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ABSTRACT 

Liquid phase infiltration of nickel (Ni) nanoparticles in Ni/yttria-stabilized-zirconia (YSZ) cermet anodes 

for solid oxide fuel cells can improve anode performance provided that the infiltrated nanoparticles on YSZ 

connect to form conducting pathways and the Ni nanoparticles do not coarsen significantly. This study 

explores liquid phase co-infiltration of Ni with mixed conducting oxides, the latter providing 

microstructural stability and conductive pathways between Ni nanoparticles. Two mixed conducting oxides 

have been studied; Gd0.1Ce0.9O2-δ (GDC), a predominantly ionic conductor, and La0.6Sr0.3Ni0.15Cr0.85O3-δ 

(LSNC), a predominantly electronic conductor. Experimental results show that both oxides improve nickel 

nanoparticle stability and improve charge transfer kinetics. However, the electrochemical performance of 

the Ni-GDC infiltrated electrode is much better than that of the Ni-LSNC infiltrated electrode. This is 

attributed to the citrate-nitrate combustion reaction required to form LSNC, which fills the pores of the 

anode and inhibits gas diffusion, reducing the performance of the Ni-LSNC infiltrated electrode.  
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1. INTRODUCTION 

Solid oxide fuel cells (SOFCs) are highly efficient energy conversion devices for generating electrical 

energy directly from stored chemical energy, with many potential applications both for traditional energy 

systems as well as renewable energy grids [1-3]. However, high operating temperatures of SOFCs, which 

can be over 800°C, limit their lifetimes and increase their cost. One of the critical issues for commercializing 

SOFCs is their high operating temperatures, which can be over 800°C. High temperatures are required for 

good cell performance, but result in higher material costs and long-term performance degradation compared 

to cells operated at lower temperatures of 700°C and below [4,5]. Therefore, substantial research efforts 

have directed at lower the operating temperature of SOFCs. However, operating cells at lower temperatures 

reduces cell performance due to slow electrode reaction kinetics. There are several approaches for 

improving electrode reaction kinetics at low temperatures; most focus on development of new materials or 

new electrode designs [6-9]. In particular, the development of electrodes with nanoscale features has been 

pursued to improve the kinetics of charge transfer reactions. These efforts have been buoyed by continued 

research into liquid infiltration as a manufacturing method for SOFC electrodes [10-12]. This is because 

liquid infiltration enables the formation of nanostructured phases in-situ at temperatures as low as 500°C. 

Such features cannot be incorporated during cell processing, since sintering requires temperatures in excess 

of 1300°C, which would lead to significant coarsening of any nanoscale microstucture. 

Despite these efforts, the design of state-of-the-art SOFC anodes has not changed substantially in many 

years. The bulk of a standard SOFC anode consists of a several hundred micron thick porous nickel yttria-

stabilized-zirconia (Ni-YSZ) cermet that provides mechanical support for the rest of the cell. A more finely 

structured porous Ni-YSZ layer, between 5 and 20 microns thick, is located between the anode support and 

the dense YSZ electrolyte. This finely structured layer, referred hereon as the anode active layer (AAL), is 

usually made up of sintered powders that are about one micron in diameter. By using liquid infiltration to 

introduce nickel particles with diameters of 100 nm or less into the AAL, the size of nickel features within 

the electrode can be reduced. This increases the density of triple phase boundaries (TPBs) that are the 
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intersections of the Ni, YSZ and pore phases, where the electrons, oxygen ions and the fuel all meet and 

react. The introduction of the Ni nanoparticles increases the TPB density, which has been shown to improve 

cell performance, especially at lower operating temperatures [13]. However, these infiltrated nickel 

nanostructures suffer from coarsening after just a few hours of operation [14-17]. In addition, the infiltrated 

nickel deposits as roughly hemispherical nanoparticles only on the YSZ grains. If these nanoparticles are 

isolated from one another, they are not electrically connected to the Ni-YSZ cermet, unless the Ni 

nanoparticle is directly located on a Ni-YSZ cermet TPB. As a result, most of the additional TPBs remain 

inert to (or unable to participate in) electrochemical reactions, and thus the advantages of liquid infiltration 

are not fully utilized [10,13,18]. In order to address the issues of Ni nanoparticle coarsening and formation 

of non-active TPBs, this research investigates the simultaneous infiltration of nickel with a mixed ionic-

electronic conductor (MIEC). The introduction of an MIEC material into nickel infiltrated Ni-YSZ cermet 

anodes should both physically constrain the infiltrated nickel nanoparticles to prevent coarsening as well 

as electrochemically connect some or all of the Ni nanoparticles to the Ni-YSZ cermet, thereby improving 

cell performance and stability of infiltrated nickel nanoparticles. 

Two groups of MIEC materials that are used often in SOFC anodes due to their high conductivity and 

chemical stability in the anode-operating environment are fluorites and perovskites [19]. Of these two 

groups, fluorites have high ionic conductivity, while perovskites have high electronic conductivity [6]. 

Gadolinium doped ceria (Gd0.1Ce0.9O2-δ) (GDC) is a good fluorite candidate for infiltration because it has 

higher ionic conductivity than YSZ as well as reasonable electronic conductivity at low oxygen partial 

pressures [20]. Also, a liquid solution of Gd and Ce nitrate salts can be easily infiltrated into Ni-YSZ anodes, 

and the nitrates can then be decomposed at around 500°C to form GDC nanostructures. Infiltrated GDC 

nanostructures have been utilized by several researchers and show consistent performance improvement 

compared to YSZ or traditionally sintered electrodes [21,22]. The improvement in cell performance after 

infiltration of GDC is attributed to the increased ionic conductivity of GDC compared to YSZ, which 

enables oxygen ions to travel farther away from the electrolyte, increasing the number of electrochemical 
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reaction sites and improving anodic charge transfer [22,23]. Simultaneous infiltration of GDC with metallic 

nanoparticles has been less studied. Skafte et al. infiltrated GDC into Ni-YSZ cermet anodes, showing 

improvement in initial cell performance after both GDC infiltration as well as simultaneous infiltration of 

GDC and copper nanoparticles [24]. The addition of copper substantially increased cell performance over 

the cell with only GDC, suggesting simultaneous infiltration of metallic nanoparticles with an MIEC can 

greatly improve the charge transfer kinetics of Ni-YSZ cermet anodes [24]. 

The infiltration of conducting perovskite oxides into Ni-YSZ cermet anodes has not received much research 

interest. Because of their high electrical conductivity, perovskite oxides have mainly been studied for the 

development of fully ceramic fuel cell anodes [6,8,25]. For selecting a perovskite composition that is 

suitable for infiltration into Ni-YSZ anodes, the first consideration is the chemical stability of the material 

in the anode operating environment, which sees oxygen partial pressures as low as 10-17 Pa at 800°C. Many 

cobaltite, ferrite, manganite, and nickelate perovskites become unstable at oxygen partial pressures lower 

than 10-2
 Pa, 10-12

 Pa, 10-10 Pa, and 10 Pa at 800°C, respectively [9]. However, many chromite, titanate, and 

vanadate perovskites are suitable for use in SOFC anodes. A chromite perovskite is the most suitable 

candidate for liquid infiltration because the nitrate precursors of titanium and vanadium are not readily 

available. For this study, A-site deficient Ni-doped lanthanum strontium chromite (La0.6Sr0.3Ni0.15Cr0.85O3-

δ) (LSNC) is chosen. LSNC has high electrical conductivity in the anode-operating environment, and has 

been previously utilized as a material for an all-ceramic anode, exhibiting good electrochemical 

performance [26]. LSNC cannot be synthesized using the nitrate decomposition process, and the nitrate 

solution has to be mixed with citric acid to carry out the citric-nitrate auto combustion process as described 

in the next section. 

In this work, cells with Ni-YSZ cermet anodes are co-infiltrated with Ni-GDC and Ni-LSNC to study their 

performance and the stability of the Ni-MIEC nanostructures. The GDC and LSNC phases are utilized both 

for physically stabilizing the infiltrated nickel nanoparticles as well as electrochemically connecting them 

to the Ni-YSZ substrate. GDC and LSNC have been chosen for their suitability for use in SOFC anodes 



5 
 

and to compare the impact of ionic and electronic conductivity of the MIEC phase (primarily ionic for GDC 

versus primarily electronic for LSNC) and processing technique (nitrate decomposition for GDC versus 

citric-nitrate auto combustion for LSNC) on cell performance. This study first validates the chemical 

stability of each material for use in the anode operating environment, then studies the physical stability of 

the infiltrated microstructures by exposing infiltrated anodes to 2% H2 – 98% Ar and 25% H2 – 75% H2O 

gas mixtures at 800°C for 48 hours. The electrochemical performance of Ni-GDC and Ni-LSNC infiltrated 

Ni-YSZ anodes are evaluated using current-voltage (I-V) scans and electrochemical impedance 

spectroscopy (EIS). Performance measurements are analyzed to determine the relative contributions of the 

Ni-GDC and Ni-LSNC infiltration to the mass transfer and charge transfer resistances of the electrode. 

Comparison of the electrode microstructures after testing is used to examine the stability of the infiltrated 

phases after exposure to electrochemical current. 

2. MATERIALS AND METHODS 

2.1. Preparation of infiltration solutions and powder characterization 

Ni, Ni-GDC and Ni-LSNC liquid infiltration solutions were synthesized using nickel nitrate 

(Ni(NO3)2∙6H2O, Chemsavers, USA), gadolinium nitrate (Gd(NO3)3∙6H2O, Alfa Aesar, USA), cerium 

nitrate (Ce(NO3)3∙6H2O, Alfa Aesar, USA), lanthanum nitrate (La(NO3)2∙6H2O, Sigma-Aldrich, USA), 

strontium nitrate (Sr(NO3)2, Sigma-Aldrich, USA), chromium nitrate (Cr(NO3)3∙9H2O, Alfa Aesar, USA), 

and citric acid (C6H8O7, Alfa Aesar, USA). For each solution, stoichiometric amounts of metal nitrates and 

citric acid were dissolved in ethanol on a hot plate at 70°C while stirring. The compositions of precursor 

solutions used are listed in Table I.  

To ensure proper formation of the MIEC phases, the liquid infiltration solutions were used to form powders 

in a container. The phase purity of the MIEC powders can be easily verified by x-ray diffraction (XRD) 

measurements. The powders were formed under the same environmental conditions the precursors would 

encounter for nanoparticle formation in infiltrated cells. Ni-MIEC powders were formed by heating the 



6 
 

liquid precursor in air to 320°C. This allows for the formation of Gd2O3, CeO2, and NiO by the nitrate 

decomposition process (for Ni-GDC), and LSNC and NiO by the citric-nitrate auto-combustion process 

(for Ni-LSNC) [23,27,28]. Heating to 800°C while flowing a 2% H2 – 98% Ar gas mixture at 300 cm3 min-

1 and holding at temperature for 8 hours ensures that the GDC phase is formed (Ni-GDC), and that NiO is 

reduced to Ni (both cases). The phases of the synthesized powders were then characterized by XRD using 

a D8 DISCOVER X-ray diffractometer (Bruker, USA) with Cu K-a radiation and analyzing the resulting 

spectra using DIFFRAC.EVA software (Bruker, USA).  

Table I. Details of precursor solutions used in liquid infiltration 

Infiltrant Formula 

Ni to 
MIEC 
molar 
ratio 

Synthesis 
method 

Citric 
acid to 
MIEC 
metal 

cations 
molar 
ratio 

Metal 
solution 
molarity 

Rounds of 
infiltration 

Weight gain normalized 
by cell weight 

For 
particle 
stability 
testing 

For 
electrochemical 

testing 

Ni Ni N/A Nitrate 
decomposition N/A 4M 1 1.34% N/A 

Ni-GDC Ni - Gd0.1Ce0.9O2-δ 1:1 Nitrate 
decomposition N/A 4M 1 1.33% 1.24% 

Ni-
LSNC 

Ni - 
La0.6Sr0.3Ni0.15Cr0.85O3-δ 

1.5:1 
Citrate-nitrate 

auto-
combustion 

3:1 1M 5 1.88% 1.91% 

 

2.2. Infiltration and microstructural characterization of button cells 

Anode-supported SOFC button cells were purchased from SOFCMAN Energy (Ningbo, China). The cells 

were composed of a 400 µm thick, 3 cm diameter NiO-YSZ anode bulk layer, a 5 µm thick NiO-YSZ AAL, 

an 8 µm thick dense YSZ electrolyte, a 15 µm thick and 1.6 cm diameter strontium doped lanthanum 

manganite (LSM) YSZ composite cathode active layer, and a 30 µm thick LSM cathode current collector 

layer. The electrochemically active area of the cell, determined by the cathode diameter, was 2 cm2.  
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All cells were prepared for infiltration followed by electrochemical testing by pre-reducing the NiO-YSZ 

anode to Ni-YSZ. This process opens the pores of the anode, allowing the infiltrant to penetrate all the way 

through the anode and into the AAL. The procedures for anode pre-reduction and infiltration of the 

precursor solutions into the anode under vacuum have been detailed in a previous publication [14]. After 

infiltration of the precursor solution, both the Ni-GDC and Ni-LSNC cells were heated in air to 100°C and 

held for 20 minutes to evaporate the ethanol, then heated to 320°C and held for 20 minutes to react the 

metal nitrate precursors. For the Ni-GDC solution, heating to 320°C in air causes the decomposition of the 

Gd, Ce, and Ni nitrates into their respective oxides. For the Ni-LSNC solution, heating to 320°C in air 

causes the decomposition of the Ni nitrate into NiO, and also causes the citric acid and nitrates to combust, 

forming the LSNC phase.  

For initial characterization of the microstructure of infiltrated cells, the infiltrated anodes were heated to 

800°C while flowing a 2% H2 – 98% Ar gas mixture at 300 cm3 min-1 and held at temperature for 1 hour, 

allowing the Ni-GDC and Ni-LSNC to completely equilibrate to the anode operating environment before 

returning to room temperature. Cells processed in this way are later referred hereon as ‘as-reduced’. The 

surface morphology of the nanostructures of the Ni-GDC infiltrated, and Ni-LSNC infiltrated cells were 

examined using a field emission Zeiss (Carl Zeiss AG, Germany) SUPRA 55-VP scanning electron 

microscope (SEM) with an In-Lens secondary electron detector on fracture cross-sections of the samples. 

Higher spatial resolution images and elemental mapping of the Ni-GDC and Ni-LSNC nanostructures were 

also obtained on an FEI (ThermoFisher Scientific Inc., USA) Tecnai Osiris transmission electron 

microscope (TEM) equipped with an energy dispersive x-ray (EDX) detector. The TEM was operated at 

200 keV in the scanning transmission electron microscopy (STEM) mode. Samples for STEM/EDX 

analysis were prepared by the conventional ‘lift-out’ technique in a FEI (ThermoFisher Scientific Inc., USA) 

Quanta 3D FEG focused ion beam (FIB) system.  
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2.3. Particle stability testing 

Three pre-reduced cells were infiltrated with Ni, Ni-GDC, and Ni-LSNC respectively for particle stability 

testing. The weight gain of each cell after infiltration and heating to 320°C in air is reported in Table I. 

Each infiltrated cell was then fractured into three pieces. Each piece was first heated to 800°C under a 2% 

H2 – 98% Ar gas mixture flowing at 300 cm3 min-1 and then exposed to different atmospheric conditions at 

800°C. One piece from each type of infiltrated cell was held under the same atmosphere (flowing 2% H2 – 

98% Ar gas mixture) for 1 hour, at which point all the NiO was reduced to Ni. These will be referred to 

hereon as ‘as-reduced’ samples.  The second piece from each type of cell was held under the same 

atmosphere for a longer period of 48 hours. The third piece of each type of sample was exposed to a 25% 

H2 – 75% H2O gas mixture flowing at 300 cm3 min-1 for 48 hours. Fracture cross-section SEM images of 

the AAL were recorded from each piece for analysis. 

2.4. Electrochemical testing 

Uninfiltrated, Ni-GDC infiltrated, and Ni-LSNC infiltrated cells were electrochemically tested to study the 

effect of Ni-MIEC infiltration on electrode performance. All cells were pre-reduced, and then the Ni-GDC 

and Ni-LSNC cells were infiltrated using their respective precursor solutions. The rounds of infiltration and 

weight gain after the heating procedure in air are shown in Table I. In preparation for electrochemical testing, 

a silver mesh (Alfa Aesar, USA) was then adhered to the cathode surface using silver ink (Alfa Aesar, USA) 

and dried in air at 80°C. Nickel ink (Fuel Cell Materials, USA) was then painted onto the anode surface 

and the cell was placed on top of the nickel mesh current collector (Alfa Aesar, USA) before assembling 

the electrochemical testing stand, which has been detailed in a prior publication [13]. The cell was placed 

between two Al2O3 tubes and the anode and cathode electrodes were gas sealed by using mica gaskets and 

glass paste. The entire assembly was spring-loaded between two aluminum end plates using Al2O3 rods for 

rigidity and to compress the mica gaskets. Nickel lead wires (Alfa Aesar, USA) on the anode side and silver 

lead wires (Alfa Aesar, USA) on the cathode side were protected by feeding them through small Al2O3 

tubes. Al2O3 tubes were also used for inlet and outlet gas tubes on both anode and cathode sides. Cell 
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temperature was monitored during electrochemical testing using a K-type thermocouple placed in the 

cathode side chamber approximately 1 cm away from cell. 

After assembly, the electrochemical testing stand was placed in a furnace and heated to 800°C, as measured 

by the cathode side thermocouple, at 1°C min-1. During heating, 1 L min-1 of dry air was flowed on the 

cathode side and 300 cm3 min-1 of a 5% H2 – 98% Ar gas mixture was flowed on the anode side. Once at 

temperature, the cell was held under open circuit condition for 12 hours to allow time for the glass paste to 

cure, and then the anode gas mixture was changed to 97% H2 – 3% H2O. The quality of the gas sealing was 

then evaluated by monitoring the cell’s open circuit potential for the following 12 hours. The cell was then 

activated by applying 0.5 A cm-2 of current for 48 hours. Cell performance was measured at temperatures 

of 800°C, 750°C, and 700°C. I-V scans and EIS were used to evaluate cell performance. I-V scans were 

recorded from OCV to 700 mV at a rate of 5 mA s-1. EIS scans were recorded at open circuit conditions 

using an AC amplitude of 30 mV between 200000 Hz and 0.02 Hz. After performance measurement, cells 

were cooled to room temperature and prepared for microstructural characterization. 

2.5. Microstructural characterization after electrochemical testing 

Fracture cross-section SEM images of the AAL were recorded from the uninfiltrated, Ni-GDC infiltrated, 

and Ni-LSNC infiltrated cells after electrochemical testing. Two distinct regions within the AAL: under the 

cathode, which is electrochemically active, and not under the cathode, which is not electrochemically active, 

were examined to evaluate the stability of the infiltrated nanoparticles after exposure to both the testing 

environment and electrochemical current. 

To measure the porosity of the uninfiltrated, Ni-GDC infiltrated, and Ni-LSNC infiltrated cells after 

electrochemical testing, pieces of the fractured cells were infiltrated with epoxy and allowed to cure at room 

temperature. Epoxied samples were then polished, and SEM images were taken at 50 micron intervals, 

starting at the anode/electrolyte interface, all the way across the 400 micron thick anode. At each depth, 

three images were taken at 40 kX magnification. The porosity was measured by segmenting out the pores 
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from each image using Avizo 3D (ThermoFisher Scientific Inc., USA), calculating the fraction of pore area 

from each image, and then calculating the average value of the three measurements. The pore occupation 

ratio, which is a simple measure of how much pore volume is occupied by the infiltrants, was then calculated 

using Equation 1. 

(1) 

3. RESULTS AND DISCUSSION 

3.1. Validation of MIEC Synthesis 

Validation of Ni-GDC and Ni-LSNC as suitable materials for infiltration into Ni-YSZ cermet anodes 

requires that they meet the following four criteria: i) the Ni-MIEC precursors can be dissolved in a liquid 

solution; ii) the Ni-MIEC composite can be synthesized in the anode operating environment; iii) the 

infiltration solutions successfully penetrate through the entire anode and deposit nanoparticles within the 

AAL; and iv) the nickel nanoparticles are in contact with and stabilized by the MIEC. The first criterion is 

met by simply finding a solvent that can dissolve the precursors, ideally with a high concentration, and 

maintain a low enough viscosity to enable infiltration. Both GDC and LSNC nitrate precursors dissolve 

readily into ethanol at 70°C. Details of the precursor solutions are shown in Table I. The inclusion of citric 

acid makes the molarity of the Ni-LSNC metal ion precursors to be lower than that of the citric acid free 

Ni-GDC metal ion precursors, so more infiltration cycles are required for the Ni-LSNC infiltration. 

The second criterion is validated by measuring the crystal phase using powder XRD after exposure to the 

reducing gas at 800°C. q-2q x-ray diffraction scans of Ni-GDC and Ni-LSNC powders are shown in Fig. 

1a and Fig. 1b respectively. The scans match the nickel plus fluorite and nickel plus perovskite target 

product patterns, respectively, confirming that the Ni-GDC and Ni-LSNC composites are properly formed 

from their respective precursor solutions. The third criterion is validated by infiltrating pre-reduced Ni-YSZ 

anodes with the Ni-MIEC precursor solution. Fig. 2b-c show SEM micrographs of the AAL of the Ni-GDC 

infiltrated and Ni-LSNC infiltrated cells after reduction at 800°C. Good area coverage and nanoparticle 

𝑃𝑜𝑟𝑒	𝑂𝑐𝑐𝑢𝑝𝑎𝑡𝑖𝑜𝑛	𝑅𝑎𝑡𝑖𝑜 =
𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦	𝑜𝑓	𝑈𝑛𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒𝑑	𝐶𝑒𝑙𝑙 − 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦	𝑜𝑓	𝐼𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒𝑑	𝐶𝑒𝑙𝑙

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦	𝑜𝑓	𝑈𝑛𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒𝑑	𝐶𝑒𝑙𝑙 =
𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝐼𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑛𝑡

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦	𝑜𝑓	𝑈𝑛𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒𝑑	𝐶𝑒𝑙𝑙 
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connectivity is clearly observed in both cells, confirming that both Ni-MIEC infiltration solutions 

successfully penetrate through the anode.  

 

Fig. 1. q-2q x-ray diffraction scans of a) Ni-GDC and b) Ni-LSCN powders synthesized from their 
respective precursor solutions. The scan shows that phase pure Ni-GDC and Ni-LSNC powder mixtures 
were successfully synthesized. 
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Fig. 2. Bright-field SEM micrographs of the AAL regions in fracture cross-sections of Ni infiltrated, Ni-
GDC infiltrated, and Ni-LSNC infiltrated cells. a)-c) show the nanoparticles in the as reduced state; d)-f) 
show the nanoparticles after a 48 hour exposure in flowing 2% H2 – 98% Ar gas mixture at 800°C; and g)-
i) show the nanoparticles after a 48 hour exposure in flowing 25%H2 – 75%H2O gas mixture at 800°C. 
 

In order to validate the fourth criterion, the individual nickel and MIEC particles need to be distinguishable. 

Cross-sectional high angle annular dark field (HAADF) STEM images of the pores and adjacent grains 

with elemental distributions in the AAL layer for the Ni-GDC and Ni-LSNC infiltrated cells after 

electrochemical testing are presented in Fig. 3. The nanoparticles in Ni-GDC and Ni-LSNC infiltrated cells 

are essentially connected with each other and also with cermet Ni grains. The results of the STEM/EDX 

elemental mapping shown in Fig. 3 also suggest that while Ni-GDC simply wets the surface of the Ni-YSZ 

grains, the Ni-LSNC fills a substantial amount of space within the pore. Also, in the Ni-GDC infiltrated 

cell, the rounded nickel nanoparticles are only deposited on YSZ grains, while in the Ni-LSNC infiltrated 



13 
 

cell, the nickel nanoparticles can be found in the vicinity of both YSZ and Ni grains. These differences are 

likely due to the citrate-nitrate combustion reaction needed to form the LSNC phase, which causes a rapid 

gas expansion during the heating procedure. 

 

Fig. 3. a) HAADF STEM micrograph of the AAL of the Ni-GDC infiltrated cell after electrochemical testing, 
with elemental EDX maps of b) Ni, c) Zr, d) Gd, and e) Ce. f) HAADF STEM micrograph of the AAL of the 
Ni-LSNC infiltrated cell after electrochemical testing, with EDX dot maps of g) Ni, h) Zr, i) Cr, j) La, and 
k) Sr.  
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3.2. Stability of infiltrated nanoparticles  

In order to qualitatively show the effects of MIEC infiltration on the stability of the nickel nanoparticles, 

the microstructures of nickel infiltrated, Ni-GDC infiltrated, and Ni-LSNC infiltrated anodes are compared 

after reduction at 800°C, after a 48 hour exposure to the reducing environment at 800°C, and after 48 hour 

exposure to a 25% H2 – 75% H2O at 800°C. The humid atmosphere accelerates the coarsening of nickel 

nanoparticles, due primarily to the increased wetting of nickel on YSZ surfaces, although the contact angle 

decreases sharply only when humidity levels go above 95% [11,14,29-31]. Investigation of the nickel 

infiltrated anode (Figs. 2a, 2d, 2g) reveals that infiltrated nickel nanoparticles with diameters less than 50 

nm are unstable after the 48 hour exposure to high temperature in dry hydrogen (Fig. 2d). After the 48 hour 

exposure to a humid gas mixture (Fig. 2g), nearly all nanoparticles with diameters less than 100 nm 

dissapeared. By comparison, nanoparticles in both the Ni-GDC infiltrated (Fig. 2b, 2e, 2h) and Ni-LSNC 

infiltrated (Fig. 2c, 2f, 2i) samples maintain stable and connected features of less than 100 nm, 

demonstrating that the additional oxide phases inhibit Ni nanoparticle coarsening. This is likely because 

the oxide phases pin the Ni nanoparticles, thereby blocking direct contact between them. 

3.3. Electrochemical performance  

The results of electrochemical testing of the uninfiltrated, Ni-GDC infiltrated, and Ni-LSNC infiltrated cells 

are shown in Fig. 4, and performance data from these measurements are listed in Table II. The I-V plots 

(Figs. 4a-4c) and the power density data (Table II) shows that the Ni-GDC infiltrated cell has the best 

performance and that the Ni-LSNC cell has a slightly higher performance compared to the uninfiltrated cell. 

The most obvious trend is that the performance of the Ni-GDC cell relative to the uninfiltrated cell increases 

as the operation temperature of the cell decreases; at 800°C, the Ni-GDC infiltrated cell has 30% greater 

power at 750 mV, while at 700°C it has 56% greater power at 750 mV. This implies that the infiltration of 

Ni-GDC into the anode improves charge transfer kinetics, because charge transfer resistance increases 

quickly when cell temperature is lowered, while the increase in mass transfer resistance is very small [32,33]. 
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The Ni-GDC infiltration appears to have only a small impact on mass transfer resistance, because the cell 

performance is improved at 800°C, when cell performance is most sensitive to the kinetics of mass transfer. 

This is in contrast to the Ni-LSNC infiltrated cell, which shows a negligible performance increase at 800°C. 

The Ni-LSNC infiltrated cell does have some small improvement compared to the uninfiltrated cell as the 

operation temperature reduces, showing an 11% increase in power at 700°C. This suggests that Ni-LSNC 

does improve the charge transfer of the cell, but this is clearly at the cost of the increased mass transfer 

resistance. 

 

Fig. 4: Electrochemical performance measurements of uninfiltrated, Ni-GDC infiltrated, and Ni-LSNC 
infiltrated cells recorded at 800°C, 750°C, and 700°C with 3% humidified hydrogen flowing over the anode 
and dry air flowing over the cathode. Measurements include a)-c) I-V scans, and EIS measurements  plotted 
in d)-f) Nyquist, and g)-i) and Bode formats. 
 

Analysis of the EIS measurements supports these conclusions. The improvement of the polarization 

resistance for both Ni-GDC infiltration and Ni-LSNC infiltrated cell increases as the operation temperature 

decreases, as shown by the Nyquist plots in Figs. 4d-4f and in Table II. This trend corresponds to an 
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improvement of the anodic charge transfer kinetics after infiltration of the Ni-MIEC composites. However, 

Ni-LSNC shows less improvement than Ni-GDC. The Bode plots presented in Figs. 4g-4i reveal that at 

800°C, the Ni-LSNC infiltrated cell has a noticeably large peak at about 1 Hz. This peak corresponds to the 

anodic mass transfer process, which is the slowest physical process of the cell. This demonstrates that the 

Ni-LSNC infiltrated cell suffers from poor mass transfer characteristics, limiting cell performance at higher 

temperatures. The Ni-GDC cell also has a peak around 1 Hz, but the peak height is much smaller than that 

for the Ni-LSNC cell. This indicates that the mass transfer resistance of the Ni-GDC infiltrated cell is has 

not been increased substantially compared to the uninfiltrated cell. As operation temperature is reduced, 

both anodic and cathodic charge transfer resistances increase and the mass transfer peaks becomes less 

distinct. However, Ni-LSNC still exhibits lower performance than Ni-GDC. From this result, it is clear that 

the Ni-GDC is a more effective infiltrant than the Ni-LSNC. 

Table II. Performance data from EIS and I-V measurements of uninfiltrated, Ni-GDC infiltrated, and Ni-
LSNC infiltrated cells. 

RPolarization (Ω·cm²) (97% H2 – 3% H2O anode, 21% O2 cathode) 

Temperature Uninfiltrated Ni-GDC infiltrated Change Ni-LSNC infiltrated Change 

800°C 1.31 0.95 -27% 1.20 -8% 

750°C 1.97 1.23 -38% 1.49 -24% 

700°C 3.47 2.05 -41% 2.60 -25% 

ROhmic  (Ω·cm²) (97% H2 – 3% H2O anode, 21% O2 cathode) 

Temperature Uninfiltrated Ni-GDC infiltrated Change Ni-LSNC infiltrated Change 

 800°C 0.09 0.08 -10% 0.10 +6% 

750°C 0.12 0.11 -8% 0.12 -1% 

700°C 0.16 0.15 -5% 0.16 -2% 

Power Density at 750 mV (W·cm-²) (97% H2 – 3% H2O anode, 21% O2 cathode) 

Temperature Uninfiltrated Ni-GDC infiltrated Change Ni-LSNC infiltrated Change 

800°C 0.57 0.74 +30% 0.57 +0% 

750°C 0.34 0.47 +39% 0.36 +6% 

700°C 0.17 0.27 +56% 0.19 +11% 
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The decrease in polarization resistance for the Ni-MIEC (LSNC/GDC) infiltrated samples can be explained 

by the presence of additional activated TPBs and possible expansion of the region of charge transfer around 

the active TPBs. Both resulting in increased charge transfer reactions per unit area of the cathode and 

effective lowering of the polarization resistance. Depending on the spacing between the Ni nanoparticles 

and the Ni-YSZ backbone, the LSNC being primarily electronically conducting could provide an electronic 

pathway, thereby activating additional TPBs. Although GDC is not considered a good electronic conductor, 

its partial electronic conductivity is substantially higher than YSZ and its ionic conductivity comparable. 

In this case, the likely mechanism for improved performance is due to the expansion of the charge transfer 

region around the active TPBs associated with GDC. GDC is also reported to have a higher catalytic activity 

which could also be responsible for the improved performance. 

3.4. Anode microstructures after electrochemical testing 

In a previous study it was shown that infiltrated Ni nanoparticles coarsen during electrochemical testing, 

resulting in a reduction of the added TPB density, leading to a decrease in cell performance [13]. To analyze 

the impact of the cell testing procedure on the stability of the infiltrated features, two different fracture 

cross-section regions of the AAL of each cell after electrochemical testing were studied by SEM: the 

‘electrochemically inactive region’ that is not under the cathode, and the ‘electrochemically active’ region 

which is under the cathode (Fig. 5a). The ‘electrochemically inactive’ region has been exposed to the testing 

environment, but does not experience any electrochemical current and anodic reactions due to the lack of a 

cathode above this region. The ‘electrochemically active’ region has been exposed to both the testing 

environment as well as the effects of electrochemical current and anodic reactions. SEM micrographs taken 

from the ‘electrochemically inactive’ regions are shown in Figs. 5b-5c, while those from ‘electrochemically 

active’ regions are shown in Figs. 5d-5e. Comparing these microstructures to the ‘as-reduced’ 

microstructures (Figs. 2b-2c) shows the effects of exposure to high temperature, reducing environment, and 

electrochemical current and reactions on the stability of the infiltrated Ni-GDC and Ni-LSNC 

nanostructures.  
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Fig. 5. a) Schematic of the cell showing the locations of ‘electrochemically inactive’ (not under cathode) 
and ‘electrochemically active’ (under cathode) regions in the AAL. Fracture cross-section SEM bright-
field images of infiltrated Ni-GDC and Ni-LSNC nanoparticles in the b)-c) ‘electrochemically inactive’, 
and d)-e) ‘electrochemically inactive’ regions of the AAL.  

Comparing Fig. 2c to Fig. 5c shows some evidence of increased agglomeration (since individual 

nanoparticles are still clearly visible, this is a case of agglomeration rather than coarsening) of Ni-LSNC 

nanoparticles after the additional 72 hours of exposure to the atmosphere at 800°C during the 

electrochemical testing (see Sec. 2.4 for details of electrochemical testing procedure) without exposure to 

the electrochemical current and chemical reactions. Comparing Fig. 2b to Fig. 5b shows significantly less 

agglomeration of the Ni-GDC nanoparticles after the additional high temperature exposure. Interestingly, 

Figs. 5d-5e show that exposure to electrochemical current and reactions cause both the Ni-GDC and Ni-

LSNC nanostructures to spread evenly across the Ni-YSZ grains. This may actually be beneficial for the 
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stability of the electrode, because the infiltrated nanoparticles are now more homogenously distributed, 

preventing the formation of hot spots with very high local current density that may lead to accelerated 

nanoparticle coarsening. Such ‘spreading’ due to lowering of the contact angle has been previously 

observed for infiltrated Ni nanoparticles during electrochemical testing [14], and similar principles are 

likely at play for the Ni-GDC and Ni-LSNC microstructures.  Generally, both Ni-GDC and Ni-LSNC 

nanoparticles appear to be stable in the ‘electrochemically active’ AAL regions, which is where the majority 

of the anodic electrochemical reactions occurs. This stability reflects the advantages of the MIEC phase 

keeping the Ni nanoparticles isolated from one another and the stability of the nanoparticles is good for 

persistence of the long-term benefits of anode infiltration.  

In order to better understand the increase of mass transfer resistance observed during electrochemical 

testing (Sec. 3.3), the porosity distribution throughout the anodes of different cells was obtained from the 

SEM images taken on polished cross-sections. The resulting porosity profiles for the uninfiltrated, Ni-GDC 

infiltrated, and Ni-LSNC infiltrated cells are shown in Fig. 6a. Each data point corresponds to the average 

porosity measured from three images with the uncertainty bars representing the maximum and minimum 

porosity. The uninfiltrated cell shows a nearly uniform porosity, while both the Ni-GDC and Ni-LSNC cells 

have a lower porosity throughout the entire anode. In general, the citrate-nitrate combustion process forms 

Ni-LSNC in a 3-D microstructure that occupies a larger volume fraction of the pores. The nitrate 

decomposition process forms Ni-GDC in a 2-D microstructure on the pores surface causing more modest 

pore filling. In particular, the Ni-LSNC cell shows dramatically reduced porosity near the anode-electrolyte 

interface. This could be expected because the individual pores of the AAL are smaller than the pores of the 

bulk anode. 

The extent of pore filling can be seen clearly from the pore occupation ratio, which is calculated using Eq. 

1 and shown in Fig. 6b. The pore occupation ratio is a measure of how much pore volume is filled by the 

infiltrants. When averaged across the whole electrode, the infiltration of Ni-GDC reduced the pore volume 

by 17.1% while the infiltration of Ni-LSNC reduced the pore volume by 28.6%. Assuming that the effective 
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diffusivity of the H2 – H2O gas mixture varies linearly with the electrode porosity, this corresponds to a 

17.1% and 28.6% reduction in the effective diffusivity of the Ni-GDC infiltrated and Ni-LSNC infiltrated 

cells, respectively. Assuming Fickian diffusion behavior in the anode, the mass transfer resistance of the 

electrode is inversely proportional to the effective diffusivity [34]. Thus, the filling of pores by infiltration 

results in a 20.6% increase in mass transfer resistance for the Ni-GDC infiltrated cell compared to the 

uninfiltrated cell, and a 40.1% increase in mass transfer for the Ni-LSNC infiltrated cell compared to the 

uninfiltrated cell. 

 

Fig. 6. a) Measured porosity profile across the anode cross-section of uninfiltrated, Ni-GDC infiltrated, 
and Ni-LSNC infiltrated cells. b) Calculated pore occupation ratio distribution across the anode cross-
section for Ni-GDC infiltrated and Ni-LSNC infiltrated cells. 

4. CONCLUSIONS 

In this work, Ni-YSZ cermet anodes have been co-infiltrated with nanoparticles of Ni and a MIEC oxide 

phase. The roles of the conductive oxides were to provide a conductive pathway to electrically connect 
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some or all the Ni nanoparticles with each other and with the Ni-YSZ cermet anode, and to physically 

isolate them to avoid coarsening. Two oxides were chosen based on their chemical stability and 

conductivity in the anode operation environments: Gd0.1Ce0.9O2-δ, a predominantly ionic conductor, and 

La0.6Sr0.3Ni0.15Cr0.85O3-δ, a predominantly electronic conductor. Cells were successfully infiltrated to form 

Ni-GDC and Ni-LSNC nanostructures. The N-GDC and Ni-LSNC nanostructures were both more stable to 

48 hour exposures to dry and 75% humid hydrogen atmospheres at 800°C, compared to only infiltrated Ni 

nanostructures.  

The Ni-GDC infiltrated cell demonstrated substantially improved electrochemical performance at 800°C, 

750°C, and 700°C, while the Ni-LSNC infiltrated cell only demonstrated a clear performance improvement 

at 700°C. Both Ni-GDC and Ni-LSNC infiltrated cells exhibited improved anodic charge transfer kinetics, 

but the Ni-LSNC cell also suffered from substantially increased mass transfer resistance. This was attributed 

to a 28.6% pore filling with a 3-D microstructure for the Ni-LSNC, as compared to a 17.1% pore filling 

with a 2-D microstructure for the Ni-GDC. The nanostructures in the ‘electrochemically active’ AAL 

regions of the cells remained resistant to significant coarsening and agglomeration, ensuring that the long-

term benefits of the infiltration persist. 
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