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a b s t r a c t

In this study, a simple and cost-effective dry-pressing method has been used to fabricate a symmetrical
solid oxide fuel cell (SOFC) where the dense yttria-stabilized zirconia (YSZ) electrolyte film is sandwiched
between two symmetrical porous YSZ layers in which La0.75Sr0.25Cr0.5Mn0.5O3−ı (LSCM) based anode and
cathode are incorporated using wet impregnation techniques. The maximum power densities (Pmax) of a
vailable online 30 July 2010

eywords:
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ry-pressing

single cell with 32 wt.% LSCM impregnated YSZ anode and cathode reach 333 and 265 mW cm−2 at 900 ◦C
in dry H2 and CH4, respectively. The cell performance is further improved with additional impregnation
of a small amount of Sm-doped CeO2 (SDC) or Ni. When 6 wt.% Ni as catalyst is added to both the anode
and cathode, Pmax values of 559 and 547 mW cm−2 can be achieved, which are better than with SDC. The
effect of Ni on the cathode performance is also investigated by impedance spectra analysis.
et impregnation
ickel/ceria catalyst

. Introduction

Recently, there has been growing interest in solid oxide fuel cells
SOFCs) because of their many advantages such as high efficiency,
ow pollution and fuel flexibility [1–3]. A typical SOFC consists of at
east three parts: an anode, a cathode and an electrolyte. These are
ypically sintered in sequence and have different thermal expan-
ion coefficients (TECs). Therefore, candidate materials for them
ust have good thermo-mechanical compatibility in order to keep

ells stable during preparation and operation. Otherwise, the elec-
rodes may easily peel off and separate from the electrolyte for the
lectrolyte-supported SOFCs and cells with electrode-supported
embrane SOFCs may become distorted or fracture. In addition,

o perform as an ideal electrolyte, anode or cathode, the candidate
aterials should also meet further requirements regarding con-

uctivity (ionic and/or electronic), mechanical strength, thermal
nd chemical stability, densification and catalytic activity [4]. It is
herefore a difficult task to find materials fitting all these require-

ents. Recently a new concept of SOFC using the same material as
oth anode and cathode has been proposed. This will reduce the

umber of materials and interfaces, and considerably simplify the
tructure and fabrication process of the SOFCs [5–11].

Until now, the state-of-the-art electrolyte material has been
ttria-stabilized zirconia (YSZ) because it exhibits good thermal
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and chemical stability, high oxide-ion conductivity and adequate
mechanical strength at elevated temperatures. The most com-
monly used anode for the zirconia-based SOFCs is Ni/YSZ cermets
because of their good thermal compatibility, excellent catalytic
activity towards the electrochemical oxidation of hydrogen and
excellent current collection properties. Unfortunately, such cer-
mets also exhibit some disadvantages related to low tolerance
to sulfur and carbon deposition, and poor redox cycling with
volume instability [1,2,12]. The first drawback, i.e. sulfur and car-
bon deposition, can be easily overcome for novel symmetrical
SOFCs by reversing the gas flow [8,11]. Nonetheless, the Ni/YSZ
cannot be used as both anode and cathode of the symmetrical
SOFCs, because the Ni within the Ni/YSZ can be oxidized more
easily and will lose its electronic conductivity and catalytic activ-
ity under cathode conditions. So far, only a few materials have
been successfully demonstrated as possible electrodes for the
novel symmetrical SOFCs. Most of these materials are oxides based
upon the perovskite structure, such as La0.75Sr0.25Cr0.5Mn0.5O3−ı

(LSCM) [5–8], Pr0.7Ca0.3Cr1−yMnyO3−ı [9], La0.8Sr0.2Sc0.2Mn0.8O3−ı

[10] and (La, Sr)TiO3 [11], because these have good redox stabil-
ity. Nevertheless, there is still some difference in TECs between
the electrodes and electrolyte due to the use of different materi-
als.
In this paper, a symmetrical SOFC has been fabricated in a single
process by dry-pressing. The materials of the electrode matrices
and electrolyte are all YSZ, which is expected to solve the prob-
lem of mismatching. Furthermore, the electrode surface areas and
triple-phase boundary lengths can be substantially increased via

dx.doi.org/10.1016/j.jpowsour.2010.07.055
http://www.sciencedirect.com/science/journal/03787753
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mpregnation. The test results also demonstrate good cell perfor-
ance with both hydrogen and methane.

. Experimental

.1. YSZ powders preparation

YSZ powders used for electrolyte film fabrication were syn-
hesized by a glycine nitrate process [13]. The highly loose and
orous YSZ with an extremely low bulk density is the key to
uccessfully prepare thin and dense YSZ electrolyte films by dry-
ressing. ZrO(NO3)2·2H2O (99.9%), Y2O3 (99.9%) and NH2CH2COOH
>95%) were used as the starting materials. Stoichiometric amounts
f Y2O3 were dissolved in dilute nitric acid to form a nitrate
olution, then stoichiometric amounts of ZrO(NO3)2·2H2O and
H2CH2COOH were added to form a mixed nitrate solution

n which the Zr4+ and Y3+ concentrations match the formula
Y2O3)0.08(ZrO2)0.92. The solutions were heated, dried and burned
o form a grey ash that was then fired at 700 ◦C for 2 h to pro-
uce loose and porous nano-crystalline YSZ powders with low
ulk density. The YSZ single phase was confirmed by an X-ray
iffraction (XRD, Rigaku D/max rB, Japan), using Cu K� radiation
� = 0.15418 nm).

.2. Symmetrical SOFCs fabrication

The raw NiO powder (Inco, Canada) and YSZ (TZ-8Y, Tosoh
orporation, Tokyo, Japan) were thoroughly mixed in the weight
atio 8:5 to form an electrode precursor. The precursor was evenly
prinkled on to the bottom of a stainless mold. On its surface
he prepared loose YSZ powder was then added through a screen
o promote even dispersion. Finally equal amounts of electrode
recursor were added. The three layers were pressed together
niaxially and then sintered at 1400 ◦C for 4 h to form a dense
lectrolyte layer and simultaneously produce two porous elec-
rode layers. The symmetrical SOFCs obtained in this way were
educed in flowing hydrogen and then dipped in a dilute nitric acid
or 12 h to soak out the Ni, in order to obtain two highly porous
∼50% porous) electrode layers. Here, the Ni acts as an inorganic
ore former. After preparing the three-layer YSZ matrix, 32 wt.%
f La0.75Sr0.25Cr0.5Mn0.5O3−ı (LSCM) was introduced into the two
orous electrode layers using an aqueous nitrate solution. This

mpregnating solution was prepared by adding La(NO3)3, Sr(NO3)2,
r(NO3)3, Mn(NO3)2 and urea to deionized water in the molar
atio 3:1:2:2:16, as described elsewhere [14]. After impregnation,
he cell was heated at 300 ◦C for 20 min to decompose the nitrate
ons and the urea. This impregnating-heating cycle was repeated
ntil the desired weight loading of LSCM was achieved. Finally, the
ell was fired at 1100 ◦C for 2 h to produce the perovskite phase
hat was confirmed previously [14]. In some of the cells, a small
mount of Sm-doped CeO2 (SDC) or Ni as catalyst was added by
ddition of aqueous solutions of the corresponding nitrate salts
Ce0.8Sm0.2(NO3)x or Ni(NO3)2).

.3. Cell characterization

The single cell was attached and sealed on one end of a ceramic
ube. The cell performance were recorded on a Solartron SI 1287
lectrochemical interface over the temperature range 700–900 ◦C,

easuring at 50 ◦C intervals, with the cathode in ambient air and

he anode in dry hydrogen or methane. The impedance spectra of
he electrochemical half-cell were recorded at open circuit–voltage
OCV) with a 10 mV ac signal amplitude over the frequency range
.1–91 kHz, using a SI 1260 impedance analyzer.
Fig. 1. Powder X-ray diffraction data for YSZ synthesized by a glycine nitrate process
and fired at 700 ◦C for 2 h.

3. Results and discussion

3.1. Structure of YSZ powder

The grey ash obtained during the YSZ preparation was fired at
700 ◦C for 2 h and then characterized by XRD. The results are pre-
sented in Fig. 1. The diffraction pattern shows the peaks relative
to the crystalline structure of YSZ (cubic, JCPDS Card No. 30-1468)
with no additional phases, providing evidence that heating the ash
at 700 ◦C results in a pure YSZ phase. According to the study of Wang
et al., the pure YSZ phase can be obtained if the ash is calcined above
600 ◦C [15]. The average crystallite sizes of YSZ were about 10 nm,
as determined by the Scherrer equation [15].

3.2. Cell microstructure

Fig. 2a shows the cross-sectional microstructures of a typical
SOFC prepared by the single dry-pressing process after sintering
at 1400 ◦C for 4 h. The boundaries between the electrodes and
electrolyte are blurred because all have become dense after the
high-temperature sintering at 1400 ◦C. After reducing and acid
cleaning the Ni was removed from the two electrode layers, as
shown in Fig. 2b. As a result, a highly porous structure was formed,
which makes it possible to add LSCM to the electrodes via the
wet impregnation process. The boundaries, in Fig. 2b, between the
porous electrode and the dense electrolyte membrane are well
distinguished. The layers are bonded together well and their thick-
nesses are ∼200, ∼20 and ∼200 �m, respectively. Fig. 2c presents a
view of the inner surface of a pore prior to impregnation, in which
only the flat YSZ surface can be seen. After impregnation with LSCM
(Fig. 2d), the YSZ surface was covered with a well-connected array
of particles.

3.3. Single cell performance

Fig. 3 presents the current–voltage characteristics and the cor-
responding power densities for a typical symmetrical SOFC based
on 32 wt.% LSCM impregnated YSZ electrodes at different tempera-
tures, with dry H2 or CH4 as the fuel and ambient air as the oxidant.
Using H2, it produced maximum power densities (Pmax) of 87, 131,
192, 286 and 333 mW cm−2 at 700, 750, 800, 850 and 900 ◦C, respec-

tively. When the fuel was changed to dry CH4, the corresponding
values changed to 36, 71, 116, 192 and 265 mW cm−2. It can be
seen that the cell performance is better than that of the conven-
tional electrolyte-supported symmetrical SOFCs, especially with
CH4, which shows ∼130% increase at 900 ◦C [6]. This increase must
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ig. 2. Cross-sectional SEM micrographs of the sintered SOFCs with two symmetric
EM micrographs of the porous electrodes (c) before and (d) after impregnation wi

e attributed to the increase of the anode surface areas and triple-
hase boundary lengths, and the decrease of the YSZ electrolyte
hickness.

In SOFC research, it is a common practice to use CeO2-based
aterials as catalysts because they have excellent oxygen stor-

ge and release properties and thus show high catalytic activity
owards both fuel oxidation and oxidant reduction, indicating they
an be used as both anode and cathode. Recently, a composite of
eO2, YSZ and Pt has been used as both anode and cathode for a
ymmetrical SOFC, and produced a Pmax of 140 mW cm−2 at 950 ◦C
ith H2 as fuel, using a thick YSZ electrolyte [16]. In addition, the

uthor predicted that 500 mW cm−2 might be expected using a
hin YSZ electrolyte layer under identical experimental conditions.
ccordingly, some symmetrical SOFCs in this study, after impreg-
ation of LSCM, were soaked in Ce0.8Sm0.2(NO3)x solution. This
rocess was conducted in vacuum conditions to improve the dis-
ribution of the SDC [17]. After the introduction of 5 wt.% of SDC
atalyst, the cell performance improved to 93, 145, 237, 305 and
95 mW cm−2 in H2 and 61, 102, 135, 242 and 298 mW cm−2 in
H4, respectively, as shown in Fig. 4.
In an attempt to further improve the cell performance, another
ommonly used anode catalyst Ni was considered, since this has
een regarded as the ideal catalyst for electrochemical oxidation
f hydrogen. However, it is well known that Ni-based anodes
re not good candidates for operating with dry carbon-containing
/YSZ electrodes (a) before and (b) after reduction and acid cleaning; cross-sectional
M.

fuels due to the tendency of Ni to catalyze C–C bond formation
[18]. However, a low concentration of small, highly dispersed Ni
particles is unlikely to cause coking [14,17,19]. Therefore, in the
present study, we attempted to introduce a small amount of Ni
into the anode and cathode simultaneously, by impregnation of
an aqueous nitrate solution containing La3+, Sr2+, Cr3+, Mn2+, Ni2+

and urea with a molar ratio of 3:1:2:2:4:16. This impregnation
process has been described in detail elsewhere [20]. In previous
reports, there have been three or fourfold increases in the anode
performance following the introduction of small amounts of Ni,
and no coking was found after operating in dry CH4 [14,17,20].
It demonstrated that using a small amount of Ni as a catalyst for
the LSCM-based anodes is feasible. However, the effect of Ni on the
cathode performance is still unknown. In this study, this was inves-
tigated by impedance spectra analysis of two symmetrical SOFCs,
one with 32 wt.% LSCM impregnated YSZ electrodes and the other
with 32 wt.% LSCM + 6 wt.% Ni co-impregnated YSZ electrodes. The
two cells were tested at 900 ◦C, with the two electrodes exposed
to ambient air simultaneously, and the test results are shown in
Fig. 5. It can be seen from the impedance spectra that the ohmic

resistance, calculated from the high-frequency intercept on the
real-axis, increases from 0.07 to 0.08 � cm2 with the introduction
of Ni. This is because the Ni should be oxidized to NiO under the
cathode conditions, losing its conductivity, and the non-conductive
NiO mixed with LSCM causes a further reduction of the LSCM con-
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[5–11]. This may be attributed to the novel structure of the cell and
the electrodes. Moreover, as shown in Fig. 7, the open circuit volt-
age (OCV) of the cell with only LSCM impregnated YSZ electrodes
was clearly reduced (from 1.05 to 0.84 V) with decreasing temper-
ature when CH4 was used as the fuel. Under identical conditions,
ig. 3. Voltage–current density and performance curves of a typical symmetrical
OFC with 32 wt.% LSCM impregnated YSZ electrodes operating at 700–900 ◦C with
ry (a) H2 or (b) CH4 as the fuel.

uctivity. There is also an increase from 0.14 to 0.21 � cm2 in the
lectrode polarization resistance corresponding to the depressed
rcs between high- and low-frequency intercepts. This shows that
i has a negative effect on the cathode properties. Compared with
he anode, however, the effect of Ni on the cathode performance
s smaller, indicating that it is worth trying to use Ni as a catalyst.

typical symmetrical SOFC with the 32 wt.% LSCM + 6 wt.% Ni co-
mpregnated YSZ electrodes was tested under H2/air and CH4/air

ig. 4. A comparison of Pmaxs between two symmetrical SOFCs based on 32 wt.%
SCM impregnated YSZ electrodes and 5 wt.% SDC + 32 wt.% LSCM impregnated YSZ
lectrodes, with dry H2 and CH4 as fuels at different temperatures.
Fig. 5. Impedance spectra of the 32 wt.% LSCM impregnated YSZ and 6 wt.%
Ni + 32 wt.% LSCM co-impregnated YSZ electrodes exposed to ambient air at 900 ◦C.

conditions, and the test results are presented in Fig. 6. The cell per-
formance is increased by a factor of two after the introduction of
Ni. It can be seen that the cell performance in CH4 is comparable
with that in H2, but in previous reports the performances of the
symmetrical SOFCs in CH4 were significantly lower than that in H2
Fig. 6. Voltage–current density and performance curves of a typical symmetrical
SOFC with 6 wt.% Ni + 32 wt.% LSCM co-impregnated YSZ electrodes operating at
700–900 ◦C with dry (a) H2 or (b) CH4 as the fuel.
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ig. 7. Cell OCV vs. temperature for two symmetrical SOFCs with 32 wt.% LSCM
mpregnated YSZ and 6 wt.% Ni + 32 wt.% LSCM co-impregnated YSZ electrodes,
espectively, operating in dry H2 and CH4.

owever, the obvious decrease of OCV in CH4 was not observed for
he LSCM + Ni co-impregnated YSZ electrode. In addition, the OCV
alues are not lower than 1.05 V at the testing temperatures, which
ay be caused by the increase of active sites that may increase the

ate of gas adsorption and desorption. In addition, the presence of
i should accelerate the partial oxidation of CH4 to produce CO and
2 [20].

. Conclusions

In the present study, a symmetrical SOFC was successfully fab-
icated by dry-pressing and impregnation methods. This design

asically solves the problem of thermal mismatching and is
xpected to relax the requirements for electrode materials. The cell
isplayed excellent performance, especially with CH4. Compared
ith SDC, the catalytic activity of Ni is higher. A higher performance

s expected for Ni-free cathodes under identical experimental con-

[
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ditions. Furthermore, the proposed preparation method can also be
used in asymmetrical SOFC configurations.
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