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a  b  s  t  r  a  c  t

High-performance  LaNi0.6Fe0.4O3−ı (LNF)  cathode  for  intermediate  temperature  solid  oxide  fuel  cell  is
fabricated  by  the  ion impregnation  of oxygen  ion  conducting  Gd-doped  ceria  (GDC,  Gd0.2Ce0.8O2).  The
microstructure  of  the  GDC-impregnated  LNF  cathode  is  characterized  by  the  dispersion  of  nano-sized  GDC
particles in  the  LNF porous  framework.  The  particle  size  of  the  impregnated  GDC  phase  is in  the  range
of 40–50  nm.  Uniform  distribution  of  the  nano-sized  ionic  conducting  GDC  phase  significantly  enhances
eywords:
athode
igh performance

mpregnation
olid oxide fuel cell
pecific polarization resistance

the  cathode  activities  for  the O2 reduction  reaction.  In  the  case  of  the  21.3  wt.%  GDC-impregnated  LNF
cathode,  the  specific  polarization  resistance  (Rp)  is  0.13  � cm2 at 750 ◦C, a reduction  by  81.43%  compared
with  that  of  the pure  LNF  cathode  at the  same  temperature.  The  results  indicate  that  GDC  impregnation
has  significant  electrocatalytic  effect  on  the  O2 reduction  reactions  on  the  LNF  cathodes.  The  improved
performance  of  GDC-impregnated  LNF  cathode  is  attributed  to  the  extended  triple-phase  boundary  (TPB)
and enhanced  oxide  ion conductivity.
. Introduction

Reducing the operating temperature of solid oxide fuel cell
SOFC) down to 600–800 ◦C brings both dramatic economic and
echnical benefits. The cost of SOFC technology may  be dramati-
ally reduced since much less expensive materials can be used in
ell construction and novel fabrication techniques can be applied
o the stack and system integration. Further, the reduction in the
perating temperature would greatly reduce the degradation of
OFC components, widen the materials selection, lessen the sealing
roblem, allow the use of metallic materials as the interconnects,
nd eventually accelerate the commercialization of SOFC technol-
gy. However, the performance of an SOFC system would decrease
ecause of the low oxide ion conductivity of yttria-stabilized zirco-
ia (YSZ), the high overpotential at the electrode and the increased
olarization resistance of the electrodes, especially for the O2
eduction reaction on the cathode side at lower operating tem-
erature. The reduction of the thickness of the YSZ electrolyte
1], and the application of the La(Sr)Ga(Mg)O3−ı (LSGM) [2–4] or
adolinium-doped ceria (GDC) [5] electrolyte material with higher
onic conductivity than YSZ, has all significantly reduced the ohmic

oss from the electrolyte. Thus, the development of the cathode

aterials with high electrocatalytic activity becomes increasingly
ritical for intermediate temperature SOFC (IT-SOFC).

∗ Corresponding author. Tel.: +86 21 34206249; fax: +86 21 34206249.
E-mail address: huangbo2k@hotmail.com (B. Huang).
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Crown Copyright ©  2012 Published by Elsevier B.V. All rights reserved.

La(Ni,Fe)O3 perovskite material has been developed as one
of the most promising cathode materials in IT-SOFC operated at
600–800 ◦C. Of particular interest is LaNi0.6Fe0.4O3 (LNF) which
exhibits high electronic conductivity, a thermal expansion coeffi-
cient close to that of the zirconia electrolyte, high electrochemical
activity for the oxygen reduction reaction, and resistance to cath-
ode poisoning by chromia vapor from the metal separators [6–9].
However, the initial performance of the LNF cathode is not very high
[8], and it gradually improves with cell operation time. More than
a hundred hours is required for the cathode to reach a stable state
at which point the LNF cathode exhibits very high levels of perfor-
mance [8].  This gradual improvement in the performance of the LNF
cathode are considered to be attributed to several causes includ-
ing the sintering of the cathode or disappearance of the La2Zr2O7
phase at the cathode electrolyte interface during the current load-
ing process [10,11]. The sintering of the LNF cathode leads to an
improvement in its electrical conductivity. The sintering at the
interface between the LNF cathode and electrolyte influence the
cathode properties such as interface resistance [12], because the
bonds between the LNF cathode particles and the electrolyte are
strengthened.

La2Zr2O7 is formed by the reaction between the zirconia elec-
trolyte and the LNF cathode [13] when the sintering temperature
is high. The formation of the La2Zr2O7 leads to cathode degra-

dation because of the low electronic and ionic conductivity of
La2Zr2O7. The poor performance of the LNF cathode prior to the
current loading is considered to be associated with the La2Zr2O7
formation [10,11]. Some studies have suggested that the effect of

ghts reserved.

dx.doi.org/10.1016/j.jpowsour.2012.02.103
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:huangbo2k@hotmail.com
dx.doi.org/10.1016/j.jpowsour.2012.02.103


2 wer So

a
t
i
L

a
s
a
a
c
d
t
t
c
g
t
c
t
a
h
t
o
t
i
i
c
c
n
1
e
i
a
a

t
e
t
i
b
t
e
T
m
l
c
t
c
a
c
c
c
c
t
o
a
f
m
i
t
c
m
R
t
d
s
a

10 B. Huang et al. / Journal of Po

 La2Zr2O7 layer can be reduced by applying current loading to
he cell [8,10,11]. The change in the LNF cathode performance dur-
ng the current loading process is associated with the presence of
a2Zr2O7 [14].

Sm or Gd doped cerium oxides (SDC, GDC) materials are suit-
ble as the interlayer between a cathode and a zirconia electrolyte,
ince they hardly react with most of the cathode materials with

 perovskite structure, and furthermore, improve the electrocat-
lytic activities of the cathode. Xia et al. [15] studied the LSM/GDC
omposite cathodes fabricated by the sol–gel process. The sol–gel
erived composite cathodes showed very low electrode polariza-
ion resistance, 0.16 � cm2 at 750 ◦C, lower than that obtained by
he slurry coating technique [16]. Liu et al. [17,18] used combustion
hemical vapor deposition (CCVD) process to fabricate functionally
raded LSM/LSC/GDC electrodes and achieved electrode polariza-
ion resistance of 0.43 � cm2 at 700 ◦C. The GDC layer can prevent
ontact between the LSM cathode and the zirconia electrolyte and
hus prevent the formation of La2Zr2O7. The high electrocatalytic
ctivity of the LSM-based cathode fabricated by combustion CVD
as been attributed to the functionally graded and nanostruc-
ured interface. This indicates that, through the proper composition
ptimization and materials engineering of the cathode structure,
he electrocatalytic activity of the cathode can be furthermore
mproved. The problem with using cerium oxide for the interlayer
s its low sinterability. If the cerium oxide layer is prepared by a
onventional method, such as screen-printing and sintering with a
athode (at 1000–1200 ◦C), the mechanical strength and adhesive-
ess are poor. If the layer is sintered with a zirconia electrolyte (at
300–1400 ◦C), the cerium atoms penetrate the thin (10 �m thick)
lectrolyte [19] in the case of anode-supported cells. This will result
n a lower ionic transport number for the zirconia electrolyte [20]
nd the increase in the ohmic resistance at the interface of SASZ
nd SDC interlayer.

Ion impregnation has been shown to be a very effective method
o introduce nanosized electrocatalytic phases into the porous
lectrode structure. The technique involves depositing nanopar-
icles into a pre-sintered backbone. The sintering of backbone
s performed at high temperature, which ensures good bonding
etween the electrode backbone and the electrolyte, good connec-
ion between the particles to achieve high effective conduction of
lectron or oxygen ion, and the structural stability of the cathode.
he firing process for the deposition of nanoparticles and the for-
ation of the desired phase can be conducted at temperature much

ower than that needed for the traditional ceramic fabrication pro-
ess. The low temperature fabrication has many advantages. Since
he firing temperature is low, nanoscale characteristics of parti-
les can be preserved which is beneficial to achieving high catalytic
ctivity and large TPB length. Study shows that the TPB length in a
athode prepared by impregnation is much larger than that of the
omposite cathode prepared by the traditional ceramic mixing pro-
ess [21]. In addition, the reaction between the cathodes and YSZ
an be avoided as the firing temperature is low, making it possible
o use materials with high electrochemical performance as cath-
des for SOFC with YSZ electrolytes. The impregnation may  also
lleviate the thermal expansion mismatch problems. In a cathode
abricated by the impregnation process, the coefficient of ther-

al  expansion (CTE) is dominated by the backbone materials, and
mpregnation the CTE mismatched materials has little effect on
he CTE of the electrode. The performance of conventional LSM
athode can be significantly improved by the ion impregnation of
ixed conducting oxides such as Gd-doped CeO2 (GDC) [22–24].

esults show that, after the impregnation of 5.8 mg  cm−2 GDC in

he porous LSM cathode, the electrode polarization resistance is
rastically reduced to 0.21 � cm2 at 700 ◦C, which is 56 times
maller than that of the pure LSM cathode at the same temper-
ture. In this paper, the fabrication and cathode behavior of the
urces 209 (2012) 209– 219

Gd0.2Ce0.8O2 (GDC)-impregnated LNF cathode have been investi-
gated. The results indicate that the impregnation of GDC  phase
substantially improves the performance of the LNF cathodes asso-
ciated with the O2 reduction reaction.

2. Experimental

2.1. Preparation and characterization of the LaNi0.6Fe0.4O3−ı

powder

The composition of LNF cathode was chosen as LaNi0.6Fe0.4O3−ı

[25]. LaNi0.6Fe0.4O3−ı (LNF) cathode material was prepared using
a combustion synthesis technique. Stoichiometric amounts of lan-
thanum nitrate (La(NO3)3·6H2O), nickel nitrate Ni(NO3)2·H2O and
ferric nitrate Fe(NO3)3·9H2O were dissolved in distilled water with
constant stirring. Then, a stoichiometric amount of citric acid
(C6H8O7·H2O), which is a chelating agent and fuel, was also dis-
solved in this solution. The stoichiometric ratio of citric acid to
nitrates was  calculated according to Jain et al. [26]. The solution pH
was maintained between 7 and 8 with the addition of concentrated
ammonia solution. A gel was  formed with continuous stirring and
mild heating (∼120 ◦C). The gel was dried at room temperature for
over 12 h and then fired at 300 ◦C for 30 min. The resulting pow-
ders were ground in an agate mortar and fired at 600 ◦C for 2 h in
air to obtain the powders of final composition (LaNi0.6Fe0.4O3−ı). X-
ray diffraction (XRD) patterns were collected with a Philips X’Pert
Pro diffractometer equipped with a primary monochromator (Cu
K� radiation) and a Philips X’Celerator detector for the structural
characterization of the LNF powder. The scans were performed in
the 2� range 10–90◦ at the scanning speed of 4◦ min−1. Further
XRD studies were also carried out to investigate the chemical com-
patibility of LNF with ScSZ material. Powder mixture of LNF with
ScSZ, in a 1:1 (wt.%) ratio, were ground in an agate mortar and
fired at 1100 ◦C for 5 h. Field emission scanning electron micro-
scope (FE-SEM) images of the interface layer LNF/ScSZ before and
after the EIS measurement were analyzed using a microscope (FE-
SEM, PHILIPS 515, Holland) equipped with an X-ray analyzer for
energy-dispersive X-ray spectroscopy (EDS).

Simultaneous thermogravimetric-differential thermal analysis
(TGA/DTA, Netzsch STA 409) were carried out in static air at heat-
ing/cooling rate of 10 ◦C min−1, to determine the stoichiometry of
the nitrates and to estimate the optimal crystallization temperature
of the LNF precursor powders.

2.2. Preparation of the GDC-impregnated LNF cathode

ScSZ (scandia stabilized zirconia, Sc0.1Zr0.9O1.95, 99.99% pure,
Daiichi Kigenso, Japan) pellet with the diameter of 20 mm  and the
thickness of about 200 �m was  used as the electrolyte. Electrolyte-
supported symmetric cell for impedance testing was fabricated by
screen printing method. The slurry of the LNF cathode powder,
which was ground and mixed with isopropyl alcohol, was screen-
printed onto both sides of the ScSZ electrolyte pellet. Then the
symmetric cells were sintered at 1000, 1050, 1100 and 1150 ◦C
for 2 h under stagnant air, respectively. After being sintered, the
resulting LNF cathode areas are 1 cm2. The LNF cathode is a square
in shape. The side length of the square is 1 cm.

Gd0.2Ce0.8O2 (GDC) precursor gel was prepared as fol-
lows. Initially, stoichiometric amounts of gadolinium nitrate
(Gd(NO3)3·6H2O) and cerium nitrate (Ce(NO3)3·6H2O) were
dissolved in distilled water with constant stirring. Then, a stoichio-

metric amount of citric acid (C6H8O7·H2O), which is a chelating
agent and fuel, was also dissolved in this solution. The stoichio-
metric ratio of citric acid to nitrates was calculated according to
Jain et al. [26]. The Ce3+ concentration in the transparent solution
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ated with oxygen reduction: O2 + 4e− → 2O2−. The results indicated
that the specific ohmic resistance (R�) estimated from the high fre-
quency intercepts on real axis of the impedance curves was  the
largest when the LNF cathode was sintered at 1000 ◦C. When the
B. Huang et al. / Journal of Po

as 0.4 mol  dm−3. The solution pH was maintained between 7 and
. The LNF cathode layers of electrolyte-supported symmetric cell
intered at 1050 ◦C were completely dipped in the above solution
nd evacuated using a vacuum pump set to an absolute pressure of
00 mbar for 10 min  so that the solution filled the pores of the LNF
athode layer. Then it was dried at 75 ◦C, followed by calcination
t 600 ◦C for 2 h to decompose Gd0.2Ce0.8(NO3)x nitrate solution,
orming Gd0.2Ce0.8O2 oxide phase. This procedure was repeated
everal times to have a uniform and sufficient coating. The impreg-
ated Gd0.2Ce0.8O2 loading in the LNF cathode was estimated from
he weight change of the LNF cathode coating before and after the
mpregnation treatment.

.3. Measurement of the GDC-impregnated LNF cathode
olarization

The polarization resistance of the GDC-impregnated LNF
athode was measured in the two-electrode symmetric cell con-
guration under air [27]. Pt mesh was attached to the electrode
urfaces using Pt paste as the current collector. The electrochemical
ctivities of the GDC-impregnated LNF cathodes were character-
zed by the electrochemical impedance spectroscopy (EIS), using

 Solartron 1260 frequency response analyzer at open circuit. The
pplied frequency was in the range of 0.01 Hz to 100 kHz at five
oints per frequency decade with the signal amplitude of 20 mV.
he EIS measurement was carried out in the temperature range
f 600–850 ◦C in steps of 50 ◦C in the air. To stabilize the cathode
ehavior, LNF cathodes were polarized at 750 ◦C with a constant
urrent density of 50 mA  cm−2 for 2 h before the electrochemical
esting. The specific ohmic resistance (R�) was estimated from the
igh frequency intercept of the impedance curves and the spe-
ific polarization resistance (Rp) was directly measured from the
ifferences between the low and high frequency intercepts on
he impedance curves. Field emission scanning electron micro-
cope (FE-SEM) images of the interface layer GDC-impregnated
NF/ScSZ before and after the EIS measurement were analyzed
sing a microscope (FE-SEM, PHILIPS 515, Holland) equipped with
n X-ray analyzer for energy-dispersive X-ray spectroscopy (EDS).
he porosity of the GDC-impregnated LNF cathode coating was esti-
ated from the SEM images of the cross section of the cathode

amples [28]. Five SEM images were usually taken from the differ-
nt cross-section areas of the specimen and the pores were defined
s black area in the binary images in a computer program [28]. From
he porosity difference between the LNF cathodes with and with-
ut GDC impregnation, the volume percentage of the impregnated
DC phase in the LNF cathode was obtained.

. Results and discussion

.1. Characterization of the LNF powder

Fig. 1 shows the TGA–DTA curves of the LNF perovskite gel
recursor dried at 120 ◦C. The percentage weight loss from room
emperature to 1250 ◦C was 45.10 wt.%. It could be seen from the
GA curve that the mass of the gel decreased sharply in the tem-
erature range of 150–300 ◦C, which was caused mainly by the
edox reaction between the citric acid and metal nitrates. The DTA
urve of the gel confirmed the result of TGA analysis perfectly. As
s shown in the DTA curve, one sharp exothermic peak appeared in
he temperature range of 150–300 ◦C, which can be attributed to
he exothermic redox reaction between the fuel and nitrates. The

eight remained constant above 450 ◦C.

Fig. 2 shows the X-ray diffraction (XRD) pattern of the
ombustion-synthesized LNF powder calcined at 600 ◦C for 2 h. The
hermal treatment at 600 ◦C left only the LNF phase detectable as a
Fig. 1. TGA/DTA curves of the LaNi0.6Fe0.4O3−ı perovskite gel precursor dried at
120 ◦C.

purity. The patterns are identical to the LNF powder obtained by a
solid-state reaction method at 950 ◦C [25], indicating the formation
of the perovskite phase of the LNF powder. Giving the combined
results of TGA–DTA and XRD analyses, showing that the powder
calcined at 600 ◦C was made nearly entirely of LNF single-phase.

3.2. AC impedance measurement

The typical impedance spectroscopies for the LNF cathode sin-
tered at different temperatures measured at 650 ◦C (a), 700 ◦C
(b), 750 ◦C (c), 800 ◦C (d) and 850 ◦C (e) in the air are shown in
Fig. 3(a)–(e). As it can be seen from the corresponding Nyquist plots,
the spectra are composed of one semicircle, which is associated
with oxygen reduction at the LNF/ScSZ interfaces. The spectra were
analyzed by considering an Rp − Q parallel circuit with a series con-
nection of R� (Rp is the specific polarization resistance, Q is the con-
stant phase element (CPE) and R� indicates the specific ohmic resis-
tance). The high-frequency intercept of the impedance spectra cor-
responds to the specific ohmic resistance of the symmetric cell (R�),
including the ohmic resistance of the ScSZ electrolyte, ohmic resis-
tance of the cathode, contact resistance at the cathode/electrolyte
interface and contact resistance between the cathodes and current
collector Pt mesh. Rp is related to the cathodic polarizations associ-
Fig. 2. Powder X-ray diffraction pattern of LaNi0.6Fe0.4O3−ı powder calcined at
600 ◦C for 2 h in air.
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Fig. 3. Electrochemical impedance spectroscopy of the LNF cathode sintered at different temperatures measured at 650 ◦C (a), 700 ◦C (b), 750 ◦C (c), 800 ◦C (d) and 850 ◦C (e)
in  the air, (f) is the impedance spectroscopy of the LNF cathode sintered at 1050 ◦C measured at different temperatures.
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the phenomenon, we  recorded the XRD patterns of the mixture
LNF–ScSZ sintered at 1100 ◦C for 5 h shown in Fig. 5. The forma-
tion of insulating La2Zr2O7 could be found and became stronger at
Fig. 4. SEM micrographs of the interface LaNi0.6Fe0.4O3−ı/ScSZ

intering temperature of the LNF cathode increased, R� decreased
harply. The results also indicated that the specific polarization
esistance (Rp) estimated from the difference between high and low
requency intercepts on real axis of the impedance curves was the
mallest (0.70 � cm2 at 750 ◦C, 0.27 � cm2 at 800 ◦C and 0.12 � cm2

t 850 ◦C) when the LNF cathode was sintered at 1050 ◦C (shown
n Fig. 4(f)). When the sintering temperature of the LNF cathode
ncreased, Rp also increased. It is noted that Rp was  the largest when
he LNF cathode was sintered at 1150 ◦C.

Attending to the microstructure, Fig. 4 shows the SEM micro-
raphs of the interface LNF/ScSZ sintered at 1000 ◦C (a), 1050 ◦C
b) and 1100 ◦C (c) for 2 h in the air. The ScSZ electrolyte film
s essentially dense, with a continuous and crack free surface

orphology and no pinholes. An obvious delamination, which is
robably attributed to the lower sintering temperature (1000 ◦C)
f the LNF cathode, is seen in the SEM image of Fig. 4(a). Appar-
ntly, this is why the specific ohmic resistance of the symmetric
ell with the LNF cathode sintered at 1000 ◦C was  largest. Con-
equently, the delamination between the LNF cathode layer and
he ScSZ electrolyte layer also decreases the triple phase bound-
ries (TPBs) for the O2 reduction, Rp is also larger. On the other
and, the microstructure of the LNF cathode sintered at 1050 ◦C is
ery promising, a porous structure made of sintered LNF particles
Fig. 4(b)). The SEM images of the interface LNF/ScSZ in Fig. 4(b)
how that the LNF cathode layer adheres to the surface of the
cSZ electrolyte layer pretty well without any delamination, which
ndicates that the LNF cathode layer is thermo-mechanically com-
atible with the ScSZ electrolyte layer. Results of impedance spectra
btained for the symmetric cell presented in Fig. 3 confirm that

he LNF cathode sintered at 1050 ◦C shows smallest specific polar-
zation resistance. It reveals that a heat-treatment temperature at
050 ◦C gives good adhesion between the LNF cathode layer and
he ScSZ electrolyte layer, which could enhance the triple phase
ed at 1000 ◦C (a), 1050 ◦C (b) and 1100 ◦C (c) for 2 h in the air.

boundaries for the O2 reduction, so the value of Rp is the small-
est. However, when the sintering temperature was higher than
1050 ◦C, results of impedance spectra shown in Fig. 3 confirmed
that the specific polarization resistance began to increase. The SEM
images of the interface in Fig. 4(c) also shows that the LNF cath-
ode layer is well adhered to the ScSZ electrolyte layer. To clarify
Fig. 5. XRD patterns of LaNi0.6Fe0.4O3−ı , ScSZ and LaNi0.6Fe0.4O3−ı–ScSZ composite
powders sintered at 1100 ◦C for 5 h in the air.
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Fig. 6. SEM micrographs of: (a) surface and (b) fractured cross section of pure LNF; (c) surface and (d) fractured cross section of 4.7 wt.% GDC-impregnated LNF; (e) surface
and  (f) fractured cross section of 8.1 wt.% GDC-impregnated LNF; (g) surface and (h) fractured cross section of 13.9 wt.% GDC-impregnated LNF; (i) and (j) surface and fractured
cross  section of 15.9 wt.% GDC-impregnated LNF; (k) and (l) surface and fractured cross section of 21.3 wt.% GDC-impregnated LNF; (m) and (n) surface and fractured cross
section of 26.9 wt.% GDC-impregnated LNF.
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cathode. Fig. 8 shows the enlarged SEM picture of the fractured
cross section of 21.3 wt.% GDC-impregnated LNF cathode. For pure
LNF, well-defined and granular-shaped particles with clear grain
Fig. 6. 

150 ◦C. This is why the specific polarization resistance (Rp) was
he largest when the LNF cathode was sintered at 1150 ◦C. With-
ut specification, the LNF cathodes discussed later were sintered at
050 ◦C.

The GDC loading of the impregnated LNF cathode was about
.7 wt.% after one impregnation treatment, and increased to
.1 wt.%, 13.9 wt.%, 15.9 wt.% and 21.3 wt.% after two, three, four and
ve times impregnation treatments, respectively. The maximum

oading of GDC was 26.9 wt.% after repeating the impregnation pro-
esses six times. The porosity of pure LNF cathode was 38.1% and it
ecreased to 32.2% for the 4.7 wt.% GDC-impregnated LNF cathode.
hus, the volume loading of the impregnated GDC for the 4.7 wt.%
DC-impregnated LNF cathode was 5.9 vol.%. In the case of LNF

athode with the impregnation of 26.9 wt.% GDC, the porosity of the
mpregnated LNF cathode was almost zero, indicating that volume
oading of the GDC was 38.1 vol%. Table 1 shows the GDC loading
nd porosity of the GDC-impregnated LNF cathodes.
nued).

Fig. 6 shows the SEM pictures of the surface and fractured cross
section of pure and GDC-impregnated LNF cathodes. Fig. 7 is the
EDS patterns of the surface of the 21.3 wt.% GDC-impregnated LNF
Fig. 7. EDS patterns of the 21.3 wt.% GDC-impregnated LNF cathode.
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Table 1
Porosity and GDC loading of the impregnated LNF cathode.

Impregnation cycle 0 1 2 3 4 5 6

Porosity (%) 38.1 32.2 24.6 19.7 13.1 6.2 0.05
8.1 
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Loading in weight (wt.%) 0 4.7 

Loading in volume (vol%) 0 5.9 1

oundaries were observed (Fig. 6(a) and (b)). The LNF grains were
n the range of 0.4–1.0 �m.  EDS pattern reveals the presence of
he constituent elements of the 21.3 wt.% GDC-impregnated LNF
athode, La, Ni, Fe and Ce (Fig. 7). After the ion impregnation with
d0.2Ce0.8(NO3)x solution, very fine particles were formed around
NF grains (Fig. 6(c) and (d)). The size of impregnated GDC oxide
articles was in the range of 40–50 nm,  as estimated from the
nlarged SEM pictures (Fig. 8). Clearly, the impregnated GDC par-
icles are much smaller than that of LNF particles. The distribution
f the nanosized GDC particles appears to be isolated in the case of
he 4.7 wt.% GDC-impregnated LNF cathode. With the increase in
he GDC loading, there was significant increase in the coverage of
he LNF particles by the nanosized GDC particles. This is indicated
y the disappearance of the smooth and well-defined morphology
f the LNF grains (see Fig. 6(f)). The pores were gradually filled with
ne GDC particles and the porosity of the LNF cathodes decreased
onsiderably with the increase in the impregnated GDC loading. In
he case of the 26.9 wt.% GDC-impregnated LNF cathode, the pores
ere almost completely filled by the GDC phase, forming a rather
ense structure.

Fig. 9 shows the typical electrochemical impedance spectro-
copies of the pure and GDC-impregnated LNF cathodes measured
t 650 ◦C (a), 700 ◦C (b), 750 ◦C (c), 800 ◦C (d) and 850 ◦C (e) in
ir. As it can be seen from the corresponding Nyquist plots, the
pectra are composed of one semicircle, which is associated with
xygen reduction at the pure or GDC-impregnated LNF/ScSZ inter-
aces. Fig. 10 shows the effect of the impregnated GDC loading on
he specific polarization resistance (Rp) for the O2 reduction reac-
ion at different temperatures. The Rp of the LNF cathode decreased
ignificantly with the increase in the impregnated GDC loading up
o 21.3 wt.%. Further increase in the loading to 26.9 wt.% leads to
n increase in the Rp, which may  be attributed to the increase
n concentration polarization as a consequence of the decreased

orosity. For example, the Rp was 0.70 � cm2 for the pure LNF
athode at 750 ◦C, while it was 0.58 � cm2 for the 4.7 wt.% GDC-
mpregnated LNF cathode at 750 ◦C, representing a reduction of

ig. 8. The enlarged SEM picture of the fractured cross section of 21.3 wt.% GDC-
mpregnated LNF cathode.
13.9 15.9 21.3 26.9
18.4 25.0 31.9 38.1

17.14% (Fig. 9(c)) compared to the case of the pure LNF. The Rp

reached the lowest value (0.13 � cm2) when 21.3 wt.% GDC is
loaded, reduced by 81.43% (Fig. 9(c)) compared with that of the
pure LNF cathode at the same temperature. However, in the case
of the 26.9 wt.% GDC-impregnated LNF cathode, it was 0.56 � cm2.
Similar impedance behavior was  also observed for the O2 reduc-
tion reaction on the freshly prepared pure and GDC-impregnated
LNF cathodes at other temperatures. In addition, the reduction in
the Rp is particularly effective for the GDC-impregnated LNF cath-
odes at low temperatures (e.g., 650 ◦C). For the pure LNF cathode,
the Rp was  5.59 � cm2 at 650 ◦C. It was 3.40 and 1.40 � cm2 at
650 ◦C with the impregnated GDC loading of 4.7 wt.% and 21.3 wt.%,
respectively.

Further investigation indicates that the impregnation of nano-
sized GDC greatly accelerates the oxygen dissociation and diffusion
processes. The enhancement in O2 reduction kinetics is most likely
related to the high electrocatalytic effect and the high surface areas
of the impregnated nano-sized GDC phase [24]. The impregnation
of the nano-sized ionic conducting GDC phase in the predominantly
electronic conducting LNF porous network could substantially
enhance the triple phase boundaries for the O2 reduction. This
would be similar to the effect of GDC phase in the LSM/GDC com-
posite cathodes on the promotion of the O2 reduction reaction rate
[29,30]. It is expected that the LNF cathode performance greatly
depends on the loading of the impregnated GDC particles since the
number of the TPB sites is related to the amount of the impreg-
nated GDC particles, which also greatly affect the LNF cathode
microstructures. As an example, Fig. 6 shows the microstructure
of the LNF cathodes with different GDC loading. The LNF particles
are porous, exhibit irregular shapes with 0.4–1.0 �m in size, and
are sintered to form a porous backbone (Fig. 6(b)). At low loading,
such as 4.7 wt.% GDC-impregnated LNF cathode, the LNF particles
are partially covered with GDC particles, which are at the nanoscale
and can be as small as 40 nm (Fig. 8). The distribution of nano-sized
GDC particles appears to be isolated on fractured cross section of the
backbone (Fig. 6(d)), thus effective TPB is only formed near the cath-
ode/electrolyte physical interface. With the increase of the loading,
impregnated particles are gradually connected, forming continu-
ous pathway for oxygen ion conduction, and extending the TPB
from the cathode/electrolyte interface to the bulk of the cathode.
As an example, when 21.3 wt.% GDC is embedded into the porous
backbone, the profile of the exposed LNF backbone disappears, and
only a continuous GDC structure formed by the connected GDC
particles can be seen (Fig. 8). The microstructure evolution reveals
that the advantage of the impregnation method compared to the
conventional mechanically mixing method, at least partly, is the
presence of fine particles which can generate much more TPBs. Con-
sequently, the specific polarization resistance gradually decreases
with the loading. However, obvious aggregation of the GDC parti-
cles is observed when 26.9 wt.% GDC is embedded into the porous
LNF backbone, and pores are almost filled with the GDC particles
(Fig. 6(m)  and (n)), which leads to the increase of Rp resulting from
the decrease in the active surface as a consequence of the decreased
porosity in dense LNF/GDC cathode.
Fig. 11 compares the specific polarization resistance (Rp) of
the GDC-impregnated LNF cathodes in this study with those of
the pure LSM, LSM/YSZ, LSM/GDC, and the mixed ionic and elec-
tronic conducting (La,Sr)(Co,Fe)O3 (MIEC) cathodes reported in the
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Fig. 9. Electrochemical impedance spectra of the freshly prepared LNF cathodes with and without the GDC-impregnation treatment measured at 650 ◦C (a), 700 ◦C (b), 750 ◦C
(c),  800 ◦C (d) and 850 ◦C (e) in air. EIS was measured at open circuit.
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ig. 10. Dependence of Rp of GDC-impregnated LNF cathodes on the GDC loading.
he Rp values were measured at different temperatures.

iterature. For the O2 reduction reaction on the pure LNF cath-
de, Rp varied slightly from 0.7 to 0.75 � cm2 and from 1.9 to
.4 � cm2 at 750 ◦C and 700 ◦C, respectively [31]. With the addi-
ion of 30 wt.% CGO phase in the LNF cathode, Rp of the LNF/CGO
omposite cathode was reduced to 0.28 � cm2 and 0.61 � cm2

t 750 ◦C and 700 ◦C, respectively [31]. For the O2 reduction on
he 21.3 wt.% GDC-impregnated LNF cathode, Rp was  0.04 � cm2,
.13 � cm2 and 0.28 � cm2 at 850 ◦C, 750 ◦C and 700 ◦C, respec-
ively, significantly lower than that of LNF/CGO composite cathode.

ost significantly, the cathode polarization performance of the
1.3 wt.% GDC-impregnated LNF cathode is comparable to that
f LSCF, La0.8Sr0.2FeO3 (LSF) and Gd0.8Sr0.2CoO3 (GSC) cathodes.
SCF is known to be a very good mixed ionic and electronic con-
uctor with high electrocatalytic activity for the O2 reduction
eactions [32]. The Rp for cathodes on GDC electrolyte, displayed

n Fig. 11,  shows that the cobaltates all achieve performances
elow 1 � cm2 at 700 ◦C. The standard La0.6Sr0.4Co0.8Fe0.2O3 and
a0.8Sr0.2Co0.8Fe0.2O3 material perform better than most materials,

ig. 11. A comparison of the specific polarization resistance (Rp) of the pure and
DC-impregnated LNF cathodes in this study with that of LNF–CGO composite cath-
de  reported in the literature. Numbers are the references cited and lines are for
uides only.
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achieving a Rp of 0.31 and 0.3 � cm2 at 700 ◦C, respectively [32,33].
While Gd0.8Sr0.2CoO3 and Nd0.8Sr0.2CoO3 have much better per-
formances. The Rp of Gd0.8Sr0.2CoO3 cathode on GDC  electrolyte is
approximately 0.1 � cm2 at 700 ◦C and displays the lowest activa-
tion energy among all the cobaltates measured [33]. The presence
of Gd as one of the main constituents in the cathode also reduces
the probability of unfavorable reactions with GDC, which itself
contains Gd. Thus, Gd0.8Sr0.2CoO3 appears to be a promising new
cathode material for use with GDC. Clearly, as far as the Rp for
cathodes on YSZ electrolyte is concerned, the cathode composi-
tions with the greatest performance are La0.8Sr0.2FeO3 (LSF) and
La0.8Sr0.2Fe0.8Co0.2O3 (LSFC), which reach Rp close to 0.1 � cm2

and 0.3 � cm2 at 850 ◦C, respectively. However, the 21.3 wt.% GDC-
impregnated LNF cathode reported in this study shows compatible
performance with those of the MIEC conducting cathodes.

4. Conclusions

The nano-structured cathode prepared by the impregnation
method has been demonstrated to be very promising for high-
performance intermediate-temperature solid oxide fuel cells. The
fabrication and performance of GDC-impregnated LNF cathodes
were investigated. The microstructure of the GDC-impregnated
LNF cathode was  characterized by the continuous and porous LNF
network with the deposition of nanosized GDC particles. High elec-
trochemical activity has been achieved for the O2 reduction on the
GDC-impregnated LNF cathodes. For example, in the case of the
21.3 wt.% GDC-impregnated LNF cathode, extremely low specific
polarization resistance of the cathode of 0.13 � cm2 at 750 ◦C was
obtained.
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