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Abstract

Perovskite oxide Srz2Fe13Moo sNio.20s.c (SFMNi) impregnated on the scaffold of hierarchically
oriented yttria-stabilized zirconia (YSZ) with open, straight pores (SFMNi@YSZ), that could be
transformed into in-situ exsolved Ni-Fe alloy nanoparticles structured SFMNi@YSZ
(NiFe@SFMNi@Y SZ) electrode, have been prepared and utilized for robust direct propane-fueled
solid oxide fuel cell (SOFC). The hierarchically oriented open, straight pores can not only
significantly facilitate the introduction of uniformly distributed SFMNi nano-catalyst network via
the ion-impregnation method, but also greatly enhance gas diffusion process in the porous electrode,
thus greatly minimizing even eliminating the concentration resistance. The impregnated SFMNi
nano-catalysts, especially the in-situ exsolved Ni-Fe alloy nano-catalysts, could effectively activate
the fuel gas oxidation reaction in the anode, thereby drastically decreasing the activation resistance
and enhancing the cell performance. The full ceramic electrode can efficiently avoid electrode
aggregation and carbon coking, leading to excellent stability towards propane oxidation. Our
findings indicate that NiFe@SFMNi@Y SZ full ceramic electrode with hierarchically oriented open,

straight pores offers a great promise for direct hydrocarbon SOFC.

Keywords: Direct-propane solid oxide fuel cells; Phase inversion tape casting; Full ceramic

electrode; In-situ exsolution; Infiltration



37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

1. Introduction

To reduce the dependence of modern society on fossil fuels and meet the "3E" criteria (Ecology,
Economy & Efficiency), renewable energy utilization and power storage technologies are
increasingly important[1-3]. A sustainable energy conversion device based on solid oxide fuel cell
(SOFC) has extremely practical value and prospects since it has many remarkable advantages, such
as clean operation, efficient conversion from chemicals to electrical energy without limitation of the
traditional Carnot cycle, wide fuel flexibility and compactness[4-8].

Some straits still limit the application of hydrogen-fueled SOFCs, such as high cost and hard to
store [9, 10]. Given the unique property of high fuel flexibility, SOFCs operating with hydrocarbon
fuel is more attractive because of the low price, accessible storage, and higher volumetric energy
density of hydrocarbon[11-16]. In addition, with the advantages of high catalytic activity toward
fuel oxidation and high operating temperature (=600 °C), SOFCs can directly utilize hydrocarbons
without external reformers and fuel processing units, which dramatically simplifies the system and
reduces operating costs[17-21].

However, larger hydrocarbon fuel molecules have a slower diffusion rate in the electrode support
layer [22, 23]. Taking propane as an example, the diffusion coefficient of propane (0.81 cm?/s) is
much smaller than that of hydrogen (5.35 cm?/s) under the same humidified atmosphere at 750 °C
[24], so it is difficult for hydrocarbon fuels to reach the active reaction sites, causing the sluggish
reaction process and thus limiting the electrochemical performance [12, 25-27]. Moreover, the
classic sponge-like electrode prepared by traditional dry pressing has low porosity and high
tortuosity, which is not conducive to the diffusion of fuel gas[5, 28-31]. Thus, it's necessary to

enhance the mass transport process of hydrocarbon fuels by optimizing the microstructure of the
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electrode.

In addition, the direct use of hydrocarbon fuels will lead to carbon deposition on the traditional

Ni-based anode, which will deactivate the catalyst and cause significant degradation in

performance[12, 32-36]. Many works have shown that impregnating perovskite-type oxides nano-

catalysts in the electrode supporting layer is an effective way to improve the carbon tolerance of

electrodes[26, 37-43]. However, the infiltration process is not suitable for the traditional electrodes

since they have many tortuous micropores, which leads to poor dispersion of impregnated

nanoparticles (NPs)[26, 44]. Although Chen et al. prepared an open-pore Ni-based anode supporting

layer by freeze-drying tape casting method, it's fragile and weak, especially after treatment in a

reducing atmosphere since intensive pores will be formed[26, 45]. Therefore, it's urgent to improve

the electrode microstructure and select a suitable impregnated skeleton to simplify the infiltration

process, improve the uniformity of the infiltrated phase, and thus enhance the overall mechanical

strength of the cell.

Meanwhile, perovskite-based oxides such as SraFeisNip2Moos0s.s (SFMNi), Co doped

Pro.sBag sMnOy, and La and Ni co-doped SrTiO3, modified by in-situ exsolved metallic nanoparticles

catalysts, display improved catalytic activity, long-term stability, redox stability, and particularly

resistance to carbon coking[12, 46-51]. In a reducing atmosphere or applying electrical potentials, the

parent perovskite material will in-situ generate B-site metal nanoparticles, which are uniformly and

firmly pinned into the parent perovskite-based oxide surface, forming a unique composite electrode

with the strong interactions between metal nano-catalysts and parent matrix lattice, which is

beneficial for Electron-ion fast transport at metal-oxide interfaces. Most importantly, the strong

adhesion interface between in-situ exsolved nanoparticles and parent oxide, exhibits superior carbon
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tolerance, most notably inhibiting catalyst particle uplift and subsequent carbon fiber formation[46,

52-54]. These highlight merits made this novel strategy very suitable and essential for direct

hydrocarbon-fueled SOFCs.

Herein, a hierarchically oriented yttria-stabilized zirconia (YSZ) support framework with open,

straight pores was prepared by a novel phase inversion co-tape casting method (PITC)[22, 55-59].

SFMNi nanoparticles with high catalytic activity and stability[60-62], which could be further

transformed into NiFe alloy nanoparticles structured SFMNi (NiFe@SFMNi) nano-catalysts in a

reducing atmosphere, were impregnated into the inner surface of the open, straight pores, thereby

effectively improving the dispersion of the nano-particles catalyst and significantly enhancing the

electrochemical performance of the symmetrical cell. Under a reducing atmosphere, the infiltrated

SFMNi parent perovskite can be in-sifu transformed into NiFe@SFMNi nano-catalysts, thus

forming NiFe@SFMNi infiltrated hierarchically oriented YSZ electrode with open, straight pores

(NiFe@SFMNi@YSZ electrode). The anchoring connection of the nanoparticles and the matrix

perovskite enable the catalysts to have excellent anti-coking performance, thereby achieving high

catalytic activity and stability in the oxidation of hydrocarbon fuels[12, 46]. This novel nanoparticle-

modified porous electrode combines multiple advantages: (1) The electrode support layer with

vertical gradient open pores is prepared in one step by the phase inversion tape-casting method,

which effectively accelerates the gas diffusion process of hydrocarbon fuels; (2) The hierarchically

oriented YSZ skeleton with open, straight pores significantly simplify the infiltration process, and

improves the dispersion process of the infiltrated nanoparticles, and thus enhancing the mechanical

strength and electrochemical performance of the cell; (3) the infiltrated SFMNi phase, especially

the in-situ formed and strongly anchored NiFe alloy nanocatalysts, could effectively accelerate the
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oxidation reaction of hydrocarbon fuel and enhance the anti-carbon coking performance of the cell.

2. Experimental section

2.1 Preparation of the single cells and symmetrical cells

The process for preparing the hierarchically oriented porous electrode layer with straight pores

via the novel PITC method is schematically shown in Figure 1. Initially, two typical slurries, yttria-

stabilized zirconia (YSZ) slurry, and graphite slurry were prepared by planetary ball-milling the raw

materials (Step 1 in Figure 1), which are listed in Table S1. The homogenous slurries are ball-milled

for 24 hours, and then co-cast on a polyether imide (PEI) mylar film to form a precursor electrode

substrate after putting both slurries in a vacuum pump for 30min to eliminate bubbles (Step 2 in

Figure 1), which is then transferred to a deionized water bath to complete the phase inversion

process (Step 3 in Figure 1). Finally, the dried green electrode substrate is cut into disks with

diameters of 6 and 13 mm by using a laser (Step 4 in Figure 1).

The schematic diagram of the preparation procedure of the symmetrical solid oxide fuel cell

(SSOFC), made of a hierarchically oriented electrode with straight pores, is also summarized in

Figure 1. Two cut electrode substrates with diameters of 6 and 13 mm are both drop-coated with the

prepared electrolyte slurry to form two YSZ electrode support/YSZ electrolyte bilayer precursors

(Step 5 in Figure 1), which are then co-pressed to achieve triple-layer skeleton precursor with a

structure of YSZ electrode support framework/Y SZ electrolyte/YSZ electrode support framework

by using a warm isostatic press method (Step 6 in Figure 1) under a constant force of 20 N with a

dwell time of 10 min at 80 °C (Techson P64, China). Then, the triple-layer skeleton precursor is

sintered at 1400 °C for 5 hours to obtain a triple-layer skeleton (Step 7 in Figure 1), which is finally

infiltrated with Sr2Fe;.sMo0.506.5 (SFM) and SFMNIi precursor solution and calcined at 850 °C for
6
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5 hours to form the expected SFM@YSZ/YSZ/SFM@YSZ single cell and
SFMNi@YSZ/YSZ/SFMNi@Y SZ single cell, respectively (Step 8 in Figure 1). Note that Table S1
summarizes the specific compositions of the YSZ electrolyte slurry, while Table S2 gives the
detailed composition of the SFM and SFMNi precursor infiltration solutions.

The preparation process of the symmetrical cells, which were used for the electrode reaction
process study eliminating the influence of the other electrode, is the same as that of the single cells,
and the only difference is that two 13-mm green electrode support precursors are used for the
preparation via the similar preparation procedure. In this work, the effective area of the single cells

and symmetrical cells is measured to be 0.25 and 0.82 ¢cm?, respectively.

Step 1 Step 2 Step 3 Step 4
Tape casting direction

YSZ slurry  Graphite slurry Top YSZ layer Bottom graphite layer

=y —

planetary ball milled for 24 h co-tape casting phase inversion laser cutting
Step 8 Step 7 Step 6
electrode electrode support
" nanocatalysts Step 5
4 = / force force
s SRR |
/_: _v s § & v v ¥ hd YSZ electrolyte
i ¥ ¥ y it
= eleclroly!e ! electrolyte —
Lo i i
i i § i
8 5; ﬁ; = heat plate - .‘_
lectrod support
electrode electrode support
Infiltration & heat treatment heat-treatment drop coating

Figure 1 Schematic diagram of the preparation procedure of the symmetrical single cells used for

direct propane solid oxide fuel cells.

2.2 Characterization

The X-ray diffraction (XRD, Xpert Pro) is used to record the crystal structure of the SFM@YSZ

and SFMNi@Y SZ electrodes to determine phase transition before and after reduction, while the X-

ray photoelectron spectroscopy (XPS, ESCALAB250Xi) is applied to collect characterize the

evolution of the valence states. In addition, high-resolution transmission electron microscope
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(HRTEM, JEM-2010F) as well as scanning electron microscope (SEM, Tescan MIRA 3) is utilized
to collect the morphology of the cells and the electrodes. Moreover, the X-ray energy spectrometer
(EDS, Aztec Energy, Oxford instruments) is adopted to collect the element distributions.
2.3 Electrochemical test

The prepared symmetric cell is placed in a tube furnace which exposed to wet hydrogen while
the gas flow rate is 30ml/min which controlled by a mass flow meter (APEX, Alicat Scientific). The
electrochemical impedance spectroscopy (EIS) was recorded by electrochemical workstation
(Zennium E, Zahner, Germany) under open circuit voltage (OCV) in the frequency range of 105
102 Hz with a voltage amplitude of 30 mV. Electrochemical performance measurements of single
cells were performed on a home-made shaft using the above mentioned electrochemical workstation.
After sealing the single cell to the alumina tube by conductive glue and ceramic adhesive, the anode
and cathode were exposed to humidified flowing fuel gas and ambient air, respectively. The gas
flow rate of the wet hydrogen is 30 ml/min, while that of wet propane is 20ml/min. The EIS was
recorded under OCV in the frequency range of 10°~102Hz with a voltage amplitude of 30 mV. The
current density-voltage-power density (i-V-p) curves were obtained by linear scanning with the
voltage range from OCV to 0 V under the hydrogen fuel, while that was from OCV to 0.2 V under
the propane fuel, and the scanning rate was 30 mV/s. Note that more detailed descriptions have been

included in the supporting information.

3. Results and Discussion
Figure 2a and 2b show the top view and bottom view photographs for the YSZ/graphite bilayer

precursor electrode substrate prepared by the PITC method, and a homogeneous white YSZ/black
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graphite bilayer electrode substrate with a size larger than 150mmx250mm is obtained, suggesting

that PITC method is an effective preparation method to prepare commercial electrode substrate.

Figure 2c¢ presents the cross-sectional SEM image of the prepared YSZ/graphite bilayer precursor

electrode substrate, which is constitutive of a thick layer with hierarchically oriented straight pores

and a thin layer with sponge-like pores. After sintering at 1400 °C for 5 hours, the thin sponge-like

layer has been effectively removed (Figure 2d). In addition, the bottom view SEM image shown in

Figure 2e confirms the elimination of the sponge-like layer and the formation of open pores. These

results indicate that the sponge-like layer is derived from the graphite slurry and consisted of PESf

and graphite, while the thick layer with hierarchically oriented straight pores is strongly associated

with the YSZ slurry and could maintain its structure after heat treatment. On the other hand, as

shown in the top view SEM image (Figure 2f) that a very thin skin layer with sponge-like pores is

formed at the YSZ slurry/H>O bath interface. These results demonstrate the formation of unique

hierarchically oriented electrode support with open, straight pores. It should be pointed out that the

thin skin layer is suitable for the deposition of thin electrolyte film and capable of the functional

layer for oxygen reduction reaction (ORR) or hydrogen oxidation reaction (HOR), while the

hierarchically oriented electrode support with open, straight pores could provide fast gas transports

channels, implying that this unique electrode structure is an ideal one for SOFC.
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Figure 2 (a) Top view and (b) bottom view photographs of the YSZ/graphite bilayer precursor

electrode substrate prepared by the PITC method, cross-sectional SEM images of (c) precursor

electrode substrate and (d) the YSZ electrode skeleton sintered at 1400 °C for 5 hours, () bottom

view and (f) top view SEM images of the as-sintered YSZ electrode skeleton, and (g) the schematic

diagram of the formation mechanism of the straight pores during the phase inversion process.

At the same time, a schematic diagram is illustrated in Figure 2g to better explain the formation

mechanism of this unique structure according to the previously reported literature. On one hand, an

immediate and ultrafast NMP/H,O exchange will occur as the co-tape cast YSZ slurry/graphite

slurry containing NMP solvent is immersed into the non-solvent H2O bath, resulting in thick finger-

like straight pores in the precursor electrode substrate. On the other hand, a thin sponge-like layer

is formed at the interface of graphite slurry/PEI mylar film, which is possibly associated with the

slow precipitation of PESf phase in the phase inversion slurry due to the insufficient non-solvent

H>O for NMP/H20 exchange rate. Therefore, a bilayer structure, consisting of a thick hierarchically

oriented straight pores layer and a thin sponge-like layer, is achieved during the PITC process.

10
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To confirm the superiority of the hierarchically oriented straight pores structure prepared by the
PITC method, two electrodes supports with sponge-like pores, were prepared by using the drying
pressing method and sacrificing the 20 wt.% graphite or 20 wt.% polymethyl methacrylate (PMMA)
as the pore former, has been also studied. We found that a low tortuosity factor close to 1 is obtained
for the hierarchically oriented straight pores electrode supported prepared by the PITC method when
compares with the other two although they have similar porosity of approximately 55% (Figure 3a-
¢). Additionally, it is interestingly observed from the contact angle (CA) images (Figure 3d-f) that
after dropping the SFMNI infiltration solution on the electrode surface, the water drop is completely
absorbed by the hierarchically oriented straight pores electrode support, and the CA value is
decreased from 16.3 to 6.0 °© after 2 seconds, and further to 0 © at the 3 second (Figure 3g). However,
for the other two electrode supports, the CA value is greatly 38.0 and 30.6 to 29.0 and 16.8 ° even
after maintaining for 6 seconds (Figure 3g), respectively, indicating the water drop cannot be
immediately absorbed by the electrode supports. The lowest initial CA value and fastest water
absorption rate reveal the best hydrophilicity towards infiltration solution so that the nano-catalysts
can be infiltrated more rapidly and distributed more uniformly in the entire electrode skeleton,
suggesting that the hierarchically oriented straight pores benefit the introduction of SFMNi and
SFM nano-catalysts in the electrode support via the conventional solution infiltration technique.
This finding was more intuitively demonstrated by the dynamic process of solution infiltration that
was depicted in the supporting information video. Moreover, nitrogen (N2) permeation results in
Figure 3h demonstrate that the N> permeability for the hierarchically oriented straight pores
electrode support is measured to be 78.20%1.12 x10° L h"! m™ bar’!, which is significantly higher
than 5.89+0.22 x10° and 2.24+0.12 x10° L h"! m? bar'! for the sponge-like electrode support

11
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framework prepared by the addition of graphite and PMMA as the pore former, respectively,
meaning the hierarchically oriented straight pores can serve as the active channels for fast gas
transport in the electrode. The improved nano-catalysts’ introduction simplicity, excellent gas
permeability, and significantly low tortuosity make the hierarchically oriented electrode support
with open, straight pores prepared by the PITC method capable of a more promising electrode

support candidate than the others.

200pm

phase inversion
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Figure 3 (a-c) Cross-sectional SEM images, (d-f) contact angles images, (g) contact angle evolution
after impregnation of infiltration solution, and (h) N> permeability for the anode substances prepared
by the phase inversion tape casting method, and the addition of 20% graphite and 20% PMMA as
pore former, respectively.

Figure 4a presents the cross-sectional SEM image of the SSOFC with SFMNi nano-catalysts
decorated hierarchically oriented straight pores electrode, and a well-constructed SSOFC with three

typical layers, marked as hierarchically oriented open straight pores electrodes (cathode and anode),

12
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thin electrolyte film, has been successfully fabricated by the combined warm isostatic pressing, ion

impregnation, and heat-treatment process. The unique structure, hierarchically oriented straight

pores with significantly low tortuosity, has been effectively retained during the SSOFC assembly

process (Figure 4b). At the same time, the surface of the straight macro-pores before and after the

addition of SFMNIi nano-catalyst has been further recorded by the enlarged SEM images shown in

Figure 4c-d. It is clearly shown that the smooth surface of the bare YSZ skeleton has been effectively

covered by a homogeneous layer with nano-sized powders.

U] YSZ skeleton electrode SFMNi
g

electrolyte o

electrolyte
YSZ skeleton B % ’i £ é

100 nm YSZ skeleton electrode
—

e ymmetrical cell with SFMNi infiltrated YSZ electrode
Figure 4 (a) Cross-sectional SEM image of symmetrical cell with SFMNi nano-catalysts infiltrated
YSZ electrodes (SFMNi@YSZ), (b) enlarged cross-sectional SEM image of marked area shown in
Figure 4a, SEM images of the surface of straight pores (c) before and (d) after SFMN:i infiltration,

(e) SEM and (f) EDS images of the cross-section of SFMNi@Y SZ electrode, (g-h) HRTEM images

of the cracked SFMNi@YSZ electrode, and (i) the schematic diagram of the preparation of the

13
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symmetrical cell with SFMNi@Y SZ electrodes.

Moreover, the SEM images as well as its elemental mappings of the SFMNi@YSZ electrode
including the chemical elements Sr K1, Fe Kq1, and Zr Ly, representing the infiltrated SFMNi phase
and the YSZ skeleton phase, are collected (Figure 4e-f). According to the result of the distribution
of the characteristic elements, we further demonstrate that the impregnated nano-sized SFMNi
particles are well-adhered to the inside surface of the open, straight pores, while the wall of the YSZ
skeleton maintains its intrinsic morphology without any adverse effect during the infiltration process.
In a word, the bare YSZ skeleton with a smooth inner surface has a hierarchically oriented open
straight-pore microstructure, which can be effectively maintained after infiltrating the SFMNi nano-
particles. In addition, the infiltrated SFMNi nano-particles are uniformly distributed on the inner
surface and tightly combined to effectively form the interconnected conductive network, so that it
can effectively increase the specific surface area and electrical conductivity of the electrode
simultaneously, thereby significantly enhancing the electrochemical performance of the single cells.
This can also be verified by the TEM results shown in Figure 4g-h. As shown in Figure 4g that the
impregnated SFMNi nanoparticles are tightly packed on the YSZ skeleton, and the SFMNi
nanoparticles are well-connected to each other into a conductive porous network. Additionally, two
distinct phases presented by the different d-spacings of 4.73 and 2.73 A, which are calculated from
the enlarged HRTEM image Figure 4h), can be observed at the interface of these two phases, and
correspond to the (211) plane of YSZ skeleton and the (110) plane of SFMNi phase, respectively.
These results all indicate that a conductive SEMNIi network is well-connected to the YSZ skeleton
to successfully form SFMNi@YSZ nanostructured hierarchically oriented electrode with open,

straight pores by infiltrating the infiltration solution into the YSZ skeleton (Figure 41).

14



268

269

270

271

272

273

274

275

276

277

278

279
280

281

To further investigate the formation of the desired nanostructured electrode and confirm the

chemical compatibility of the infiltrated phase and YSZ skeleton, the phase compositions of the

YSZ powders, SFM powders, SFMNi powders, SFM@YSZ electrode, and SFMNi@Y SZ electrode

are evaluated by the XRD and summarized in Figure 5b. As expected, the single-phase perovskite

oxide SFM and SFMNi powders can be obtained by pre-heating their corresponding infiltration

solutions under the same condition as the infiltration process. Additionally, all detected

characteristic peaks for the as-prepared infiltrated electrodes (SFM@YSZ and SFMNi@YSZ

electrodes) correspond to the phases of perovskite-type SEM/SFMNi and fluorite-type Y SZ without

any impurity phase after heat-treatment at 900°C for 5h in air, indicating the formation of the

expected SFM/SFMNi@Y SZ electrodes via the infiltration technique and the outstanding chemical

compatibility between SFM/SFMNi and YSZ after heat-treatments.

(@) electrode SFMNi electrode NiFe@SFMNi (b) TA . SFMYSZ
z - ®
4 W P ¥ 9 A é 1 AA ®© A ©A
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? \ ®A SFMNi-YSZ]
electrolyte electro e 3 NPS:’ LL? A Ao
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Figure 5 (a)The schematic diagram of the in-situ exsolved NiFe NPs from the parent SFMNi oxide;

(b) XRD patterns of YSZ powders, SFM powders, SEMNi powders, SFM infiltrated YSZ electrode
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and SFMN!i infiltrated YSZ electrode, and (c-d) XPS spectra of the core level regions of the cracks
of pristine and reduced SFNM i infiltrated YSZ electrode, (c) Ni 2p, and (d) Fe 2p.

At the same time, to further verify the in-situ exsolution of NiFe nanoparticles from the infiltrated
SFMNi phase, the elemental compositions and valence states of SFMNi@Y SZ electrode before and
after reduction in 3%H,0 humidified H,, schematically shown in Figure 5, are studied by the XPS
measurements (Figure S1). All the elements for the SFMNi@Y SZ electrode, including Sr, Fe, Mo,
Ni, O, Y, and Zr, can be observed in the XPS spectra, identifying the co-presence of SFMNIi phase
and YSZ phase, which is consistent with the results shown in Figure 4f-h and Figure 5b. In addition,
the collected core level regions of Ni 2p and Fe 2p shown in Figure 5c-d are fitted to confirm the
formation of NiFe nanoparticles from the parent infiltrated SFMNi phase via the in-sifu exsolution
technique. For the fresh SEMNi@YSZ electrode sample, only the characteristic peaks for Ni%*,
centered at the binding energy of ~855 and ~861.4 eV, have been determined (Figure 5c¢), while two
obvious valence states of Fe?* and Fe’" are observed for Fe 2ps» core-level XPS spectra and
confirmed by the fitted peaks located at the binding energies of 709.8 and 710.8/711.6/719.2 eV,
respectively (Figure 5d). As anticipated, after reduction treatment, the characteristic peaks for Ni?*,
Fe?*, and Fe?" can be also maintained, on contrast, additional peaks centered at 852.6 and 706.8 eV
are simultaneously detected, which are strongly assigned to Ni® and Fe?, respectively, confirming
the formation of NiFe alloy phase via the in-situ exsolution technique, which also highly agrees
with the observation of FeNi; alloy phase reported by previous literature[60, 63-65]. These results
also indicate the successful preparation of in-situ exsolved NiFe alloy nanoparticles structured
SFMNi@Y SZ electrode (NiFe@SFMNi@YSZ).

Electrode polarization resistance, R, also called area-specific resistance (ASR), is usually used

16
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to evaluate the electrochemical performance of the electrode, and the lower R, value suggests the
higher electro-catalytic activity of the electrode. Therefore, the R, values for the symmetrical cells
with bare YSZ electrode skeleton, SFM@Y SZ electrode, and SFMNi@Y SZ electrode, which have
the configuration of YSZ/YSZ/YSZ, SFM@YSZ/YSZ/SFM@YSZ, and
SFMNi@YSZ/YSZ/SFMNi@YSZ, respectively, are recorded and calculated by using the EIS
results in 3%H>0 humidified H, atmosphere. Meanwhile, to avoid the electrolyte effect, the ohmic
resistance (Roimic), which corresponds to the high-frequency intercept of the Nyquist plot with the
x-axis, has been simplified to zero. It can be observed from Figure S2 that the R, value for the YSZ
electrode skeleton is measured to be 863.12 Q cm?, which is 3 orders of magnitude higher than the
infiltrated YSZ electrodes shown in Figure 6a. After the infiltration of SFM nano-catalysts, a
significantly low R, value of 0.56 Q cm? is obtained for the SEM@YSZ electrode, indicating the
good electrocatalytic activity of the infiltrated SFM nanocatalysts towards hydrogen oxidation
reaction (HOR) as well as the good electrical conductivity of the infiltrated phase. Moreover, it is
fortunately found that the R, value is further decreased by nearly 71% compared with the
SFM@Y SZ electrode from 0.56 to 0.16 Q cm? for SFMNi nanoparticles infiltrated YSZ electrode.
The enhancement of the electrode electrochemical performance is greatly associated with the
different infiltrated phases. Compared with the SFM phase, the SFMNi phase can be transformed
to the NiFe@SFMNi phase, and the in-situ exsolved NiFe alloy nanoparticles can strongly
accelerate the HOR. At the same time, the R, value is increased to only 0.28 Q cm? for the
SFMNi@Y SZ electrode when the operating temperature is lowered to 700°C (Figure S3). Moreover,
the outstanding electrochemical performance of SEFEMNi@Y SZ electrode is found to be much higher

than others ever reported SrFeOs-based ceramic electrodes as summarized in Table 1, further
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confirming the superiority of these infiltrated electrodes with in-situ exsolved alloy nano-catalysts
and hierarchically oriented open, straight pores[66-73].

Herein, the distribution of relaxation times (DRT) technique is also performed to further analyze
the measured EIS results shown in Figure 6a, and then determine each sub-step and the rate-
determining sub-step of the electrode reaction processes, which is because the enclosed area of each
peak is equal to each sub-resistance for sub-step of the electrode reaction process. As shown in
Figure 6b, three typical DRT peaks are clearly identified in the calculated DRT results and marked
as P1-P3 from low to high frequency, and the sub-steps related to the P2 and P3 peaks predominately
determine the electrode reaction process due to the larger enclosed area compared with P1 peak.
Moreover, according to the results reported in the previous literature[74-77], P2 and P3 peaks in the
DRT results, located at the frequency ranges of 10'-10° Hz and above 103 Hz, corresponding to the
electrode electrochemical reactions, such as charge transfer, surface diffusion, and oxygen ion (0%)
bulk diffusion to three phase boundaries (TPBs) processes. That indicated this improvement may be
due to the in-situ exsolved nano-catalyst which enlarged electro-active reaction sites where the
electrochemical reaction occurs since the typical peaks P2 and P3 are strongly lowered and their
corresponding resistances (Rp, and Rp3) are greatly decreased. Additionally, the stability of the
electrochemical performance of SFMNi@Y SZ electrode is also studied to verify the possibility for
durable SOFC application by recoding the R, values at varied elapsed times. Figure 6¢ presents the
evolution of the R, value of the symmetrical cell with SFMNi@Y SZ electrodes as a function of the
elapsed time when operated at 750 °C and 3%H>0 humidified H,. During the nearly 110-hour
operation, the R, value varied in the narrow range of 0.26+0.01 Q cm?, fully demonstrating the

excellent durability of electrochemical reaction and catalytic activity for the SFMNi@YSZ
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Figure 6 (a) The recorded EIS for the symmetrical cells assembled with SFM@YSZ or
SFMNi@YSZ electrodes measured at 800 °C and 3%H>0 humidified H», (b) DRT analysis results
of the EIS shown in Figure 6a, and (c) the R, value of the symmetrical cell with SFMNi@YSZ
electrodes as a function of the elapsed time when operated at 800 °C and 3%H,0 humidified Ho.

Table 1. Comparison of the R, values of SrFeOs based ceramic electrodes determined with

symmetrical cells in wet H, atmosphere

Electrodes Temperature(°C)  Rp (2 cm?) Refs
Sr,Fe, Mo, .O, 750 0.46 63
Sr,Fe, ;Nij, ,Mo, O, _ 750 0.96 64
La,Sr,,Ti, Fe, Ni,,0; 750 0.267 65
Sr,Fe, ;Mo [Ni ,O, -YSZ 750 0.20 This work
SrFe; ,sMoy ,s-8%YSZ 800 0.79 66
Sr,Fe, ,Nij Mo, .O, 800 0.65 64
Pr, ¢Sr, ,(Co,Fe), Nb,,0,. 800 0.44 67
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366

Sr,Fe, Mo, .0 800 0.356 68

0.5 6-c

Sr,Fe, ;Mo .O, _ 800 0.31 69

Sr,Fe, ;Mo O _ 800 0.27 63

Sr,Fe, Mo, O, -Sm,Ce; O, 800 0.25 68

La, ,Sr,;Ti, Fe, Ni ;0; 800 0.202 65

Sr, ,Ca,,Fe, Mo, O, 800 0.19 69

Sr,Fe, ;Mo .O, 800 0.23 70

Sr, ¢:Ca, ;Fe, ;Mo .0 800 0.12 69
Sr,Fe, Mo, O, -YSZ 800 0.56 This work
Sr,Fe, ;Mo [Ni ,0, -YSZ 800 0.16 This work

Taking advantage of the good electrochemical performance and excellent stability of the
SFMNi@YSZ electrode with hierarchically oriented open, straight pores, the SSOFC assembled
with two SFMNi@Y SZ electrodes is fabricated, and its electrochemical performance, including the
i-V-p curves and EIS results, are collected by exposing the SFMNi@Y SZ anode and SFMNi@YSZ
cathode to 3%H>O wet H, and ambient air, respectively. It can be seen from the i-V-p curves
measured at 700°C-800°C shown in Figure 7a, all the obtained open circuit voltage (OCV) values
of the single cell are larger than 1.0 V, which are close to the theoretical values calculated by the
Nernst equation, indicating that the single cell is well-prepared and well-sealed without obvious gas
leakage. Moreover, the peak output power density (Pmax) of this SSOFC can reach 155 mW c¢cm at

800 °C. In addition, in terms of the corresponding EIS results (Figure 7b), the Ronmic values are
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determined to be 1.87, 1.49, and 1.36 Q cm? at 700, 750, and 800 °C, respectively, while the
corresponding R, values are calculated to be 1.46, 0.93, and 0.55 Q cm?. These results could be
explained by the increased oxygen ion conductivity and the enhanced electro-catalytic activities at
elevated temperatures. The EIS results shown in Figure 7b are also analyzed and the electrode
reaction process is effectively separated with the help of the DRT method to reveal the specific sub-
steps of the electrochemical reaction, the final DRT results are shown in Figure 7c. Five
characteristic peaks, indexed as P1, P2, Padd1, P3, and Padd2 from low frequency to high frequency,
are observed during the measured frequency range (10-2-10° Hz), indicating that the electrode
reaction is dominated by at least 5 different sub-steps in the operating temperature range. According
to the reports about the typical frequency range of peaks in the literature[78-81], the P1 peak located
at the frequency range of 10"'-10°Hz corresponds to the gas diffusion process, while the P2 and
Padd1 peaks in the frequency range of 10°-10°Hz are related to the gas conversion process, such as
the gas adsorption and desorption sub-steps. Additionally, P3 and Padd2 peaks appear in the
frequency above 10° Hz are often associated with electrode electrochemical reaction processes such
as charge transfer and surface diffusion. Moreover, these characteristic peaks show different trends
as the operating temperature changes. When the working temperature increases, the low-frequency
characteristic peak P1 does not change and remains relatively small compared with other peaks,
while the intermediate-frequency characteristic peaks P2 and Padd1 as well as the high-frequency
characteristic peaks P3 and Padd2 will decrease, among which P2 and P3 peaks have the largest
reduction rate. It is further confirmed that the gas diffusion process does not slow down with
increasing temperature, which is strongly due to the excellent electrode pore structure. Additionally,

the rise of working temperature can effectively accelerate other sub-steps during the electrode
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electrochemical reaction.

The stability of the electrochemical performance of the SSOFC is also tested by collecting and
separating the typical total resistance at 750 °C. The cell is very stable, and the measured OCV value
maintains at 1.04 V during the durability testing (Figure S4a). After nearly 80-hour testing, the R,
value slightly reduces from the initial value of 0.93 to 0.84 Q cm?, and finally remains stable. The
Ronmic value increases slightly from 1.49 to around 1.60 Q cm? (Figure 7d). The R, value undergoes
a self-activation process probably because the NiFe alloy nano-catalysts can continuously exsolve
from the impregnated SFMNi nanoparticles in the reducing surrounding environment, promoting
the electrochemical reaction. At the same time, when operated at the constant working voltage of
0.8 V, the current density of the cell is stable at 95 mA ¢cm™, indicating good stability (Figure S4b).
In addition, after working for 69 hours, the pmax value of the cell doesn’t decrease, but slightly
increases (Figure S4c), which is consistent with the slightly decreased Riotat value shown in Figure
7d. Tt can be concluded that the in-situ exsolved NiFe nano-catalysts, riveting on the surface of the
impregnated nanoparticles, are responsible for the self-improvement and the stable state of the cell,
indicating the SFMNi@YSZ electrode is a greatly promising stable electrode in the application of

SSOFC

22



405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

12 180
() " T SFMNi@YSZIVSZISFMNI@YSZ, 3% H,0 humidified H, (d)
Reses Rrota
1.0 -@-800°C 150 — 24| 9——— Q- > —9—Q
-@-750°C = ’
< 08- -0-700C | 420 O T
2 2 S1sf
o - G
(=2 =
g os- L90 > T p/“" ' o . R°
= ‘n O i Ohmi
g 2 g 121 Ohmic mic
= 04+ re0 § @ |
o 53 [ © . ° —0
3 o6 P I R
0.2 0 0 SFMNi@YSZ anode: 3%H,0 humidified H, P
SFMNiI@YSZ cathode: Ambient air, 750 °C
0_0 T T T T T 0 0'0 1 1 L 1 1 1 1 1 1
0 100 200 300 400 500 600 700 0 10 20 30 40 50 60 70 80
BYiz Current density (mA cm?) Elapsed time (h)

. : g c D
SFMNI@YSZIYSZISFMNI@YSZ (©) 0.6 | SFMNI@YSZ anode: 3%H,0 humidified H, —9—800°C
SFMNI@YSZ anode: 3%H:O humidified Hz 6 : R —0—1750°C

. K - —_ SFMNi@YSZ cathode: Ambient air L
T SFMNI@YSZ cathode: Ambient air Nw 700 °C
E @ 800°C Eost p
o @ 750°C
) 0 700°C e
= oaf : 02
N [
D >
0.0 ’ ' 0.0 '
1.2 16 2.0 24 238 3.2 3.6 -2 -1 0 1 2 3 4 5 6
Z'(Qem?) Hogf (Hz)

Figure 7 Electrochemical performance of the single cell with a configuration of
SFMNi@YSZ/YSZ/SFMNi@YSZ when exposing SFMNi@YSZ anode and SFMNi@YSZ
cathode to 3%H>0 humidified H, and ambient air, respectively. (a) i-V-p curves, (b) the recorded
EIS and (c) their corresponding DRT analyst results measured at 700-800 °C with a temperature
interval of 50 °C, and (d) the durability of the SFMNi@Y SZ symmetrical cell when operated at 750
°C and OCV condition.

Fuel flexibility is a unique advantage of SOFC compared with low-temperature fuel cells.
Therefore, we used 3%H,0 wet C3Hs (97%C3Hs-3%H,0) fuel to verify the feasibility of this cell,
and the specific results are shown in Figure 8. The peak power density (Pmax) of this cell is 100 mW
cm? which is only slightly lower than P (116 mW cm?) under 3%H,O humid H», further
indicating that the SSOFC can maintain adequate electrochemical performance under propane fuel.
At this moment, the current density under a constant discharge voltage of 0.8 V increases slowly
from 65 to 72 mA c¢cm™ at the beginning of the test (about 1 hour), which is mainly due to the re-

exsolved NiFe nano-catalyst. And then it reaches a plateau and maintains a relatively stable output
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performance without significant attenuation when inletting the propane fuel, which is in line with

the practical application of SOFCs in the hydrocarbon fuel environment.
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Figure 8 Electrochemical performance of the SFMNi@YSZ symmetrical single cell when exposing
SFMNi@YSZ anode and SFMNi@YSZ cathode to 3%H,0O humidified C3Hg and ambient air,
respectively. (a) i-V-p curves, (b) the durability conducted at 750 °C and 0.8 V condition.
4. Conclusions

In this work, a novel SFMNi nanoparticles impregnated hierarchically oriented YSZ electrode
with open, straight pores (SFMNi@Y SZ electrode) has been successfully developed by combining
the novel phase inversion co-tape casting and ion impregnation method, which can be further
transformed into in-situ exsolved NiFe alloy nanoparticles structured SFMNi@YSZ electrode
(NiFe@SFMNi@YSZ electrode) via the in-situ exsolution technique. Contact angle and gas
permeability results indicate that the excellent microstructure of the YSZ skeleton significantly
enhances the gas mass transport process while reducing the difficulty of the infiltration process and
improving the dispersion of the impregnated nanoparticles in the skeleton. In addition, the infiltrated
SFMNi nano-catalysts, especially the in-situ exsolve NiFe alloy catalysts from the infiltrated
SFMNi parent material in a reduced atmosphere, could provide more active sites for fuel oxidation,

and outputting more excellent electrochemical performance. A low R, 0f 0.16 Q cm? is obtained for
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this novel electrode when fed with 3%H,0 wet hydrogen at 800°C, and the Rp at 750°C remains
stable for nearly 110 hours. Even under the propane fuel atmosphere, its maximum power density
can reach 100 mW cm? at 750°C, which is only 16 mW c¢m lower than that under wet hydrogen.
The results indicate that the hierarchically oriented NiFe@SFMNi@YSZ electrode with open,
straight pores is a stable and excellent electrode for solid oxide cells to utilize hydrocarbon fuels

directly and efficiently.
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