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The Lny 7Srg3Cu04 (Ln=Nd, La), i.e., NSCu and LSCu materials with perovskite-related structure were syn-
thesized and evaluated as new cathodes for intermediate temperature solid oxide fuel cells (IT-SOFCs).
The crystal structure, thermal expansion, electrical conductivity and electrochemical performance of
Lny7Srp3Cu04 cathodes have been investigated by X-ray diffraction, dilatometry, DC four-probe method,
AC impedance and cyclic voltammetry (CV) techniques. The conductivity of NSCu and LSCu reached
106Scm~! and 125Scm~! at 800°C. NSCu cathode exhibited much lower area specific resistances

I;g;lf:vcvords: (ASR) than LSCu, e.g., the ASR values for NSCu cathode on Sm-doped ceria (SDC) electrolyte in air were
Cathode 0.07 2 cm?, 0.09 2 cm? and 0.24  cm? at 800°C, 750°C and 700 °C, while the corresponding values for
Ln,CuO, LSCu were 0.11 2 cm?, 0.21 2 cm? and 0.44 Q cm?, respectively. To further optimize the electrochemical

performance of the cathodes, a certain amount of Sm-doped ceria (SDC) electrolyte was introduced. The
polarization resistance of NSCu-SDC30 and LSCu-SDC30 was 0.12 2 cm? and 0.18 £ cm? at 700 °C in air,

Electrochemical performance

nearly half of pure NSCu and LSCu, respectively.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) have attracted great attention
because of their high energy conversion efficiency, environmental
compatibility and excellent fuel flexibility. Typical SOFCs operate
at high-temperature (~1000°C), leading to a series of problems
such as limited choice of interconnect materials, chemical reac-
tivity between cell components and thermal expansion mismatch
[1-3]. Developments of the intermediate temperature solid oxide
fuel cells (IT-SOFCs) operating below 800°C make it possible to
use less expensive construction materials, to suppress degradation
caused by high operating temperatures, and to improve efficiency
of the KW scale generators [4-6].

A major issue with reduced temperature is the decrease of
the catalytic activity for oxygen reduction of the cathode [7,8].
The development of new cathode materials with low polar-
ization resistance therefore attracted great interest. Previously,
many studies have shown that mixed ionic-electronic conducting
(MIEC) materials with KyNiF4-type structure exhibited excellent
catalytic activity for oxygen reduction. Compared with the com-
monly used perovskite cathodes, K;NiF4-type structure materials
possess better thermal stability, lower thermal expansion coef-
ficient and higher oxide-ion diffusivity [9]. Among K;NiF4-type
compounds for potential use of SOFC cathodes, Ln;NiO4 (Ln=La,
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Pr, Nd or Sm)-based materials have attracted most attention
[10-20]. For instance, the Nd;gSrg4NiO4 electrode exhibited a
polarization resistance of 0.93 Q2cm? at 700°C and the highest
current density of 125 mAcm~2 at overpotential of 200 mV [19].
In the investigation of Ln,NiO4 (Ln=La, Pr, Nd) compounds [20],
Mauvy et al., found that Nd;NiO4.s was in particular promis-
ing due to its low reactivity with YSZ and high electrochemical
activity obtained under polarization. However, layered cuprate
compositions (Ln, CuOy), previously received fairly intensive atten-
tion with respect to their superior electrical properties at low
temperatures [21], have been less evaluated as cathode materi-
als for SOFCs [22,23]. Li et al. [22] investigated La;_,SrxCuO4_g
(x=0, 0.1, 0.3, 0.5) series oxides as prospective cathode for IT-
SOFCs based on ceria electrolytes, and La; 7Srg3Cu0,4_g electrode
exhibited the lowest overpotential about 100mV at a current
density of 150mAcm—2 at 700°C in air among Lay_,SryCuO,4_g
materials.

Up to now, the researches based on Ln, CuO4 type oxides as cath-
ode materials are mainly focused on La at Ln-site. Little attention
has been paid to other rare earths. In this study, Lny 7Srg3CuOy4
(Ln=Nd, La) compounds were evaluated as potential cathode
materials for IT-SOFCs. The phase structure, thermal expansion
property and electrochemical property were investigated. More-
over, in order to further increase the electrocatalytic activity for
oxygen reaction, Sm-doped ceria (SDC) electrolyte was introduced
into Ln; CuOy, and the AC impedance spectroscopy and polarization
characteristics of Ln,CuO4-SDC composite cathode were further
investigated.
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2. Experimental
2.1. Synthesis of Ln;.7Srg3Cu0O4 powder

The Nd; 7Sro3Cu04 (NSCu) and La; 7Srg3CuO4 (LSCu) powders were synthesized
via a combined EDTA-citrate complexing sol-gel method. EDTA (0.04 mol) was dis-
solved in 1M NHj3-H,O solution to prepare NH3-H,O-EDTA buffer solution. Nd, 03
and La,03; powders were separately dissolved in diluted nitric acid with heating
and magnetic stirring before applying the sol-gel synthesis. Then, the calculated
amount of metal nitrates Sr(NOs ),, Cu(NOs)3-3H,0 was prepared separately as an
aqueous solution and then dissolved in the above EDTA-NH3-H,O solution under
heating and stirring. After stirring for certain time, a certain amount of citric acid
was added. The mole ratio of EDTA, citric acid and total metal ions was controlled
around 1:1.05:1. NH5-H, 0 was then added to adjust pH values to ~6 to avoid the
precipitation occurrence after citric acid addition. The solution was kept stirring and
heating at 80 °C. With the evaporation of water, a dark purple gel was obtained. The
gelled samples were baked in a drying oven at 120°C. Finally, the dried gel was cal-
cined twice at 950 °C for 2 h in air. The as-synthesized powders were ball-milled by
zirconia balls for 30 min to break up any agglomerations which were formed during
the calcination.

2.2. Preparation of cathode

Symmetrical electrochemical cells consisting of porous electrodes and dense
SDC electrolyte were fabricated to test the electrochemical characteristics. Uniax-
ially pressed SDC electrolyte disks were sintered at 1550°C for 2 h in air with the
resulting dimension about 12 mm in diameter and 1 mm in thickness. The electrode
pastes were prepared by mixing the calcined LnSCu powder with ethylcellulose at
a weight ratio of 10:1, and then mixed with terpineol as a solvent. Then, the LnSCu
pastes with an area of 0.25cm? were screen-printed on both sides of SDC disks
and then calcined at 950°C for 2 h in air. Silver paste was brushed onto the SDC
disk about 4 mm away from LnSCu electrodes with a ring shape, and sintered at
700°C for 30 min. The Pt grids and leads were stuck with Ag current collector for
the electrochemical property measurements.

2.3. Characterization

The decomposition and crystallization behaviors of the polymetric precursor
were analyzed by thermogravimetry-differential analysis (TG/DSC, STA449C, NET-
ZSCH) at a heating rate of 10°Cmin~! up to 1000°C. The phase identification
of the synthesized powders was performed by X-ray diffraction with an ARL X-
ray powder diffractometer using Cu Ka radiation. For electrical conductivity and
thermal expansion measurements, the as-synthesized powders were granulated
with 5wt.% PVA and pressed into rectangular bars with nominal dimensions of
64 mm x 5mm x 5mm under 50 MPa. Then the bars were sintered at 1200°C for
2 h. The electrical conductivity of sintered rectangular bars was measured in open
air from 300°C to 800 °C using DC four-terminal method. The thermal expansion of
the rectangular specimens was measured from room temperature to 800°C in air,
using a dilatometer (RPZ-01, Luoyang, China) with a heating rate of 5 K/min. Elec-
trochemical impedance spectroscopy (EIS) measurements of the electrode materials
on the SDC electrolyte were carried out with excitation potentials of 10 mV over a
frequency range from 100 KHz to 0.1 Hz generated by an impedance analyzer (CHI
660C electrochemical workstation, Chenhua, China) in the temperature range from
500°C to 800°C. Cyclic voltammetry (CV) measurements (5 mV/S) were performed
using CHI 660C. The IR drop originating from the electrolyte resistance as compen-
sated by a postfactum correction of the CVs, using the series resistance obtained
from the EIS data, in order to establish the resistance-free i—E characteristics.

3. Results and discussion
3.1. TG and DTA analysis

Fig. 1 is the TG/DSC results of the dried Laj7Srg3Cu04 (LSCu)
polymeric resin, and the corresponding curves of Nd 7Srg3CuOy4
(NSCu) are very similar with LSCu. From 100 °C up to about 210°C,
the mass has a slow decrease with increasing temperature, which
could be ascribed to the volatilization of water. And then, the
mass has a sharp decrease with a weight loss about 80% until
600°C, together with a strong and sharp exothermic peak pre-
sented in the DSC pattern around 460 °C. Such an exothermic effect
is associated with the decomposition and oxidation of the metal-
chelates, and reactions of the decomposed chelates [24]. Followed
by the decomposing reaction of metal-chelates, the crystallization
of perovskite-related oxide occurs. At a temperature higher than
700°C, the mass weight then keeps almost constant, indicating that
the decomposition reaction and phase formation have completed.
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Fig. 1. TG-DTA curves for La; 7Sr32,CuO4 (LSCu) dried polymeric resin.

3.2. XRD analysis

Fig. 2 presents XRD pattern of NSCu and LSCu powders after cal-
cination at 950°C for 2 hin air. The prepared Ln; 7Sry3Cu04 (Ln=La,
Nd) compositions are found as single phase. All the peaks can be
well indexed as K;NiF,4 tetragonal structure with the space group
of I4/mmm. The lattice parameters of NSCu and LSCu are calcu-
lated to be a=0.3942(5)nm c=1.213(4)nm and a=0.3778(5)nm
and c=1.318(7) nm, respectively, using software Jade 5 after cell
refinement [25]. The crystal lattices of the Nd-containing com-
pounds are about 0.63% more compact in comparison with the
corresponding La-contained copper oxides. This correlates with the
smaller ionic radii of Nd3* (0.100 nm) than La3* (0.106 nm).

3.3. Electrical conductivity

For perovskite-related MIEC electrode material, the co-
existence of electronic holes and oxygen vacancies makes them
simultaneously possess both electronic and ionic conductivities. As
the electronic conductivity is commonly at least one order higher
than ionic conductivity for cathode materials, the measured total
conductivity values can be mainly referred to electronic conduc-
tivity. The total electrical conductivity as a function of temperature
measured by the four-terminal method is shown in Fig. 3. It can be
found that LSCu and NSCu exhibit different conducting behaviors
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Fig. 2. XRD patterns of La; 7Sro3Cu04 (LSCu) and Nd; 7Sro3Cu04 (NSCu) powders
calcined at 950°C for 2 h.
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Fig. 3. The electrical conductivity of NSCu and LSCu specimens as a function of
temperature.
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Fig. 4. Thermal expansion coefficients of La; 7Sro3CuO4 and Nd;.7Sro3Cu04 speci-
mens on the temperature range 200-800°C.

with temperature, i.e., the conductivity of LSCu decreases with
increasing temperature, implying a metallic behavior, but increases
with the elevated temperature for NSCu, as typical for semicon-
ductor. The conductivity of NSCu and LSCu reaches 106 Scm~! and
125Scm~! at 800°C, indicating they are excellent conductors to be
used as electrodes for SOFCs.

3.4. Thermal expansion of LSCu and NSCu

The thermal expansion behaviors of La;;Srg3CuO4 and
Nd; 7Srp3CuO4 in air are shown in Fig. 4. The thermal expan-
sion coefficients (TECs) of LSCu are larger than those of NSCu. For
instance, the TEC from room temperature to 600 °Cis 14.0 x 10-6/°C
for LSCu, while the corresponding value is 13.5 x 10-6/°C for NSCu.
It seems that TEC values of Ln; 7Srg3CuQy4 are proportional to the
radii of rare earth ions. A similar trend has also been observed for
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Fig. 5. Electrochemical impedance spectroscopy for Nd;7Sro3CuO4 (LSCu) and
La; 7Sro3Cu04 (NSCu) cathodes on SDC electrolyte at 750°C under open circuit
potential in air. Insert: The equivalent circuit of the impedance for the above cath-
odes.

other perovskite systems, such as Lng gSrg.4Co03_s (Ln=La, Pr, Nd,
Sm, Gd) [26] and Ln;_4SrxMnOs3 (Ln=Pr, Nd, Sm and Gd) [27]. In
general, the compound with ionic bond has a larger thermal expan-
sion than that with covalent bond [26]. The percent ionic character
of a bond is related to the electronegativity difference between the
bonded atoms A and O in the A-O bond by the following relationship
[26]:

% ionic character = {1 — exp[—0.25(xs — xo)z]} x 100 (1)

where x4 and x, are the electronegativities of the A and O atom
(x0 =3.44), respectively. Since the Pauling electronegativity of La
(xLa =1.10) is smaller than Nd (xng = 1.14) atom, it can be concluded
that the decreased ionic character of Nd-O bond results in a lower
TEC for NSCu. The lower TEC can improve the thermal expansion
compatibility between the cathode and electrolyte, which may fur-
ther reduce the cathodic interfacial polarization resistances.

3.5. EIS of LSCu and NSCu

AC impedance studies were carried out using NSCu and LSCu
cathodes deposited on SDC electrolyte based on a symmetrical
cell configuration in air. The Nyquist plots for NSCu and LSCu at
750°C are shown in Fig. 5. The data were fitted by a nonlinear least
square fitting program (ZSimpWin 3.21) and the equivalent circuit
with a configuration of LRs (R1Q1)(R2Q3) is exhibited in inset of
Fig. 5, where R; is primarily the electrolyte ohmic resistance (the
electrode ohmic resistance and the contact resistance are negligi-
bly small), L is the inductance, which would be ascribed to the Pt
current/voltage probes or the instrument, R; and R, are the elec-
trode polarization resistances at high and low frequency, Q; and
Q, are the corresponding constant phase elements. The results of
this study are generally in agreement with the previous workers
[26-28] that the arc at high frequency is related to the polariza-
tion during the migration of the oxygen ions, and the arc at low
frequency may be attributed to the electrode polarization caused
by the adsorption/desorption of the molecular oxygen. The fitting

Table 1

Parameters obtained from the data fitting to the equivalent circuit shown in Fig. 5 of NSCu and LSCu cathodes on SDC electrolyte at 750°C.
Cathode Rs (2 cm?) R; (R2cm?) m Q; (Q2cm2) R, (2cm—2) Q; (2cm?) ny Ry? (S2cm?)
NSCu 0.548 0.021 0.609 0.002 0.072 0.004 0.797 0.093
LSCu 0.541 0.102 0.474 0.003 0.115 0.004 0.697 0.217

2 Ry is the total polarization resistance including Ry and Ry, i.e., R, =Ry +Ry.
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Fig. 6. Temperature dependence of R, for LSCu and NSCu in air.

results are shown in Table 1. It can be found that R, values for
both cathodes are much higher than Ry, indicating that total reac-
tion rate determining step is the diffuse process. Moreover, these
parameters are also related to the capacitance and angular relax-
ation frequency. The capacitance can be calculated according to
[11]:

(RQ)'/"
R

The values of capacitance related to high frequency are calcu-
lated to be 42 wFcm=2 and 31 wF cm~2 for NSCu and LSCu cathodes,
respectively, which is very close to the reported capacitance value
of 42 WF cm~2 for the ion-transfer processes of BSCF [7], indicating
that the arc at high frequency is related to the polarization during
the migration of the oxygen ions. The capacitance values related
to low frequency are 0.49 mFcm~2 and 0.12mFcm~2, which is
involved in adsorption/desorption process [11]. The total polariza-
tion R, (the sum of Ry and Ry) of NSCu cathode is 0.093 €2 cm?, about
half of LSCu at 750°C. Fig. 6 demonstrates R, values of NSCu and
LSCu from 500°C to 800°C in an Arrhenius plot. The NSCu cathode
shows lower polarization resistance for oxygen reduction, which
could be attributed to its lower activation energy for ionic transfer
and better thermal expansion compatibility with SDC electrolyte,
making this mixed conducting material a promising cathode for
intermediate temperature SOFCs.

It has been reported in numerous papers [29-33] that a compos-
ite cathode is usually beneficial for further lowering the interfacial
polarization resistance of MIEC cathodes. Hence, the NSCu-SDC
composite cathode consisting of 70 wt.%¥NSCu+30wt.%SDC has
been fabricated and is expected to further increase the electro-
chemical performance. For comparison, LSCu-SDC with the same
weight ratio is also investigated.

C=

(2)

3.6. EIS of NSCu-SDC and LSCu-SDC

Fig. 7 shows the EIS of NSCu-SDC and LSCu-SDC composite cath-
odes at 700°C in air. For comparison, the EIS of NSCu and LSCu
cathodes are also presented. It is worthy of noting that the polar-
ization resistances (simply seen as the low frequency intercept at
Z' axis) of composite cathodes are much lower than pure NSCu and
LSCu. The polarization resistance of NSCu-SDC and LSCu-SDC is
0.12 Q cm? and 0.18 2 cm? at 700°C in air, nearly half of NSCu and
LSCu, respectively. The decreased resistance of composite cathode
is mainly attributed to the reduction of the interfacial resistance
between LnSCu cathode and SDC electrolyte [34]. As reported,
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Fig. 7. Electrochemical impedance spectroscopy for NSCu-SDC, LSCu-SDC compos-
ite cathodes and NSCu, LSCu pure cathodes on SDC electrolyte at 750 °C under open
circuit potential in air.

the LnSCu with K;NiF4-type structure is one kind of mixed ionic-
electronic conductor, the oxygen reduction reaction occurs not
only at the triple phase boundary (TPB) but also on the surface
of cathode. The adsorbed molecular oxygen is reduced to oxy-
gen ions, and then diffuse to the electrode-electrolyte interface,
and finally to electrolyte bulk. The diffusion rate is affected by
the concentration of oxygen vacancies [29]. The addition of the
ionic conducting phase (SDC) enhanced the oxygen ionic conduc-
tivity, i.e., the concentration of total oxygen vacancies, and thus
reduced the resistance. Furthermore, the thermal expansion mis-
match between the electrode and electrolyte was also decreased
by the composite electrode, and the adhesion of the electrode to
the electrolyte was improved.

3.7. Polarization characteristics of NSCu-SDC and LSCu-SDC

Fig. 8a illustrates the IR-compensated current density vs. over-
potential (i/n) relationship of the oxygen reduction reaction (ORR)
at NSCu-SDC and LSCu-SDC cathodes at 700 °C in air. All i/n curves
shown in this paper are corrected for the IR drop between the work-
ing electrode (WE) and reference electrode (RE), using Rs obtained
from the EIS measurements, and all current densities refer to the
geometric area. It is observed that the cathode overpotential of
NSCu-SDC is lower than LSCu-SDC at the same current density.
This result is in accordance with EIS data shown in Fig. 7. When the
cathodic overpotential is about 0.07V at 700°C in air, the current
density reaches 0.49 Acm~2 for NSCu-SDC.

At low overpotential (within £34 mV at 700°C[35]), the current
density vs. overpotential appears to be a linear relationship:
i= o 3)
where iy is the exchange-current density, F is the Faraday constant,
R is the gas constant and T is the absolute temperature. For the
ORR, n and v are assumed to be 4 and 1, respectively (as the total
number of electrons passed per molecule of oxygen reduction is
4 and the rate limiting step would likely have a stoichiometry of
1 for the oxygen reduction reaction) [28]. The least square fitting
was performed in the range of —20 to 0 mV of the cathodic over-
potential and the fitting results were in good agreement with the
measured data (Fig. 8b). The polarization resistance of NSCu-SDC
composite cathode, calculated from the derivative of n/i in Fig. 8b,
is 0.14 Q cm? at 700°C, which is very close to the result obtained
from aforementioned EIS measurement (0.12  cm?).



476 X. Ding et al. / Journal of Alloys and Compounds 502 (2010) 472-476

o NSCu-SDC
o LSCu-SDC

044
£
o
<
o o
¢ o
[u]
< o
(=
0.01 4 o
— 777
-0.07 -0.06 -005 -0.04 -0.03 -0.02 -0.01 0.00
n (V) vs. Ag pseudo reference
(b) 020
700°C o NSCu-SDC
015 o LSCu-SDC
151 — Fitting relusts
~ 0.10
'E
o
<
— 005
0.00 4
-0.05

T ¥ T T T ' T 2
-0016 -0.012 -0.008 -0.004 0.000
7 (V) vs. Ag pseudo reference

-0.020

Fig. 8. IR-compensated i/E relationship (5mV/s) of O, reduction at NSCu-SDC and
LSCu-SDC composite cathodes on SDC electrolyte at 700°C in air (a: Tafel curves
and b: linear fitting results in the low-field cathodic overpotential).

4. Conclusions

The Lny7Srg3Cu04 (Ln=Nd, La) powders with K;NiF4-type
perovskite-related structure were prepared by EDTA-citrate com-
plexing method and characterized. The conductivities of NSCu and
LSCu reach106Scm~! and 125Scm~! at 800°C, indicating they
are excellent conductor to be used as electrode for SOFCs. The
thermal expansion coefficients of NSCu are lower than those of
LSCu, which could be ascribed to the decreased ionic character of
Nd-0 bond. The total polarization resistances of NSCu cathode are
0.093 © cm?2, which is about half of LSCu at 750°C. The composite
cathode was adopted to further lower the interfacial polariza-
tion resistance of these MIEC cathodes. The LnSCu-SDC (Ln=La,
Nd) composite cathodes consisting of 70 wt.%LnSCu +30 wt.%SDC
(abbreviated as LSCu-SDC and NSCu-SDC) have been investi-
gated. The polarization resistance of NSCu-SDC and LSCu-SDC is
0.12 Qcm? and 0.18 2 cm? at 700°C in air, nearly half of NSCu and
LSCu, respectively. This is attributed to the improvement of the

oxygen vacancies concentration and the thermal expansion com-
patibility after the addition of the ionic conducting phase (SDC). The
higher catalytic activity for oxygen reduction makes NSCu-SDC a
promising cathode for intermediate temperature SOFCs based on
doped ceria electrolytes.
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