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Abstract

Effects of ethanol supercritical drying treatment on morphology and electrochemical performance of DyBaCo2O5þd (DBC), as

cathode material for intermediate temperature solid oxide fuel cells (IT-SOFCs), was comparatively investigated. Powder samples were

synthesized by EDTA–citric acid (EC) and ethanol supercritical drying assisted EDTA–citric acid (SCEC) techniques. The scanning

electron microscopy (SEM) images show the particles synthesized by SCEC were smaller than those prepared by the EC method. The

area specific resistance (ASR) value of SCEC-DBC as cathode was lower than that of DBC-EC cathode. The maximum power density of

the single cell with SCEC-DBC cathode was higher than that of the cell with EC-DBC cathode in the investigated temperature range

from 550 to 650 1C.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Cathode polarization resistance is a major source of the
total resistance in solid oxide fuel cells (SOFC) and
becomes even more significant as the operating tempera-
tures are reduced to intermediate range (500–700 1C) [1–3].
To overcome this drawback, the development of advanced
cathode materials and optimization of cathode microstruc-
tures are therefore critical to intermediate temperature
solid oxide fuel cells (IT-SOFC) [4,5]. The previous
investigations demonstrated that synthesis methods and
powder processing conditions significantly influence the
morphology and crystallite dimension of the resulting
powders, so as to the cathode performance. To obtain
materials with good properties, many different powder
synthesis techniques, such as solid–state reaction, combus-
tion, co-precipitation, microwave synthesis, spray pyrolysis
and sol–gel technique, have been employed [6–11].
Although the common sol–gel technique is a particularly
useful one among the above mentioned methods in
producing superfine ceramic powders, the combustion
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of the large amount organic component still easily leads
to agglomeration of small particles. How to easily remove
the organic residue in the gel and avoid destroying the
distribution of the metal ions becomes a considerable issue.

Supercritical fluids assisted drying technique is widely

accepted to produce nano-materials, which allows removing

most organic precursors in gels since its drying process is

under zero surface tension condition, therefore avoiding

agglomeration of metal ions [12]. To the best of our

knowledge, the study of effect of supercritical drying

treatment on morphology and electrochemical properties

of starting powder as cathode for IT-SOFCs is still scanty.

For obtaining homogeneous and highly reactive ceramic

powders with small average particle size and high porosity,

ethanol supercritical drying assisted sol–gel technique is a

novel and expectable route to produce the promising

IT-SOFCs cathode materials. Recently, layered cobalt-

based oxides LnBaCo2O5þd (Ln¼Lanthanide elements)

with double perovskite-type lattice structure exhibit excel-

lent electronic and oxygen ionic conductivity properties,

which are beneficial for the cathodes of IT-SOFCs [13–22].

Kim and Manthiram systematically investigated the influence

of different Ln3þ ions on the structure, thermal expansion
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coefficient (TEC) and electrochemical properties of LnBaCo2
O5þd oxides, the results showed that the LnBaCo2O5þd

cathodes with an intermediate-size lanthanide ion, such as
Nd3þ , Sm3þ and Dy3þ , might provide a trade-off between
TEC and catalytic activity [23]. In the present research, we
synthesized DyBaCo2O5þd via EDTA–citric acid (EC) and
ethanol supercritical drying assisted EDTA–citric acid
(SCEC) methods, and the effects of supercritical fluids
assisted drying on microstructure and electrochemical per-
formance of as-prepared cathodes were comparatively inves-
tigated and analyzed.

2. Experimental

2.1. Material synthesis

DyBaCo2O5þd (DBC) powders were prepared by the
EC and SCEC methods. Appropriate amounts of metal
nitrates were dissolved in EDTA–ammonia solution
(pH¼6–7) followed by the addition of citric acid, wherein
the molar ratio of total metal ions: EDTA: citric acid is
1:1:2 and the EDTA and citric acid acts as complexing
agents. Then, the brown solution was gelated at 80 1C with
constant stirring and ammonia was used to ensure the
pH value of around 7. For the EC method, the gel was
transferred to an oven and heat-treated at 260 1C for 2 h
to obtain a primary powder, which was subsequently
calcined at 950 1C for 2 h under an air atmosphere to
obtain the well-crystallized powders (named as EC-DBC).
For the SCEC method, the gel was transferred into an
autoclave, followed by raising temperature to 220 1C and
keeping for half an hour. Then, the supercritical fluid
drying process was operated at 260 1C for 2 h under a pre-
ssure of 8 M Pa. After slowly releasing the vapor inside,
the system was allowed to cool down to room tempera-
ture. Ultimately, the as-prepared powders were calcined
at 950 1C in air for 2 h to obtain the final powder (named
as SCEC-DBC).

2.2. Characterization

Thermogravimetric analysis (TG) and differential ther-
mal analysis (DTA) of the as-prepared powders were
performed on a thermal analyzer instrument (DTG-60,
Shimadzu) with a heating rate of 10 1C min�1 in flowing
air. The morphology and sizes of the DBC powders were
examined using scanning electron microscopy equipped
with energy dispersive X-ray (EDX) spectroscopy (S-4800,
Hitachi).

2.3. Cell fabrication and electrochemical performance

measurement

A symmetrical cell with the configuration of DBC9
SDC9DBC was used for the impedance studies. Firstly, SDC
powders were pressed into a pellet and sintered at 1450 1C for
5 h in air to obtain a SDC pellet with 12 mm in diameter and
0.5 mm in thickness. To prepare the electrode, the DBC oxide
powders were dispersed in a premixed solution of glycerol,
ethylene glycol and isopropyl alcohol to form a suspension by
high-energy ball milling (Pulverisettle 6, Fritsch) at the rotation
rate of 400 rpm for 2 h. The obtained DBC slurry was sprayed
symmetrically on both surfaces of the SDC pellet, followed by
calcined at 1000 1C for 5 h under stagnant air. The silver paste
was then applied to both electrode surfaces to act as the
current collector. The area of the used cathode was 0.55 cm2.
Anode-supported cells with Sm0.2Ce0.8O1.9 (SDC) as electro-
lyte were prepared by a co-pressing technique. Anode powders
consisted of 65% NiO and 35% SDC (in weight) were
prepared by mixing NiO and SDC in an agate mortar. The
well mixed NiO–SDC powder was firstly pressed into pellets
with a diameter of 13 mm as a substrate, SDC powder was
then added onto the substrate and co-pressed to form a green
bi-layer pellet. The bi-layer pellet was subsequently sintered
at 1400 1C for the densification of the electrolyte layer. The
DBC-based slurry was sprayed onto the central surface of the
electrolyte and sintered at 1000 1C for 2 h under air atmo-
sphere. The effective area of the resulted cathode is about
0.26 cm2 and the layer thickness of electrolyte is around
20 mm. Electrochemical impedances of the symmetrical cells
were characterized by a potentiostat/galvanostat of IM6 from
Zahner Corporation (German) in a frequency range from
10 kHz to 0.5 Hz with an AC amplitude of 10 mV and in the
temperature range from 550 1C to 700 1C at 50 1C intervals.
The performance of the obtained cells were collected by a
source meter (2420, Keithley).

3. Results and discussion

Fig. 1 presents TGA and DTA curves of the DBC
precursors synthesized by the EC and SCEC methods
before calcination. The weight losses in the temperature
range from 30 1C to 200 1C can be ascribed to the
desorption of physically absorbed water and trapped
ammonia accompanied by small endothermic peaks at
around 100 1C. After that, drastic weight losses are
observed in the TGA curves in the temperature range
from 200 1C to 700 1C and 200 1C to 500 1C for the
SECE-DBC and EC-DBC, respectively. The accompanied
exothermic peaks in DTA curves indicate multiple steps
responsible for the decomposition and combustion of
metal-complexes agents and nitrates and crystallization
of DBC oxides. The combustion of organic complexes
after decomposition process delivers large amount of heat
which is the main cause for observed weight losses in TG
curves and sharp heat in DTA curves. Therefore, almost
all of the organic complexing components remained in the
sample prepared by EC method, leading to a broad and
strong exothermic peak in DTA cure. However, a large
portion of the complexing agents in the SCEC-DBC
sample have been dissolved in the supercritical ethanol
and removed along with ethanol vapor during the deaer-
ating process, leading to the exothermic peaks at 443 1C
and 645 1C. The former peak at 443 1C corresponds to the
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combustion of organic constituents, and the later one is to
crystallization of DBC oxides. The small weight loss at
temperature higher than 700 1C and 500 1C for the SECE-
DBC and EC-DBC, respectively, is due to the removal of
oxygen from the lattice, indicating that the decomposition
and combustion of the complexing agents has completed.
In addition, the much lower weight loss of SECE-DBC
than that of EC-DBC suggests that ethanol supercritical
drying treatment is helpful to the removal of organic
complexing agents [12,24–27].
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Fig. 1. TGA (a) and DTA (b) curves for the DBC precursors prepared by

the EC and SCEC methods.

Fig. 2. SEM of DBC powders prepared with
Fig. 2 shows the SEM images of DBC powders synthe-
sized by the EC and SCEC methods. It can be noted that
the powders synthesized via the EC method have spherical
shape with the particle size varying from 0.5 to 1 mm
whereas the powders obtained by the SCEC method have
sponge-like shape consisted of small-size and uniform
particles. The EC-DBC powders with large particle size
are due to agglomeration of the metal ions needed for the
oxide, which is caused by delivered heat from the combus-
tion of the organic residues. On the other hand, the particle
size is also affected by the calcinating temperature. The
combustion of the large amount of organic residual in
EC-DBC powders leads to high temperature in some areas
leading to agglomeration of the small size particles. In
addition, the different morphology of the two samples
demonstrates that ethanol supercritical drying treatment
plays a crucial role in preparation process of the DBC
Powders. Supercritical ethanol fluid with little surface
tension can diffuse into the DBC gel to form a mixture of
ethanol and organic complexing agents, while the mixture
with no tension can be easily removed from the nano-sized
network, thus the stable and porous network structure
remains without destroy in SCEC-DBC sample [28].
Fig. 3 presents the elemental mapping of the DBC

powders obtained by the EC and SCEC methods. The
distributions of Dy, Ba, Co and O in most of EC-DBC
powders (Fig. 3a) and SCEC-DBC powders (Fig. 3c) are
homogenous. However, agglomeration of the metal ions
is also observed in Fig. 3(b) for the EC-DBC powders.
Therefore, it could be figured out that the distributions of
Dy, Ba, Co and O in SCEC-DBC powders are more
homogeneous than those in DBC-SC powders.
The area specific resistance (ASR) is an important index

used to evaluate the performance of cathode, which can be
obtained from the Nyquist plots of the electrochemical
impedance spectra (EIS). Therefore, the cathode perfor-
mance for DBC was investigated by EIS based on a
symmetrical cell with a configuration of DBC9SDC9DBC.
Fig. 4 shows the obtained Nyquist plots measured at open
different methods: (a) EC and (b) SCEC.
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Table 1

ASR data for EC-DBC and SCEC-DBC cathodes on SDC electrolyte

measured at different temperatures in air.

Temperature (1C) 550 600 650 700 750

EC-DBC (O cm2) 3.968 1.374 0.493 0.223 0.101

SCEC-DBC (O cm2) 3.053 1.132 0.435 0.197 0.096
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Fig. 5. Arrhenius plots of ASRs for cathode of EC-DBC and SCEC-DBC.
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circuit in the temperature range of 550–750 1C, in air, for
the samples prepared by the EC and SCEC methods. The
high frequency intercept with the real axis represents the
total ohmic resistance of the symmetrical cell, including the
resistance of the electrolyte, the two electrodes, the current
collectors and the lead wires. The low frequency intercept
corresponds to the overall resistance of the cell, and the
difference between the two intercept values is attributed to
the cathode polarization area specific resistance of DBC
electrodes resulted from charge-transfer resistance, oxygen
adsorption/desorption on the electrode surface and the
diffusion of oxygen ions resistance [29–33]. As expected,
The ASR decreases significantly with increase in tempera-
ture for both electrodes. The evolution of the ASR for EC-
DBC and SCEC-DBC electrodes with temperature is given
in Table 1. SCEC-DBC electrode shows lower ASR at each
temperature compared to the EC-DBC cathode, and the
difference becomes more and more noticeable with the
decrease of temperature. The induced Arrhenius plots are
shown in Fig. 5 and the calculated value of apparent
activation energy for SCEC-DBC is 121.6 kJ mol�1 com-
pared to that of 128.5 kJ mol�1 for EC-DBC. The differ-
ence in ASR and apparent activation energy for EC-DBC
and SCEC-DBC cathodes can be ascribed to the micro-
structure change of electrode layer and the interface
between electrode and electrolyte.
Fig. 6 shows the cross-sectional microstructures at the

electrode/electrolyte of the fractured symmetrical cells
after electrochemical test. It can be noted that the SDC
electrolyte was fully dense and both cathode layers
were porous and well adhered to the electrolyte surface.
Besides, the way of particle stacking and the distribution of
porosity in cathode layers were different. The EC-DBC
cathode layer was fabricated with large DBC particles
whereas the SCEC-DBC one was composed of small and
uniform particles, leading to larger specific surface than
in the former, which is beneficial to contacting of catalyst
surface and oxygen.
To further interpret the effect of particle morphology on

the electrochemical performance, the schematic diagrams
of interface model of a symmetrical cell is shown in Fig. 7.
Due to the porosity of the electrode, the contact regions
between electrode and electrolyte consist of many inter-
mittent contact points rather than fully continuous areas.
Based on the assumption that the contact point is round
plane and the areas of all the contact points are equal
to each other under the same sintering conditions in the
interface model, the contact areas are closely relative to the
number of contact points at electrode/electrolyte interface,
while this number could be mainly affected by the particle
size in electrode. Therefore, the electrode made up of small
particles possesses more contact points and higher contact
areas, which provides multiple pathways for electron and
oxygen ions transfer between electrode and electrolyte,
and leads to the reduction in contact resistance [34].
Moreover, the smaller particles can easily form more
porous channels in cathode layer that are beneficial
for oxygen diffusion to the inner surface of cathode leading
to reduced gas diffusion resistance. In addition, small
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particles could increase the gas–solid interface area in
electrode for oxygen adsorption and dissociation, thus
provide more active reaction sites of oxygen reduction
reaction on the cathode surface and promote the oxygen
ions transfer process from surface to bulk of cathode,
resulting in reduction of the resistance during the charge
transfer process.

To examine the performance of EC-DBC cathode and EC-
DBC cathode in real IT-SOFC, anode-supported cells con-
sisting of Ni-SDC cermets anode, SDC electrolyte and the
corresponding cathode were fabricated, and the cell perfor-
mance at various operating temperatures are presented in
Fig. 8. The power densities of both cells increase obviously
with increase in the operating temperature, mainly because of
the decreased electrolyte resistance and the improved cataly-
tic activity of the cathode materials at higher temperatures.
The cell with SCEC-DBC cathode exhibits an apparently
higher power output than that obtained with an EC-DBC
cathode in the studied temperature ranging from 550 to
650 1C. For example, the peak power density of the cell with
SCEC-DBC cathode reaches 529.7 mW cm�2 at 650 1C,
while it is 436.5 mW cm�2 for EC-DBC cathode. This
implies that the cell with SCEC-DBC possesses better
cathode performance than that with EC-DBC. Therefore, it
could be figured out that ethanol supercritical drying treat-
ment on DBC cathode material is beneficial to improve the
electrochemical performance of the electrode for IT-SOFC.

4. Conclusion

The morphology and electrochemical characteristics of
DyBaCo2O5þd oxides synthesized by the EC and SCEC
method have been investigated comparatively. The results
indicate that ethanol supercritical drying treatment process
has significant positive effect on morphology and the
electrochemical performance of DBC powders. SCEC-
derived DBC powders show smaller particle size and more
porous morphology. EIS and the performance of single
cells reveal that the cathode prepared from the SCEC-
DBC powders has lower ASR than that from EC-DBC
powders. The SCEC technology was proven to be a very
attractive method applied to the synthesis of electrode
powders for IT-SOFCs.
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