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ABSTRACT: Single-chamber solid oxide fuel cell (SC-SOFC) represents an attractive alternative to
battery for micropower application given its simplified stack design, easy gas management, lower
operation temperature, and quicker start-up. Its stable operation over long duration relies on the
availability of CO»-resistant cathode materials with high oxygen reduction reaction activity. Here, we
reported a novel perovskite oxide cathode SrSco.o75Tao.025Fe0.903-5 (SSTF75), which provides CO»
resistance and high ORR activity. A peak power density of 1430 mW cm™? was achieved with
SSTF75/Smo2Ceo301.9 cathode at 650 °C with a methane and oxygen gas mixture (1:1 vol. ratio). It
retained stable voltage performance at 600 °C for over 90-hour duration when discharged at a current
density of 1,000 mA cm2. This work not only represents an advancing step in the SC-SOFC field but
also authenticates an effective co-doping strategy for the design of COo-resistant cathode for low

temperature application.

Solid oxide fuel cells (SOFCs) bring the simultaneous advantages of high power density, high chemical
to electrical energy conversion efficiency, fuel flexibility, and very low environmental emission to
portable and stationary power generation applications.!!2] For portable and micropower market segment
where rapid start-up and high energy density become more crucial than obtaining maximum conversion
efficiency, single-chamber solid oxide fuel cells (SC-SOFCs) are preferred over the conventional dual-
chamber solid oxide fuel cells (DC-SOFCs) given its more compact cell stack, simpler manifold
configuration, and self-sustaining temperature (from fuel oxidation by oxygen in air).*5! Their operating

principle is based on the different catalytic activities of anode and cathode:!®!

Anode : CH, +1/20, - 2H, +CO )
H,+0%* - H,0+2 (I1)
Cathode : O, +4e~ — 20> (TIT)

Full oxidation of methane: CH, +20, — 2H,0 +CO, Iv)

In hydrocarbon-fueled SC-SOFCs case nonetheless, up to 10 vol. % CO; (of the chamber total volume)
can be produced during operation.[®! In such a case, cathode materials such as Bao sSrosCoo.sFeo203-s

(BSCF), which are highly reactive to CO», especially below 900 °C, has a limited operation lifetime.”>3!
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This highlights the need to develop COx-resistant cathode materials to support the development of
practical SC-SOFCs that can retain stable and high performance over long operation lifetime.

The high reactivity of BSCF with CO; originates from the presence of alkaline earth metal cations (i.e.,
barium (Ba) and strontium (Sr)). The reaction of BSCF with CO; always leads to cathode performance
degradation. For example, the performance of BSCF-based symmetric SOFC cell was reduced by 37-fold
following the introduction of 10 vol. % of CO into the air stream at 600 °C for only 15 min.””! Compared
with Ba?" cation case, the presence of larger Sr>* cation in the perovskite lattice displayed better stability
in CO, atmosphere.”®> 1% Likewise, iron is better than cobalt given its lower basicity (or equivalently,
higher acidity) which translates to higher CO, resistance.''! Decreasing the electron density of the
perovskite oxide 1ons is an effective way to lower its basicity. This can be attained by using metal cations
that strongly draw the electron cloud away from oxygen anion, i.e., high oxidation state metal cations
such as Nb°* and Ta>*.l'?] These two cations were recently reported to also contribute positively towards
the phase stability of several mixed ionic-electronic conductors (MIECs) perovskite oxides
compositions.'*151 Yi et al. developed a new CO»-resistant perovskite composition SrNbgsFeosOs3-s
(SNF) whereas Zhu et al. developed a novel Ta-based perovskite composition SrTag.1Feo903-s (STF);
both of which showed long-term steady oxygen ionic transport performance in pure CO, atmosphere at
900 °C.[13.16]

Current research trend shifts towards developing cobalt-free perovskite oxide cathodes for SOFCs
application considering the extensive cost, compatibility, and stability issues of cobalt-based perovskite
cathodes."2%! Doped SrFeOs-s (SF) perovskite oxide compositions such as A-site doped compositions
of (La,Sr)FeOs-5 and (Bi,Sr)FeOs.s and B-site doped compositions of Sr(Nb,Fe)Osz-s and Sr(Ti,Fe)Os-s
have been synthesized and tested, however; all of which showed lower cathode performances relative to
cobalt-based perovskite cathodes.?!2®) Higher performance improvement margin is nonetheless still
affordable, we projected to be attained via the synergistic effects (i.e., simultaneous optimization of the
structure, the electronic property, and the redox chemistry) enabled by introducing particular co-dopants
into the perovskite lattice. In this context, for example, we have demonstrated that Nb and Sc co-doped

(271 More recently,

composition, i.e., SrSco.175sNbo.025C00.803-5 (SSNC) displayed very high ORR activity.
we highlighted the synergistic effects of Nb and Ta co-dopants on low temperature (below 500 °C) solid
oxide fuel cell perovskite cathode with composition of SrCoosNbo.1Tao.103-5 (SCNT), which enables its
stable and very high electrochemical performance below 500 °C.18]

Here we report the synthesis and characterization of new high performance cobalt-free co-doped

perovskite oxide cathode series, i.e., SrScxTao.1xFeo.903-5 (SSTF, x =0, 0.025, 0.05, 0.075, and 0.1) for
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intermediate temperature (500—650 °C) operation in SC-SOFC. Among these compositions,
SrSco.075Ta0.025F€0.903-5 (SSTF75) cathode with Smo2CeosO19 (SDC) electrolyte for symmetric cell
showed the lowest area specific resistance (ASR) of 0.092 Q cm? at 600 °C in air. More importantly, by
exploiting the combination of high ORR activity and CO; resistance of SSTF75/SDC composite cathode,
a SC-SOFC achieved a high peak power density (PPD) of 1430 mW cm 2 at 650 °C. We also demonstrated
stable voltage at 600 °C for over 90 hours. Our collective characterization results reveal that the presence
of 7.5 mol. % of Sc*" led to the high oxidation state for Fe and the formation of oxygen vacancies that
promotes the ORR activity in SSTF75 while the presence of 2.5 mol. % of Ta>" contributes to the
enhanced CO» resistance for SSTF75. This work not only represents an advance in the SC-SOFC field
but also underscores the efficacy of co-doping approach to overcome the current ORR performance
limitations.

The room temperature powder X-ray diffraction (XRD) pattern of SSTF75 is compared against the
powder XRD patterns of SrSco.1Feo903-5 (SSF) and STF in Figure 1(a). The complete powder XRD
patterns for this series are displayed in Figure S1. Except for SSF, other samples show a weak peak just
before the main peak (~32°), which indicates the ordered brownmillerite phase as observed in our previous
work.?’l Other peaks can be indexed according to primitive perovskite phase with Pm-3m space group
(#221). The positions of the characteristic peaks gradually shift to higher angle with the progressive
increase in Ta>* amount, i.e., in the order of SSF, SSTF75, SrScoosTaoosFeo90ss (SSTF50),
SrSco.025Tao.075F€0.903-5 (SSTF25), and STF, indicating the reduction in the lattice parameter due to the
smaller ionic radius of Ta>" (0.64 A) relative to that of Sc** (0.745 A) (both at coordination number of
6).2%) Such observation denotes the successful doping of Sc*" and Ta’" into the perovskite lattice.
Scanning electron microscopy-energy dispersive X-ray (SEM-EDX) elemental d istribution maps for Sr,
Sc, Ta, Fe, and O on the surface of SSTF75 is displayed in Figure 1(b). The primitive cubic structure of
SSTF75 was further confirmed by high resolution transmission electron microscopy (HR-TEM) images
along the two different zone axes, i.e., [111] and [100] (Figure 1(c) and 1(d)) and their corresponding
selected area electron diffraction (SAED) patterns (Insets of Figure 1(c) and 1(d)).

The cathode thermal expansion coefficient (TEC) should match that of the electrolyte to reduce the
tendency for the delamination of the cathode from the electrolyte during heating and cooling. The thermal
expansion curves and the TECs of SSTF samples are shown in Figure S2 and Table S1, respectively.
Their TECs are lower than those of cobalt-containing perovskite oxides.[**3?! The phase stability of
SSTF75 in a 10 vol. % COx-containing air atmosphere and ordinary air atmosphere were evaluated by

performing in situ powder XRD analyses during heating and cooling between 25 and 900 °C as displayed
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in Figure 2(a) and Figure S3, respectively. In CO»-containing air atmosphere, a new impurity phase
formed upon heating to 500 °C and disappeared when samples cooled down, indicating its reversible
nature. The structure of SSTF75 was stable in both atmospheres. The phase reaction between SSTF75
cathode and SDC was also evaluated from the powder XRD pattern of their annealed powder mixture
(Figure 2(b)). All peaks in the powder mixture can be attributed to the peaks from the two individual

samples, thus ruling out the new phase formation from reaction between SSTF75 and SDC.

(a) (b)

STF

S8STF75

Intensity (a.u.)
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Figure 1. (a) Room temperature powder XRD patterns of SrTa0.1Fe0.903—3[1 (STF), SrSc0.075Ta0.025Fe0.903—8 (SSTF75), and
SrSc0.1Fe0.903—-5601 (SSF) powders; (b) SEM-EDX elemental maps on the representative SSTF75 surface; and High-resolution TEM
images along (c¢) [111] and (d) [100] zone axes of SSTF75 sample (Inset — the corresponding SAED patterns).

The electrical conductivity of SSTF75 between 300 and 900 °C displays a maximum value of 56 S cm ™!
at 500 °C (Figure S4), which is significantly higher than that of SrSco.175Nbo.025Fe0s03-5 (8.5 S cm™' at
500 °C).331 This suggests the more dominant contribution from Ta>* towards the electrical conductivity
enhancement relative to Nb>*.

The ORR activities of SSTF on their symmetric cells configuration of SSTF|SDC|SSTF were evaluated
by electrochemical impedance spectroscopy (EIS) shown in Figure 3(a). The cathode layer thickness was

maintained consistently at about 10 v m (Figure S5). Relative to the edge compositions, i.e., SSF and

STF, the three Sc*" and Ta>" co-doped compositions showed lower area specific resistances (ASRs) at all
tested temperatures. The best composition, i.e., SSTF75 exhibited the lowest ASR values of 0.25, 0.092,
and 0.039 Q cm? at 550, 600, and 650 °C, respectively. The superior performance of SSTF75 becomes
more apparent at lower temperature. The typical impedance spectra for SSTF75 at five different

temperatures, i.e., 550—750 °C are displayed in Figure S6. Figure 3(b) displays the temperature-
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dependent Arrhenius plots of ASRs of SSTF75 in comparison to the other cobalt-free and cobalt-
containing perovskite cathodes.?%*734371 SSTF75 displayed ASRs values that fall within the lowest range

observed for cobalt-free perovskite cathodes, which can only be surpassed by some cobalt-containing

perovskite cathodes benchmarks.27-38]
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Figure 2. (a) High temperature powder XRD patterns of SrSco.075Ta0.02sFe0.903-5 (SSTF75) during heating and cooling between 25 °C and
900 °C in 10 vol.% COz-containing air; and (b) Room temperature powder XRD patterns of Smo2Ceo.s01.9 (SDC), SrSco.075Ta0.025F€0.903-5

(SSTF75), and 1000 °C-calcined SSTF75 and SDC powder mixture (1:1 by weight) (SSTF75/SDC)..
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Figure 3. (a) The bar chart of the ASRs for SrSco.1Fe0.903-s50 (SSF), SrSco.075Ta0.025Fe0.903-5 (SSTF75), SrSco.osTao.0sFeo.903-5 (SSTF50),
SrSco.025Ta0.075Fe0.903-5 (SSTF25), and SrTao.1Feo.903-s0 (STF) at 550 °C, 600 °C, 650 °C, 700 °C, and 750 °C; and (b) The temperature-
dependent Arrhenius plots of ASRs of SSTF75 versus other cobalt-free and cobalt-containing perovskite cathodes. (SSTF:
SrSco.075Ta0.025F€0.903-5; SSNC: SrSco.175Nb0.025C00.803-5; SNF: SrNbo.1Feo.903-5; PBC: PrBaCo20s-+5; BSCuF: Bao.sSro.sFeo.sCuo.203-5; LSF:

Lao.sSrosFeOs-s5; LNF: LaNio.cFeo.403-5; BSCF: Bao.sSro.5Co0.8Fe0.203-5; STiF: SrTio.1Fe0.903-5; BSNM: Bi2Sr2NboMnO12-5.)
As mentioned above, high ORR activity should also be accompanied by CO» resistance to substantiate

cathode candidate’s practical applicability in SC-SOFC.">*! Figure 4(a) shows the comparative changes

of ASRs after CO; was introduced to air stream and after the subsequent CO;, removal. At 600 °C,

6



following 10 vol. % of COz introduction for 15 minutes, the ASR of BSCF increased by 34-fold relative
to its original ASR. For comparison, the ASR of SSTF75 developed in the present study only increased
by 7-fold, indicating its significantly improved CO: resistance. SDC that exhibits low yet stable oxygen
ionic transport performance in CO, atmosphere can be utilized as an additional cathode component.28:4%]
The comparative change in ASRs of SSTF75/SDC composite cathode, i.e., SSTF75:SDC = 60:40 by
weight is also depicted in Figure 4(a). At 600 °C, this composite cathode shows slightly better CO»
resistance than the individual SSTF75 cathode. Figure 4(b) presents more detailed observation into the
ASR behavior of SSTF75/SDC composite cathode following exposure to 1, 5, and 10 vol. % of CO; and
upon the subsequent CO> removal. In the perspective of obtaining simultaneous CO> resistance with SDC
electrolyte, SSTF75/SDC composite cathode becomes the best cathode candidate for SC-SOFC test.

We additionally performed complementary characterizations to cross-check CO> resistance of SSTF75
against other compositions and BSCF. Powder XRD patterns, Fourier Transform Infra-Red (FTIR)
spectra, and CO; temperature programmed desorption (CO>-TPD) for SSTF after exposure to pure CO>
atmosphere at 700 °C for 2 hours were obtained (Figure S7) (details of which are given in the Supporting
Information pS9-10). The average metal-oxygen bond energy (ABE) of a particular metal oxide estimated
from thermodynamic calculations provides a quantitative indicator of its CO> resistance.”’! The ABEs
values of SSF, SSTF75, SSTF50, SSTF25, and STF are —292, —295, —298, —301, and —304 kJ mol ',
respectively (Figure S8). STF has the highest CO» resistance, which is consistent with its highest Ta
content. These SSTF materials are chemically and structurally stable in CO»-containing environment.

To gain an insight into the high ORR activity of SSTF75, we probed the oxygen non-stoichiometry ()
and the average oxidation state of Fe in STF, SSTF75, and SSF via Md&ssbauer spectroscopy (Figure S9).
The highest oxidation state for SSTF75 reflects the lowest electronegativity in Sc and Ta co-doped
composition. Accordingly, the respective o values for STF, SSTF75, and SSF are 0.216, 0.279, and 0.307.
Higher Sc** content appears to increase the oxygen non-stoichiometry which benefits the ORR processes
on the cathode of SOFCs. To gain more insights on this aspect, first principles simulations were performed
to determine the crystal cell energies and oxygen vacancy formation energies of Sc-doped, Ta-doped, and
Sc/Ta co-doped SrFeO; as displayed in Figure 5.141%! The molecular simulation calculation of the
perovskite crystal cells was performed using the Vienna ab initio simulation package (VASP). For a given
dopant at different dopant positions in Figure 5(a), it had found that the doped supercell requires slightly
higher energy than the Ta pure phase, the dopant ion is anticipated to adopt medium distance (MD)
scenario. The dopant ion placement in MD scenario was then applied to evaluate the oxygen vacancy

formation energy at different positions with respect to the dopant ions (Figure S10); the results of which

7



are shown in Figure 5(b). The incorporation of Sc dopant into SrFeQs lattice led to lower oxygen vacancy
formation energy than the incorporation of Ta dopant (Figure 5(b)) (Simulations details of which are
given in the Supporting Information pS12-14). Based on the aforementioned analyses, we can conclude
the synergetic effect of Sc and Ta in the Sc- and Ta- co-doped SrFeOs-s perovskites. The Sc doping
increases the oxygen vacancy concentration which is responsible for the improvement of the ORR activity
of the cathode. The Ta doping, on the other hand, increases the perovskites’ acidity and ABE, which are

two important aspects contributing to CO; resistance of the perovskite oxide.
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Figure 4. (a) The comparative changes of ASRs of BSCF, SSTF75, and SSTF75/SDC composite cathode (SSTF75:SDC = 60:40 by weight)
at 600 °C after 10 vol. % COz introduction to air stream and after the subsequent CO> removal for 30 minutes; and (b) Impedance spectra
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The electrochemical performance of SSTF75/SDC composite cathode in SC-SOFC was probed using a
fuel cell with a configuration of (hydrogen reduced) Ni-YSZ (yttrium stabilized zirconia) tape casted
anode | YSZ (12 um) | SDC (5 um) | SSTF75/SDC (10 pum) and a circular area of 0.48 cm?; the cross-
section of which is displayed in Figure 6(a). The current-potential (I-V) polarization curve and the power
density (I-P) curve for the cell were obtained under a methane/oxygen/nitrogen gas atmosphere

!, nitrogen flow rate: 150 mL min ') between 500 and 650

(methane/oxygen total flow rate: 150 mL min~
°C. The occurrence of such reactions in the presence of CH4 generally contributes to ~100 °C extra
temperature rise from the furnace temperature.®*™ The exact temperature rise, which determines the cell
performance, depends on the ratio of CH4 to O2. Accordingly, we probed the power density at 600 °C as
a function of O> to CHs volume ratio, as shown in Figure 6(b). It is found that lower CH4 to O; ratio
increased the PPD. In fact, the decrease in CH4 to O2 ratio from 2 (10:5) to 1 (10:10) leads to a steady but
significant increase in the PPD from 550 to 1280 mW cm? (Figure 6(b)). Figure 6(c) displays
SSTF75/SDC-based fuel cell performance at a constant O» to CHy ratio of 1 (10:10) as a function of
furnace temperature. The PPD increased from 700 to 1430 mW cm 2 as the furnace temperature rose from
500 °C to 650 °C. Accompanying the furnace temperature rise was the minor reduction in the open circuit
voltage (OCV) from 0.93 V at 500 °C to 0.90 V at 700 °C. This OCV lowering came from the increasing
temperature as well as possible the reduced selectivity of the cathode for ORR due to the enhanced
catalytic activity for methane oxidation on the cathode surface at higher temperatures.**) BSCF-based
fuel cell exhibited substantially higher power density behavior but decreased more rapidly with increasing
0,:CHs ratio, relative to SSTF75-based fuel cell (Compare Figure 6(b) and (c) to Figure S11(a) and
(b)). SSTF75-based fuel cell additionally showed stable voltage performance at 600 °C when discharged
at a current density of 1000 mA cm 2 over the duration of 5,500 minutes (Figure 6(d)). For comparison,
the voltage of a BSCF-based fuel cell continuously degraded substantially with increasing operation time.
We attribute such performance deterioration to the reaction between BSCF and CO» that was generated

during SC-SOFC operation.
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Figure 6. (a) SEM image of the cross-section of SSTF75/SDC composite cathode in SC-SOFC (Inset - The magnified view on the white
rectangular section); (b) The current-potential (I-V) polarization and power density (I-P) curves of SSTF75/SDC-based fuel cell at 600 °C
as a function of CHs to Oz ratio from 10:5 to 10:10; (¢) The current-potential (I-V) polarization and power density (I-P) curves of
SSTF75/SDC-based fuel cell at an Oz to CH4 ratio of 1 (10:10) as a function of temperature from 500 to 650 °C; and (d) Time-dependent
voltage profiles for SSTF75/SDC and BSCF/SDC-based fuel cells at 600 °C when discharged at a current rate of 1,000 mA cm™ for 5500

minutes.

In summary, among these SrScxTao.1-xFeo.903-5 (SSTF, x =0, 0.025, 0.05, 0.075, and 0.1) compositions,
SrSco.075Tao.025Fe0.903-5 (SSTEF75) displayed the highest ORR activity as reflected by an ASR of 0.092 Q
cm? at 600 °C. SSTF75 also showed mild increase of ASR when 10 vol. % CO> was introduced into the
air stream at 600 °C for 15 min. SC-SOFC test was performed using SSTF75/SDC composite cathode-
based fuel cell that exhibited a PPD of 1430 mW cm 2 at 650 °C under methane and oxygen (1:1 by
volume) gas mixture atmosphere. This cell also maintained stable voltage performance over 90 h-period
discharge test at 1000 mA cm 2 current density. First principles simulation showed that the high ORR
activity contribution in SSTF75 comes from the presence of Sc** while the good CO; resistance comes
from the presence of Ta>*. Considering the limited fuel efficiency of SC-SOFC, the advance in cathode
material progress we demonstrated here can be combined with the development of an efficient

downstream catalyst in the same gas chamber to catalytically convert the unused methane gas into
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synthesis gas, thus enabling the co-generation of electrical power and synthesis gas. In such a way, the
potential of SC-SOFC for micropower application can be optimized and fitted into a specialized market

segment not accessible to battery device.
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SYNOPSIS TOC: A novel and effective co-doping strategy perovskite cathode towards the
application of single-chamber solid oxide fuel cell was proposed for the first time to achieve high ORR

catalytic activity and stable performance, meanwhile provide strong CO> resistance for intermediate

temperature.
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