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H I G H L I G H T S

• Praseodymium doped ceria (PDC)
electrolyte was synthesised by EDTA
citrate method.

• Dilatometer study revealed multiple
shrinkage behaviour of PDC.

• PDC showed an ionic conductivity of
1.213E-03 S cm−1 at 700 °C.

• XRD at 1500 °C revealed that they
crystallize as fluorite CeO2 + cubic
PrO2 phase.
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A B S T R A C T

Praseodymium-doped ceria (PDC, Ce0.9Pr0.1O2) electrolyte material for intermediate temperature solid oxide
fuel cells (IT-SOFCs) has been successfully synthesised by EDTA-citrate method. From X-Ray diffraction (XRD),
fluorite structure along with a crystallite size of 5.4 nm is obtained for PDC nanopowder calcined at 350 °C/24 h.
Raman spectroscopy confirmed the structure, presence of oxygen vacancies with the manifestation of the main
peak at 457 cm−1 and with a secondary peak at 550 cm−1. From Transmission Electron Microscopy (TEM)
analysis, the average particle size is around 7–10 nm and selected area electron diffraction (SAED) patterns
further confirmed the fluorite structure of PDC nanopowder. The PDC nanopowder displayed a BET surface area
of 65m2/g with a primary particle size of ∼13 nm (calculated from BET surface area). Dilatometer studies
revealed a multi-step shrinkage behaviour with the multiple peaks at 522, 1171 and 1461 °C which may be
originated due to the presence of multiple size hard agglomerates. The PDC electrolyte pellet sintered at 1500 °C
displayed an ionic conductivity of 1.213E-03 S cm−1 along with an activation energy of 1.28eV. Instead of a
single fluorite structure, XRD of sintered PDC pellet showed multiple structures (Fluorite structure (CeO2) and
cubic structure (PrO2).

1. Introduction

Solid oxide fuel cells (SOFCs) are considered as a promising device
for electrochemically converting a gaseous fuel in to useful energy with

higher conversion efficiency and less environmental impact [1]. One of
the main components of SOFC systems include dense solid oxide ion
conducting ceramic electrolyte membrane sandwiched between
cathode and anode. The well-known oxygen ion conducting ceramic
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electrolyte materials for SOFC includes cubic stabilized zirconia, doped
cerium based oxides, bismuth based oxides and lanthanum gallate
based oxides. Yttria stabilized zirconia is considered as the most pre-
ferred electrolyte material for SOFC at high temperatures because of its
high ionic conductivity, high chemical and mechanical stability. But the
disadvantage of this system is that higher operating temperature leads
to high fabrication cost, mismatch in thermal expansion coefficient and
causes reaction between the cell components [2]. Therefore, it becomes
necessary to decrease the operating temperature and to develop elec-
trolyte materials in the intermediate temperature range to commer-
cialize the technology. Problems of lanthanum gallate oxide based
electrolyte system sintered at higher temperature includes the volati-
lization of gallium(I) oxide (Ga2O) from the perovskite structure and
thereby reduces the overall ionic conductivity of the electrolyte mate-
rial [3]. In spite of remarkably high ionic conductivity, bismuth oxide
based electrolytes possess drawbacks such as thermodynamic, struc-
tural and chemical instability and pure bismuth oxide undergoes phase
transformations from cubic to monoclinic on cooling below 730 °C re-
sulting in a drop in ionic conductivity [4,5]. Among all these materials,
rare-earth doped ceria has been found to be a promising electrolyte for
IT-SOFCs operating at temperature lower than 700 °C [2,6–10].

Ceria based materials have found applications in various fields apart
from SOFCs, such as oxygen sensors [11], catalyst/photo catalyst [12],
UV blockers [13] and oxygen storage capacitors [13]. Apart from this,
photo catalytic degradation of organic dyes using cerium oxide catalyst
in UV/visible beams are considered as an effective way in removing the
organic contaminants due to biodegradable nature of pollutants is yet
another application of cerium oxide [14]. Since nano particles exhibit
promising properties that are different from their relative bulk prop-
erties, cerium oxide nanoparticles has been widely used in many above
mentioned applications mainly due to the low energy band gap between
Ce3+ and Ce4+, high mobility and also due to high oxygen storage
capacity.

Rare earth doped ceria based materials possess lower activation
energy and high ionic conductivity at relatively lower temperature as
compared to YSZ electrolyte and show good promise in replacing state-
of-the-art YSZ as the electrolyte materials. At 1000 °C, YSZ exhibit an
ionic conductivity higher than 0.1 S cm−1 ; coefficients of thermal ex-
pansion similar to the other cell components, high ionic conductivities
(> 0.1 S cm−1) at intermediate temperatures, and chemical stability
during cell operations are the important aspects to be considered for a
ceramic material to be used as an electrolyte material [15]. Moreover,
at lower temperatures the cell performance is decreased in case of YSZ
material. Thus, ceria based ceramics are considered as the most pro-
mising electrolyte material for SOFC because of its high ionic con-
ductivity which in turn reduces the operating temperature and elim-
inates the technical issues. The enhancement of ionic conductivity in
doped ceria is mainly due to oxygen ion vacancies [6].

Some of the reports on Praseodymium-doped ceria materials (PDC)
indicate that it can be a candidate for electrolyte materials for SOFCs
[16,17]. Pr cation can exist in two oxidation states (Pr3+/Pr4+) and
promote oxygen vacancies, and its presence in ceria lattice alters the
grain boundary behaviour of the oxide system and thus enhances the
conductivity [18,19]. For Pr doped ceria, the density of the anion va-
cancies is lower when compared to the other dopants like gadolinium
and samarium, and this can be due to the presence of multi valance
state [20]. A massive increase in chemical expansion upon heating is
another critical anomalous behaviour of PDC [21], which can cause
stoichiometric or phase change expansion. Above-mentioned desirable
properties motivated the present study to explore/synthesise PDC na-
nopowder as an alternative electrolyte material for IT-SOFCs.

According to literature, PDC has been synthesised by variety of
techniques such as hydrothermal method [22], sol gel method [23],
flux method [24], co-precipitation method [25], combustion synthesis
[17] etc. When compared to various synthesis methods, EDTA-citrate
method is used to prepare a wide variety of oxide materials [26,27].

EDTA and citric acid are used as chelating agents, which forms stable
complexes. EDTA citrate method offers the possibility for the synthesis
of nano scaled particle size with good compositional homogeneity [28].

Nauer et al. [29] reported that cerium-praseodymium oxide forms
fluorite-type solid solutions for all samples up to 30mol% PrO2-x while
M. J. Chen et al. [30] obtained single phase fluorite solid solution up to
35mol%. Wang et al. [16] noticed a decrease in cell parameter for 20-
mol% Pr and indicated that the solubility limit for PDC might be around
20mol%. These differences in regarding the solubility of Pr in CeO2

may be due to differences in synthesis and processing procedures in-
cluding the heat-treatment conditions [31]. According to literature
several theoretical and experimental studies have suggested 10mol% of
gadolinium oxide and 10mol% samarium oxide is the best dopant
concentration for cerium dioxide to obtain high ionic conductivities
[6,32–35]. In the present study, for Pr, a fixed amount of 10mol% is
taken and is synthesised by the EDTA-Citrate complexing method; and
physical characterization along with dilatometer study and ionic con-
ductivity measurements were carried out.

2. Experimental

2.1. Powder synthesis

AR grade chemicals Cerium nitrate hexahydrate (Ce (NO3)3·6H2O,
SRL Chemicals≥ 99%), Praseodymium nitrate hexahydrate (Pr
(NO3)3·6H2O, Sigma Aldrich Chemicals 99%), EDTA (ethylenediamine-
tetraacetic acid, Sigma Aldrich Chemicals≥ 99%) and citric acid
(Sigma Aldrich Chemicals≥ 99%), Ammonium hydroxide (NH4OH,
25% ammonia Spectrum reagents)) were used for the synthesis of PDC
nano-crystalline material by EDTA citrate complexing method.
Stoichiometric amounts of Cerium nitrate hexahydrate and
Praseodymium nitrate hexahydrate were dissolved in deionised water
and the solution is stirred continuously at room temperature. EDTA and
citric acid were used as chelating agents. The required amount of EDTA
dissolved in NH4OH for the complete dissolution was then added to the
aqueous solution of metal nitrate. Stoichiometric amount of citric acid
was added to the resulting solution under continuous stirring to allow
citric acid to dissolve completely to obtain a clear solution. Then ne-
cessary amount of NH4OH solution was added to the clear solution to
maintain the pH (∼9) to the desired value. The mole ratio of total metal
ions to EDTA and to citric acid used was 1:1:1.5. After homogenisation
of the solution, the resulting final solution was heated at 100 °C to re-
move excess water and nitrate gases under continuous stirring condi-
tion to obtain a thick, viscous gel. The gel obtained is kept in the hot air
oven for 24 h at 150 °C temperature in order to convert it to a black

Fig. 1. XRD pattern of PDC sample calcined at 350 °C/24 h.
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solid precursor, was then ground and calcined at 350 °C/24 h to get the
final metal oxide product.

2.2. Powder characterization

The obtained PDC nanopowder after calcination was subjected to
various powder characterization techniques. The phase analysis and
crystal structure and of the synthesised nano powder were done by
using XPERT-PRO diffractometer with Cu Kα radiation
(λ=1.540498 Å) operated at 40 kV and 30mA in the 2θ range of
20–80° with a step size of 0.02 and a time for step is 2s. Debye – Scherer
equation was used to calculate the crystallite size of the nano particles
and is given by:

= λ β θd (0.9 )/( cos ),

Where, λ is the wavelength of X–rays, β is the full width at half max-
imum intensity and θ is the angle of main reflection (111).

Raman spectroscopic studies were done using BRUKER - RFS27 FT-
Raman spectrometer to further analyze the phase and the presence of
functional molecules in the materials. JSM-6380LA Scanning Electron
Microscope was used to study the surface morphologies of the obtained
powder. To view the inner texture of the particle, analysis was carried
out using JEM 2100, JEOL TEM (Transmission Electron Microscope)
along with SAED (Selective Area Electron Diffraction). SMARTS-
ORB—92/93 instrument was used to measure the BET surface area. In
order to remove the residual moisture, the samples were evacuated at
150 °C/3 h before the analysis and nitrogen gas was flushed for 2 h.

The dilatometric studies were carried out on the sample calcined at
600 °C/5 h. The shrinkage behaviour was examined using dilatometer
measurement (Netzsch Dil 402C/3/G) at a heating rate of 3 °C min−1

from 50 °C to 1500 °C in air. The conductivity of the sintered pellet was
obtained by four probe method by applying platinum paste to the other
two ends of the pellet to form the electrodes. For measuring the con-
ductivity data, the calcined samples were pelletized and heat-treated at
1500 °C/5 h with a heating rate of 3 °Cmin−1, and the flow rate of air
was maintained at 50ml/min. The ionic conductivity measurements
was carried out by four-probe DC method from 600 °C to 850 °C using
the precision current source (Keithley 6220, USA) and the multimeter
(Keithley2000, USA).

3. Results and discussion

3.1. X-ray analysis

XRD patterns of the PDC nanopowder calcined at 350 °C for 24 h is
shown in Fig. 1. The relatively broad peaks would indicate the presence
of a crystalline phase and the formed crystallites was very small. From
the XRD pattern of the calcined PDC nanopowder, all the major peaks
obtained correspond to the typical of crystalline CeO2 with cubic
fluorite like structure and matches with the JCPDS card data no.
34–0394 [22,36,37]. The average crystallite size as calculated by Debye
Scherrer's equation of the most intense peak (111) was found to be
5.44 nm, which matches the value observed from TEM. The average
value of lattice constant calculated using Bragg's equation was
0.5414 nm. Table 1 shows various physical parameters of PDC nano-
powder synthesised by hydrothermal synthesis [36], combustion
method [37], sol-gel method [23]. Table 1is arranged in the increasing
order of the calcination temperature (from 100 to 900 °C). As it can be
noticed from Table 1, there is an increase in the particle size, decrease
in the BET surface area with an increase in the calcination temperature.
It is interesting to note from Table 1 that the crystallite size did not
follow the similar trend. The crystallite size (5.4 nm) of PDC nano-
powder obtained from the current study (EDTA Citrate method, cal-
cined at 350 °C/24 h) is smaller (5.4 nm) than the crystallite size
(16.1 nm) obtained by the hydrothermal method, calcined at 100 °C/
2 h). It shows that the synthesis method plays a crucial role in con-
trolling the powder characteristics such as crystallite size, morphology,

Table 1
Comparison of PDC material synthesised by various methods.

Synthesis method Lattice Constant (Å) Particle Size (nm) BET Surface area (m2/g) Crystallite size (nm)c Calcination Temperature (°C) Reference

Hydrothermal method 5.450 13–25b 72 16.1 100/2 h [36]
EDTA Citrate method 5.414 13a 65 5.4 350/24 h [This study]
Combustion method 5.405 25a 34 17.1 700/2 h [37]
Sol-gel method 5.413 30–50b 17 31.3 900/4 h [23]

a Average particle size calculated from BET data.
b Average particle size calculated from TEM data.
c Crystallite size calculated from XRD data.

Fig. 2. Raman spectra of PDC sample calcined at 350 °C/24 h.

Fig. 3. SEM micrograph of PDC sample calcined at 350 °C/24 h.
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agglomeration and surface area of the PDC nanopowder. With the de-
veloped PDC material with small crystallite size and high BET surface
area it could be used in other applications like dye degradation and
antibacterial activity applications [12,38–40].

The reaction between stoichiometric metallic salts in a mixed so-
lution which attributes to the band tail effect is related to intrinsic
defects is one of the advantages of the present method. Peng et al. [41]
reported that the smaller particle size of the materials allows the

sintering of the material into highly dense ceramic pellets at a sig-
nificantly lower sintering temperature. It was also reported that the
powder with highest surface area and smaller particle size allows high
sintered density at a lower temperature in a short time [42]. Smaller
pore requires relatively lower temperature to close the pores whereas
larger pores require a higher temperature and longer time to eliminate
the pores. Thus the formation of smaller particle size with soft nature of
agglomerates decreases the sintering temperature compared to hard

Fig. 4. (a) and (b) TEM micrographs of the calcined PDC powder (350 °C/24 h) and (c) SAED patterns for calcined PDC nanopowder.

Fig. 5. Linear shrinkage and shrinkage rate of PDC green pellet from 50 °C to
1500 °C. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.) Fig. 6. Ionic conductivity of PDC pellet sintered at 1500 °C/5 h.
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nature of agglomerates with wider pore distribution [43]. Thus the
powder characteristics affect the densification process during sintering,
which will be discussed in-detail in the dilatometer studies in section
3.4.

3.2. Raman spectra analysis

Fig. 2 represents the Raman spectra of the PDC powder synthesised
by the EDTA - citrate method, which confirms the formation of cubic
fluorite phase shown in Fig. 1. An intense and sharp peak at 457 cm−1

was observed and can be attributed to F2g vibration mode (O-Ce-O) of
the fluorite-like structure of pure CeO2 [17,44]. Besides, an additional
weak intense peak at 550 cm−1 was observed, and it can be associated
to a band that could be due to the extrinsic oxygen vacancies present in
the solid solution [45]. The changes in the Raman spectra are related to
O vacancies introduced into the cation lattice (multivalent Pr is sub-
stituted for Ce+4). Since the radius of Pr3+ is larger than Ce4+, it is
expected to cause an expansion of the CeO2 lattice. At higher tem-
peratures, the migration of oxygen ions is facilitated by the presence of
oxygen vacancies and thus enhances the ionic conductivity. Since the
oxygen vacancies facilitate the migration of oxygen ions through the
crystal lattice that also enhances the low temperature densification
during sintering [46]. Thus, the results from the literature suggest that
the ionic conductivity of the sample is enhanced by the presence of high
concentration of oxygen vacancies [47]. From the Raman spectroscopy
analysis, no indications can be found regarding the presence of an
impurity phase even after the calcination step, which is in good
agreement with the XRD analysis.

3.3. SEM and TEM analysis

SEM microstructure of the PDC nanopowder are shown in Fig. 3. It
is observed that the PDC electrolyte material synthesised is very porous

in nature and exhibit particle agglomeration up to a certain extent.
Fig. 4 (a) and 4(b) depicts the TEM image of the PDC nanoparticles.
Spherically shaped particles with slight agglomeration were observed.
Fig. 4(c) shows the corresponding selected area electron diffraction
(SAED) patterns of PDC nanopowder. The figure shows concentric
rings, which is attributed to (1 1 1), (2 0 0), (2 2 0) and (3 1 1) re-
flections and these patterns indexed to the cubic fluorite structure of
PDC nanopowder matches well with the XRD results.

3.4. Dilatometry studies

The shrinkage rate spectra and linear shrinkage of the PDC pellet is
shown in Fig. 5. The sintering process of PDC sample undergoes mul-
tiple step shrinkage behaviour is evident from the figure. The shrinkage
maxima at 522, 1171 and 1461 °C indicates the presence of multiple
size hard agglomerates after compaction [48]. This can be attributed to
the shrinkage of different pore sizes in between the hard agglomerates
obtained from the non-uniform particle size distribution (please check
the supplementary information Fig.S1 for non-uniform particle size
distribution of calcined PDC powder). From the linear shrinkage of PDC
sample as shown in Fig. 5, the shrinkage has not fully completed below
1500 °C with a final linear shrinkage of 18%. From dilatometer studies
obtained for PDC pellet, it is confirmed that the synthesis method and/
or processing conditions have to be altered to achieve nanoparticles
with uniform particle size distribution, which leads to uniform
shrinkage behaviour and thus decreases the sintering temperature of
the PDC material. This will be one of the future goals to use this ma-
terial as an electrolyte material for SOFC applications.

3.5. Conductivity measurements

Fig. 6 manifests the Arrhenius plot of the conductivity obtained
from the PDC pellet sintered at 1500 °C/5 h in the air. A linear increase
in the conductivity is observed with the rise of the operating tem-
perature from 500 °C to 800 °C.At 700 °C, the conductivity is 1.213E-
03Ω−1cm−1 and is higher than the conductivity of the PDC pellet
observed by Shuk and Greenblatt [22]. The activation energy obtained
from the Arrhenius plot is around 1.28 eV. Table 2 shows the con-
ductivity of the 10mol% PDC materials synthesised by various
methods. It is noticed that the conductivity is affected by the synthesis
method (since synthesis method affects the powder properties) and
when compared to the 10mol% PDC conductivity obtained by MJ Chen
et al. [30], the conductivity observed in the present study is low. The
difference in the conductivities can be due to various factors; grain and
grain boundary conditions, impurities, phase stability and charging
effects. From the literature [49–54], metal tunnel junctions, single-
electron charging effects studied in granular films and STM-grain
junctions it become apparent that the transport properties of semi-
conductor submicron structures weakly coupled to the contact leads by
tunnel barriers are strongly affected by the charging effects. The con-
ductance oscillations in disordered wires triggered the study of char-
ging effects in semiconductor devices and found that this oscillations
are due to confinement of electron charges impurity potential barriers
[49–52]. For finding out the reasons behind this behaviour, XRD ana-
lysis of the sintered PDC pellet is done and depicted in Fig. 7. From
Fig. 7, it is evident that there is a clear phase separation (fluorite
CeO2 + cubic PrO2) [55]. The observed diffraction peaks of ceria agree
with the JCPDS card no. 34–0394 and the diffraction peaks of PrO2

agrees well with the JCPDS card no. 00-024-1006 [55]. This phase
separation might be the reason for showing a lower conductivity. The
conductivity of 10mol% PDC is one order lower than the 10mol% GDC
electrolyte material [56], and one of the reasons for such kind of low
conductivity might be occurring due to phase separation of PDC ma-
terial. In the band gap presence of shallow traps has to be identified in
order to further enhance the conductivity. Thus the presence of shallow
traps in the band gap affects the electrical property of the material as it

Table 2
Comparison of Ionic Conductivity of 10-mol% PDC material obtained by var-
ious synthesis methods.

Synthesis
method

Total
Conductivity at
700 °C (S/cm)

Activation
Energy (eV)

Sintering
Temperature
(°C)

Reference

Hydrothermal
Method

6.6× 10−4 1.20 1300/4 h [22]

EDTA-Citrate
Method

1.2× 10−3 1.28 1500/5 h [This study]

Pechini Method 1.1× 10−2 – 1500/14 h [30]

Fig. 7. XRD pattern of PDC sample sintered at 1500 °C/5 h.
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affects the transport of excitons and charge carriers in the lattice [57].
Thus, identification of the electron and hole traps are essential to
control the electrical properties.

Apart from single element doped ceria, several researches have re-
ported an enhancement in ionic conductivity of ceria by double or co-
doping chemistry. When compared to the results of triple (Sm3+, Pr3+

and Nd3+) doped ceria obtained by Liu et al. the conductivity of PDC
electrolyte material of the present study is lower than the ionic con-
ductivity they have reported (0.125 S cm−1 at 600 °C). It was reported
that the enhancement in ionic conductivity is due to the secondary
doping of Pr3+ and Nd3+ ions which promote the surface oxygen
transfer and enhance the grain boundary conductivity [58]. The ionic
conductivity of the PDC material of the present study is less than that of
nanocrystalline tri-doped ceria (Ce0.76Pr0.08Sm0.08Gd0.08O2-δ) synthe-
sised by sol-gel auto combustion method (total ionic con-
ductivity= 1.86×10−2 S cm−1 at 600 °C) reported by venkataramana
et al. [59]. The high ionic conductivity of these samples is due to the
presence of increase in concentration of oxygen vacancies/mobile ions
in the sample.

To make PDC materials as an electrolyte material for SOF/EC ap-
plications further research work should be dedicated to finding new
methods (synthesis, processing conditions and dopant modification) to
reduce sintering temperature and enhance the ionic conductivity.
Thereby overcoming the phase separation issue, which plays a crucial
role in enhancing the ionic conductivity of the PDC electrolyte material
for SOFC applications.

4. Conclusion

In summary, present study reports the characterization of PDC
electrolyte material synthesised by EDTA citrate method. XRD and
Raman spectroscopy analysis confirm that the calcined sample dis-
played a cubic fluorite structure. The bands at 457 cm−1 and 550 cm−1

in the Raman spectroscopy results confirmed the formation of PDC solid
solution which is in good agreement with the XRD data. From XRD, BET
and TEM analysis it can be observed that the calcined sample exhibited
a crystallite/particle size of 5–10 nm and from particle size analyser, it
is found that the sample displayed an agglomerate size 3.06 μm. From
dilatometer studies, multi-step shrinkage behaviour is noticed for the
PDC green pellet, a linear shrinkage up to −18% is noticed below
1500 °C. At 700 °C, the sample displayed conductivity of 1.213E-
03 S cm−1 and with an activation energy of 1.28 eV. The result pre-
sented in the present paper indicates that a phase change of sintered
PDC pellet occurs at 1500 °C. Forthcoming paper would be positioned
on identification of the solubility limit of PDC material which plays a
key role in enhancing the ionic conductivity and to decrease the sin-
tering temperature of praseodymium doped ceria material below the
solubility limit temperature, as an electrolyte material for IT – SOFCs.
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