Results
Structural and textural characterization of La-doped ceria

A series of Ce1−xLaxO2−d materials (x = 0.05–0.30) was synthe-
sized by co-precipitation to investigate the impact of La3+

doping on microwave-driven redox behavior. Powder X-ray
diffraction (XRD) conrmed that all compositions are single-
phase cubic uorite structured (Fm–3m) without detectable
secondary phases (Fig. 1a). The substitution of Ce4+ (0.97 Å)
with the larger La3+ cation (1.16 Å) resulted in a systematic shi
of diffraction peaks to lower angles (Fig. 1b and S2(a–f)), indi-
cating an expanded lattice. Rietveld renement of the
J. Mater. Chem. A
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Fig. 2 Calcination temperature tunes grain size and surface area in Ce0.9La0.1O2−d. (a) XRD and Scherrer analysis reveal decreasing crystallite size
with lower calcination temperature; and (b) FESEM images and BET analysis show strong inverse relationship between particle size and surface
area.
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diffraction patterns showed a linear increase in unit cell volume
with La content, in accordance with Vegard's law39 (Fig. 1c),
conrming homogeneous incorporation of La into the ceria
lattice.

FESEM images of the synthesized samples (Fig. S3) revealed
consistent microstructures with agglomerated primary uorite
crystallites in the 140–150 nm range. This morphological
uniformity ensures that subsequent comparisons between
samples are not inuenced by surface area–related effects.24,40

This point is critical, as variations in morphology could other-
wise inuence microwave absorption or redox kinetics via local
eld enhancements or surface diffusion processes.

To further decouple the role of microstructure from
compositional effects, we focused on Ce0.9La0.1O2−d as the
optimal formulation and prepared it at various calcination
temperatures (600–1400 °C), thereby modulating its surface
area and crystallinity. All samples retained the uorite phase
Fig. 3 Lanthanum doping enhances dielectric polarization through ionic
of temperature for La-doped samples; (b) polarizability (ay), DC condu
decoupling between transport and dielectric response at high doping le

J. Mater. Chem. A
(Fig. 2a), but peak broadening and intensity changes conrmed
smaller crystallite sizes at lower calcination temperatures,
ranging from 3755 Å at 1400 °C to 109 Å at 600 °C, as estimated
by the Scherrer equation. FESEM analysis (Fig. 2b) revealed
signicant coarsening at high temperatures, consistent with
grain growth. The BET surface area declined exponentially from
22.3 to 0.9 m2 g−1 across the temperature range, enabling
a direct assessment of surface area effects on redox reactivity
while maintaining xed composition.

Inuence of lanthanum concentration on dielectric
polarization

The efficiency of microwave-driven reduction in oxides is gov-
erned not only by electronic conductivity but also by the mate-
rial's ability to polarize under high-frequency electromagnetic
elds. In ceria-based systems, polarization mechanisms include
the orientation of lattice dipoles and the migration or
and defectmechanisms. (a) Relative dielectric constant (30) as a function
ctivity, and intrinsic V��

O content (dExt) versus La content, showing the
vels.

This journal is © The Royal Society of Chemistry 2025
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displacement of charge carriers, particularly oxygen ions and
associated vacancies.22,30,32,41,42 To elucidate how La doping
affects this behavior, we analyzed the dielectric constant (30) of
the Ce1−xLaxO2−d series at 50 °C under microwave excitation.

As shown in Fig. 3a, 30 increased with La content, ranging
from 12 to 19 across the series. This enhancement correlates
with the increased concentration of oxygen vacancies (V��

O) and
local structural asymmetries induced by doping. Using these
values, the polarizability volume (ay) was calculated and plotted
alongside ionic conductivity (s) and the extrinsic oxygen
vacancy concentration (dExt) (Fig. 3b). dExt was estimated from
charge balance calculations, assuming Ce4+ and La3+ oxidation
states.

A noteworthy observation was the non-monotonic relation-
ship between ionic conductivity (Fig. S5a) and La content, which
peaked at 10 mol% La before declining.43 This behavior
suggests a trade-off, i.e., while increasing La3+ introduces more
Fig. 4 Bandgap narrowing by La doping enables reduction at ultra-low te
g−1 microwave power in synthetic air during a redox cycle, and (b) op
bandgap reduction. The induction temperature (Ti) and band gap are the t
vh)2 is equal to zero, respectively; (c) Ti scales linearly with bandgap acro
activation.

This journal is © The Royal Society of Chemistry 2025
V��
O and enhances dielectric response, excessive doping

promotes vacancy association, performing local order which
reduces the mobility of O2− ions. In contrast, ay followed
a polynomial trend, increasing with La content and plateauing
at high doping levels. This divergence indicates that polariza-
tion is not governed solely by mobile ions (orientation polari-
zation) but also by intrinsic defect-related mechanisms.

Specically, two types of polarization mechanisms can be
identied: (1) orientation polarization,22 associated with the
displacement to opposite directions of O2− ions and V��

O under
the microwave eld, which dominates at low La contents and
correlates with ionic conductivity; and (2) intrinsic or defect-
driven polarization,22,42 arising from V��

O–La
3+ dipoles and

localized charge carriers (e.g., small polarons) trapped in
asymmetric defect sites (e.g., oxygen vacancies), which increase
in importance at high doping levels.21,32,44,45
mperatures. (a) In situ AC conductivity hysteresis subjected to 40–50W
tical bandgap determined by Kubelka–Munk plots reveals systematic
rend changes in conductivity at MWON, and the energy value for (F(R) $
ss Ce-based oxides, establishing a predictive descriptor for microwave

J. Mater. Chem. A
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These ndings reveal a critical mechanistic insight:
enhanced microwave absorption in these oxides stems from the
synergistic interplay between mobile ionic carriers and polar-
izable defect structures.22 Importantly, while maximum
conductivity occurs at 10% La, further increases in La content
continue to enhance dielectric response via defect polarization,
even if ionic mobility declines.46 Modulating these characteris-
tics enables the development of materials with a greater
capacity to incorporate microwave-assisted energy, allowing
them to reach Ti and Pth conditions using low power, avoiding
excessive degradation of the material by such excess energy,
ultimately increasing the overall energy efficiency of the
process. This decoupling offers new strategies for optimizing
Fig. 5 Redox reactivity under microwave irradiation peaks at intermediat
based on La-doped ceria (Ce1−xLaxO2−d) applying 40–50W g−1 under we
inert versus La content, showing a volcano-type trend with an optimum

J. Mater. Chem. A
microwave–matter interactions in non-metallic functional
materials.
Effect of lanthanum doping on induction temperature and
bandgap

The initiation of the redox process under microwave irradiation
is triggered at the induction temperature (Ti), dened as the
point at which electronic conductivity rises sharply, marking
the onset of Ce4+ / Ce3+ reduction.21,22,24 We monitored this
transition via in situ conductivity measurements under micro-
wave heating in synthetic air. Ti values ranged from 149 °C for
Ce0.95La0.05O2−d to just 79 °C for Ce0.75La0.25O2−d (Fig. 4a),
among the lowest reported for ceria-based redox systems.22 This
e La content. (a) Representative water splitting cycle for oxygen carriers
t N2; and (b) total (O2 and H2) gas yield and DC conductivity at 700 °C in
at 10% La.

This journal is © The Royal Society of Chemistry 2025
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behavior supports the hypothesis that La doping reduces the
activation barrier for reduction.

To probe the electronic origins of this trend, we measured
the optical bandgap of the materials using diffuse reectance
UV-vis spectroscopy. Kubelka–Munk plots showed a consistent
decrease in bandgap energy from 3.32 eV to 3.21 eV as La
content increased (Fig. 4b). This bandgap narrowing is attrib-
uted to lattice expansion,20 enhanced orbital overlap, and the
introduction of intermediate electronic states associated with
defects and cation substitution.24 Plotting Ti against bandgap
energy revealed a strong linear correlation (Fig. 4c), establishing
the bandgap as a predictive descriptor for the onset of reduction
under microwave elds. This link was validated through our
data and previous studies of doped ceria,22 supporting
a broadly-applicable mechanism primarily of electronic origin:
the dopant-triggered orbital hybridization forms interbands
that lower the energy threshold for excitation.20,22 Consequently,
narrower bandgaps facilitate faster electron promotion from
the valence to the conduction band under microwave stimula-
tion, leading to Ce4+ reduction at lower thermal loads.22

Post-reduction XRD and XPS analysis conrmed the reduc-
tion of Ce4+ to Ce3+ without structural degradation (Fig. S4a–c).
The crystal structure remained intact, and gold internal stan-
dards ruled out instrumental artifacts. As illustrated in Fig. S4c,
XPS spectra revealed signals corresponding to Ce4+ (at ∼904 eV
and 885 eV, associated with 3d3/2 and 3d5/2 orbitals, respec-
tively) across all samples.47,48 Upon microwave irradiation,
distinct peaks assigned to Ce3+ appeared (at ∼907 eV and 889
eV), conrming that cerium cations were partially reduced at
low temperatures (∼400 °C) under electromagnetic eld expo-
sure.47,48 Notably, XPS spectra showed unchanged La3+ signals
aer microwave treatment, conrming that La acts as a passive
dopant -facilitating electronic and structural changes without
participating directly in the redox chemistry.49,50 These results
collectively demonstrate that La doping serves a dual function.
It modulates the band structure to reduce the activation energy,
facilitating the electron transition from O 2p to Ce 4f orbitals,
which are involved in the reduction mechanism, thereby
decreasing Ti.22 Additionally, its incorporation in the ceria
lattice increases defect concentration, enhancing microwave
absorption via polarization.22
† To conrm this, the conductivity was measured by the DC method in an inert
atmosphere (Fig. S5b), which is reported that corresponds to a predominantly
ionic conductivity.32

‡ In the case of cerium oxides, when the material reaches a dInt of 0.17 (CeO1.83),
decomposition begins, forming Ce3+ oxides. These oxides strongly stabilize Ce3+,
not the water splitting process by oxidation to Ce4+.54
Kinetics and thermodynamics of microwave-driven water
splitting

Having established the role of La in tuning polarization and
electronic structure, we next evaluated its impact on redox
kinetics and H2 production. Microwave-assisted reduction-
oxidation cycles were performed under a 3% H2O/N2 stream
using a xed-bed microwave cavity.21,51 A representative cycle is
shown in Fig. 5a. Upon reaching Ti, rapid reduction occurred
within ∼1 min, followed by reoxidation upon water exposure,
releasing H2. This fast, low-temperature cycling contrasts with
conventional two-step redox cycles that typically operate above
1200 °C and require extended durations to reach equilibrium.52

As shown in Fig. 5a and S6–S11, the onset of microwave-driven
reduction is accompanied by a sharp increase in temperature
This journal is © The Royal Society of Chemistry 2025
and oxide-ion conductivity†, followed by oxygen release, Ce4+

reduction, and V��
O formation in the lattice. The reduction stops

once the material reaches ∼400 °C, conrming that microwave
elds enable rapid, low-temperature reduction of doped ceria
far below conventional thermal thresholds.

Quantitative analysis of O2 and H2 yields over six cycles
revealed a strong dependence on La content (Fig. 5b). Ce0.9-
La0.1O2−d showed the highest H2 production (1.62 ± 0.06 mL
g−1), corresponding to O2 evolution of 0.76 ± 0.06 mL g−1 (Dd ∼
0.012) and conductivity of 4.1 S m−1. These values represent
a balance between redox thermodynamics and kinetics:53 low La
content results in insufficient V��

O, limiting reduction, while high
doping introduces thermodynamic barriers to further V��

O

formation due to defect association and higher dExt values. This
trend results in a volcano-type relationship between La content
and both gas yields and conductivity (Fig. 5b), consistent with
previous studies linking ionic conductivity to defect mobility in
doped ceria systems.22,24,25

Importantly, all samples maintained a consistent ∼2 : 1 H2 :
O2 ratio, conrming high selectivity and complete water split-
ting. The deviation between gas production and conductivity at
extreme doping levels suggests a complex interplay between
mobility, V��

O reactivity, and the enthalpy required to form new
defects. For example, the 30% La-doped sample had sufficient
conductivity (0.4 S m−1) but the lowest gas output due to the
thermodynamic cost of generating additional V��

O beyond the
high dExt baseline. In contrast, the 5% sample exhibited low
conductivity (0.3 S m−1) but moderate gas production due to
lower defect formation energy. This discrepancy highlights
a critical factor: while ionic mobility is essential, the thermo-
dynamics of oxygen release -intricately tied to dExt – sets the
ceiling for achievable V��

O concentration‡ during microwave
reduction.54 As illustrated in Fig. 3b, increasing La doping raises
dExt, which in turn increases the energy required for the further
formation of extrinsic V��

O. Thus, materials with excessive pre-
existing vacancies become thermodynamically resistant to
further reduction under a xed energy input.

This behavior was further conrmed by oxidation kinetics,
which also varied with La content. The time required for full
reoxidation ranged from 4 min for Ce0.95La0.05O2−d to 2 min for
Ce0.9La0.1O2−d (Fig. S6–S11), reinforcing the role of ionic
mobility as a rate-limiting step in surface water splitting. The
shorter oxidation times observed for 10% La doping indicate
a more favorable kinetic regime, likely due to faster diffusion of
surface-adsorbed species into the bulk oxide. Furthermore,
unlike Mn-doped perovskites,25 which oen exhibit a transient
performance decay due to initial sintering, the La-doped ceria
system demonstrates sustained stability over 20 redox cycles
without structural degradation.22 Regarding other lanthanide
J. Mater. Chem. A
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Fig. 6 Surface area amplifies hydrogen production in Ce0.9La0.1O1.95. (a) H2 and O2 evolution profiles during microwave-driven water splitting
cycles for samples with varying surface areas (samples sintered at 700, 900, 1200, and 1400 °C); (b) variation of the amount of H2 produced with
respect to the BET area.
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dopants, La has shown a superior performance in the produc-
tion of oxygen and subsequent hydrogen generation.22

These ndings validate a key mechanistic insight: the
optimal redox activity in microwave-driven ceria systems arises
from a delicate balance between oxygen-ion mobility and the
energy landscape for V��

O formation. La doping offers a means to
tune both parameters, with 10% providing the best trade-off.
This dual control over kinetics and thermodynamics enables
materials such as Ce0.9La0.1O2−d to operate with both high
energy-conversion rate and low energy input, paving the way for
scalable, electried hydrogen production.
Surface area enhances productivity but limits long-term
stability

Finally, we investigated how tuning surface area impacts fuel
productivity in the best-performing composition, Ce0.9La0.1-
O2−d. Samples calcined at different temperatures (600–1400 °C)
offered a range of BET areas from 0.9 to 22.3 m2 g−1. Redox
cycling revealed a strong positive correlation between surface
area and gas output (Fig. 6a). The highest-area sample produced
2.60 mL g−1 H2 and 1.31 mL g−1 O2, exceeding previously re-
ported values for Ce0.8Gd0.2O1.9 at similar surface areas.24 This
notable enhancement arises from the combination of La-
induced ionic conductivity and increased oxygen availability,
which allows deeper – grain interior-lattice oxygen to participate
in the reduction process compared to Gd-doped analogues.

Plotting H2 yield against BET area showed an exponential
trend (Fig. 6b), underscoring the importance of surface
exchange kinetics during rapid redox transitions. As previously
reported,24 the reduction primarily occurs at the grain surface,
J. Mater. Chem. A
where lattice oxygen is less tightly bound. Therefore, lattice
reduction is favored by decreasing particle size and increasing
the specic surface area. Smaller particles allow for shorter
diffusion pathways via oxygen vacancies, ensuring ions are
evacuated efficiently instead of recombining within the bulk
lattice. Indeed, FESEM analysis revealed that reducing crystal-
lite size from∼862 nm (sintered at 1400 °C) to∼26 nm (sintered
at 600 °C) dramatically reduced the V��

O diffusion length toward
the grain surface, enhancing accessible surface oxygen (Fig. 2b).
This trend highlights the synergy between nanoscale grains,
microwave-induced electronic polarization, and accelerated
water dissociation kinetics at defect-rich surfaces.

However, multicycle testing uncovered trade-offs in dura-
bility. As shown in Fig. 7, materials with high surface area
experienced a gradual decline in H2 production over six cycles,
attributed to microwave-induced sintering and grain growth
(conrmed by FESEM, Fig. S12). Lower-temperature-sintered
samples showed more signicant coarsening, leading to
reduced active area and performance loss. For example, the
high-surface-area sample (22.3 m2 g−1) decreased from 2.62 to
∼2.04 mL g−1 H2 over six cycles, while the low-surface-area
sample (0.9 m2 g−1) declined slightly from 1.58 to 1.51 mL g−1.

Interestingly, FESEM (Fig. S12) showed that the 8.3 m2 g−1

sample suffered the most severe particle coarsening, whereas
the 22.3 m2 g−1 sample exhibited less agglomeration and
maintained stable productivity beyond the third cycle. This
counterintuitive trend highlights the role of initial microstruc-
ture in governing long-term durability, suggesting that tailored
porosity and crystallite connectivity can mitigate microwave-
induced sintering.
This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Hydrogen production stability varies with surface area under
repeated cycling. Hydrogen production by microwave-assisted water
splitting over 6 cycles for Ce0.9La0.1O2−d material with variable surface
area in an atmosphere of 100 mL min−1 wet N2 at 7%. Higher surface
areas promote initial productivity gains but suffer more degradation,
while low-area samples achieve stable performance over six cycles.
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These results highlight that while surface area is critical for
maximizing H2 output, it must be optimized alongside thermal
and structural stability. Future efforts may focus on incorpo-
rating thermally-stable porous structures or dopants that
inhibit sintering under microwave elds, such as cross-linked
oxide scaffolds or doped mesoporous matrices. Overall, our
ndings demonstrate that three parameters must be co-
optimized, i.e. ionic conductivity in reducing conditions, avail-
ability of oxygen, and textural properties (crystallite size and
surface area), to design next-generation materials capable of
delivering both high hydrogen productivity and structural
resilience during repeated microwave-driven redox cycles.
Conclusions

This study elucidates the fundamental role of lanthanum
doping in modulating the redox behavior of ceria-based oxides
(Ce1−xLaxO2−d) under microwave-assisted thermochemical
cycling. By systematically varying La content (x = 0.05–0.30), we
demonstrate that dielectric polarization in these materials ari-
ses not only from ionic conductivity but also from the presence
and polarizability of intrinsic oxygen vacancies. This dual
mechanism underpins the enhanced microwave absorption
and redox reactivity observed.

Importantly, the induction temperature (Ti) of each material
was found to correlate directly with its optical bandgap, inde-
pendent of dopant concentration, conrming that electronic
structure – rather than absolute defect density – governs the
onset of reduction. This correlation holds across different ceria-
based systems, establishing the bandgap as a reliable predictor
for microwave-driven redox initiation.

In terms of hydrogen production, Ce0.9La0.1O1.95 emerged as
the optimal formulation, achieving 1.62± 0.06 mL g−1 of H2 per
cycle. When textural properties were tuned to increase surface
area, hydrogen output rose exponentially, peaking at 2.60 mL
g−1 for a BET area of 22.3 m2 g−1. However, durability tests
revealed that high-surface-area, nano-grained samples suffered
from microwave-induced sintering and initial performance
decay, although maintained stable H2 yields around 2.0 mL g−1
This journal is © The Royal Society of Chemistry 2025
across multiple cycles. This highlights the critical trade-off
between maximizing productivity and ensuring long-term
structural resilience under repeated operation.

Overall, these results highlight that optimizing microwave-
active redox materials requires a triad of strategies: electronic
structure engineering to minimize Ti, defect chemistry to
balance ionic mobility and vacancy reactivity, and microstruc-
tural design to couple high surface accessibility with stability
against coarsening. This integrated approach provides a robust
pathway for advancing scalable, low-temperature hydrogen
production technologies.
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