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Abstract: The insufficient oxygen reduction reaction activity of cathode materials is one of the main
obstacles to decreasing the operating temperature of solid oxide fuel cells (SOFCs). Here, we report a
Zn-doped perovskite oxide Bag 55Sr 5(Cog sFep 2)0.06Z10,0403.5 (BSCFZ) as the SOFC cathode, which
exhibits much higher electrocatalytical activity than Bag 55rg5Cog gFep203.5 (BSCF) for the oxygen
reduction reaction (ORR). The BSCFZ cathode exhibited a polarization resistance of only 0.23 and
0.03 Q-cm? on a symmetrical cell at 600 and 750 °C, respectively. The corresponding maximum power
density of 0.58 W-cm~2 was obtained in the yittria-stabilized zirconia (YSZ)-based anode-supported
single cell at 750 °C, an increase by 35% in comparison to the BSCF cathode. The enhanced performance
can be attributed to a better balance of oxygen vacancies, surface electron transfer and ionic mobility
as promoted by the low valence Zn?* doping. This work proves that Zn-doping is a highly effective
strategy to further enhance the ORR electrocatalytic activity of state-of-the-art Bag 55rg 5Cog gFeg 2035
cathode material for intermediate temperature SOFCs.

Keywords: solid oxide fuel cells; oxygen vacancy; oxygen reduction reaction; cathode;
polarization resistance

1. Introduction

Solid oxide fuel cells (SOFCs) have been gaining increasing attention in the past several decades
because of their advantages of environmentally friendly power generation with good fuel flexibility
and high energy conversion efficiency [1-6]. Nowadays, reducing the operating temperature of
SOFCS to the intermediate-to-low temperature range (400-750 °C) is one of the most significant
problems to be solved in order to promote their commercial applications [6-8]. Such a reduction can
bring about many advantages, such as decreased material degradation, improved structural stability,
ease of sealing, longer service life and much lower operational and system costs [9,10]. However,
the lower operating temperature would cause a rapid increment of cathode polarization resistance
and resultant sluggish cathode catalytic kinetics for oxygen reduction reaction (ORR), as is a major
obstacle to intermediate-to-low temperature SOFC performance improvement [8-10]. Therefore, it
is vital to develop cathode materials with excellent ORR electrocatalytic activity and stability for
application at reduced temperatures. Many mixed ionic-electronic conductors (MIECs), including
the perovskite structures Lag ¢Srg4Cog gFep 2035 (LSCF) [11], Bag55rg5CoggFep205.5 (BSCF) [1,10],
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Smy 5519 5C003.5 (SSC) [12] and layered perovskite structure LnBaCo,05.4 s [13] have been explored
as cathode materials for intermediate-to-low temperature SOFCs. The newly developed perovskite
BaCog4Fep4Zr91Y0.103.5 and SrCop gNbg 1 Tag 1 O35 cathodes also been proved to have excellent ORR
activity at intermediate-to-low temperatures [9,14]. Reduced cathode polarization resistance can be
achieved for these MIECs due to their increased number of active sites for ORR with appreciable
amounts of oxygen vacancies and faster oxygen ion transport within the material.

Among these MIECs cathode materials, the perovskite structure cobalt-containing BSCF oxide
has attracted tremendous attention because of its excellent ORR activity, and yielded a satisfactory
performance as the cathode of SOFCs based on doped CeO; electrolyte at reduced temperatures
(<600 °C) [1,6,15-18]. The application of BSCF can effectively extend the triple-phase boundary (TPB)
of the cathode due to its high oxygen vacancy concentration, low electrochemical surface exchange
resistance and high oxygen ion diffusion rate through the material [19]. Actually, BSCF is also one
of the most researched perovskite oxides for preparation of oxygen separation membranes due to
its fast O?~ transport properties [20-22]. Nevertheless, to assure the practical applications of BSCF
cathode, the chemical and structural instabilities at intermediate temperatures is a crucial issue
that needs to be addressed [4,23]. Several groups has attempted to obtain the stable cubic crystal
structure of BSCF by partially substituting the reducible B-site Fe and Co ions with less reducible
or constant valence metal ions (e.g., Mo®*, Nb3*, Zr#*+, Y3+) [24-30]. The B-site Zn-doping was also
found to stabilize the cubic perovskite oxides, e.g., Bag 5519 5Znp 2Fep g§O03-s and BaCog 4Fep 4Zn 2055,
thus conferring stable long-term oxygen permeability and CO,-resistance for the derived ceramic
membranes [28,31]. Moreover, Zn-doped BSCF as Bag 551 5(Cog gFeg2)1-+ZnyO3.s (x = 0~0.15) has been
explored in our previous work, and the obtained membrane exhibited a higher oxygen flux, which
was mostly attributed to higher concentration of oxygen vacancies as a function of Zn content [20]. In
particular, 4mol% Zn (x = 0.04) doping in B-site results in an increment of the oxygen flux by 49%~97%
at 700~750 °C.

Herein, we adopted a minor zinc doping strategy to further improve the ORR catalytic activity
and stability of Bag 55rg5Cop gFep203.5 (BSCF) perovskite as a cathode for SOFCs. The area-specific
resistance (ASR) and ORR catalytic activity of 4mol% Zn doped Bag 55rg5Cog gFep203.5 (BSCFZ)
cathode in the intermediate temperature range was evaluated on GdgCe(gOs.5 (GDC) electrolyte.
The electrochemical properties and stability of anode-supported single cells with BSCFZ as cathode
have been explored. The single cell was fabricated with the state-of-the-art YSZ electrolyte and Ni-YSZ
anode. A GDC buffer layer was applied between the cathode and electrolyte membrane in order to
avoid possible chemical interactions between BSCFZ and YSZ.

2. Results and Discussion

Figure 1a,b show the X-ray diffraction (XRD) Rietveld refinement patterns of BSCF and BSCFZ
powders, respectively. The refinement results show that both powders possess a cubic perovskite
phase structure which can be indexed to the space group Pm3m [32]. The deduced lattice parameter (a)
of BSCF was 3.982(0) A, which is comparable to those reported [32,33], and it increased to 3.995(4) A
after Zn-doping. This was mainly ascribed to the larger ionic radius of doped Zn (0.74 A) than Co
(0.53-0.65 A) and Fe (0.55-0.78 A), for which the ionic radius varies according to the valence state and
spin state. Furthermore, after partial replacing of Co and Fe by Zn, the average valence of B site in BSCF
decreased since Co and Fe commonly possess higher valence states of 3+ or 4+ [34,35]. This would
result in higher oxygen vacancy concentration of perovskite oxides and consequently caused the lattice
expansion to some extent, which is favorable for promoting the surface oxygen exchange and O~
transportation [20]. Figure 1c,d present high-resolution electron transmission microscopy (HR-TEM)
images of BSCF and BSCFZ samples with crystalline characteristics. It was found that the (110) plane
lattice spacing increases from 0.2816 to 0.2825 nm, further proves that the lattice expansion occurred
after Zn?* partially doping into the B-site of BSCF, as is in accordance with the XRD refinement results.
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Figure 1. (a,b) XRD results and (¢,d) HR-TEM images of cathode powders: (a,c) BSCF and (b,d) BSCFZ.
Rp, WRp and chi? in Figure 1a,b indicates the overall degree of fitting, weighted Rp and the goodness

of fitting, respectively.

XRD analysis of BSCF-GDC and BSCFZ-GDC mixtures (50:50 in mass ratio) calcined at 1050 °C
for 6 h under air atmosphere was also conducted to evaluate the chemical compatibility of cathode
materials and GDC buffer layer. As can be observed in Figure 2, the XRD results indicate respective
phases of the GDC, BSCFZ, and BSCF without the formation of impurities, suggesting good chemical
compatibility with each other even at a temperature much higher than the operating temperature

(<750 °C).
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Figure 2. XRD patterns of (a) BSCF-GDC and (b) BSCFZ-GDC mixtures heat-treated at 1050 °C for 6 h
in air.



Catalysts 2020, 10, 235 40f12

Figure 3a,b demonstrates the influences of temperature on the electrical conductivity of BSCF and
BSCFZ materials measured in air. The total electrical conductivity of BSCF agrees with those reported
in the literature [36,37]. Two different conductivity regions with different activation energies can be
observed for both compositions. In the low-temperature region, the conductivity shows an increase
with temperature up to about 500 °C, whereas the conductivity decreases slightly or keeps almost
constant at temperatures higher than 500 °C. Generally, the conductive behavior of BSCF and BSCFZ
as MIECs is mostly dominated by the p-type small polaron hopping mechanism, since their electronic
conductivity is one to two orders of magnitude higher than the ionic conductivity. The temperature
dependence of conductivity correlated reasonably well with the generation of oxygen vacancies in
different temperature range for BSCF and BSCFZ (Figure 3c). In the low-temperature range (<400 °C
in this case) with almost unchanged oxygen vacancy concentration, the concentration of p-type charge
carrier (electron hole) is nearly constant, while the hole mobility is thermally activated which resulted
in enhanced electronic conductivity with temperature. At temperatures above 400 °C, on the one
hand, the increase of oxygen vacancy (V) concentration with temperature resulted in a decrease of the
electron hole (/) concentration and thus the electronic conductivity. This process can be described by
the reversible defect reaction using Kroger-Vink notation, as shown in Equation (1) [37]. On the other
hand, the positive effect of increased small polaron mobility with temperature and improved oxygen
ionic conductivity counteract the decrease in electronic conductivity. The temperature-dependent

balance of electron hole and oxygen vacancy concentration led to a maximum value of total conductivity
at ~500 °C.
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Figure 3. Influences of temperature on electrical conductivity (a): linear plot; (b): Arrhenius plot and

(c): oxygen stoichiometry of BSCF and BSCFZ materials in air.

As shown in Figure 3a,b, the Zn doping in B-site led to decreased total conductivity with maximum
value being 46.4 and 35.6 S/cm for BSCF and BSCFZ, respectively. This can be ascribed to enhanced
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oxygen vacancy concentration and thus decreased B-site cations average valence as shown in Figure 3c,
since partial Fe and Co commonly have higher valence states of 3+ or 4+. To further explore the
influence of Zn-doping on B-site cations oxidation state, X-ray photoelectron spectrometer (XPS)
analysis was also performed for BSCF and BSCFZ. Figure 4a,b show the core-level XPS spectra of Co 2p
and Fe 2p. As shown in Figure 4a, four components can be obtained by deconvoluting the Co2p spectra
of both samples, which were attributed to Co 2py, and Co 2p3)», respectively. The peaks at 778.96 and
794.19 eV can be assigned to Co>*, while the peaks at 780.88 and 796.01 eV could be assigned to Co**,
assuming that Co’* and Co** were the main valence states of Co [34,35]. The Co 2p3p—Co 2py), energy
splitting (~15.2 eV) was consistent with those reported. However, it must be noted that this does not
exclude the existence of Co?*, since the peaks for Co?* are generally considered to overlap with the
peaks for Co®*, Co** and Ba?* [38]. Therefore, it is very challenging to quantitatively determine the
surface Co valence by fitting the Co 2p peaks. Despite this, it can be inferred that Co®" would be
the main valence states, since the average valence of B-site deduced from oxygen stoichiometry (3-0)
was close to 3 at room temperature as shown in Figure 3c. It can be found from Figure 4b, the peak
intensities of Fe 2p in both samples are weak due to low Fe content. Deconvolution of the Fe 2p peaks
indicates that both Fe>* and Fe?" exist, and the satellite peak at ~717.5 suggests that Fe>* is the main
form [34].
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Figure 4. XPS spectra of (a) Co 2p and Ba 3d, and (b) Fe 2p core levels of BSCF and BSCFZ powders.

Figure 5 shows the area-specific polarization resistance (Rp) and corresponding Arrhenius plot
of BSCF and BSCFZ cathodes on GDC electrolyte-supported symmetrical cells tested at 600~750 °C
in air. As can be seen, the Ry, of both cathodes increases obviously with the decrease of operational
temperature. However, BSCFZ cathode exhibited much lower Rp compared with BSCF cathode, and
the difference incremented from 0.01 Q-cm? at 750 °C to 0.22 Q-cm? at 600 °C, indicating a R, reduction
of 25%~49% for BSCFZ cathode. The obtained Ry, of BSCFZ cathode is also much smaller than that of
BSCF cathode for 0.121~1.424 Q-cm? and Lag gSrp»MnQO;.5 (LSM) coated BSCF cathode for 0.09~1.414
Q-cm? at 600~750 °C reported by Qiu et al. [23] and BSCF-GDC composite cathode for 0.79 Q-cm? at
700 °C [39], and comparable to that of Bag55r)5CoggFep1Nbg 103.5 cathode (0.02 Q-cm? at 750 °C)
reported by Li et al. [40]. The Arrhenius plot of BSCFZ and BSCF cathode Rp are presented in Figure 5b.
The derived ORR activation energy (Ea) of BSCFZ cathode is about 99.68 kJ-mol~!. This value is much
lower than that of BSCF cathode (about 120.05 kJ-mol™1), which is close to that of BSCF and LSM coated
BSCF cathodes (116~123.5 kJ-mol~!) obtained by Shao et al. and Qiu et al. [1,23]. The enhanced ORR
activity and thus reduced polarization resistance of BSCFZ cathode are mostly attributed to higher
oxygen vacancy concentration and oxygen permeability originated from Zn-doping, which promoted
the oxygen surface exchange, oxygen reduction and O?~ ions transportation [15,19,20].
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Figure 5. (a) Polarization resistances (Rp) and (b) corresponding Arrhenius plot of BSCF and BSCFZ
cathodes of symmetrical cells measured at 600~750 °C.

Figure 6 presents the current-voltage (I-V) and current-power (I-P) characteristic curves of the
single cells with BSCF and BSCFZ cathodes. As can be seen, all the open circuit voltage (OCV) values
(1.05~1.08 V) of cells are close to the theoretical value by Nernst equation, indicating the electrolyte
layer is dense enough. The cell with BSCFZ cathode achieved the maximum power densities of
approximately 0.58, 0.41, 0.25 W-cm ™2 at 750, 700 and 650 °C (Figure 6b), respectively, which contributes
to an increase by 35%~41% as compared to that of cell with BSCF cathode, being 0.43, 0.29 and 0.18
W-cm~2 (Figure 6a), respectively. The significant enhancement of single cell power output after minor
Zn-doping in the cathode mainly resulted from better cathode ORR activity and thus lower polarization
resistance as shown in Figures 5 and 7, since the anode and electrolyte thin films were fabricated using
the same procedure. It is worth noting that the achieved power density of the single cell with BSCFZ
cathode at 750 °C is three times higher than that of the single cell with BSCF-GDC composite cathode
possessing similar cell structure and close YSZ electrolyte thickness (~8 um) [39], and even higher
than that of the cell with BSCF cathode (only 0.45 W-cm~2 at 800 °C) derived from a screen-printing
method [3].
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Figure 6. [-V and I-P curves of the fuel cells with (a) BSCF and (b) BSCFZ cathodes measured at
650-750 °C.

To further investigate the effect of minor Zn-doping on the BSCF cathode performance, the
electrochemical impedance spectra (EIS) of the anode-supported single cells were tested at 750, 700
and 650 °C. Figure 7a,b illustrate the obtained impedance results, which is fitted with the equivalent
circuit based on the electrochemical process as shown in Figure 7c using the Z-view program, in
which L and R, correspond to the cable inductance and the total ohmic resistance, respectively; R; is
the charge-transfer resistance, which is associated with the oxygen-ion (O?>~) and charge transfer at
the electrode and electrode/electrolyte interface (high frequency arc); R, mainly corresponds to the
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resistance (low frequency arc) of the oxygen surface exchange and diffusion process, which is related
to the concentration of oxygen vacancy and the microstructure of the electrode [41,42].
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Figure 7. Impedance spectra of single cells with (a) BSCF and (b) BSCFZ cathodes at 650, 700 and
750 °C, (c) equivalent circuit applied to fit the impedance data and (d) summarized Ry, from (a,b) as a

function of temperature.

In consideration that the anode polarization was generally minor, the polarization resistance
(Rp) of single cell could be thus mostly ascribed to the cathode polarization. Figure 7d shows the R,
values of single cells with both BSCF and BSCFZ cathodes as a function of the operating temperature.
The Ry, value for both cells decreases with increasing temperature, and the doping of minor Zn
into BSCF cathode leads to a significant reduction of Ry, manifesting that the O*~ transfer and
the oxygen-reduction and diffusion processes were promoted due to incremented oxygen vacancy
concentration and ORR activity of BSCFZ cathode. Furthermore, as can be observed in Figure 7b, Ry
reduces with the increase of temperature, and becomes negligible at 700 and 750 °C, indicating that
the Zn-doping benefits the O%~ transfer in BSCF-based cathode. However, R; is predominant in the
impedance spectra, suggesting the single cell property could be further enhanced by optimizing the
microstructure of electrodes to facilitate the mass transportation. In general, the AC impedance results
of the single cells were in good agreement with their power densities.

The stability of single cell with BSCFZ cathode was tested at 750 °C for 140 h under a constant
voltage of 0.7 V. Figure 8 presents the obtained current density of single cell as a function of run time.
For comparison, the result for single cell with BSCF cathode was also included. The cell current density
with BSCFZ cathode remained nearly unchanged except for slight increase in the initial dozens of
hours due to the cathode activation process at elevated temperature. In contrast, for the cell with BSCF
cathode, the current density at 750 °C decreased by about 24% after run for 140 h. This improved
cell stability can be ascribed to better phase stability of cubic perovskite structure BSCFZ and good
cathode/electrolyte interface bonding as shown in Figure 9b.
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Figure 8. Current density variation trend of the single cells with BSCFZ and BSCF cathodes at 750 °C
running for 140 h under 0.7 V.

Figure 9. Cross-sectional SEM images of anode-supported Ni-YSZ/YSZ/GDC/ BSCFZ single cell after
tests: (a) over view and (b) BSCFZ/ GDC interface.

Figure 9 shows the cross-sectional field emission scanning electron microscopy (FE-SEM) images
of the single cell with BSCFZ cathode after short-term test. As can be observed in Figure 9a, the YSZ
electrolyte layer (about 8 pm in thickness) is dense enough, and exhibits excellent interfacial bonding
with both the Ni-YSZ anode and the GDC barrier layer. It can also be found from Figure 9b that the
GDC bulffer layer (about 2 pm in thickness) and porous BSCFZ cathode are well bonded to each other
after test, and no sign of delamination was observed. The GDC functional layer is used to improve the
interface of cathode and electrolyte. The porous structure of cathode would facilitate the transportation
of oxygen and increment the active sites for ORR to improve the cell performance.

3. Materials and Methods

3.1. Powder synthesis

Bag 5510 5(Cop gFep2)1.xZnxO3.5 powders (x = 0 and 0.04, denoted as BSCF and BSCFZ, respectively)
were synthesized by the modified Pechini method as reported elsewhere [6]. All the reagents were
purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China) and used without further
purification. Metal nitrates at stoichiometric ratio were dissolved, and citric acid as complexing agent
was then added under constant stirring. Diluted NH3-H,O was added to adjust the pH value at ~7.
The molar ratio of citric acid to metal ion was set at 1.5. The mixed metal ions solution was heated
under constant stirring to evaporate water until it became viscous gel and finally self-ignited to turn
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into the black ash. The ash was calcined at 950 °C for 3 h to obtain ultrafine BSCF and BSCFZ powders.
The GDC and YSZ powders were obtained with the same method, which were calcined at 800 °C for
2h.

3.2. Cell preparation

The dense GDC electrolyte discs were fabricated by dry-pressing technique, followed by sintering
at 1450 °C for 10 h. The symmetric cells with the configuration of cathode (~15 um)/GDC (~0.5 mm)
/cathode (~15 um) were fabricated to measure the cathodic area-specific resistance. Fine BSCFZ or
BSCF powder was fully mixed with ethyl cellulose-terpineol binder to prepare the cathode inks. The
BSCFZ (or BSCF) ink was screen-printed on both sides of polished GDC discs and calcined at 1000 °C
for 3 h to form a porous cathode. To assemble a half-cell with NiO-YSZ/YSZ/GDC three-layer structure,
the NiO-YSZ/YSZ double-layer unit was co-pressed with starch as pore-forming agent, followed by
slurry coating of GDC, and co-sintered at 1450 °C for 10 h. Finally, the cathode ink was screen-printed
on GDC layer surface of the half-cell and calcined at 1000 °C for 3 h to obtain the anode-supported
single cells.

3.3. Characterization

The phase structure of the powders was identified by XRD (D8 Advance, Bruker, Ettlingen,
Germany) with Cu K radiation. XRD Rietveld refinement was performed using GSAS software.
HR-TEM (JEM-2010, JEOL, Tokyo, Japan) in conjunction with selected area electron diffraction was
also used for phase identification of cathode powders. The conductivity was tested applying a DC
four-terminal method in air with a digital multimeter (Keithley 2001, Keithley, Cleveland, OH, USA).
Before measurement, dense bar-shaped samples were prepared by dry-pressing and subsequent
sintering at 1150 °C for 5 h. The oxygen vacancy concentration from 25 to 900 °C was measured by the
combination of thermogravimetric analysis (TGA, TGA/DSC 1, Mettler Toledo, Zurich, Switzerland)
and iodometric titration as described in the reference [20]. XPS (MULT1LAB2000, VG, Waltham, MA,
USA) with Al K, radiation source was applied to analyze the element state of cathode materials, and
spectrum calibration was performed by taking the Cls electron peak (BE = 284.8 eV) as the reference
peak. The microstructure of single cells was obtained through FE-SEM (SU-8010, Hitachi, Tokyo, Japan).
Electrochemical analysis of symmetric cells and single cells was performed using an electrochemical
workstation (Zennium Pro, Zahner-elektrik, Kronach, Germany) to obtain the impedance spectra and
current-voltage curves. The cell measurements were conducted at 600-750 °C with H,/3% HyO as the
fuel (100 mL/min) and ambient air as the oxidant.

4. Conclusions

The B-site 4 mol% Zn-doped BSCF oxide with stable cubic perovskite structure was prepared
and investigated as the cathode material of intermediate temperature SOFCs. Zn-doping led to
increased lattice parameters and oxygen vacancy concentration for BSCF material. The prepared
BSCFZ cathode exhibited significantly enhanced ORR electrocatalytic activity with the area-specific
polarization resistance reduction of 25~49% compared to BSCF cathode at 600~750 °C. It has been
demonstrated that the BSCFZ cathode material has excellent electrochemical performance as well
as short-term stability. For the single cell with BSCFZ cathode, maximum power densities of 0.58,
0.41, 0.25 W-cm~2 were obtained at 750, 700 and 650 °C, respectively, showing an increase of 35~41%
as compared to that obtained with the BSCF cathode. The cell with BSCFZ cathode demonstrated
no obvious performance decay under a voltage load of 0.7 V at 750 °C after running for 140 h. Our
findings manifest that BSCFZ is a potential cathode material for YSZ-based SOFCs working in the
intermediate temperature range.
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