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In-situ synthesis of a high-performance bismuth oxide based 
composite cathode for low temperature solid oxide fuel cells
Wei Fang,*ab Tianrang Yang,a and Kevin Huang*a 

Here, we report the design and fabrication of a cost-effective and 
high-performance composite (Bi0.75Y0.25)0.93Ce0.07O1.5±-
La0.8Sr0.2MnO3 cathode by in-situ synthesis strategy with single-step 
phase formation and microstructure assembly, which shows lower 
cathode polarization resistance and better oxygen reduction 
reaction activity than the conventional LSM-based cathodes for low 
temperature solid oxide fuel cells.

Solid oxide fuel cells (SOFCs) have garnered much attention as 
a promising candidate power generator in the past few decades 
due to their high energy conversion efficiency, unique fuel 
flexibility and low emissions.1 However, the commercial 
deployment of SOFCs has been seriously impeded by their low 
operating reliability (e.g. poor durability and thermal cycling) 
and high system cost.2 One possible route to mitigate these 
problems is lowering the operation temperature of SOFCs, 
which can find applications in both large-scale and distributed 
power markets.3

Generally speaking, achieving high performance of SOFCs 
at low temperatures (LT, below 650 oC) needs to lower the 
resistance of electrolytes (such as reducing the thickness of 
electrolytes or employing the highly conductive electrolytes) 
and enhance the rate of oxygen reduction reaction (ORR) at 
cathodes.4 Owing to a combination of fast oxygen-ion mobility 
and good chemical stability under reducing atmospheres, 
fluorite-type doped CeO2 have been extensively studied as one 
of the state-of-the-art electrolytes.5 On the other hand, most of 
the well-established cathode materials for SOFCs are mixed 
ionic-electronic conducting perovskite oxides, for example, 
Ba0.5Sr0.5Co0.8Fe0.2O3-,6 La1-xSrxCo1-yFeyO3-.7 However, these 
perovskites suffer from the phase-transformation induced 
performance degradation at low temperatures8 and thermal 

incompatibility with most widely used electrolytes (such as Gd-
doped CeO2, GDC or Y-stabilized ZrO2, YSZ) because of their 
greatly different thermal expansion coefficients.9 Additionally, 
their practical applications could be also limited by long-term 
stability due to Sr segregation10 and CO2 poisoning.11 In 
contrast, composite cathodes could alleviate the above 
drawbacks by combining pure oxygen-ionic conducting 
materials with pure electronic conducting materials.12

Conventional perovskite-type Sr-doped LaMnO3 (LSM) 
have been historically used as an electronic conductor in the 
composite cathode (a mixture of electrolyte and LSM) of SOFCs, 
owing to its high structural/chemical stability and suitable 
compatibility with YSZ/GDC electrolyte.13 On the other hand, 
stabilized fluorite-type Bi2O3 exhibits the highest oxygen-ionic 
conductivity under the oxidizing atmospheres among all the 
well-known oxide-ion conductors.14 For example, Er-stabilized 
Bi2O3 (ESB) shows exceptionally high conductivity at 500 oC 
(0.0268 S cm-1), which is much higher than that of YSZ (0.0009 S 
cm-1) and GDC (0.005 S cm-1).3a,14b,15 Unfortunately, the 
conductivity of ESB is not stable, degrading by 25 times after 
annealing at 500 oC for 100 h; the degradation is found to result 
from the order-disorder transition of oxygen vacancies or phase 
transformation.14c To improve the stability of Bi2O3-based 
oxides, aliovalent doping with rare earth cations have been 
systematically investigated by Wachsman et. al.16 By co-doping 
Y and Ce into Bi2O3, a relatively high and stable ionic 
conductivity of 0.008 S cm-1 was achieved at 500 oC for 100 h.14c 
Therefore, combining co-doped Bi2O3 oxygen-ion conductor 
with LSM as a composite cathode for LT-SOFCs is a logical 
choice.

Very recently, the one-pot method has proved to be 
applicable for preparing the composite materials with highly 
elaborate morphologies and unique properties.17 We herein 
report the synthesis of Bi2O3-based and LSM composite with the 
modified one-pot method. The detail compositions of choice for 
the materials are (Bi0.75Y0.25)0.93Ce0.07O1.5±(BYC) and 
La0.8Sr0.2MnO3(LSM), respectively. The study also focuses on 
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Fig. 1 a) Refined XRD pattern and b) STEM micrograph of as-synthesized 
in-situ BYC-LSM powders. HRTEM micrographs of c) LSM phase and d) 
BYC phase.

understanding the phase-assembly behaviours during synthesis 
(e.g. avoiding the formation of undesirable phases).

The overall synthesis route is schematically illustrated in 
Figure S1, where bismuth oxide, metal salts and citrate acid as 
gel precursors were intimately mixed, then followed by a sol-gel 
auto-ignition process. During the in-situ synthesis process, part 
of metal salts like Y and Ce enter Bi2O3 lattice, while the rest 
metal cations including La, Sr and Mn preferably self-assemble 
into a complex oxide with the appropriate stoichiometry. 
Consequently, the fluorite BYC with its adjacent perovskite LSM 
is successfully obtained in one single step.

In order to better understand the chemical nature of BYC-
LSM composites, ambient X-ray diffraction (XRD) was applied to 
characterize the crystalline phases and structural compatibility 
of the BYC-LSM dual-phase powders. Figure 1a and Figure S2 
show that LSM exhibits a rhombohedral perovskite structure 
with space group R-3c (PDF#00-053-0058; for in-situ powder, 
a=0.5514 nm, c=1.3371 nm, close to a=0.5514 nm, c=1.3366 nm 
of pure LSM phase), while BYC crystalizes in a cubic fluorite 
structure with space group Fm-3m (PDF#00-033-0223; for in-
situ powder, a=0.5507, very similar to a=0.5504 nm of pure BYC 
phase), suggesting that high temperature -Bi2O3 phase has 
been stabilized to room temperature by Y- and Ce- co-doping. It 
is also noticed that no impurity phase is detected in the in-situ 
BYC-LSM composite, which suggests a good chemical 
compatibility between the two phases. The in-situ BYC-LSM 
powders were further analyzed by scanning transmission 
electron microscopy (STEM) and high-resolution transmission 
electron microscopy (HRTEM); the results are shown in Figure 
1b, 1c and 1d. The d spacings of (110) and (111) planes are 0.28 
and 0.31 nm respectively, close to that of rhombohedral 
perovskite LSM and cubic fluorite BYC, further confirming the 
existence of LSM and BYC phases as well.

The elemental distributions of the BYC-LSM composite 
powders were also investigated by energy dispersive X-ray 
spectroscopy (EDXS). Figure 2 of scanning electron microscopy 
(SEM)-EDXS and Figure S3 of transmission electron microscopy 
(TEM)-EDXS confirm the presence of Bi, Y, Ce, La, Sr and Mn 
cations in the specimens, which agrees with the starting 
materials. Note that in comparison to the hand-mixed sample, 

Fig. 2 Secondary electron micrographs of as-prepared a) in-situ BYC-LSM 
powders and e) hand-mixed BYC-LSM powders. EDXS elemental 
distributions of b,f) Bi, c,g) La and d,h) Mn. Scale bar: 5 m.

in-situ BYC-LSM powders present a higher degree of 
homogenization of the two phases, which is indicated by the 
elemental distributions (especially for Bi, La and Mn). 
Therefore, it is concluded that in-situ synthesis method has 
produced a high degree of percolation for ionic/electronic 
conduction, resulting in an enhanced density of triple phase 
boundary (TPBs) for SOFC ORR kinetics.18

To gain more insights into the cathode performance, the 
area specific resistance (ASR) measurements of the BYC-LSM 
composite electrodes on GDC/YSZ electrolytes were conducted 
in symmetrical cell configuration afterwards. The ASR of in-situ 
BYC-LSM cathode on GDC electrolyte depicted in Figure 3a is 
19.84, 5.97, 2.13, 0.84, 0.34 and 0.14  cm2 at 500, 550, 600, 
650, 700 and 750 oC, respectively. As expected, the in-situ BYC-
LSM sample shows a lower ASR from 500 to 750 oC than that of 
hand-mixed one on GDC electrolyte. The higher ORR activity of 
the in-situ BYC-LSM electrode is probably derived from the 
continuous conduction paths of two phases, resulting in 
maximal TPBs.18 However, the in-situ BYC-LSM cathode on YSZ 
electrolyte possesses no advantage than hand-mixed sample 
above 700 oC, which may be ascribed to the significant interface 
reaction between the cathode and electrolyte at high 
temperatures (e.g. higher propensity for the formation of low-
conductivity La2Zr2O7 or SrZrO3 phases).19 Specially, for LT-SOFC 
application, the ASR of in-situ BYC-LSM cathode prepared by 
screen-printing in this study is the lowest among other common 
composite cathodes like GDC-LSM on GDC and YSZ-LSM on YSZ.

Fig. 3 a) Comparation of ASR of BYC-LSM with reported LSM-based composite 
cathode. Note that ASR values of YSZ-LSM and GDC-LSM come from ref. 12b. 
b) Evolution of ASR of in-situ BYC-LSM with time at 650 oC over 100 h.
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The long-term ASR stability measurement of the in-situ BYC-
LSM electrode was carried out subsequently. As presented in 
Figure 3b, a relatively stable ASR value around 1.0  cm2 over 
100 h of operation at 650 oC is achieved for the in-situ BYC-LSM 
cathode on GDC electrolyte, demonstrating a good chemical 
compatibility between BYC-LSM and GDC. The time “aging” 
effect on ASR is attributed to the deactivation of oxygen 
dissociative adsorption on the cathode surface.20  

Based on the above findings, anode supported SOFCs, see 
Figure S4, were fabricated to further evaluate the performance 
of BYC-LSM composite cathodes by in-situ synthesis and hand-
mixing methods, together with Ni-GDC and GDC as anode and 
electrolyte respectively. Figure 4a presents the current-voltage 
and current-power plots of the single cell by employing in-situ 
BYC-LSM cathode. The cell open circuit voltage at 500, 550, 600 
and 650 oC is 0.95, 0.94, 0.89 and 0.83 V respectively, very 
similar to the reported values for GDC electrolyte based 
SOFCs.21 The corresponding maximum power density (MPD) is 
54.8, 126.1, 280.4 and 595.6 mW cm-2 at 500, 550, 600 and 650 
oC, respectively. It is worth noting that the MPD by using hand-
mixed cathode is ~50% lower than in-situ cathode on the same 
electrolyte and anode (Figure 4b). The impedance spectra of the 
single cell with in-situ BYC-LSM cathode at 500-650 oC are 
shown in Figure 4c. Both the ohmic resistance and electrode 
(anode+cathode) polarization resistance significantly decrease 
with increasing the temperatures. Moreover, the obviously 
higher electrode polarization resistances are observed for hand-
mixed cathode (Figure 4d). These results further imply a much 
better electrocatalytic activity of in-situ BYC-LSM than hand-
mixed one towards ORR. In addition, since the ohmic resistance 
is usually one order of magnitude lower than the electrode 
polarization resistance, reducing the cathode polarization 
resistance will consider to be the most effective way to enhance 
the performance of LT-SOFCs.

Fig. 4 a) Current-voltage and current-power curves and c) electrochemical 
impedance spectra of anode supported SOFC with in-situ BYC-LSM cathode. 
Comparisons of b) maximum power density and d) electrode resistances of 
SOFCs with different BYC-LSM composite cathodes. Thickness of GDC 
electrolyte: ~40 m.

In summary, a composite cathode for LT-SOFC with high 
activity and good stability was successfully developed by a facile 
in-situ synthesis approach. It is further demonstrated that the 
percolation behaviors, which is omnipresent in composite 
conducting materials, has a significant impact on the 
electrocatalytic activity for oxygen reduction reaction. Thus, it 
is reasonable to expect that the proper in-situ synthesis method 
can produce high-performance composite electrodes with 
exceptional percolation for low temperature applications.
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