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Abstract
Ca2Fe0.5Ga1.5O5 is an oxygen-deficient perovskite, where the defects generated due to oxygen-deficiency are distributed
in an ordered fashion. Neutron diffraction experiments indicate that the defect-order results in the formation of alternating
(Ga)O4 tetrahedral and (FeGa)O6 octahedral units, forming the so-called brownmillerite-type structure. This material
represents the highest degree of Ga-doping in the brownmillerite compound Ca2Fe2O5, which can be achieved using
solid-state synthesis method. X-ray photoelectron spectroscopy (XPS) combined with iodometric titration was employed
to determine the Fe oxidation state and the oxygen-content in Ca2Fe0.5Ga1.5O5. The XPS studies show that Fe is predom-
inantly in trivalent state, and the iodometric titrations indicate that the oxygen stoichiometry is 5.07 per formula unit,
consistent with primarily trivalent Fe. Variable-temperature electrical conductivity studies of Ca2Fe0.5Ga1.5O5 have been
performed in a wide temperature range, 25–800 °C, indicating semiconducting behavior and significant contribution of
ionic conductivity to total conductivity of this material.
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Introduction

Many oxygen-deficient perovskite oxides exhibit mixed ionic-
electronic conductivity [1]. Mixed conducting materials are im-
portant in different areas, such as gas sensing devices [2], elec-
trodes for solid-oxide fuel cells [3], and electrocatalysts [4].

Oxygen deficient perovskites have general formula ABO3-δ,
where δ represents the oxygen deficiency. The B-site cations
usually form BO6, BO5, or BO4 polyhedra depending on the
structure, while the A-site cations reside in spaces between the
polyhedra. The crystal structure can vary depending on differ-
ent parameters including the magnitude of δ. For example, a
series of structures have been observed for SrMnO3-δ [5] and
Sr2Fe2O3-δ [6] due to the variation of oxygen stoichiometry.
The crystal structure of oxygen-deficient perovskites also de-
pends on the arrangement of defects that are generated due to

oxygen-deficiency [7–11]. The defects can be distributed in a
disordered [12–14] or ordered fashion [7–11, 15–19]. One of
the common structures, resulting from the ordering of defects, is
brownmillerite-type structure [7–11, 15–19]. In brownmillerite
materials, the ordering of defects results in tetrahedral coordi-
nation geometry in alternating layers. As shown in Fig. 1, the
BO4 tetrahedra and BO6 octahedra alternate in the crystal lat-
tice. The tetrahedra form chains that run parallel to the octahe-
dral layers. The orientation of tetrahedral chains with respect to
each other can be different, leading to different space groups in
brownmillerite compounds.

Changes in the A or B-site cations in oxygen-deficient
perovskites, ABO3-δ, can change the crystal structure. One
example is the significant difference between Sr2Fe2O5, which
has a brownmillerite-type structure, and Ba2Fe2O5, that fea-
tures a complex structure containing tetrahedral, square-pyra-
midal, and octahedral geometry [10]. The change in the crystal
structure leads to significant differences in electrical properties
of Sr2Fe2O5 and Ba2Fe2O5 [10]. Another example is the phase
transitions in La1 − xSrxFeO3 − δ as a result of Sr-substitution
on the A-site, leading to variation in physical properties [20].
The effect of the B-site cation is demonstrated by phase tran-
sitions in SrFe1 − xNbxO3 − δ (x = 0.05, 0.1, 0.2, 0.3, and 0.4)
where an I4/mmm tetragonal structure transforms into a cubic
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structure with Pm-3m space group [21]. The same study also
reports a structural transition between cubic and orthorhombic
due to the variation of the B-site cation [21].

Most oxygen-deficient perovskites contain transition metals
on the B-site. However, main group metals, particularly those
from group 13, can also be incorporated into these compounds,
and occupy some of the B-sites [22–24]. Nevertheless, in most
cases, the majority of cations on the B-site are still transition
metal cations [22–24]. Brownmillerite materials, where the
transition metals are eliminated from the structure, are interest-
ing because they can exhibit predominantly ionic conductivity.
Thus, they can be used in applications such as fuel cell electro-
lytes, where ionic conductivity is needed, but electronic con-
ductivity is undesirable. One prominent example of a
brownmillerite compound, which possesses only main group
elements on the B-site, is the In-containing material Ba2In2O5

[25] and its doped analogues [26, 27]. This material can be
synthesized by solid-state method at high temperature [25].
However, the situation is different for Ga-only brownmillerite
compounds, which seem to require high pressure to form [28].
For example, Ca2Ga2O5 has been made under 2.5 GPa of pres-
sure [28]. In addition, Sr2Ga2O5 has been synthesized under
1.5 GPa of pressure, but this material does not form a
brownmillerite structure [29].

There is one report on the crystal structure of
Ca2Fe0.5Ga1.5O5, synthesized using standard solid-state
synthesis method [28]. However, that study only reports
the crystal structure using X-ray diffraction, and no other
information regarding properties of Ca2Fe0.5Ga1.5O5 has
been reported. In the current study, we have shown that
Ca2Fe0.5Ga1.5O5 represents the maximum level of Ga-
doping in Ca2Fe2O5 system, which can be achieved by
solid-state synthesis method. We have examined the Fe
and Ga distribution using neutron diffraction, and have
also studied electrical properties of this compound in a
wide temperature range, 25–800 °C.

Materials and methods

Solid-state synthesis method was employed to prepare
Ca2Fe0.5Ga1.5O5. The powders of the precursors CaCO3

(Alfa Aesar, 99.95%), Fe2O3 (Alfa Aesar, 99.998%), and
Ga2O3 (Sigma Aldrich, 99.99%) were mixed, pressed into
a pellet, and heated at 1000 °C for 24 h in air. The samples
were then reground and refired at 1200 °C for 24 h in air,
followed by slow cooling. The heating and cooling rates
were 100 °C/h. Synthesis of compositions containing
higher Ga content was also attempted. However, single
phase products could only be obtained at the maximum
Ga concentration of 1.5 per formula unit. Iodometric titra-
tions were performed under argon atmosphere, as de-
scribed previously [10].

High resolution field-emission scanning electron mi-
croscopy (SEM) was used to study the micro-structure.
X-ray photoelectron spectroscopy (XPS) was carried out
at room temperature using Al Kα radiation (1486.7 eV).
The electrical properties were investigated by direct-
current (DC) and alternating-current (AC) on pellets that
had been sintered at 1200 °C. The AC electrochemical
impedance spectroscopy measurements were performed
in the frequency range of 0.1 Hz to 1 MHz using a
computer-controlled frequency response analyzer. The
DC measurements were done by applying a constant volt-
age of 10 mV and collecting the output current. Variable-
temperature electrical conductivity measurements were
carried out during both heating and cooling cycles with
10 °C intervals. At each measurement temperature, enough
time was given for conductivity equilibrium to be achieved
before moving to the next temperature. Powder X-ray dif-
fraction measurements were done at room temperature
using Cu Kα1 radiation (λ = 1.54056 Å). Neutron diffrac-
tion experiments were performed on POWGEN diffrac-
tometer at Oak Ridge National Laboratory, with center
wavelength of 0.7 Å. Rietveld refinements were done
using GSAS software [30] and EXPEGUI interface [31].

Fig. 1 Brownmillerite structure of Ca2Fe0.5Ga1.5O5
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Results and discussion

Crystal structure

As discussed in the experimental section, Ca2Fe0.5Ga1.5O5

represents the highest degree of Ga-doping in the
brownmillerite compound, Ca2Fe2O5, which can be achieved
by solid-state synthesis method. Higher degree of Ga-doping
is only possible if the synthesis is done in high pressure,
2.5 GPa [28]. The only report on Ca2Fe0.5Ga1.5O5 describes
X-ray diffraction data of this material, indicating Pcmn space
group [32]. Here, we study the structure using a combination
of neutron and X-ray diffraction. The common space groups
for brownmillerite compounds are Imma, Ima2, Pnma
(Pcmn), and Pbcm [7, 8, 11, 16, 19].

The Pbcm space group is recognized by the presence of
superstructure peaks, given that materials crystalizing in
this space group have unit cells that are double the size
of those for typical brownmillerites [7, 8, 11, 16, 19].
These superstructure peaks do not appear in the diffraction
data for Ca2Fe0.5Ga1.5O5, ruling out the Pbcm space
group. The Pnma space group is identified by the presence
of the 131 peak, which is absent in I-centered space
groups [7, 8, 11, 16, 19]. The powder X-ray and neutron
diffraction data for Ca2Fe0.5Ga1.5O5 show the 131 peak,
indicative of space group Pnma. This was then confirmed

by Rietveld refinements. Table 1 lists the refined structural
parameters, and Fig. 2 shows the X-ray and neutron re-
finement profiles. In these refinements, initially, Fe and
Ga were mixed on both octahedral and tetrahedral sites.
Refining the site-occupancies on these sites indicates that
Fe is exclusively located on the octahedral site, while Ga
occupies all of the tetrahedral sites and half of the octahe-
dral positions.

Scanning electron microscopy data show high sinterability
and good contact between crystallites of Ca2Fe0.5Ga1.5O5, as
shown in Fig. 3. Oxidation state of Fe was investigated by X-
ray photoelectron spectroscopy (XPS). The 2P3/2 peaks for tri-
valent and tetravalent Fe are expected to appear at ~ 710–
711 eV [33, 34] and ~ 712–713 eV [35, 36], respectively. In
addition, a satellite peak appearing at about 7–9 eV higher than
the 2P3/2 peak is the signature of trivalent Fe [33, 34]. The XPS
data for Ca2Fe0.5Ga1.5O5 (Fig. 4) show the 2P3/2 peak for Fe at
~ 710 eV followed by a satellite peak at ~ 718 eV, confirming
that Fe is primarily in trivalent state. There is also a slight
shoulder on the right side of the Fe 2P2/3 peak, which indicates
the presence of a small amount of tetravalent Fe. These findings
were then confirmed by iodometric titrations, which showed
the accurate oxygen stoichiometry to be 5.07 mol per formula
unit, i.e., Ca2Fe0.5Ga1.5O5.07. These results confirm the XPS
findings that the oxidation state of Fe is primarily 3+, along
with a small amount of tetravalent Fe.

Table 1 The refined structural
parameters for Ca2Fe0.5Ga1.5O5

from neutron diffraction. Space
group: Pnma, a = 5.3669(2), b =
14.6214(5), c = 5.5927(2), Rp =
0.0744, wRp = 0.0479

Elements x y z Multiplicity Occupancy Uiso

Ca 0.0076(6) 0.1075(1) 0.5281(3) 8 1 0.0013(2)

Ga1 0.0463(4) 0.25 0.0700(4) 4 1 0.0025(3)

Ga2 0.0 0.0 0.0 4 0.5 0.0004(2)

Fe 0.0 0.0 0.0 4 0.5 0.0004(2)

O1 0.3991(7) 0.25 0.1279(6) 4 1 0.0052(4)

O2 0.0193(5) 0.6412(2) 0.0710(4) 8 1 0.0063(3)

O3 0.2513(6) 0.0140(1) 0.2489(7) 8 1 0.0020(2)

Fig. 2 Refinement profiles for
Ca2Fe0.5Ga1.5O5 using a X-ray
and b neutron diffraction
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Electrical properties

The electrical properties of Ca2Fe0.5Ga1.5O5 were studied by
alternating current (AC) and direct current (DC) methods. In
DC method, the output current (I) is measured while applying
a constant voltage. This current is then converted into resis-
tance using Ohm’s law. In AC impedance spectroscopy, the
resistance is determined from the intercept of the data with the
real axis (Z′) of the Nyquist plot at low frequency. The resis-
tance values (R) are then used to calculate the conductivity (σ)
using the following equation:

σ ¼ L=RA

where L and A represent the thickness and cross-sectional area
of the sample, respectively. The electrical conductivity was
also obtained at variable temperatures from 25 to 800 °C
(Fig. 5). In brownmillerite compounds, the electronic conduc-
tivity is achieved due to the presence of cations that have
multiple stable oxidation states such as Fe2+/Fe3+/Fe4+.
Variable oxidation states can also be created due to oxygen
loss, i.e., partial reduction of cations, [37] or oxygen absorp-
tion, leading to partial oxidation [38, 39]. These processes
result in the formation of small polarons [39]. The electrons

hop through Mm+–O–Mn+ conduction pathways, which are
created due to the presence of variable oxidation states [40,
41]. However, many brownmillerite materials are mixed-con-
ductors, where the total conductivity includes contribution
from both electron and oxide-ion conductivity. The latter can
become dominant when the transition metals are eliminated
from the material composition [25].

In Ca2Fe0.5Ga1.5O5, contributions from both ionic and elec-
tronic conductivity are expected, considering the oxygen-
vacancies and the presence of variable oxidation states of Fe in
the material composition. The conductivity of Ca2Fe0.5Ga1.5O5,
can be compared to a predominantly ionic conductor, Ba2In2O5,
which shows electrical conductivity values, that are less than ~
10−3 Scm−1 at 700 °C [25]. Whereas the conductivity of
Ca2Fe0.5Ga1.5O5 at the same temperature is more than one order
of magnitude higher, ~ 10−2 Scm−1. The higher conductivity of
Ca2Fe0.5Ga1.5O5 may be attributed to the contribution of the
electronic conductivity in addition to the ionic conductivity.

In oxide materials, the bulk, grain-boundary, and
electrode-interface resistance can be determined using
AC impedance spectroscopy. The observation of semicir-
cles in the Nyquist plot of impedance spectroscopy indi-
cates significant contribution from ionic conductivity, as
described by other researchers [42]. The fit to the imped-
ance data for Ca2Fe0.5Ga1.5O5 at 200 °C is shown in Fig. 6.
Three resistance-capacitance (RC) units were used for this
fit, where the RC unit at highest frequency (left) corre-
sponds to the bulk resistance. The semicircle in the middle
shows the grain-boundary resistance and the semicircle at
the lowest frequency (right) represents the electrode inter-
face resistance.

In some oxide materials, an increase in conductivity as a
function of temperature is observed. This behavior is seen
in Ca2Fe0.5Ga1.5O5. The temperature-dependent increase
in electrical conductivity is expected, due to an increase
in the mobility of charge carriers, [43] according to the
following relation:

σ ¼ neμ

Fig. 3 SEM images of Ca2Fe0.5Ga1.5O5, showing good contact between the crystallites

Fig. 4 X-ray photoelectron spectroscopy data for Ca2Fe0.5Ga1.5O5
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where σ, n, e, and μ are the conductivity, concentration of
charge carriers, charge of electron, and mobility of the charge
carriers, respectively. In addition, the loss of oxygen at higher
temperature, as shown by thermogravimetric analysis (Fig. 7),
can enhance the ionic conductivity, due to the increase in con-
centration of defects. It is known that oxide ion conductivity is
enhanced above 500 °C [44, 45]. Fig. 5 shows a sharp increase
in conductivity of Ca2Fe0.5Ga1.5O5 above 500 °C. We per-
formed the variable-temperature conductivity measurements
during both heating and cooling cycles. As noted in the exper-
imental section, at each measurement temperature, enough
time was given (~ 40 min) for the conductivity to plateau,
i.e., equilibrate, before moving to the next temperature. An
interesting observation is the presence of small hysteresis,
where the conductivity values obtained during cooling have
higher values than those obtained during heating. This behav-
ior has been observed in some other materials before [46, 47].
Serval researchers have reported such hysteresis [46, 47],
which have been attributed to oxygen-desorption [46], or
defect-mediate ion mobility [47]. In Ca2Fe0.5Ga1.5O5, the hys-
teresis is very small, but it indicates the effect of oxide ion
conductivity. As shown by TGA (Fig. 7), this material loses
oxygen as temperature increases. The loss of oxygen can lead

to enhanced ionic mobility, resulting in a small increase in total
conductivity. The re-absorption of the lost oxygen upon
cooling is a very slow process compared to the electronic
transport phenomena. As a result, the enhanced ionic conduc-
tivity is retained after cooling the material, leading to hystere-
sis. It is noted that the hysteresis is observed at 500 °C and
higher, where the contribution of ionic conductivity is expected
to be more significant [44, 45].

We have also calculated the activation energies for the in-
crease in electrical conductivity as a function of temperature.
For thermally activated conductivity, activation energy can be
calculated using the Arrhenius equation: [39, 48, 49].

σ T ¼ σ0e
−Ea
KT

where σ0 is a preexponential factor and a characteristic of the
material. Ea, K, and T are the activation energy for the electri-
cal conductivity, Boltzmann constant, and absolute tempera-
ture, respectively. The activation energy (Ea) is calculated
from the slope of the line of best fit in the log σT versus
1000/T plot. The Arrhenius plot and activation energies for
Ca2Fe0.5Ga1.5O5 are presented in Fig. 5, showing values close
to those typically observed in this class of compounds.

Fig. 5 a Electrical conductivity of
Ca2Fe0.5Ga1.5O5 as a function of
temperature. b Arrhenius plot and
activation energies for
Ca2Fe0.5Ga1.5O5

Fig. 6 AC impedance data for Ca2Fe0.5Ga1.5O5 at 200 °C. Three
resistance-capacitance units indicate the bulk (left), grain boundary
(middle), and electrode interface (right) resistance Fig. 7 Thermogravimetric analysis for Ca2Fe0.5Ga1.5O5
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Conclusions

Ca2Fe0.5Ga1.5O5 represents the highest degree of Ga-doping
in the brownmillerite compound, Ca2Fe2O5, which can be
reached through solid-state synthesis method. The distribution
of Fe and Ga in this material has been determined by neutron
diffraction. The electrical conductivity of Ca2Fe0.5Ga1.5O5 in-
dicates semiconducting behavior, and mixed ionic-electronic
conductivity. The results from XPS and iodometric titrations
for Ca2Fe0.5Ga1.5O5 are consistent, and indicate that Fe is
primarily in trivalent state, accompanied by a small amount
of tetravalent Fe.
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