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Abstract: The performance of a solid oxide fuel cell (SOFC) is strongly associated with the activity and durability of the
cathode, where the oxygen reduction reaction occurs. In this study, we report our findings in the development of an Nb-
doped PrBaygCaj,C0,04-5 (PrBaggCag,Co,,Nb,Og_5, x = 0, 0.025, 0.05, and 0.1, denoted as PBCCN,) perovskite
composite as the SOFC cathode. Analyses of X-ray diffraction (XRD) patterns and energy-dispersive transmission electron
microscopy (TEM-EDS) images suggest that after being treated at 950 °C in air, PBCCN, 45 mainly contains phases of Ca-
and Nb-doped PrBaCo,0¢-; double perovskite, PrCoO; perovskite with Ca and Nb doping, and Ba;Ca, 1gsNb; gOg_5. When
evaluated as an SOFC cathode, the PBCCN, o5 mixture has shown a low polarization resistance of 0.0074 Q-cm? at 800 °C
in LaggSry,GaygMgy .05 electrolyte symmetrical cells. Accordingly, anode-supported single cells with a configuration of
Ni—Zrpg4Y01602-5 (YSZ)'YSZ/Gd, Ce(40,-s/PBCCN, s display high electrochemical performance, with a peak power
density of 1.81 W-cm™ and a reasonable durability of 100 h at 800 °C. PBCCN, s possesses a higher concentration of
oxygen vacancies, a faster oxygen surface adsorption—dissociation rate, and an increased mass ratio of PrCoO; perovskite

with Ca and Nb doping compared to PrBa, gCay ,C0,0¢-5 Without Nb doping.
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1 Introduction

Currently, increasing extreme climate phenomena, greenhouse
gas emissions, and environmental pollution have become urgent
problems [1-7] that compel society to reduce its dependence on
fossil fuels for further development [8,9], and much attention has
been focused on reversible energy and pollution-free power
generation [10-15]. Solid oxide fuel cells (SOFCs), as possible
candidates in this situation, can both operate reversibly and
directly transfer chemical energy into electricity through the
electro-oxidation of fuel without the intermediate step of
combustion. Thus, SOFCs can eliminate the limit from Carnot
cycle efficiency, and have received a significant amount of
attention as a plausible solution for the extensive application of
stationary power generation [16,17].

The oxygen reduction reaction (ORR) occurring at the cathode
is an essential step for SOFCs; thus, numerous studies have
focused on finding suitable materials with high electrochemical
performance. As a pivotal type of material in SOFCs, perovskite-
type oxides have shown tremendous prospects in the
electrocatalysis of ORR at the cathode of SOFCs [18-22].
Perovskite materials such as simple perovskite (for example,
Lay¢S14Cog FegsOss  [23-25], BaysSrysCoysbey,0;55 [26-28],
etc.) and double perovskite (for instance, PrBaCo,Os,s [29]) have
been investigated. However, increasing the performance, especially
the peak power density and durability of SOFCs, is still needed to
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develop better cathode materials with excellent ORR activity and
good stability for practical applications. PrBaCo,Os,s-type double
perovskites are reported to have many oxygen vacancies, forming
a facile pathway for the rapid diffusion of oxygen ions [30].
Therefore, it has demonstrated superior electrochemical
performance and has become an ideal baseline material for
researchers seeking more advanced cathode materials in recent
years [31-35].

To achieve this goal, doping at the A or B site of PrBaCo,0s, 4 is
an effective way to enhance the electrochemical properties of the
cathode of an SOFC. For example, a Ca-doped double perovskite
PrBa,¢Ca;,C0,0s,5 (PBCC) cathode showed an excellent peak
power density of 0.949 W-cm™ at 700 °C and stable operation of
an SOFC with a PBCC cathode under 1% CO, conditions [36].
Lim et al [37] reported Fe-doped PrBayCa,,Co,sFej50s,s
(PBCCFO05) cathode materials with a low polarization resistance
(R,) of 0.080 Q-cm’ and an incredible peak power density of
1.89 W-cm™ at 600 °C, suggesting that Fe doping is a useful
strategy for facilitating ORR activity. Furthermore, partial
substitution of Co by Fe can reduce the thermal expansion
coefficient of PBCCF05 and result in better long-term stability
under fuel cell operating conditions. Moreover, surface decoration
is also an effective method because of its relatively simple process
and low cost. Zhang et al. [38] reported the successful synthesis of
a Gd,,Ce,0,_s-decorated PrBaCo,Os,; composite (PBC-10 wt%
GDC) via a one-pot method, which resulted in 78% lower
polarization resistance (0.394 Q-cm?) than that of a bare PBC
cathode in symmetrical cells. Zhou et al. [39] reported the
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formation of a BCO-decorated PBCC air electrode (PBCC-BCO)
when a pure PBCC reacts with water under typical protonic
ceramic electrolysis cell conditions (high steam concentration); the
cells achieved a peak power density of 1.06 W-cm?, indicating that
surface decoration could be a successful method for increasing the
electrochemical performance.

Here, we report our findings concerning the development of
SOFC cathodes by doping Nb at the B site of the
PrBa,¢Ca;,C0,04 5 (PBCC) perovskite, which has a designed
formula of PrBa;gCa;,Co;45NbysO6_s (PBCCNyos). However,
after calcination at 950 °C in air, PBCCN|(s mainly self-assembled
and decomposed into phases, which were possibly Ca- and Nb-
doped PrBaCo,0q4_; double perovskite, the PrCoO; perovskite
with Ca and Nb doping and the Ba;Ca, ;4Nb, 5,0,_s phase. The
oxygen surface adsorption-dissociation step of ORR is accelerated
on the PBCCN(; surface, which results in improved ORR
activity. The PBCCNgo; cathode has displayed a low R, of
0.0074 Q-cm’ in a symmetrical cell, a high peak power density of
1.81 W-cm™ and reasonable durability of 100 h in a single cell
at 800 °C.

2 Experimental

2.1 Powder synthesis

The Nb-doped PBCC powders (PrBa,sCa,,Co, Nb,O¢_s5 x = 0,
0.025, 0.05, and 0.1, denoted PBCCN,) were synthesized via the
solution combustion method. First, the raw materials
Pr(NO,);6H,0, Ba(NO,),, Ca(NOs),, Co(NO,),6H,0, and
C,H,NNbO, were dissolved in deionized water at a stoichiometric
ratioof 1:0.8:0.2: (2—x) : x (x =0, 0.25, 0.5, and 0.1). After that,
complexing agents of citric acid and glycine were added to the
solution at the same molar ratio of 1 : 0.75 for total metal ions :
complexing agents. The solution was continuously stirred and
heated at 90 °C until gelation. The gel was subsequently heated to
250 °C in an oven and turned into ash after total combustion, after
which it was then heated at 950 °C for 2 h in air. For convenience,
the sample without Nb doping is denoted as PBCC.

The LaygSry,GaggMg,,0; (LSGM) powder was fabricated via a
solid-state reaction process. La,O; and MgO were calcined at
1000 °C for 2 h to eliminate moisture and organic species before
weighing. Then, La,0;, SrCO;, Ga,0;, and MgO were mixed in
absolute ethanol at stoichiometric amounts and ball-milled for
24 h via zirconia balls of 6 mm in diameter in a planetary ball mill.
After being thoroughly dried, the mixture was calcined at 1250 °C
for 5 h. NiO, Zrys,Y,1¢0,-5 (YSZ), and Gd,y;Cey0,s (GDC)
powders were purchased from H2-BANK.

2.2 Cell fabrication

The PBCCN, ink (x = 0, 0.025, 0.05, and 0.1) for screen printing
was made by mixing the M-PBCCN,, powder, ethyl cellulose, and
terpinol in an agate mortar at a weight ratio of 1 : 0.04 : 0.76 and
grinding for 1 h in an agate mortar. The LSGM electrolyte for
symmetrical cells was made by pressing the LSGM powder into
compacted pellets with a diameter of approximately 10 mm. The
pellets were then calcined at 1450 °C for 5 h to obtain a sufficiently
high density. After that, the PBCCN, ink was screen-printed on
both sides of the LSGM electrolyte pellets and calcined at 950 °C
for 2 h to form PBCCN,/LSGM/PBCCN, symmetrical cells. The
active area of the PBCCN, cathode is approximately 0.2826 cm’.
Ni-Zry8,Y(160,-s (Ni-YSZ) anode-supported half-cells were
fabricated via tape casting and co-sintering. Co-tape casting and
co-sintering methods were employed to fabricate anode-
supported single cells. The electrolyte slurry was obtained by ball-
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milling 6 g of YSZ powder in an organic solution (5.74 g) for 48 h.
The organic solution consisted of absolute ethanol and butyl
acetate as the solvent, fish oil as the dispersant, PAG as the
lubricant, benzyl butyl phthalate as the plasticizer, and polyvinyl
butyral as the binder. The anode functional layer slurry was a
mixture of 3.6 g NiO, 2.4 g YSZ, 0.6 g graphite (used as a pore-
making agent), and 6.69 g organic solution after being ball-milled
for 48 h. The anode-supported layer slurry was prepared by
mixing 30 g NiO, 20 g YSZ, 12 g graphite (used as a pore-making
agent), 8 g starch (used as a pore-making agent), and 322 g
organic solution, followed by ball-milling for 48 h. Then, slurries
of the electrolyte, anode functional layer, and anode were cast
layer by layer on a polymer film. After 15 h of drying in air, the
tape was punched into pellets and then preheated at 600 °C for 2 h
to eliminate organic additives. A slow heating of 1 °C:min™ was
applied to avert any cracks in the pellets. These three-layered
stacking pellets were finally co-sintered at 1400 °C for 5 h to form
anode-supported half cells, which are approximately 12 mm in
diameter and 0.6 mm in thickness. After that, a GDC suspension
composed of GDC powder, ethyl cellulose, terpinol, and acetone
with a mass ratio of 1 : 0.15 : 1.85 : 10 was drop-coated on the
surface of the YSZ electrolyte and then sintered at 1300 °C for 2 h
to form a GDC buffer layer. PBCCN, cathodes on single cells were
made via the same method as those on LSGM symmetrical cells.

2.3 Characterizations and cell testing

The crystal structure of the PBCCN, powders was determined via
an X-ray diffractometer (XRD; D8 Advance, Bruker, Germany),
with Cu used as the target material. The tube current was 40 mA,
the generator voltage was 40 kV, and the scanning rate was
3 (°)min™. The XRD Rietveld refinement of PBCC and PBCCN5
was carried out via the Rietveld refinement method via the GSAS
(general structure analysis system) software. The XRD data of
PrBaCo,0s¢s (JCPDF#53-0131) and PrCoO; (JCPDF#25-1069)
were selected as basic structural models. The simulated
polycrystalline diffraction spectrum was calculated by a specific
Kurtosis function. The crystal structure parameters and Kurtosis
parameters were adjusted via the least squares method to fit the
real XRD spectrum and obtain the ratios of PrBaCo,O;¢ and
PrCoO; in the samples. The microstructure of the cells was viewed
by a scanning electron microscope (SEM; SU8010, Hitachi,
Japan). The nanostructure and element distribution of the sample
were detected by an energy-dispersive transmission electron
microscope (TEM-EDS; Tecnai G2 F20, FEI, USA). The binding
properties of the elements in the structure of the sample were
analyzed via an X-ray photoelectron spectroscope (XPS; K-Alpha,
Thermo Scientific). The deconvolution of the peak used to define
each oxygen binding type was carried out via the Avantage
software. Thermogravimetric (TG) measurements were
performed with a TG analyzer (STA449 F3, NETZSCH,
Germany) in ambient air from room temperature to 800 °C at a
heating rate of 10 °C-min™. A homemade device was utilized for
testing both the symmetrical cells and the single cells, as reported
previously [36].

The symmetrical cells were tested at 800, 750, 700, and 650 °C
in ambient air, and the cooling rate of the temperature was
2 °Cmin™. For testing at different oxygen partial pressures (po, ),
the cells were tested at 750 °C. The total flow rate was maintained
at 100 mL min™. po, was changed by regulating the flow rate of
pure O, and N,. The single cells were tested under the conditions
of humidified hydrogen with 3% steam as fuel at a flow rate of
100 mL'min™ and ambient air as the oxidant. Sliver wires were
attached to the anode and cathode via silver paste as a current
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collector during the experiment. The electrochemical impedance
spectra (EIS; frequency range from 10° to 0.1 Hz) and current
density-voltage-power density (I-V-P) curves were obtained via
an electrochemical workstation (MC200, PARSTAT, USA).

3 Results and discussion

3.1 Structure characterizations

Figure 1(a) shows the XRD curves of the PBCCN, (x = 0, 0.025,
0.05, and 0.1) powders fired at 950 °C for 2 h in air. A comparison
of the XRD curve of PBCC with that of standard diffraction cards
revealed that PBCC (x = 0) we prepared in this study was not a
single-phase material. Two mixed phases are easily recognized: the
main phase of the PrBaCo,0Os,; double-layer perovskite and the
PrCoO; perovskite phase identified by the peaks at approximately
33.3% 41° and 59°. The weak peak at approximately 31°-31.5°
could be attributed to the BaCoO; perovskite phase according to a
previous study [40]. When x increases to 0.025, no obvious change
can be observed in the XRD curve. However, when x increases to
0.05, a small and isolated peak appears beside the BaCoO,
perovskite peak, which is possibly Ba;Ca;;sNb, 4,094 as
elaborated in the following transmission electron microscopy
(TEM) and EDS elemental mapping analysis (Fig. 2). When x
reaches 0.1, the characteristic double perovskite peaks become
indistinct, indicating that the phase of the PrBaCo,O;,s double
perovskite is affected by excessive Nb doping and the loss of its
layered structure. To maintain the double-layered perovskite
phase, the doping amount of Nb is suggested to be 0.05 or less.

To determine how Nb doping affects the phases of PBCCN s,
XRD Rietveld refinement is used to conduct further research on
the phase contents of PBCC and PBCCN,y; as displayed in
Figs. 1(b) and 1(c). As the isolated peaks at 31°-31.5° are too
weak, the BaCoQO; perovskite phase and the unidentified phase are
treated as ignorable impurities. The refinement analysis of PBCC
reveals that PrBaCo,Os,s double perovskite phase accounts for
90.5 wt% of PBCC, and the PrCoO; perovskite phase accounts for
9.5 wt%. Considering the large difference in the mass ratio
between these two phases in PBCC, a reasonable hypothesis can
be proposed: self-assembly occurs on the PBCC ash during
calcination at 950 °C, forming a PrCoQO;-decorated PrBaCo,Os, 4
phase material with few BaCoO, impurity phases. After Nb
doping (x = 0.05), the weight ratio of the PrBaCo,0s,; double
perovskite phase decreases to 87.5 wt%, whereas the weight ratio
of the PrCoO; perovskite phase increases to 12.5 wt% in
PBCCNs. According to this result, Nb doping in PBCCN; can
induce an increase in the PrCoO;-related perovskite phase, which
may be helpful for better electrochemical performance. The SEM
micrographs of the PBCC and PBCCN; cathodes in Fig. 1(d)
show their three-dimensional porous structure; many small
particles can be seen sprinkled on the surface of the skeleton. Nb
doping had very little effect on the morphology of the PBCCN5
cathodes since the SEM images of these two cathodes were highly
similar.

Figure 2 shows the TEM images and EDS elemental mapping
of PBCCNjs. These mappings in Fig. 2(a) indicate that most of
the particles contain Pr, Ba, Ca, Co, and Nb, which is possibly the
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Fig. 1 Phase structure and morphology of PBCCN, (x =0, 0.025, 0.05, and 0.1) powder. (a) XRD patterns of PBCCN, composite; refined XRD profiles of (b) PBCC (x = 0)

and (c) PBCCN, (x = 0.05) powders; (d) SEM micrographs of PBCC and PBCCNys.
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main phase of the Ca and Nb-doped PrBaCo,Os,; double
perovskite corresponding to the XRD pattern. One obvious hole
can be recognized as Ba deficiency in the Ba mapping image. At
the same time, an obvious enrichment of Ca can also be observed
at the same location in the particle in the Ca mapping image.
Owing to the XRD refinement result of the PBCCN|y5 structure,
the phase in this region is likely to be a PrCoO, perovskite with Ca
and Nb doping. Certain Nb ions are scattered on both the
PrBaCo,0s,; main phase and the PrCoOj; perovskite phase, which
is the proof of successful Nb doping in these two phases.
Moreover, the small fragment on the upper right of the mapping
images displays visible aggregation of Nb and Ba, with the absence
of Pr and Co. Therefore, the phase of this small fragment could be
classified as another isolated phase with Ba, Nb, and Ca in
PBCCN)5, which should be correlated with the small and isolated
peak that appears beside the BaCoO; perovskite peak in the XRD
pattern of PBCCN;. According to the element distribution of
EDS mapping, high-resolution transmission electron microscopy
(HRTEM) was used to measure the lattice fringe of each phase at
the corresponding location marked in Fig. 2(b). The data of the
crystal plane spacing were calculated from the average plane
spacing of the 8-10 crystal planes on the corresponding phase.
Three phases are found and identified in Figs. 2(c), 2(d), and 2(e).
The phase in Fig. 2(d) with an interplanar spacing of 0.278 nm is
similar to the (110) plane of PrBaCo,Os¢ (0.277 nm), and the
phase in Fig. 2(e) with an interplanar spacing of 0.266 nm is close
to the (220) plane of PrCoO; (0.268 nm). These results support
the conclusion that the most likely phases in Figs. 2(d) and 2(e)
should be the Ca- and Nb-doped PrBaCo,O;_s double perovskite
phase and the PrCoO; perovskite phase with Ca and Nb doping.
The phase of the small fragment in Fig. 2(c) has an interplanar
spacing of 0.295 nm. Considering the elemental composition of
Ba, Nb, and Ca and the 0.295 nm interplanar spacing, we have
made efforts to recognize the possible phase in Fig. 2(c) by
comparing the interplanar spacing in the XRD standard card of
candidate phases with 0.295 nm. Finally, the Ba;Ca, ;sNb, 4,09 5
phase with an interplanar spacing of the (220) plane of 0.297 nm,
nearly the same as 0.295 nm, is the most likely phase in Fig. 2(c).
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I

200 nm
I

200 nm 200 nm
EE——— I

200 nm 200 nm
I I

The main peak of the Ba;Ca, ;sNb, 4,0, 5 phase at approximately
30° is nearly the same as the isolated peak appearing beside the
BaCoO; perovskite peak in PBCCNj5, which is likely evidence to
support this possibility, and this isolated peak may come from the
Ba;Ca, 15ND, 4,045 phase. On the basis of these phenomena and
the variation in the BaCoO; peak observed via X-ray diffraction
(XRD) after Nb doping, one possible explanation is that when Nb
is present, Ba has a stronger tendency to form a
Ba;Ca, 1sNDb, 4,095 phase rather than a BaCoO; phase, but the
amount of doped Nb is too small for the final formation of a
mixture of the BasCa,;gNb, O, s phase and a slight BaCoO,
phase in PBCCN 5.

The § values of PBCCN, (s (PrBa;gCay,Co,45Nby0:045) and
PBCC (PrBaysCay,C0,04_5) can be calculated according to the
results of iodometric titration. Unexpectedly, § of PBCCN,; is
0.394, which is almost the same as that of PBCC (& = 0.4). This
phenomenon indicated that the Nb doping in PBCCN| 5 had little
effect on its oxygen vacancies at room temperature. The oxygen
contents of the PBCCN,,; and PBCC samples at working
temperatures (700-800 °C) were further characterized via
thermogravimetric (TG) analysis. Figure 3 shows the TG analysis
curves of the PBCCN,; and PBCC samples in air from room
temperature to 800 °C. An obvious weight loss occurred in both
samples when the temperature reached approximately 300 °C,
which can be attributed to the desorption of water and gases [41].
The weight loss from 300 to 800 °C should be related to the loss of
lattice oxygen caused by the thermal reduction of variable-valent
cations [42,43]. A greater weight loss is observed in PBCCNs, as
shown in Fig. 3, from approximately 300 to 800 °C, and its
corresponding § value of PBCCNj; is 1.57 at 800 °C, whereas the
& value of PBCC is only 0.87 under the same conditions. The
greater weight loss and higher § of PBCCN; imply a higher
concentration of oxygen vacancies, which is considered important
for ORR to have more active sites at the working temperatures of
SOFC. Therefore, it can be concluded that the concentration of
oxygen vacancies in PBCCN,; significantly increased after Nb
doping at the working temperature of SOFC.

The apparent weight loss of 10% in the TG curve of PBCCN,;

1T"nm*

Fig.2 TEM analyses of PBCCN|,(; powder. (a) EDS elemental mapping of PBCCN s powder; (b) TEM images of PBCCNs; (c—¢) HRTEM images of lattice fringes in

three marked areas.
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Fig.3 TG analysis curves of PBCCN,y; and PBCC samples from room
temperature to 800 °C at heating rate of 10 °C-min™ in air.

at approximately 300 °C is also worth noticing because PBCCN|) s
was calcined twice at 950 °C for 2 h during sample preparation,
and there should be very little residual water in the PBCCN)s
sample before TG analysis. Therefore, most of the weight lost at
approximately 300 °C in PBCCNy; should theoretically be
absorbed, and this inference is further discussed in the next XPS
analysis (Fig. 4).

XPS analyses were used to understand the effect of Nb doping
on the binding energy of the oxygen atoms in the PBCC and
PBCCN5- The measured XPS spectra are shown in Figs. 4(a) and
4(b). The ratio of the binding energy amount of the oxygen
vacancy is calculated by deconvoluting the energy peak of the
oxygen binding (O 1s) to obtain the oxygen vacancy ratio in
PBCC and PBCCN,;. The deconvolution results in Fig. 4(a)
show four kinds of oxygen species in both the PBCC and
PBCCN,5 samples. The binding energy at approximately ~530 eV
corresponds to the O,”/O ions adsorbed by oxygen vacancies in
the lattice at room temperature, which is likely related to the
absorbed oxygen on the surface [44]. The O,*/O" ion peak (the
purple peak) could be dependent on the concentration of oxygen
vacancies. The O,”/O™ ion peak of PBCCN; is greater than that

D. Zeng, F. Zhu, K. Xu, et al.

of PBCC, which could be direct evidence of more oxygen being
absorbed by PBCCNs. The accurate ratio of each type of oxygen
species is shown in Table 1. The ratio of O,”/O" increases from
21.84% in PBCC to 29.67% in PBCCN,s, indicating that more
adsorbed gases are present in PBCCN; at approximately 300 °C.
However, iodometric titration has shown that Nb doping in
PBCCNy; has little effect on its oxygen vacancies at room
temperature. The absorbed oxygen in PBCCNj(; should not be
attributed to its oxygen vacancies. The higher weight ratio of the
PrCoOQ; perovskite phase in PBCCN; may play an important
role because of its ability to improve oxygen adsorption/
desorption, dissociation, and surface transport [45,46].

3.2 Symmetrical cell performance

To determine a suitable doping amount of Nb, four PBCCN,
symmetrical cells with Nb doping amounts of x = 0, 0.025, 0.05,
and 0.1 were fabricated. As shown in Figs. 5(a)-5(e), the EIS
results of these four cathodes in ambient air at different
temperatures indicate that PBCCN,o; has the lowest polarization
resistance (R,) among the samples. The R, values of PBCCNys
were 0.0074, 0.012, 0.022, and 0.054 Q-cm’ at 800, 750, 700, and
650 °C, respectively, which are better than those of PBCC (0.012,
0.020, 0.039, and 0.087 Q-cm? at 800, 750, 700, and 650 °C,
respectively. A 100-h stability test of the PBCCN,; and PBCC
cathodes at 700 °C in air under open-circuit voltage conditions is
shown in Fig. 5(f). As shown in Fig. 5(f), both the PBCCN,; and
PBCC cathodes may have undergone an activation process during
the stability test. The activation process lasted for 22 h in the
PBCCN; cathode, and a longer activation process was observed
for 48 h in the PBCC cathode. Rapid degradation can be observed
in the PBCC cathode after the activation process, with a
degradation rate of 4.81x10° Q-cm*h™. In comparison, the
degradation of the PBCCN; cathode is slower, with a lower
degradation rate of 3.41x10”° Q:cm*h™, indicating that PBCCN5
manifests better stability than PBCC after Nb doping. These
results suggest that the doping of Nb can provide better stability
and reduce R, of the cathodes. As shown in Fig. 5(g), the thickness
of the LSGM electrolyte for symmetrical cells is ~218 pm, and the
PBCCN, electrodes on both sides of the symmetrical cell have
similar thicknesses (8.43 and 11.9 pum). Further electrochemical
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Fig.4 XPS spectra of (a) PBCC and (b) PBCCN,s for O 1s binding energy spectra and results of deconvolution of peak to define each oxygen binding type.

Table1 Atomic percentages of four types of oxygen species in PBCC and PBCCNj; cathode materials

(Unit: at%)

Ohatice 0,/0" OH/CO; Oy X
PBCC 19.96 21.84 46.17 12.03 12
PBCCNyys 21.47 29.67 38.85 10.02 1.6
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symmetrical cell with LSGM electrolyte.

testing, especially single-cell testing, is focused on the PBCCNj;
cathode since PBCCN; has the lowest R,,.

3.3 Symmetrical cells under oxygen partial pressure

The oxygen reduction reaction (ORR) is a complex process that
includes multiple elementary reactions, including gas diffusion
and molecular oxygen adsorption on the electrode surface, oxygen

https://doi.org/10.26599/JAC.2024.9220959

surface adsorption-dissociation, charge transfer, and oxygen ion
migration from the electrode into the electrolyte [43]. By utilizing
distribution of relaxation time (DRT) analysis, the total
polarization resistance (R,) of electrodes can be resolved into
several R, values for each elementary reaction. The relationship
between these R, values of the elementary reactions and the
oxygen partial pressure (po, ) can be expressed by Eq. (1) [47]:
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Rip x (po,)" (1)
Thus, the original elementary reaction of each Ry, as the rate-
limiting step of ORR, can be identified by calculating its # value.
All the elementary reactions and their corresponding # values have
been studied [48] and are applied for the next discussion (Fig. 6).
To investigate how Nb doping in PBCCN, affects the ORR on
the cathode, symmetrical cells of the PBCC and PBCCNj;
cathodes were tested under a N,/O, atmosphere with a changing
ratio of O, at 750 °C. The EIS data in Figs. 6(a) and 6(b) were
further analyzed via DRT tools, as shown in Figs. 6(c) and 6(d).
Two peaks can be found in both Figs. 6(c) and 6(d): one in the
low-frequency (LF) area and one in the intermediate-frequency
(IF) area. Notably, their peaks at low frequencies are similar,
whereas the peak at intermediate frequencies decreases after Nb
doping in PBCCN,;, implying a strong relationship between Nb
doping and the IF peak. The n value of R calculated from
Fig. 6(f) is 1.09 (close to 1), and the n value of Ry is 0.44 (close to
0.5) in the PBCC cathode, demonstrating that the original process
of Ry should be gas diffusion and molecular oxygen adsorption

D. Zeng, F. Zhu, K. Xu, et al.

on the electrode surface [48,49], and the original process of Ry
should be oxygen surface adsorption-dissociation. Moreover, the
n values of Riy and Ry calculated from Fig. 6(e) do not change
much after Nb doping in PBCCN; (the # value of Ry (1;) is 1.24
=~ 1, and the n value of Ry (1)) is 0.404 = 0.5 in the PBCCNs
cathode). This result may suggest that the rate-determining steps
of ORR on the PBCCN,; cathode remain unchanged after Nb
doping. As the IF peak has a strong relationship with Nb doping,
Nb doping in PBCCN| 5 can affect the oxygen surface adsorption-
dissociation step by decreasing the polarization resistance, thus
increasing the ORR rate of the cathodes.

34 Single-fuel cell testing

The electrochemical performance of a single cell with a PBCCN,s
cathode was examined on a Ni-YSZ anode-supported cell with a
thin YSZ electrolyte and a porous GDC buffer layer. A fuel cell
with a PBCC cathode was also fabricated and tested for
comparison. Figures 7(a)-7(d) show the typical IVP and EIS
curves of the cells with the PBCCN,, and PBCC cathodes.
Figure 7(a) shows that the peak power density of the PBCCNDby;
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Fig.7 Electrochemical performance of single cells. Current density-voltage-power density curves of (a) PBCC and (b) PBCCNj; single cells at 700-800 °C; EIS of single
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operation; (g) EIS of single cell with PBCCNj; cathode at open-circuit potential before and after 100 h of short-term operation.

cell can reach 0.82, 1.23, and 1.81 W-cm™ at 700, 750, and 800 °C,
respectively, whereas the peak power density of the fuel cell with
PBCC cathodes is only 0.64, 0.95, and 1.37 W-cm™ at the same
temperature, as shown in Fig. 7(b). This obvious improvement
can also be reflected in the EIS results, as shown in Figs. 7(c) and
7(d). R, of the PBCCN; cell is lower than that of the PBCC cell
when the ohmic resistances of these two cells are similar at all the
testing temperatures. These trends are consistent with the
polarization resistances acquired from the symmetrical cell we
tested above, suggesting that the ORR kinetics on the PBCCNj;
cathode accelerated after being doped with Nb. Figure 7(e) shows
the short-term operation stability of the single cells with
PBCCN,; at 700 °C at a current density of 0.5 A-cm™. A rapid
decrease in the PBCCN| 5 voltage line (Fig. 7(e)) occurred during
the first 15 h, with a degradation rate of 0.33% h™. The voltage
then becomes stable and changes at a slow rate of decrease over
the next 85 h, with a degradation rate of 0.04% h™. After 100 h of
operation, the voltage of the PBCCN,; single cell decreases from
0.8 to 0.73 V, and the degradation rate during the process is
0.08% h™. No obvious delamination or severe microstructural
changes can be observed in the section of the fuel cell after 100 h
of operation, as shown in Fig. 7(f), and the PBCCN,; cathode is
still in good contact with the GDC buffer layer. The main reason
for the performance degradation of the single cell should not be

https://doi.org/10.26599/JAC.2024.9220959

the detachment of the PBCCN,; cathode from the electrolyte. EIS
of the single cell before and after 100 h of short-term operation in
Fig. 7(g) indicates that the ohmic resistance changed from 0.1 to
0.14 Q-cm?’, whereas R, rose from 1.07 to 157 Q.cm’. The
significantly increased R, should be the key factor for the
performance degradation of single cells. According to previous
research [50], R, of a single cell is affected by both the cathode and
anode; however, the stability of the PBCCN,; cathode has been
proven in symmetrical cell experiments that the PBCCN; s
cathode should not be the main reason for the increase in R,,. The
microstructural changes of the anode could cause a decrease in the
performance of single cells.

4 Conclusions

We successfully synthesized the Nb-doped PrBa;gCay,C0,0¢ 4
based perovskite by a self-assembly method. The effects of Nb
doping on the properties of the cathode of SOFCs have been
investigated in symmetrical cells and single cells. A self-assembly
phenomenon occurs on the precursor of PBCC during the 950 °C
calcination step and forms a PrCoOs-decorated PrBaCo,Os,s
phase with a few BaCoO; impurity phases. Nb doping in
PBCCN; increases the ratio of the PrCoO; phase. Furthermore,
Nb is not fully doped in the PrCoO; and PrBaCo,Os, s phases; the
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remaining Nb may further react to form a Ba;Ca, ;sNb, 4,0 s
phase. XPS analyses demonstrate that more oxygen vacancies are
introduced into PBCCNj; after Nb doping. Accordingly, the
oxygen adsorption-dissociation step of ORR is accelerated on the
PBCCNy; surface, improving the ORR activity. The PBCCNjs
cathode has a low R, of 0.0074 Q-cm’ in a symmetrical cell and a
high peak power density of 1.81 W-cm™ in a Ni-YSZ-supported
single cell at 800 °C. Furthermore, it also demonstrated reasonable
short-term operation stability.
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