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Nano-powder of gadolinium-doped-ceria (GDC, Ceq.9Gdg 10,) has been synthesized using a novel sol-
gel method with glucose and fructose as organic additives. The main objective of the present study is to
find the suitability of this synthesis method in synthesizing ceria-based SOFC electrolyte materials and
evaluate its performance. The average crystallite/particle size obtained from XRD, TEM, BET surface area
was found to be 4-12 nm. The phase was found to be cubic fluorite from XRD and further the structure and
the nature of oxygen vacancies was confirmed using Raman spectroscopy. Dilatometer studies illustrated
two shrinkage maxima (450 °C and 1450 °C). The ionic conductivity measurements were done using DC
four-probe method on the GDC electrolyte sintered at 1500 °C. The sintered sample showed an ionic
conductivity of 1.13E—02 Scm~" at a temperature of 700 °C in the air, and the activation energy is 1.02 eV.
The present study reveals that this synthesis method can be adaptable for synthesizing SOFC electrolyte
materials.
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* Corresponding authors.

E-mail addresses: jongho@kist.re.kr (J.-H. Lee), energyhari@nitk.edu.in

(H.P. Dasari).
1 Equal contribution by the authors.

1. Introduction

The ability of solid-oxide fuel cells (SOFCs) to operate on a vari-
ety of fuels makes it more economical than other fuel cells in small-
scale, stand-alone and remote applications. Doped CeO, is in-
creasingly replacing yttrium-stabilized-zirconia (YSZ) that was the

traditional electrolyte for SOFCs at high operating temperatures
due to its higher oxygen ionic conductivity at intermediate/low
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operating temperatures of SOFCs [1]. Gd** and Sm3* doped ceria
shows higher ionic conductivity because of a smaller enthalpy
associated between the doped cation (Gd3>* and Sm®*) and the
oxygen vacancy of the host lattice (ceria) [2,3]. This property is
because of the close but slightly higher ionic radius of Sm3* and
Gd3*+ compared to Ce** [4]. Thus, these excess oxygen vacancies
formed can lead to higher ionic conductivity than its counterpart
(pure ceria) [5]. Gadolinium-doped-ceria (GDC) electrolyte is today
regarded as one of the promising material for intermediate and
low-temperature SOFCs. Because an SOFC electrolyte needs to have
near full density, nano-sized GDC powders are more desirable for
their use compared to bulk powders. The higher specific surface
area of nano-sized particles leads to faster densification and lower
sintering temperature. Also their higher homogeneity results in
better properties of the sintered materials [6].

A variety of methods can synthesize GDC material. These in-
clude hydrothermal [7,8], precipitation [9], decomposition, com-
bustion, thermal evaporation [10], and reverse micelle [11]. In
general, powder characteristics, and thus their synthesis route, sig-
nificantly affect the densification kinetics and overall sinterability
of the powder. In the past, many techniques like sol-gel thermoly-
sis [12], cation-complexation [ 13] and glycine-nitrate process [14]
have been used to achieve smaller GDC particle sizes between 9
and 17 nm and sintering temperatures between 1200 and 1500 °C.
Prasad et al., has used co-precipitation method [15] and glycine-
nitrate-process method [16] to bring down sintering tempera-
tures. Apart from these synthesis methods, GDC material is also
synthesized by EDTA-Citrate complexation process [ 17,18], micro-
emulsion [19], and acryl amide polymerization [20] methods. In
general, the powders prepared by these wet chemical methods is of
high purity, homogeneity and depending on the nature of particle
and agglomerate sizes the sintering temperature and time can be
reduced when compared to GDC material prepared by solid-state
reaction which requires high sintering temperature and time.

Suciu et al. [21,22] used the sol-gel method and organic
additives—sucrose and pectin in acidic ambient to synthesize YSZ
nanoparticles. In acidic conditions, hydrolysis of sucrose takes
place resulting in glucose and fructose where glucose oxidizes to
gluconic acid which acts as chelation agent and forms a complex
with the metal. Sucrose and pectin are very high molecular weight
compounds. They also form a cross-linkage pattern. So, to remove
these organic compounds at a later stage heat treatment at higher
temperatures would be needed. Heshmatpour et al. [23] modified
this method and in basic pH, glucose and fructose were used as
organic additives. The present study aims to synthesize SOFC elec-
trolyte material (GDC) using this simple organic additives (glucose
and fructose) and determine its sintering and ionic conductivity
behaviors. The advantage of such kind of a synthesis method is
that the addition of glucose and fructose can act as an efficient
capping agent and helps in attaining more uniform particle size
and apart from that these additives are relatively cheap, non-toxic,
water soluble and easy to store at low temperatures. Besides, this
synthesis method is environmentally friendly and takes only 24—
30 h in total for the preparation are the two additional advantages.
To the best of our knowledge, no reports are available on GDC
material synthesized by this method using glucose and fructose
additives. The present paper may give a real insight into this
synthesis method in the development of SOFC materials and its
impact on the performance.

2. Experimental
2.1. Sol-gel process using glucose and fructose
The sol-gel process is employed to obtain GDC nano-

powder using D-glucose (Finar Chemicals) and D-fructose (Fi-
nar Chemicals) as organic additives. Stoichiometric amounts of
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Fig. 1. XRD patterns of the calcined GDC powder.

Ce(NO3)3-6H,0 (SRL Chemicals) (55.54 g, 0.1280 moles) and
Gd(NO3)3-6H,0 (CDH chemicals) (6.44 g, 0.0144 moles) are dis-
solved in distilled water (500 ml) and stirred to obtain a homo-
geneous solution. To the above solution, ammonium hydroxide
(NH4OH) (Spectrum reagents) was added drop by drop to achieve
the pH around 9-10. Under vigorous stirring, with a weight ratio of
1:1, a mixture of D-glucose (51.28 g, 0.2847 moles) and D-fructose
(51.28 g,0.2847 moles) was added, and their mole ratio with metal
ions is 2:1. The homogeneous solution is kept for stirring at room
temperature for 2 h. The obtained solution is heated (100 °C/14 h)
under constant stirring. A thick gel is obtained and transferred to
a hot-air oven (120 °C/24 h). Polymerization (black powder) of
the gel occurs during this step. Further, the black powder is heat
treated at 350 °C/24 h to obtain nanocrystalline GDC powder (25 g).

2.2. Characterization techniques

The synthesized GDC nano-powder was characterized using
different characterization techniques. XPERT-PRO diffractometer
with Cu Ko radiation (A = 1.540498 A) is used to determine the
phase of the nano-powder. The average crystallite size (d) in nm
can be calculated with Scherrer equation given by

d=(0.91)/(B cosO)

where, 1 is the wavelength of the X-ray and 8 is the full width of
the peak at half its maximum height at the respective 26 values.
To further confirm the phase of the powder, it is analyzed by
Raman spectroscopy using BRUKER: RFS 27 with a laser intensity of
100 mW. A FE-SEM/EDS (field emission scanning electron micro-
scope/energy dispersive spectroscopy) (Carl Zeiss Sigma/Oxford
Instruments), was used to study the morphology and elemental
analysis (Ce and Gd) of the sample. The surface area was mea-
sured using SMARTSORB—92/93 surface area analyzer. To view the
particle size nature JEM 2100, JEOL TEM (transmission electron
microscope) was used. The dilatometry studies were performed
using Netzsch Dil 402C/3/G over a temperature range of 50 °C-
1500 °C with a heating rate of 3 °C/min and the flow rate of air
was maintained at 50 ml/min. The ionic conductivity of the sample
was measured in the range of 850 °C to 600 °C by DC four-probe
method using the precision current source (Keithley 6220, USA)
and the multimeter (Keithley 2000, USA).
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Table 1
Comparison of properties of GDC nano-powders prepared by various synthesis methods.
Synthesis method Crystallite BET surface Surface area Reference
size (nm) area (m?/g) equivalent particle
size (nm)
Co-precipitation 8.7 68 12.2 [15]
Glycine nitrate process 17.0 42 18.4 [16]
Sol-gel thermolysis 10.0 64 13.1 [12]
Sol-gel (glucose and fructose) 4.7 71 11.7 [This study]
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Fig. 2. Raman spectrum of the calcined GDC powder.

3. Results and Discussion

Fig. 1 depicts the XRD patterns of the GDC powder obtained
upon calcination at 350 °C for 24 h. These peaks represent the
presence of a phase and the crystallite size is nanocrystalline in
nature. All the peaks obtained correspond to the cubic fluorite
structure of ceria [12,24-28]. The peaks related to gadolinium
oxide (Gd,03) were not noticed, and this confirms that it is entirely
doped into the ceria lattice [12,25]. The average crystallite size
was calculated from XRD using the Scherrer equation and was
found to be ~4.7 nm. The lattice constant was found out to be
~5.411 A. Table 1 shows the crystallite size, BET surface area and
its equivalent particle size of GDC nano-powder synthesized by
various methods [12,15,16]. When compared to the other synthesis
methods like co-precipitation method [15], glycine-nitrate pro-
cess [16] and sol-gel thermolysis process [12] (Table 1), GDC nano-
powder prepared by sol-gel method (using glucose and fructose)
resulted in smaller crystallite size (~4.7 nm) and particle size
(~11.7 nm) along with higher BET surface area (~71 m?/g).

From Fig. 2, a sharp and distinct peak can be seen at 467 cm™,
which corresponds to the F,, mode of Raman for cubic fluorite
structured oxides [29]. As stated in literature, a vibrational mode
at 360 cm™! corresponds to the cubic phase of Gd,05. The absence
of this mode in the present spectra confirms that the Gd>* ions
occupied the interstitial spaces in the ceria lattice, and assures a
solid-solution formation [14,30]. Nakajima et al. [31] stated that
the vibrational modes associated with the wave number around

Fig. 3.
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(a) and (b) SEM micrographs of the calcined GDC powder and (c) EDS analysis obtained from Fig. 3(a).
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Fig. 4. (a) and (b) TEM micrographs of the calcined GDC powder, (c) TEM based particle size histogram (from Fig. 4(a)) and (d) SAED pattern of the obtained GDC powder.

Table 2

Composition of GDC nano-powder analyzed by energy dispersive spectroscopy.
Element Wt% Mole Mole%
Ce 89 0.6343 90
Gd 11 0.0707 10

600 cm~! are related to the defects in and around the intrinsic oxy-
gen vacancies and the vibrational state near 550 cm™' is created
due to the extrinsic vacancies.

The synthesized GDC nano-powder calcined at 350 °C/24 h was
analyzed using SEM to observe the morphological features present
in the microstructure of the sample. As illustrated in Fig. 3(a) and
Fig. 3(b), it can be observed that there is an agglomeration of the
particles to a certain extent and the particles appear to be flaky
in nature [32]. Table 2 displays the EDS analysis of the sample
and shows that Ce and Gd has 89.96 and 10.03 mole%, respec-
tively and confirms the GDC composition (CeqgGdg1). Fig. 4(a)
and (b) shows the TEM images of the GDC powder, and it has the
nanoparticle nature. From TEM images it can be observed that the
nanoparticles are agglomerated. The quantitative measurement
of the nanoparticle size is done by plotting the histogram from
Fig. 4(a), fitted by Lorentz function is depicted in Fig. 4(c). The
average nanoparticle size from the histogram is measured to be
~4.9 nm. The nanoparticle size obtained from TEM images was
slightly greater than the average crystallite size obtained from XRD

analysis. To further confirm the crystallinity of the obtained GDC
nano-powder, selected-area electron diffraction (SAED) is carried
out and the SAED image is shown in Fig. 4(d). The figure shows
series of rings which define the polycrystalline nature of GDC nano-
powder. From Fig. 4(d), it can be clearly observed that four most
significant diffraction planes [(111), (200), (220) and (311)] that
correspond to the cubic fluorite structure GDC sample and this
further confirms the results obtained from XRD analysis.
Dilatometry studies for the synthesized sample were carried
out till a temperature of 1500 °C. Fig. 5 depicts the shrinkage
rate spectrum and the linear shrinkage curve. The GDC sample
undergoes the sintering process with two shrinkage maxima. The
maxima at 450 °C indicate the start of the sintering of the nanopar-
ticles. The maxima at around 1450 °Cindicate the presence of some
hard agglomerates in the sample because of which the powder
might have retained is original shape during densification. From
the linear shrinkage curve in Fig. 5, it can be observed that the sam-
ple reaches a full shrinkage of about 23% at 1500 °C. The samples
were heat treated at 1500 °C to attain full density to measure the
ionic conductivity. From XRD (crystallite size, ~4.7 nm), TEM (par-
ticle size, ~4.9 nm), BET surface area (~71 m?/g) and dilatometry
studies, one can also observe that the synthesis method used in the
present study resulted in high the surface area along with some
hard agglomerates, and to decrease these hard agglomerates one
has to optimize the glucose, fructose and metal nitrate mole ratios.
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Fig. 5. Linear shrinkage and shrinkage rate curves of GDC green pellet from 50 °C
to 1500 °C. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6 shows the Arrhenius plot of the GDC sample sintered
at 1500 °C/5 h. The ionic conductivity measurements were car-
ried from 600 to 850 °C in the air atmosphere. The conductivity
data well matches within the range when compared to literature
data[33-35]. The ionic conductivity obtained in the airis 1.13E—02
S cm~! at a temperature of 700 °C, and the activation energy
is 1.02 eV. The activation energy achieved in the present study
is in the similar range obtained by Kuharuangrong [36] for the
same amount of Gd-doped ceria electrolyte. The reason for such a
high activation energy is may be due to additional grain boundary
resistance and literature reports similar behavior with doped (Sm,
Y) ceria materials [37,38]. Even though the reason is not entirely
understood, segregation of different elements at grain boundaries,
segregation of impurities and grain boundaries structural disorder
may result in high grain boundary resistance for the ceria based
electrolytes which are heat treated at critical sintering tempera-
ture [39-43]. The total conductivity in polycrystalline electrolyte
materials under given temperature and surrounding atmosphere
can be enhanced by following suitable modifications in composi-
tion, microstructure and processing. The properties of the grains
and grain boundaries can be effected by composition, dopant con-
centration and processing conditions [44]. Kulkarni et al. [45], and
Sui et al. [46], reported a conductivity of 0.97E—02 S cm~! and
1.40E—02 S cm™"! at 700 °C, respectively, which is in agreement
with the conductivity observed in the present study. Based on
the conductivity results that were obtained in the range of 600-
850 °C, GDC prepared by sol-gel method using organic additives
(glucose and fructose) may be used as potential electrolyte ma-
terial for SOFC applications. The topic for the forthcoming paper
would be how to enhance the sinterability and ionic conductivity of
GDC electrolyte material by controlling the powder characteristics
through optimization of powder synthesis method.

4. Conclusions

GDC nano-powder have been successfully synthesized using a
novel sol-gel method with glucose and fructose as organic addi-
tives. XRD and Raman spectroscopy results confirmed that the GDC
nano-powder has cubic fluorite structure. FE-SEM and EDS analysis
confirmed the agglomerate nature and elemental analysis (Ce, Gd)
of GDC nano-powder. TEM analysis and particle size dispersion
histogram of GDC nano-powder has a particle diameter of ~4.9 nm.
Dilatometer studies revealed two peaks (450 °C and 1450 °C) of
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Fig. 6. Ionic conductivity data (from 600 to 850 °C) of GDC pellet sintered at
1500 °C/5 h.

shrinkage behavior indicating that the GDC nano-powder synthe-
sized in this work is the combination of nano-particles and hard
agglomerates. From the dilatometry studies the sintering temper-
ature is fixed at 1500 °C and the ionic conductivity of the obtained
GDC electrolyte is 1.13E—02 S cm~! with an activation energy of
1.02 eV. The synthesis method used in this paper can give a new
scope for the development of SOFC materials.
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