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Abstract

Double-perovskite oxide PrBaFe,Os, 5 (PBF) is considered as a potential electrode material because of its superior oxygen
reduction reaction (ORR) activity in air and excellent stability in wet hydrogen atmospheres. However, the electrochemi-
cal activities of Fe-based electrode materials are constrained by the oxygen vacancy concentration and oxy-ion transport
properties. Herein, PrBaFe, Nb,Os, s (PBFNXx, x = 0, 0.05, 0.1, 0.15) oxides are synthesized and evaluated as electrodes for
symmetrical solid oxide fuel cell (SSOFC). X-ray diffraction (XRD) indicates that PBFNx samples have an orthorhombic
structure and good chemical compatibility with electrolyte. Among all the samples, the PBFNO.1 symmetrical half-cell shows
the lowest polarization resistance at 800 °C, which decreases by 29.2% compared with that of PBF in air and decreases by
59.9% compared with that of PBF in wet hydrogen atmospheres. The output performance of the single cell with PBFNO.1
as symmetrical electrodes achieves 197.10 mW cm™2 in wet hydrogen atmospheres at 800 °C, which is an improvement of
31.97% compared with that of PBF. The enhanced electrochemical performance can be attributed to an increase in oxygen

vacancy concentrations. The results suggest that the PBFNO.1 material is a potential candidate for SSOFC.
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Introduction

Solid oxide fuel cell (SOFC) is a high-efficiency energy con-
version device that can directly convert chemical energy in
various fuels into electrical energy. Considering its excellent
fuel flexibility, high efficiency, and environmental friend-
liness, SOFC has shown great application potential in the
electrochemical field [1-3]. A conventional SOFC configu-
ration consists of three components, namely, porous anode,
dense electrolyte, and porous cathode, and the electrodes
normally use different materials because they are exposed
to different working environments [4-6]. In recent years,
symmetrical SOFC (SSOFC) with the new configuration of
the A | B | A structure, where the cathode and anode use
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the same electrode material, has attracted significant atten-
tion. The preparation process can be greatly simplified to
decrease the cost for operating and maintenance, thereby
minimizing compatibility problems and improving ther-
mal and long-term operational stability. Furthermore, this
cell configuration eliminates carbon deposition and sulfur
poisoning by switching the direction of gas flow [7-11].
However, the performance of SSOFC is limited by the
electrodes. For SSOFC to work well, the electrode mate-
rials of the SSOFC require good structural and chemical
stability in oxidizing and reducing atmospheres as well as
excellent electrocatalytic activity for the oxygen reduction
reaction (ORR) and hydrogen oxidation reaction (HOR)
[12-14]. Recently, single-perovskite oxides (ABO; type)
and double-perovskite oxides (AA'BOs, 5 or AA'B'B"Og 5
type) are primarily used as electrode materials for SSOFC
[15], including Mn-, Cr-, Sr-, Fe-, and Co-based oxides [16].
Although Sr- and Co-based oxides show excellent catalytic
activity and high electrical conductivity, they also encoun-
ter some issues. Co-based perovskite materials may suffer
some problems, including poor stability and relatively high
price of cobalt element [17]. Sr cations often show surface
segregation or secondary phases with critical impurities
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[18]. Several recent studies have shown that Co-free and
Sr-free layered perovskite oxides may be suitable candi-
dates, which can overcome these complex shortcomings. In
particular, Fe-based perovskites have attracted considerable
interest due to their good catalytic activity [19], low cost
of iron, and suitable TEC, such as single-perovskite oxides
(SrFeO; and BaFeO;) [20] and double-perovskite oxides
(Sr,Fe; sMo, s0¢_s and LnBaFe,05, s [LnBFO, Ln = La,
Pr, Sm, and Gd]) [21, 22].

In the LnBaFe,0s_ 5 series, PrBaFe,Os, s (PBF) oxides
have been reported as electrode materials for SSOFC
because of their rapid oxygen ion diffusion, excellent ORR
activity, and superior stability in H, atmospheres [23]. The
PrBaFe,05, 5 sample with symmetrical electrodes exhibits
superior redox stability and high peak power density (PPD).
The stability has been investigated, and the PrBaFe,Os_
shows excellent chemical stability in CO, atmosphere [24,
25]. Compared with Co-based perovskite materials, the elec-
trochemical activity of Fe-based perovskites lags behind a
long distance. For example, at 700 °C, the interfacial polari-
zation resistance of LaBaFe,Os_ 5 is 1.12 © cm?, approxi-
mately 3 times higher than the value of LaBaCo,0s, 5, which
can be attributed to higher energy barriers for the forma-
tion of oxygen vacancies and diffusion of oxygen ions [26].
Therefore, the electrochemical catalytic activity still needs
to be further improved. Based on literature, b-site cations
and oxygen vacancies may be the main factors influencing
electrochemical catalytic activity [27, 28]. As is known to
all, elemental doping is an effective method for improving
the electrochemical activity [29, 30]. PrBa(Fe, ¢Sc(,),05,5
was prepared and applied as symmetrical electrodes for
SSOFC, and the Sc-doped electrode showed low polariza-
tion resistance (Rp) of 0.18 Q-cm? in wet H, [31]. W-doped
PrBaFe,0s, 5 greatly improves the electrochemical perfor-
mance and maintains excellent stability in air and hydro-
gen atmospheres [23]. Mo-doped PrBaFe,Os_ 5 has shown
higher power density than the parent phase PBF [32]. In our
previous work, Ta-doped PrBaFe,O5 5 perovskite achieved
the Rp of 0.171 and 0.503 Q cm? in air and H, at 800 °C,
respectively [33].

Nb is an effective dopant for the B-site of perovskite
oxides, which can significantly enhance their structural
stability and constrain the oxidation state changes of other
ions on the B-site due to the formation of strong Nb-O
bond [34, 35]. In addition, the ionic radius of Nb>* (0.064
nm) is very close to that of Fe3* (0.0645 nm), making it
easier for Nb ions to partially replace Fe ions on the B-site
[36]. The performance of the Nb-doped LaBaFe, ,Nb, O 5
cathode has been evaluated, and the electrochemical per-
formance and electrocatalytic activity were significantly
improved by Nb-doped [37]. In addition, perovskite
La ¢Sr, 4Fe;_ Nb,O;_s5 oxides as fuel electrodes have been
investigated in our previous study. Nb doping can improve
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the electrochemical catalytic activity in CO, atmospheres
[38]. However, few studies have been conducted on Nb-
doped PrBaFe,0O5, 5 as the symmetrical electrode of
SSOEFEC.

In this paper, Nb-doped PrBaFe,0O5, 5 (PBFNX, x = 0,
0.05, 0.1, 0.15) oxides were synthesized and analyzed as
symmetrical electrodes of SSOFC. The effect of Nb-doped
PBF on the crystal structure, conductivity, electrochemical
performance, and output performance was also investigated.

Experimental
Preparation of materials

The powders of PrBaFe, Nb, Os,s (PBFNx, x = 0, 0.05,
0.1, 0.15) were synthesized via a conventional solid-state
reaction method. Stoichiometric amounts of PrsO,; (99.99%,
Shanghai Macklin Biochemical Co., Ltd.), BaCO; (99.99%,
Sinopharm Chemical Reagent Co., Ltd.), Fe,05 (99.99%,
Sinopharm Chemical Reagent Co., Ltd.), and Nb,Os
(99.99%, Sinopharm Chemical Reagent Co., Ltd.) pow-
ders were fully mixed and then homogenized in ethanol
by ball milling for 24 h. After drying the milled solutions,
the obtained powders were then calcined at 1200 °C for 6
h. The resultant oxides were grounded and dried using the
abovementioned method and then passed through a sieve (80
mesh). Subsequently, the powders were pressed into pellets
or rectangular bars using a cuboid mold and sintered at 1350
°C for 5 h. GDC (Gd, ;Ce( ¢O,_5) and YSZ (yttria-stabilized
zirconia) powders were bought from Ningbo SOFCMAN
Energy Technology Co., Ltd., China.

Material characterization

X-ray diffraction (XRD, Empyrean, PANalytical, The Neth-
erlands) with Cu-Ka radiation accurately analyzed the crys-
tal structure of all samples. A scanning speed of 10° per
minute was used in the diffraction angle range of 20-80°
at room temperature. X-ray photoelectron spectroscopy
(XPS, Thermo Scientific K-Alpha) was utilized to assess
the composition and chemical elemental state of Fe2p and
Ols ions in the PBFNx samples. The microstructure of the
PBFNO.1IGDCIYSZIGDCIPBFNO.1 symmetrical cell was
observed by scanning electron microscopy (SEM, JSM-
7600F, JEOL, Japan). For the electrical conductivity, the
PBFNx sample materials were measured in air and humidi-
fied H, by using a four-probe direct DC method equipped
with a Keithley 2420 source meter with a temperature range
of 300-800 °C and under an atmosphere with p(O,) = 0.21
atm.
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Cell fabrication and electrochemical performance

The Rp of half cells (with the configuration of
PBFNxIGDCIPBFNX in air or PBFNxIGDCIYSZIGDCIPBFNx
in H,) was measured using the CHI660e workstation with a
frequency range of 10° to 0.1 Hz from 600 to 800 °C in a
step of 50 °C. Furthermore, half cells with the configuration
of PBFNxIGDCIPBFNx (x = 0, 0.1) were used to study the
ORR kinetics of the PBF and PBFNO.1 electrodes at 800 °C.
The electrolyte-supported single cells with the configuration
of PBENxIGDCIYSZIGDCIPBFNx were fabricated to obtain
the current density versus the voltage (I-V) and current density
versus power output (I-P) curves. A half cell was prepared
with a 0.5-mm-thick GDC electrolyte, and a full cell was pre-
pared with a 0.3 mm-thick YSZ electrolyte. First, the YSZ
electrolyte powders were ground and shaped into disk-shaped
pellets at 100 MPa using a 18-mm-diameter cylindrical stain-
less-steel die. Then, the pellets were sintered at 1450 °C for 5
h in air to obtain dense pellets. The GDC slurry was deposited
onto both sides of the YSZ by using a conventional screen-
printing technique and was subsequently sintered at 1300 °C
for 2 h. The as-prepared electrode slurry was painted on both
sides of the GDC interlayer and sintered at 1000 °C in air for 2
h to form symmetrical cells. The electrode has an active area
of 0.5 cm?. The single cells were assembled and sealed on the
top of an alumina tube using a conductive resin (DAD-87,
Shanghai Research Institute of Synthetic Resins) as sealant.
The electrochemical performance of the single cell was meas-
ured using an electrochemical workstation (CHI660e) at a tem-
perature range of 600-800 °C with humidified hydrogen (~3%
H,0) as the fuel and ambient air as the oxidant. The flow rate
of humidified hydrogen was 50 mL-min~"'. After measuring the
single cell, the short-term stability of the symmetrical cell with
the PBFNO.1 electrode was evaluated in humidified hydrogen
atmospheres by using the same electrochemical workstation.

Results and discussion
Crystal structure

Figure la shows the XRD patterns of the as-prepared
PBFNx (x =0, 0.05, 0.1, 0.15) powders calcined at 1200 °C
for 6 h in air. PBFNx materials are an orthorhombic double-
perovskite structure (space group: Pmmm) with no impurity
phases, indicating that Nb element has been successfully
doped into the PBF powder, and it is consistent with that
of the PrBaFe,0s, s materials in the previous study [39]. In
addition, as shown in the enlarged view of the (110) peak of
PBFNx (Fig. 1b), Nb doping slightly shifts the diffraction
peaks of PBF to a lower angle, which can be attributed to
the fact that the radius of Nb>* (0.70 IOA) is larger than that
of Fe’* (0.65 A)/Fe** (0.59 A°) [38]. In obtaining structural

information of PBFNx samples, Rietveld refinements of
XRD data are shown in Fig. 1c—f, and Table 1 shows the
detailed refinement results. The lattice parameters of the par-
ent PBF powder are a = 3.9351 A, b =3.9364 A, and ¢ =
7.8514 A, which are close to the results reported by Lii et al.
[40]. Doping Nb slightly increases the lattice volume from
121.81 to 123.60 A%. The lattice parameter of the PBFNO.1
powder is a =3.9571 A, b =3.9460 A, and ¢ = 7.8752 A.

Chemical and thermal compatibility

Good chemical compatibility between electrode and electro-
lyte is important to the application of SSOFC [41]. There-
fore, to evaluate the chemical compatibility between elec-
trode and electrolyte materials, the electrode materials were
sintered at 1000 °C for 2 h with a 1:1 mass ratio of GDC or
YSZ electrolytes (Fig. 2). Figure 2a shows that new diffrac-
tion peaks were observed, indicating the formation of new
phases. Consequently, the YSZ electrolyte has poor compat-
ibility with PBFNx electrodes, and this electrolyte cannot be
used directly as the support electrolyte material. Figure 2b
shows no any new diffraction peaks and shifts, indicating
that PBFNO.1 has good chemical compatibility with the
GDC electrolyte. Thus, GDC can be used as an electrolyte
for symmetrical cells or as a buffer layer to prevent the reac-
tion between the electrolyte and electrode.

XPS analysis

XPS can be utilized to analyze the composition and sur-
face chemical states of Fe2p and Ols ions for the PBFNx
samples in the air. Figure 3a displays the high-resolution
XPS spectra of Fe2p in the PBFNx samples. The fitting
peaks located at ~709.9 /723.5 eV and ~711.8/725.0
eV can represent Fe>™ and Fe*" ions, respectively. Fur-
thermore, the satellite peak at ~717.7 eV is assigned to
the Fe" species [42]. In Table 2, with the increase of
Nb substitution, the ratios of Fe**/Fe3* induce an obvi-
ous decline, implying the reduction of Fe ions from Fe**
to Fe’* (2Fe;, + Og = 2FeF)§ + Vo + % 0,) to achieve
electrical neutrality and the formation of more oxygen
vacancies [37]. The increase of Fe** and oxygen vacan-
cies results in the expanding lattice, which is consistent
with the XRD result (Fig. 1b). As depicted in Fig. 3b, it
was observed that the two fitting peaks in the spectra are
lattice oxygen and absorbed oxygen. The lattice oxygen
peak is located at ~528.5 eV, while the absorbed oxygen
peak is located at ~531.3 eV [43]. One criterion for evalu-
ating the relative content of oxygen vacancy in materials
is the ratio of O,4/O,, [44]. The O,4/O,,, values are 1.29,
1.94, 1.77, and 1.5 for PBFNx at x = 0, 0.05, 0.1, and
0.15, respectively, suggesting the formation of more oxy-
gen vacancies after Nb doping. For PBFNx (x = 0.05, 0.1,
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Fig.1 a XRD patterns of PBFNx (x = 0, 0.05, 0.1, 0.15), b enlarged view of 31° to 33°. Rietveld refined powder XRD patterns of ¢ PBF, d

PBFNO0.05, e PBENO.1, and f PBFNO.15

Table 1 XRD Rietveld

refinement results of PBFNx (x Sample ad) b& c® V@A) R, Rup

=0,0.05, 0.1, 0.15) oxides x=0 3.9351 3.9364 7.8514 121.81 6.01 8.22
x=0.05 3.9496 3.9407 7.8598 122.33 6.88 9.38
x=0.1 3.9571 3.9460 7.8752 122.96 6.68 9.31
x=0.15 3.9681 3.9544 7.8769 123.60 10.17 14.44
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Table 2 Fitting data of Fe2p Sampl Fe2n (% Ols (%
and Ols for PBFNx powders ample e2p (%) s (%)
Fett Fe?t Fe*t/Fe** 0,46 Oy 0,4/Oa
PBF 60% 40% 1.50 62% 48% 1.29
PBFNO0.05 49% 51% 0.96 66% 34% 1.94
PBFNO.1 39% 61% 0.64 64% 36% 1.77
PBFNO.15 34% 66% 0.51 60% 40% 1.5

0.15) oxides, the oxygen vacancies exhibit a downward
trend with increasing the amount of Nb doping, which is
attributed to the stronger ionic affinity of Nb with O than
of Fe. Based on literature, oxygen vacancies are important
for the transport of oxygen ions during the oxygen reduc-
tion reaction (ORR) [45]. Consequently, the XPS results
show that the Nb doping of PBF samples is beneficial for
achieving good electrochemical performance.

Electrical conductivity

For mixed ionic—electronic conductor materials, electron
conduction and ion conduction exist simultaneously. How-
ever, electronic conductivity is usually at least two orders of
magnitude higher than ion conductivity, so the conductivity
primarily refers to the electronic conductivity [46]. Figure 4a
shows the conductivity of PBFNx (x = 0, 0.05, 0.1, 0.15)

@ Springer



lonics

at different temperatures, ranging from 300 to 800 °C in
the air. At below 450 °C, the conductivity of each com-
position in PBFNx increases because of the existence of a
small polaron hopping conduction mechanism, indicating
a semiconductor-like behavior. At about 450 °C in air, the
conductivities of PBFNx reach maximum values. With the
further increase in temperature, the oxygen lattice may lose
along with the generation of oxygen vacancies and a mobil-
ity barrier of electronic conduction carriers. Consequently,
the conductivity drops and shows a metallic-like behavior
[47]. With increasing the amount of Nb doping, the conduc-
tivity exhibits a downward trend, which is ascribed to the
increase in non-conducting Nb-O bonds and the decrease in
the concentration of Fe**. For further study, the conductiv-
ity of PBFNx (x = 0, 0.05, 0.1, 0.15) is measured in hydro-
gen. As shown in Fig. 4b, the conductivity of all samples
increases with the increase of temperature. However, the
electrical conductivity of PBFNx samples in H, is lower than
that of samples in air because of the presence of reduction
reactions. Zhao et al. reported that Fe'Fe(Fe4+/Fe3+) are the
mobile electronic holes, providing a significant contribution
to electronic conduction. Under reducing conditions, elec-
tronic holes in PBFNx would reduce, leading to a decrease
in electrical conductivity (A novel layered perovskite as
symmetrical electrode for direct hydrocarbon solid oxide
fuel cells). Furthermore, appropriate amount of Nb doping
improves the conductivity of PBF in H, atmosphere, which
is attributed to the high-valence Nb>* replacing Fe** and
Fe** and promoting the concentration of free electrons [48].
The maximum conductivity of PBFNx samples is 46.35 S
cm~!in airand 3.74 S cm™~!in H,, which is higher than that
of symmetrical electrodes, such as StFe, W, ,0; (1.16 S
cm™ in H,) [49], Lag sSry sFey oNby ;055 (0.47 S cm™ in
H,) [48], and Sr,TiFe, Mo, ;0 (0.90 and 0.26 S-cm™" in
air and H,) [50].

Half-cell performance

To study the electrochemical performance of PBFNx (x =
0, 0.05, 0.1, 0.15) symmetrical electrodes, the impedance
of the electrodes was performed on the cells with the con-
figuration of PBFNxIGDCIPBFNX in air at 600-800 °C. The
corresponding EIS results were obtained by using Z-view
fitting. The impedance of the electrodes primarily contains
ohmic resistance (Ro) and polarization resistance (Rp). Ro
is defined as the intercept of the semicircle on the real axis,
including GDC electrolyte, PBFNXx electrodes, and other con-
tact resistance [51]. Rp is defined as the distance between
semicircles on the real axis, which is primarily due to charge
transfer, surface adsorption, and oxygen diffusion, and is an
essential index to determine the electrochemical catalytic
activity of SSOFC electrodes [52]. For the convenience of
comparison, Ro is usually normalized to zero for clarity, and
the intersection of two semi-circular arcs and the x axis is the
polarization resistance. As shown in Fig. 5a, the Rp value
decreases significantly after Nb doping, indicating that the
ORR process has been improved. The Rp value of PBFNO. 1
is 0.109 Q c¢cm? at 800 °C, which decreases by 29.2% com-
pared with that of PBF. The Rp consists of high-frequency
resistance (Ryp, >10° Hz) and low-frequency resistance (R, p,
107'=10% Hz). The Ry response corresponds to the charge
transfer among the interface between the electrode and the
electrolyte. The R;  response is associated with gas diffu-
sion and gas transformations (adsorption and desorption)
[53]. As shown in Fig. 5b, Ry of the PBFNO.1 electrode is
decreased by 22.69% to 0.01025 Q cm? at 800 °C, whereas
R,y is decreased by 28.09% to 0.09931 Q cm? at 800 °C.
The result indicates that Nb doping promotes electrochemical
processes of PBF electrode by the increase in gas diffusion
and gas transformations. Figure 5c shows the Rp values of
PBFNx at different temperatures, ranging from 600 to 800 °C
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in air. The PBFNO.1 sample obtains the lowest Rp of 2.501,
0.985, 0.476, 0.229, and 0.109 Q cm? at 600 °C, 650 °C,
700 °C, 750 °C, and 800 °C, respectively. Figure 5d shows
the Arrhenius curves of Rp of PBFNx electrodes in air. The
activation energy (Ea) of the PBFNO.1 electrode is lower than
that of PBF, which further indicates that Nb doping improves
the catalytic activity of ORR in the PBF electrode.

Based on some GDC literature reports, GDC cannot be
used directly as an electrolyte under a hydrogen atmos-
phere because its structure change (Ce**—Ce’*) leads to
performance degradation [32]. When the YSZ is used as
the electrolyte, GDC is required as a buffer layer to prevent
reactions between the electrodes and electrolyte (Fig. 2b).
The impedance of the electrodes was performed on the cells
with the configuration of PBFNxIGDCIYSZIGDCIPBFNx in
hydrogen at 600-800 °C. As shown in Fig. 6a, the Rp value
decreases significantly after Nb doping. Among PBFNx
electrodes, the x = 0.1 sample shows the lowest Rp, which
is decreased by 59.9% to 0.391 © cm? at 800 °C in hydro-
gen atmospheres. This result indicates that Nb doping can

improve the HOR activity. As shown in Fig. 6b, Ry of the
PBFNO.1 electrode is decreased by 30.7% to 0.0009 Q cm?
at 800 °C, whereas R, p is decreased by 61.33% to 0.3633 Q
cm? at 800 °C, suggesting that the HOR is primarily deter-
mined by the charge transfer between the electrode and the
electrolyte. As shown in Fig. 6¢c, PBFNO.1 sample has the
lowest Rp, which is 6.001, 3.592, 1.877, 0.841, and 0.391
Q.-cm? at different temperatures, ranging from 600 to 800
°C in hydrogen atmospheres. As shown in Fig. 6d, the Ea
value of the PBFNO.1 electrode is lower than that of the
PBF electrode, which further indicates that the introduction
of Nb doping into the PBF electrode improves the HOR
activity. Based on the abovementioned results, Nb doping
can improve the ORR and HOR activity of PBF electrode.
In addition, the performance of PBFNO.1 symmetrical elec-
trodes is higher than that of other iron-based perovskite, and
the Rp results in the literature are listed in Table 3.

To obtain more insights into the ORR mechanism of elec-
trode, the PBF and PBFNO.1 electrodes with GDC as the
electrolyte were measured under different oxygen pressure
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Tab.le 3 The polarization . Electrode Temperature (°C) Electrolyte Polarization resistance Ref.
resistance of the symmetrical Q cm?
electrodes for symmetrical solid
oxide fuel cells In air InH,
SmBaMn, ¢Mg, ,Os,5 850 °C LSGM 0.144 0.388 [54]
Lag ¢St ,FeO, 5 800 °C YSZ 0.31 0.58 [55]
Lag ¢St ,MnO, 5-GDC 800 °C YSZ 1.44 5.19 [56]
CaFe, ,Tig O3 5 800 °C YSZ 1 1 [57]
PBFNO.1 800 °C YSZ 0.109 0.391 [This work]
levels at 800 °C, and the EIS data are shown in Fig. 7a, b.  where n represents the number of reaction steps of the elec-

Based on literature, the Rp value of the electrodes satisfies ~ trochemical ORR, satisfying the following correspondence
a certain relationship with the oxygen partial pressure p(O,)  [58, 59]:
by using the following expression:

n=1 0,(2) < O,y 2)
-n
Rp < p(0;) (1)
n= 1/2’ OZ,ads And 2Oads (3)
0.5 3.6
800°C in H, 800°C in humidificd Hy
—o— PBF 0.003
Roym Ry R, 3.0 LE
041 —s— PBFN0.05 3 W
—a— PBFNO0.1
~ W —s—PBFNO0.15 2,4.'% e 1
£ 0.34 & a 0.0013
c-:" E - N 0.001 0.0011 0.0009
= <7
N 0.2 N
1.24 0.000
0.9396 0.00 0.05 0.10 0.15
Doping Content 0.7947
0.1 0.6
* 0.4354 0.3633
0.0 4 . T T r 0.0 T T T r
0.0 0.2 0.4 0.6 0.8 1.0 0.00 0.05 0.10 0.15
Z'(Q-cm?) Doping Content
(a) (b)
18 3.0
.S 4
151 H, 5
—e— PBF 2.0
—+— PBFNO0.05 .
_12- —~—PBFNO.1 1.5
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& Z 05
4 0.0- e PBF  Ea=111.37KJ/mol
v PBEN(.05 Ea=107.57KJ/mol
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Fig.6 In H,: a EIS of PBFNx at 800 °C; b Rp of PBFNx at high and low frequencies; ¢ Rp of PBFNx at 600-800 °C; d Arrhenius plots of
PBFNXx electrodes
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Fig.7 Polarization resistance of a PBF and b PBFNO.1 cathodes and various O, concentration at 800 °C. DRT curves of ¢ PBF and d PBFNO.1.
e, f p(O,) dependence of Rp for the samples
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n=1/4, Oy, +2e' +V; & Of 4)
n=1/10, O + VI < O} )

The impedance spectrum can be separated into two arcs,
namely, Ryp and R, p, indicating the rate of ORR reaction con-
sists of two electrochemical processes as illustrated in Fig. 7c, d.

Figure 7e, f takes logarithms of Rp and oxygen partial pres-
sure value p(O,) to obtain the relationship diagram. The slope
of the straight line corresponds to the number of reaction levels
n in Eq. (1), where the n value size can be inferred from the
reaction steps of the corresponding electrode. As shown in
Fig. 7e, the n corresponding to Ry of the PBF electrode is
0.09, which indicates that Ry during the electrode reaction
is primarily affected by the transfer of oxygen ions from the
double-phase boundaries and triple-phase boundaries reaction
to the interior of the electrolyte (Eq. (5)), and the n correspond-
ing to R pis 0.42, which indicates that R,  is primarily due to
the diffusion of adsorbed oxygen on the electrode surface (Eq.
(3)). For the PBFNO.1 electrode (Fig. 7f), where the values
of n corresponding to Ryp and Ry g are 0.22 and 0.56, Ry
of PBFNO.1 is due to the charge transfer reactions (Eq. (2)),
whereas R, . is primarily due to the adsorption and desorption
process of oxygen (Eq. (3)). It is observed that R y. is higher
than Ry in Table 4, suggesting that the gas diffusion and gas
transformation are rate-determining influences for the ORR
process. The result is consistent with the EIS analysis.

Single-cell performance
Single cell

To investigate the output performance of PBF
and PBFNO.1 symmetrical electrodes in SSOFCs,

250

PBF —e— 800°C
1.0 ——"750%C
- 200
0, e 700°C b
ol ., s 650°C z
= % e, —%—00C 150 &
= 7 2
064 % o =
£ % ..‘a E
£ % "o, F100 2
0.4 1 % .... S
... '
o, 50 =
0.2 % 2
0.0 : r T . 0
0 100 200 300 400 500

Current density (mA cm'z)

(2)

Potential (V)

electrolyte-supported single cells with the con-
figurations of PBFIGDCIYSZIGDCIPBF and
PBFNO.1IGDCIYSZIGDCIPBENO.1 were prepared. With
humidified hydrogen as fuel and air as an oxidant, the sin-
gle cell was measured in the temperature range of 600-800
°C. Figure 8a and b shows the I-V and I-P curves of the
single cell with PBF and PBFNO.1 as symmetrical elec-
trodes, respectively. As shown in Fig. 8, the open-circuit
voltage at 800 C is 1.09 V, which is approximated the
theoretical value, indicating that the single cell has good
sealing performance and density. At 800 °C, 750 °C, 700
°C, 650 °C, and 600 °C, the PPD of PBF is 134.07, 82.68,
60.64, 32.54, and 15.17 mW cm™2, and the PPD of doped
Nb is 197.10, 145.65, 97.38, 60.50, and 31.18 mW cm™2,
respectively. The PPD of the electrolyte-supported single
cell with PBFNO.1 symmetrical electrodes is higher than
that of PBF, indicating that the Nb-doped PBF electrode
can effectively promote ORR activity in the electrode. This
remarkable improvement was achieved by reducing the Rp
of the electrodes. The enhanced output performance of a
PBFNO.1 single cell further proves that Nb doping improves
the electrochemical performance.

Table4 The Ry and R of the PBFNx (x = 0, 0.1) symmetrical
electrodes under various O, concentration

PBF PBFNO.1
Ry Rip Ry R
5% 0.01284 0.12945 0.01411 0.09535
10% 0.01262 0.09966 0.01527 0.05136
21% 0.01012 0.05985 0.01743 0.02719
1 0.00852 0.03442 0.0167 0.0134
1.2 250
PBFNO.1 —o—800°C
1.0 —e—750°C
—e—700°C [ 200
—e— 650°C b
0.8 4 —e— 600°C 3
L 150 %
0.6 1 .'. §.
2 L1005
0.4 z
EI
0.2 "'.. G
0.0 & x T - - T . . 0
0 100 200 300 400 500 600 700 800

Fig.8 I-V and I-P curves of a PBF and b PBFNO.1 as symmetrical electrodes
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12 Stability
1.04  Cell Operation in wet H, Stability is also an important index to evaluate the working
0.14A/cm’ at 800 °C state of SSOFC. Therefore, in this experiment, the short-
0.8 term performance stability of a single cell with PBFNO.1
= symmetrical electrodes exposed to 3% H,0-97% H, was
%0.6-{ maintained at a current density of 0.14 A/cm? for 32 h at
% 800 °C. As shown in Fig. 9, the single cell maintained a
~ 0.4+ relatively stable performance with no degradation under the
operating condition, indicating that the PBFNO.1 electrode
0.2 - has good short-term stability.
0.0 . , . , : - SEM
0 5 10 15 20 25 30 35

Themeth) Figure 10 shows the morphology of the

PBFNO.1IGDCIYSZIGDCIPBFNO.1 symmetrical cell before
and after the stability test at 800 °C. No evident change for
electrodes is observed before and after the test. The GDC
interlayer is well attached between the porous electrode and
the YSZ electrolyte, which promotes the transport of oxygen

Fig.9 Stability test of PBFNO.1IGDCIYSZIGDCIPBFNO.1 operated
at 800 °C for 32 h

-‘t .
FNO.1

.
i

15kV WD12mm SS40 x2,500 10pm x2,500 10pm

T

SEI  15kV WD12mm SS40 x2,500 10pm

15kV WD12mm SS40 x2,500 10pm

(d)

Fig. 10 SEM of PBFNO.1 symmetrical cells. The stability test before: a anode and b cathode; the stability test after: ¢ anode and d cathode;
EDX element distribution maps of the single cell: e anode and f cathode
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Fig. 10 (continued)
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Fig. 11 Schematic of surface
adsorption after Nb doping of
the cathode (a) and anode (b)

'- 2N

cathode

Electrolyte |

—_— el

ions and reduces interfacial resistance. In addition, the elec-
trode region presents a porous structure, which facilitates
ion diffusion and transport. The elemental mapping of the
single-cell cross-section is shown in Fig. 10e, f, which con-
firms the presence of Pr, Ba, Fe, Ce, Gd, Zr, Y, Nb, and O
elements. In addition, the elements are uniformly distributed
as expected. Since the atomic number of Nb is close to that
of Zr, the distribution of Nb and Zr elements overlap.
Figure 11 shows the schematic diagram of the cathode and
anode after Nb doping. Nb-doped PBF electrodes increase
the concentration of oxygen vacancies in air and H,, which
improves the electrochemical catalytic activity of ORR and
HOR. However, the mechanism of performance improve-
ment is different. In PBF materials, the oxygen reduction
reaction occurs at the cathode, which mainly reduces oxy-
gen and electrons to oxygen ions and transports them to the
anode [60]. Doping Nb promotes the adsorption and desorp-
tion processes of surface oxygen, which makes it easier for
oxygen molecules adsorbed on the surface to be desorbed
and enter the interior of the material. This adsorption and
desorption process helps to increase the concentration of
oxygen vacancies, thereby enhancing the ORR of the mate-
rial. The function of the anode is to receive electrons from
the oxygen ions supplied to the cathode and react with the
fuel. Doping Nb promotes electron transport, which leads
to the formation of more oxygen vacancies at the anode.
Oxygen vacancies could facilitate the increase of the anode
surface area for reaction with oxygen, thus improving the
electrochemical catalytic activity of HOR (Fig. 11).

oX X XN
Z
[on

anode

Nb-doping on PBF

— S

0O®0ececC e
ozwx

. Electrolyte

Conclusion

Double-perovskite PrBaFe, ,Nb,Os_ s (PBFNx, x =0, 0.05,
0.1, 0.15) is synthesized by the solid-state reaction and
investigated. The XRD results exhibit that PBFNO.1 shows
good chemical compatibility with GDC electrolyte. The XPS
results show that Nb doping can increase the concentration
of oxygen vacancies and promote oxygen ion transport. In
the EIS test, the PBFNO.1 sample shows the lowest Rp val-
ues of 0.109 and 0.391 Q cm? in air and H,, respectively.
Furthermore, the PPD of the single cell increases by 31.97%
from 134.07 to 197.10 mW cm™2. Moreover, the single cell
with the PBFNO.1 cathode exhibits good short-term stabil-
ity during 32 h after operation. Thus, the novel material
PBFNO.1 is a potential candidate electrode for SSOFC.
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