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a b s t r a c t

The effects of the current collection material and method on the performance of SOFCs with
Ba0.5Sr0.5Co0.8Fe0.2O3−ı (BSCF) cathodes are investigated. Ag paste and LaCoO3 (LC) oxide are studied
as current collection materials, and five different current collecting techniques are attempted. Cell per-
formances are evaluated using a current-voltage test and electrochemical impedance spectra (EIS) based
on two types of anode-supported fuel cells, i.e., NiO + SDC|SDC|BSCF and NiO + YSZ|YSZ|SDC|BSCF. The cell
with diluted Ag paste as the current collector exhibits the highest peak power density, nearly 16 times
that of a similar cell without current collector. The electrochemical characteristics of the BSCF cathode

◦

arium strontium cobalt ferrite
urface conductivity
olid oxide fuel cells
lectrode performance

with different current collectors are further determined by EIS at 600 C using symmetrical cells. The
cell with diluted Ag paste as the current collector displays the lowest ohmic resistance (1.4 � cm2) and
polarization resistance (0.1 � cm2). Meanwhile, the surface conductivities of various current collectors
are measured by a four-probe DC conductivity technique. The surface conductivity of diluted Ag paste is
2–3 orders of magnitude higher than that of LC or BSCF. The outstanding surface conductivity of silver
may reduce the contact resistance at the current collector/electrode interface and, thus, contributes to
better electrode performance.
. Introduction

In recent years, increasing attention has been paid to the
evelopment of alternative energy sources because petroleum
eserves are believed to be exhausted in the next few decades.
s high-temperature electrochemical energy conversion devices
ith advantageous features of high efficiency, low emissions and

uel flexibility, solid oxide fuel cells (SOFCs) have attracted par-
icular attention from both the public and research community to
reate a more sustainable future [1–3]. The reduction of the opera-
ion temperature from the convention of approximately 1000 ◦C
o the intermediate temperature range of 500–800 ◦C is critical
o accelerating the commercialization of this fascinating technol-
gy because many drawbacks associated with high-temperature
peration can be eliminated. However, a quick increase in polar-
zation resistance with the drop in operation temperature is often

bserved for the conventional La0.8Sr0.2MnO3 (LSM) cathode. This
ransition occurs due to the large activation energy associated with
he oxygen reduction process (typically greater than 120 kJ mol−1)
nd the small amount of active sites for oxygen reduction lim-
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ited to the narrow region of electrolyte–electrode–air triple phase
boundary (TPB) [4,5]. Currently, the cathode has become the
major obstacle in realizing the lower temperature operation of
SOFCs.

The cathode performance is closely related to its material com-
position. By applying mixed oxygen ionic and electronic conducting
oxides as the electrodes, the active sites for oxygen reduction can
potentially extend from the typical TPB region to the entire exposed
cathode surface; this adjustment could lead to an enhanced activ-
ity for oxygen reduction at reduced temperatures. At present,
considerable research efforts aim to develop innovative materials
possessing both high surface activity and bulk oxygen ionic con-
ductivity as cathodes of SOFCs [6–10]. Meanwhile, the electrode
performance is intimately related to the electrode microstructure,
which can influence both the gas diffusion and charge transfer pro-
cesses.

In 2004, Shao et al. first reported the application of a perovskite-
type Ba0.5Sr0.5Co0.8Fe0.2O3−ı (BSCF) mixed conducting oxide as
a cathode of intermediate-temperature (IT)-SOFCs on a thin-film

samarium doped ceria (SDC) electrolyte [11]. BSCF shows an
extraordinarily high oxygen vacancy concentration, which results
in a high oxygen bulk diffusion rate and surface exchange kinet-
ics, both of which are beneficial for the oxygen reduction reaction.
The reports describe very low electrode area specific resistance

dx.doi.org/10.1016/j.jpowsour.2011.02.056
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:shaozp@njut.edu.cn
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Table 1
Summary of the peak power density (PPD) of the cell with BSCF cathode and/or the area specific resistance (ASR) of BSCF cathode at 600 ◦C.

Cell compositions Electrolyte thickness (�m) Atmosphere Current collector PPD (mW cm−2) ASR (� cm2) Ref.

NiO + SDC|SDC|BSCF 20 3% H2O humidified H2/Air Ag paste 1010 0.06 [11]
NiO + SDC|SDC|BSCF 20 3% H2O humidified H2/O2 unknown 840 – [15]
NiO + SDC|SDC|BSCF 10 H2/Air unknown 1357 0.07 [18]
NiO + SDC|SDC|BSCF 12 H2/Air unknown 1080 0.08 [19]
Pt|GDC|BSCF 280 Moistened pure H2/Air Pt paste ∼12 – [20]
BSCF|GDC|BSCF* 1000 Air Pt layer containing 15 wt% GDC powder – 0.15 [21]
BSCF|SDC|BSCF* 800 Air Ag paste – 0.072 [22]
BSCF|SDC|BSCF* 1500 Air Gold mesh – 0.51 [23]
BSCF|SDC|BSCF* 800 Air Ag paste – 0.099 [24]
BSCF|SDC|BSCF* 500 Air unknown – 0.195 [25]
Ag paste|SDC|BSCF** 400 Air Unknown – ∼3 [26]

Ag
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Ag paste|SDC|BSCF** unknown Air

* Results were measured based on a two electrode configuration.
** Results were measured based on a three-electrode configuration.

ASR) from symmetric cell tests and high cell power output for an
node-supported fuel cell with a thin-film SDC electrolyte (20 �m)
nd BSCF cathode. Inspired by the outstanding performance, many
esearchers have studied the properties and performance of BSCF,
ncluding its phase structure, oxygen nonstoichiometry, phase
tability, and performance in a single cell [12–17]. However, as
isted in Table 1 [11,15,18–27], large deviations in the values
f cell power outputs and/or ASRs were demonstrated in liter-
ture, though their cell configuration and fabrication processes
re similar. For example, Shao et al. reported a maximum peak
ower density of 1010 mW cm−2 at 600 ◦C for an anode-supported
ell with a 20-�m thick SDC electrolyte and BSCF cathode, while
an et al. obtained a value of only 840 mW cm−2 at the same
emperature for similar cells [11,15]. Meanwhile, ASR values of
.072 � cm2 and 0.51 � cm2 at 600 ◦C were reported by Zhou
t al. and Deng et al., respectively, though both were based on a
wo-electrode configuration [22,23]. Such discrepancies are hardly
xplainable by the difference in electrode microstructures. Under-
tanding the origin of such large differences is significant for
urther optimization of electrode performance and for practical
pplication.

Because oxygen reduction processes involve electron trans-
ortation, the electrode is required to be electronically conductive.
SCF has relatively low electrical conductivity. A dense-type
SCF has a maximum conductivity value of only 40–50 S cm−1

n the intermediate temperature range (500–800 ◦C) in air, and
his value is further reduced to only approximately 10 S cm−1

nder a nitrogen atmosphere (PO2∼10 − 5 atm) [28]. As a prac-
ical electrode of SOFCs, BSCF possesses a porosity of 20–50%,
hich may substantially reduce the apparent conductivity when

ompared to dense pellets. The electrical conductivity of a
orous electrode could be at least one order of magnitude

ess than that of a dense pellet [29]. Although the current
ollector does not directly participate in the electrochemical pro-
ess, inefficient current collection may introduce non-negligible
ontacting resistance and/or increase the charge transfer resis-
ance noticeably, in particular under a large polarization
urrent.

In this study, the effect of the current collection material
nd method on the performance of BSCF electrodes was sys-
ematically investigated. Ag paste and LaCoO3 (LC) oxide were
pecifically selected as the current collectors, and five different
urrent-collecting techniques were studied. Significantly different
lectrode performances were demonstrated by both symmetric cell

nd single cell tests, suggesting that the discrepancies in the elec-
rode performance of BSCF in the literature are likely related to the
urrent collection problem. Adopting the proper current collection
aterial and method is crucial to achieve the high performance of

SCF cathodes.
paste – 0.85 [27]

2. Experimental

2.1. Powder synthesis

BSCF, LC and Sm0.2Ce0.8O1.9 (SDC) were all synthesized by
an EDTA–citrate complexing process. The preparation of BSCF
is given as an example. Ba(NO3)2, Sr(NO3)2, Co(NO3)2·yH2O and
Fe(NO3)3·yH2O were used as the raw materials for metal sources.
Co(NO3)2·yH2O and Fe(NO3)3·yH2O were first dissolved in de-
ionized water to prepare aqueous solutions, and their precise
concentrations were determined by an EDTA titration method. The
detailed procedure can refer to our published paper [10,22]. The
final calcination temperatures of BSCF, LC and SDC were 900, 950
and 800 ◦C, respectively.

2.2. Fabrication of symmetric and anode-supported cells

The as-synthesized SDC powder was ball milled to reduce the
amount of soft aggregates and fabricated into disk-shape pellets
by dry pressing. Those green SDC pellets were sintered at 1400 ◦C
for 5 h in air. The sintered SDC pellets with a diameter of approxi-
mately 13 mm were polished by an attrition paper to a thickness of
0.9 mm. A BSCF slurry, prepared by ball milling BSCF powder in a
premixed solution of glycerol, isopropyl alcohol and ethylene gly-
col, was then deposited onto both surfaces of the SDC pellets by a
spray deposition technique. The resulting cells were fired at 1000 ◦C
for 2 h in air to obtain symmetrical cells with the configuration of
BSCF|SDC|BSCF for impedance measurement.

The fuel cells applied in this study were in the anode-supported,
thin-film electrolyte configuration. Two types of fuel cells were
fabricated: (1) NiO + SDC anode-supported fuel cell with SDC elec-
trolyte and (2) NiO + YSZ|YSZ|SDC anode-supported fuel cell with
YSZ and SDC dual-layer electrolyte. The NiO + SDC|SDC dual layer
pellets were fabricated by a dry pressing and co-sintering tech-
nique. The detailed fabrication process was described previously
[30]. The NiO + YSZ anode substrates were prepared by tape casting
and punched into disk-shaped anode substrates with diameters of
16 mm, and then they were sintered at 1150 ◦C in air to remove
organic materials. The YSZ electrolyte layer was prepared via wet
powder spraying and sintering. The spraying process was car-
ried out at 200 ◦C by heating the anode substrates over a hot
paste. The obtained NiO + YSZ|YSZ green disks were sintered at
1400 ◦C for 5 h in air. After sintering, the disks have a diame-
ter of approximately 13 mm. Then the SDC thin-film electrolyte

layer was prepared by the same wet powder spraying technique
and sintered at 1350 ◦C for 5 h, resulting in anode-supported,
YSZ|SDC dual-layer electrolyte pellets. Finally, the BSCF slurry
was deposited on the central surface of the two types of anode-
supported SDC electrolytes by spray deposition, and the device was
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red at 1000 ◦C for 2 h. The cathode has a geometric surface area of
.48 cm2.

.3. Current collection

Ag paste and LC oxide were studied as current collectors. All
ogether, five different current collection techniques were investi-
ated, including two different current collection methods for the
g paste and two different techniques for LC oxide, as shown in
ig. 1. In some studies, a silver wire was directly fixed to the cen-
ral surface of the BSCF electrode by Ag paste; as the area of the
g paste is very small (approximately 0.02 cm2) compared to the
eometric surface area of BSCF (0.48 cm2), the resulting devices
an be viewed as having no current collector applied (technique
). To use Ag as a current collector, a dense Ag paste was applied to
he material, which contained >80 wt.% silver powder that is bal-
nced by organic additives. Two methods of the current collection
ere studied; the undiluted Ag paste was directly applied to the

ntire surface of BSCF electrode by painting (technique 2), or it
as first diluted with ethanol with polyvinyl butyral (PVB) before

pplying it to the BSCF surface (technique 3). To apply LC as the cur-
ent collector, it was deposited onto the BSCF electrode surface by
ainting and fired at 950 ◦C for 5 h to allow firm adhesion between
C and the BSCF layer while effectively suppressing the phase
eaction between LC and BSCF [22] (technique 4). Also, the LC cur-
ent collector surface was further modified with a layer of diluted
g paste (technique 5). For techniques 2 through 5, silver wires
ere attached to the central electrode surface by Ag paste with
dot.
.4. Electrochemical characterization

The single cell test was conducted over an in-lab constructed
uel cell test station. During the measurement, H2 was fed into the
node side as fuel at a flow rate of 80 ml min−1 [STP], while ambi-

Fig. 1. A schematic diagram of the fabrication of NiO + YSZ|YSZ|SDC anode-supp
rces 196 (2011) 5511–5519 5513

ent air was the cathode atmosphere. I–V polarization curves were
collected by a digital electrometer (Model 2420, Keithley, USA) in
four-probe mode. The electrochemical impedance spectra (EIS) of
the single cells or symmetric cells were measured using an elec-
trochemical workstation based on a Solartron 1260A frequency
response analyzer and a Solartron 1287 Potentionstat/Galvanostat
under open air circuit (OCV) conditions. The frequency range was
0.1 Hz to 1 MHz, and the signal amplitude was 10 mV.

2.5. Other characterizations

The electrical conductivity of BSCF and LC was measured by a
four-probe DC conductivity technique. Approximately 1 g BSCF and
LC powders were pressed into bars and sintered at 1100 ◦C for 5 h.
Undiluted Ag paste was painted on the square cross-sectional edges
and two circumferential surfaces of the bar to form the current and
voltage electrodes. Two silver wires acting as current contacts and
two silver wires acting as voltage contacts were attached to the
electrodes. The current was applied to the two current wires, and
the voltage was detected by the digital electrometer (Model 2420,
Keithley, USA) from 900 to 300 ◦C at intervals of 10 ◦C in air.

The surface conductivity of the porous BSCF cathode, LC current
collector and Ag paste collector was also tested using the same four-
probe DC conductivity technique, as described above. Details can
be found in literatures [31,32]. In this experiment, the BSCF or LC
slurries were sprayed onto SDC electrolytes and fired at 1000 and
950 ◦C for 2 h, respectively. The diluted Ag paste was applied onto
the SDC electrolyte with a brush, and the device was fired at 700 ◦C
for 2 h. The electrical contact for the current and voltage probes
was made with very small amounts of undiluted Ag paste. Mea-

surements were carried out in air in the temperature range of 450
and 700 ◦C.

The surface and cross-sectional morphologies of the symmetric
cells were observed by an environmental scanning electron micro-
scope (ESEM, QUANTA-200).

orted fuel cells with different current collection materials and techniques.
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. Results

.1. Single cell performance

The current collector is an important component of the fuel
ell system that collects the current from the anode or distributes
he current homogenously over the cathode. A potential material
or current collectors should satisfy a number of different crite-
ia, including good electrical conductivity, high thermal/chemical
tability under operational conditions and low fabrication costs
33]. Silver, which has been often applied as the current col-
ector for IT-SOFCs in lab investigation, has very high electrical

onductivity (6.2 × 105 S cm−1 at room temperature); however,
he long-term stability of silver may be still questionable. At the
ame time, some composite oxides with high electrical conductiv-
ties, such as LaNi0.6Fe0.4O3 and La0.8Sr0.2MnO3, are also applied
s current collectors [34,35]. Zhou et al. have demonstrated that

ig. 2. The I–V and I–P curves of the NiO + YSZ|YSZ|SDC|BSCF fuel cells with various curr
iluted Ag paste; (e) undiluted Ag paste.
rces 196 (2011) 5511–5519

LaCoO3 perovskite oxide has high electrical conductivity (approx-
imately 700 S cm−1) at elevated temperatures in air [22]. Thus,
Ag paste and LC were tried as the current collectors in this
study. The effect of current collection methods on the single
cell performance was first investigated. Two types of fuel cells
are investigated: the NiO + SDC anode-supported thin-film SDC
electrolyte fuel cell and the NiO + YSZ anode-supported thin-film
electrolyte fuel cell with a YSZ and SDC dual-layer electrolyte fuel
cell.

Fig. 2 presents I–V and I–P curves of the various anode-supported
dual-layer electrolyte fuel cells with the same BSCF cathode and
different current collection methods between 550 and 750 ◦C. All

of the cells showed high open circuit voltages (OCVs), which are
close to the predicted values from the Nernst equation, suggest-
ing that the YSZ|SDC dual-layer electrolyte is dense and gas-tight.
A significant impact of the current collection methods on the cell
performance was clearly demonstrated from the results in Fig. 2. For

ent collectors at 550–750 ◦C: (a) without a current collector; (b) LC; (c) LC-Ag; (d)
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Table 2
Comparison of the open circuit voltage (OCV) and peak power density (PPD) of cells on thin-flim SDC electrolyte with different current collectors at 600 ◦C.
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Current collector No current collector LC

OCV (V) 0.82 0.81
PPD (mW cm−2) 30 227

he cell without a current collector (technique 1), the peak power
ensities were only 77, 63, 48 and 31 mW cm−2 at 750, 700, 650
nd 600 ◦C, respectively. By applying LC as the current collector
technique 4), the cell performance significantly improved, and the
eak power densities reached 211, 156, 106 and 69 mW cm−2 at
50, 700, 650 and 600 ◦C, respectively. A further improvement in
ell performance was demonstrated by adopting an LC-Ag current
ollector (technique 5), and the cell delivered peak power densi-
ies of 608, 363, 242 and 137 mW cm−2 at 750, 700, 650 and 600 ◦C,
espectively. The maximum power densities of 1240, 873, 517 and
99 mW cm−2 were obtained at 750, 700, 650 and 600 ◦C, respec-
ively, for the cell with diluted Ag paste as the current collector
technique 3). By applying undiluted Ag paste as the current col-
ector (technique 2), the peak power densities are 698, 546, 431
nd 283 at 750, 700, 650 and 600 ◦C, respectively. The noticeable
ifference in peak power densities of the cells with Ag paste as the
urrent collectors (techniques 2 and 3) indicate that the cell perfor-
ance is also influenced by the method of current collection. In this

tudy, the maximum difference of peak power density among the
ells with different current collection method is as large as factors
f 16 and 10 at 750 and 600 ◦C, respectively.

The significant effects of the current collection material and
echnique on the cell performance were also demonstrated for
he cell with a single layer SDC electrolyte. Table 2 lists the peak
ower densities of the various anode-supported thin-film SDC
lectrolyte fuel cells with the same BSCF cathode and different cur-
ent collection methods at 600 ◦C. At 600 ◦C, the cell with diluted
g paste, undiluted Ag paste, LC-Ag, LC and no current collector
ave peak power densities of 960, 697, 546, 227 and 30 mW cm−2,
espectively. Because the cells were fabricated and tested under
he same conditions, the large variations in performance are
ainly related to their different current collection materials or
ethods.
The cell performance is influenced by the cell ohmic resistance

nd the electrode polarization resistance [36]. Fig. 3 shows the

ig. 3. EIS of the NiO + YSZ|YSZ|SDC|BSCF cells with various current collectors at
00 ◦C under OCV conditions.
LC–Ag Undiluted Ag paste Diluted Ag paste

0.81 0.81 0.82
546 697 960

EIS in Nyquist plots of the NiO + YSZ|YSZ|SDC|BSCF cells with dif-
ferent types of current collectors under open circuit conditions at
600 ◦C. The cell resistance was significantly affected by the current
collection material and also by the current collection technique.
The cell with the diluted Ag paste shows the lowest ohmic and
polarization resistances when compared to the other cells; the cell
without a current collector shows the highest ohmic and polariza-
tion resistances. The cell with the LC-Ag paste has a lower ohmic
and polarization resistance relative to the cells with LC or nothing
as the current collector; however, its ohmic resistance and elec-
trode polarization resistance are higher than those of the cells with
diluted or undiluted Ag paste. The cell ohmic resistance contains
the electrical resistances of the electrodes and the electrolyte, the
contact resistance between the lead wire and the electrode, and
the resistance of the lead wire [37]. Clearly, the difference in ohmic
resistance for the different cells is mainly attributed to the contact
resistance because there is no difference in the electrolyte, elec-
trode or lead wires of the various cells. The electrode polarization
resistance in the single cell is the sum of the anodic and cathodic
polarization resistances. The fact that the anode is identical for the
various cells suggests that the current collectors have strong effects
on the BSCF cathode performance.

3.2. EIS

To further illustrate the effects of different current collectors
(method and material) on the electrochemical performance of the
BSCF cathode, symmetrical cells with a BSCF cathode and vari-
ous current collectors were fabricated and tested. Fig. 4 presents
the Nyquist plots of the symmetrical cells with different types of
cathode current collectors at an operating temperature of 600 ◦C.
The measured results of total resistance (Rtotal), ohmic resistance
(Rohmic) and electrode polarization resistance (Rp) are listed in
Table 3. Large differences are present in both Rohmic and Rtotal by
applying the different current collection materials and current col-
lection techniques. Rtotal, Rohmic and Rp decreased in the sequence
of silver dot, LC, LC-Ag, undiluted Ag paste and diluted Ag paste.
The ohmic resistance of the cell with only the silver dot to fix the
silver wire, which reaches as high as 23.3 � cm2, is the highest.
The cell with the LC current collector has an ohmic resistance of
12.7 � cm2, which is only half of that of the cell with the silver dot.
The ohmic resistance of the cell decreases to 2.3 � cm2 when the LC-
Ag is applied as the current collector. Notably, the ohmic resistance

of the cell with diluted Ag paste is reduced to only 1.4 � cm2, while
this value is 1.7 � cm2 when applying undiluted Ag paste as the
current collector. As no differences in the electrolyte thickness are
present, the ohmic resistance depends greatly on the contact resis-
tance between the current collector and the cathode. These results

Table 3
Area specific resistance of the symmetrical cells with different types of current
collector at 600 ◦C.

Current collector Area specific resistance (� cm2)

Rtotal Rohmic Rp

Without current collector 23.9 23.3 0.7
LC 12.9 12.7 0.3
LC–Ag 2.6 2.3 0.2
Undiluted silver paste 1.9 1.7 0.2
Diluted silver paste 1.5 1.4 0.1
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ig. 4. Nyquist plots of EIS for symmetrical cells with BSCF electrodes and various
g paste; (e) undiluted Ag paste.

ndicate that using a proper current collector can lower the ohmic

esistance of the cell, particularly the contact resistance between
he cathode and the current collector. The cell with a silver dot
hows the highest electrode polarization resistance (0.7 � cm2),
nd the cell with LC, LC-Ag and diluted Ag paste current collectors

ig. 5. The SEM images of the symmetrical cells with BSCF electrodes and various current
f undiluted Ag paste.
t collectors at 600 ◦C: (a) without a current collector; (b) LC; (c) LC-Ag; (d) diluted

have electrode polarization resistances of 0.3, 0.2 and 0.1 � cm2,

respectively. The distinct behaviors of Rohmic and Rp can be related
to the different current collectors, suggesting that the current col-
lectors not only affect the ohmic resistance of the cells but also the
BSCF cathode polarization resistance.

collectors: (a) diluted Ag paste; (b) LC-Ag; (c) surface of diluted Ag paste; (d) surface
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.3. Electrode morphology

From EIS, the current collectors clearly have significant effects
n the contact resistance and the electrode polarization resistance.
o exploit the origin of such effects, the morphologies of the cur-
ent collectors and the electrode were observed by SEM. Fig. 5
hows the surface and cross-sectional micrographs of the symmet-
ical cells with different current collectors. As shown in Fig. 5a and
, the BSCF electrodes have similar highly porous structures, and
he thicknesses of all of the cells are approximately 20 �m. The
orous BSCF cathode shows good adhesion to the dense SDC pellet
nd has a homogeneous microstructure with well-contacted parti-
les. This observation suggests that the differences in electrode and
ell performance with different current collectors, as demonstrated
n Sections 3.1 and 3.2, are not likely due to the microstructure
nd thickness of BSCF cathode. The LC current collector was more
orous with a thickness of 17 �m, and the particle size of LC is
maller than that of BSCF. As shown in Fig. 5c and d, the Ag current
ollector prepared with undiluted Ag paste is much less porous than
hat prepared by the diluted Ag paste.

.4. Surface conductivity

High electrical conductivity is important for the efficient current
ollection and the decrease of contact resistance between the cur-
ent collector and electrode [33,38]. Therefore, in this study, we first
easured the electrical conductivity of LC, which will be used as a

urrent collector for the BSCF cathode. The values of the dense LC
ample for the temperature from 300 to 900 ◦C are shown in Fig. 6;
or comparison, the electrical conductivity of BSCF and the reported
alue of LC are also given. The electrical conductivity of LC oxide

ncreases with temperature up to a maximum and then decreases

ith increasing temperature; these results agree well with our pre-
ious study by Zhou et al. [22]. For the BSCF sample, the electrical
onductivity first increases linearly with temperature until 510 ◦C;
bove this temperature, this value remains almost constant with

Fig. 7. The surface conductivities of the various current collectors at 450–
Fig. 6. The time dependence of the electrical conductivities of BSCF and LC oxides.

respect to further increases in temperature. The conductivities of
BSCF are much lower than those of LC in the temperature range of
300–900 ◦C. At 800 ◦C, for example, the conductivities of BSCF and
LC are 31.6 and 679.5 S cm−1, respectively; the electrical conduc-
tivity of LC is more than twenty times greater than that of BSCF at
800 ◦C. The results showed that LC has enough electrical conduc-
tivity to be applied as a current collector of a BSCF cathode.

Although LC has very high electrical conductivity in a dense pel-
let, the electrode performance of the BSCF cathode with LC was
worse than that of cells with diluted or undiluted Ag paste. As
we know, the current collector layer should have enough poros-

ity for gas diffusion; the electrical conductivity of LC will decrease
with increasing porosity. To collect the current of the BSCF cathode
effectively, the current collector should also have enough surface
conductivity. Here we further investigated the surface conductiv-

700 ◦C: (a) BSCF; (b) LC; (c) diluted Ag paste; (d) undiluted Ag paste.
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ty of BSCF, LC, and diluted and undiluted Ag paste in the range of
50–700 ◦C, and the values are shown in Fig. 7. The surface conduc-
ivities of BSCF and LC increase with temperature, and the values are
.5 × 10−3 and 1.1 × 10−2 S cm−1 at 700 ◦C, respectively. The sur-
ace conductivity of LC is only two times greater than that of BSCF,
lthough the electrical conductivity of LC is twenty times than that
f BSCF at 700 ◦C (shown in Fig. 6). As shown in Fig. 7c and d, the
urface conductivity of Ag paste (diluted and undiluted) generally
ecreases with temperature, and the values of undiluted Ag paste
re greater than that of diluted Ag paste at corresponding temper-
tures. The surface conductivity of undiluted and diluted Ag paste
an reach 25.4 and 23.5 S cm−1 at 700 ◦C, respectively, which indi-
ates that the surface conductivity is also affected by the porosity
f material. Meanwhile, the value of Ag paste is two thousand times
reater than that of LC or BSCF.

. Discussion

The choice of a proper current collector in an electrode has been
dentified as an important component, especially for the practical
pplication of SOFCs due to the fact that an inadequate current
ollector will lead to large voltage losses in the SOFCs stack. In
onnection with the results in Fig. 2, Fig. 3 and Table 2, current col-
ection material and method could significantly affect the ohmic
nd polarization resistances of the cells, thus, the outputs of single
ells. Since the cells with different current collectors have the same
node, electrolyte and cathode, the difference in resistances may
e affected by the current collectors. Therefore, symmetrical cells
ith BSCF cathodes and different current collectors were used to

dentify the origins of the effect of the current collection material
nd technique on the cell performance. As expected, shown in Fig. 4
nd Table 3, the Rtotal, Rohmic and Rp decreased, in the sequence, by
pplying LC, LC-Ag, undiluted Ag paste and diluted Ag paste as the
urrent collector, and the decrease of Rohmic is dominant in Rtotal.
his observation indicated that the current collector affected not
nly the BSCF cathode polarization resistance but also the ohmic
esistance of the cell.

Usually, the oxygen-reduction reaction over the electrodes is
egarded as a combination of charge-transfer processes and diffu-
ion processes. The diffusion processes involve the adsorption and
esorption of oxygen, oxygen diffusion at the gas–cathode inter-
ace and the surface diffusion of intermediate oxygen species. The
harge-transfer processes include both electron transfer and ion
ransfer processes, which occur at the current collector/electrode
nd electrode/electrolyte interfaces [39]. Because all of the sym-
etrical cells with different current collectors have the same BSCF

lectrode material and similar electrode microstructures and thick-
esses (shown in Fig. 5), the variation in Rp is less likely to originate

n the diffusion processes. Different current collection materials
nd methods likely result in different electron transfer processes
ccurring at the current collector/electrode interface and, thus, dif-
erent Rp values. At the same time, the Rp of the cell with undiluted
g paste as current collector is still much higher than that of the
ell with diluted Ag paste as current collector. The gas diffusion
olarization resistance is likely non-negligible for the insufficient
orosity of the diluted Ag paste current collector. This hypothesis
ay explain the differences in cell performances reported by dif-

erent researchers [11,15], though they applied similar cells with
SCF cathodes and Ag pastes as the current collectors.

The ohmic resistance primarily includes the electrolyte resis-

ance, electrode ohmic resistance and contact resistances at the
athode/electrolyte and cathode/current collector interfaces. As
hown in Fig. 5, the difference in ohmic resistance is less affected by
he electrolyte resistance, electrode ohmic resistance, microstruc-
ure and thickness. Thus, assumedly, the decrease of ohmic
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resistance of the cell with diluted Ag paste is mainly due to the
improved BSCF cathode/current collector interface.

As can be seen from Fig. 6, the electrical conductivity of dense LC
is quite high, and the value at 800 ◦C can reach 679.5 S cm−1, which
is more than twenty times greater than that of BSCF. However, as
shown in Fig. 7, the surface conductivities of BSCF and LC were
still low, and the values are only 6.5 × 10−3 and 1.1 × 10−2 S cm−1,
respectively, at 700 ◦C. The poor surface conductivity of the LC cur-
rent collector may be ascribed to poor sintering that resulted from
the relatively low firing temperature in this study. The surface con-
ductivity of diluted Ag paste is 2–3 orders of magnitude higher
than that of LC or BSCF, for example, the surface conductivity of
diluted Ag paste can reach 23.5 S cm−1 at 700 ◦C. As mentioned,
the increased surface conductivity of the current collector can
lower the ohmic resistances of the current collector and at the
BSCF/current collector interface.

5. Conclusions

From this study, the electrochemical performance of anode-
supported SOFCs with BSCF cathodes was highly sensitive to the
current collection material and method. We believed the large dif-
ferences in the literature results about BSCF electrodes are, at least
in part, due to the different current collection materials and/or
techniques. The current collector affected not only the polariza-
tion resistance of BSCF but also the ohmic resistance of the cells.
Although LC is a good electronic conductor in a dense form, its sur-
face conductivity is still low in a porous state fired at 950 ◦C; thus, LC
is not an ideal current collector for BSCF. The surface conductivity
of undiluted or diluted Ag paste is more than 2000 times greater
than that of LC or BSCF, which enhanced the contact at the cath-
ode/current collector interface. However, the improper fabrication
of Ag current collectors could create insufficient porosity, which
increases the electrode polarization resistance. To achieve high cell
performance, the choice of a proper current material and method
is highly crucial because these properties help to lower the ohmic
resistance of the cell, particularly the contact resistance between
the cathode and the current collector.
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