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Abstract

Nanocrystalline Dy doped BaMoO4 [Ba1�xDyxMoO4þ x/2, where x¼0, 0.05, 0.1, 0.15, and 0.2] samples were prepared by the acrylamide
assisted sol–gel process. The prepared samples were characterized by TG/DTA, XRD, FTIR, SEM-EDX and XRF techniques. From XRD
patterns, crystalline phases for Ba1�xDyxMoO4þx/2, where x¼0, 0.05, 0.1, 0.15, and 0.2 were confirmed and their average crystallite sizes
calculated using Scherrer's formula were found to be less than 80 nm. Thermal behavior and structure of Scheelite type nanocrystalline
Ba1�xDyxMoO4þ x/2, where x¼0, 0.05, 0.1, 0.15, and 0.2 samples were identified using TG/DTA and FTIR measurements respectively.
Microstructure and existence of O, Dy, Ba, and Mo in the Dy doped BaMoO4 samples were obtained from SEM-EDX and XRF results. The
electrical conductivities of different compositions of the prepared nanocrystslline Dy doped BaMoO4 samples were evaluated by analyzing
impedance data as a function temperature ranging from 350 to 650 1C under air using winfit software. Among the doped compositions,
Ba0.90Dy0.10MoO4þ δ exhibited high conductivity of 5.46� 10�3 S/cm at 650 1C.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Oxygen ion conducting solid electrolytes have many device
applications such as sensors, solid oxide fuel cells, oxygen
pumps, electrochemical reactors, steam electrolysis cells, etc.
[1,2]. Several families of oxygen ion conducting materials
have been investigated for intermediated temperature solid
oxide fuel cells (ITSOFs) like fluorite type (stabilized ZrO2,
CeO2 and δ-Bi2O3), pervoksite type (LaGaO3, BaCeO3 and
SrCeO3), brownimillerite type (Ba2Ln2O3), Aurivillus type
(BIMEVOX), Pyrochlore type (Gd2Zr2O7) and Scheelite type
oxides [3–5]. Among these, Scheelite type oxide materials
exhibit high ion conductivity, which are comparable with the
conventional oxide ion conductors like yttria stabilized zirco-
nia. Scheelite-type materials are tetragonal structure character-
ized by the general formula ABO4 (A=Ca, Sr, Ba; B=Mo, W),
space group I41/a and Symmetry C4h [6]. Some of the doped
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ABO4 (A¼Ca, Sr, Ba; B¼Mo, W) Scheelite type materials
have been investigated and studied their high oxide ion
conduction at intermediate temperature range [7–15].
In recent years, nanostructure ceramics have been investi-

gated due to the presence of the large fraction of grain
boundaries that can lead to remarkable enhanced electrical,
mechanical, magnetic, optical sensing and biomedical proper-
ties compared with the microstructure samples [16]. Nano-
crystalline Scheelite type metal oxide can be prepared using
different techniques. Preparation using the conventional solid
state reaction method involves high temperature heating of
oxide or carbonate precursors, which exhibit more disadvan-
tages like inhomogeneity, abnormal grain growth, poor stoi-
chiometry, etc. [17]. These difficulties could be avoided using
wet chemical methods such as sol–gel combustion, co-pre-
cipitation, hydrothermal reaction, etc. [18–20]. Sol–gel com-
bustion is a very simple, cost effective and versatile process for
the preparation of multicomponent nanocrystalline metal
oxides, in which citric acid used as fuel as well as chelating
agent [21–23]. However, the nanocrystalline metal oxides
prepared using citric acid assisted gel combustion process
ghts reserved.
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has some drawbacks such as presence of impurity phase as
well as residual organics due to the prolonged multi step
combustion mechanism [24]. The acrylamide (dual fuel)
assisted gel combustion process, in which acrylamide acts as
fuel along with citric acid, yields phase pure organic free
nanocrystalline metal oxides at lower temperature.

In the present study, different compositions of nanocrystal-
line Dy doped BaMoO4 [Ba1�xDyxMoO4þ x/2, where x¼0
(BMO), 0.05 (BDM0.05), 0.1 (BDM0.1), 0.15 (BDM0.15),
and 0.2 (BDM0.2)] samples are prepared using the acrylamide
assisted sol–gel combustion process and are characterized by
using TG/DTA, XRD, FTIR, SEM-EDX and XRF techniques.
Impedance data were measured as a function of temperature
ranging from 350 to 650 1C for the sintered Dy doped
BaMoO4 pellets under air and the electrical conductivity was
evaluated by analyzing the measured impedance data using
winfit software.

2. Experimental method

2.1. Sol–gel combustion process

Different compositions of nanocrystalline Dy doped
BaMoO4 [Ba1�xDyxMoO4þ x/2, where x¼0 (BMO), 0.05
(BDM0.05), 0.1 (BDM0.1), 0.15 (BDM0.15), and 0.2
(BDM0.2)] samples were synthesized using the acrylamide
assisted sol–gel combustion process. Analar grade precursor
chemicals such as barium nitrate (Qualigens, India), dyspro-
sium nitrate (Sigma Aldrich, Australia), ammonium molybdate
(Loba Chemie, India), with Acrylamide [Ac] (Qualigens,
India) and citric acid [CA] (Qualigens, India) as fuels were
used in the sol–gel process. The precursor chemicals (barium
nitrate, dysprosium nitrate and ammonium molybdate) are
taken according to their respective molecular weight percen-
tages and the fuels (acrylamide and citric acid) are also varied
according to the molar ratio of metal ions [M] to fuel ratio
(M:Ac:CA¼1:1:1). Required quantity of barium nitrate is
dissolved in distilled water and mixed with citric acid and
acrylamide solutions. Dysprosium nitrate solution is prepared
by dissolving the required amount of dysprosium nitrate in the
distilled water. Ammonium molybdate is dissolved in distilled
water and formed the transparent solution. Half an hour later,
dysprosium nitrate and barium nitrate solutions were added to
the ammonium molybdate solution and stirred continuously at
80 1C, till the formation of gel. The prepared gels are calcined
and characterized using TG/DTA, XRD, FTIR, SEM-EDX and
XRF techniques.

2.2. Measurement techniques

Thermogravimetric/differential thermal analysis (TG/DTA)
curves of the calcined gel samples are recorded at the heating
rate of 10 1C/min between 30 1C and 900 1C in nitrogen
atmosphere using TA instrument model no SDT Q600
V20.5. Powder X-ray diffraction (XRD) patterns are recorded
using X'Pert PRO MPD, PANalytical X-ray powder diffract-
ometer employing Cu Kα radiation (λ¼0.15406 nm), angles
ranging from 101 to 801 with step size 0.02. The average
crystallite sizes of different compositions of Dy doped
BaMoO4 samples are calculated using Scherrer's formula.
Fourier Transform Infrared (FTIR) Spectra are recorded using
a Thermo Nicolet FTIR-6700 spectrometer from 4000 cm�1 to
400 cm�1 for 32 scans. Microstructure and existence of
elements O, Dy, Ba and Mo in the Dy doped BaMoO4

samples are obtained using SEM-EDX [Hitachi-450 model].
The samples are spread on the conducting carbon tape pasted
over the aluminum stub and a thin layer of gold was coated
over the sample using plasma sputtering for taking SEM-EDX.
The presence of Dy2O3, BaO and MoO3 for the various
compositions of Dy doped BaMoO4 samples are obtained
using an X-ray Fluorescence spectrometre (Bruker S4-Pioneer
model). For conductivity measurement, the prepared Dy doped
nanocrystalline BaMoO4 powders were pressed into 10 mm
diameter and 1–3 mm thickness pellet at 4000 kg/cm2 using
KBr Hydraulic press. The pellets were heated to 900 1C in air
at heating rate of 10 1C/min and sintered for 12 h then cooling
down to room temperature naturally (furnace: Rands Instru-
ments Company, Chennai, India, DTC324). Silver paste is
painted on both side of sintered BaMoO4 and Dy doped
BaMoO4 pellets sample as electrodes and heated at 200 1C for
half an hour to ensure maximum contact and adherence.
Impedance [real (Z′) and imaginary (Z″)] data are measured
for all the pellets using a Novocontrol Alpha A High
performance frequency analyzer in the frequency range
10 MHz–0.2 Hz at different temperatures. The measured
impedance data are analyzed using winfit software to obtain
the resistance for calculating the conductivity and activation
energy of the nanocrystalline BaMoO4 and Dy doped BaMoO4

samples.

3. Results and discussion

3.1. TG/DTA

Thermogravimetric/Differential thermal analysis curves (TG/
DTA) for the different compositions of Dy doped BaMoO4

[Ba1�xDyxMoO4þ x/2, where x¼0 (BMO), 0.05 (BDM0.05),
0.1 (BDM0.1), 0.15 (BDM0.15), and 0.2 (BDM0.2)] dried gel
samples are shown in Fig. 1. The observed two broad
endothermic peaks between 40 1C and 145 1C and the corre-
sponding weight losses are due to the evaporation of water
molecules existing in the dried gel samples. From Fig. 1, in all
TG/DTA curves, the observed exothermic peak at 178 1C is due
to the decomposition of citric acid and decomposition of the
nitrates from the barium nitrate as well as from dysprosium
nitrate and its intensified with the increase of the dysprosium
content in the BaMoO4 sample. Doping of dysprosium in
BaMoO4 increases the total quantity of nitrates in the precursor,
which increases the oxidant ratio and helpful for combustion
reaction. In all TG/DTA curves, the observed exothermic curve
at �570 1C and the corresponding weight losses may be due to
decomposition of metal acrylate complex, which might have
formed from acrylamide and metal nitrates. However, after
600 1C, there is no weight loss observed in TG curve, which
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Fig. 1. TG/DTA curves for the dried gels of various compositions of Dy doped BaMoO4 [Ba1�xDyxO4þδ, where x¼0 (BMO), 0.05 (BDM0.05), 0.1 (BDM0.1),
0.15 (BDM0.15), 0.2 (BDM0.2)] samples, heated from 30 to 900 1C.

Fig. 2. XRD patterns for the BaMoO4 gel sample, calcined at various
temperatures.
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indicates that there is complete decomposition of organic
derivatives from the sample.

3.2. XRD

Fig. 2 shows the XRD patterns for BaMoO4 sample calcined
at different temperatures. At 250 1C, the observed XRD
peaks are compared with the ICDD data (00-011-1144) and
confirmed the formation of the barium nitrate crystalline phase.
At 350 1C, the obtained XRD peaks are matched with
the ICDD data (00-011-1144 for barium nitrate and 00-029-
0193 for barium molybdate) and confirmed mixed phases of
barium nitrate and also the barium molybdate. At higher
calcined temperatures from 600 1C to 900 1C, Scheelite
type pure crystalline BaMoO4 phase is formed. The crystalline
size of BaMoO4 sample is calculated using Scherrer's
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formula; D¼0.9λ/(β cos θ), where λ is the X-ray wave length
(0.1548 nm), β is full width half maxima (FWHM) of
the peak. The average crystallite size of BaMoO4 is found
Fig. 3. XRD patterns for various compositions of Dy doped BaMoO4 samples
obtained at 900 1C.

Fig. 5. SEM images for various compositions of Dy doped BaMoO4 [where (a) BM
calcined at 900 1C.
to be �60 nm. Fig. 3 shows the XRD patterns for the various
compositions of Dy doped BaMoO4 samples obtained
at 900 1C. All the observed peaks are analyzed by comparing
Fig. 4. FTIR spectra for various compositions of Dy doped BaMoO4 samples,
calcined at 900 1C.

O, (b) BDM0.05, (c) BDM0.1, (d) BDM0.15, and (e) BDM0.2] powder samples
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with ICDD data (00-029-0193 for BaMoO4). In Fig. 3, no
additional peaks are observed within the composition
0rxZ0.1; indicating the doping of Dy3þ in Ba2þ site.
For the samples, x40.1 indicating the slight additional
diffraction peaks in the XRD patterns confirmed the formation
of mixed crystalline phases at higher compositions. The
average crystallite sizes of all compositions of Dy
doped BaMoO4 samples at 900 1C are found to be less than
100 nm.
Fig. 6. EDX spectra for various compositions of Dy doped BaMoO4 [where (a) BMO
calcined at 900 1C.
3.3. FTIR

Fig. 4 shows FTIR spectra recorded for BaMoO4 and
various compositions Dy doped BaMoO4 [Ba1�xDyxMoO
4þ x/2, where x¼0 (BMO), 0.05 (BDM0.05), 0.1 (BDM0.1),
0.15 (BDM0.15), and 0.2 (BDM0.2)] samples calcined
at 900 1C. For BaMoO4 and all the compositions of Dy
BaMoO4 samples, the appearance of the IR band at �820
cm�1 is attributed to the Mo–O stretching vibration. When the
, (b) BDM0.05, (c) BDM0.1, (d) BDM0.15, and (e) BDM0.2] powder samples
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dopant quantity increases, the defects concentration increases
and hence, for the composition x40.1 samples, newly
observed IR bands at 936 cm�1, 889 cm�1, 703 cm�1 and
672 cm�1 are due to the formation of Dy–O and Dy–O–Ba
Fig. 7. XRF spectra for various compositions of Dy doped BaMoO4 [where (a) BMO
calcined at 900 1C.
bonds. The IR bands observed at 3450 cm�1 and 1630 cm�1

of the BMO sample are due to stretching and bending vibration
modes of O–H bonds in water molecules arising from the room
atmosphere [25–27].
, (b) BDM0.05, (c) BDM0.1, (d) BDM0.15, and (e) BDM0.2] powder samples



Table 1
The percentages of the Dy2O3, BaO and MoO3 exist in the BaMoO4 and various compositions of Dy doped BaMoO4 samples, obtained from XRF.

BMO (%) BDM0.05 (%) BDM0.1 (%) BDM0.15 (%) BDM0.2 (%)

Dy2O3 – 3.06 5.77 8.37 12.18
BaO 55.93 50.08 45.24 44.10 39.48
MoO3 42.70 45.45 47.60 46.86 46.89

Fig. 8. (a–c) Impedance (Z′ and �Z″) plots for the nanocrystalline
Ba0.90Dy0.10MoO4þ δ sample measured at different temperatures.
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3.4. SEM-EDX

Figs. 5 and 6 show the SEM images and EDX spectra for
BaMoO4 and various compositions of Dy doped BaMoO4

[Ba1�xDyxMoO4þx/2, where x=0 (BMO), 0.05 (BDM0.05),
0.1 (BDM0.1), 0.15 (BDM0.15), and 0.2 (BDM0.2)] powder
samples calcined at 900 1C respectively. SEM micrographs
showed agglomerated particles of BaMoO4 and various
compositions of Dy doped BaMoO4 powder samples and their
measured particle sizes are found to be less than 200 nm. EDX
spectra showed the existence of (O, Ba and Mo) in BaMoO4

sample and (O, Dy, Mo and Ba) elements in Dy doped
BaMoO4 samples calcined at 900 1C.

3.5. X-ray fluorescence analysis

Fig. 7 shows the XRF spectra for BaMoO4 and various
compositions of Dy doped BaMoO4 samples calcined at
900 1C. From the corresponding characteristic peaks, the
presence of Dy, Ba, Mo and O elements identified are shown
in Fig. 7. From the X-ray fluorescence spectra, the presence of
Dy2O3, BaO and MoO3 oxide elements are observed of the
various composition of Dy doped BaMoO4 samples. The
percentages of existing Dy2O3, BaO and MoO3 for all the
composition are tabulated in Table 1. The percentage of the
Dy2O3 increases and BaO decreases with increase of Dy
doping in BaMoO4 samples.

3.6. Impedance studies

Fig. 8(a–c) shows the complex impedance (imaginary �Z″
vs. real Z′) plots at different temperatures ranging from 350 to
650 1C under air for the nanocrystalline Ba.90Dy0.10MoO4þδ

sample. The measured impedance data of the nanocrystalline
Dy doped BaMoO4 [Ba1�xDyxMoO4þδ, where x¼0, 0.05,
0.1, 0.15, and 0.2] samples are analyzed using winfit software
and obtained the total resistance (R) of the sample. The
resistance obtained from impedance plot is used to calculate
the conductivity (s) of the sample by using the relationship

s¼ L=RA ð1Þ
where L is the thickness of the sample pellet and A is the area
of the sample.

From Fig. 8(a–c) it is observed that with increase in
temperature, the depressed semicircles shift towards the high
frequency side of the abscissa, which indicate the resistance of
the sample decreases hence the electrical conductivity of the
sample increases. Fig. 9 shows the log (sT) vs. 1000/T plots of
the nanocrystalline Dy doped BaMoO4 [Ba1�xDyxMoO4þδ,
where x¼0, 0.05, 0.1, 0.15, and 0.2] samples and the data



Fig. 11. Log (sT) vs. 1000/T shows the activation energies for Ba0.90Dy0.10
MoO4þ δ sample in the two temperature regions.

Fig. 10. Log s vs. 1000/T plot for the nanocrystalline Ba0.90Dy0.10MoO4þδ

sample and other reported samples.
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points are fitted to the Arrhenius equation

sT ¼ s0expð�Ea=KTÞ ð2Þ
where, Ea and s0 are activation energy and temperature
independent conductivity respectively. The activation energies
for conduction of all compositions are calculated from the
slopes of log (sT) vs. 1000/T plots in the temperature range
350–650 1C. The nanocrystalline Ba0.90Dy0.10MoO4þδ com-
position sample showed the highest activation energy and
conductivity compared to other compositions of the nanocrys-
talline Dy doped BaMoO4 [Ba1�xDyxMoO4þδ, where x¼0,
0.05, 0.1, 0.15, and 0.2] samples. This is due to doping of
Dysprosium (Dy3þ ) in place Barium (Ba2þ ) sites in
Ba1�xDyxMoO4þδ (where x¼0, 0.05, 0.1, 0.15, and 0.2)
samples. The dysprosium concentration increases, which
increase the total charge carrier concentration, hence enhance
the ionic conductivity. The dysprosium doping does not alter
its parent structure up to x¼0.1 and slight changes in the phase
at x¼0.15 composition, which are confirmed from XRD
results. Doping of dysprosium 40.15 forms the mixed phases
of BaMoO4, which are confirmed from XRD results. Hence,
the conductivity increases linearly up to x¼0.1 because of
high charge carrier concentration. The observed higher activa-
tion energy may be due to the formation and migration of
oxygen ion charge carriers, which may increase the conduc-
tivity of the nanocrystalline Ba0.90Dy0.10MoO4þδ sample.
Fig. 10 shows the log s vs. 1000/T plots for the nanocrystalline
Ba0.90Dy0.10MoO4þδ and compared with the literature
results. From Fig. 10, the newly prepared nanocrystalline
Ba0.90Dy0.10MoO4þδ showed the higher conductivity
compared to the other reported pure Scheelite type nanocrys-
talline samples such as SrWO4 [7], BaMoO4 [8] and PbWO4

[7,9].
Fig.11 shows the log (sT) vs. 1000/T plot for

Ba0.90Dy0.10MoO4þδ sample. In Fig. 11, the log (sT) vs.
1000/T plot showed the two regions and the activation energies
are calculated for two regions of Ba0.90Dy0.10MoO4þδ sample,
which indicate the existence of two different conductivity
mechanisms [11,15]. The conductivity at high temperature
region (4525 1C) may be expressed as

sT ¼ s0expð�E1=TÞ ð3Þ
where E1=(1/2)EfþEm, Ef and Em are the activation energies
of defect formation and migration of oxygen ion charge
carriers.
The conductivity at low temperature region (r525 1C) may

be expressed as

sT ¼ s0expð�E2=TÞ ð4Þ
where E2=Em is the activation energy required for the
migration of oxygen ion charge carriers.
The defect formation energy Ef can be calculated from Eqs.

(3) and (4).

Ef ¼ 2ðE1�E2Þ ð5Þ
The activation energies in the two temperature regions for

the nanocrystalline Dy doped BaMoO4 [Ba1�xDyxMoO4þδ,
where x=0, 0.05, 0.1, 0.15, and 0.2] samples are calculated which



Table 2
Activation energies obtained from log sT vs. 1000/T of nanocrystalline BaMoO4 and all the compositions of Dy doped BaMoO4 samples.

Activation energy (E1) (ev) Activation energy (E2) (ev) Energy for the formation of defects (Ef) (ev)
(Region I r525 1C) (Region II 4525 1C)

BMO 1.1070.03 1.3270.11 0.44
BDM0.05 1.1570.02 1.9970.10 1.68
BDM0.1 1.5570.04 2.4770.02 1.84
BDM0.15 0.9270.01 1.1570.02 0.46
BDM0.2 1.1670.04 1.3270.04 0.32
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Fig. 12. Time vs. conductivity plot for the Ba0.90Dy0.10MoO4þ δ sample
obtained at 650 1C.
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are shown in Table 2. The nanocrystalline Ba0.90Dy0.10MoO4þδ

composition sample showed the highest defect formation energy
compared to other compositions of the nanocrystalline Dy doped
BaMoO4 [Ba1�xDyxMoO4þδ, where x¼0, 0.05, 0.1, 0.15, and
0.2] samples, which may enhance the ionic conductivity of the
particular composition and hence, showed the highest conductiv-
ity compared to the other compositions of the prepared samples.

The Fig. 12 shows the time vs. conductivity of the
Ba0.90Dy0.10MoO4þδ sample measured at 650 1C for every
half an hour. It is observed that there is no change in
conductivity plot with time which confirms that, the good
stability of the sample at 650 1C under air.

4. Conclusions

Nanocrystalline Dy doped BaMoO4 [Ba1�xDyxMoO4þδ,
where x¼0, 0.05, 0.1, 0.15, and 0.2] samples were prepared
by the acrylamide assisted sol–gel combustion process, which
may be use as electrolyte for ITSOFCs application. Thermal
behavior, structural information, phase formation and existence
of O, Dy, Mo and Ba, elements in Ba1�xDyxMoO4 (x¼0,
0.05, 0.1, 0.15, and 0.2) samples are investigated through TG/
DTA, XRD, FTIR, SEM-EDX and XRF techniques respec-
tively. The electrical conductivity of the prepared samples is
studied through impedance spectroscopy. The doped Scheelite
type nanocrystalline Ba0.90Dy0.10MoO4þδ sample showed
enhanced conductivity of 5.46� 10�3 S/cm at 650 1C com-
pared to the other reported Scheelite samples. The observed
higher conductivity and higher activation energy may be due
to the formation and migration of oxygen ion charge carriers in
the Dy doped BaMoO4 (Ba0.90Dy0.10MoO4þδ) sample.
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