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Abstract 

In this work, brownmillerite-type calcium ferrite (Ca2Fe2O5) ceramics were prepared by two distinct 

routes, namely by a proteic sol-gel synthesis using commercial flavorless gelatin, and by a solid-state 

reaction method using mollusk shells. XRD analyses revealed single phase brownmillerite-type 

calcium ferrites in both cases. SEM-EDS analysis of sintered Ca2Fe2O5 ceramics revealed larger grain 

sizes for the samples prepared via the solid-state reaction. All samples possessed a p-type conduction 

mechanism, with the largest power factor of ~2 μWm-1 K-2 at 450 °C observed for the samples obtained 

via the solid state reaction. The charge transport mechanism was found to depend on the preparation 

route. The obtained results demonstrated that the proposed synthesis routes can be successfully 

employed for the preparation of single-phase brownmillerite-type materials. 
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1. Introduction 

The Seebeck effect is responsible for the direct conversion of temperature gradients into 

electricity, in certain functional materials. Some special technical ceramics are considered for 

thermoelectric (TE) applications at high temperatures, having a great potential for waste heat recovery, 

like, e. g., solid oxide fuel cells (SOFCs) [1]. Misfit layered p-type cobaltites such as NaxCoO2-δ, 

[Ca2CoO3-δ]0.62[CoO2] (Ca3Co4O9) and [Bi0.87SrO2]2[CoO2]1.82 (Bi2Sr2Co1.8Oδ) have been broadly 

studied for their promising TE properties [2–4]. Another class of materials that has been investigated 

for TE applications is represented by brownmillerite oxides (A2B2O5) [5]. Of these oxides types, 

literature reports on the calcium ferrites (Ca2Fe2O5) are scarce [6–8]. Research groups/papers have 

reported several synthesis methods for preparing brownmillerite-type calcium ferrites, such as sol-gel 

[9], solid-state reaction [10–13], coprecipitation [13] and electrospinning [14], among others. 

Recently, our group successfully synthesized high-quality [Ca2CoO3-δ]0.62[CoO2] materials via two 

environmentally friendly routes and studied their TE properties [15]. The environmentally friendly 

methods consist in the use of mollusk shell powder, as a natural source of calcium carbonate, in the 

solid-state reaction [16], and in the use of commercial flavorless gelatin, as a low-cost precursor, in a 

proteic sol-gel synthesis [17], being a ‘modified Pechini method’ [18].  

Materials which are considered promising for TE applications must simultaneously possess 

high electrical conductivity and Seebeck coefficient values, and low thermal conductivity [19]. 

Asenath-Smith et al. [6] reported thermal conductivity values of ~ 2 W/(m×K), for perovskite 

Ca2Fe2O5 ceramics. The authors explain that the similarity of the thermal conductivity values of 

Ca2Fe2O5 to the Ruddlesden-Popper phase implies the potential of the layered nature of 

brownmillerite-type compounds to reduce thermal conductivity through increased phonon scattering 

even if the material is composed of relatively light elements. This work aims to explore the effect of 

the preparation method on the electrical properties (electrical conductivity, Seebeck coefficient and 

power factor) at high temperatures in air, employing two alternative, low-cost, and environmentally 

friendly methods to obtain reactive calcium ferrite ceramic precursor powders for producing single 

phase ceramics with a brownmillerite-type structure. 
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2. Experimental  

Single-phase Ca2Fe2O5 (CFO) powders were obtained by two distinct methods, a solid-state 

reaction and a proteic sol-gel synthesis route. For the sake of simplicity, materials were labeled as 

CFO-M and CFO-G for the compounds obtained by milling and sol-gel synthesis route, respectively. 

For the proteic sol-gel method, gelatin was dissolved in distilled water at 50 °C and, subsequently, iron 

and calcium nitrates were added in stoichiometric amounts at 70 °C. In order to form a resin, the 

temperature was increased to 90 °C. A heat treatment was conducted at 300 °C for 2 h, which is related 

to the events of dehydration, nitrate decomposition and elimination of organic matter. Ca and Fe 

nitrates were purchased from Sigma-Aldrich. The solid-state reaction was performed by using mollusk 

shell powder and iron oxide (in stoichiometric amounts). Characterization of these mollusk shells can 

be found in a previous work [16]. The iron oxide was obtained from the proteic sol-gel synthesis using 

gelatin and iron nitrate (calcined at 600 °C). The materials were mixed/milled in alcohol medium at 

400 rpm for 10 h, dried at 110 °C for 12 h and granulated through a 200-mesh sieve. The powders 

CFO-G and CFO-M were calcined at 900 °C for 2 h and pellets were sintered at 900 °C for 24 h. 

Both powders were characterized by X-ray diffractometry (XRD-7000, Shimadzu ⟶ Cu-Kα) 

and field-emission scanning electron microscopy (FESEM, Carl Zeiss, Supra 35-VP Model). Rietveld 

refinement using Materials Analysis Using Diffraction (MAUD) software was performed. Inorganic 

Crystal Structure Database (ICSD) was used to obtain the crystal structures for refinement of the X-

ray data. The microstructure of sintered pellets was studied by scanning electron microscopy coupled 

with energy dispersive spectroscopy (SEM-EDS, Hitachi SU-70). Apparent densities of the sintered 

ceramics were measured by the Archimedes’ principle and the relative densities were determined from 

the ratio between the apparent densities and the theoretical density (4.01 g cm-3). 

Electrical conductivity and Seebeck coefficient measurements were simultaneously conducted 

on selected bar-shaped samples (~10 × 3 × 3 mm) of each type, in constant air flow, using the custom 

setup described in detail elsewhere [20], from 400 to 800°C, with a step of 50°C, using a steady-state 

technique. Freshly cut CFO-G and CFO-M samples were fixed inside a specially designed alumina 

sample chamber, placed in turn inside an atmosphere-controlled high-temperature furnace, one 

horizontally (σ, electrically connected in the setup with fine Pt wire, following a four-point probe DC 

technique arrangement and using an applied electric current, for a good use of Ohm’s law) and the 

other vertically (α, subjected to a constant, discrete temperature gradient of ~14°C). The PF values 

were calculated from the α and σ values in each case, at each temperature step. 
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The high-temperature TE assessment of the final sintered ceramics is done by simultaneous 

electrical conductivity and Seebeck coefficient measurements in air, in a custom, ‘home-made’ 

experimental setup described elsewhere [20]. The activation energy values Ea for both parameters were 

calculated from the slopes of the linear fits of the respective ln(σT) vs. 1/T and α vs. 1/T (Arrhenius) 

plots (not shown), based on the models described in [6,21]. 

The XRD and TE coefficient plots were constructed using the OrginPro software, which was 

also used for the Ea calculations. 

 

3. Results and Discussion 

Figure 1 (a, c and e) displays the XRD patterns, refinement fitting results and difference of 

powders prepared by both presented methods. All patterns presented a single-phase oxide, indexed as 

Fe2O3 (Figure 1 (a)) and Ca2Fe2O5 (Figure 1 (c and e), for CFO-M and CFO-G, respectively). 

Estimated lattice and structure parameters (from Rietveld refinement) of the calcined powders are 

shown in Table 1. Calcium ferrite samples were refined using the ICSD card number 88986 and iron 

oxide with the ICSD card number 15840. The brownmillerite-type calcium ferrite has orthorhombic 

symmetry with space group Pnma (no. 62), at room temperature, and the crystal structure of iron oxide 

(Fe2O3) is trigonal – R-3cH (no. 167). The lack of secondary phase and the obtention of very crystalline 

single-phase of CFO indicates that both processing routes can be considered as appropriate methods 

to obtain calcium ferrite with brownmillerite-type structure. Figure 1 (b, d and f) shows FESEM images 

of Fe2O3 and Ca2Fe2O5 calcined particles. Higher agglomeration is noticeable in the solid-state reaction 

compared to the proteic sol-gel method, as also observed in a previous work [15]. The formation of a 

polymeric resin in the proteic sol-gel synthesis contributes to this fact [22]. On the other hand, 

aggregation of particles is observed in the CFO-G powder. 

The brownmillerite mineral Ca2Fe2O5 consists of alternating layers of corner-sharing FeO6 

octahedra and layers of FeO4 tetrahedra, as illustrated in Figure 2. This structure is considered a 

perovskite with oxygen deficiency ordered along the [101] direction in alternate layers, which 

contributes to ionic conductivity [6,8,23]. 
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Figure 1. Rietveld refinement of the room-temperature XRD patterns and FESEM images of Fe2O3 particles (a, b), 
Ca2Fe2O5 powders obtained by solid-state reaction (c, d) and by the proteic sol-gel method (e, f). 

 

Table 1. Lattice and structure parameters for the Fe2O3 powder synthesized by proteic sol-gel route and calcium ferrite 

powders prepared by solid-state reaction using mollusk shells (CFO-M) and proteic sol-gel method (CFO-G). The chi-

square (χ2) values obtained evidence the good quality of the fit between the calculated and the experimental data [24]. 
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Sample 

Unit cell Structure parameters Agreement factors 

a / Å b / Å c / Å 
Atom 

x y z Site Rwp / % 
Rexp / 

% 
χ2 

Fe2O3 5.0359 5.0359 13.7521 
Fe1 0.00000 0.00000 0.35513 12c 

10.68 10.44 1.02 
O1 0.31007 0.00000 0.25000 18e 

CFO-M 5.5980 14.7724 5.4266 

Ca1 0.03066 0.10927 0.48163 8d 

6.43 9.40 0.68 

Fe1 0.00000 0.00000 0.00000 4a 

Fe2 -0.06590 0.25000 -0.05988 4c 

O1 0.24824 -0.01353 0.28256 8d 

O2 0.05494 0.14977 0.01701 8d 

O3 0.85155 0.25000 0.59564 4c 

CFO-G 5.5967 14.7674 5.4256 

Ca1 0.03091 0.10842 0.48392 8d 

6.99 9.45 0.73 

Fe1 0.00000 0.00000 0.00000 4a 

Fe2 -0.06281 0.25000 -0.06014 4c 

O1 0.26182 -0.01306 0.29000 8d 

O2 0.05753 0.14780 0.02255 8d 

O3 0.84957 0.25000 0.59751 4c 

 

 

Figure 2. Illustration of the brownmillerite structure of Ca2Fe2O5 based on the ICSD 88986 used to refine the CFO-M and 
CFO-G samples. 

 

SEM-EDS images of ceramics sintered at 900 ºC are shown in Figure 3 (relative density of 

about 62 % in both samples). The ceramics retain sub-micron grain size, provided by the high-quality 

precursor powders. While the grain shape is similar, a noticeable difference in the grain size (Figure 3 

(a, b)) is likely provided by more coarse mollusk shell powder as compared to the precursor produced 

O1
O3O2Fe1

Fe2

Ca1

 octahedral 
coordination

{{{{{

O2
O3

O2
O2

 octahedral 
coordination

 octahedral 
coordination

 tetrahedral 
coordination

 tetrahedral 
coordination



7 

 

by a proteic sol-gel synthesis. EDS mapping (Figure 3 (c, d)) reveals the homogeneous distribution of 

Ca and Fe elements in both samples. 

 
Figure 3. SEM images of the CFO-M and CFO-G pellets (a and b, respectively) and their EDS mapping images (c and d, 
respectively). Insets in c and d are self-explanatory. 

 

Figure 4 depicts the temperature dependence of the Seebeck coefficient for the the Ca2Fe2O5 

ceramics fabricated by the two synthetic methods. Positive Seebeck values confirm a dominating p-

type conduction mechanism (Figure 4). However, significant differences are observed in the 

temperature dependence of the Seebeck coefficient. This indicates that the selected preparation 

methods affect the charge transport mechanism in brownmillerite, since usually the Seebeck 

coefficient does not depend on the microstructure. 
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Figure 4. Seebeck coefficient of Ca2Fe2O5 ceramics obtained via solid state reaction (CFO-M) and by a proteic sol-gel 
method (CFO-G). The inset shows Arrhenius plots used for calculating the activation energy. 

 

Electronic conduction mechanism dominates the total conductivity of CFO ceramics due to the 

two-dimensional nature of brownmillerite-type structures [8]. Shaula et al. [8] reported a low ionic 

conductivity of CFO ceramics when compared to ferrite-based perovskites (SrFe(Al)O3-δ or 

Sr(La)Fe(Ga)O3-δ) and explained this behavior based on the low concentration of oxygen vacancies in 

the octahedra layers of the brownmillerite structure. Figure 5 shows Arrhenius plots of the electrical 

conductivity, using a representation consistent with a polaron conduction model [6,21]: 

�� = �� exp 	− ��
��

�    (Eq. 1) 

where Eσ is the activation energy of polaron conduction, kB is the Boltzmann constant. 

The conductivity of CFO-M is 2.4-7.3 times higher than for CFO-G (Figure 5), the difference 

is decreasing on heating, likely provided by the same effects as the crossover of Seebeck coefficient 

at ~720 ºC.  

e/
k
B



9 

 

 

 
Figure 5. Electrical conductivity (Arrhenius plots) of Ca2Fe2O5 ceramics obtained via solid state reaction (CFO-M) and by 
a proteic sol-gel method (CFO-G). 

 

More guidelines can be obtained from the analysis of calculated values of the activation energies, 

depicting several similar mechanisms described in [6]. The activation energy for Seebeck coefficient 

(Eα) can be calculated from the (Eq. 2) [6]: 

� = �
� (

��
��

+ ��
�
)   (Eq.2) 

where Sv is vibrational(transport) entropy of the polaron. At 450-800 ºC, the Eσ values for CFO-M and 

CFO-G samples amount to 0.134 and 0.265 eV, correspondingly, being comparable to those obtained 

in [6]. Both samples also show linear behaviour of the Seebeck coefficient with inverse temperature 

(inset in Fig. 4). Corresponding activation energies Eα amount to 0.115 and 0.366 eV for CFO-M and 

CFO-G samples, correspondingly. The difference (Eσ–Eα) represents the binding energy of the polaron 

[6], and the case Eα < Eσ for CFO-M illustrates temperature-activated mobility consistent with polaron 

conduction, in agreement with the results obtained in [6]. A striking observation is that the Eα values 

are notably higher than Eσ for the CFO-G sample, indicating that the preparation route affects the 

conduction mechanism. The classical relation σ=n×e×µ  suggests that the variation of the conductivity 
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with temperature is contributed by the corresponding variations of the charge carrier concentration (n) 

and mobility (µ). In turn, the Seebeck coefficient is directly related only to the charge carrier 

concentration. The more pronounced temperature-activated character of the Seebeck coefficient should 

be compensated by an opposite tendency in the mobility behaviour, to result in the observed moderate 

temperature dependence of the electrical conductivity. Thus, the results obtained for CFO-G 

apparently evidence the contribution of the broadband conduction mechanism for this sample, with the 

charge carrier mobility presumably decreasing on heating. The origin of such a change in the 

conductivity mechanism is likely related to the specific effects provided by the localized states at the 

grain boundaries, as it might be expected for nanosized grain structure in the case of proteic sol-gel 

synthesis route. However, additional studies including Hall effect measurements, impedance 

spectroscopy and TEM analysis are required to understand better the observed effects. 

As a result, the power factor is significantly affected by the involved preparation methods 

(Figure 6). The effect is mainly provided by the conductivity difference, which is likely related to more 

pronounced grain boundary scattering of the charge carriers in the case of CFO-G. 

 
Figure 6. Power factor of Ca2Fe2O5 ceramics obtained via solid state reaction (CFO-M) and by a proteic sol-gel method 
(CFO-G). 

 

Although the overall electrical performance is too low for considering Ca2Fe2O5 for 

thermoelectric applications, the work demonstrates, for the first time, the possibility of fabricating 

brownmillerite-type structure material by using mollusk shells in a solid-state reaction and gelatin as 
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a low-cost precursor by a proteic sol-gel route. Therefore, these routes are competitive to be used in 

future works with, e. g., substituted calcium ferrite, in order to improve the electrical performance, as 

reported for SOFC cathode applications [25]. Secondly, more pronounced temperature-activated 

behaviour of the Seebeck coefficient of the material prepared via proteic sol-gel route, as compared to 

the electrical conductivity, suggests the contribution of the band conduction mechanism, which 

potentially may result in better electrical performance, promoted by suitable substitution approaches. 

 

4. Conclusions 

Pure Ca2Fe2O5 ceramic precursors were successfully prepared by a proteic sol-gel synthesis 

method and by a solid-state reaction method using powdered mollusk shells. The electrical assessment 

of sintered ceramics showed that the involved methods affect the charge transport mechanisms, with 

different contribution from charge carrier generation and temperature-activated mobility. As a result, 

the electronic transport mechanism is apparently contributed by the band conduction in the material 

prepared via proteic sol-gel synthesis, while polaron hopping mechanism is predominant for ceramics 

prepared via solid-state reaction. Both synthesis methods are competitive routes for the preparation of 

materials with brownmillerite-type structure. 
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