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Nanocrystalline samples of BaZr1�xFexO3 (x = 0.0, 0.05, 0.10, 0.20, 0.30, 0.40
and 0.50) ceramics were synthesized by the wet chemical sol–gel auto com-
bustion method. The perovskite structured cubic phase formation of
BaZr1�xFexO3 samples was confirmed by x-ray diffraction (XRD) data analy-
sis. Various structural parameters such as lattice constant (a), unit cell vol-
ume (V), x-ray density (qx), and porosity (P) were determined using XRD data.
The lattice constant (a), x-ray density (qx) and porosity (P) decrease with an
increase in Fe content x. The average particle size was calculated by using the
Debye–Scherer’s formula using XRD data and was 9–18 nm. The
microstructural studies were investigated through scanning electron micro-
scopy technique. Compositional stoichiometry was confirmed by energy dis-
persive spectrum analysis. The direct current electrical resistivity studies of
the prepared samples were carried out in the temperature range of 343–
1133 K using a standard two-probe method. The electrical conductivity (r)
increases with temperature and Fe concentration. The dielectric parameters
such as dielectric constant (e¢) and loss tangent (tan d) were measured with
frequency at room temperature in the frequency range 50 Hz to 5 MHz. The
dielectric parameters show strong compositional as well as frequency depen-
dences. The dielectric parameters were found to be higher at lower frequency.
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INTRODUCTION

Perovskite structured ceramic materials with
general chemical formula ABO3 are value-added
materials used for several applications such as
capacitors, non-volatile memories, actuators and
sensors, piezoelectric, ultrasonic and underwater
devices, high temperature heating applications,
frequency filters for wireless communications,
etc.1–5 They possess some peculiar properties viz.
ferroelectric, thermo-electric, pyroelectric, dielectri-
cal and optical properties.6–8

The alkaline-earth metal zirconates having the
general chemical formula AZrO3 (where, A-Ba, Sr,
Ca) have been attractive as prominent structural

and electronic ceramics.9 Barium zirconate
(BaZrO3) is of great industrial and technological
interest due to its attractive characteristics like
high melting point (2920�C), poor thermal conduc-
tivity, excellent mechanical and structural integrity
under extreme thermal conditions, high protonic
conductivity, and pyroelectric properties.10–15 Also,
the high dielectric constant and low loss character-
istics in BaZrO3 ceramics make it as a promising
material for various microwave applications.16

The proton conducting characteristics of yttrium
doped barium zirconate is of great interest for a
variety of electrochemical devices and solid oxide
fuel cell (SOFC) applications.14 High temperature
proton conductors (HTPCs) have received increas-
ing attention as alternative electrolyte materials for
SOFCs over the past few decades.(Received December 18, 2015; accepted March 19, 2016;
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Recently, mixed ionic-electronic conductors hav-
ing a perovskite structure with one or more cations
in suitable doped form have been granted as an
excellent ionic conductor. The doping of trivalent
metal cations like Y3+ and Fe3+ with disparate
valencies in BaZrO3 provides either extra oxygen
atoms when doped at the A-site or, oxygen vacancies
when doped at the B-site. Both these conditions lead
to creation of holes or electrons, causing electronic
and ionic conductivity.17

Fe-doped BaZrO3 is a candidate material for
achieving high catalytic activity, material stability
and oxygen permeability in various atmospheres at
high temperatures. The doping of 3d to 5d transi-
tion metal atoms at B-site cations in perovskite
oxides with a relatively large band gap (such as
BaTiO3, BaZrO3) leads to electronic and ionic
conductivities, usually attributed to a hopping
conduction along the B–O–B bonding.18 The small
polaron hopping conductivity is apparently influ-
enced considerably by a carrier formation mecha-
nism due to the variation of the valence state (or
redox state) of both the matrix and dopant cation
and an electro-negativity of BO6 octahedra.19

It is a well known fact that the properties of ceramic
materials depend on their crystal structure, particle
morphology and purity of the precursors. Nanopar-
ticles with properties that diverge from those of bulk
counterparts, such as high surface to volume ratio,
have high surface energy that has been used in the
preparation of ceramic materials permitting achieve-
ment of very homogenous microstructures and small
grains at a low sintering temperature.20

In the literature, Fe doped BaZrO3 ceramics have not
been much reported. Zhang studied the electro-chem-
ical and transport properties of Ba0.90Fe0.10Zr0.90O3�d

ceramics.21 The electronic defect formation in Fe-
Doped BaZrO3 was studied via x-ray absorption spec-
troscopy by Kim.22

In this paper, we have reported detailed investi-
gations on the sol–gel auto combustion synthesis,
and structural, microstructural, broad temperature
ranges electrical and frequency dependent dielec-
trical properties of BaZr1�xFexO3 nanoceramics
with various compositions, i.e., x = 0.0, 0.05, 0.10,
0.20, 0.30, 0.40 and 0.50.

EXPERIMENTAL

Materials

Analytical grade barium nitrate hexahydrate
(Ba(NO3)2Æ6H2O, 99%, Merck), zirconyl nitrate
hydrate (ZrO(NO3)2ÆH2O, 99.9%, Merck), ferric
nitrate nonahydrate (Fe(NO3)3Æ9H2O, 99%, Merck),
citric acid (C6H8O7, 99.57%, Merck) and ammonium
hydroxide (NH4OH, 99%, Merck) were used without
further purification.

Synthesis of Ba12xSrxZrO3 Nanoceramics

BaZr1�xFexO3 nanoceramics with composition
x = 0.0, 0.05, 0.10, 0.20, 0.30, 0.40 and 0.50 were
synthesized using the sol–gel auto combustion tech-
nique. The analytical grade barium nitrate, zirconyl
oxynitrate, ferric nitrate, and citric acid were used
as raw materials. According to the principles used
in propellant chemistry, the oxidizing and reducing
valencies of various elements, the metal nitrate to
citric acid molar ratio was taken as 1:2. The salt
solutions were mixed, and the resultant mixture
was subjected to continuous stirring and heating at
80–90�C. Then, the ammonia solution was added
drop-wise to maintain pH 7. Continuous heating of
110�C initiates the gel formation. Under constant
stirring and heating, viscous gel transforms into dry
gel. The auto catalytic nature of the combustion
process of nitrate–citrate gel was studied, and the
experimental observations showed that the dried
gel formed from metal nitrates and citric acid
exhibited self-propagating combustion behavior,
and the entire combustion process was done in a
few minutes. The obtained powders were dried,
crushed and were annealed at 900�C for 5 h in a
muffle furnace in order to obtain the nanocrystalline
powders.

Characterizations

Crystalline phase of the samples was examined by
a x-ray diffraction (XRD) pattern obtained using a
PANalytical X’pert pro difractometer (Philips
PW3373/10) at room temperature. The pattern was
recorded using Cu-Ka radiation (k = 1.54182 Å) in
the 2h range 20�–80� with step size 0.01� and time/
step 2 s. The surface morphology and an average
grain size of the prepared samples were determined
by scanning electron microscopy (SEM) using a
type field emission gun scanning electron micro-
scope (Hitachi Model-S-4800) operated at 15 kV.
The elemental analysis was carried out by using
energy dispersive x-ray analysis (EDS) attached to
SEM. The powders were mixed with a polyvinyl
alcohol (PVA) agent as binder and pressed into
cylindrical pellets with 10-mm diameter and 3-mm
thickness under the pressure of 50 MPa. The
pellets were sintered in a muffle furnace at 500�C
for 2 h for removal of binder and used for bulk
density, electrical and dielectrical measurements.
The pellets were polished for smooth parallel faces
and coated with silver paste to ensure good ohmic
contact. Using the standard two-probe method, the
direct current (DC) electrical conductivity of all
samples was calculated. The dielectric properties of
all the samples were measured using the LCR-Q
meter (Hioki 3532-50, Japan) as a function of
frequencies.
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RESULTS AND DISCUSSION

X-ray Diffraction (XRD) and Structural
Analysis

XRD patterns for all the synthesized samples are
shown in Fig. 1. For all the samples, all the
observed diffraction peaks can be indexed to the
cubic perovskite structure with a very small amount
of barium carbonate impurity phases. The peak
position of the BaZrO3 phase agrees well with
standard data (JCPDS: 06-0399) that has a Pm3m
space group.23 The vertical bars on base in Fig. 1
are the standard peak positions reported in JCPDS
data. The XRD data suggest that all the patterns
are identical to standard phase and no secondary
phases are found even though the doping concen-
tration of Fe was up to 50%. Even if the high doping
concentration can make sufficient oxygen vacancies,
only cubic products are obtained. However, the
decrease in peak intensity is observed for higher Fe
content (x = 0.30, 0.40 and 0.50) that might also

imply a decrease in the extent of crystallinity of the
samples. The XRD patterns show that the peak
positions (2h) remain the same, but with decreasing
intensity suggesting there is no change in the
crystal lattice structure, which affirms its stability.

The lattice constant (a) of the prepared nanoce-
ramics was determined from x-ray data analysis
with an accuracy of ±0.002 Å using relations (1);

1

d2
¼ h2 þ k2 þ l2

a2
; ð1Þ

where, a is the lattice constant, d is interplanar
spacing and (hkl) are Miller indices. For pure
BaZrO3, the lattice constant was found to be
a = 4.1930 Å, which is in a good agreement with
the literature.24

The values of lattice parameters calculated using
above equations are presented in the Table I. It is
evident from Table 1 that the lattice constant (a)
decreases as Fe concentration x increases in
BaZr1�xFexO3. This may be due to the lower ionic
radii of Fe (0.645 Å) than that of zirconium (0.72 Å)
obeying Vegard’s law.25 The variation of a with
composition x is shown in Fig. 2.

The unit cell volume (V) is the most basic
characteristic of the solid-state structure. The val-
ues of the unit cell volume are given in Table I. The
volume of pure BaZrO3 is greater than that of Fe
doped BaZrO3, and one might expect a simple linear
change in the volume as the Fe fraction is increased.

The other structural parameters such as x-ray
density (qx), bulk density (qB) and porosity (P%)
were calculated using the relations (2), (3) and (4),
respectively, and their values are given in Table I.

qx ¼ ZM

NAV
; ð2Þ

where, Z is the number of formula units in the unit
cell (Z = 1), M is the molecular mass of the sample
and NA is Avogadro’s number. X-ray density
decreases with increase in Fe concentration of
6.2285–5.9660 g/cm3.

The bulk density (qB) of the pellets was measured
using Archimedes method using water as solvent
(q = 0.997 g/cm3) and using the following
equation.26

Fig. 1. X-ray diffraction patterns of BaZrxFe1�xO3 (x = 0.0 � 0.50)
ceramics (recorded at room temperature).

Table I. Lattice constant (a), unit cell volume (V), x-ray density (qx), bulk density (qB), porosity (P%),
tolerance factor (t¢) and average crystallite size (t) of BaZr12xFexO3 nanoceramics (x = 0.0–0.5)

x a (Å) V (Å3) qx (g/cm3) qB (g/cm3) P (%) t¢ t (nm)

0.00 4.1930 73.7182 6.2285 5.2123 16.32 1.0113 18.09
0.05 4.1927 73.7024 6.1899 5.2099 15.83 1.0131 16.28
0.10 4.1889 73.5021 6.1668 5.1987 15.70 1.0150 14.13
0.20 4.1804 73.0556 6.1241 5.1931 15.20 1.0187 11.72
0.30 4.1775 72.9037 6.0563 5.1732 14.58 1.0224 11.34
0.40 4.1652 72.2616 6.0288 5.1687 14.27 1.0262 10.01
0.50 4.1609 72.0380 5.9660 5.1478 13.72 1.0299 9.26
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qB ¼ Wdry

Wwet �Wsus
� dH2O; ð3Þ

where, Wwet and Wdry are wet and dry weights of the
pellets subsequently measured in the air before and
after drying at 100�C for 24 h, Wsus is the suspended
weight in water of each pellet. The bulk density
values were lower as compared to x-ray density, and
its lower value is attributed to the pore formation
during synthesis processes. The values of qx and, qB

were used to obtain percentage porosity of all the
samples;

P ¼ 1 � qB

qx

; ð4Þ

where, qB is the bulk density and qx is the x-ray
density. The porosity of the present samples varies
between 13% and 16%.

The average crystallite size (t) was calculated
using the Debye–Scherrer’s formula taking (110)
plane of maximum intensity;

t ¼ 0:9k
bcosh

; ð5Þ

where, k is the wavelength of the Cu-Ka radiation, b
is the full width of the half maximum and h is the
Bragg’s angle. The average crystallite size (t) was
found to be in the range of 9–18 nm (Table I). The
decrease in t can be attributed to a decrease in a and
V of the samples.

The prediction criteria for identification of forma-
bility of perovskite structure can be estimated by
the calculating tolerance factor (t¢) suggested by
Goldschmidt as4;

t0 ¼ rA þ rOð Þ
ffiffiffi

2
p

� rB þ rOð Þ
; ð6Þ

where, rA and rB are the ionic radii of the A and B
cations and rO is the ionic radius of the oxygen
anion (in Å units). For calculating the tolerance

factor, the Shannon’s ionic radii of Ba (1.61 Å), Fe
(0.645 Å), Zr (0.72 Å) and O (1.35 Å) were taken.27

The tolerance factor (t¢) was found to be in the range
of 1.0113–1.0299, confirming the perovskite struc-
ture.28 The variation of t¢ with Fe concentration x is
shown in Fig. 2. The increase in the t¢ can be
attributed to replacement of Zr by lower ionic radii
Fe.

Microstructural and Compositional analysis

Microstructures and morphologies of the samples
were observed by SEM. The representative SEM
image of the sample x = 0.0 and 0.50 is shown in
Fig. 3a and b respectively, which indicates dense
nanoparticles surfaces and the well distributed
crystallites. Samples have the large number of
pores among the grains. Using the SEM images,
the average grain size (G) was estimated from the
linear intercept method for all the samples29 and
their values are given in Table II. An average grain
size of pure barium zirconate samples was of the
order of 96.25 nm, which decreases after Fe doping.
The SEM micrographs agree with the results

Fig. 2. Variation of lattice constant (a) and tolerance factor (t¢) with
Fe composition x.

Fig. 3. SEM images of (a) BaZrO3 and (b) BaZr0.50Fe0.50O3

nanoceramics.
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Table II. Average grain size (G) (from SEM), elemental weight percentage (wt.%) and atomic percentage
(at.%) (from EDS) of BaZr1-xFexO3 nanoceramics (x = 0.0–0.5)

x G (nm)

Ba Zr Fe O

wt.% at.% wt.% at.% wt.% at.% wt.% at.%

0.00 96.25 44.71 12.52 22.92 9.66 – – 32.37 77.82
0.05 74.43 47.80 16.05 27.54 13.92 0.52 0.43 24.14 69.60
0.10 68.69 49.86 17.13 25.69 13.29 1.21 1.01 23.24 68.57
0.20 62.15 49.53 16.85 24.33 12.46 2.72 2.27 23.42 68.42
0.30 54.76 49.23 16.80 21.52 11.06 6.46 5.41 22.79 66.73
0.40 31.71 48.70 16.62 17.34 8.90 11.97 10.04 21.99 64.44
0.50 21.30 48.30 17.64 16.98 9.33 16.02 14.38 18.70 58.65

Fig. 4. EDS spectra of (a) BaZr0.95Fe0.05O3 and (b) BaZr0.50Fe0.50O3 nanoceramics.
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calculated by the Debye–Scherrer’s relation used for
estimation of average crystallite size.

EDS patterns of BaZr1�xFexO3 nanoceramics with
composition x = 0.05 and 0.50 are shown in Fig. 4a
and b, respectively. As was expected, the Fe con-
centration is highest for the x = 0.50 sample. As Fe
doping increases, the percentage of Zr decreases.
Table II gives the elemental weight percentage
(wt.%) and atomic percentage (at.%) of Fe doped
BaZrO3 nanoceramics. In the EDS patterns are
confirmed the presence of Ba2+, Zr4+, Fe3+ and O2�

elements in the proper proportions suggesting that
the expected stoichiometry was maintained in the
prepared samples with an error of 1–2%. The EDS
results also confirmed that the precursors used for
the synthesis have fully undergone the chemical
reaction to form the required perovskite structured
BaZr1�xFexO3 nanoceramics.

DC Electrical Conductivity

The DC electrical conductivity studies of the
prepared BaZr1�xFexO3 nanoceramics (x = 0.0,
0.05, 0.10, 0.20, 0.30, 0.40 and 0.50) samples were
carried out in the temperature range of 343–1133 K.
The resistance for each sample at the same temper-
ature was noted. The conductivity of doped BaZrO3

was reported by several researchers and its value
varies widely, from 1 9 10�6 S/cm lower value to
1 9 10�2 S/cm higher value near 600�C.13,30–38 In
early 1990, it was suggested that doped BaZrO3

exhibits poor proton conductivity as compared to
doped barium cerate. However, their reported data
is still a controversial issue because these values
differ by two orders of magnitude.39 In 1999, Kreur
reported the conductivity of Y3+ doped BaZrO3 to be
5 9 10�5 S/cm at around 140�C, and the work was
supported by Bohn and Schober.40,41

Figure 5 shows the variation of resistance (Log R)
with temperature (T) for of BaZrxFe1�xO3(x = 0.0–
0.50) nanoceramics. The variation of resistance (R)
with temperature shows a decreasing trend with
increasing temperature, revealing the semiconduct-
ing nature (850–1150 K) of the prepared ceramics.
As the Fe concentration increases, the resistance
decreases significantly. The sample of pure BaZrO3

shows a highly resistive nature at low temperature.
It is evident from Fig. 5 that the resistance
decreases with increasing temperature, obeying
the Arrhenius relation.42 This confirms the semi-
conducting behaviour and single ionic conductor of
Fe substituted BaZrO3 samples under investigation.

The conductivity for each sample at the same
temperature was calculated by using the equation
below;

r ¼ l

RA
; ð7Þ

where, l is the length of the pellet, R is the electrical
resistance of a uniform specimen of the material

(measured in ohms, X) and A is the cross-sectional
area of the pellet.

The DC electrical conductivity (log r) of the
sample as a function of temperature as well as
doping concentration is plotted in Fig. 6. It can be
observed from Fig. 6 that the conductivity of each
sample overall increases with the increase in tem-
perature. The conductivity of all the samples was
found to be highest in the temperature range 1000–
1050 K. As Fe concentration increases, the conduc-
tivity increases drastically. The temperature of
maximum conductivity (Tmax) for the x = 0.5 sample
is around 1020–1066 K and was found to be
1.344 9 10�3 S/cm. The initial linear increase in
conductivity as a function of temperature is due to
the oxygen vacancies, which act as a mobile charge
species, creating free electrons.

The limited conductivity in lower Fe content
(x = 0.0, 0.05 and 0.10) samples even at high
temperature can be due to its refractory nature,
leading to sintered samples with greater average
grain size, high grain boundaries densities and low
charge carrier species. As a consequence, the large
electrical resistivity of the interfaces results in a
material with low total electrical conductivity. The
results on electrical conductivity are analogous to
that of Sc doped BaZrO3 reported in the literature.43

Dielectrical Studies

Dielectric properties of BaZr1�xFexO3 nanoceram-
ics (x = 0.0, 0.05, 0.10, 0.20, 0.30, 0.40 and 0.50)
were studied at room temperature using a multi
frequency LCR-Q meter. The capacitance (C) and
loss tangent (tan d) were measured in the frequency
range 50 Hz to 5 MHz. Figures 7 and 8, respec-
tively, show the variation of dielectric constant (e¢)
and loss tangent (tan d) as a function of frequency at
room temperature as well as Fe concentration x.

The dielectric constant (e¢) was calculated using
the formula44:

e0 ¼ Ct

e0A
; ð8Þ

where, C is the capacitance of a pellet, t is the
thickness of the specimen, A is the area of a cross
section of the pellet, and e0 is the permittivity of the
free space.

The dependence of dielectric constant with fre-
quency is shown in Fig. 7. It is observed that the
dielectric constant is high in the range of low
frequency, and it decreases with frequency. The
reasons for the high value of the dielectric constant
at low frequencies may be due to dislocations,
vacancies like oxygen, voids and defects present in
the crystal structure of nanoceramics. The decrease
in e0 with increasing frequency is due to the fact that
the electrical dipoles in the samples do not show a
response to the increasing frequency because some
of the dipoles cannot be timely polarized following
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the fast change in electric field. When the frequency
is increased beyond a certain frequency limit, the
electron hopping cannot follow the electric field
fluctuations and causes a decrease in the dielectric
constant. At high frequencies the value of the
dielectric constant is low because it comes from
the grains having a small value of dielectric con-
stant due to low resistivity and becomes less
dependent on frequency. The dielectric constant of
pure BaZrO3 is found to be e¢ = 51, which is
relatively high, and it remains high even at higher
frequencies which are suitable for microwave appli-
cations. Figure 8 shows the variation of tan d as a
function of frequency. For pure BaZrO3, tan d is
found to be 3.04 9 10�3 at 50 Hz frequency, how-
ever, at 5 MHz it is found to be 0.507 9 10�3.

Figures 7 and 8 also show variation of e¢ and tan d
with a Fe doping concentration in BaZrO3. It can be
observed that both e¢ and tan d values decrease with
increase in Fe concentration. The mechanism of
electrical conduction in BaZrO3-based semiconduc-
tors is analogous to dielectric polarization. At lower
Fe concentrations, the hopping mechanism between
Fe3+ and Fe4+ ions, which are replacing Ti4+ ions, is
predominant which results in a higher value of e¢
and tan d values.

As the doping concentrations of Fe increase, the
Fe3+ ion substituting Ti4+ can behave as a deep
electron donor, which will give rise to the electrical
conductivity and, therefore, a reduction in the e¢ and
tan d values. The dielectrical properties of ceramic
materials also depend on density and porosity.45 It
is also clear from the porosity values (Table 1) of Fe
doped samples that they exhibit high porosity and,
hence, e¢ and tan d have lower values. Overall, as
the frequency and Fe concentration increases, the
material approaches a relaxation point, the

Fig. 5. Variation of resistance (Log R) with temperature (T) for
BaZrxFe1�xO3(x = 0.0–0.50) nanoceramics (Color figure online).

Fig. 6. Arrhenius plots of the total electrical conductivity (Log r in S/
cm) for BaZrxFe1�xO3(x = 0.0–0.50) nanoceramics (Color figure
online).

Fig. 7. Variation of dielectric constant (e¢) with frequency at room
temperature of BaZrxFe1�xO3 (x = 0.0–0.50) nanoceramics (Color
figure online).

Fig. 8. Variation of dielectric loss tangent (tan d) with frequency at
room temperature of BaZrxFe1�xO3 (x = 0.0–0.50) nanoceramics
(Color figure online).
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dielectric loss factor (and hence conductivity)
increases, and this corresponds to a decrease in
dielectric constant. The obtained results on pure
BaZrO3 are in good agreement with the literature
reports.46,47

CONCLUSIONS

We have synthesized BaZr1�xFexO3 (x = 0.0, 0.05,
0.10, 0.20, 0.30, 0.40 and 0.50) nanoceramics by the
sol–gel auto combustion method. All the samples are
identical with cubic perovskite structure analyzed
by XRD. Fe doping did not change the lattice
structure of the material, but formed a homoge-
neous single cubic perovskite structure. The lattice
constant has been observed to decrease linearly
with Fe doping obeying Vegard’s law. The average
crystallite size goes on decreasing with Fe concen-
tration. The bulk density was quite low as compared
to x-ray density. SEM revealed that the particles
are aggregated in spherical shape and in the
nanometer range. EDS analysis confirmed that the
synthesized samples were near stoichiometries. The
resistance decreases as temperature increases
showing the semiconducting nature of the prepared
samples in the temperature range 850–1100 K.
Through a series of defect reactions, the role of Fe
doping and the mechanism for the enhancement of
conductivity caused by Fe doping were clarified.
Samples carrier concentrations were increased by
Fe dopants. As a result, the conductivity of samples
increased. After all, the sample x = 0.50 had the
highest conductivity of 1.344 9 10�3 S/cm tested
near 1046 K. The dielectric behavior shows strong
frequency as well as composition dependence. The
dielectric constant and dielectric loss tangent both
decrease linearly with an increase in frequency. As
the Fe doping level increases, dielectric constant
and dielectric loss tangent decrease significantly. At
lower frequencies, it is observed that the dielectric
properties are high.
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