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Highlights:

e  The optimal calcination temperature of LSCF-CuO was found to be 700 °C.

e  Physical characterizations showed that increasing the calcining temperature resulted
in increased particle size.

e The polarization resistance was reduced up to 89% after lowering the calcining and
sintering temperature to 700 °C.

e  The activation energy of the LSCF-CuO was found to be much lower than that of
conventional LSCF.

Abstract. Infiltration of copper oxide towards LSCF was done in order to enhance
cathode performance due to superior properties, including high electrical
conductivity and high catalytic activity for the oxygen reduction reaction. Samples
were synthesized at different temperatures using the sol-gel route. The TGA
results showed that LSCF achieved complete perovskite formation when calcined
above 600 °C and DTA showed the formation of lattice oxygen at 550 °C. XRD
analysis showed no shifted peaks and nano size levels were achieved when
samples were calcined at 700 °C and 800 °C. SEM and BET showed similar
analysis patterns, where the particle size increased as the calcining temperature
was increased. EIS analysis further verified that the polarization resistance of the
sample calcined at 700 °C was as small as 0.161 Q, compared to 1.524 Q with a
calcination temperature of 800 °C. The activation energy of LSCF-CuO was found
to be 122.2 kJ/mol, which is much lower than for conventional LSCF.

Keywords: LSCF-CuO; physical characterization, modified sol-gel method,; IT-SOFCs;
activation energy.

1 Introduction

Solid oxide fuel cells (SOFCs) operate based on a thermally activated
electrochemical reaction that requires a relatively high operating temperature to
promote a redox reaction [1]. There are three major components in a complete
fuel cell, i.e. cathode, electrolyte, and anode. Each of them needs to have good
chemical compatibility, else fuel cell performance will be negatively affected [2].
One of the major disadvantages of using SOFCs is the high operating temperature
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of over 1000 °C. Therefore, the challenge is to develop a material with good
performance within an intermediate temperature range for SOFCs (IT-SOFC),
which indirectly allows for the reduction of production costs while maintaining
the performance level, because the decrease in balance-of-plant complexity is
expected to reduce the overall cost of the fuel cell system [3-6].

Fabrication of cathodes via the sol-gel method is generally done by converting
the monomer into the sol-gel state, which will then act as precursor for an
integrated network. It is expected that the process involves mixing elements at
the molecular level since polymerized and chelating agents are introduced into
the mixture [7]. One practical method in sol-gel processing is the Pechini
approach, where a polymerized agent and a chelating agent are mixed with the
element to form a gel to which direct heat is applied to densify the mixture [8]. A
suitable transition metal with high oxygen ions for IT-SOFCs is cerium-based
electrolyte. Meanwhile, doping of samarium is able to improve the oxide ion
conductivity in the electrolyte, which enhances the ion exchange from one side
to the other. Furthermore, Sm*" doped ceria has higher ionic conductivity, since
samarium has low enthalpy between the doped cation and oxygen vacancy of the
host lattice, which as a result of its higher ionic radius compared to cerium
eventually leads to excessive oxygen vacancies formation, thus leading to the
improvement of ionic conductivity [9]. The density of samarium doped ceria was
reported above 90% when the pellet was sintered between 1300 °C and 1500 °C.
It showed good density for electrochemical performance evaluation [8].

Mixed ionic-electronic conducting material (MIEC) is a combination of various
metal salts that have great chemical compatibility among themselves. An MIEC
cathode choice that is commonly applied in intermediate temperature SOFCs is
LSCF due to its excellent ionic and electronic conductivities, which are capable
of expanding the active sites from the triple boundary phase to the entire cathode
surface [10-12]. Currently, conventional LSCF has to be calcined at a high
temperature (about 1000 °C) to get good adhesion to the electrolyte in an
intermediate temperature range. However, as the temperature increases, the grain
size also increases and thus the electro-catalytic activity decreases [8]. Therefore,
the addition of another element into the cathode matrix is highly advantageous in
order to improve the electrocatalytic activity. Copper oxide is an element that can
be composited well with LSCF due to its unique chemical composition, which
has good chemical compatibility with most of the elements in transition metals
[13-15]. Application of CuO composite toward various types of cathodes has
been proved, as it is a good catalyst for chemical reactions and an effective
sintering aid of ceramics, as reported in [8]. This is because the catalytic property
of cathodes are affected by two possible processes, i.e. the oxygen reduction
reaction (ORR) and the diffusion of copper oxide into the LSCF lattice.
Therefore, the present study focused on the development of a composite LSCF-
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CuO cathode using the well-known sol-gel method and further the
electrochemical properties as cathode for IT-SOFCs were evaluated.

2 Methodology

Lao.6Sr0.4C00.2Fe.803- (LSCF) and CuO powder were synthesized using the sol-
gel method following the polymerized complex method, which is discussed in
[8]. Samarium doped ceria (Smo2Cos) powder was pressed at 450 Mpa with a
diameter of 13 mm and a thickness of approximately 2 mm. The resulted pellets
were sintered at 1300 °C for 6 hours. The slurry cathode was produced via the
amalgamation of binder and LSCF-CuO at a ratio of 1:1.5 and was then applied
to both sides of the cleaned pellet surface. The resulted pellets were sintered at
800 °C and 700 °C respectively to eliminate excess binder and platinum paste was
applied to both sides of the pellet to act as a current collector layer.

The phase composition was characterized using X-ray diffraction (XRD) with Cu
Ko radiation from 10 6 to 90 0 for the entire sample with a Bruker AXS
diffractometer. The raw data from the XRD analysis was analyzed using Xpert-
Highscore Plus. The main LSCF-CuO sample calcined at 800 °C was compared
with the literature and with LSCF and CuO samples synthesized at the same
temperature. The thermal decomposition behavior of the precursor powder was
analyzed using a Pelkin Elmer STA 600 TGA analyzer from room temperature
to 900 °C with an airflow rate of 50 cm’/min and a heating rate of 5 °C /min in
air. The microstructure of the LSCF-CuO powder was investigated using a
Quanta FEG 650 scanning electron microscope. The acceleration voltage was 15-
20kV, using a backscattering electron. The behavior of the microstructure of the
sample was defined at 500 nm and 5 um. The specific surface area and total pore
volume of the LSCF-CuO was measured using Brunauer-Emmett-Teller (BET)
with an average mass of 0.2 gram per sample.

Electrochemical impedance spectra analysis was conducted on an EIS with a
furnace system (model ZIVE SP2). Silver wires were attached to the electrode’s
surface, which had been coated with platinum paste. The temperature for EIS
measurement was varied from 800 °C to 600 °C at the same frequency range
(from 0.1 Hz to 1 MHz) with a signal amplitude of 10 mv and 5 mv for each
sample. The polarization cell was measured using a type-K thermocouple and
recorded on a Digi-Sense digital thermocouple meter (Eutech Instruments).
ZMAN 2.4 software (ZIVELAB) was used to fit the experimental data to an
equivalent circuit and each was plotted in Sigma Plot software version 11. The
analysis was conducted in open air.
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3 Results

Thermogravimetric analysis (TGA) was conducted to identify the weight loss of
the sample, which signifies the formation of lattice oxygen in the sample. Figure
1 shows the TGA/DTA curves of the weight loss of the precursor sample versus
temperature, categorized in three phases. The first phase, between 30 °C to 400
°C, was characterized by the removal of adsorbed water, the decomposition of
nitrate and the removal of citric acid. This is because most organic compound
decomposes below 400 °C.
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Figure 1 TGA curve of the as-synthesized LSCF in precursor state.

The second phase, which occurred from 400 °C to 600 °C, showed a steeper
gradient of weight loss. It shows metal-citrate decomposition, indicating that all
the metal salt formed single-phase perovskite. This phase is crucial because the
formation of LSCF starts to happen, while the continuous weight loss indicates
that LSCF formation continues in this temperature range and the formation of
oxygen vacancies also occurs in this phase. The final phase shows a small weight
loss related to the formation of oxygen vacancies and the sample started to
stabilize, showing that the formation of single-phase perovskite was almost
complete. This finding is in agreement with several studies that analyzed LSCF
via TGA analysis [8, 16-19]. It was discovered that the optimal calcining
temperature was 700 °C, since the DTA curve showed stabilization of the sample
after being fired at 700 °C. The results also showed that phase the LSCF lost
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76.27% of its weight, from which it can be concluded that the phase purity plays
a role in improving the formation of oxygen vacancies. A possible explanation
for this is that as the formation of oxygen vacancies increase, the number of pores
will increase and the active surface area will also increase. Thus, more oxygen
reduction reactions (ORR) will be produced, resulting in an increase of the
electrical conductivity.

The result of the XRD analysis of LSCF-CuO with the respective calcination
temperatures is shown in Figure 2. The LSCF structure was defined using the
comparison and analysis method discussed previously. Figure 2 shows that the
LSCF-CuO was able to achieve a single-phase perovskite, since no major shifted
peaks were detected. This is because the optimal calcination temperature for
LSCF-CuO is usually 700 °C, based on the TGA analysis beforehand, so a
comparison was made between the samples and the literature provided precise
data for phase comparison. Based on the XRD analysis, all peaks were defined as
single-phase perovskite. The LSCF peak showed that it was shifted toward a high
angle, indicating the inter-diffusion of La" ions in the LSCF. All peaks were
identified as LSCF and CuO. Similar findings were presented in several other
articles that conducted XRD analysis towards LSCF, indicating that the highest
intensity was achieved at 26 and between 30° and 40° [20-23].
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Figure 2 XRD patterns of LSCF, CuO and LSCF-CuO at different calcination
temperatures.

A previous study revealed that the addition of CuO was able to reduce the
required calcination temperature from 800 °C to 700 °C due to the infiltration on
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the B-site of the perovskite [8]. The XRD results from the LSCF-CuO were
compared by their respective temperatures. Calculation from the Scherrer
equation in Table 1 revealed that the crystalline size of LSCF-CuO calcined at
700 °C was 68.01 nm, while the conventional calcining temperature was found to
be around 90.49 nm. This finding provides evidence that LSCF-CuO can
maintain a perovskite structure even when it has been calcined at a temperature
as low as 700 °C, because temperature is one of the major factors determining
cathode performance.

Further characterization was conducted to identify the particle size and contact
area between the LSCF-CuO and the SDC. Figure 3 depicts the average particle
size estimated using SEM analysis for sol-gel samples on the electrolyte surface
while being sintered at the respective temperatures. It can be said that as the
temperature increases, the particle size also increases due to grain growth, which
is in line with the calculation from the Scherrer equation. A higher sintering
temperature produces agglomerations, leading to particles in bulk form while a
lower sintering temperature produces a smaller grain size. This is because as the
sintering process continues at the higher temperature, the individual powder
particles completely lose their identity and grain boundaries, and then move
across prior particle boundaries [24]. This facilitates the movement of atoms or
molecules through the mechanism of mass transport, which may be lattice
diffusion, surface diffusion or evaporation-condensation and results in grain
growth, which has a detrimental effect on the properties of the material [25]. As
a result, the polarization resistance may be increased due to the increased particle
size.

Further investigation was conducted on a cross-sectional image of the pellet to
observe the layer of the LSCF-CuO and SDC electrolyte. It showed that the
sample had a good contact area even after calcination at lower temperatures.
Figure 3(c) shows the SEM image layer of the LSCF-CuO and the SDC
electrolyte after being examined by EIS. It can be seen that the LSCF-CuO and
the SDC had a good contact area with no delamination detected after sintering of
the sample. A high sintering temperature is needed to promote a good contact
area between the cathode and the electrolyte so that the electron transfer can be
improved. However, high sintering temperatures can cause the particle size of the
cathode to increase, subsequently increasing the polarization resistance. Based on
this, sintering at 700 °C is enough to promote a good contact area with the
electrolyte and produce a good result in terms of polarization resistance.
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Figure 3 SEM micrographs of the LSCF-CuO (a) calcined at 700 °C, (b) calcined
at 800 °C, (c) cross-sectional pellet consisting of LSCF-CuO and SDC.

Table 1 Comparison of the properties of the As-synthesized powders processed
at different calcination temperatures.

Calcining Scherrer Specific Mean BET-  Particle size
temperature equation surface area based size  from FESEM
(Y] (nm) (m*/g) (nm) (nm)

700 68.017 8.158 124.424 92.67
800 90.499 4.172 234.075 114.51

The specific surface area and total pore volume of the LSCF-CuO samples were
identified through BET analysis. Table 1 shows a comparison between the
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theoretical crystalline size, the theoretical particle size, and the actual particle size
calculated based on XRD, BET, and FESEM. This calculation from theoretical
and actual data suggests that the LSCF-CuO particles reached a nanosize level.

The specific surface area shows that as the temperature increased, the specific
area decreased. This effect can be explained by the fact that when the temperature
increases, the particle size also increases due to the grain size increment.
Therefore, it was concluded that LSCF-CuO with a small grain size and a high
specific surface area was achieved at a temperature of 700 °C via the sol gel
method. However, for the preparation of powder size for a slurry-type cathode, a
temperature higher than 700 °C is needed to ensure a good contact layer between
the cathode and the electrolyte. BET analysis in a previous article showed that
both samples passed the porosity range where both had 40% to 20% porosity and
since the particle size decreased, the amount of pores inside the sample increased
[8]. Therefore, more active contact areas were produced with increased ORR
activity.

A further experiment was conducted to measure the polarization resistance of the
LSCF-CuO, as shown in Figure 4(d). An equivalent circuit and fitting parameters
were generated with the ZMAN software and the parameters were determined as
Ls, Ry, Ry, Qu, indicating the inductance attributed to the silver current-voltage
probes or high-frequency phase shift of the EIS equipment. Ry was categorized
as Rq, which represents the electrolyte resistance and the silver-wire connection
resistance. Meanwhile, R; and Q; represent the low-frequency arc, and R
represents the resistance in the frequency region, while Q represents the arc
resistance constant phase element (CPE) of the respective frequency regions.
Based on the data fitted by the ZMAN software, a new line was produced. The
value of R* was observed when all the resulted data approached a value of 1. This
shows that the fitted value was almost identical to the raw data when the value of
R? approached a value of 1. All values in the capacitance range from 10 F to 10"
* F were signified as chemical capacitance, while charge transfer and oxygen
diffusion were referred to the cathode material and microstructure [26].

Figures 4(a) and (b) depict the performance of the LSCF-CuO for different
sintering temperatures towards electrochemical performance at 700 °C. Overall,
the LSCF-CuO calcined and sintered at 700 °C provided better results compared
to that calcined and sintered at 800 °C. This result is in good agreement with Ref.
[26]. The polarisation resistance and area-specific resistance were calculated
based on the electrochemical impedance graph. The polarization resistance of the
sample that was sintered at 700 °C, shown in Figure 4(a), revealed quite small
polarization resistance compare to the sample that was sintered at 800 °C shown
in Figure 4(b). These results correspond with the physical characterizations and
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this could explain that reducing the calcining temperature caused the particle size
to decrease due to the properties of metal.

Further investigation of the addition of copper oxide towards the cathode surface
found that the polarisation resistance of the LSCF-CuO was smaller than that of
conventional LSCF, as illustrated in Figure 4(c). The value of the activation
energy proved that the addition of CuO did indeed act as a synergistic catalyst,
since the activation from pure LSCF was reduced. A possible explanation of this
phenomenon is that the addition of CuO towards an MIEC type cathode can
improve the electrochemical performance by increasing the electro-catalytic
activity of the cathode. This shows that the connection between the grains was
better in the LSCF-CuO composite cathode, thus improving the charge transfer.

It has been reported that the optimal calcining temperature for LSCF is usually
900 °C. However, a comparison needed to be made between LSCF-CuO and
LSCF. Therefore, it was decided to do the calcination and sintering at 800 °C. In
a further review, the addition of CuO was able assist in increasing the surface
energy of the cathode and the grain boundary speed movement, which resulted in
a reduction of the optimal calcining temperature. It has also been reported
elsewhere that the addition of CuO in the context of SOFCs was able to perform
stable operation for a longer time [27].

oe|2) L e T=800°C

o
0 02
006 !
" u ) -8
D
e “ 4 ©

d)

Z (o)
N
H

2 (Otm)

—e— LSCF.CUO (Sckom)
Ro'= 18234 Chrn
© e8 70 12

6z oa
Z (ohm)

Ln (ASR) (Ohm Cn)

pueLser

e

© LSCF-CuO (Sa-Gel)
Ea= 12220 kiima

0s0 0ss 100 10 110 115 120
10007 (K)

Figure 4 (a) Polarization resistance of LSCF-CuO calcined and sintered at 700
°C, (b) polarization resistance of LSCF-CuO calcined and sintered at 800 °C, (c)
comparison of activation energy between LSCF-CuO and conventional LSCF
synthesized at 800 °C, (d) schematic diagram of equivalent fitting in ZMAN
software.
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4 Conclusion

Infiltration of copper oxide towards LSCF was found capable of improving the
electrocatalytic activity of a cathode. Moreover, the copper oxide was also proved
to have good chemical compatibility with LSCF, as indicated by the
characterization results. The effect of the calcining temperature toward the
electrochemical performance was evaluated and it was found that reducing the
calcining temperature will improve the EIS result. A possible explanation is that
as the reducing temperature decreases, the particle size in the cathode decreases
due to the properties of metal. In order to improve the cathode, CuO infiltration
was implemented and the results showed that CuO infiltration did indeed improve
the cathode by providing more and enhanced electrocatalytic activity, as shown
by the activation energy and the grain boundary, which subsequently improved
the electron transfer inside the electrode.
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