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Abstract

Molybdenum doped strontium ferrite, SraFe;sO050s (SFM), is a promising perovskite-type

hydrogen electrode material in solid oxide cells (SOCs), but usually suffers from insufficient

electro-catalytic activity. Herein, Ni nanoparticles with high electro-catalytic properties have been

infiltrated into Sra2Fe1 500506 (SFM) scaffold to form Ni-SFM electrode with high electro-catalytic

activity for power generation and CO; electro-reduction. Pre-sintering temperature and Ni loading

of Ni-SFM electrodes have been systematically investigated to minimize the electrode polarization

resistance (R,). Rps of bare SFM electrode vary significantly with pre-sintering temperature, and the
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lowest R, value of 1.04Qcm? is obtained for bare SFM electrode pre-fired at 1050°C. Moreover, a
significantly reduced R, value of 0.32Qcm? is achieved at 800°C after Ni infiltration. Additionally,
three-dimensional microstructure of Ni-SFM electrode is simulated numerically, and geometric
properties including Ni/SFM/gas triple-phase-boundaries (TPBs) length, Ni/SFM interfacial area,
and Ni surface area are calculated under various Ni loadings to correlate electrode microstructure
with electrode performance, revealing that the electrode performance are strongly affected not only
by the TPBs but also the interface area. Enhanced electrochemical performance indicate that Ni-

SFM electrode is a promising high-performance hydrogen electrode for SOCs application.

Key words: Solid oxide cell; Infiltration; Nanostructured electrode; Molybdenum doped strontium

ferrite; 3D numerical simulation
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1. Introduction

Solid oxide cell (SOC), a promising energy conversion and storage device[1-7], is attracting much

attention because of its advantages of high heat and power conversion efficiency, relatively low cost,

modular operation, environmental benign, etc. One of the challenges for the practical application of

SOC technologies is the lack of hydrogen electrode that can operate directly in both solid oxide fuel

cell (SOFC) and solid oxide electrolysis cell (SOEC) modes with high efficiency and stability. The

state-of-the-art Ni-based cermet hydrogen electrodes exhibit excellent electrochemical performance,

but suffer from microstructure change and redox instability, resulting in electrochemical

performance degradation due to the fuel supply interruption, gas sealing failure and redox cycling|[8-

13]. On the other hand, in recent years, perovskite type (ABOs3) oxide materials, such as

SroFesMo00sOs (SFM)[14-21], LagsSro2CrosMno 5035 (LSCrMn)[22-24], and donor-doped

SrTiO3[25-27] have been intensively explored as alternative hydrogen electrodes because of their

robust stability against redox cycling. However, these Ni-free ceramic hydrogen electrodes typically

exhibit inadequate catalytic activity for hydrocarbon fuel oxidation or H>O/CO; splitting

reaction[28-30]. Therefore, perovskite oxide hydrogen electrodes usually need to be further

improved to enhance the electrocatalytic activity. In this work, perovskite oxide SFM has been

chosen as the scaffold material because of its high melting point, good electrochemical performance

and excellent resistance against redox cycling[14], and infiltration of Ni to SFM has been performed

to enhance its electrocatalytic activity.

Optimization of perovskite oxide hydrogen electrode microstructure for improved performance

has been commonly applied in the development of SOCs. Recently, to effectively enhance electrode

performance, nano-catalysts, which can be highly-performed metallic catalysts such as Ni, Co, Ag,
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Cu, and Ru [31-37] or oxide catalysts such as cerium oxide (CeO>) [38,39], Gd-doped CeO- [40,41],
PrBaMn;0Os+s (PBM) [42,43], and SroFeisMoosOs-5 (SFM) [20,44] have been commonly
introduced into the porous oxide electrodes to form a nanostructured electrode to drastically
accelerate some aspect of the electrode processes. The nanoparticles are typically added through
solution infiltration processes that involve the precipitation of a metal salt in the pores of the pre-
formed backbones, and the subsequent decomposition to generate the desired oxide or metallic
nano-catalysts[45-51]. This technique has shown many advantages in improving the electrode
performance, such as lowering the resistance and mitigating the electrode degradation[51-55]. Lv
et al. infiltrated GDC nanoparticles into SFM scaffold to form GDC-SFM nano-electrode for CO,
electroreduction in SOECs, and found that the current density of the electrolyzer was enhanced from
0.283 to 0.446 Acm? after GDC infiltration at 1.6 V and 800 °C[56]. Rath et al. reported that the
electrode polarization resistance could be significantly decreased while the electrochemical
performance was effectively enhanced after introducing Pd or Co-Ni-Mo alloy nanoparticles into
Sr:FeMoOs.s skeleton[33]. In our previous work, it was found that the electrochemical performance
of bare SFM-SDC electrode could be strongly improved by infiltrating Ni or Ru into SFM
scaffold[31,32], and Ru infiltrated SFM-SDC electrode exhibited impressive electrochemical
performance and good stability during partial oxidation methane assisted steam electrolysis
operation[31]. Therefore, it is an efficient way to infiltrate metallic nanoparticles into the porous
ceramic electrode scaffold to enhance the electrode performance. It is well-known that the electrode
electrochemical performance is strongly associated with the microstructure of the electrode, which
is greatly affected by the pre-sintering temperature and catalyst infiltration loading. Therefore, in

this work, to better understand Ni infiltration effect on the evolution of microstructure and
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electrochemical performance, the morphology of the SFM electrode before and after Ni infiltration
is characterized by a scanning electron microscopy (SEM), while symmetrical cells with a cell
configuration of Ni-SFM(SFM)/LDC/LSGM/LDC/Ni-SFM(SFM) are evaluated to determine the
evolution of the electrode polarization resistance. Additionally, a newly developed numerical
simulation of the 3D microstructure of Ni infiltrated SFM electrode is utilized to calculate the
geometric parameters including effective triple phase boundaries (TPBs) and interface areas of
Ni/SFM particles as functions of Ni infiltration loading and the radius of Ni nanoparticles, which
will be used to explain the Ni infiltration effect in details. Finally, single cells with a cell
configuration of Ni-SFM(SFM)/LDC/LSGM/LSCF-GDC are evaluated for power generation and
CO; electrolysis applications.
2. Experimental
2.1 Powders synthesis

SraFer.sMoo.5s06.5 (SFM) and LagsCeo.s01.75 (LDC) powders are synthesized using a glycine and
citric acid assisted combustion method[31,32], while Lag sSro.2Gaos7Mgo.1303 (LSGM) powders as
well as LSCF-GDC slurry are purchased from FuelCellMaterials Inc. The details for the synthesis
of SFM powders are described as follows: Stoichiometric amount of molybdate salt of
(NH4)Mo07024*7H>0 (Sigma-Aldrich, AR grade) is dissolved in deionized water. Citric acid, which
acts as both the chelating agent and fuel for combustion, is then added into the molybdate salt
solution with a molar ratio of 0.95:1 for citric acid to perovskite oxide. Stoichiometric amount of
Sr(NO3), and Fe(NO3)3°9H,0 (Sigma-Aldrich, AR grade) is then added to the above solution with
a molar ratio of 2:1.5:0.5 for Sr:Fe:Mo. Glycine, the other chelating agent and fuel for combustion,

is subsequently added to the above solution with a molar ratio of 10:1 for glycine: perovskite oxide.
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The solution is then heated on a hot plate while under constant stirring until self-combustion occurs.
The resulting ashes are collected and calcined at 1050 °C for 5 hours to obtain the perovskite oxide
SFM powders.
2.2 Cell fabrication

Symmetrical cells composed of the LSGM electrolyte, LDC interlayers and SFM electrodes, are
fabricated to investigate the effect of the pre-sintering temperature of SFM skeleton on the electrode
polarization resistance[57,58], and the preparation process of the symmetrical cells is schematically
shown in Figure 1. LSGM electrolyte with a diameter of 13 mm is firstly prepared by pressing the
powders into pellets, followed by sintering at 1400 °C for 5 hours to densify the LSGM pellets. LDC
interlayers are prepared by screen-printing the LDC slurry onto both sides of the dense LSGM
electrolyte pellets and then sintering at 1200 °C for 2 hours to prevent the inter-reaction between the
infiltrated Ni nanoparticles with the LSGM electrolyte. SFM electrodes are prepared by printing the
SFM slurry onto both sides of the LDC interlayers and pre-sintering at 1000-1200 °C with an interval
of 50 °C for 2 hours to determine the optimal pre-sintering temperature of the SFM skeleton. After
obtaining the optimal SFM skeleton, Ni nanocatalysts are introduced by drop-depositing Ni(NO3):
(Sigma-Aldrich, AR grade) solution to the SFM skeleton, which is subsequently dried and fired at
600 °C. Infiltration loadings of Ni nanoparticles are measured to be 0, 9.5 wt.%, 16.9 wt.%, and
26.0 wt.% compared to the bare SFM skeleton. Gold (Au) paste is then screen printed onto the SFM-
based electrode as the current collector. The effective area of all the symmetrical cells is 0.82 cm?.
Both the SFM and the LDC slurries are prepared by ball-mixing ceramic powders, ethyl cellulose

and a-terpineol with a weight ratio of 1:0.09:1.41.
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Figure 1 Schematic diagram of the preparation process of the symmetrical cells

Furthermore, single cells with the cell configurations of Ni-SFM/LDC/LSGM/LSCF-GDC and

SFM/LDC/LSGM/LSCF-GDC are assembled for electrochemical performance evaluations[56].

The LSGM powers are dry-pressed and subsequently sintered at 1400 °C for 5 h to form the

densified substrates. The LDC slurry is screen-printed on one side of the LSGM substrate and

calcined at 1200 °C for 2h, and then the SFM slurry is printed on the surface of the LDC interlayer

while the slurry containing LSCF-GDC composite materials is coated on the other side of the LSGM

substrate to form SFM/LDC/LSGM/LSCF-GDC cell. Following, Ni nanocatalysts with a solid

loading of 16.9 wt.% are infiltrated into the SFM skeleton via the ion-impregnated process

mentioned in the above section to form Ni-SFM/LDC/LSCF-GDC cell. Gold (Au) paste is then

screen-printed onto both sides of the cells as the current collector. The effective area of the single

cells used in this work is 0.26 cm?.

Note that the LSGM electrolyte pellets for both the single cells and symmetrical cells have the

same thickness, and the value of the thickness is measured to be 575 pm.
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2.3 Characterization

The introduction of Ni nanoparticles is examined by performing the X-ray diffraction (XRD,
PANalytical X’pert Pro), Raman spectra measurements (Renishaw RM-1000) and high resolution
transmission electron microscopy (HRTEM, Talos F200x, Thermo Fischer Scientific).
The cells morphology is observed by using scanning electron microscopes (SEM, MIRA3 LMH,
TESCAN & Ultra Plus FESEM, Zeiss), equipped with an energy dispersive spectrometer (EDS,
Maxx 100, Oxford Instruments).

Dense SFM bars with a dimension of 16x5x0.7 mm were prepared and measured by an electrical
conductivity relaxation method to investigate the effect of Ni infiltration on the surface oxygen
exchange co-efficient. The SFM and Ni infiltrated samples were first placed in a quartz tube with a
flowing 50%CO-50%CO- mixture (purchased from the gas company) at a rate of 200 mLmin! to
achieve stability by recording the electrical conductivity with a relative change less than 0.5% within
20 min. Then the surrounding atmosphere was abruptly shifted from 50%CO-50%CO, to 67%CO-
33%CO; mixture. The normalized electrical conductivity relaxation plots were then fitted to obtain
the oxygen surface exchange coefficient ke as well as oxygen diffusion coefficient Depen by using
a Matlab software. The fitting calculation is conducted at stepwise intervals over the proper range
of D and £, and the program ends when D and & come to the minimum discrepancy between the
calculated and experimental values.

The electrode polarization resistance (R,) of bare SFM electrodes and Ni-infiltrated SFM
electrodes is measured on symmetrical cells in the reduced atmosphere, by exposing the samples in
hydrogen (3 vol% H>0) with a gas flow rate of 30 mL min"'. Impedance spectra of the symmetrical

cells are recorded at 600-800 °C in the frequency range from 0.01 to 1M Hz with a voltage amplitude
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of 30 mV.

Electrochemical performances of the single cells with bare SFM and Ni infiltrated SFM
electrodes were evaluated for both SOFC mode and high temperature CO, electrolysis process.
When the cells were operated in the SOFC mode, the SFM or Ni-SFM electrode was fed with
hydrogen (3 vol%H,0), while the LSCF-GDC electrode was exposed to the ambient air. When the
cells were operated for high-temperature CO; electrolysis mode, the gas composition in the SFM or
Ni-SFM electrode was switched from hydrogen (3 vol%H>0) to CO-CO; mixture (CO:CO; = 2:1,
1:1 and 1:2), and the flux of the feeding gas in the SFM/Ni-SFM electrode was maintained at 30 mL
min! by using a precise digital mass flowmeter (APEX, Alicat Scientific). Current density-cell
voltage (i-V) curves were recorded at a voltage scan rate of 30 mVs-1 to evaluate the power density
in the SOFC mode and the electrolysis current density in the CO; electrolysis process.
Electrochemical impedance spectra at open circuit voltage (OCV) condition were also carried out
using an electrochemical workstation (Zennium E, Zahner) from 1 MHz to 0.1 Hz under a voltage
amplitude of 30 mV.

2.4 Calculation

To better understand the Ni infiltration effect on the evolution of microstructure and electro-
catalytic properties, the geometric properties of the electrodes are calculated as a function of Ni
infiltration loading. Ni nanoparticle radius was determined by a numerical simulation of the 3D
microstructure of infiltrated electrodes with the SFM backbone. The details of the simulation
method can be found in our previous work[59,60].

3. Results and discussion

3.1. Phase structure and morphology
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Figure 2a shows the XRD patterns of SFM powders before and after Ni infiltration. The bare
SFM powders prepared by the glycine and citric acid assisted combustion method and calcined at
1050 °C for 5h show a single cubic perovskite crystalline structure (PDF# 34-0638) (Figure 2a), and
exhibit homogenous morphology with a mean diameter of about 0.10+0.03 um (Figure S1). After
infiltrating Ni(NO3), solution, firing and reducing in 97%H>-3%H>0 atmosphere, two extra peaks
at 44.09 and 51.35 ° are observed and identified as Ni (PDF# 04-0850), suggesting that Ni has been
successfully infiltrated into the SFM powders via ion-impregnation method. Meanwhile, Raman
spectra of bare SFM electrode and Ni infiltrated SFM electrode are also collected and shown in
Figure 2b. It can be found that only one peak at 834.0 cm' is observed for bare SFM electrode,
however, two more peaks are observed at 447.7 and ~736.5 cm™! for Ni infiltrated SFM electrode,
which are consistent with the typical Raman peaks for metallic Ni phase previously reported[61],
further confirming that Ni infiltrated SFM electrode has been successfully fabricated by introducing
Ni into SFM skeleton via ion-impregnation technique. Additionally, the phase and structural
information in further details are verified by HRTEM images (Figure 2c-g). It is
clearly shown that some nanoparticles with a diameter of 20-30 nm are well—
connected to the porous skeleton, and two representative lattice differences of
0.208 and 0.278 nm can be observed for the Ni infiltrated SFM powders, matching
well with the distances for (111) for metallic Ni and (110) for perovskite oxide
SFM, respectively. These results demonstrate that metallic Ni nanoparticles have
been successfully infiltrated into SFM scaffold to form Ni infiltrated SFM

powders (electrode) through solution infiltration.

10
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Figure 2 a) XRD patterns of SFM powders, b) Raman spectra of SFM electrodes of SFM powders before
and after Ni infiltration, and c-g) HRTEM images of Ni infiltrated SFM powders, c-d) the overall image
of Ni infiltrated SFM powders, e) the magnified HRTEM image marked in Figure 2d, f) and g) the
magnified HRTEM images marked in green and yellow in Figure 2e, respectively.
3.2 Pre-sintering temperature effect

To achieve the optimal pre-sintering temperature for the preparation of SFM skeleton, five
representative SFM skeletons have been prepared by pre-sintering at 1000, 1050, 1100, 1150, and
1200 °C for 2h, respectively, and the pre-sintering temperature effect on the microstructure evolution
and the electrochemical performance of the bare SFM electrodes has been systematically studied by
using SEM and electrochemical measurements. Figure 3 presents the area specific resistance (ASR
or R,) of the SFM electrodes measured at 600-800 °C in 3 vol.%H>0-97 vol% H; atmosphere as a
function of the pre-sintering temperature for the bare SFM skeletons. As can be seen from the inset

in Figure 3a that the ASRs of the bare SFM electrodes are strongly affected by their pre-sintering
11
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temperatures, and the ASR values measured at 800 °C are 2.20, 1.04, 1.50, 1.10, and 1.87 Qcm? for
the bare SFM electrodes pre-sintered at 1000, 1050, 1100, 1150, and 1200 °C, respectively.
Additionally, the ASRs are greatly affected by the operating temperature, and significantly increased
with lowering the operating temperature, which can be explained by the decreased electro-catalytic
properties as well as the ionic conductivities of the SFM electrodes at lower operating
temperature[62]. For example, when the operating temperature is reduced to 600 °C, the
corresponding ASR values as shown in Figure 3a are significantly increased to 16.53, 6.94, 21.16,
25.01, and 21.53 Qcm? for the bare SFM electrodes pre-sintered at 1000, 1050, 1100, 1150, and
1200 °C, respectively. It can be obviously seen that the SFM electrode pre-sintered at 1050 °C
exhibits the lowest ASR values in all the operating temperature range of 600-800 °C, demonstrating
that 1050 °C is the optimal pre-sintering temperature for the SFM electrode. To further evaluate the
pre-sintering temperature effect on the electrochemical performance, the Arrhenius plots of the ASR
values for the symmetrical cells pre-sintered at different temperatures are presented in Figure 3b.
SFM electrode pre-sintered at 1050 °C demonstrates the lowest ASR than all the other samples at
other pre-sintering temperatures. On the other hand, the activation energy for the SFM electrode
pre-sintered at 1050 °C is calculated to be 0.320+0.017 eV, which is also lower than 0.341+0.005,
0.446+0.016, 0.531+0.025 and 0.390+0.028 eV for the samples pre-sintered at 1000, 1100, 1150,
and 1200 °C, respectively, further indicating the superior performance of the SFM electrode pre-
sintered at 1050 °C. In addition, it should be pointed out that although the ASR for the bare SFM
electrode pre-treated at 1150 °C is close to that for SFM electrode pre-sintered at 1050 °C when
operated at 800 °C, the values at lower operating temperature is much larger than those for the SFM
electrode pre-sintered at 1050 °C, which can be confirmed by the larger activation energy for SFM

12
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electrode pre-sintered at 1150 °C than that of the SFM electrode pre-sintered at 1050 °C. These

results demonstrate that 1050 °C is the optimal pre-sintering temperature for the bare SFM electrode.
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Figure 3 a) effects of operating temperature and pre-sintering temperature on the area specific resistances
(ASR), and b) Arrhenius plots of the ASR for the SFM/LDC/LSGM/LDC/SFM symmetrical cells pre-
sintered at 1000, 1050, 1100, 1150, and 1200 °C for 2h.

To better understand the correlation between the pre-sintering temperature and the evolution of
the microstructure and electrochemical performance of the electrodes, the cross-sectional SEM

13
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images of bare SFM electrodes (SFM scaffolds) calcined at 1000-1200 °C are characterized and
shown in Figure 4. It can be seen from Figure 4a-f that the feature size of SFM scaffold continually
increases with increasing the pre-sintering temperature from 1000 to 1200 °C. On the contrast, the
apparent porosity and the pore sizes of the SFM skeleton gradually decrease as the pre-sintering
temperature is raised from 1000 to 1200 °C. Table 1 summarizes the average feature size and
population distribution of SFM scaffold calculated by ImagelJ software. The average feature size is
calculated to be 0.124+0.04 um for the SFM scaffold pre-sintered at 1000 °C, which is very close to
the mean diameter (0.10+£0.03 um) of the as-prepared SFM powders calcined at 1050 °C for 5 h.
But the value is gradually increased to 0.31+0.14, 0.48+0.11, 0.79+0.28, and 1.24+0.31 pm with
increasing the pre-sintering temperature to 1050, 1100, 1150, and 1200 °C, respectively.
Additionally, the calculated population distribution of SFM particles is obviously decreased from
4.00 to 3.59, 2.77, 1.02, and 0.55 um when the pre-sintering temperature is increased from 1000
to 1050, 1100, 1150, and 1200 °C, respectively. It is well-known that smaller particles obtained at
lower pre-sintering temperature can provide more surfaces for oxygen exchange as well as electrode
reaction process to lower the activation resistance of the SFM electrode. At the same time, larger
porosity and pore sizes can benefit the gas transfer in the SFM electrode to effectively reduce the
concentration polarization resistance. These results demonstrate that low pre-sintering temperature
is preferred for the fabrication of the SFM skeleton. However, in contrast, it should be pointed out
that low pre-sintering temperature, such as 1000 °C in this work, may be not enough to make the
SFM skeleton well-connected to the LDC interlayer and the LSGM electrolyte (Figure 4g), which
can be confirmed by some observable large pores marked in Figure 4g (Figure S2a). But when the
pre-sintering temperature is increased to 1050 °C, the adhesion between the SFM electrode and LDC

14
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interlayer/LSGM electrolyte may be effectively improved (Figure 4h), and no obvious large pores

are detected for that pre-sintered at 1050 °C (Figure S2b). The morphology evolution induced by the pre-

sintering temperature is consistent with the significantly enhanced electrochemical performance of

bare SFM electrode after increasing the pre-sintering temperature from 1000 to 1050 °C (Figure 3).

Therefore, in this work, 1050 °C is chosen as the pre-sintering temperature to prepare the SFM

skeleton for Ni infiltration.

15
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Figure 4 Cross-sectional SEM images of SFM skeleton calcined at (a) 1000 °C, (b-c) 1050 °C, (d) 1100

°C, (e) 1150 °C, and (f) 1200 °C, and cross-sectional SEM images of SFM/LDC/LSGM/LDC/SFM

symmetrical cells calcined at (g) 1000, and (h) 1050 °C.
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Table 1 Calculated average feature size and population distribution of SFM scaffolds pre-sintered at

different temperatures

Pre-Sintering Temperature Average Feature Size Population Distribution
“C) (um) (um)
1000 0.12+0.04 4.00
1050 0.31+0.14 3.59
1100 0.48+0.11 2.77
1150 0.79+0.28 1.02
1200 1.2440.31 0.55

3.3 Ni infiltration loading effect

Figure 5 summarizes the effect of Ni infiltration loading on ASRs measured at 600-800 °C. It can
be seen from Figure 5a that the ASR of the electrode has been significantly decreased after Ni
infiltration. For example, the electrode polarization resistance measured at 800 °C is significantly
reduced from 1.04 Qcm? for the bare SFM electrode to 0.46, 0.32, 0.35 Qcm? for the SFM electrode
infiltrated with 9.45 wt.%, 16.9 wt.%, and 26.0 wt.% Ni nanocatalysts, and the largest enhancement
of 225% is achieved for 16.9 wt.% Ni infiltrated SFM electrode. Additionally, when the operating
temperature is lowered to 600, 650, 700, and 750 °C, the electrode polarization resistance can be
greatly decreased from 6.75, 3.56, 2.09, 1.43 to 2.61, 1.24, 0.68, 0.44 Qcm? as 16.9 wt.% Ni
nanoparticles are introduced into the SFM scaffold, demonstrating a significant improvement in
electrochemical performance of the SFM based electrode with an enhancement larger than 187%.
These results indicate that Ni infiltration is an effective way to enhance the electrochemical
performance of the SFM electrode. In addition, the Arrhenius plots of the ASR for the

17
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SFM/LDC/LSGM/LDC/SFM symmetrical cells infiltrated with different Ni loadings are presented

in Figure 5b. It is clearly shown that the electrode polarization resistances have been strongly

reduced after Ni infiltration, but no obvious changes in the activation energy is observed. As the Ni

infiltration loading is increased from 0 to 9.5 wt.%, the activation energy is decreased from

0.320+0.017 to 0.286+0.017 eV, but then increased to 0.357+0.020, and 0.333+0.007 eV as the

infiltration loading is further increased to 16.9 wt.%, and 26.0 wt.%, respectively. The decreased

activation energy after Ni infiltration is possibly attributed to the increased active electrochemical

reaction sites for hydrogen oxidation, however, the excess infiltrated Ni nanoparticles may block

the gas transport in the electrode, leading to an increased activation energy.
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Figure 5 a) effects of operating temperature and infiltration loading on the ASR, and b) Arrhenius plots
of the ASR for the SFM/LDC/LSGM/LDC/SFM symmetrical cells infiltrated with different Ni loadings.

To better understand the Ni infiltration loading effect on the electrode microstructure and more
clearly correlate the microstructure and electrochemical performance of the electrodes, the cross-
sectional SEM images of the infiltrated SFM electrodes with different Ni infiltration loadings are
collected and shown in Figure 6. At low Ni loading of 9.5 wt.%, the hemispheric Ni nanoparticles
with a diameter of 23+4 nm are homogeneous and well-dispersive onto the inner surface of the

19



312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

porous SFM scaffold (Figure 6(a-b)). Meanwhile, as shown in Figure 6(c-d), with increasing the Ni

infiltration loading to 16.9 wt.%, the diameter of the infiltrated Ni nanoparticles is increased to about

78+15 nm, and further to approximate 97+20 nm as the infiltration loading is increased to 26.0 wt.%.

In addition, it is also found that some rod-like Ni nanoparticles instead of hemispheric structure are

observed at high infiltration loading of 26.0 wt.%, which may reduce the effective reaction sites for

electrode reaction process at high infiltration loading and result in an increased ASR. At the same

time, the cross-sectional SEM image as well as the line element distribution of the interface of 16.9

wt.% Ni infiltrated SFM electrode and LSGM electrode is observed by using SEM equipped with

EDS sensor and shown in Figure 6(e-f). As depicted in EDS image measured in line-scan mode

(Figure 6(f)), seven representative elements including La, Sr, Ga, Fe, Ce, Ni, and O can be observed,

and these elements can be divided into three groups: La and Ga elements in the left issued from

LSGM electrolyte, La and Ce elements in the middle originated from LDC interlayer, while Sr, Ni

and Fe elements in the right assigned to Ni-SFM electrode, indicating that three distinctive layers

can be detected and determined as LSGM electrolyte, LDC interlayer, and Ni-SFM electrode.

respectively. It is also found that no obvious diffusion between Ni element and Ga element can be

observed, indicating that LDC interlayer can effectively prevent the reaction between Ni-SFM

electrode and LSGM.
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Figure 6 Cross-sectional SEM images of SFM electrodes infiltrated with different Ni loadings, (a) bare

SFM, (b) 9.5 wt.%, (c) 16.9%, and (d) 26.0 wt.%, (e) cross-sectional SEM image and (f) EDS image in

line scan mode of the interface of Ni-SFM/LDC/LSGM.

It is well-known that the electro-catalytic properties of the electrode materials as well as their

corresponding electrochemical performance are strongly associated with the surface exchange

processes of the electrodes, which can be accurately evaluated by the electrical conductivity

relaxation (ECR) measurement through the normalized conductivities as a function of the elapsed
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time[63-66]. Figure 7 shows the normalized conductivities as a function of the elapsed time
measured at 800 °C for the SFM samples before and after Ni infiltration. With the surrounding
atmosphere shifting from 50%CO-50%CO; to 67%CO0-33%CO., the re-equilibrium time has been
reduced from 7500 s for bare SFM sample to 900 s for Ni infiltrated SFM sample. The oxygen
diffusion coefficient, Dcxem, determined by the ECR method, is fitted to be 9.0x10° cm?s! for both
SFM and Ni infiltrated SFM samples. On the contrast, the surface oxygen exchange coefficient, £,
has been significantly accelerated by more than one order of magnitude from 1.5x107 cms™! for bare
SFM sample (ksru) to 2.4x10* cms™! for Ni infiltrated SEM sample (kni-srar), demonstrating that the
kinetics of surface exchange steps of the SFM electrode and the electrochemical performance of the

cells can be greatly promoted by introducing highly active Ni nanoparticles.

1.2
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1.0 -
>
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2
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Figure 7 Normalized conductivity relaxation plots of the SFM bar samples as a function of elapse time
before and after Ni infiltration.
3.4 Simulated 3D microstructure of infiltrated electrodes
It is reported that the electrode electrochemical performance is not only greatly affected by the
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total and percolated TPB length, but also strongly associated with the total and percolated surface

area of electro-catalytic phase as well as the porosity of the electrode[59]. However, it is difficult to

determine these geometric parameters by using the conventional experimental methods, especially

when the particle size and particle shape are significantly varied as a result from the different

infiltration loadings. Therefore, to better determine the Ni infiltration effect on the evolution of

microstructure and electro-catalytic properties, the geometric properties of the electrodes are

calculated as functions of the infiltration loading and nanoparticle radius through numerical

simulation of the 3D microstructure of the Ni infiltrated electrodes with the SFM backbone.

According to the experimental results (Figure 4), the SFM backbone can be idealized as a random

packing system of spherical particles (with a radius of ~300 nm, simplified from 0.31+0.14 pm for

SFM scaffold pre-sintered at 1050 °C, a porosity of ~37.6vol%, and a contacting angle of ~60 ° for

mimicking sintering effect). The bare backbone is then simulated using our previous method[67],

and is defined as a baseline condition. The simulated Ni nanoparticles with a diameter of 25, 75, or

100 nm, which are very close to the calculated value of 23+4, 78+15, and 97+20 nm for the electrodes

with different Ni loadings, respectively, are then infiltrated numerically into the SFM backbone.

Figure 8 shows the simulated 3D microstructure of the SFM electrodes with different Ni infiltration

loadings under the baseline condition. The red particles shown in Figure 8 represent the SFM

scaffold, while the green particles shown in Figure 8b-d indicate infiltrated Ni nanoparticles. The

parametric study is presented at follows.
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Figure 8 Three-dimensional visualization of the baseline structure with Ni infiltration loadings of a) 0, b)
9.5 wt.%, c) 16.9 wt.%, and 26.0 wt. %. (Backbone porosity = 37.6 vol.%, rspm=300 nm, r~i = 20, 75,
and 100 nm calculated from Figure 6 for Ni infiltration loading of 9.5 wt.%, 16.9 wt.%, and 26.0 wt. %,
respectively)

Figure 9 shows the length of total and percolated three phase boundaries (TPBs) of SFM/Ni/pores
as a function of infiltration loading at different sizes of the infiltrated Ni nanoparticles (20, 75, and
100 nm). As shown in Figure 9a, there exists a threshold infiltration loading at 6.85 wt.%, 11.0 wt.%,
and 15.6 wt.% for the infiltrated Ni nanoparticles with a diameter of 20, 75, and 100 nm, respectively,
while their optimal Ni infiltration loadings, corresponding to the peak percolated TPBs length, are
calculated to be 16.8 wt.%, 20.7 wt.% and 27.5 wt.%. According to the numerical simulation, the
effective percolated TPBs length for Ni infiltrated SFM electrodes reported in this work is calculated
to be 0, 152.5, 83.4, and 46.3 pm pum for the SFM electrodes with Ni infiltration loading of 0, 9.5

wt.%, 16.9 wt.% and 26.0 wt.%, respectively. At the same time, the surface area of Ni particles
24
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(Areagps) and interfacial area of SFM/Ni interface (AreaPgps), where electrochemical reaction such
as CO; reduction or hydrogen oxidation process possibly occurs, are also calculated and presented
in Figure 9b, indicating that Areagps and AreaPgps are both strongly affected by Ni infiltration
loading and Ni nanoparticle size, and smaller Ni particles will lead to higher Areagps and AreaPgps.
After introducing 9.5 wt.% Ni nanoparticles with a diameter of 20 nm into the porous SFM skeleton,
Areagps can reach 7.74 um? pm=. However, as the Ni infiltration loading is further increased to 16.9
wt.% and 26.0 wt.%, Areagps is gradually decreased to 6.17 and 4.64 pm? pm-, respectively, which
is caused by the significantly grown Ni nanoparticles as is verified experimentally in Figure 6. On
the contrast, AreaPgps is gradually increased from 2.04 to 2.48 and 2.79 um? um as the infiltration
loading is increased from 9.5 wt.% to 16.9 wt.% and 26.0 wt.%, respectively. It should be pointed
out that the porosity of SFM electrode is decreased after Ni infiltration because the infiltrated Ni
nanoparticles will attach on the surfaces of the SFM skeleton, and occupy the pores in the SFM
electrode. Therefore, the decrease of the porosity is equal to the increase of the volume of Ni
nanoparticles. According to the densities of SFM (5.59 g cm™) and Ni (8.90 g cm™), the volume
percentage of infiltrated Ni nanoparticles, equivalent to the decrease of the porosity, is calculated to
be 6.0 vol.%, 10.6 vol.%, and 16.3 vol.% for the SFM electrodes with Ni infiltration loading of 9.5
wt.% to 16.9 wt.% and 26.0 wt.%, respectively. The original porosity for the five parallel bare SFM
electrode pre-sintered at 1050 °C, a critical parameter for the numerical calculation, is determined
to be 37.6+1.0 vol.% by using Archimedes method in water. The porosity values for the Ni infiltrated
SFM specimen is calculated to 31.6 vol.%, 27.0 vol.%, and 21.3 vol.% after Ni infiltration loading
of 9.5 wt.% to 16.9 wt.% and 26.0 wt.% by dividing the Ni infiltration loading to Ni density,
respectively (Figure 9¢). Since the concentration polarization is strongly affected by the porosity of
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407  the electrode, reduction in porosity is expected to lead to increased polarization resistance, thus

408  lowering the electrode electrochemical performance.
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410  Figure 9 a) Total and percolated three-phase boundary length, b) surface area of Ni particles and

411  interface area of SFM particles and Ni particles, and c¢) porosity of the electrode as a function of
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infiltration loading of Ni nanoparticles. Backbone porosity = 37.6 vol.%, rsem=300 nm, rni = 20, 75,

and 100 nm for Ni infiltration loading of 9.5 wt.%, 16.9 wt.%, and 26.0 wt. %, respectively.

In order to better explain Ni infiltration loading effect on the electrochemical performance, the

experimental results including R,, effective percolated TPBs length, Areagps, AreaPeps and porosity

of Ni infiltrated SFM electrodes are summarized in Figure 10. It can be seen that the 9.5 wt.% Ni

infiltrated SFM electrode, which has the largest percolated TPBs length, AreaEPS, and porosity, but

lowest AreaPeps, exhibits the worst electrochemical performance, while the 26.0 wt.% Ni infiltrated

SFM electrode, having the highest AreaPgps, but the smallest percolated TPBs length, Areagps, and

porosity, demonstrates much more improved electrochemical performance than the 9.5 wt.% Ni

infiltrated SFM electrode. As it is well known that the activation resistance, a component of R, is

strongly associated with percolated TPBs length, Arcagps and AreaPeps, while the concentration

resistance, another component of R, is greatly affected by the porosity of the electrode and strongly

increased with lowering the porosity of the electrode. These results demonstrate that the weight of

AreaPgps for the entire electrode reaction process is larger than the others. At the same time, it cannot

be neglected that the SFM electrode with Ni infiltration loading of 16.9 wt.%, which possesses

moderate percolated TPBs length, Areagps, AreaPrps and porosity, yields the minimum R, and

demonstrates better electrode electrochemical performance than the electrode with higher

infiltration loading and larger AreaPgps, indicating that the electrochemical performance of the Ni

infiltrated SFM electrode is also influenced by the percolated TPBs length, AreaEPS and porosity.

Consequently, it can be concluded from the experimental and numerical results that the metallic

nanoparticles infiltrated perovskite oxide electrode is primarily affected by the interfacial areas

between the infiltrated metallic phase and scaffold phase, and also influenced by other geometric
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parameters including the percolated TPBs length, surface area of the infiltrated metallic phase and

the porosity of the scaffold.
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Figure 10 Various characteristics of Ni infiltrated SFM electrodes with different Ni infiltration
loadings shown in Figure 5, 6 and 9, plotted in a parallel coordinate system (errors are smaller than
the points).
3.5 Electrochemical performance of single cells

To further evaluate the electrochemical performance of the cells with SFM electrode before and
after Ni infiltration, electrolyte-supported cells with different configurations of
SFM/LDC/LSGM/LSCF-GDC and Ni-SFM/LDC/LSGM/LSCF-GDC are prepared for power
generation (SOFC mode) and CO» electrolysis (SOEC mode). Typical -V and i-p polarization
curves are measured and shown in Figure 11 by operating these two types of cells in the SOFC mode
at 700-800 °C with 40 mL cm? humidified Hz (3 vol.% H>0) as the fuel and static ambient air as
the oxidant. The OCVs at the temperature from 700 to800 °C are higher than 1.0 V, indicating that
the cells are well sealed with no gas leakage during operation. In addition, no concentration

polarization is observable at high current density during the operation for both types of cells,
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suggesting the porosity of the electrodes is sufficient for effective gas diffusion after 16.9 wt.% Ni
infiltration. The cell performance has been remarkably enhanced after Ni infiltration, as presented
in Figure 11b. The peak power density (Pmax) of the bare SFM electrode is 0.106, 0.178, and 0.259
W cm?, respectively, which has been increased to 0.133, 0.278, and 0.361 W cm at 700, 750, and
800 °C, respectively, after introducing Ni nanoparticles. EIS are also measured under OCV
conditions for these two types of cells and shown in Figure 11lc. For simplification, the ohmic
resistance (Rommic), which corresponds to the first intercept of the impedance spectra with the x-axis,
has been removed to reveal the electrode polarization resistance (R,). It is found that R, is effectively
decreased from 0.467 to 0.357 Qcm? at 800 °C after Ni infiltration, indicating that the electrode
reaction process is significantly accelerated by introducing Ni nanoparticles. Meanwhile, the
electrode polarization resistance is decreased from 0.924 to 0.528, and 0.357 Qcm? with increasing
the operating temperature from 700 to 750, and 800 °C, respectively, because of the greatly enhanced
electro-catalytic properties of the electrode as well as increased oxygen ionic conductivity at higher

operating temperature[51-53].
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Figure 11 Typical i-V and i-p polarization curves of the electrolyte-supported cells with the configurations
of'a) Ni-SFM/LDC/LSGM/LSCF-GDC, and b) SFM/LDC/LSGM/LSCF-GDC, and c) EIS of the above-
mentioned two single cells.

To further investigate the effect of Ni infiltration on electrochemical performance, cells using
bare and Ni infiltrated SFM electrode are also operated for CO; electrolysis process. Figure 12a-b
shows the typical i-V curves of the cells exposed to 67%C0,-33%CO atmosphere. An electrolysis
current density of 0.745 Acm™ is obtained at 800 °C at 1.6V for cells with a configuration of

SFM/LDC/LSGM/LSCF-GDC, and the electrolysis current density is increased to 1.070 Acm™? after
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the introduction of Ni nanoparticles, which is about 43.6% higher than the electrolyzer with GDC
infiltrated SFM as the electrode at the similar testing condition (0.446 Acm? @ 1.6 V, 800 °C)[56].
At the same time, it is also observed that R, is decreased from 0.850 to 0.759 Qcm? (Figure 12c¢),
which is in good agreement with the improved electrochemical performance. These results confirm
that Ni infiltration is an efficient way to enhance the cell performance due to the increased active
reaction sites for the electrode reaction. The electrochemical performance of Ni infiltrated cells for
CO; electrolysis are also investigated under another two gas compositions with lower CO;
concentration. As the feeding gas is shifted from 67%C0:-33%CO to 50%CO,-50%CO, and
33%C0,-67%CO, the electrolysis current density is decreased from 1.070 to 0.841, and 0.699 Acm
2 (Figure 12a), which is ascribed to the decreased effective TPBs induced by the lowered reactive

gas CO; fraction in the Ni-SFM electrode.
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Figure 12 Typical i-V curves of the electrolyte-supported cells with the configurations of (a) Ni-

SFM/LDC/LSGM/LSCF-GDC and (b) SFM/LDC/LSGM/LSCF-GDC, and (c) EIS of the above-

mentioned two single cells

measured at OCV conditions.
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4. Conclusions

In this work, bare and Ni-infiltrated SFM electrodes have been prepared, and the correlation
between fabrication processing parameters, the microstructure and electrochemical performance of
the electrodes has been investigated. 1050 °C has been found to be the optimal pre-sintering
temperature of the SFM scaffold, and the lowest R, of 1.04 Q ¢cm? is obtained at 800 °C in hydrogen
(3 vol.% H»0) atmosphere for the non-infiltrated symmetrical cells pre-fired at 1050 °C. Moreover,
the electrode is significantly activated after Ni infiltration, and the R, value is greatly reduced to
0.32 Q cm? at the Ni infiltration loading of 16.9 wt.% at 800 °C in hydrogen (3 vol.% H»O)
atmosphere. Geometric properties such as effective TPBs and interfacial areas have been calculated
by numerically simulating the 3D microstructure evolution of the bare and Ni-infiltrated SFM
electrode. It is found that metallic nanoparticles infiltrated perovskite oxide electrode is primarily
dominated by the effective interfacial areas between the infiltrated metallic phase and scaffold phase
(AreaPgps), where the fuel oxidation reaction occurs. At the same time, the electrode
electrochemical performance is also influenced by other geometric parameters including the
percolated TPBs length, surface area of the infiltrated metallic phase (Areagps) and the porosity of
the electrode. These results indicate that it is critical to increase the effective interfacial areas

(AreaPrps) to effectively enhance the performance of the metallic phase infiltrated electrode.
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