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ABSTRACT

SmBER .51, sCo,0. ; (SBSCS5) impregnated with nano-sized Cey gSmy ;0,4 (SDC) powder
has been investigated as a cangigate cathode for intermediate-temperature solid oxide fuel
cells (IT-SOFCs). The cathod:gmical compatibility with electrolyte, thermal expansion
behavior, and electrochemical performance are investigated. For compatibility, a good
chemical compatibility between SBSC55 and SDC electrolyte is still kept at 1100 °C in air.
For thermal dilation curve, it could be divided into two regions, one is the low temperature
region (100-265 °C); the other is the high temperature region (265—-850 °C). In the low
temperature region (100265 °C), a TEC value is about 17.0 x 10°° K™ ! and an increase in
slope in the higher temperatures region (265—800 °C), in which a TEC value is around
21.1 x 107° K. There is an inflection region ranged from 225 to 330 °C in the curve of
d(sL/L)/dT vs. temperature| e peak inflection point located about 265 °C is associated to
the initial temperature for the loss of lattice oxygen and the formation of oxygen vacancies.
For electrochemical properties, the polarization resistances (R;) significantly reduced from
4.17 0 cm® of pure SBSC55 to 1.28 Q cm? of 0.65 mg cm ™ of SDC-impregnated SBSCS5 at
600 °C. The single cell [mrmance of SBSC55|SDC|Ni-5DC loaded with 0.65 mgem ™ * SDC
exhibited the optimum power density of 823 mW cm ™ “ at operating temperature of 800 °
Based on above-mentioned properties, SBSC55 impregnated with an appropriate SDC is )
potg@sil cathode for IT-SOFCs.

@ 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

%d-oxide fuel cells (SOFCs) have the prospective for being
one of the cleanest and quite a few effective energy for direct

operating temperature limit the application of SOFCs such as
using expensive materials to endure high temperature, while
lower operating temperature leads to sluggish oxygen reduc-
tion kinetics and high over-potential at the cathode [2,3]. A
lower operating temperature can reduce problems with

transformation of chemical fuels to electricity [1]. The high
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sealing and thermal degradation, and allow the use of low-cost
metal interconnection materials, and suppress reactions be-
tween the cell components, thus lowering the cost of SOFCs.
However, the electrochemical activity of the cathode dramat-
ically decreases with decreasing temperature. Generally, the
cathode becomes the confining factor in identifying the overall
cell performance. Therefore, the exploitation of new elec-
trodes with higher electrocatalytic activities is critical for IT-
SOFCs [4,5]. The high performance cathodes with regard to
IT-SOFCs mainly based on perovskite structure and its deriv-
ative structures. The cobaltites with prominent electro-
chemical properties have been investigated for IT-SOFC
cathode applications [6,7]. They are notable for their superb
mixed-ionic-and-electronic conductor (MIEC) performance in
theintermediate temperature range. Recently, therehavebeen
some reports concerning the impressive oxygen reduction re-
action (ORR) for oxygen-deficient layered perovskites. They are
suitable for application as cathodesin IT-SOFCs, which require
faster oxygen diffusion rates as well as higher surface ex-
change kinetics at intermediate temperatures range [8,9].

A-site ordered perovskites, LnBaCo,0s 5, oxygen can easily
migrate through the LnO plane, which was observed via
neutron diffraction technique and molecular dynamics sim-
ulations [10,11]. In order to improve the oxygen mobility in the
LnO plane, many researchers tried to dope different lantha-
nides and alkali-earth metals into the A-site of oxygen-
deficient layered perovskites such as NdBaj,SrxCos0s,5 [12],
GdBag 5510 5C05 < Fe, 05, [13,14], PrBag s5105C0y,Fe, 05 5 [15],

6910.4C0:05 5 “.6], SmBag 5515 5C0205., 5 [l?—lgl Mckjnlay
et al. reported that the substitution of Sr for Ba resulted in a
significant increase of conductivity in YBaCo,0; ;. The con-
ductivity value of YBapsSrpsCo20s.; is much higher than
YBaCo:0s, 5 presumably due to the smaller lattice volume for
Sr-substituted specimen [20]. Kim et al. proposed that sub-
stitution of Sr for Ba in GdBaCo,0s, ; improved chemical sta-
bility between the cathode and electrolyte, and expedited
oxygen transport [21]. Meng et al. reported that Sr doping in
YBaCo,0s, ; enhance the electrical conductivity possibly due
to the greater amount of electronic holes and mobile inter-
stitial oxygen [22]. Based on the above-mentioned reports, it
concludes that the substitution of Sr** for Ba®* site results in
higher electrical conductivity as well as better electrochemical
performance of layered perovskites.

In this study, the layered perovskite, SmBag 551y C0,05
(SBSCS5), is chosen as a cathode material. Although charac-
terization of SBSC55 such as crystal structure, weight loss in
air, thermal expansion behavior, microstructure, and electro-
chemical properties has been investigated, this work was to
build on these initial studies and further investigate the ther-
mal expansion behavior via the first derivative 3L/L vs. tem-
perature, oxygen vacancy concentration variation, and using
impregnation technique to enhance cathode performance.

Experimental
Cathode and electrolyte materials preparation

Stoichiometric amounts of Sm;0; (99%, Wako Pure Chemical
Industries, Ltd.), SrCO3 (98%, Shimakyu chemical Co., Ltd),

BaCO; (98.8%, Showa Chemical Industries, Ltd.) and CoO
(99,9%, Choneye Pure Chemical Co., Ltd.) powders were used
as s@Erting materials. The SmBag 551, ;Co,0s , 5 (SBSC55) cath-
ode powders were prepared via the solid-state reaction. The
ball-milled mixtur s dried and ground into a powder with
mortar and pestle, and then calcined in air at 1100 °C h
[23]. The CepgSmyp 2019 (SDC) der was synthesized by co-
precipitation using Ce(NOs)s-6H20 (¥R, Wako Pure Chemi-
cal Industries, Ltd.) and Sm(NQ);-6H,0 (99%, Wako Pure
Chemical Industries, Ltd.) as the starting materials. These
starting materials with hiometric ratio were dissolved in
distilled water and then added to a solution of ammonia. The
pH value of the solution w justed to 9.5—10. Then, the
coprecipitation powder was calcined in air to 600 °C for 2 h.
The detailed procedure regarding the preparation of SDC can
refer to reference [24].

The procedure of impregnation technique is based on our
group previous published paper as shown in reference [25,26].
Aqueous nitrate solution of CegsSmyg2(NOs), precursors with
different concentrations (0.1, 0.3, M) were prepared
by dissolving proper amount of Ce(NO);-6H,0 and
Sm(NQOs)3-6H,0 in DI water. 3 pL of Ceg gSmy 5(NO3), nitration
solution were loaded into each side of the porous SBSC55
cathode using a micro-liter syringe in order to contrel the
amo of loading. Finally, the impregnated cell was fired at
900 °@or 2 h to obtain the desired SDC nanoparticles within
the SBSC55 skeleton. The loading of SDC can be raised by
using higher CeggSmy 5(NO3), nitrate solution. For example,
one impregnated with 3 pL of 0.1 M Cep gSmyg 2(NOs), nitrate
solution will give an SDC loading of 0.13 mg cm 2 in SBSC55
with effective area of 0.385 cm?”.

Material characterization

The structure of the SBSC55 cathode and the chemical

patibility between SBSC55 cathode and SDC electrolyte
were characterized by X-ra wder diffractometer (XRD;
Rigaku D/MAX-2500V), with a scanning rate of in and
scanning range of 20—80°, using a Cu K, (1.5418 A) radiation
source. The microstructures of the SBSC55 cathode was
observed by scanning electron microscope (SEM; Hitachi
3500H). The thermogravimetric properties of calcined powder
specimen were performed using a thermogravimetric
analyzerq;sn TG/DTA 6300) in static air from room tem-
perature to °C using a constant heating rate of 10 *C/gjin,
and the TGA measurements were performed in air and No. The
thermal expansion coefficient (TEC) of the SBSC55 sintered at
1100 °C for 4 h was measured g a thermomechanical
analyzer (TMA; Hitachi TMA7300) with a constant heating rate
of 10C/min in the temperature range of 25—800 °C in a static
air.

Symmetrical cell fabrication and measurement

The symmetrical cells of SBSC55 and SDC-loaded SBSC55 were
fabricated by screen-printing technique. The SBSC55-based
cathode was pasted on both sides of SDC electrolyte discs in
circles of 13 mm diameter and 1 mm . After the cathode
was painted on the SDC electrolyte, it intered at 1000 °C
for 4 h in air. The cathode was used as the working electrode
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(WE) with surface area of 0.385 cm®. The Ag reference elec-
trode (RE) was placed away from the WE by about 0.3—0.4 cm.
The SBSC55-based cathode counter electrode (CE) was placed
on the other side of the SDC disk. The symmetrical testing cell
experime ere carried out under p(03) = 0.21 atm in tem-
peratures ranging from 600 to 800 “C at intervals of 50°C in a
furnace. The AC impedance measurement was performed
using tEyy Voltalab PGZ301 potentiostat with frequency
applied range from 100 kHz to 0.1 Hz with 10 mV AC signal
amplitude. Under the cathodic polarized condition, the EIS
was conducted as a function of the applied cathodic voltage.
The EIS fitting analysis was performed with the Z-view
software.

Single cell fabrication and measurement

Button cells were measured with@midiﬁed hydrogen (3 vol%
H0) as the fuel and air as the oxidant to evaluate the per-
formance of the fabricated anode-supported SOFCs. The
current-voltage characteristics of the single cells were
collected using a digital source meter (Keithley 2420) at in-
tervals of 100 “C over a temperature range of 500—800 “C.

Result and discussion
Material characterization of SBSC55

To study the chemical compatibility of cathode, the evalua-
tion of chemic: eraction between the SBSC55 cathode and
S5DC electrolyte was conducted. Fig. 1 shows the XRD patterns
of the powder mixture of 70 wt% SBSC55 + 30 wt% SDC
calcined at various temperatures. The solid-state reaction
between SB5C55 and 5DC phases is very important to evaluate
their chemical stability at high temperature. SBSC55 is a

ble-perovskite structure with space group of P4/mmm,
attice parameter, a = 3.88 A, b = 388 A, ¢ = 758 A, and

SDC: (a) Qo0
SBSC55: B (b) 1000°C

u (c) 1100°C
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Fig. 1 — X-ray powder diffraction patterns for the powder

ure of 70 wt% SBSC55 4 30 wt% SDC heat-treatment at
a) 900 °C, (b) 1000 °C and (c) 1100 °C for 4 h.

v = 114.30 A* while SDC is a cubic fluorite-type structure. The
results reveal that no obvious interface reaction appeared for
70 wt% SBSC55 mixed with 30 wt% SDC composite when
heated up to 1100 °C for 4 h.

Oxygen vacancy concentration variation and thermal
expansion behavior

In order to determine the oxygen vacancy concentration
variation of calcined SBSCS5, the weight loss of specimen in
air and Nz atmosphere were conducted. The difference be-
tween ideal oxygen stoichiometry (5) and oxygen vacancy
concentration variation (AC,) of the calcined powder at
different temperature could be defined as follows [27].

AC,= (;\’—;) (AW, % — AW,y %) (1)

in which, p and M are the theoretical density (g/cm®) and
molar weight (g/mol) of the oxygen atom for the specimen,
respectively; AW,;;%, and AWy2% are the percentage of weight
difference in air and N, atmosphere, respectively. The oxygen
vacancy concentration variation of the calcined SBSCS55
powder in air and N; atmosphere is shown in Fig. 2(a) itis
assumed that the ideal oxygen stoichiometry (3) is same at
room temperature in air and N, atmosphere. The oxygen va-
cancy concentration variation is increased with temperature,
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Fig. 2 — (a) Oxygen vacancy concentration differences for
calcined SBSCS5 powder; (b) Thermal expansion curves for
4L/L and first derivative 5L/L as a function of temperature
for sintered SBSC55 bulk
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Fig. 3 — Typical impedance spectra of SDC-impregnated SBSC55 cathode as a functi

SDC-loaded amount at moo,

(b) 650, () 700, (d) 750, (e) 800 “C and (f) total cathode polarization resistance (R;) over temperature range of 600—800 “C.

and the oxygen vacancy concentration variation enhances
dramatically in temperature range of 180-280 °C. It is specu-
lated that great amount of Co** ions are reduced to Co** with
large amount of oxygen loss as same as thermal expansion
behavior that we will discuss later.

The thermal expansion coefficient (TEC) is a crucial prop-
erty for cathode materials as it governs the performance of a
sin ell. A bulk thermal expansion curve for SBSC55 cath-
ode was measured from room temperature to 800 °C using a
thermomechanical analyzer as shown in Fig. 2(b). The SBSC55
specimens seemingly show a linear expansion; however, in
the first derivative 3L/L plot, the thermal expansion curve
could be divided into two regions, one is the low temperature
region (100-265 “C); the other is the high temperature region
(265—800 °C). The TEC calculated from 100 to 800 °C for SBSC55

36

is 19.8 x g"’ K. However, in the low temperature region
(100—265 ©C), a TEC value is about 17.0 x 10°* K~ and an in-
crease inslopein thehigher temperatures region (265—800 °C),
in which a TEC value is around 21.1 x 10" ®* K . As seen in the
curve of d(6L/L)/dT vs. temperature, there is an inflection re-
gion ranged from 225 to 330 °C. The peak inflection point
located about 265 °C is associated to theinitial temperature for
the loss of lattice oxygen and the formation of oxygen va-
cancies [28]. Meanwhile, the reduction in Co valence has to
take place to maintain the electrical neutrality. As the tem-
perature is elevated above 265 °C, a part of Co*" ions are
reduced to Co®* with a loss of oxygen; and Co*' ions transit
from low-spin (t3,e) to high-spin (tie?) states [29,30]. The
relationship based on the defect reaction using the Kroger-
Vink notation is described as follows.
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1
2Cog, + 05 «+2Co}, + Vi +-0; (Co*"—Co*") 2)

2
The Co-valence transfers are highly related to ionic radius.
The ionic radium of Co*' and Co®*" with the coordination
number of 6 and high spin are 0.53 and 0.61 nm, respectively
[31]. The reduction of Coions leads a decrease in the B—0 bond
based on Pauling's second rule, resulting in an increase in the
size of BOg octahedra; therefore, the lattice expansion is
enhanced [32,33]. erally, cobalt-based perovskite with a
larger TECs can be due to the increase of the ionic radius of Co
during the thermal expansion measurement [34].

Electrochemical properties

In order to evaluate the effect of SDC-impregnated SBSC55
cathode on electrochemical properties, various SDC amount
loaded on SBSC55/SDC half-cells were tested. The EIS and Ry
were recorded as a function of 5DC loading amount under
stationary air as the oxidant ranged from 600 to 800 °C as
shown in Fig. 3(a)—(e) present some typical impedance spectra
of SBSC55 cathode with and without SDC impregnation
measured in symmetrical cells using AC impedance spec-
troscopy under open circuit conditions at various tempera-
tures in air. After SDC nanoparticles impregnate on SBSC55
porous skeleton, there was a significant reduction in the
impedance for oxygen reduction reaction for SBSC55 elec-
trode, indicating the enhancement of the electrochemical
activity. The polarization resistances (Rp) of SBSC55 cathode
reduced from 4.17 @ cm? of 600 °C to 0.35 ©2 cm? of 800 °C.
When SDC electrolyte loaded on pure SBSCS5 cathode, the Ry
values are significantly reduced, indicating that both electro-
chemical processes (Le., the electrochemical reactions at the
electrode—electrolyte interface and  the adsorp-
tion—desorption of oxygen diffusion at the gas-cathode sur-
face interface) were simultaneously improved by active SDC
nano-sized particles. When 0.13 mg cm~? SDC loaded onto
the porous SBSCS55, Rp values gradually reduces from
3.82 0 em? of 600 °C to 0.24 © cm?® of 800 °C. When SDC-loaded
amount was increased to 0.65 mg cm 2, the R, es are
further reduced to 1.28, 0.32, and 0.11 Q em? at 600 “C,700°C,
and 800 °C, respectively. The R, values of the symmetrical
cells with various types of SBSC55 cathode are summarized in
Fig. 3(f). The Rp values exhibited visible distinctions and fol-
lowed the sequence of pure SBSCS5 > 0.13 mg em 2 SDC-
impregnated SBSC55 > 0.39 mg cm ? SDC-impregnated
SBSC55 > 0.65 mg cm 2 SDC- impregnated SBSC55 within
the temperature range of 600—800 °C. The decrease in R, was
mainly attributed to the creation of extra SDC/SBSC55 phase
boundaries. The newly formed nano-sized SDC particles upon
the highly porous SBSC55 surface allowed gas-phase mole-
cules to easily diffuse t e SDC/SBSC5S boundaries, which
considerably increased the number@electrochemical sites
for the ORR. The ORR sites were at the real SBSC55 cathode
surface area simultaneously exposed to electrolyte and air as
well as at these newly formed SDC nanoparticles deposited on
SBSC55 porous skeleton. Table 1 lists the detailed cathodic
polarization resistances of SBSC55 cathode.

The exchange current density (i;) value is an important
information to evaluate the intrinsic oxygen reduction rate

Table 1 — Polarization resistance of SBSC55 cathode
impregnated with different SDC-loaded amount.

SDC-loaded . 30 Rp (@ cm?)

amount (mg cm™) gy, E<esge0 700°C 750°C 800 °C
0.00 417 205 095 0.57 0.36
0.13 3.82 1.95 0.84 0.43 0.24
0.39 2,95 177 0.73 0.35 0.15
0.65 1.28 0.66 0.32 0.18 0.12

and the electrochemical properties of cathode. In the present
work, the i, values were identified using electrochemical
impedance spectrometry (EIS), i, values were determined
from the R, of the Nyquist plot as depicted in Fig. 4. The
detailed information regarding the EIS technique could refer
to our group published paper [23]. Generally, the i; values is
rising temperature. The i, values were increased from
4.5mAcm *of 600°Cto64.1 mAcm 2 0f 800 °C. As nano-sized
5DC powder loaded into SBSCS5, the i, values are significantly
enhanced. For example, SBSC55 cathode loaded with
0.65 m 2 8DC, the i, values were enhanced from
14.8 mA cm  of 600 °C to 165.7 mA cm ” of 800 °C as listed in
Table 2. overall activation energy (E;) for the ORR was
identified from the slope of the Arrhenius plots as shown in

50F = SBSCSS
O SBSCS5S leading with 0.65 mg em”sDC
— e -1
T ash L ., E,=08.0 k) mol
o T -h'j
E 30 b
) - 'Q
S 25L . T
E,=104.6 kJ mol’ " )
20 T
15 F Tu
1 I L L
0.5 1.00 1.10 115
1000/T (K)

Fig. 4 — Arrhenius plots of ORR for SBSC55 and
0.65 mg cm 2 SDC-impregnated SBSC55, i, was obtained
using EIS technique.

Table 2 — Exchange current density, i, of ORR for the
SBSC55 and 0.65 mg cm 2 SDC-impregnated SBSC55

cathode using EIS technique over the temperature range
of 600—-800 °C.

T°C) ip (mA cm?)
SBSC55 With 0.65 mg cm 2 SDC loaded
600 4.5 14.8
650 9.7 27.4
700 220 45.6
750 38.5 88.2

800 64.1 165.7
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Fig. 5 — SEM micrographs for (a) pure SBSC55, (b) 0.13 mg cm ™2 SDC-impregnated SBSC55, (c) 0.39 mg cm ™2
SDC-impregnated SBSCS5, (d) 0.65 mg cm 2 SDC-impregnated SBSC55 and (e) cross-sectional view of the single cell of (d).
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Fig. 4. The E; values were 104.6 and 93.0kJ mol ! for SBSC55
and 0.65 mg cm 2 SDC-loading SBSCSS, respectively. The
linearity of the Arrhenius plots implying that SBSC55-based
cathode are stable as a function of temperature. The activa-
tion value is relatively similar to our previous reportas cited in
reference [23].

SEM images

To improve the cathode performance, the active ionic-
conductive SDC nano-sized particles were deposited on a
porous SBSCS5 backbones via impregnation technique. The
microstructures of the SBSC55 impregnated with various SDC
loading and the cross section were observed by FESEM. The
SBSC55 cathode without impregnated SDC electrolyte is
shown in Fig. 5(a). When using impregnation technique, SDC
nanoparticles deposited onto backbones of SBSC55 resultingin
the increase in the ORR sites and enhancement of cathode
electrochemical properties. The SDC nano-particles are uni-
formly coated on the skeleton of the SBSCS5 pores, as seen in
Fig. 5(b)—(d). The uniform coating and homogeneous distribu-
tion on the porous SBSC55 backbones results in good inter-
con ion and enhanced electrochemical properties. When
0.13 mg cm ? SDC impregnated with, it can be seen that the
particle size of SDC was about 10—20coating on SBSC55.
When SDC-loading amount reached to 0.65 mg cm ?, SDC
nanoparticles gradually grew in the range of 20—-35nm. Fig. 5(e)
shows the cross-sectional view of the 0.65 mg cm 2 SDC-
impregnated SBSC55|SDC|Ni@PC with a 15 pm of cathode
and 24 pm of electrolyte. The adhesion between the cathode,
electrolyte, and anode reveals well, and the electrolyte mem-
brane is well sintered and quite dense. The cathode and the
anode are both highly porous providing gas-flowing path.

Performance of the assembling single-cells

Fig. 6 plots the single cell ﬁormances for anode-supported
Ni-SDC|SDC|SBSC55 SOFC using humidified hydrogen (3 vol%
H20) as the fuel and air as the oxidant. In general, the cell
voltage was reduced with the increasing temperature; how-
ever, current density and the maximum power densities were
increased with the increasing temperature due to the ther-
mally activated process of kinetics [35]. The current-voltage
curves and the corresponding power densities for pure
SBSC55 assembling single cell at various operating tempera-
tures are shown in Fig. G(aa'he peak power densities are 370,
485 and 470 mW cm~? at 600 °C, 700 °C, and 800 °C, respec-
tively. When 0.13 mg ecm ? of SDC loaded into the SBSCSS
cathode (Fig. 6(b)), the peak pﬁ' densities of single cell were
increased to 538, 620 and 665 mW cm 2 at 600 °C, 700 °C, and
800°C, respectively. As the SDC-loaded amount was increased
to 0.39 mg cm 2 (Fig. 6(c)), the peak powefBBnsities were
further increased to 696, 755 and 815 mW cm 2 at 600 °C,
700°C, and 800 °C, respectively. When the SDC-loaded amount
reached to 0.65 mg cm 2 (Fig. 6(d)), the peak power densities
achieved 740, 815, and 823 mW cm 2 at 600 °C, 700 °C, and
800 °C, respectively. Obviously, the SBSC55 cathode loa
with 0.65 mg cm? SDC operating at 800 °C reached the
maximum peak power density of 823 mW cm . Regarding the
power density values, some layered perovskite cathodes had
been reported such as, the p r density at 650 °C for
NdBag 5Srp sC0q sFeg 505 5 0 mW em 2 [36], at 700 °C for
Ndg 4sBaCo,05 5 is 600 mW cm 2 [37], at 800 °C for
SmBag;5Cag 2sCoFe0s, ; is 366 mW cm 2 [38]. This result im-
plies that the impregnation of the electrolyte with nano-sized
into the porou thode backbones indeed improved the
electrochemical performance of the single cell.
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Conclusions

This study mainly investigated chemical compatibility, ther-
mal properties, oxygen vacancy concentration variation,
electrochemical properties, and single-cell performance for
SBSC55. The concentration of Co** ion in SBSC55 decreased
significantly above 265 °C due to loss of lattice oxygen
(Co*" — Co*) and creation of Vs simultaneously. The single
cell for 0.65 mg cm ™2 SDC loaded onto SBSC55 showed the
optimum performance of 823 mW cm 2 at operating tem-
perature of 800 °C, which is asmda%iﬂq higher electrical
conductivity, fast oxygen transport at the surface, and high
catalytic activity for the oxygen reduction reaction. Therefore,
SmBag 5510,5C020s5 ., 5 impregnated with SDC nanoparticles is
desirable candidate cathode materials in IT-SOFCs in accor-
dance with electrochemical performance.
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