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Abstract. Titanate anode materials have emerged as a focal point of research in solid oxide fuel
cells (SOFCs) due to their high adaptability to diverse fuel gases. To further enhance their
performance, we propose an impregnation strategy to create a composite electrode by applying a
gadolinium-doped cerium oxide (GDC, Ceo.9Gdo.102-) solution to a La, Ni co-doped SrTiO3 (LSTN)
anode. This approach aims to improve the effectiveness of the anode material in SOFC applications.
The composite anode, which was treated with of GDC 3 impregnation cycles, achieved a polarization
resistance of 1.21 Q cm? and a maximum power density of 79.52 mW cm 2 after being reduced at
800 °C for 2 hours. It was tested at various temperatures and with different amounts of impregnated

GDC.
Keywords: Impregnation method; Nano-composite electrode; Solid oxide fuel cell.

1 Introduction

Strontium titanate (SrTiOs) exhibits excellent stability in its perovskite structure, along with notable
doping tolerance and resistance to carbon deposition. However, its electrical conductivity and catalytic
activity are lower than those of metallic materials. Current research is focused on enhancing electrical
conductivity by partially substituting the strontium (Sr) element with lanthanum (La), calcium (Ca), and
other elements, as well as by strategically designing A-site defects[1] [2]. Additionally, B-site doping
with transition metals such as iron (Fe), cobalt (Co), and nickel (Ni) facilitates the formation of
homogeneously dispersed metal nanoparticles through the exsolution process, thereby improving
catalytic activity [3].

La-Ni co-doped SrTiO; (LSTN) is a promising candidate for a fuel electrode in solid oxide fuel
cells[4]. Previous studies have demonstrated that LSTN exhibits exceptionally high electronic
conductivity. However, the ionic conductance is often insufficient, which frequently necessitates using
Yttria-Stabilized Zirconia (YSZ) or Gadolinium-Doped Ceria (GDC) as composite anodes. Among these,
YSZ is a widely utilized electrolyte material. To ensure compatibility between the anode and electrolyte,
they must have similar thermal expansion coefficients. The LSTN-YSZ anode is considered one of the
ideal composite anode materials.

Choi et al. [5] achieved improved performance by combining LSTN and GDC composite anodes with
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scandia-stabilized zirconia (ScSZ) electrolytes. However, this typically necessitates the addition of a
GDC overlayer to prevent interfacial reactions between La and Ti in the LSTN anode and Zr and Sc in
the ScSZ electrolyte. Horita et al. [6] demonstrated high thermal cycling stability by using GDC
impregnated in La-doped SrTiOs nanofibres substrates. This solution impregnation of GDC can produce
anodes with a microchannel structure characterized by high strength, excellent orientation, significant
porosity, and a large specific surface area. These features provide abundant active sites and highly
efficient gas transport channels for electrochemical reactions[7, 8].

Herein, the LSTN-YSZ composite anode, composed of (Lao.4Sro.6)0.s7Ti0.0sNi0.0sO3 and YSZ in a mass
ratio of 1:1, was evaluated as a structural backbone. Subsequently, a GDC precursor solution was
impregnated onto this composite anode. To determine the optimal amount of impregnation, we conducted
multiple trials and analyzed the relationship between various test temperatures, reduction times, and
impregnation amounts. This investigation focused on the composite anode's phase structure, reduction

stability, and electrochemical properties.

2 Experimental

The LSTN-YSZ||YSZ||LSM-YSZ cells were prepared following the methodologies outlined in
previous studies [7-9]. This preparation involved dissolving analytically pure Gd(NO3)3-6H20 (99%,
Sinopharm) and Ce(NO3)3-6H20 (99%, Sinopharm) in deionized water according to a predetermined
stoichiometric ratio. An appropriate amount of lemon hexahydrate was then added to create the GDC
precursor solution. The preparation of LSTN-YSZ (GDC), YSZ, and LSM-YSZ cells with varying GDC
contents was conducted using the impregnation method. For comparison, LSTN-YSZ anodes without
any treatment (GDC 0) were prepared using the same process. The anodes were one impregnation cycle
for GDC 1) and three impregnation cycles for GDC 3 to obtain composite anodes with different levels

of GDC impregnation.

Tablel. Objects of electrochemical performance analysis.

GDCO GDC1 GDC3

unimpregnated GDC One impregnation cycle three impregnation cycles

X-ray diffraction (XRD) patterns (D2 PHASER, Bruker) of the powders were utilized to analyze the
physical phase structure of the prepared LSTN, YSZ, and GDC, and qualitatively assess the phase purity
of these samples. The surface morphology of the SOFC single cell, LSTN-YSZ sintered body samples,
and impregnated LSTN-YSZ composite anode powder samples was examined in detail using a
TESCAN-3 scanning electron microscope.

An electrochemical workstation (Solartron 1260A+1287, United Kingdom) was utilized to record the
impedance spectra of individual cells with an AC amplitude of 10 mA, spanning a frequency range from
1 MHz to 0.1 Hz.

3 Results and discussion

The basic flow of GDC impregnation is illustrated in Fig. 1a. XRD analysis of pristine LSTN, YSZ,
and GDC powders (Figs. 1b, 1c, and 1d) revealed that, under the specified preparation conditions, the
LSTN powders exhibited a standard cubic perovskite structure. The XRD patterns for LSTN (Fig. 1b,
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PDF#04-005-7016), YSZ (Fig. lc, PDF#96-152-8645), and GDC (Fig. 1d, PDF#97-018-4585)
demonstrated that these materials were well-crystallized, with no significant impurity peaks detected.
Following impregnation with GDC, the XRD pattern indicates that the LSTN and YSZ matrix remains
the primary phase, while significant diffraction peaks corresponding to GDC are also present. This
analysis confirms that Gd** cations can be homogeneously incorporated into the fluorite lattice of cerium,
appearing as GDC at the interface of the composite anode with the LSTN-YSZ matrix[9].
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Fig. 1 a) Schematic diagram of the GDC impregnation process. XRD patterns of b) LSTN powders, ¢) YSZ powders,
d) GDC powders, ¢) LSTN-YSZ (GDC 3) anode.

GDC was impregnated into the LSTN-YSZ composite anode at 800 °C under humidified hydrogen for
electrochemical impedance spectroscopy (EIS) (Fig. 2a) and current-voltage profile testing (I-V-P) (Fig.
2b) to evaluate the electrochemical performance of the cell samples. The ohmic and polarization
resistances at the open-circuit voltage (OCV) for the samples without impregnation were 2.84 and 2.57
Q cm?, respectively. In contrast, the polarization resistance of the samples underwent a single
impregnation treatment was 1.40 Q cm?. Furthermore, for the samples with three impregnation cycles,
the polarization resistance decreased to a minimum value of 1.26 Q cm?. Three types of resistances were
identified within the polarization resistance: high-frequency resistor (R1), medium-frequency resistor
(R2), and low-frequency resistor (R3)[10, 11]. According to the analysis of EIS plot, the majority of the
reduced resistance is observed in the Rs stage. For the GDC-rich composite anode material, the R3 value
is even smaller, indicating improved adsorption and conversion processes for oxygen ions in the
composites after GDC impregnation. This demonstrates that GDC impregnation enhances the transfer of
oxygen ions to the composite anode. Additionally, the ohmic resistances were measured as follows: 2.84
Q cm? for GDC 0, 2.74 Q cm? for GDC 1, and 2.58 Q cm? for GDC 3, showing a gradual decrease with
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an increasing number of impregnation cycles. Ohmic resistance primarily arises from the combination
of electrolyte, electrode, and electrode-electrolyte contact resistance. Since the same electrolyte was used
for all samples in this study, it indicates that GDC impregnation contributes to reducing the ohmic
resistance of the composite electrode itself, with resistance decreasing progressively as the number of
GDC impregnation cycles increases. The values for the EIS at different test temperatures are presented
in Fig. 2c. The data indicate that both polarization resistance and ohmic resistance tend to decrease
with an increasing number of impregnation cycles across test temperatures ranging from 700 to 800 °C.
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Fig. 2. Performance for SOFC with different impregnation cycles. a) EIS curves of cells with different GDC
impregnation cycles; b) EIS of the GDC3 cell tested at different test temperatures. ¢) Comparison of polarization
resistance and ohmic resistance of samples with different impregnation cycles; d) [-V-P curves of cells with different
GDC impregnation cycles; ¢) I-V-P curves of the GDC3 cell at different test temperatures; f) Comparison of the
maximum power density with different impregnation cycles; g) EIS curves of cells with different reduction time. h)
Plot of polarization and ohmic resistance with different reduction time and impregnation cycles. i) I-V-P curves of
cells with different reduction time.

Figure 2d illustrates the results of SOFC tests conducted with varying numbers of impregnation cycles.
The OCV consistently ranges from -1.06 V to -1.07 V, aligning with the theoretical open-circuit voltage
range and indicating that there was no gas leakage during the tests. The observed linear relationship
between voltage and current density, as current density increases, suggests that there are no significant
barriers to the process of activation polarization, concentration polarization, and ohmic polarization.
However, there are notable differences in maximum power density among the samples, with values
recorded at 60.43 mW cm 2 for GDC 0, 73.01 mW cm 2 for GDC 1, and 77.62 mW cm2 for GDC 3 for
the three samples. The differences in power density between the unimpregnated samples and those

impregnated once and three impregnation cycles were 13 mW cm™ and 17 mW cm™, respectively.
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Furthermore, the performance of the GDC 3 at different temperatures is presented in Fig. 2e. The
maximum power densities recorded were 77.62 mW cm™2 at 800 °C, 52.40 mW cm™ at 750 °C, and
31.94 mW cm™ at 700 °C. This indicates that the cells with surface-impregnated GDC maintained
stability across various test temperatures and exhibited superior performance. Fig. 2f displays the
maximum power density for different numbers of impregnation cycles at varying temperatures,
demonstrating that GDC 3 consistently outperforms the others across the temperature ranges tested.

Reduction at 800 °C for varying durations is a crucial method for characterizing the stability of GDC
materials. Figures 2g, 2h, and 2i illustrate the electrochemical properties at 800 °C under humidified
hydrogen (Hz) for different time intervals. The results indicate a slight improvement in electrochemical
performance after 1 hour, while the EIS and I-V-P curves for the 2-hour and 1-hour test are nearly
coincident. This observation may be attributed to a modest enhancement in the catalytic performance of
the cell, possibly due to the in-situ exsolution of nickel when maintained at 800 °C for 1 hour. This
demonstrates that composite anodes containing both impregnated and unimpregnated GDC can still
exhibit a linear relationship between voltage and current as the current density increases, with the

polarization resistance remaining nearly constant.

Fig. 3. Morphological analysis. (a) for unimpregnated anodes, and (b) for anodes impregnated with 3 impregnation
cycles. (c) and (d) are anodes impregnated with 3 impregnation cycles at different magnifications.

Figure 3 shows the scanning electron microscope images of the anode of the unimpregnated GDC (Fig.
3(a)) and the anode of the sample impregnated with 3 impregnation cycles of GDC (Fig. 3(b)), as well as
the anode of the sample, at low and high magnifications. Nanoparticles GDC were formed on the LSTN
composite anode using impregnation treatment, as shown in the circled image in Fig. 3(b). According to
Fig. 3c and d, the YSZ (orange circles) and LSTN (red circles) layers are homogeneous and well-sintered,
and a large number of large pores, which facilitate gas transport, are also visible in the LSTN-YSZ

skeleton layer.
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4 Conclusion

We employed the impregnation method to construct LSTN-YSZ(GDC) composite anodes innovatively
and investigated the phase structure changes of the materials before and after impregnation. A SOFC
with the configuration LSTN-YSZ (GDC) || YSZ || LSM-YSZ was developed. Electrochemical
performance characterization revealed that at 800 °C and OCV, the polarization resistance of the cells
after three impregnation cycles was 1.26 Q cm?, representing a 50.9% reduction in polarization resistance
compared to the untreated cells. Similarly, the ohmic resistance was reduced to varying degrees, and the
maximum power density increased by 28.4%. Performance tests conducted at various temperatures and
reduction time demonstrated that both polarization and ohmic resistance exhibited a trend of decreasing
resistance, leading to improved cell performance with an increasing number of impregnations. The
morphology of the nano-GDC anchored on the LSTN-YSZ skeleton was observed, suggesting that
LSTN-YSZ (GDC) has potential as a composite anode for SOFC applications.
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