View Article Online

View Journal

M) Cneck tor updates

Journal of

Materials Chemistry A

Materials for energy and sustainability

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: X. Lv, H. Chen, W.
Zhou, S. Li and Z. Shao, J. Mater. Chem. A, 2020, DOI: 10.1039/D0TA02435J.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
Journal of accepted for publication.

Materials Chemistry A

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

o
-

ROYAL SOCIETY
OF CHEMISTRY

ROYAL SOCIETY rsc.li/materials-a
OF CHEMISTRY

(3


http://rsc.li/materials-a
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d0ta02435j
https://pubs.rsc.org/en/journals/journal/TA
http://crossmark.crossref.org/dialog/?doi=10.1039/D0TA02435J&domain=pdf&date_stamp=2020-05-19

Page 1 of 11

Published on 19 May 2020. Downloaded on 5/21/2020 4:28:27 AM.

Journal ofsMaterials'Chemistry A

View Article Online
DOI: 10.1039/D0TA02435J

CO,-tolerant SrCog sFeg 15Zrg 05035 cathode for proton-conducting

solid oxide fuel cells

Received 00th January 20xx,
Accepted 00th January 20xx

Xiuging Lv,2® Huili Chen,*2 Wei Zhou, ¢ Si-Dian Li2and Zongping Shao ¢

SrCog sFeq203.5 (SCF) exhibits high ionic-electronic conductivity. However, its instability in the presence of CO, restricts its
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application in electrochemical devices. In this study, 5 mol% zirconium was introduced into SCF to promote its structural

stability and CO, tolerance. SrCog gFeg 15Zr0.0503.5 (SCFZ) showed metallic electrical conductivity above 500 °C. Further, X-ray

diffractometer and CO,-temperature programmed desorption experiments indicated that SCFZ possessed adequate

structural stability and CO, tolerance. The oxygen reduction activity and CO, tolerance were studied using a symmetrical cell
SCFZ|BaZry1Ceq7Y0.1Ybo103.5(BZCYYb) |SCFZ. The electrochemical performances of SCFZ material as a cathode were
investigated systematically for proton-conducting solid oxide fuel cells (H*-SOFCs) with a configuration of NiO-
BZCYYb|BZCYYb|SCFZ-BZCYYb. The output of 712 mW cm at 700 °C and a durability test of over 300 h indicated that SCFZ
had significant structural stability and CO,-tolerance.

Introduction

Solid oxide fuel cells (SOFCs) are promising power generation
devices that directly convert chemical energy stored in fuels
into electricity through an electrochemical reaction. The
process is highly efficient and clean, with broad fuel
adaptability.> 2 Nevertheless, operation of traditional SOFCs at
high temperatures (850—1000 °C) leads to several issues, such
as electrode sintering, interfacial reaction, high cost of
components, and poor durability.? Therefore, it has been a
trend to lower the operating temperature of SOFC.#>

As a potential alternative, the proton-conducting SOFCs (H*-
SOFCs) have been extensively investigated because of a lower
activation energy of proton transportation than that of oxygen
ion transportation; a low activation energy implies that the
proton conductivity of these materials has less temperature
dependence. Moreover, water is formed at the cathode rather
than the anode, which avoids the dilution of the fuel and
decreases the electrode polarization arising from mass
transfer at the anode.®® BaZry;Ce,Y01Ybo103.5 (BZCYYb),
which is highly proton-conductive and structurally stable in the
intermediate-temperature (IT, 500-700 °C) range, has been
regarded as an emerging electrolyte for IT-SOFCs.°0 The
cathode is another important consideration when the
operating temperature needs to be reduced because the

cathode polarization resistance increases at lower
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temperatures. Therefore, developing structurally stable
cathode materials with adequate electronic conductivity to
reduce polarization resistance is crucial for IT-SOFCs.1113 The
perovskite-type mixed ionic-electronic conductor (MIEC)
materials are generally used as cathodes for SOFCs. Compared
to a pure electronic conductor, such as lanthanum strontium
manganate (LSM), a MIEC cathode effectively enlarges the
area of oxygen reduction reaction (ORR) from the
electrolyte/electrode interface to the entire cathode bulk.14-16
The cubic perovskite SrCoOs_s is a promising parent compound
owing to its excellent catalytic activity for ORR, high ionic-
electronic conductivity, and oxygen flux.1>17-18 However, for
application as a cathode in SOFCs, SrCoOs. s is impeded by its
low structural stability, especially in the presence of CO,.
These disadvantages can drastically decrease the cell
performance.l”- 1% 20 An effective way to increase its stability is
to partially substitute the B-site ions with suitable dopants
while maintaining its catalytic activity and desirable
conductivity.2'2* |t has been reported that the partial
substitution of Co with Fe, for instance, SrCog gFeg,03.5 (SCF),
stabilizes the cubic perovskite phase and simultaneously
exhibits high mixed ionic-electronic conductivity. However,
the cubic SCF converts to the orthorhombic phase below
790 °C, which exhibits very low ionic conductivity.?428 Another
challenge associated with using SCF as a cathode is the
sensitivity to CO,.2%31 There is a competition between O, and
CO, for the active oxygen vacancies of the cathode surface.
Therefore, carbonate formation could take place on the SCF
surface over a long-time exposure to CO, atmosphere, further
causing unrecoverable crystal structure damage.3?

Partial substitution of the B-site ions of perovskites with high
valent transition metals can reduce the basicity and enhance
CO, tolerance.?? 3336 Zirconium dioxide (ZrO,) has been used
as a dopant to stabilize the structure of perovskites because of
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its stable oxidation state and low thermal conductivity. For
example, Zr-doped SrCog 4Feq 6.xZrOz.5, SrCOp 95.xF€4Zr0.0503.5,37
Bao.sSro.5(Coo.sxZrx)Fep203.5,28 and Bag sSrosCog sFeq.1Zro.103.5%°
show high structural stability. Zr is also doped into SrFeOs_s to
enhance its stability, making it potentially suitable for use as a
cathode.3® 40 Zr-doped perovskite-type materials have been
used to fabricate cathodes of H*-SOFCs and such cathodes
exhibit excellent electrochemical performance.***3 Zr has also
been doped in SCF as SrCoq sFeqZry.103.5 to inhibit undesired
phase deformation and improve CO, tolerance.3° However, as
the amount of Zr increases, conductivity and permeation flux
decrease because the electron hopping conduction between
X4* to X3* (X = Co and Fe) becomes difficult owing to the stable
Zr*+,40.44 As discussed above, it is expected that SCF doped with
as little amount Zr as possible may promote the structural
stability without significantly sacrificing the ionic conductivity
of SCF.

In this study, a perovskite-type material SrCog gFeg.15Zr¢ 0503.
s(SCFZ) with 5 mol% Zr dopant in the B-site was synthesized. X-
ray diffractometer (XRD) and CO,-temperature programmed
desorption (CO,-TPD) experiments indicated that SCFZ
possesses adequate structural stability and CO, tolerance. The
electrochemical performance and CO, tolerance of SCFZ as a
cathode for SOFCs with the BZCYYb electrolyte was
systematically evaluated at IT operating conditions.

Experimental
Synthesis of powders

SrCoggFep,03.5 (SCF), SrCogsFep15Zrpos03.5 (SCFZ), and
Bap5SrosCoggFeq 035 (BSCF) powders were prepared via a
modified Penichi method using citric acid (CA) and
ethylenediaminetetraacetic acid (EDTA) as chelating reagents.
Taking SCFZ as an example, the analytical grade nitrate salts of
strontium, cobalt, iron, and zirconium were added into
distilled water in a stoichiometric ratio according to the target
product, followed by the addition of CA and EDTA in the total
metal ions:CA:EDTA molar ratio of 1:1.5:1. Aqueous ammonia
was used to adjust the pH value of the solution to ~7. The
solution was stirred and heated at 70 °C to form a viscous sol.
The sol was pre-treated at 300 °C for 5 h and then calcined in
air at 1000 °C for 5 h. SCF was calcined at 1000 °C for 10 h. BSCF
were obtained after calcination for 5 h at 950 °C.

The BaZrg1Ceq7Y0.1Ybo1035 (BZCYYb) electrolyte powders were
also synthesized using EDTA and CA. Analytical grade Ba(NOs3),,
Zr(NO3)4-5H,0, Ce(NO3)3-6H,0, Y(NOs)s-6H,0, and Yb(NO3)s-6H,0
were first dissolved in distilled water. Then, EDTA and CA were
added into the solution in a mole ratio of total metal ions:CA:EDTA
of 1:2:1. The pH of the solution was adjusted to 6—7 using aqueous
ammonia. The solution was heated at 70 °C until a viscous gel
formed, which was pre-treated at 300 °C for 5 h and then calcined
at 1100 °C for 5 h under air to obtain the BZCYYb powders.

Cell fabrication

To prepare the SCFZ|BZCYYb|SCFZ symmetrical cell for
impedance spectroscopy measurement, the BZCYYb pellet was

2| J. Name., 2012, 00, 1-3

fabricated through dry pressing at a pressure of 200, MPRa. First,
0.4 g of BZCYYb powders were pressed 80100 WP 2hin,
followed by calcining in air for 5 h at 1400 °C to densify the
electrolyte pellet. The pellet was then surface-polished with
sandpaper to a thickness of 0.7 mm. The SCFZ powders were
added in a mixing solution of isopropanol, ethylene glycol, and
glycerol, and subsequently ball-mixed to obtain the cathode
slurry, which was then sprayed onto both sides of the BZCYYb
pellet and calcined in air for 2 h at 1000 °C. Finally, a diluted Ag
paste was deposited on the cathode layer as the current
collector.

The single cell NiO-BZCYYb|BZCYYb|SCFZ-BZCYYb was
prepared via a co-pressing/sintering and cathode slurry spray
deposition/sintering method. 0.4 g of anode powders
consisting of NiO, BZCYYb, and pore former in a mass ratio of
6:4:1 were pressed at 100 MPa for 30 s to form an anode
pellet. Next, 0.025 g of BZCYYb powders were homogeneously
dispersed on the surface of the above pellet and pressed at
200 MPa to form the anode/electrolyte bilayer that was fired
in air for 5 h at 1450 °C. The cathode slurry comprising SCFZ
and BZCYYb (in 7:3 mass ratio) with a certain amount of
ethylene glycol, isopropanol, and glycerol was sprayed onto
the electrolyte layer and sintered in air at 900 °C for 2 h.

Characterization

The phase structures of the samples were determined using an
X-ray diffractometer (Rigaku D/Max-RB) equipped with
filtered CuKa radiation at room temperature. The XRD
patterns were collected in a 20 range of 20—80° with a step
rate of 5° minl. To survey the chemical compatibility, a
mixture of SCFZ and BZCYYb powders (1:1 wt ratio) was
sintered in air for 10 h at 1000 °C. The obtained powders were
then identified using XRD. For comparison, the mixture of SCF
and BZCYYb were also treated in the same manner and
sintered at different temperatures.

The scanning electron microscopy (SEM) and energy
dispersive X-ray (EDX) spectroscopy analyses of SCFZ powders
and single cells were carried out using FESEM (JEOL, JSM-
7001F).

To obtain the physical properties of samples, such as
thermal expansion coefficients (TECs) and the electrical
conductivities, the sample powders were pressed at 200 MPa
into the dense rectangular bars with dimensions of 2 mm x5
mm x12 mm, followed by calcining for 5 h at 1200 °C in air.
Electrical conductivities were determined using the four-probe
DC technique. The voltage and current were monitored on a
digital source meter (Keithley 2420) with an interval of 25 °C
from 200-850 °C in air. The TECs of the samples were
determined on a dilatometer (Netzsch DIL 402C). From 100 to
1000 °C with a 5 °C min'! ramping rate in air using Al,O3 as a
reference.

The CO, adsorption ability was evaluated by CO,-TPD. In
these experiments, 0.05 g of the BSCF, SCF, or SCFZ sample was
first pre-treated under CO, atmosphere for CO, adsorption at
500 °C for 2 h. Subsequently, the sample was cooled and Ar
was fed to remove the residual CO,. Next, the samples were

This journal is © The Royal Society of Chemistry 20xx
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heated at a heating rate of 10 °C min! under Ar atmosphere.
The CO, intensity in the effluent gas was recorded using an
online mass spectrometer (Hiden QIC-20).

The electrochemical performances were tested using an
electrochemical workstation (lvium Technologies B.V.,
Netherlands). To investigate the performance stability in CO,,
the symmetrical cells were tested under air or 10 vol% CO,-
containing air flowing at 100 mL min? (STP). The frequency
range was 0.01-10° Hz with a 10 mV amplitude. The
electrochemical performances of single cells were measured
based on the four-probe method. Hydrogen was supplied to
the anode with a flow rate of 80 mL min! for the performance
tests. In the stability test, the flow rate of hydrogen was 15 mL
min-t. The flowing air was the oxidant. The electrochemical
impedance spectra (EIS) of single cells was determined under
an open circuit voltage (OCV) condition with the frequency
range of 0.1-10° Hz and a voltage amplitude of 10 mV.

Results and discussion
Structural characterization of samples

The XRD patterns of the as-sintered Fe-doped SCF and Fe/Zr
co-doped SCFZ are shown in Fig. 1(a). The profiles of SCFZ and
SCF are particularly similar, showing a cubic perovskite
structure. The locally magnified XRD patterns of SCF and SCFZ
with the 26 range from 30° to 35° are shown in Fig. 1(b). The
peak of SCFZ was shifted to the lower 20 direction compared
with that of SCF, suggesting that the lattice had expanded
because of the partial replacement of Zr** for Fe3*/ Fe** cations
owing to a larger radius of Zr%* (0.72 A) than Fe3*/Fe* (0.645
A/0.585 A).%5 The ZrO, phase did not appear in the diffraction
pattern, indicating that Zr was successfully doped into the
oxide lattice. A cubic perovskite phase can be stabilized by
doping Fe or Fe/Zr (0.05) into the B-sites of the SrCoOs;
system.

The cubic (space group Pm-3m) structures of SCFZ and SCF
were further confirmed by their refinement profiles (Fig. 1(c)
and (d)). The lattice parameter of SCFZ (a = 3.88190 A) was
bigger than that of SCF (a = 3.8599 A), suggesting a lattice
expansion owing to the doping of Zr into the SCF perovskite
lattice. The low converged reliability factors of SCFZ (R, =
3.437%, Ry, = 4.349%) and SCF (R, = 3.395%, Ry, = 4.273%)
indicated a good fitting between the experimental and
calculated patterns. The Rietveld refinement results of XRD
patterns of SCFZ and SCF are given in Table 1.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. (a) XRD patterns of as-sintered SCFZ and SCF. (b) Magnified XRD patterns
of SCFZ and SCF in the 26 range from 30° to 35°. Refined XRD profiles of (c) SCFZ
and (d) SCF.
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Table 1. Rietveld refinement results of XRD patterns of SCFZ
and SCF.

Parameters SCFZ SCF
Space Group Pm-3m Pm-3m
a(A) 3.88190(83) 3.8599(16)
b (A) 3.88190(83) 3.8599(16)
c(A) 3.88190(83) 3.8599(16)
o (%) 90 90
B(°) 90 90
v (°) 90 90
Volume (A3) 58.495(38) 57.506(70)
Rwp 4.349% 4.273%
Rp 3.437% 3.395%
Rexp 4.147% 4.012%
Gof 1.049 1.065

Fig. 2 presents the morphology and EDS analysis of the SCFZ
powders. As shown in Fig. 2(a), the sample includes five
elements, i.e., Sr, Co, Fe, Zr, and O in the Sr:Co:Fe:Zr molar
ratio of 1.01:0.82:0.15:0.05, which is close to the actual

Journal Name

stoichiometric ratio of 1:0.8:0.15:0.05. These results, indicate
that the stoichiometric target of SEFZ \Wa33%Rec&sstiilly
obtained.

The chemical compatibility between SCFZ and BZCYYb
should be considered because the formation of new phases or
even a non-conductive material at the interface would
increase the ohmic resistance, and hence decrease the
electrochemical performances of the cells. In addition, a weak
adherence between the electrolyte and cathode layers may
cause a large contact resistance and even delamination of the
two layers. Fig. 3 shows that there was no new phase or peak
shifts for the calcined SCFZ-BZCYYb mixture powders, which
indicates that SCFZ had good chemical compatibility with
BZCYYb during the operating temperature. For comparison,
the phase-reaction between SCF and BZCYYb was also
investigated. The impurity SrZrOs;s was detected in the
product, indicating that SCF cannot be used as a cathode in
SOFCs with the BZCYYb electrolyte. However, SCFZ can be
considered in the fabrication of SOFCs based on the BZCYYb
electrolyte.

Metal Wesh  AL% EDS  Target
elements results  values
Sr 4183 2020 1010 10
Ceo 2447 1636 0818 0.8

Fe 75 3ol 0151 0ls
Zr 235 099 00495 0.05

Energy [keV]
Fig. 2. (a) EDS analysis and (b) SEM image of SCFZ powders.
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Fig. 3. XRD patterns of BZCYYb, SCFZ, and SCF; calcined SCFZ-BZCYYb (1:1 mass ratio) and SCF-BZCYYb (1:1 mass ratio).
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Table 2. Conductivity, TEC, and E, of reported cathode materials in literature and those of SCFZ prepared in this s§u8¥s,p0TA024357

Cathode Conductivity (maximum) E, TECx10© Reference
(Scm?) ( kJ mol?) (K1)
BaCoosFeoaZro20ss - 35.7 (300—450 °C) 14.4 (100-1000 °C) 50
23.1 (450-800 °C)
Lag.6Sro.4C00 2F€0.803.5 350 9.6 (100-500 °C) 15.3 (100-600 °C) 51
Bag.sSro.sC00 gFe0.203.5 31 27.42 (30-800 °C) 20.44 (30-800 °C) 52
SrCoo.sF€0.15Zr0 05035 345 7.4 (200-500 °C) 26.01 (100-1000 °C) This work

11.8 (500-850 °C)

Table 3. Relative and real ASR change with time in air-10 vol% CO, atmosphere for reported cathode materials in literature and

SCFZ materials prepared in this study.

Cathode Electrolyte ASR; /ASR, (times) Slope (Q cm? min-t) Reference
5 min 1h
SrCoggNbg1Tag 1035 Cep.9Gdp10,5 17 24 0.013 53
Bao.sSro.5Cop.8Fe0.203.5 Cep.9Gdo10,5 30 45 0.045 53
SrCo085T20.1503.5 Ce0sSMo.201.5 18 22 0.012 55
BagsSro.5Cop.sFe0.203.5 BaZry.1Ceo7Y0.1Ybo.103.5 30 44 0.045 This work
SrCop.gFep.152r0.0503.5 BaZry.1Ceo7Y0.1Ybo.103.5 15 20 0.013 This work

Physical properties

The electrical conductivity of SrCoOs_s, SCF, and SCFZ in air is
temperature-dependent (Fig. 4). SrCoOs s has a hexagonal
crystal structure and exhibits semiconductor-like character
with 34 S cm ! conductivity at 850 °C. In contrast, SCF and SCFZ
have a cubic perovskite structure and their electrical
conductivities increase to a maximum with temperature and
then decrease, which indicates a change from semiconductor-
like character to metallic character. It is likely that this
phenomenon is associated with the reduction of Co*/Fe** to
Co3*/Fe3* that leads to the formation of oxygen vacancies.*®
SCFZ exhibits lower conductivity than SCF because the blocking
effect of Zr** makes electron hopping conduction difficult after
SCF is doped with Zr. Similar results have been reported for
SrCog 7Fep2Tag103.53* and SrCog gFeg1Nbg 103.5,3° in which Ta-
or Nb-doping decreases the electrical conductivities of SCF.
Although Zr-doping decreases the electrical conductivity of
SCFzZ, it is still significantly higher than that of an ideal SOFCs
cathode (2100 S cm™) in the IT range.*” The Arrhenius plots of
In(oT) vs. 1000/T in the inset display a turning point (transition
temperature), which demonstrates a small-polaron hopping
conductor for SCFZ and SCF. In the case of SCFZ, the transition
temperature (500 °C) is shifted toward higher temperature as
compared to SCF (400 °C), indicating that oxygen loss becomes
more difficult after Zr-doping into SCF, and the phase stability
is further enhanced.*® The activation energy (Ea) of the SCFZ
sample in the high and low temperature ranges was 11.8 and
7.40 kJ mol?, respectively, calculated using the slope of the In
(o T)vs. 1000/T curve.

SrCo03 . s-based perovskites usually display large TECs, which
might cause a mismatch between the electrolyte and cathode
during heating and cooling. As shown in Fig. 5(a), the TECs for
SCFZ and BZCYYb were calculated to be 26.01 x 10°K™* and
10.18 x10°® K, respectively. The TEC of SCFZ-BZCYYb (7:3
mass ratio) was 20.63x10°% K1, which lies between those of

This journal is © The Royal Society of Chemistry 20xx

SCFZ and BZCYYb. Therefore, the incorporation of BZCYYb into
SCFZ enhances its thermal compatibility.

Fig. 5(b) shows the thermal expansion curves of SCF, BZCYYb,
and SCF-BZCYYb (7:3 mass ratio). For the SCF cathode, the TEC
was calculated to be 23.93 X 10¢ K1, which is lower than that
of SCFZ (26.01 x 10°K1). As the ionic radius of Zr** is larger
than those of Fe3* and Fe**, SCFZ had a larger unit-cell volume
(58.495(38) A3) than that of SCF (57.506(70) A3). A larger
volume is commonly associated with higher TECs.34 48 The TEC
of SCF-BZCYYb (7:3 mass ratio) was 18.98 X 10 K1, which is
the same value as that of SCFZ and between those of SCF and
BZCYYb.

It has been reported that there is an abrupt shape change in
the curve of AL/Lg vs. temperature (°C) for the SrCoO3 5 oxide.
The abrupt change takes place at 920 °C, which corresponds to
structural phase transition at the elevated temperature.*®
However, there is no significant change in the curve of AL/Lg
vs. temperature(°C) for SCFZ, implying that the structural
phase transition is prevented by introducing Fe and Zr.

The comparison of conductivity, TEC, and E, of SCFZ with
those of previously reported cathodes is given in Table 2.

yuu
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Fig. 4. Electrical conductivities of SrCoO3.s, SCFZ, and SCF in air. The inset displays
the Arrhenius plot of In(oT) vs. 1000/T.
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Fig. 5. Thermal expansion curves of (a)SCFZ, BZCYYb, and SCFZ-BZCYYb (7:3 mass
ratio). (b) SCF, BZCYYb, and SCF-BZCYYb (7:3 mass ratio).

Structural stability under CO, exposure

When the cathode is in air, it is exposed to a small quantity of CO,.
Furthermore, in H*-SOFCs, water is formed at the cathode
compartment. Thus, the cathode material must be structurally
stable under CO, and H,0 conditions. The structural stability of SCFZ
powders exposed to CO, and H,0 was investigated by treating the
samples in 3% H,0-5% CO,-0, atmosphere at 700 °C for different
time ranges. The XRD patterns of the fresh and treated samples are
shown in Fig. 6(a) and 6(b), respectively. For comparison, the XRD
patterns of SCF under the same conditions are displayed, where the
additional peaks ascribed to SrCO; can be observed. As no
carbonate phase was detected in the XRD spectra of SCFZ over 24
h, it was concluded that SCFZ had higher CO, tolerance relative to
SCF.

The CO, adsorption ability of SCF and SCFZ was investigated
by CO,-TPD. As a comparison, BSCF was also surveyed in this
test, which is a commonly used cathode for IT-SOFCs. As
shown in Fig. 6(c), the BSCF sample gave a broad and strong
peak from around 600 °C to 800 °C, which corresponded to the
desorption of adsorbed CO, and decomposition of BaCOs. The
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areas of CO, desorption peaks for the SCF samplg.weremuch
smaller than that of BSCF. According t&@he&OLEWIPaEiddiase
theory, Ba?* has stronger basicity than Sr?*. Therefore, the
partial substitution of Sr2* with BaZ* in BSCF will lead to higher
basicity as compared to the complete Sr?* occupation in the A-
site of SCF. In addition, the formation of SrCO; is more difficult
than the formation of BaCO; from barium/strontium
perovskite oxide under a certain temperature and CO,
pressure.>® 5% Unlike BSCF and SCF, SCFZ shows a significantly
smaller CO, desorption peak at ~600 °C, which indicates a
weaker CO, adsorption on the oxide surface.

Partial substitution of low valence Fe3* by high valence Zr#*
enhanced the stability of SCF and suppressed the loss of
oxygen from the lattice. Consequently, SCFZ exhibited a higher
tolerance to CO, than SCF. Additionally, SCFZ had lower
basicity than SCF. When zirconium was present at the B-sites
of SCF, the substituted site showed more positive charge
accompanied by a decrease in the number of oxygen vacancies,
which increased the stability of oxygen atoms in the lattice,
and decreased the basicity of the oxide. Therefore, the
adsorption of acidic CO, on the oxide surface was lowered.
These results revealed that SCFZ had the highest tolerance to
CO, among the prepared cathode materials.
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The ORR activity of SCFZ as a cathode was tested using a
symmetrical cell. Fig. 7(a) is the EIS of SCFZ|BZCYYb|SCFZ
measured in air between 500 and 700 °C. The area specific
resistances (ASRs) were obtained from the polarization
resistance (Rp) of symmetrical cell, i.e., 2.42, 1.01, 0.38, 0.15,
and 0.07Q cm? at 500, 550, 600, 650, and 700 °C, respectively.
The ASR value is lower than that of BaCog 4Fe.4Zrp,03.5 (BCFZ)
under the same conditions.*? As shown in Fig. 7(b), the
activation energy of SCFZ was 113.7 kJ mol}, calculated using
the slope of the In(ASR) vs. 1000/T curve, which was lower
than that of the LageSro4Cop2Fe0s035 (LSCF) based on the
BZCYYb electrolyte (138 kJ mol?).4! This result indicates that
SCFZ could be applied as a cathode material based on the
electrolyte BZCYYb.

The degradation of cathode performance was evaluated at
700 °C as a function of time using a symmetrical cell
SCFZ|BZCYYb|SCFZ in a gas mixture of air-10 vol% CO,. For
comparison, the BSCF profile was also monitored under the
same condition. The relative ASRs change (the recorded ASR;
against the initial ASRy) are presented in Fig. 8(a). The relative
ASRs change of BSCF increased by almost 30 times in the first
5 min and by 44 times after 1 h. The cathode performance of
SCFZ was better than that of the BSCF cathode. After exposure
for 5 min, ASR; increased merely 15 times relative to ASR,.
Beyond 1 h exposure, the degradation was slow and showed
some linear tendency. Relative to ASR,, ASR; increased by 20
times. Fig. 8(b) shows the real ASR change with time for SCFZ
and BSCF; the increasing rate of ASRs for BSCF after 5 min was
~0.045 Q cm?minl. However, the linear increasing rate of the
ASRs for SCFZ after 5 min was ~0.013 Q cm? min’, i.e.,
considerably lower than that of BSCF. The results suggested
that SCFZ showed a significantly slower performance
degradation compared to BSCF, which is used as a baseline
cathode for IT-SOFCs. A comparison between the results of
this work with those of previously reported CO, tolerant
cathodes is given in Table 3.

Electrochemical performance

Fig. 9 shows the electrochemical performance (I-V-P) of the
NiO-BZCYYb|BZCYYb |SCFZ-BZCYYb single cell from 700 to
500 °C. The OCV of 1.02 V at 700 °C indicated a densified
electrolyte layer. The cell displayed peak power densities of
234, 353, 458, 551, and 712 mW cm at 500, 550, 600, 650,
and 700 °C, respectively, which were much higher than those
of previously reported cells using LSCF and BCFZ cathodes with
the electrolyte BZCYYb.*?

For comparison, the I-V-P curves of the NiO-
BCZYYb|BCZYYb|SCF-BZCYYb single cell were measured from
700 to 500 °C. As shown in Fig. 9(b), the peak power densities
of the cell were 194, 294, 431, 549, and 719 mW cm™ at 500,
550, 600, 650, and 700 °C, respectively. The peak power
density at 700 °C was slightly higher than that of the SCFz-
based cell at this temperature. This result indicated that the

cathode activity decreased only slightly as a result of Zr-doping.

However, at other temperatures and with increasing time, the
peak power densities of the SCFZ-based cell were higher than
those of the SCF-based cell. This observation confirmed that
Zr-doping greatly improved the CO, tolerance and stability of
SCF.

8 | J. Name., 2012, 00, 1-3

Fig. 10a shows the EIS of the single cell from 500,t0,708, G
The high frequency intercept at the redlCixi§ Eofespdndsste
the ohmic resistance (R,) of the electrolyte, electrodes, and
lead wires. The total resistance (R;) is the low frequency
intercept at the real axis, and the difference of the intercepts
of the high and low frequencies corresponds to the
polarization resistance (Ry). All R,, Ry, and R, values of the cell
decreased with the increasing temperature. The R, and R,
values of the cell were 0.21, 0.29, 0.51, 0.62,and 0.80 Q cm?,
and 0.05, 0.13, 0.29, 0.50, and 1.20 Q cm? at 700, 650, 600,
550, and 500 °C, respectively. The proton conductivity of the
electrolyte increased with increasing temperature, leading to
a reduction in R,. The Bode plot (Fig. 10b) shows that Rp
decreased in the entire frequency region with the increasing
temperature, especially in the low frequency region. This
indicated faster electrode reaction dynamics and lower

diffusion resistance at higher temperatures.
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Fig. 9. I-V (P) curves of (a) NiO-BZCYYb|BZCYYb|SCFZ-BZCYYb and (b) NiO-
BZCYYb|BZCYYb|SCF-BZCYYb cell from 700 to 500 °C.
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Fig. 11. Time-dependent voltage under a constant current density of 350 mA cm?2 at
600 °C of SCFZ- and SCF-based cells. The insets show the microstructure of the
pristine and post-test SCFZ-based cells.

Aging test in the galvanostatic mode of the cell

To evaluate the stability of SCFZ as a cathode under real
operating conditions, the cell voltage of the cell was monitored
over time at 600 °C. For comparison, the SCF-based cell was

This journal is © The Royal Society of Chemistry 20xx
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also tested. As shown in Fig. 11, under a constant current
density of 350 mA cm?, the SCFZ-based ceéll showed &gtgble
voltage output that decreased only slightly over 300 h.
However, the voltage of the SCF-based cell decreased to zero
after 24 h. This result indicates that Zr-doping greatly improved
the stability of the cell.

The insets in Fig. 11 show the cross-sectional microstructure
of the pristine and post-test cells. The thicknesses of the
densified BZCYYb electrolyte layer and SCFZ cathode layer were
approximately 38 um and 30 um, respectively. Compared to the
pristine cell, the cathode particles of the post-test cell showed
obvious aggregation. Simultaneously, the cathode layer was
well-adhered to the electrolyte layer, indicating good thermal
compatibility between SCFZ and BZCYYb.

Conclusions

Perovskite-type oxide SCFZ was prepared via a modified
Penichi method and investigated as a CO, tolerant cathode
based on the electrolyte BZCYYb for IT-SOFCs. Doping 5 mol%
Zr into SCF formed a stabilized cubic perovskite structure. In
addition, SCFZ showed good chemical compatibility with the
electrolyte BZCYYb under the working conditions of SOFCs and
good electrical conductivities of 202—345 S cm™ from 700 to
400 °C. The cell with the SCFZ cathode demonstrated a peak
output of 712 mW cm at 700 °C and a long-term stability over
at least 300 h, which indicated that SCFZ is a potential cathode
candidate for IT-SOFCs with the electrolyte BZCYYb.
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5 mol% zirconium was introduced into SrCog sFeq,03.5 (SCF) to promote its structural stability and

CO, tolerance. The proton-conducting solid oxide fuel cells (H+-SOFCs) with SCFZ material as a

cathode showed a high output and durability.
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