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Abstract Superfine and uniform La,NiO4.s powder was
synthesized by a polyaminocarboxylate complex precursor
method. La,NiOy4,s layers were screen-printed on dense
Ce(.gSm(,0, ¢ electrolyte substrates and sintered at 900—
1,100 °C. The microstructure and electrochemical proper-
ties of the resulting porous electrodes were investigated
with respect to sintering temperature. The results indicate a
significant effect of sintering temperature on the micro-
structure and electrode polarization. It was found that
elevating sintering temperature was favorable to the charge
transfer process whereas undesired for the oxygen surface
exchange process due to an increase of the grain size.
Sintering at 900 °C was determined to be preferred in terms
of the polarization resistance of the electrode. The porous
electrode sintered at the temperature showed a fine-grained
microstructure (about 200 nm) and a relatively low
polarization resistance of 0.28 £ cm? at 800 °C. This work
suggests that preparing the electrode from superfine starting
powder is contributive to modifying the polarization
properties.
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Introduction

Solid oxide fuel cells (SOFCs) are energy conversion
devices with high efficiency and environmental advan-
tages. There has been a continuous effort to reduce the
operation temperature of SOFCs down to intermediate
temperatures (600—800 °C) or less. As for the intermediate
temperature SOFCs (IT-SOFCs), one of the major prob-
lems encountered is increased polarization loss from the
cathodes at the reduced temperatures, leading to a
performance degradation of the cells. Adopting
electronic-ionic mixed conductors as the cathodes has
been well recognized as a feasible solution to solve the
problem due to extended electrochemical reaction region
and promoted cathodic reaction kinetics at the intermedi-
ate temperatures. Extensive researches have been con-
ducted to develop novel mixed-conducting cathode
materials with desired overall properties. Recently,
Ln,NiOy4s-based mixed conductors have drawn much
attention as promising candidate materials for the cathode
of IT-SOFCs because of their high oxygen diffusion and
surface exchange coefficients at the intermediate temper-
atures together with moderate thermal expansion coeffi-
cients around 13.0x107° K" [1, 2].

The cathodic polarization of a SOFC device usually
accounts for a dominant part of the whole cell polariza-
tion [3]. Therefore, electrocatalytic activity towards
oxygen reduction is an important criterion to assess the
application potential of a cathode material in SOFC
devices. The electrochemical properties of Ln,NiOgyys-
based mixed conductors have been extensively examined
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in view of the IT-SOFC application [4-8]. Meanwhile,
oxygen reduction reaction on the surfaces of Ln,NiOy.s-
based cathodes has been investigated by the electrochem-
ical impedance spectroscopy technique under various dc
bias levels and/or oxygen partial pressures [9—15]. More-
over, the performances of Ln,;NiO,4,s-based cathodes in
IT-SOFC devices have been evaluated [3, 7, 15]. Despite
these previous works, there has been little research on the
electrochemical properties of Ln,NiO4.5-based cathodes
with respect to their microstructures. As has been well
established, the electrochemical activity of a cathode
working with an electrolyte is highly microstructure-
dependent, related with the grain size, connection between
the grains and porosity of the cathode as well as the
adhesion of the cathode to the electrolyte [16, 17]. Such
dependence thus warrants a research regarding the effect
of microstructure on electrochemical properties for
Ln,NiO4s-based cathodes.

In continuation to our earlier research on synthesizing
superfine La;NiO4.s powder via a polyaminocarboxylate
complex route [18], we prepared porous La,NiOy. s electro-
des on dense CeygSmy,0;9 electrolyte substrates by a
screen-printing technique. In this work, the polarization
properties of the porous La;NiO,,; electrodes were
investigated in relation to their microstructures.

Experimental

La;NiOy445 powder was synthesized by a polyaminocarbox-
ylate complex precursor method. Reagent grade La(OH)s,
NiCO5-2Ni(OH),'4H,0, and diethylenetriaminepentaacetic
acid (HsDTPA) were used as starting materials. The starting
materials were dissolved into deionized water and stirred to
form a transparent aqueous solution. The mole ratio of
HsDTPA to the total cation content was 1.7:3.0. The
solution was heated to yield a solid polyaminocarboxylate
complex. The solid complex precursor was pulverized and
calcined at 900 °C for 2 h in air. X-ray diffraction (XRD)
analysis identified a pure K,NiF, phase for the calcined
powder. The details of the synthesis process have been
described elsewhere [18]. CepgSmg,0,9 powder was
synthesized by a urea-combustion method. Reagent grade
Ce(NO3)3'6H20, Sm(NO3)3'6H20, and urea (CO(NHz)z)
were used as starting materials. The starting materials were
dissolved into deionized water to form a solution and then
heated on a hot plate until auto-igniting combustion
occurred. XRD analysis certified that the combusted
powder had a pure cubic fluorite phase. After wet ball-
milling, the combusted powder was compacted into pellets
and sintered at 1,250 °C for 4 h in air. The Archimedes
measurement indicated that the ceramic pellets attained
about 96% of the theoretical density. The synthesis and
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preparation of CeygSmg,0;9 ceramics have been previ-
ously reported [19].

La,NiOy445/Ceo.gSmy 01 o/LayNiOy4ys symmetrical cells
were fabricated using a screen-printing technique.
Ceg.§Sm,0; ¢ ceramic pellets were polished to a thickness
of 0.14 cm. La,NiOy4ss5 powder was mixed with organic
solution to form a slurry-type ink. The organic solution was
composed of ethyl cellulose ethoce (9 wt.%), dibutyl
phthalate (10 wt.%), butyl alcohol (10 wt.%), silane
coupling agent KH-570 (4 wt.%), and terpineol (67 wt.
%). The weight fraction of La,NiO44s5 powder in the ink
was 70%. The ink was screen-printed on both surfaces of
the ceramic pellets and sintered at 900—1,100 °C for 2 h in
air. The electrode area was about 0.79 cm?. Platinum
meshes were placed on the La;NiOy4. 5 electrodes as current
collector. The electrochemical impedance spectra of the
cells were measured at a CHI660C electrochemical work-
station between 600 and 800 °C in air. The measurement
was performed under zero dc bias in the frequency range of
0.01 Hz-100 kHz. The amplitude of input sinuous signals
was 5 mV. The measured data were analyzed by the Zview
3.1a software.

The morphology of La,NiO,4,s powder was observed at
a Hitachi S-4700 field emission scanning electron micro-
scope (FESEM). The specific surface area of the powder
was measured by the Brunauer—Emmett-Teller (BET)
method at a Micromeritics Gemini 2380 surface area
analyzer using liquid nitrogen adsorbent. The micro-
structures of the cells were investigated by a JEOL JSM-
5610LV scanning electron microscope (SEM). The dis-
tributions of grain size and pore diameter of the electrodes
were determined form image analysis using the Image
Plus software. The porosity of the electrodes was
estimated based on counting black and gray pixels of
SEM micrographs, which refer to pores and grains,
respectively [20].

Results and discussion

Figure 1 shows the FESEM micrograph of La;NiOg4.s
powder. The powder consisted of uniform particles of
around 100 nm. The BET analysis indicated that the
powder had a specific surface area of 5.6 m*> g '. The
average particle size of the powder was determined to be
95 nm based on the specific surface area, which is generally
consistent with the FESEM observation.

Figure 2 shows the SEM micrographs of the cells
sintered at different temperatures. The cross-section views
(Fig. 2a, c, and e) indicated that the La,NiO,4,5 electrodes
were porous and had a good adhesion to the electrolyte
supports. Moreover, the thicknesses of the electrodes
steadily decreased from 36 to 17 um with the elevation
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Fig. 1 FESEM micrograph of La,NiO4,5 powder

of sintering temperature from 900 to 1,100 °C, which can
be attributed to the shrinkage of the electrodes during
sintering. The surface views (Fig. 2b, d, and f) illustrated
well-connected grains and uniformly distributed micro-

Fig. 2 SEM micrographs of
La,NiOy45 electrodes sintered
at different temperatures: a
cross-section view (900 °C), b
surface view (900 °C), ¢
cross-section view (1,000 °C), d
surface view (1,000 °C), e cross-
section view (1,100 °C), and f
surface view (1,100 °C)

2Ky s

pores of the electrodes. Figure 3 shows the distributions of
the grain size and pore diameter of the electrode sintered at
900 °C. The distributions generally agree with a Gaussian
fitting. Similar results were obtained for the electrodes
sintered at other temperatures. Figure 4 shows the average
grain sizes and porosities of the La,NiO4.; electrodes
sintered at different temperatures. The porosities of the
electrodes slightly varied in the range of 17-20%, while
the average grain sizes monotonically increased from
about 200 to about 700 nm with the elevation of sintering
temperature.

Figure 5 shows the impedance spectra measured at
different temperatures for the cells sintered at 900 and
1,100 °C, respectively. The cells sintered at other temper-
atures presented analogous spectra. Inductive impedance
response was detected for each impedance spectrum,
appearing as a high frequency tail below the real axis.
The inductive responses were subtracted from the spectra
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Fig. 3 Distributions of a grain size and b pore diameter of La;NiOy.
electrode sintered at 900 °C

because, as well known, they were caused by the measuring
device and connecting wires. The spectra are obviously
asymmetrical in shape, implying contributions from more
than one electrode process. The impedance spectra were
fitted according to a R(R;01)(R.0>)(R303) equivalent
circuit model, as shown in Fig. 6. The R, refers to the
ohmic resistance of the cell and the (RQ) components
correspond to involved electrode processes. The R is a
resistance and the Q is a constant phase element (CPE). The
impedance Z, and equivalent capacitance C of a constant
phase element Q can be calculated according to the
following equations [21]:

1
=0 0) W
C= (R'g)l/ (2)
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Where the o is the angular frequency and 7 is an exponent.
The relaxation frequency f of an electrode process
corresponding to a specific (RQ) component can be
calculated by the following equation [21]:

3)

From Fig. 5, it can be seen that the fitting results agree well
with the experimental data. For the cells sintered at other
temperatures, the spectrum fitting also attained a reasonable
agreement with measured data.

The spectrum fitting results of the cell sintered at
900 °C are listed in Table 1. The parameters were
normalized with the configuration and geometrical factors
of the cell. The equivalent capacitances and relaxation
frequencies can be applied as characteristic parameters to
identify the processes [11, 21]. The electrode processes
corresponding to the (R;Q;) and (R,(Q,) components
showed the equivalent capacitances of 10°-10"* and
107*-107° F cm 2 together with the relaxation frequencies
of 10°-10* and 10-10° Hz, respectively. Accordingly, the
former process can be attributed to the charge transfer at
the interface between the electrode and electrolyte while
the latter one can be ascribed to the oxygen exchange on
the surface of the electrode [13, 22]. The electrode process
corresponding to the component (R;Qs) showed an
equivalent capacitance of 107" F cm 2 and a relaxation
frequency of about 10 Hz. In order of magnitude, the
equivalent capacitance is too large to be related to an
interfacial electrochemical reaction [23]. This process is
assigned to the diffusion of oxygen gas to the surface of
the electrode, which is consistent with literature results
[11, 13].

The polarization resistances of the charge transfer
process (R;) and the oxygen surface exchange process
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Fig. 4 Average grain sizes and porosities of La;NiOy.s electrodes
sintered at different temperatures
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Fig. 5 Impedance spectra measured at different temperatures (600, 700, and 800 °C) for the cells sintered at a 900 °C and b 1,100 °C

(R,) decreased with increasing measuring temperature.
The impedance response of the charge transfer process
disappeared at 800 °C. Meanwhile, an additional imped-
ance response associated with the oxygen gas-phase
diffusion process appeared. Similar phenomenon has been
reported for PrBaCo,0s.s5 cathode material [21]. This
spectrum evolution indicates the influence of the oxygen-
ion transport properties of La,NiO4.s on the electrode
reaction. It has been reported that the oxygen diffusion
and surface exchange coefficients of La,NiOy,s increase
with higher temperatures [14]. Therefore, increasing
measuring temperature favors the charge transfer and
oxygen surface exchange processes, leading to a decline
of the R, and R,. The disappearance of the impedance
response of the charge transfer process at 800 °C can be
ascribed to a facilitated oxygen-ion transport at the

elevated temperature. By comparison, the oxygen gas-
phase diffusion process is somewhat thermally insensitive
[24]. As a result, the non-chemical process can not match
in kinetics with the facilitated electrochemical processes at
elevated temperatures, which generates concentration
polarization. The appearance of the additional impedance
response at 800 °C can be attributed to this dynamic
reason.

Similar spectrum fitting results were obtained for the
cells sintered at other temperatures. The polarization
resistances of the electrodes sintered at different temper-
atures are summarized in Table 2. At an identical
measuring temperature, the R; values tended to reduce
with increasing sintering temperature, whereas the R,
values showed an inverse trend. The Rz values of the
cells sintered at different temperatures are roughly similar
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in magnitude, acting as a minor contribution to the total L
electrode polarization. In general, the polarization resis- g N &
tances of the overall electrode reaction (R,,) became larger
with increasing sintering temperature. Figure 7 shows the zm %
Arrhenius plots of the R, for the electrodes sintered at L E =
different temperatures. The plots displayed a basically ?SE E
linear relation. The activation energies (£,) of the overall o
electrode reaction were determined from a linear fitting of g
the plots. The electrodes sintered at different temperatures iﬁ | ‘ ‘ ‘ §
showed the activation energies of about 1.2-1.4 eV, as o = a o o
shown in the inserted table in Fig. 7. These values are Ii a8 a 2 8
consistent with the typical results of surface oxygen - P, : :l
reduction reaction determined from various mixed- A“g é é é é é
conducting electrodes [4, 13, 25]. ;; & ¢ L g 4
It can be noticed that the polarization resistance of the © C L B
electrode is significantly dependent on its sintering temper- & 2 ©° I T g
ature. This dependence can be qualitatively interpreted in Sa|s s s s <
relation to the microstructure evolution of the electrodes. s e o 0 e«
On one hand, increasing sintering temperature can result in wle =2 2 2 =2
a tighter adhesion of the electrode to the electrolyte support, & § é % é é é
which benefits the charge transfer process. The decrease of SE| = o = o d
the R, with increasing sintering temperature can be viewed s
as an evidence of the interface effect. On the other hand, the é % E 5 i §
grain size of the electrode became obviously larger with '
increasing sintering temperature (Fig. 4). This case reduced . g = §
the specific surface area, i.e., electrocatalytically active Q= 2 a <% g
< o o = = I
region, of the porous electrode, which is unfavorable to the § o S,
surface oxygen exchange process. The increase of the R, 5| § § = § = % o é o
with increasing sintering temperature can be ascribed to the B | @& | ¥ S —= —= |
grain size effect. Considering the minor contribution of the é g - e e o
oxygen gas-phase diffusion process, the variation of the = S |2 3 & =
total electrode polarization with sintering temperature E sl L L.
appears to rely on the competition of the two inverse = wle o = o
effects. Sl EE |y X XX
At measuring temperature of 800 °C, the electrode é g8 2 & =2
sintered at 900 °C exhibited the lowest R;, of 0.28 Qcm? !g s
among the investigated electrodes. This polarization resis- g é o o = o
tance is competitive to the literature results (1.00 and g < 3 2 2 8
0.41 Qcm?) obtained at the same measuring temperature for 8| g
La,NiO4.5 electrodes printed on CepgSmg»0;9 and 2 mol S | 2 E % ':\r i ﬁ
% Co-doped CeygSmg,0;9 supports, respectively [7]. g ]
Compared with the electrodes of the previous work b
(average grain size, ~500 nm), the electrode of the present —f o
work had finer grains (around 200 nm; Fig. 4). The low &"3 w;
polarization resistance of the electrode in the present work - g §
can be related to its fine-grained microstructure. The fine- % g é e o6 o o o
grained microstructure is regarded to be associated with the Fl=2l8 & R & &
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Table 2 Polarization resistances

of La,NiO,,s electrodes Sintering temperature Measuring temperature RiQ cm? R cm? R3Q cm? R,Q cm?
sintered at different 0 0
temperatures
900 600 2.88 2.89 - 5.77
650 1.09 1.37 - 2.46
700 0.87 0.27 - 1.14
750 0.06 0.53 - 0.59
800 - 0.22 0.06 0.28
950 600 3.34 13.27 - 16.61
650 3.04 3.66 - 6.70
700 0.32 2.14 - 2.46
750 - 1.02 - 1.02
800 - 0.38 0.02 0.40
1,000 600 1.66 9.97 - 11.63
650 0.80 4.39 - 5.19
700 0.07 2.06 - 2.13
750 - 1.12 - 1.12
800 - 0.54 0.03 0.57
1,050 600 1.19 18.97 - 20.16
650 1.04 7.16 - 8.20
700 0.28 3.19 - 3.47
750 0.09 1.56 - 1.65
800 - 0.76 0.03 0.79
1,100 600 0.88 22.52 - 23.40
650 0.38 6.95 - 7.33
700 - 2.71 - 2.71
750 - 1.26 0.08 1.34
800 - 0.63 0.06 0.69
superfine morphology of the starting powder. Thus,  Conclusions

preparing the electrode from superfine starting powder
appears to be contributive to the modification of the
polarization properties.

3.0
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Fig. 7 Arrhenius plots of the overall polarization resistance (R,,) for
La;NiOy.5 electrodes sintered at different temperatures

Superfine and uniform La,NiO,4,5 powder was synthesized
by a polyaminocarboxylate precursor method. La;NiOg4.
layers were screen-printed onto CeygSmy 0,9 electrolyte
substrates and sintered at 900—1,100 °C. The microstruc-
ture and polarization properties of the resulting porous
electrodes have been investigated with respect to sinter-
ing temperature. The results demonstrate a significant
role of sintering temperature on the microstructure and
electrode polarization. It was detected that increasing
sintering temperature was beneficial to the charge
transfer process whereas unfavorable to the oxygen
surface exchange process due to an increase of the grain
size. The preferred sintering temperature of the electrode
was determined to be 900 °C. The porous electrode
sintered at the temperature showed a fine-grained
microstructure (about 200 nm) and a relatively low
polarization resistance of 0.28 € cm?” at 800 °C.
Producing the electrode from superfine starting powder is
suggested to be advantageous to modifying the electrode
properties.
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