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Abstract

A perovskite-type (Bag 5519 5)0.85Gdg.15C0g.sFep 203 _s (BSGCF) oxide has been investigated as the cathode of intermediate temperature solid
oxide fuel cells (IT-SOFCs). Coulometric titration, thermogravimetry analysis, thermal expansion and four-probe DC resistance measurements
indicate that the introduction of Gd** ions into the A-site of Bag sSrg sCoo.sFen 2055 (BSCF) leads to the increase in both oxygen nonstoichiometry
at room temperature and electrical conductivity. For example, the conductivity of BSGCF is 148 S cm™" at 507 °C, over 4 times as large as that of
BSCEF. Furthermore, the electrochemical activity toward the oxygen reduction reaction is also enhanced by the Gd doping. Impedance spectra
conducted on symmetrical half cells show that the interfacial polarization resistance of the BSGCF cathode is 0.171 Q cm? at 600 °C, smaller than
0.297 Q cm? of the BSCF cathode. A Ni/Smg,Ceo.s01 o anode-supported single cell based on the BSGCF cathode exhibits a peak power density of

551 mW cm™ > at 600 °C.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) have attracted considerable
attention due to its high energy conversion efficiency and low
pollution. From the viewpoint of practical application, the
traditional high temperature SOFCs operating at 800—1000 °C
confront many challenges such as high costs, materials
incompatibility and long term stability [1,2]. Significant efforts
have been made to develop intermediate temperature SOFC
(500-800 °C) [3]. On the other hand, reducing the operating
temperature slows down the electrode kinetics process
inevitably and results in large interfacial polarization resis-
tances [4]. Therefore, it is essential to develop alternative
cathode materials with high electrochemical activity at
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intermediate temperature to enhance the cell performance.
La;_,Sr,CoO5_shas been studied as the candidate materials for
IT-SOFCs, as it exhibits excellent mixed electronic/ionic
conductivity over a wide temperature range [5-8]. However, it
is chemically and thermally incompatible with YSZ and these
problems restrict its application in IT-SOFCs [9].

In recent years, Bag 551y 5CoggFeg,03_s (BSCF) with high
catalytic activity and good oxygen permeability at reduced
temperatures has been intensively investigated [ 10—13]. However,
the electrical conductivity of BSCF at 550 °C is only 32 S cm ™'
[14,15], an order of magnitude lower than 350 S cm~ ! of
Lag 6Srg 4Coq 2Feq 05 (LSCF) [16]. A high electrical conductiv-
ity for a cathode facilitates fast electron transfer and thereby
improves electrochemical activity for oxygen reduction reaction
on the cathode. Researchers have made efforts to enhance the
electrical conductivity of BSCF by addition of components with a
higher conductivity, such as Ag network within the electrode
[17,18] and combining BSCF with other cathode materials that
have a higher conductivity such as (La,Sr)MnO; and
(Sm,Sr)Co0O5 [19,20]. Li et al. [21-23] reported that the
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introduction of rare earths (La, Sm, and Nd) in the A-site of BSCF
resulted in both enhanced electrical conductivity and electro-
chemical behavior toward oxygen reduction reaction.

In the present study, Gd was introduced to the A-site of
BSCF to form a new (Bao_ssr0_5)0'85Gd0_15C00_8FCQ.203,5
(BSGCF) oxide via a modified sol-gel method. A comparative
study between the BSGCF and BSCF is carried out by
investigating the phase structure, oxygen nonstoichiometry &,
thermogravimetry (TG) and electrical conductivity. The
electrochemical impedance spectra were investigated on
symmetrical half cells. The feasibility of the BSGCF cathode
was demonstrated on an anode supported single cell.

2. Experimental
2.1. Synthesis of oxide powders

A modified sol-gel method was used to synthesize the
(Bay 581¢.5)0.85Gdo.15C00.8F€0 203 _5 (BSGCF) and
Bag 5Sry sCoq sFeq 205_s (BSCF) [24]. BSGCF was made from
Ba(NO3)2, Sr(NO3)2, CO(NO3)2'6H20, FC(NO3)39H20 and
Gd,0O5 that was dissolved by diluted nitric acid. The nitrates
were dissolved in de-ionized water, followed by stirring and
heating. EDTA and citric acid were added to the solution and
the molar ratio of metal ions: EDTA: citric acid was adjusted to
1:1:1.5. NH3-H,0 was then applied to adjust the pH value of the
solution to around 6 to prevent precipitation. After being heat-
treated at 180 °C overnight in an oven, the primary composite
oxides were calcined at 1000 °C in air for 5 h.

Smg,Cep 019 (SDC) electrolyte powder was made from
cerium nitrate, samarium oxide and citric acid by the sol—gel
method. The ratio of metal ions: citric acid was 1:1.5. The
resulting gel was held at 180 °C for several hours to form dry
gel. After calcination at 850 °C for 2 h, the oxide powders were
characterized by X-ray diffraction.

2.2. Materials characterization

X-ray diffraction (XRD, Rigaku D/max rB PC2550, Japan)
patterns of the powder samples were carried out using Cu Ko
radiation (A =0.15418 nm), and the diffraction angle is from
10° to 90° with a step of 0.02°. The room temperature oxygen
contents (3 — §) of the BSGCF and BSCF were determined
using a coulometric titration technique [25].

The oxygen loss as a function of temperature was measured by
the thermogravimetry (TG) using a TA SDT2960 thermal
analysis system. The powder samples were heated from 50 to
900 °C at a ramping rate of 10 °C min~' with an air flow rate of
100 ml min~". Combined with titration results, the nonstoichio-
metry at high temperature can be obtained. Dense samples were
prepared by uniaxially pressing and sintering. The densities of
the samples were tested by the Archimedes method. Only the
samples with relative density of over 90% were selected for the
thermal expansion and electrical conductivity measurements.
Thermal expansion coefficients (TECs) of the sintered samples
were measured by a Netzsch DIL402C/3/G dilatometer during
steady heating (5 °C min~") from room temperature to 900 °C

with air as purge gas (flow rate: 50 ml min~'). Rectangular
samples (9 mm X 4 mm X 1 mm) were prepared for electrical
conductivities measurement. The test was carried out by the
standard four-probe method in air using a Keithley 2400 digital
sourcemeter. The testing temperature was ranged from 50 °C to
800 °C with heating and cooling rates of 8 °C min~".

2.3. Symmetrical cell performance

Symmetrical half-cell configuration was used for the
cathode electrochemical performance evaluation. The SDC
powder was compacted followed by sintering at 1400 °C for 4 h
to obtain dense pellets of 12 mm in diameter and 0.55 mm in
thickness. The cathode slurry was prepared by mixing BSGCF
or BSCF with an organic vehicle (ethyl cellulose and terpineol).
The slurry was coated symmetrically on both sides of the SDC
pellets, followed by calcining at 1000 °C for 4 h in air. The
effective area of the cathodes was ~0.28 cm” and the cathode
had a thickness of ~10 wm. Silver paste (DAD-87, Shanghai
Research Institute of Synthetic Resin) was painted on the
electrodes as current collector. The electrochemical measure-
ments were performed from 500 to 650 °C using an
electrochemical system including an electrochemical interface
(Solartron SI 1287) and an Impedance/Gain-phase Analyzer
(Solartron SI 1260). The impedance spectra were tested in the
frequency range from 0.1 Hz to 91 kHz with a signal amplitude
of 10 mV under open-circuit conditions. The impedance spectra
were fitted using ZView 2.3f software. The microstructures of
the (BSCF or BSGCF)/SDC half-cell were studied by SEM.

2.4. Anode-supported single cell evaluation

NiO, SDC and wheat starch were mixed at a weight ratio of
65:35:20 as anode powders. The mixture was pestled in a
mortar for 2h and then pressed into pellets of 13 mm in
diameter at a uniaxial pressure of 200 MPa, followed by
calcining at 1000 °C for 2 h. Anode functional layers (AFL)
which consisted of NiO and SDC at a weight ratio of 6:4 and
SDC films were consecutively deposited on the anode
substrates by slurry spin coating [26,27], followed by sintering
at 1400 °C for 4 h. Finally, BSGCF slurry was printed onto the
SDC films and sintered at 1000 °C for 2 h.

Fuel cells were tested with a four-probe method. The cell
was sealed onto one end of an alumina tube. The cell was heated
in a furnace gradually to 600 °C and the NiO in the anode was
reduced to Ni in situ by hydrogen. The anode was fed with
50 ml min~' dry hydrogen and the cathode was exposed to the
ambient air. I-V curves and AC impedance spectra of the fuel
cell were measured using an electrochemical interface
Solartron SI 1287 and an impedance analyzer SI 1260.

3. Results and discussion
3.1. Crystal structure

XRD patterns of the BSCF and BSGCF are shown in Fig. 1.
Both the powders exhibit a cubic perovskite structure with a



Z. Li et al./Ceramics International 38 (2012) 3039-3046

BSGCF

(110)

(100)

—— (111)

Relative Intensity(a.u.)

— (200) =—— (200)
210)
‘ Q @11)
(220)
(300,211)
E(sm)

BSCF | = ~

(= o —_ o o =
2 == = h 8 gz
: ~ o S

k 4 )t JL_.:__J\__J
L 1 1 1 n 1 I 1 L

20 30 40 50 60 70 80

260)

Fig. 1. Powder X-ray diffraction patterns of BSCF and BSGCF oxides.

space group of Pm3m [28]. After the introduction of Gd,
the main peak (1 1 0) shifts from 31.84° for BSCF to 32.32°
for BSGCF. The shifting indicates that the Gd-doping causes
the lattice shrinkage of BSCF. This is understandable because
the ion radius of Gd** (0.1277 nm) is smaller than both of
those of Ba** (0.175 nm) and Sr** (0.158 nm). Moreover, as
both Ba and Sr in the A-site are bivalent, the introduction of
the Gd>* could reduce the valence states of Co and Fe in the
B-site. The reduction of the valence state in the B-site and the
concomitant generation of oxygen vacancies affect the lattice
(see below).

3.2. Oxygen nonstoichiometry analysis

Table 1 shows the oxygen nonstoichiometries of the BSCF
and BSGCEF oxides tested at room temperature. A larger oxygen
nonstoichiometry § for BSGCEF is observed due to the existence
of Gd*" in the A-site. Partial substitution of Ba** and Sr** by
Gd** results in the reduction of the valence state in the B-site to
maintain the electrical neutrality. The quantity of Co** and Fe**
in BSGCF is therefore smaller than that of BSCF.

Thermogravimetric (TG) analysis of BSCF and BSGCF
compositions are performed in air at elevated temperatures.
Fig. 2a shows the weight loss during heating. Fig. 2b shows the
oxygen nonstoichiometries (3 —§) of BSCF and BSGCF
oxides. The room temperature values were determined by the
coulometric titration and the higher-temperature values were
obtained from the TG results. As shown in Fig. 2a, the weight of

Table 1

The room temperature oxygen nonstoichiometries (3—§) for BSCF and BSGCF.

Samples Oxygen Average valence The ratio
content (3-8) of B-site of B¥*/B*

BSCF 2.896 3.792 0.263:1

BSGCF 2.875 3.6 0.667:1
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both the samples starts to decrease at ~350°C and
continuously decreases up to 900 °C, accompanied by the loss
of oxygen and the reduction of Co** and Fe**. The weight loss
of BSGCF at 900 °C is ~1.1%, smaller than ~1.5% of BSCF.
This is consistent with the result of coulometric titration, which
demonstrates that the quantity of Co** and Fe** in BSGCF is
smaller than that of BSCF. Chen et al. [29] also observed that
the weight loss was about 1.5% at 900°C in the
Ba 5Sry 5Co;_,Fe, O3_; compounds with y = 0.2. The decrease
in the weight loss indicates that the Gd-doping in the A-site
slightly affects the valence states of Co and Fe in the B-site.
This reasoning is supported by the fact that there is only slight
difference between the oxygen nonstoichiometry § values at
high temperature for BSCF and BSGCF oxides (Fig. 2b). The
oxygen stoichiometry (3 — §) of BSCF in this study is 2.896,
higher than 2.674 and 2.55 of BSCF with the same composition
reported by Chen et al. [29] and by Jung et al. [30], respectively.
The synthesis method, calcination temperature and test
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Fig. 2. Temperature dependence of weight loss (a) and the oxygen content (b),
for BSCF and BSGCF oxides.
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conditions are most likely responsible for the observed
discrepancy.

3.3. Thermal expansion

The thermal expansion measurements for BSCF and BSGCF
were carried out in the temperature range of 50-900 °C in air.
Fig. 3 shows the thermal expansion behaviors and the
corresponding technical thermal expansion coefficient. They
show linear dependences with temperature in the range of 50—
400 °C and 500-900 °C, respectively. A nonlinear thermal
expansion occurs from 400 to 500 °C. The chemical expansion
observed at high temperature in the cubic materials is a result of
reduction of Co/Fe(IV) to the larger Co/Fe (III) ion, increasing
the oxygen nonstoichiometry and thus lowering the strength of
the chemical bonds in the material [31]. Combined with prior
results as shown in Table 1, the oxygen nonstoichiometry
(3 — 8) of BSGCEF is smaller than of BSCF. So less Co/Fe (IV)
was reduced into Co/Fe (III) with increasing temperature in
BSGCF sample, which is the prime cause of smaller TEC for
BSGCEFE. The average TECs in whole temperature range are
20.7 x 107°K ™' for BSCF and 19.8 x 10 ®K ' for BSGCF,
respectively.

3.4. Electrical conductivity

The electrical conductivities and the Arrhenius curves of the
cathodes are plotted in Figs. 4 and 5, respectively. The
conductivities of both the samples increase firstly, reach a
maximum, and then decrease with increasing temperature. The
maximum electrical conductivity appears at a higher tempera-
ture for BSGCF as compared to that of BSCF. The maximum
conductivity of BSGCF is 148 S cm~! at 507 °C, over 4 times
as large as that of BSCF at 450 °C.

The observed increase of the electrical conductivity of BSCF
with Gd doping is attributed to two reasons. The conductivity in
BSGCF can be ascribed to the hopping of p-type small
polarons, as proved by thermoelectric method [14,32]. The
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Fig. 3. Thermal expansion curves and specific TEC values for BSCF and
BSGCF in air.
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Fig. 4. Total electrical conductivities of BSCF and BSGCF as function of
temperature in air.

introduction of Gd** in A-site induces the reduction of Fe** and
Co*" in the B-site. Thus the ratio of B**/B*" in BSGCF
increases as a result of the charge compensation and it results in
increase of the number of current carrier. This reason is
supported by the results of room-temperature oxygen non-
stoichiometry. The doping of Gd** in BSCF has a positive effect
on the electrical conductivity. Fig. 5 shows the Arrhenius plots
for both the samples and the activation energies E, were
calculated using the linear part. The introduction of Gd**
slightly lowers the activation energy, but it appears that both the
cathodes have a similar conduction mechanism as the
difference in the E, is slight.
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Fig. 5. Conductivities and calculated activation energies for BSCF and BSGCF
samples in air.
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Fig. 6. SEM micrograph of the half-cells (SDC as electrolyte). Here (a) and (c) illustrate the cross-sections of BSCF and BSGCF as cathode, respectively; (b) and (d)

illustrate the microstructures of the BSCF and BSGCF cathode, respectively.

3.5. Impedance spectra for symmetrical half cells

Fig. 6 shows the SEM morphologies of BSCF (a, b) and
BSGCEF (c, d) cathode calcined at 1000 °C for 4 h on a SDC
electrolyte. Good adhesion can also be seen at the catho-
delelectrolyte interfaces. As shown in Fig. 6(b) and (d) of
higher magnification image of the cathode, both the BSCF
cathode (Fig. 6(b)) and BSGCF (Fig. 6(d)) are highly porous.
The microscopic structure of BSGCF is similar to that of BSCF.
Fig. 7 shows the AC impedance spectra at 500-650 °C in air for
the BSCF and BSGCF. The impedance spectra of both cathodes
can be separated into two arcs. This suggests that the oxygen
reduction reaction on the electrodes contains at least two
processes. The impedance spectra are fitted using the equivalent
circuit in Fig. 7e. R, represents the ohmic resistance, CPE is a
constant phase element, R, corresponds to the high-frequency
arc and R, is associated with a low-frequency arc. The high-
frequency arc is associated with the charge-transfer process
[33,34], while the low-frequency arc corresponds to the
diffusion process, which includes adsorption—desorption of
oxygen, oxygen diffusion at the gas-cathode surface interface
and surface diffusion of intermediate oxygen species [35-38].
R =R;+R, is the overall polarization resistance of the

electrodes. The effect of the A-site doping on the R; and R, at
different temperatures is shown in Fig. 8. There is a significant
decrease in the electrode polarization resistance by the Gd
doping and the decrease is especially pronounced in the low-
frequency arc. The R, of the diffusion process for BSGCF is
0.093 Q cm? at 600 °C, 44.4% of that of BSCF. As mentioned
above, the observed significant weight loss and the maximum
electrical conductivity appear at 500-600 °C. For BSGCF
oxides, the Gd doping induces the reduction of Fe** and Co** to
Fe** and Co®" to maintain the charge balance (Table 1). Thus
the ability to the oxygen constraint is weakened, and this is
beneficial to the oxygen diffusion. In addition to higher
concentration of oxygen vacancies (V,”), the higher electrical
conductivity can also lead to the faster oxygen surface
exchange [39]. Therefore, the decrease of R, with Gd doping
can be expected.

3.6. Cell performance

Fig. 9 shows the performance of an anode-supported
single cell with BSGCF cathode at 500-600 °C. Peak power
densities as high as 236, 376, and 551 mW cm 2 are
achieved at 500, 550, and 600 °C, respectively. The desirable
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Fig. 7. The impedance spectra of symmetrical cells. The operating temperature was (a) 500 °C, (b) 550 °C, (c) 600 °C, (d) 650 °C, (e) equivalent circuit.

performance of the cell demonstrates that the BSGCF is a
promising cathode for IT-SOFC. The AC-impedance of the
cell was measured under the OCV conditions at temperatures
ranging from 500 to 600 °C (Fig. 10). The ohmic resistance
and the interfacial resistance of the cell are obtained from the
impedance spectra (Fig. 11). The ohmic resistance decreases
slowly but the interfacial resistance decreases dramatically
with increasing temperature. The interfacial resistances of
cell are 0.80, 0.33, and 0.16 Q cm” at 500, 550, and 600 °C,
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Fig. 8. Resistances of BSCF and BSGCF at 500, 550, 600 and 650 °C.

respectively. Furthermore, other research results indicate that
the interfacial polarization resistance for the oxidation
reaction at the anode/electrolyte interface is relatively small
[40,41]. This implies that oxygen reduction reaction at the
cathode/electrolyte interface plays a major role in determin-
ing the cell performance. It is necessary to reduce the
polarization resistance at cathode/electrolyte interface to
improve the performance of the cell operating at intermediate
temperatures [26].
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Fig.9. The I-Vand I-P curves of BSGCF/SDC/Ni-SDC single cell from 500 to
600 °C.
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Fig. 11. Fitted data of impedance spectra for BSGCF/SDC/Ni-SDC single cell.

4. Conclusions

In this paper, a comparative study between the BSGCF and
BSCF was carried out, including the phase structure, oxygen
content (3 — §), thermal expansion, electrical conductivity and
electrochemical performance behaviors. The Gd doping in A-
site of BSCF improve the electrical conductivity, oxygen
nonstoichiometry § and electrochemical properties, and
decrease the TEC. The resistance associated with the diffusion
processes for BSGCF is 0.093 Q cm” at 600 °C, only 44.4%
that of BSCF. The peak power density of ~551 mW cm ™ is
obtained for a thin-film electrolyte cell with BSGCF cathode at
600 °C. BSGCEF is expected as a promising candidate cathode
material for IT-SOFCs.
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