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Double perovskite metal oxides with formula A2DyBiO6 (A¼Mg, Ca, Sr, Ba) were synthesised by a sol–gel auto-
combustion method, using citric acid as the combustion agent. The effects of A-site cation on the structure, morphology,
and dielectric properties were examined. The synthesis was monitored using Fourier transform infrared spectroscopy

(FTIR) to indicate the absence of organic phase. X-ray diffraction (XRD) analysis showed that the compounds have three
different perovskite structures. Structural characterisation of the samples was evaluated using XRD patterns. Scanning
electron microscopy showed that all samples are formed by agglomerated particles. Dielectric properties were evaluated

using dielectric permittivity and dielectric losses. Cole–Cole plots show a single semicircle for all materials, indicating
that the double perovskites obtained are composed of well conducting grain boundaries and poorly conducting grains.
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Introduction

Double perovskites, with A2BB
0O6 formula, are formed by

doubling the unit cell of a simple perovskite-type, ABO3. These

materials have been intensively studied in recent years, espe-
cially due to their capacity to incorporate many elements such as
alkaline earth (A-site), transition metal, or lanthanide cations
(B, B0-site) in their structures. Therefore, the structure of these

materials can change due to octahedral tilting (BO6, B
0O6) to

build a double perovskite-type lattice.[1] This leads to the pos-
sibility of preparing materials for specific applications. These

features are very important for manymagnetic materials[2,3] and
electronic devices that can be operated successfully in a wide
range of frequencies.[4] These double perovskites are also used

in various fields such as catalysis,[5] photocatalysis,[6] and solid
oxide fuel cell (SOFC) materials.[7]

Few reports have been made about double perovskites with

Bi-cation on the B0-site. Byeon et al.[8] studied the synthesis and
characterisation of Ba2Bi

VFeIIIO6. Macquart and Kennedy[9]

investigated the structure of Ba2-xSrxLuBiO6 double perovskite.
Harrison et al.[10] reported the synthesis, structural characteri-

sation, and magnetic properties of Ba2MBiO6 (M¼Ce to Lu)
double perovskites. Lenz andMüller-Buschbaum[11] studied the
structures of Ba2BiMO6, (M¼Y, Dy) double perovskites and

concluded that these compounds exhibit a cubic structure with
a Fm-3m space group. Horyń et al.[12] studied Sr2REBiO6

(RE¼La and lanthanides) double perovskites and reported that

Sr2DyBiO6 has amonoclinic structure with aP21/n space group.

In all of these studies, the compounds were prepared using a
solid-state reaction method, except for the synthesis of
Ba2Bi

VFeIIIO6 by Byeon et al.,[8] which was carried out under

a high pressure oxygen atmosphere.
In a previous paper, we studied the compound, Ca2DyBiO6.

[13]

Electrical measurements revealed that this compound was the
best dielectric material, displaying a dielectric constant of

40 with very low dielectric loss. Therefore, starting from
Ca2DyBiO6, the A-site cation was substituted in order to
improve its electrical properties.

Hence, the aim of the present work is to study, for the
first time, the effect of the A-site cation on the structure and
dielectric properties in A2DyBiO6 (A¼Mg, Ca, Sr, Ba) double

perovskite-type oxides. An important technique for double
perovskite preparation is the sol–gel method because this
procedure allows the control of chemical composition, solid

texture, size, and shape of the particles.[14] In this study, the
materials are obtained by a sol–gel auto-combustion method
using citric acid as a chelating and fuel agent. Our results
showed that the dielectric properties were improved with larger

ionic radius cation substitution at the A site.

Experimental

Nanopowders of A2DyBiO6 (A¼Mg, Ca, Sr, Ba) double
perovskite-type oxides were prepared in air using a sol–gel

auto-combustion method with citric acid C6H8O7 (Merck)
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as a chelating and fuel agent. Analytical grade precursors,

Mg(NO3)2�4H2O (Merck), Ca(NO3)2�4H2O (Merck), Sr(NO3)2�
4H2O (Merck), Ba(NO3)2�4H2O (Merck), Dy(NO3)3�6H2O
(Merck), and Bi(NH3)2C6H7O7�H2O (Merck) were mixed in

stoichiometric proportions. A solution of citric acid was mixed
with metal nitrate mixtures in a 3 : 1 molar ratio of citric acid to
metallic cation. The solutions obtained were brought to an
alkaline pH to avoid precipitation. For A2DyBiO6 (A¼Mg, Ca,

Sr, Ba) double perovskite-type oxides, the following chemical
equation could be written:

2AðNO3Þ2 þ DyðNO3Þ3 þ BiðNH3Þ2C6H7O7�H2O

þð37=2ÞO2 þ 3C6H8O7 ¼ A2DyBiO6 þ 9NO2 "
þ 12CO2 " þ ð39=2ÞH2O " ð1Þ

Eqn 1 is a proposed equation following a stoichiometric
calculation that takes into account the redox process. The

required amounts of metal salts to obtain the desired compounds
have not been determined based on Eqn 1, but based on the mass
reports, considering the molecular mass of general formula
proposed.

The mixed solutions were heated up to 353K under continu-
ous stirring over a water bath in order to obtain viscous gels. The
dried gels were gradually heated on a sand bath at 623K for 1 h,

when the auto-combustion was clearly observed and all the gels
were converted to powders. The obtained powders were ther-
mally treated in three steps: up to 773K for 7 h, up to 973K for

7 h, and up to 1173K for 9 h.
Infrared (IR) and X-ray diffraction (XRD) analyses were

recorded in powder form at different sintering temperatures. The

progress of the synthesis and the disappearance of the organic
phase were monitored by IR spectroscopy using a Bruker
spectrophotometer TENSORTM 27-type with Fourier transform
with an ATR cell at 2 cm�1 resolution in the IR range of 4000 to

400 cm�1. The double perovskite phase formation was estab-
lished using powder X-ray diffraction, recorded by means of a
Shimadzu LabX 6000 diffractometer equipped with graphite

monochromator and CuKa (l¼ 1.5406 Å) radiation. The
samples fixed in the reflection mode were analysed under
ambient atmosphere with a scanning rate of 0.028 s�1 over the

2y¼ 20–808 range.
The morphology of the sintered powders at 1173K was

investigated by scanning electron microscopy (SEM) using a
Vega Tescan-type scanning transmission electron microscope.

The micrographs were made in fracture, i.e. powders heated at
1173K were pressed into pills without other thermal treatment.

The dielectric measurements were carried out using the two-

terminal direct current method. The dependence of dielectric
permittivity and dielectric losses on frequencywas studied using
an Agilent 4292–1 device, in the range of 40Hz to 10MHz. The

powders were thermally treated at 1173K, pressed into disks
at 400 kPa cm�2 without subsequent calcinations, and were
inserted between two electrodes.

Results and Discussion

IR Results

IR spectra for the A2DyBiO6 samples treated at 773, 973, and
1173K, recorded at room temperature, are presented in Fig. 1a–c.

IR spectra of pure metal oxide samples are very similar,
showing two bands characteristic to the symmetric (us) and anti-
symmetric (uas) octahedral BiO6 stretching vibrations. The shift
of stretching vibration to lower wavelengths is due to stronger

interactions between the cation and oxygen atoms (owing to the

electronegativity of the metal).[15,16]

Therefore, the IR spectra at 773 (Fig. 1a) and 973K (Fig. 1b)
depict the specific symmetric (us) and anti-symmetric (uas)
bands for metal–oxygen stretching vibration in the range of
900 to 400 cm�1 and the absorption peak of nitrate groups at
around 1417 cm�1.

Furthermore, the IR spectra for A2DyBiO6 samples heated at
1173K (Fig. 1c) showed the disappearance of the nitrate groups.
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Fig. 1. IR spectra of A2DyBiO6 samples treated at (a) 773K, (b) 973K,

and (c) 1173K.
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Note the decrease in intensity of the symmetric (us) band with

the introduction of cations with smaller ionic radii in the
system. Also, the anti-symmetric uas stretching vibration (589
to 552 cm�1) of double perovskite-type oxide[15] characteristic

of octahedral BiO6, and the bands at 437 cm�1characteristic of
Dy–O stretching vibration,[17] become predominant with
increasing temperature. This asymmetric band intensity varia-
tion leads to the idea that the Bi–O bond strength increases with

increasing ionic radii of A2þcations, which means stabilisation
of compound structures.

The presence of two lower bands at 623 and 571 cm�1 can

also be seen in the IR spectra of Mg2DyBiO6, which can be
attributed to the characteristic bands of a pyrochlore
structure.[18]

XRD Results

XRD patterns of A2DyBiO6 materials heated at 1173K are
presented in Fig. 2a–d. According to literature data, Ca2DyBiO6

and Sr2DyBiO6 double perovskites were found to have mono-

clinic structures with P21/n
[19] and P121/n1

[12] space groups,
respectively. The strongest reflection peak at a 2y value of
around 308 identified in Ca2DyBiO6 and Sr2DyBiO6 samples are

assigned to (1 1 2). Mg2DyBiO6 double perovskite is indexed as
a defective cubic pyrochlore structure with a Fd-3m space
group,[20] while Ba2DyBiO6 double perovskite crystallised in
cubic system has a Fm-3m space group.[11] Unfortunately, the

existence of a secondary phase can be observed for the Mg and
Ba samples and this was identified as Bi2O3 (cubic system,
COD1010313), according to the diffraction peak at 2y¼ 27.38.

Crystallite size (D) was calculated from XRD using the
Debye–Scherrer[21] equation (Eqn 2):

D ¼ 0:94 � l
b1=2 � cos y

ð2Þ

where D¼ crystallite size, l¼wavelength of X-ray source

(CuKa¼ 1.5405 Å), b1/2 (rad)¼ half maximum of diffraction
plane (h k l), y¼ angle of diffraction.

The pseudo-cubic pyrochlore structure of the Mg2DyBiO6

compound contains large holes that can lead to structural
defects and therefore defaults to higher crystallites. A distorted
structure leads to crystallite (D) with larger size, as can be seen

in Table 1.
The best ordered structure was obtained in the case of the

Ba2DyBiO6 compound, which has smaller sizes of crystallites
(28 nm).

SEM Results

Fig. 3a–d shows the SEM images for all samples heated at
1173K. All micrographs were made in fracture (powders ther-

mally treated at 1173K were pressed into pills without other
additional thermal treatment). It can be observed that the
materials are formed by agglomerated particles. Generally, the
decrease in particle size is directly proportional to the increase in

specific surface of these oxides. The irregular variation of
SBET values for the studied samples (3m2 g�1 for Mg2DyBiO6,
1m2 g�1 for Ca2DyBiO6, 12m2 g�1 for Sr2DyBiO6, and

6m2 g�1 for Ba2DyBiO6) can be due to the different degrees of
agglomeration of grains and number of fine pores. From the
SEM image of the sample with Mg, it can be seen that the par-

ticles are crowded close together and almost ‘glued’ to each
other. The presence of holes is most likely caused by the exhaust
gases from the combustion process.

Dielectric Results

Fig. 4 a, b depicts the variation of real parts (e0) and imaginary

parts (e00) of dielectric constant with frequency. The dielectric
constant dependence of the frequency for all A2DyBiO6

(A¼Mg, Ca, Sr, Ba) double perovskites were studied in the
frequency range of 40Hz to 10MHz at room temperature. It can

be clearly observed that all obtained materials exhibit a normal
dielectric dispersion because the dielectric constants (e0 and e00)
decrease with increasing frequency. One can observe that the

dielectric constant decreases with increasing frequency, reach-
ing a constant value at high frequencies. This variation can be
observed in all of the sample cases. This phenomenon is a

normal dielectric dispersion caused by electron displacement as
a response to an applied field or defects and oxygen vacancies,
known asMaxwell–Wagner-type interfacial polarisation.[22] By
changing A in A2DyBiO6 compounds, the dielectric constant

also changes. It is observed that Ba2DyBiO6 exhibits higher
values of dielectric constant at all frequencies. Compared with
the rest of the samples, Ba2DyBiO6 shows a much higher value

of dielectric constant and the decrease in dielectric constant as a
function of frequency is much sharper. It can be seen that in the
case of Mg2DyBiO6, the dielectric constant reached the linear

plateau at low frequency, probably caused by the defects pre-
sented in the pyrochlore structure. According to the experi-
mental range of frequencies reported in the literature, the

dielectric constant (e0) of these defective pyrochlore materials
is predominantly determined by the contribution of ionic
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Fig. 2. XRD spectra of (a) Mg2DyBiO6, (b) Ca2DyBiO6, (c) Sr2DyBiO6,

and (d) Ba2DyBiO6 samples heated at 1173K.

Table 1. Crystallite size (D) fromXRD

Compound D [nm]

Mg2DyBiO6 48

Ca2DyBiO6 40

Sr2DyBiO6 32

Ba2DyBiO6 28
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polarisation.[20] In other double perovskite structure-containing
samples, the dipole follows the field at low frequencies, but as

the frequency increases, the dipoles start lagging behind the field
and the real part (e0) of the dielectric constant decreases. At
high frequencies, the dielectric constant becomes independent

of frequency, as reported by Laishram et al.,[23] because the
dipoles can no longer follow the field.

The experimental data indicate that by changing A from Ca

to Sr and Ba the permittivity increases, which may be related to
the decrease in concentration of dipoles[20] due to the increase in
unit-cell volume.

The variation of dielectric loss values with log (frequency) of

all materials are shown in Fig. 4c. It can be seen that the
dielectric loss values range from 0.03 to 0.68 at 10MHz. It is
clear that Mg2DyBiO6 has smaller loss values throughout the

range of frequencies. In perovskites, an important contribution

to high losses is attributed to oxygen vacancies, usually present
in such systems. The increase in the real part of dielectric

constant values and of tan d, particularly at lower frequencies,
by changing A from Ca to Sr and Ba, indicates important
contributions from conductivity relaxation combined with

Maxwell–Wagner phenomena[23] to the total dielectric response.
All double perovskite samples show values of permittivity

ranging between one and seven, and low losses at room

temperature in the whole range of frequencies, indicating good
dielectric character of these materials compared with that from
an earlier report by Vijayakumar et al.[24]

Fig. 5a–d shows the Cole–Cole plots for all compounds

obtained by plotting the variation of imaginary part (e00) versus
real part (e0) of the dielectric constant. It can be observed that
the Cole–Cole plots for all samples are characterised by one

semicircle. It can be noted that the grain boundary resistance
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contributed to the dielectric measurements and is directly
proportional to the polarisability of the studied samples. From
the variation of the dielectric constant, it can be observed that the

values of grain boundary resistance increase with increasing
divalent cation (A2þ) ionic radius.

Conclusions

A2DyBiO6 (A¼Mg, Ca, Sr, Ba) double perovskites were suc-
cessfully prepared by a sol–gel auto-combustion method using

citric acid as a combustion agent.
The IR spectra showed bands characteristic of metal–oxygen

bonds in the perovskites. XRD revealed the formation of double

perovskite phases at 9008C containing the minor impurity Bi2O3

in Sr2DyBiO6 and Ba2DyBiO6 double perovskites. Ca2DyBiO6

and Sr2DyBiO6 were found to have monoclinic structures,
whilst Ba2DyBiO6 had a cubic structure, and Mg2DyBiO6 was

found to have a defective pseudo-cubic pyrochlore structure.
SEM images revealed the formation of holes in the structure of
Mg2DyBiO6 double perovskite, probably caused by the gases

from the combustion process. Microstructures of Ca2DyBiO6,
Sr2DyBiO6, and Ba2DyBiO6 compounds showed homogenous
crowded particles.

All double perovskite samples showed values of permittivity
ranging between one and seven and low losses at room temper-
ature in the whole range of frequencies, indicating good dielec-
tric character of these materials. Cole–Cole plots show a single

semicircle for all materials, which means that all polycrystalline

double perovskites are composed of well-conducting grain
boundaries and poorly conducting grains.
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[7] D. Marrero-López, J. Peña-Martı́nez, J. C. Ruiz-Morales, M. Gabás,
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