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Abstract

Barium carbonate (BaCOs) nanoparticles have demonstrated excellent catalytic activity for the oxygen reduction
reaction by spray coating onto LageSro.4C0o2F€0803.5 (LSCF) and LSCF-SDC (Smo.2Ces02-5) cathode materials. In
this work, barium acetate solutions were modified by a surfactant to lower the surface tension and decrease the
contact angle on LSCF which is a benefit for the infiltration process. In the LSCF electrode, BaCOj3 nano-particles
exhibited significant interfacial contact with LSCF particles by the spray coating technique. As a result, the
polarization resistance of BaCOj infiltrated LSCF was reduced from 2.5 to 1.2 Qcm? at 700 °C. In addition,
commercial full cell SOFCs with BaCOs; infiltrated LSCF-SDC cathodes also demonstrated higher performance due
to the reduced cathode resistance. At 750 °C, the electrode overpotential of the BaCQs infiltrated cell was much
lower than that of baseline cell during long term testing (500 hours). The polarization resistance of the BaCOs
infiltrated LSCF-SDC electrode only increased by 1.6% after 500 hours. This work demonstrated a highly scalable
spray coating process of a promising electrocatalyst (BaCO3) with excellent long-term stability for the oxygen

reduction reaction.
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1 Introduction
Solid oxide fuel cells (SOFCs) enable highly efficient electricity generation from a wide variety of chemical fuels
[1-4]. For a given electrolyte material and thickness, the performance is largely determined by the electrode process,

especially the cathode due to the high activation energy associated with the oxygen reduction reaction (ORR) [5-7].



The nano-scale and nano-structured electrodes achieved by the impregnation/infiltration method have attracted
increased attention due to their high electrochemical activities resulting from the enlarged surface area for catalytic
reaction and enhanced three-phase boundaries (TPBs), where the electrode catalyst, electrolyte and gas phases
intersect [8-11].

The most distinctive advantage of the nano-structured approach is the flexibility for the selection and combination
of highly active catalytic materials with structurally stable mixed ionic and electronic conducting (MIEC) scaffolds
that meet the stringent requirements of SOFCs cathodes [12, 13]. When the cathode backbone is an inherently
functional cathode material possessing desirable physical properties and stability, an active electrocatalyst may be
applied to the backbone surface [14, 15]. For example, LagsSro.4C0o.2Fe0s03-5 (LSCF) cathode as an excellent MIEC
shows great performance at intermediate temperature, but still suffers from low surface activity for the ORR at low
temperature and inadequate long-term durability [16-18]. Since surface modification through infiltration is an
effective approach to enhance cathode functionality while retaining advantageous qualities of each constituent
material. So a widely choice of infiltrating phases were applied to LSCF cathode backbone. When a
Lao6Sro4Coo2Fe0s03s (LSCF) electrode is infiltrated with 1.5 mgecm™ Gdo1Ceo 9025, the cathode interfacial
resistance reduction is also significant, from 0.22 to 0.06 Qcm? at 750 °C [19]. With application of the
Lao.gsSro.1sMnQOs.5 (LSM) infiltration, continuous and dense LSM films on LSCF substrates exhibited improved
performance within a period of durability testing with a constant voltage of 0.8 V at 750 °C for 500 h [20].

Infiltration methods like electro deposition and electro less deposition have also been used to accelerate the
infiltration process [21, 22]. However, the electro deposition and electro less deposition require the porous scaffold
to be conductive. Compared with conventional infiltrating, spray coating is a more effective and convenient method
to disperse the solution into the electrode scaffold [23]. Distribution of infiltrated nanoparticles also depends on the
wetting properties between the metal salt solution and the porous scaffold. Adding surfactants or complexing agents
is beneficial for the uniform distribution and phase formation of infiltrated nanoparticles. For example, the addition
of urea and polymeric dispersant can facilitate the formation of a perovskite phase such as SmgsSro4C0oO3z and LSM
at low temperatures [24, 25], presumably due to the complexing effect of the additives. While other materials like
CoOy and CaO [26-29] have also been reported to improve the cathode performance, their enhancements were

primarily due to enhanced interfacial bonding and contact between infiltration phase and the electrode.



Despite the additional chemical complexity of tailored solutions associated with the infiltration method, nanoscale
engineering of electrode structures via infiltration is shown to be a highly effective way to produce highly active and
advanced electrode structures for SOFCs. Modeling simulations incorporating the microstructural, electrochemical
and catalytic aspects of the infiltrated nanoparticle have provided an additional assessment of the promise of nano-
structured electrodes [30-34].

Recently, we reported that the application of BaCO3 nanoparticles demonstrate greater improvement in the ORR
catalytic activity than precious metals [35, 36]. In this work, we extend our investigations by using spray coating and
surfactant modified barium acetate solution to investigate the ORR activity of BaCOs; nanoparticles in SOFC
cathode. The results indicate significantly enhanced performance of the spray coated materials as compared to
conventional infiltration methods. In addition, commercial full cell SOFCs with BaCOs infiltrated LSCF-
Smp2Ceps025 (SDC) cathodes also demonstrated higher performance due to the reduced cathode resistance

indicating stable operation with limited degradation over a 500 hour long term test.

2 Experiment
Powder preparation

LSCF (LaosSroaCoo2FeosOs5) powder was prepared by an EDTA-citric acid combustion method [23].
Stoichimetric amounts of the precursors La(NO3)s, Sr(NO3)2, Co(NO3)s and Fe(NQO3)3 (99.5% Sinopharm Chemical
Reagent Co. Ltd) were dissolved in distilled water. Citric acid and EDTA were used at the molar ratio of metal
cation: citric acid: EDTA=1: 1: 1 to assist the combustion process. The precursor solution was subsequently heated
on a hot plate until self-combustion occurred and then the resulting ashes were calcined at 800 °C for 2 hours to
remove possible organic residues and to form the desired perovskite structure.

Symmetric cells with two identical LSCF cathodes were fabricated on both sides of the Gdg2Ceps0-5 (GDC)
electrolytes in order to evaluate the interfacial polarization resistance. Dense cylindrical GDC pellets were prepared
by uniaxially pressing the GDC powders (Fuelcell Company Co. Ltd) followed by sintering at 1450 °C for 5 hours.
The LSCF slurries were prepared by mixing the LSCF powders with an organic binder. The as-prepared slurry was
printed onto both sides of the GDC pellets. After drying under an infrared lamp, the structure was heated at 1000 °C

for 2 hours to form the symmetrical cells.



Appropriate amounts of barium acetate, Ba(Ac), (Alfa Aesar 99%, Co. Ltd) were dissolved in water to form 0.3
molL? solution. Triton™ X-100 (Sigma-Aldrich) was used as surfactant. The conventional infiltration was carried
out by placing a drop of solution on the top of the LSCF electrode structure, letting the solution soak into the porous
backbone, followed by drying, and firing the sample at 800 °C in air for 1 h to form the BaCO3 nanoparticle catalyst.
The spray coating technique utilized an ultrasonic sprayer (Sono-Tek®) with an operating frequency of 120 kHz to
infiltrate the cathode with an atomized solution.

Commercial anode-supported full cells (MSRI, Salt Lake City, UT) consisting of an LSCF-SDC (20 mol%
Samaria doped Ceria) cathode were also used as backbone for BaCOs infiltration. The commercial full cell
architecture was as follows: 10 um-thick YSZ electrolyte is supported by a 750 pum-thick Ni-YSZ anode and
cathode with a 2 cm? active area. A functional layer of LSCF-SDC (10 pm thick), situated between a dense SDC
buffer layer on the electrolyte and a LSCF current collecting layer (50 um thick) are also utilized.

Characterization of Phase Composition and Microstructure of Cathodes

X-ray diffraction (Rigaku TTR-III) analysis was used to examine the phase purity of BaCO3; powders. The
microstructure and morphology of the BaCOgs infiltrated LSCF cathodes were examined using a scanning electron
microscope (SEM, Hitachi S-4800). The nano-structure of LSCF and BaCQs, energy dispersive spectroscopy (EDS)
and selected area electron diffraction (SAED) result were investigated by transition electron microscope (TEM,
Hitachi H-9500) after scraping material from the infiltrated cathode onto TEM grids.

Electrochemical Measurement

The electrochemical performance of cathodes was measured using the symmetric cells configuration with Ag as
the current collector. Impedance spectra were acquired using a Solartron 1260 electrochemical workstation with an
AC amplitude of 10 mV in the frequency range from 1M Hz to 0.1 Hz. AC impedance plots were fitted using Zview
software according to the equivalent circuit with a standard deviation below 5%.

The commercial fuel cells were tested at the multi-cell testing system installed at the NETL (Morgantown, WV)
under wet H, for anode and dry air for cathode at 750 °C for ~ 500 h. The system can test up to 12 cells in a parallel
cell array connected to a common fuel and air manifold. Impedance spectra were measured at various polarization
conditions in the galvanostatic mode with a frequency range of 0.05-0.1 MHz and 10-50 mV perturbation using a
frequency response analyzer (Solartron 1455A) and a potentiostat (Solartron 1470E). An electronic load (Agilent

N3301A) was used to apply constant current of 0.25 Acm to the cells during the tests.



3 Results and discussion

3.1 Thermal decomposition of barium acetate

Fig.1a shows the BaCOz; XRD patterns derived from decompose of barium acetate and barium acetate with
surfactant at 800 °C. Both of the BaCO3; XRD patterns display the orthorhombic structure (Pmcn 62), suggesting that
the surfactant doesn’t change the final decomposition product of Ba(Ac).. The decomposition processes during
heating in air of Ba(Ac). with and without surfactant was investigated using thermogravimetric measurements as
displayed in Fig.1b. Pure Ba(Ac). without surfactant displayed 1.368% weight loss in the range from 280 to 300 °C,
possibly due to the loss of adsorbed water. At 400 °C, a significant weight loss event 22.35% was experienced due to
the formation of BaCOzs. The observed relative weight loss at 400 °C is 22.35%/(100%-1.368%)=22.66%, which is
very close to the theoretical prediction of 22.75% for the decomposition reaction of Ba(Ac),=BaCO3; +CO,+H,0.
Ba(Ac), with surfactant Triton™ X-100 has a critical micelle concentration (CMC) of 0.23 mM. The high viscosity
of the surfactant made it difficult to precisely control the amount added, however the additions exceeded the CMC.
The starting decomposition temperature in air of Ba(Ac), with surfactant was 400 °C which is 50 °C lower than pure
Ba(Ac),. This result indicated that the added surfactant impacted the solution chemistry resulting in weight loss

associated with BaCOs; formation occurring at a lower temperature as compared to pure Ba(Ac); solutions.
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Fig.1. (a) XRD pattern for BaCOs3 deprived from decomposition of pure Ba(Ac), and Ba(Ac), with surfactant and (b)
Thermogravimetric curve for Ba(Ac).. (The measurement is conducted in air atmosphere with a flow rate of 75 ml

minL.)



3.2 The electrochemical performance of LSFC electrodes with different infiltration methods

Typical cross-sectional views of a LSCF electrode supported on a dense GDC electrolyte are shown in Fig.2. As
seen in Fig.2a the LSCF layer is porous with a grain size in the range of 0.2-0.3 um. In the conventional infiltration
process, Ba(Ac), solution was deposited onto bare LSCF, dried and heated to form BaCOs as seen in Fig.2a-b.
Images of the deposition process following spray coating with pure Ba(Ac), solution are shown in Fig.2c-d
indicating the solution penetrated the porous electrode to a greater extent, possibly due to atomization of a controlled
amount of solution droplets. In further experiments, the addition of surfactant was found to modify the solution
properties. For example, the surface tension of a pure solution was 75.3x102 (N/m) as compared to 32.8x10- (N/m)
for the modified solution. In addition, the contact angle of the solution on the LSCF surface was reduced from 62.7°
to 33.6° which means the solution could cover the LSCF backbone easier and more uniform during the spray coating
process. Fig.2e-f displays images of modified solution spray coating indicating enhanced BaCOs formation in the

area close to GDC electrolyte.
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Fig.2. The cross-section SEM images for LSCF electrode with different infiltrating method: (a-b) conventional

infiltrating with pure barium acetate solution, (c-d) spray-coating with pure barium acetate solution and (e-f) spray-



coating barium acetate solution with surfactant. And the impedance spectra at g) 600 °C and h) 700 °C for

symmetrical cell consisting of LSCF electrodes on GDC electrolyte as a function of infiltration conditions.

Fig.2g-h shows the typical impedance spectra measured at 600 and 700 °C for symmetrical cells with LSCF
electrodes supported on a GDC electrolyte. For the bare LSCF electrode, the ASR at 600 °C was 2.5 Qcm?, which is
similar to a number of reported values for the LSCF/GDC system [19, 37, 38]. The sample prepared by conventional
infiltration exhibited a decreased value of 1.8 Qcm? Samples prepared by the spray coating method also
demonstrated reduction in polarization resistance. The pure Ba(Ac), solution had a value of 1.5 Qcm?, while the
surfactant modified Ba(Ac), solution showed further reduction down to a value of 1.2 Qcm?.

Fig.3 displays the results of TEM-EDS analysis for the LSCF and BaCOs particles formed by the spray coating
technique. For the sample made from pure Ba(Ac)z, the BaCOs; particle size was approximately 100 nm. EDS
mapping images of La, Sr and Ba (mapping images of Fe and Co element are not shown due to TEM chamber
background interference with the Fe and Co signals) confirm that the lager particle is LSCF and smaller particle is
BaCOs. For the sample spray coated with a modified Ba(Ac). solution, EDS mapping also indicate the smaller

particle (80 nm) is BaCOs.



Fig.3. TEM images for LSCF and BaCOs particles derived from (a) pure Ba(Ac)2 solution and (b) modified Ba(Ac)2

solution. The energy dispersive spectrometer (EDS)-mapping images of La, Sr, Ba and O element are also presented.

Fig.4a summarizes the effects of BaCO;zloading (samples prepared by spray coating from a modified solution) on
the polarization resistance, which was determined from the AC impedance spectra. The resistance decreased
substantially after the porous LSCF electrode was infiltrated with BaCO3 nanoparticles. For example, at 700 °C, the
bare LSCF electrode displayed an ASR of 0.25 Qcm?. This resistance decreased to 0.15 Qcm? with a BaCOz loading
0f0.67 mgcm™2, and further decreased to 0.09 and 0.08 Qcm?at BaCOs loadings of 0.93 and 1.2 mgem 2 respectively.
However, further increase in the loading resulted in a slight increase in the electrode resistance to 0.16 Qcm?at 1.8
mgcm2. Therefore, there is an optimum loading weight for the infiltration phase related to the porosity of cathode
frame, infiltration phase surface coverage in frame and other microstructural factors. [39, 40] In this work, the LSCF

electrode infiltrated with1.2 mgem2 of BaCOjs displayed the best performance.
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Fig.4. (a) The Arrhenius relationship between area-specific interfacial polarization resistance (ASR) and temperature
for LSCF electrodes spray coated with different loadings of BaCOs. And (b) the polarization resistance evolution of
the LSCF electrode spray coated with pure and surfactant modified Ba(Ac) solution after extended testing at 600 °C
for 600 hours.

Fig.4b compares the stability of spray coated LSCF electrodes fabricated from pure Ba(Ac), solution and
surfactant modified Ba(Ac); solutions. The sample fabricated from pure Ba(Ac). solution exhibited a degradation in
electrochemical performance when held at 600 °C for 600 hours. The interfacial polarization resistance increased
from 1.5 Qcm? to 1.54 Qcm? after 300 hours and further increased to 1.62 Qcm? after 600 hours. In contrast, the
LSCF electrode fabricated from a surfactant modified Ba(Ac). solution remained quite stable over the extended
duration test. The interfacial polarization resistance at the beginning of the test was 1.2 Qcm?, which only slightly

increased to 1.29 Qcm? after 300 hours, followed by a subsequent decrease to 1.21 Qcm? after 600 hours of testing.



The TEM determined structure and microstructure of the BaCOs infiltrated LSCF electrode after 600 hour testing
at 600 °C are displayed in Fig.5. The LSCF and BaCOs nanoparticles were well crystallized, as shown by clear
lattice fringes and selected area electron diffraction (SAED) patterns, with characteristic diffraction spots identified
zone axis, suggesting that the BaCO3 nanoparticle maintains a highly crystalline structure even after 600 hours
testing at 600 °C. In Fig.5a-b, the area of interfacial bonding between LSCF and BaCOs in surfactant modified
solution is clearly larger and the crystalline interface between the phases appears less disturbed as compared to high
resolution images of material fabricated from the pure solution displayed in Fig.5e-f. This result is consistent with
the previously mentioned contact angle results indicating that modified Ba(Ac), solution possessed a smaller contact
angle on LSCF, resulting in enhanced interfacial bonding after Ba(Ac), decomposition to BaCOs. This process and
resulting microstructure enables BaCOs; to form highly crystalline regions, intimately connected with the LSCF

frame which helps to ensure the long term stability of the BaCOs infiltrated LSCF electrode.
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Fig.5. The TEM and SAED images for (a-d) modified Ba(Ac). solution and (e-h) pure Ba(Ac): solution spray coated
LSCF electrode after 600 hour long term stability test at 600 °C. The lattice parameter and indexed crystal structure

for LSCF and BaCOs are also labeled.



3.3 Full Cell SOFC measurements

A commercial anode supported cell with BaCOgs-infiltrated cathode and a baseline (unmodified) cell were
comparatively tested at the multi-cell testing system at 750 °C for 500 hour. The Bode plots of the impedance
spectra at 24 h operation are presented in Fig.6. It is evident that the resistive processes associated with the
intermediate frequency (1-200 Hz) were primarily affected by BaCOs-infiltration. According to previous impedance
studies for anode-supported cells [41, 42], the intermediate frequency processes are associated with fuel
concentration polarization at anode and oxygen surface exchange kinetics/bulk diffusion at cathode. As the
hydrogen utilization condition determined by the fuel flow rate and operating current should be identical for both
cells, it is reasonably understood that the difference in the magnitude of the imaginary impedance is mainly related
with the cathode activity. It is emphasized that the high frequency (>200 Hz) process that corresponds to the anode
activation and the low frequency (< 1 Hz) process of the cathode concentration polarization are not affected by the

cathode infiltration, as expected.
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Fig.6. (a) Bode plot of the baseline cell and BaCOs-infiltrated cell. The impedance spectra were measured under
direct current density of 0.25 Acm after 24 h operation at 750 °C. Solid lines are of simulated data fitted with the
equivalent circuit model consisting of R,, L, and two RQ elements. (b) Electrode overpotential variation with
operation time of the baseline cell and BaCOs-infiltrated cell, monitored under the current density of 0.25 Acm™ at
750 °C. The electrode overpotential is derived by subtracting ohmic contribution from overall cell overpotential,
which is the difference between Nernst potential (open circuit potential) and measured cell potential. The vertical
lines in overpotential indicate the points when the cells were brought to open circuit condition for intermittent
impedance measurements.

Fig.6b shows electrode overpotential variation of the baseline cell and the infiltrated cell at a constant current
density of 0.25 Acm™ for the operation of 500 hours. It is apparent that electrode overpotential was significantly
reduced by addition of BaCOs into the LSCF-SDC cathode. After the initial stabilization period (~180 hours), both

cells showed gradual increase in electrode overpotential. To identify the resistive processes that affect the temporal



overpotential variation, impedance spectra measured at various operation time were fitted with an equivalent circuit
composed of R,, L and 2 RQ elements. These results are presented for the intermediate frequency (IF) processes and
the high frequency (HF) processes in Fig.7. For the baseline cell (Fig.7(a)), the polarization resistance of the IF
processes that includes the cathode activation polarization was higher than that of the HF processes which are
primarily associated with the anode activation polarization (233 mV vs. 130 mV at 0 h). However, as shown in Fig.
7(b), the infiltrated cell had a much reduced polarization resistance in the IF range (122 mV at 0 h) compared to the
baseline cell and showed even lower resistance than that of the HF processes. While the polarization impedance
originated from the anode (HF) increased by 25% for the infiltrated cell over the entire operation for 500 h, the
resistance related with cathode (IF) was only changed by 1.6%. This implies that the activated cathode performance
induced by the nanosized BaCOj; electrocatalysts was maintained with high stability over the entire duration of cell

operation.
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Fig.7. Area specific polarization resistances variation with operation time of (a) baseline cell and (b) BaCOs-
infiltrated cell as a function of operation time. All impedance spectra were measured under direct current density of
0.25 Acm. Linear fitting data are shown as dotted lines with equations. The polarization resistances of high
frequency (HF) processes and intermediate frequency (IF) processes were determined by fitting the impedance data

to the equivalent circuit model consisting of Ry, L, and two RQ elements.

The morphology of the BaCOs infiltrated cell after the 500 hour long term test is shown in Fig.8 demonstrating
the LSCF-SDC cathode frame maintained its porous structure. After testing, the BaCO3 nanoparticles were found to

be isolated (not coarsened or agglomerated) on the LSCF-SDC backbone which is consistent with the excellent full



cell long term stability and suggesting good catalytic activity [2, 43]. The particle size observed after testing was 80
nm as confirmed in TEM image, which is indistinguishable from the particle size before testing. The unchanged

microstructures also suggest stable electrochemical performance as discussed.
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Fig.8. SEM images for MSRI full cell after 500 h discharge long term test. (a) Cross section image for whole cell, (b)
LSCF-SDC cathode backbone that infiltrated with BaCOj3 and (c-d) enlarged area for cathode that isolated coated

with BaCO3 nanoparticles.

4 Conclusion

BaCOj3 nanoparticles were deposited on LSCF and commercial LSCF-SDC electrodes by a spray coating method.
Solutions were modified with surfactant resulted in lower barium acetate decomposition temperature, reduced
solution surface tension and decreased contact angle when deposited on LSCF scaffolds. After infiltration by spray
coating, the BaCOs nano-particles exhibited enhanced interfacial bonding with LSCF and fully penetrated the
cathode area to the electrode/electrolyte interface. Spray coating infiltration of electrodes resulted in significant
reduction in the polarization resistance. In addition to symmetrical cells, commercial full cell SOFCs also exhibited

enhanced performance with BaCOj; additions. After 500 hour long term test at 750 °C, the electrode overpotential of



spray infiltrated cells was observed to much lower than that of baseline cells. The polarization resistance of BaCOs
infiltrated LSCF-SDC electrode only increased by 1.6% after 500 hour testing at 750°C demonstrating excellent
stability. This work demonstrated a highly scalable spray coating process of a promising electrocatalyst (BaCO3)

with excellent long-term stability for the oxygen reduction reaction.
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