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Abstract

This research aims to investigate the modifications of the structural, dielectric, and sensing
properties of CaFeO3−δ ceramics produced by solid-state reaction induced by varying
sintering temperatures in the range of 1000–1200 ◦C. A single crystallographic orthorhombic
(Pcmn) structure was revealed by X-ray diffraction with Rietveld analysis, both for the
powders and sintered ceramics, irrespective of the sintering temperature. The increase in
the sintering temperature induces better densification and a larger grain size. Dielectric
measurements reveal a pronounced enhancement of the relative permittivity, reaching
2 × 105 at 1 kHz and 330 ◦C for the sample sintered at 1200 ◦C/4 h. This composition
also displays the highest electrical conductivity, 0.4 S/m at 1 MHz. Cole–Cole analysis
indicates a clear deviation from ideal Debye behavior, while the relaxational features of
the dielectric permittivity suggest a strong correlation between the dielectric response
and Fe-related conduction mechanisms. Gas sensing tests show that the ferrite ceramics
exhibit consistent ethanol response trends. The ceramic sintered at 1200 ◦C/4 h achieved
the highest sensitivity, of 56.28%, which can be attributed to its higher density, larger
ceramic grains, and reduced low-frequency conductivity. The CaFeO3−δ ceramic sintered
at 1200 ◦C/4 h shows a combination of high permittivity, enhanced conductivity, and strong
ethanol sensitivity, making it a promising material for dielectric components, capacitive
devices, and gas sensing applications.

Keywords: CaFeO3−δ; sintering temperature; dielectric properties; electrical conductivity;
ethanol sensing

1. Introduction
In recent years, the need for efficient gas sensors has become increasingly urgent

due to growing concerns over environmental pollution [1], industrial safety, and public
health [2]. Applications such as air quality monitoring, chemical process control, and
medical diagnostics rely heavily on sensitive, selective, and stable sensors to detect trace
amounts of hazardous gases [3]. Traditionally, metal oxide semiconductors like SnO2, ZnO,
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and Fe2O3 have been widely employed since the 1960s for this purpose [2,4]. Moreover,
functional oxides beyond conventional binary MOS have been proposed for specific tar-
gets, for example, ZrO2-based materials for oxygen sensing (via oxygen-vacancy-related
mechanisms) [5] and spinel MgO–Al2O3 ceramics for humidity sensing due to their porous
microstructure and stability [6].

While these materials offer acceptable sensitivity, they often suffer from some limita-
tions, such as poor selectivity, signal drift over time, and instability in humid environments.
To overcome the limitations of classical metal oxide sensors, recent research has focused on
more complex oxides—particularly ferrite-based perovskites, which possess multiferroic
properties, a high concentration of oxygen vacancies, and semiconductivity. Materials
such as BiFeO3, LaFeO3, and GdFeO3 have shown enhanced stability and sensitivity in
various gas sensing applications [7,8]. Ferrites have demonstrated reliable detection of
a wide range of gases, including volatile organic compounds (VOCs) like methanol [9],
ethanol [4], acetone [10,11], methane, NH3 [12], CO, CO2 [13], and hydrogen [2]. Their
low cost, suitability for low-temperature operation, and potential for tunable performance
through doping and synthesis optimization make them highly attractive for next-generation
gas sensors [7,14,15]. In this context, several recent studies have emphasized the ethanol-
sensing potential of doped or surface-modified ferrite perovskites. For instance, H. Xu
et al. found that Sr-doped BiFeO3 exhibited a response of ~49.5% to ethanol at 208 ◦C,
outperforming undoped BiFeO3 [16,17]. Similarly, Yang Chen et al. reported a sensitivity
of 50.6 to ethanol at 180 ◦C using Ag-LaFeO3 nanosheets, with fast response and recovery
times [18]. Within this broader class of materials, calcium ferrite (CaFeO3−δ) stands out
due to its structural flexibility, mixed ionic–electronic conduction, and naturally occurring
oxygen non-stoichiometry [19]. These features create abundant active sites for gas adsorp-
tion and facilitate charge transfer processes. In addition to sensing, CaFeO3−δ adopts an
orthorhombic perovskite structure (space group Pcmn), consisting of a three-dimensional
framework of corner-shared FeO6 octahedra [20,21]. Its structure naturally accommo-
dates oxygen vacancies (δ), which serve as active sites for gas adsorption and facilitate
charge transfer processes [22,23]. These vacancies, along with the mixed valence states
of iron (Fe3+/Fe4+) [24,25], not only influence magnetic behavior—shifting from G-type
antiferromagnetism in the stoichiometric phase to room-temperature ferromagnetism in
oxygen-deficient compositions, but also contribute significantly to the material’s mixed
ionic–electronic conductivity [26]. Given its redox-active iron centers and oxygen-deficient
structure, CaFeO3−δ is expected to exhibit sensitivity toward reducing gases like ethanol,
an area that has yet to be thoroughly investigated. In addition to sensing, CaFeO3−δ

exhibits promising dielectric characteristics, such as a colossal dielectric constant (~105)
near its transition temperature (257 ◦C), which is strongly dependent on grain size effects
and frequency [20,27]. Such features make it a candidate not only for gas sensors but also
for use in capacitors and other microelectronic components [19]. Despite extensive studies
on the magnetic and catalytic properties of CaFeO3−δ, the effect of sintering temperature
on its dielectric, electrical, and sensing properties remains largely unexplored. In particular,
the relationship between sintering-induced microstructural changes and multifunctional
performance has not been systematically investigated.

In this work, we investigated how different sintering temperatures affect the struc-
tural, dielectric, electrical, and gas sensing properties of CaFeO3−δ ceramics prepared via
solid-state synthesis. Specifically, we aimed to elucidate how the sintering temperature
governs the phase formation, porosity, and grain size; to clarify how these microstruc-
tural changes modify the dielectric response and the related grain and grain-boundary
conduction mechanisms; and to evaluate their impact on the ethanol sensing, stability, and
response recovery behavior.
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2. Materials and Methods
As schematically shown in Figure 1, the CaFeO3−δ powders are produced by the

solid-state technique, by mixing stoichiometric quantities of calcium carbonate (99.9 atom%,
Sigma-Aldrich (St. Louis, MO, USA)) and iron oxide (99.9 atom%, Sigma-Aldrich (St. Louis,
MO, USA)) dried powders, following the standard chemical Equation (1):

CaCO3 +
1
2

Fe2O3 → CaFeO3−δ + CO2 ↑ (1)

Figure 1. Schematic representation of the processing steps involved in the preparation of CaFeO3−δ

ceramics by solid-state route.

These ceramics were crushed in an agate mortar and homogenized by grinding under
acetone before the calcination step at 900 ◦C for 4 h in ambient air. The calcined powders
were combined with a (PVA) polyvinyl alcohol binder solution after being ground. In order
to obtain pellets (thickness ≈ 1/2 mm and diameter ≈ 12 mm) for the dielectric and electric
measurements, the powders were compressed under 8 tons by a hydraulic press (Specac
Ltd., Orpington, UK) Finally, they were sintered in ambient air at variable temperatures
(1000 ◦C, 1100 ◦C, and 1200 ◦C) for 4 h, with a controlled heating rate of 3 ◦C/min in a
programmable furnace (Nabertherm GmbH, Lilienthal, Germany).

The sintering condition effect on the structural properties of CaFeO3−δ was analyzed
by X-ray diffraction XRD (XPERT-PRO with CuK radiation (λ = 1.5405 nm, 2θ∼20–80◦ with
a scanning rate of 0.02◦/s). The FULLPROF (ILL/CNRS, Grenoble, France; FullProf version
2023) suite software was used for Rietveld refinement, to identify the crystalline phase, and
to determine the lattice parameters. Scanning electron microscopy was utilized to examine
the microstructure of the resulting pellets. SEM/EDX analyses were carried out using FEI
Quanta 200 coupled with EDX systems (FEI Company, Hillsboro, OR, USA). Samples were
mechanically ground/polished (SiC P320–P1200; diamond 6–1 µm), cleaned with ethanol,
and coated with a conductive layer (<10 nm; Au/Pt/C depending on imaging/EDX) to
minimize charging; measurements were performed at 5–15 kV with ~8–10 mm working
distance. To create a planar capacitor, a fine coating of silver paste was applied to the
sides of the pellets after sintering. The dielectric properties as a function of frequency
(1000 Hz–2 MHz) and temperature (40–500 ◦C) were obtained by using an LCR meter
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(Agilent HP4284A, Agilent Technologies, Santa Clara, CA, USA) operated under 1 V. Addi-
tionally, electrical conductivity is an indicator of a substance’s degree of charge mobility.
Using the obtained dielectric measurements and Equation (2), the AC conductivity σac was
also determined:

σac = ω εr ε0 tanδ, (2)

where ω is the angular velocity, εr and ε0 are the relative permittivity of the material and
vacuum, respectively, and tanδ gives the dielectric loss. To study the electrical behavior
of ceramics, complex impedance spectroscopy technology was exploited [28]. In the case
of CaFeO3−δ ceramics, the impedance elements are usually represented by an equivalent
circuit which is derived from the resistance–capacitance (RC) model, which is adapted to
describe the electrical behavior of all the ceramic contributions (the grains (Rg, Cg) and grain
boundaries (Rgb, Cgb), characterized by different electrical properties [29]. The complex
impedance responses of the entire ceramic sample are described by the equation [30]:

Z′ =
(

R−1
g + jωCg

)−1
+

(
R−1

gb + jωCgb

)−1
(3)

The ethanol-sensing responses were evaluated by impedance spectroscopy Hameg
HM8118 Programmable LCR Bridge (HAMEG GmbH, Frankfurt, Germany), operating at
room temperature and atmospheric pressure. Sensing tests were performed in a 200 mL
sealed static chamber using an open ethanol reservoir to generate near-saturated vapor at
25 ◦C (ambient conditions). As the ethanol concentration was not controlled in ppm, the
sensing results are discussed as qualitative comparisons among sintering conditions. The
complex impedance of the ceramic samples was recorded under an alternating voltage of
1 V at different frequencies (1 kHz, 5 kHz, and 10 kHz), first in ambient air and then in
a saturated ethanol atmosphere. The detection procedure consisted of several exposure–
recovery cycles by alternately placing the samples in open air and ethanol vapors, in order
to assess the sensing repeatability.

3. Results and Discussions
3.1. X-Ray Diffraction Analyses

X-ray diffraction (XRD) analysis, as shown in Figure 2, was carried out to examine
the phase evolution and structural crystallinity of CaFeO3−δ powders sintered at 1000 ◦C,
1100 ◦C, and 1200 ◦C for 4 h. All the diffractograms display sharp and well-defined
diffraction peaks corresponding to the orthorhombic perovskite structure, confirming the
successful formation of the CaFeO3−δ phase. No secondary phases were detected within
the resolution limits of the XRD, indicating high phase purity under the chosen sintering
conditions. Furthermore, the observed diffraction patterns are in good agreement with
the standard JCPDS card No. 41-0753 [31], consistent with previous findings reported
in ref. [19]. Rietveld refinement performed using FULLPROF software (version 2023)
(Figure 3) confirmed that all the samples crystallize in an orthorhombic structure with the
Pcmn space group, consistent with previous findings in ref. [32]. Notably, the diffraction
peak at 2θ~35.53◦ (indexed as the (211) plane of the CaFeO3−δ Pcmn phase) decreases
in normalized intensity with increasing sintering temperature. The reduced (211) peak
intensity is discussed mainly in terms of preferred orientation and intensity redistribution
during sintering. This interpretation is supported by the strong decrease in I211/Imax

(0.11366 → 0.04711 → 0.01426), whereas the FWHM (211) does not decrease with sintering
temperature (0.118◦ → 0.139◦ → 0.143◦) (Table 1) [33,34]. The refinement results provided
key structural parameters, including the reliability factor (χ2), unit cell volume (V), and
lattice constants a, b, and c, which are summarized in Table 1. These lattice constants show
a non-linear trend with increasing sintering temperature, which can arise from coupled
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effects such as microstrain relaxation, subtle changes in oxygen non-stoichiometry (δ) and
Fe valence balance, and anisotropic lattice response in orthorhombic perovskites, rather
than necessarily implying cation disorder [35]. Additional factors such as surface energy,
internal stress, and grain-boundary deformation [36] may also influence these variations.
Slight shifts in lattice parameters could alter Fe–O–Fe bond angles and hopping distances,
which are important for polaron hopping and charge transport in CaFeO3−δ. Furthermore,
a small increase in the unit cell volume at higher temperatures may reflect a rise in the
oxygen-vacancy concentration. The goodness-of-fit values, with χ2 ranging from 1 to 2
and refinement factors Rp ≤ 6% and Rwp ≤ 9%, confirm the high quality of the structural
refinement across all samples.
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Figure 2. Characterization by XRD of CaFeO3−δ samples sintered at different temperatures.

 

Figure 3. The fit obtained by the FULLPROF program using the Rietveld method for ceramic sintered
at: (a) 1000 ◦C/4 h, (b) 1100 ◦C/4 h, (c) 1200 ◦C/4 h.

Table 1 shows the width of the diffraction peaks (FWHM) and the average size of the
crystallites as a function of the heat treatment. This indicates that the prepared materials
have a nanocrystalline nature. The average crystallite size was calculated using the Scherrer
method [35], as per Equation (4):
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D =
Kγ

βcos θ
, (4)

where γ is the X-ray wavelength of the Cu Kα source (0.154050 nm), β: full width at half in-
tensity (FWHM), D: average grain size, and θ: Bragg diffraction angle. As expected, the crys-
tallite size increases with rising sintering temperature, as found in previous reports [37,38].
This trend is attributed to enhanced grain growth at higher temperatures, which reduces the
density of grain boundaries and thus may improve charge carrier mobility by minimizing
scattering. Similar behavior has been observed in ref. [39] for LaFeO3-based materials,
reinforcing the correlation between thermal treatment and microstructural development.

Table 1. Parameters (a, b, and c) derived from the Rietveld fit and crystallite size, FWHM (211), and
I211/Imax for all the ceramics.

Samples a (A◦) b (A◦) c (A◦) V (A◦)3 Reliability
Factors

Crystallite
Size D (nm)

FWHM
(211) I211/Imax

Sintered at
1000 ◦C/4 h 5.61 14.77 5.37 446.41 χ2: 1.63 Rp: 4.05%

Rwp: 5.12%
43.711 0.118 0.113

Sintered at
1100 ◦C/4 h 5.58 14.76 5.41 447.16 χ2: 1.36 Rp: 4.94%

Rwp: 6.10%
45.772 0.139 0.047

Sintered at
1200 ◦C/4 h 5.60 14.83 5.39 448.84 χ2: 1.53 Rp: 5.95%

Rwp: 7.28%
47.492 0.143 0.014

3.2. Raman Spectroscopy Analysis

Figure 4 presents the Raman spectra of CaFeO3−δ pellets sintered at various tem-
peratures. All the ceramic samples display the characteristic vibrational modes of the
orthorhombic perovskite structure, with a clear progressive narrowing of the bands and an
increase in the peak intensity as the sintering temperature rises. These spectral changes
indicate an improved crystallinity, reduced local structural disorder and improved lattice co-
herence, and enhanced long-range order of the FeO6 octahedral network when using higher
sintering temperatures [40]. In the low-frequency region (≈250–305 cm−1), the observed
bands are associated with A-site cation motions and lattice bending modes, consistent with
previous perovskite assignments. The mode near 375 cm−1 corresponds to mixed Ca–O
vibrations [41], while intermediate modes around 375–425 cm−1 can also be linked to Fe–O
bending within FeO6 octahedra. Fe–O stretching vibrations dominate the higher-frequency
region (≈550–707 cm−1). Among these, the symmetric stretching mode near 707 cm−1 is
attributed to the breathing-type distortion of FeO6 octahedra [39]. A band around 667 cm−1

is assigned to Fe–O stretching vibrations associated with FeO6 octahedral distortion and
local symmetry breaking within the perovskite lattice, as reported by Weber et al. and
Islam et al. [42,43]. The most pronounced changes with increasing temperature occur in the
Fe–O stretching modes (notably at 667 and 707 cm−1): The full width at half-maximum
(FWHM) decreases, and the peak intensity increases significantly. These changes reflect
a more ordered FeO6 framework and a lower degree of local distortion/defect-related
broadening in the ceramics sintered at higher temperatures. Conversely, at 1000 ◦C, the
broader, weaker bands indicate higher defect levels, greater oxygen non-stoichiometry
(δ) contribution, and less ordered FeO6 connectivity. Overall, the Raman spectra are con-
sistent with previous reports, confirming that the CFO ceramics maintain a well-ordered
orthorhombic perovskite structure [44].
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Figure 4. Characterization by Raman of CaFeO3−δ samples sintered at different temperatures.

3.3. Microstructural Characterization

The evolution of the morphology and grain size of CaFeO3−δ ceramic as a function
of different sintering temperatures was studied by using scanning electronic microscopy
SEM and is shown in Figure 5. SEM micrographs present a combination of small and large
grains for each sample, revealing a size heterogeneity. The samples sintered at (1000–1100
◦C/4 h) show significant porosity and agglomeration with a variation in morphology and
grain size. At higher sintering temperatures (1200 ◦C/4 h), the agglomeration and porosity
phenomenon decrease [45], and the surface becomes flat, with a regular ceramic grain
arrangement, typical for the sintered ceramics with well-connected grains and with typical
of well-sintered ceramics with improved grain-to-grain connectivity. These observations
indicate enhanced densification and microstructural homogenization at higher sintering
temperatures [46]. The same approach was found for the perovskite LaFeO3 formed by
the sol–gel reaction and in refs. [35,47]. The mean grain size estimated from the particle
size distribution histogram confirms that the high-temperature sintered sample (~1200
◦C/4 h) has a larger particle size. Based on the EDS analyses, the sample of CaFeO3−δ

contains Ca, Fe, and O elements, along with some impurities of C. According to Table 2,
the ratio Ca/Fe is around 1:1, corresponding with the expected stoichiometry range, by
accounting for errors in the experiments. A measurable carbon (C) signal is also present
and decreases with sintering temperature (≈6.8 → 5.8 → 1.9 wt% at 1000/1100/1200 ◦C;
Table 2). Since EDS is surface-sensitive, this signal can partly be attributed to the thin
conductive carbon coating applied prior to SEM/EDS measurements to reduce surface
charging [48], in addition to possible surface carbonation/adventitious carbon. Therefore,
the EDS carbon content is not interpreted as a direct quantitative proof of bulk residual
binder. Nevertheless, during air sintering, the decomposition of any remaining organics
can generate CO/CO2; if densification proceeds simultaneously, gas evacuation becomes
limited, and a fraction of porosity may evolve toward closed pores. This interpretation is
consistent with the strong densification measured by the Archimedes method (Table 3: 69%
→ 90% → 92%), indicating reduced open porosity and possible pore closure at advanced
sintering stages [47].
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a. CaFeO3−δ sintered at 1000 °C/4 h 
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b. CaFeO3−δ sintered at 1100 °C/4 h 
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Figure 5. Cont.
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c. CaFeO3−δ sintered at 1200 °C/4 h 
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Figure 5. SEM images, particle size distribution histogram, and EDS graphs of CaFeO3−δ pellets sintered at different temperatures.
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Table 2. Weight and atom percentage of all elements for all the ceramic samples.

Elements
Weight% Atom% Weight% Atom% Weight% Atom% Weight % Atom%

C (K) O (K) Ca (K) Fe (K)

Sintered at
1000 ◦C/4 h 6.77 ± 0.01 15.09 ± 0.02 21.96 ± 0.05 41.20 ± 0.05 29.87 ± 0.04 22.88 ± 0.02 41.40 ± 0.08 22.04 ± 0.04

Sintered at
11000 ◦C/4 h 5.75 ± 0.01 14.07 ± 0.03 22.98 ± 0.05 42.22 ± 0.05 29.97 ± 0.05 21.98 ± 0.03 41.30 ± 0.09 21.74 ± 0.05

Sintered at
1200 ◦C/4 h 1.86 ± 0.05 4.71 ± 0.01 26.03 ± 0.03 49.55 ± 0.04 29.95 ± 0.03 22.75 ± 0.02 42.16 ± 0.06 22.99 ± 0.03

Table 3. Density (Archimedes method), average grain size, and the permittivity maximum at 1 KHz
for all the CaFeO3−δ ceramics sintered at different temperatures.

Samples Sintered at: Density (%) Grain Size (µm) Permittivity εr (1 kHz)

1000 ◦C/4 h 69 0.14 25,124

1100 ◦C/4 h 90 0.89 5553

1200 ◦C/4 h 92 2.32 216,113

3.4. Dielectric Properties

Figure 6 presents the temperature dependence of the dielectric permittivity of
CaFeO3−δ ceramics sintered at temperatures ranging from 1000 ◦C to 1200 ◦C for 4 h.
As depicted in Figure 6a, the 1000–1100 ◦C pellets exhibit two permittivity maxima (T1,
T2). The one corresponding to the temperature T1 = 241 ◦C is attributed to an extrinsic
Maxwell–Wagner/IBLC relaxation produced by semiconducting grains separated by more
resistive grain boundaries; its strong frequency dispersion and sensitivity to densification
are classical fingerprints of a grain-boundary-dominated response in polycrystalline per-
ovskites. By contrast, the higher-temperature maximum at the temperature T2 = 280 ◦C is
assigned to an intrinsic bulk relaxation linked to small polaron/defect-dipole dynamics on
the Fe3+/Fe4+–O network in the presence of oxygen vacancies (δ). Because CaFeO3−δ is an
oxygen-nonstoichiometric ferrite, the oxygen-vacancy concentration (δ) and the Fe3+/Fe4+

ratio are thermodynamically dependent on temperature and oxygen partial pressure. In
Fe-based perovskites, variations in δ are charge-compensated by changes in iron valence,
which directly affect polaron hopping and dipolar defect dynamics. Consequently, differ-
ences in sintering temperature and the associated defect equilibration during heating and
cooling in air are expected to influence δ and the Fe3+/Fe4+ balance, thereby modulating
the dielectric relaxation behavior. In the present work, δ and Fe valence were not directly
quantified; therefore, this interpretation is proposed as a literature-supported mechanism
consistent with the observed dielectric and impedance trend [49,50]. With densification and
grain growth, the contribution of interfacial polarization can be reduced/shifted, leading
to a simplified relaxation behavior; this remains consistent with a grain/GB heterogeneous
(Maxwell–Wagner/IBLC-type) framework. In contrast, sintering at 1200 ◦C significantly
enhances the diffusion, leading to grain coarsening and improved densification (SEM
and Archimedes, Table 3, ~92% relative density). The reduction in grain-boundary area
diminishes the influence of interfacial polarization and favors a single broad bulk relaxation
(Figure 6b) [45]. The pronounced dielectric response observed in the sample sintered at
1200 ◦C, with a colossal permittivity reaching approximately 2.1 × 105 (at 1 kHz and 330 ◦C),
can be explained by the internal barrier layer capacitor (IBLC) model [34,35]. According to
this model, the effective dielectric constant (εr) depends on the grain-boundary dielectric
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constant (εgb), average grain size (A), and grain-boundary thickness (t), expressed via a
specific Equation (5):

εr = εgb
A
t

, (5)

 

Figure 6. Dielectric properties of the CaFeO3−δ ceramic sample sintered at different temperatures:
(a) permittivity as a function of temperature at different frequencies (1000–2 × 106 Hz) for the ceramic
sintered at 1100 ◦C/4 h; (b) permittivity as a function of temperature at 1 kHz for all the CaFeO3−δ

ceramics; (c) the dielectric loss as a function of temperature at 1 kHz for all the CaFeO3−δ ceramics.

Since the sample sintered at 1200 ◦C possesses the largest average grain size (~2.32 µm),
its properties are related to a reduction in grain-boundary density. The grain boundaries
hinder the charge transport and serve as sites for the dielectric relaxation; their reduction
causes the enhancement of charge mobility and polarization efficiency. The same rela-
tionship was observed by V.R. Mudinepalli [51]. This high dielectric permittivity can be
compared to that observed in CaTiO3-FeTiO3 composites [52] and in CaCuTi4O12 ceram-
ics [53]. Additionally, the increased densification achieved at higher sintering temperature
reduces porosity and improves grain-to-grain connectivity, thereby lowering interfacial
barrier effects and diminishing Maxwell–Wagner-type polarization associated with electri-
cal heterogeneity (grain boundaries/pores/electrode interfaces) [51]. Consequently, the
dielectric permittivity increases markedly with sintering temperature, along with a signif-
icant decrease in the dielectric loss. As shown in (Figure 6c), the samples exhibit a low
dielectric loss tangent from ambient temperature up to 400 ◦C. However, above ~400 ◦C,

https://doi.org/10.3390/ceramics9030033

https://doi.org/10.3390/ceramics9030033


Ceramics 2026, 9, 33 12 of 24

samples sintered at 1000 ◦C and 1100 ◦C display sharp loss peaks, which can be attributed
to Maxwell–Wagner interfacial polarization and the thermally activated movement of space
charges and oxygen vacancies at porous grain boundaries. These defects, commonly found
in poorly densified ceramics, promote leakage conduction and energy dissipation at higher
temperatures. In contrast, the sample sintered at 1200 ◦C shows a much lower, broader tan δ

peak, indicating suppressed dielectric loss due to improved densification, larger grains, and
fewer grain boundaries. This implies more stable dielectric behavior governed by intrinsic
lattice polarization rather than defect-related conduction [54]. Overall, by increasing the sin-
tering temperature, dielectric losses are significantly reduced by limiting oxygen-vacancy
relaxation processes and by enhancing grain connectivity [55]. These results highlight the
importance of controlled grain growth and defect engineering achieved by increasing the
sintering temperature in obtaining high dielectric performances of CaFeO3−δ ceramics.

The permittivity variation with frequency for all the samples is displayed in Figure 7.
As observed, the permittivity values strongly reduce from giant values (from 2 × 103

to 18 × 103 at 103 Hz) in the low field range, until reaching low values of units at high
frequencies (i.e., in the range of 15–37 at 2 × 106 Hz). Only the high-frequency stabilized
permittivity value can be considered as an intrinsic value for this compound, while at low
frequencies, extrinsic contributions contribute strongly to increasing the total polarization
and permittivity [56,57]. The low-frequency permittivity values are connected to the
polarization caused by space charge and the alteration of cation valence states [58]. The
enhanced conduction in these samples, or the electron hopping process, generates electron
polarization and contributes to dispersion in the low-frequency region, thus explaining the
significantly high value of permittivity [59,60]. In agreement with the Maxwell–Wagner [61]
kind of interfacial polarization, Koop’s theory [62] can also explain this observed behavior.
As a result of the existence of Fe3+/Fe2+ ions, the ceramic polarization is associated with
the dipoles of the ferrite phase. Nevertheless, an orientational polarization is produced
by the electron transfer between the Fe2+ ↔ Fe3+ dipoles, which aligns the dipoles with
the AC applied alternating field. In the higher-frequency range, the permittivity is almost
frequency-independent, due to the electron exchange between Fe2+ ↔ Fe3+, which are
unable to follow the alternating field AC at such high frequencies [55].
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Figure 7. The permittivity as a function of frequency at ambient temperature for the CaFeO3−δ

ceramics sintered at different temperatures.

3.5. Electric Properties

To illustrate the impact of sintering temperature on the ceramic electrical conductivity
(σ), we examined the conductivity in a frequency range (1 kHz–1 MHz). Figure 8 illustrates
the conductivity evolution for all the samples at 310 ◦C. The conductivity (σ) rises with
increasing frequency, but becomes stable irrespective of the frequency in low-frequency
regions, and tends to saturate to a value known as the DC conductivity (σDC) [63]. This
low-frequency plateau corresponds to the dc component σDC, while the high-frequency
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dispersion reflects localized AC transport, attributed to localized transport or hopping
of charge carriers [61]. As observed in Figure 8, the DC conductivity reduces by about
one order of magnitude, from 2.6 × 10−2 S/m for the ceramic sintered at 1000 ◦C to
5.3 × 10−3 S/m for the ceramic sintered at 1100 ◦C, and remains the same when the sin-
tering temperature is raised to 1200 ◦C. But the overall AC conductivity of this ceramic
increases strongly with frequency, meaning that, for the dense ceramic with larger grains,
other AC conduction mechanisms may become active at high temperatures [64]. Usually, at
high frequencies, conductivity increases due to the small polaron hopping mechanism [65].
These dependences demonstrate the existence of small polaron in this solid material, thus
contributing to enhancing their AC conductivity (σAC). In line with Koop’s model and
Maxwell–Wagner’s theory, conductive iron grain is enclosed by oxygen-rich grain bound-
aries, which act as insulators and reduce the overall electrical conductivity. These grain
boundaries play a crucial role in the electrical behavior at low frequencies. Alternatively,
at higher frequencies, the conductive grains become dominant, driven by the localized
hopping or polaron transport involving mixed Fe3+/Fe4+ states. The marked increase
in σAC for the ceramic sintered at 1200 ◦C (approximately 0.4 S/m at 1 MHz) can be
attributed to significant grain growth, consistent with SEM observations (Figure 5). Analo-
gous behavior was reported in Sm-doped ceramics, where a sample sintered at a higher
temperature, yielding the highest grain size, achieved the highest conductivity among
comparative samples [66]. General studies on oxide ceramics substantiate that grain size
increases with sintering temperature, a key factor enhancing conductivity by reducing
grain-boundary hindrance [67,68]. In addition, the electrical transport in CaFeO3−δ is also
governed by defect chemistry. In Fe-based perovskites, oxygen non-stoichiometry δ is
thermodynamically dependent on temperature and oxygen partial pressure, and variations
in δ are charge-compensated by changes in Fe valence (Fe3+/Fe4+). Therefore, changes in
sintering temperature (and the associated oxygen exchange during sintering/cooling in air)
can tune δ and the Fe3+/Fe4+ balance, directly influencing small polaron/defect-assisted
conduction pathways [49,50].

  

Figure 8. Conductivity (σ) as a function of frequency for all the CaFeO3−δ ceramics sintered at
different temperatures.
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Moreover, Jonscher’s law [61] describes the Universal Dynamic Response (UDR),
where the AC conductivity depends on frequency [69], according to Equation (6):

σ = σDC + Aωs (6)

s is the exponent value, indicating the interaction degree between mobile ions and
the lattice. A is a temperature-dependent parameter that also influences this interaction.
According to the data, the s values range from 0 to 1.

For all samples, s(T) exhibits a non-monotonic trend: It increases with temperature
up to a maximum and then decreases at higher temperatures. As summarized in Table 4,
Tmax is 220 ◦C for the ceramics sintered at 1000 ◦C and 1100 ◦C, while it shifts to 280 ◦C for
the 1200 ◦C sample. This behavior indicates a crossover between two localized transport
regimes. In the low/intermediate-temperature region (from 40 ◦C up to Tmax), where s
increases with T, the conduction is consistent with tunneling-assisted localized transport
(NSPT-like). Above Tmax, where s decreases with further temperature increase, the behavior
becomes compatible with a correlated barrier hopping (CBH-type) contribution, which can
be enhanced by grain-boundary potential barriers in polycrystalline ceramics [70].

Table 4. Maximum frequency exponent (smax) and corresponding temperature (Tmax) derived from
Jonscher analysis.

Samples Smax Tmax
◦C Observation

CFO sintered 1000 ◦C/4 h 0.775 220 s increases to 220 ◦C and then decreases
CFO sintered 1100 ◦C/4 h 0.593 220 s increases to 220 ◦C and then decreases
CFO sintered 1200 ◦C/4 h 0.883 280 s increases to 280 ◦C and then decreases

To determine the activation energy, Ea of CaFeO3−δ ceramics at 1 kHz, the Arrhe-
nius law (Equation (7)) was applied to the DC conductivity σDC extracted from the low-
frequency plateau of the conductivity spectra (the value at 1 kHz lies within this plateau for
all samples). The Arrhenius fit was performed only over the temperature interval where
ln(σDC) versus (1000/T) exhibits a clear linear behavior, corresponding to approximately
60–227 ◦C. The findings are presented in Figure 9, illustrating the evolution of ln(σDC) as a
function of (1000/T) [71].

σ = σ0e−Ea/kT (7)

where σ0: the pre-exponential factor, k: the Boltzmann constant, T: temperature, and Ea the
activation energy. The conductivity of the samples increases with an increase in temperature,
confirming semiconductor behavior. In order to determine the activation energy for the
samples, the logarithm of conductivity (σDC) as a function of the inverse of temperature
1000/T was plotted in Figure 9, and the results are summarized in Table 5. The activation
energy of the samples found at 1 kHz varies from approximately 0.15 eV to 0.39 eV. This
suggests that the internal defect formation in the present ceramics is mainly attributed to
oxygen vacancies. The sample sintered at 1200 ◦C/4 h recorded the minimum activation
energy, indicating that charge transport requires less thermal energy. This behavior can be
attributed to structural improvements at higher sintering temperatures, such as enhanced
crystallinity, as confirmed by XRD analysis, and optimized grain boundaries along with
increased grain size and density. These microstructural changes facilitate faster conduction,
which may explain its higher conductivity compared to the other samples. The sample
sintered at 1200 ◦C demonstrates the lowest Ea and highest conductivity, while the 1100 ◦C
sample shows the highest Ea and lowest conductivity. This trend is microstructurally
driven: Sintering at 1200 ◦C coarsens grains and refines grain boundaries, reducing the
interfacial barrier height and the energy cost for carrier hopping. This facilitates more
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delocalized transport, yielding higher conductivity. Conversely, the finer grains and
abundant resistive boundaries in the 1100 ◦C ceramic enhance carrier localization, resulting
in a higher Ea and lower conductivity. Similar trends have been reported in lithium–zinc
ferrites, where conductivity increased and activation energy decreased with rising sintering
temperature [72]; in gadolinium-doped ceria, where increased grain size and density
(shown by XRD/SEM) corresponded with improved conductivity and lower activation
energy [73]; and in BiCuSeO systems, where larger crystallite size correlated with enhanced
electrical transport [74].

Figure 9. ln(σDC) as a function of the inverse of temperature (1000/T) for all the ceramics sintered at
different temperatures.

Table 5. Activation energy at 1 kHz.

Samples Sintered at: Ea (ev)

1000 ◦C/4 h 0.199 ev

1100 ◦C/4 h 0.392 ev

1200 ◦C/4 h 0.150 ev

It is worth mentioning that the complex impedance spectroscopy method can be used
to study the electrical relaxation behavior of materials and to separate the effects of grain
and grain boundaries in electroceramics. To achieve this, the Cole–Cole plot is used to
investigate the complex impedance. Figure 10a displays the adjusted plots of the sample
sintered at 1100 ◦C/4 h based on two parallel combinations: (R1, C1) and (R2, CPE1),
connected in series, illustrating the contribution of the ceramic grains at high frequencies
and the grain boundaries at low frequencies. From the fitting analysis, the resistance R1 and
R2, corresponding to the grain resistance (RG) and grain-boundary resistance (RGB), were
determined. It is important to note that the behavior of all the other samples is similar. In
the tested samples, two semi-arcs were observed: The first is attributed to the contribution
of the grains, while the other is attributed to the contribution of the grain boundaries.
As the temperature increases, the radius of the semicircles decreases, thus indicating a
Negative Thermal Resistivity Coefficient (NTCR) behavior in the material [75]. This ra-
dius variation is a typical feature of semiconductors, which indicates a non-ideal Debye
relaxation behavior [76]. This could be attributed to several causes, including deformation,
stress phenomena, atomic defect distribution, and grain and grain boundary orientation.
Additionally, it was observed that, when the temperature increases, the semicircles are
gradually reduced. In line with the IBLC model, these phenomena are generally associ-
ated with the existence of a distribution of relaxation times, where the resulting complex
impedance is represented by two overlapping semicircles [77]. Figure 10b presents the
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Nyquist plots of all samples sintered at various temperatures, measured at 220 ◦C. From
the fitting procedure, the resistances RG and RGB were extracted. Similar impedance
behavior was observed for all samples. As shown in Table 6, the grain-boundary resistance
is significantly higher than the grain resistance (RGB > RG) for all sintering temperatures.
Similar impedance trends were observed at other temperatures of measurement, with grain-
boundary resistance consistently higher than grain resistance (RGB > RG) for all sintering
conditions, indicating that grain boundaries dominate the resistive response, in agreement
with the internal barrier layer capacitor (IBLC) mode. In addition, the reduction in the
semicircle radius with increasing temperature reflects the typical negative temperature
coefficient of resistance (NTCR) behavior characteristic of semiconducting oxides [78]. This
behavior can also be related to the increase in grain size with sintering temperature, as
observed in the SEM micrographs (Figure 5). Larger grains reduce the number of grain
boundaries per unit volume, which decreases the overall grain-boundary contribution to
the electrical resistance and enhances the conductivity of the ceramics. This behavior is
consistent with impedance studies on semiconducting perovskite oxides, where the total
resistance is often dominated by the grain-boundary contribution (RGB > RG). For instance,
Alzahrani et al. reported that Nyquist fitting in a semiconducting perovskite yields RGB
larger than RG, confirming grain-boundary-controlled transport, and they further related
the sintering-temperature dependence of the impedance response to microstructural evolu-
tion [79]. Similarly, in semiconducting ZnO-based ceramics, the sintering temperature was
shown to strongly affect grain-boundary barrier properties and grain-boundary resistance,
through microstructural development and defect redistribution at grain boundaries [80].

 

Figure 10. (a): Nyquist plots of the impedances of CaFeO3−δ sintered at 1100 ◦C/4 h. (b): Nyquist
plots at 220 ◦C of all the samples sintered at different temperatures.

Table 6. Grain and grain-boundary resistances for the CaFeO3−δ ceramics at 220 ◦C.

Samples Sintered at: RG (Ω) RGB (Ω)

1000 ◦C/4 h 77.3 1491.2

1100 ◦C/4 h 135.7 8172.9

1200 ◦C/4 h 58.4 2998.2

3.6. Gas Sensing Properties

(A) Experiment
To assess the potential of CaFeO3−δ samples sintered at different temperatures for

gas sensing applications, qualitative electrical measurements were conducted in ethanol
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vapors. The detection properties were tested by cycling the ceramics in both an open-air
atmosphere and an ethanol/air medium to evaluate the sensitivity and reproducibility. The
response is calculated by Formula (8):

R% =
R(air)− R(ethanol)

R(air)
× 100 (8)

The ethanol-sensing performance of the CaFeO3−δ ceramics was assessed through
impedance spectroscopy by alternately exposing the samples to ambient air and ethanol
vapors. During the testing, the real part of the impedance (R) was continuously monitored,
and the sensor response was calculated as its percentage change when the atmosphere was
switched from pure air to ethanol vapor. This parameter reflects how efficiently the material
detects ethanol, relative to its baseline electrical behavior in air [81]. Figure 11a–c shows the
results of four consecutive exposure–recovery cycles for each sintering temperature. For
each cycle, the sample was exposed to ethanol vapors for 120 s, followed by 120 s in air. The
120 s exposure time was selected after preliminary trials demonstrating that the impedance
reached a steady value within this period, ensuring reproducible measurements.

Figure 11. (a–c) Gas sensitivity responses of CaFeO3−δ ceramics sintered at different temperatures
(ethanol/air atmosphere at room temperature for 4 cycles) and (d) comparison of the impedance
response of all samples during one exposure cycle.

Upon exposure to ethanol vapor, all the samples showed a clear decrease in impedance,
indicating the adsorption of ethanol molecules onto the CaFeO3−δ surface and the con-
sequent release of electrons back to the near-surface region. Such an electron-dominated
(n-type) response is consistent with thermoelectric reports on CaFeO3−δ, where a negative
Seebeck coefficient indicates that electrons are the majority charge carriers, supporting the
n-type-like behavior observed here at room temperature [32]. This decreases the material’s
resistance, which is a typical behavior for n-type semiconducting perovskite oxides in the
presence of a reducing gas [80,81]. When returned to the air, ethanol desorbs from the
surface, and the impedance gradually recovers toward its initial value. The repetition of
this reversible behavior over multiple cycles without significant drift confirms the stability,
repeatability, and robustness of the sensor response, which are essential criteria for practical
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gas sensor applications. Interestingly, among the studied samples, the pellets sintered at
1200 ◦C exhibited the highest ethanol response (56.28%) (Figure 11d). This is particularly
noteworthy because this sample has a relatively dense microstructure (~90% relative den-
sity) and a larger average grain size (≈2.32 µm). Usually, porous structures with smaller
grains are preferred in gas sensing, because a higher surface area favors the adsorption of
gas molecules [82]. However, in the case of CaFeO3−δ, the sensing mechanism not only
depends on surface adsorption but is also strongly governed by the efficiency of charge
transport within the sensing layer [83]. The high-density microstructure of the 1200 ◦C
sample provides better grain-to-grain contact, reduces the number of grain boundaries
(which act as charge trapping sites), and decreases the internal electrical resistance. As
a result, the electrons released upon ethanol adsorption are more effectively transported
throughout the material, producing a larger and more uniform change in conductivity.

In contrast, the samples sintered at 1000 ◦C and 1100 ◦C possess higher porosity and
smaller grains, which theoretically provide more active surface for adsorption. However,
their internal conduction pathways are less well-connected, with a higher density of grain
boundaries acting as scattering centers for the charge carriers. These structural shortcom-
ings interrupt or delay the propagation of the resistance change through the sample, which
explains their comparatively lower responses (42.37% and 43.00%, respectively). In mixed
ionic–electronic conductors like CaFeO3−δ, the chemiresistive signal reflects two coupled
steps: surface redox of ethanol with adsorbed oxygen species, and vacancy-assisted bulk
transport/re-oxidation of the Fe–O network. Such vacancy-assisted transport and surface
oxygen exchange are widely reported to be enhanced by oxygen-vacancy populations and
mixed Fe valence states; moreover, oxygen non-stoichiometry δ in Fe-based perovskites is
thermodynamically dependent on temperature and oxygen partial pressure, so the sinter-
ing or cooling history provides a rational route to influence δ and the Fe3+/Fe4+ balance,
and consequently the conductivity modulation driven by oxygen adsorption/desorption
during sensing, consistent with the sensing mechanism literature and defect-chemistry
reports, as reported by Souri et al., and Vuong et al. [50,78]. In dense ceramics, contin-
uous grain–grain contacts reduce grain-boundary barriers and contact constrictions, so
carrier/defect modulations created at the surface are transmitted more efficiently through
the bulk path. Conversely, in porous bodies, many GB barriers and narrow necks screen
a fraction of the surface reaction and raise the baseline resistance, which limits the net re-
sponse. The oxygen-vacancy population (δ) further amplifies the effect by increasing active
adsorption/exchange sites and accelerating surface-exchange/bulk diffusion. Impedance
fitting performed over the entire investigated temperature range shows that the grain-
boundary resistance remains higher than the grain (bulk) resistance (RGB > RG) for all
samples, indicating that grain boundaries constitute the dominant resistive element in
the electrical response [82–85]. In addition, the lowest-C sample (1200 ◦C) found in the
EDX results shows the highest ethanol response (56.28%), consistent with cleaner, better-
connected surfaces/grain paths. This reveals that, for CaFeO3−δ ceramics, an optimal
balance between surface reactivity and charge transport is critical, and that densification
can outweigh surface area effects in determining gas sensitivity [86].

Additionally, the enhanced performance of the 1200 ◦C sample can be related to defect-
mediated surface reactivity and oxygen-vacancy-related active sites, which are known to
depend on thermal history and oxygen activity in ferrite perovskites. Oxygen vacancies play
a key role as active adsorption sites for ethanol, facilitating rapid interaction between the gas
molecules and the sensor surface. Although relatively few studies have explored ethanol
sensing in CaFeO3−δ, the high response observed in this work indicates strong potential
for this material as a sensitive, low-cost ethanol sensor operating at room temperature. In
addition to high sensitivity, the CaFeO3−δ sensor also demonstrates fast dynamic response,
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an essential attribute for real-time gas detection. The response time (t90↑) is defined as the
time elapsed between the introduction of ethanol and the moment when the impedance
reaches 90% of its total change relative to the baseline in air. The recovery time (t90↓) is
defined as the time required, after switching back to air, for the impedance to return 90%
of the way toward its baseline value. The measured t90↑ values are narrowly distributed
(30–31 s) for all pellets, indicating a similar initial adsorption/interaction kinetics with
ethanol. In contrast, t90↓ varies significantly (17–120 s), which increases systematically
with the sintering temperature. This trend reflects microstructural effects: The pellet
sintered at 1200 ◦C, being denser and composed of larger, better-connected grains, requires
a slower vacancy-assisted bulk re-oxidation once ethanol desorbs. The pellets sintered
at 1000–1100 ◦C are more porous and dominated by shallow surface and grain-boundary
depletion layers, which re-oxidize rapidly, leading to faster recovery times. Full recovery
of the baseline signal after multiple cycles further confirms the reversibility of ethanol
adsorption and desorption processes and attests to the excellent operational stability of
the sensor. To highlight the importance of this finding, the obtained response (56.28%) at
room temperature is higher than that reported for many other perovskite-based sensors
operating at substantially higher temperatures. For example, Bi0.95Sr0.05FeO3 shows ~49.5%
response at 208 ◦C to 200 ppm ethanol [16], while La0.9Fe0.85Co0.15O3 achieves ~50.45%
at 200 ◦C for 100 ppm ethanol [86]. In contrast, our CaFeO3−δ sensor achieves superior
performance at room temperature, which eliminates the need for heating elements and
significantly reduces energy consumption, making it better suited for practical applications.

(B) Gas sensing mechanism
Figure 12 presents the proposed gas sensing mechanism. In an open-air environment,

the molecule of oxygen adsorbs onto the surface of the detecting samples of CaFeO3−δ [10],
forming ions of oxygen such as O2

−, O2
2−, or O− by the capture of free electrons from

the conduction band, because oxygen molecules interact as electron acceptors, as illus-
trated by Equations (9)–(12). The decrease in the electron concentration increases the
sensor resistance.

O2(gas) ↔ O2(ads) (9)

O2(ads) + e− ↔ O−
2(ads) (10)

O−
2(ads) + e− ↔ 2 O−

2(ads) (11)

O−
(ads) + e− ↔ O2−

(ads) (12)

Figure 12. Schematic of the reaction on the ceramic semiconductor surface, (a) in air and (b) in ethanol.
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When ethanol is present, the gas molecules act with the O2−
2 , or O−, releasing the

trapped electrons back into the conduction band. This release decreases the material’s resis-
tance, and the extent of the resistance change correlates directly with the gas concentration
being measured, as described by Equations (13) and (14) [10]. After removing the ethanol
gas from the system, the resistance quickly returned to its original value, ensuring excellent
long-term stability of the CaFeO3−δ gas sensors when purged with air [8].

C2H5OH(gas) + 6 O−
(ads) ↔ 2 CO2 + 3H2O + 6e− (13)

C2H5OH(gas) + 6 O2−
(ads) ↔ 2 CO2 + 3H2O + 12e− (14)

4. Conclusions
CaFeO3−δ ceramic samples were produced using a solid-state reaction to investigate

whether their dielectric and conductive properties are affected by sintering temperature.
XRD analyses show that all the ceramics belong to the Pcmn space group in a pure or-
thorhombic phase. The crystallographic data indicate no regular change in unit cell param-
eters or volume as the sintering temperature increases. Higher sintering temperatures lead
to improved crystallinity, larger crystallites, and increased grain size due to enhanced grain
growth. The dielectric constant of CaFeO3−δ ceramics decreases with increasing frequency
until it levels off at high frequencies, with a colossal permittivity value (ε′ = 2.1 × 105)
observed in the sample sintered at 1200 ◦C for 4 h. The highest AC conductivity was also
recorded for this sample, which is likely owing to the larger grain size. Cole–Cole analysis
confirmed deviations from Debye’s ideal behavior. Moreover, dielectric relaxation relates
to the strong correlation between iron conduction and dielectric properties. The sample
sintered at 1200 ◦C for 4 h exhibits enhanced electrical conduction at high frequencies
and high permittivity at low frequencies, making it an excellent candidate for batteries
and electronic capacitors. Preliminary qualitative tests conducted under saturated ethanol
vapors assessed gas detection capabilities at room temperature and normal pressure. The
ferrite samples showed consistent results across multiple tests, with the highest sensitivity
in the sample sintered at 1200 ◦C for 4 h, attributable to its weakened electrical conductivity
at low frequencies. Notably, the relaxation time of the CaFeO3−δ sample sintered at 1000
◦C for 4 h is shorter than that of other samples. In summary, CaFeO3−δ ceramics with a
perovskite structure display promising electrical properties and are suitable for various
technological applications, including capacitors, signal transmission, gas sensors, and other
electronic components.
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