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Abstract 

Nickel – yttria stabilized zirconia (Ni-YSZ) anodes for solid oxide fuel cells were infiltrated with nickel 

nanoparticles with the objective of improving its performance by increasing the density of triple phase 

boundaries (TPBs). However, the nanoparticles deposited on the YSZ grains are not connected to one 

another, so the additional TPBs are not electrochemically active. It is postulated that at highly humid 

conditions (>95% H2O) created by high current density, nickel nanoparticles near the anode-electrolyte 

interface will spread and percolate, becoming electrochemically active. To study this behavior, infiltrated 

nickel nanoparticles were exposed to low, high and extreme humidity conditions during testing. When 

exposed to low humidity, no performance improvement or changes to the nanoparticle morphology was 

observed. At high humidity, the cell showed performance improvement and when cooled they showed 

nanoparticle coarsening. Exposure to extreme humidity (≈100%) caused performance to degrade back 

towards that of an un-infiltrated cell and severe nickel nanoparticles coarsening was observed in the 

cooled cell. This study validates the hypothesis that exposure to controlled high local humidity conditions 

can lead to the right amount of spreading of the deposited nickel nanoparticles to achieve percolation, 

thereby activating their TPBs and improving cell performance. 

Keywords: solid oxide fuel cell, infiltration, anode, contact angle, nickel nanoparticle, Ni-YSZ cermet 

Highlights: 

• Nickel nanoparticles improve Ni-YSZ cermet performance after spreading 

• High humidity in the electrode causes infiltrated nanoparticles to spread 

• Nickel spreading percolates infiltrated nanoparticles, improving performance 

• Cells without nanoparticle spreading do not show improved performance  
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1. Introduction 

Nickel – yttria stabilized zirconia (YSZ) cermets have long been the top choice for high performing and 

durable fuel electrodes for solid oxide fuel cells (SOFCs). In recent years, liquid infiltration of metallic and 

oxide materials has been developed to synthesize Ni-YSZ cermets and further improve Ni-YSZ electrode 

performance and durability [1, 2]. Even without introducing new materials, infiltration of nickel into a Ni-

YSZ cermet or a YSZ backbone structure improves electrode performance by decreasing the feature size 

of the electrode and thus increasing the density of electrochemical reaction sites [3, 4]. This is because 

electrochemical reactions in the fuel electrode can only occur in one dimensional regions where the nickel, 

YSZ, and gas phases intersect. This region is referred to as the triple phase boundary (TPB). In general, 

smaller features introduced by infiltration increase TPB density [4]. Infiltrated nickel nanoparticles have 

feature sizes of about 100 nm, compared to the average feature size of Ni-YSZ cermets, which is about 1 

µm. Thus, electrodes manufactured using nickel infiltrated into a YSZ backbone have TPB densities of 

around 10-30 µm µm-3, compared to 1-10 µm µm-3 for Ni-YSZ cermets [4-9]. However, the manufacturing 

of electrodes containing only infiltrated nickel is a time consuming process that requires many liquid 

infiltration cycles, and has not yet been adopted commercially. Despite the promise of other electrode 

architectures, Ni-YSZ cermet electrodes are still the most common fuel electrode for SOFCs. 

Logically, pre-reduced Ni-YSZ cermets would have larger pores and be easier to infiltrate for improving its 

performance. However, little work has been published investigating the effect of nickel infiltration into 

pre-reduced Ni-YSZ cermet electrodes, despite being the most straightforward approach for improving 

the catalytic activity of Ni-YSZ cermet electrodes. This is likely due to the concern of handling and 

processing of the slightly fragile pre-reduced Ni-YSZ cermets. In the anode pre-reduction process, the gas 

tight cells are heated to 800°C, the NiO in the cermet anode is reduced to nickel by employing an inert gas 

with 5% H2, and then the cells are cooled back to room temperature. The cells become fragile as a result 

of this process. Some researchers have avoided this problem by infiltrating the NiO-YSZ electrode prior to 

nickel reduction [10-14]. However, these studies all manufactured their own anode supported cells, 

presumably with enough porosity before nickel reduction to enable liquid infiltration; this approach is not 

easy to replicate by other groups. It is the experience of these researchers that commercially available 

NiO-YSZ electrodes from several manufacturers in the US and China cannot be liquid infiltrated before 

nickel reduction.  

To the authors’ knowledge, liquid infiltration of pre-reduced Ni-YSZ anode supported SOFCs has only been 

studied by researchers at Haldor Topsøe A/S [15, 16]. Haldor Topsøe A/S researchers have infiltrated pre-
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reduced Ni-YSZ electrodes with Ce0.8Gd0.2O2 (GDC) plus nickel and GDC plus copper. Each of these studies 

tested cells at temperatures between 700°C and 800°C using H2 as fuel. Both studies demonstrate that 

the pre-reduction and infiltration procedure is effective at infiltrating nanoparticles into SOFC anodes. 

However, these studies have had dramatically different results. Kiebach et. al. [15] infiltrated GDC and 

nickel, but no improvement in anode performance was measured. Skafte et. al. [16] infiltrated GDC and 

copper, resulting in an 80% reduction of the fuel electrode area-specific resistance at 750°C in an H2-H2O 

gas mix [16]. Determining why these studies had different results is difficult, because the weight or volume 

percent of infiltrated GDC and nickel were not reported by Kiebach et. al. [15], and the molarity of the 

infiltration solution was not reported by Skafte et. al. [16], making replication difficult. Because of the lack 

of methodological detail, differing testing methods, and the drastic difference in results between these 

studies, the impact of infiltration of metallic catalysts on the performance of pre-reduced Ni-YSZ cermet 

anodes is still not clear.  

Another issue related to infiltrating nickel into Ni-YSZ cermet electrodes is the lack of connectivity 

between infiltrated nickel nanoparticles. To participate in the electrochemical reaction, nickel 

nanoparticles must have an electrical connection with nickel of the Ni-YSZ substrate. This is an issue 

because liquid infiltration leads to the deposition of discrete nickel nanoparticles on YSZ [17] and they 

remain unconnected making their TPBs inactive. Any deposition on the nickel substrate does not 

contribute to additional TPB length. This can be clearly seen when examining the microstructure of the 

infiltrated electrode, as seen in Figure 1. The problem of infiltrated nickel connectivity can be addressed 

either by infiltrating enough nickel for percolation or by infiltrating an additional phase that is 

electronically conducting and wets the Ni-YSZ evenly. For nickel nanoparticles to percolate, the surface 

coverage of nickel on YSZ needs to be between 50%-60% [3, 18]. However, this approach would require 

repeating the infiltration procedure until about 15% of the total cell volume consists of infiltrated nickel 

[18]. This would consume about half of the available pore phase, which would clearly decrease gas phase 

diffusion and have negative consequences for overall cell performance. Haldor Topsøe A/S researches 

have pursued the second approach, utilizing GDC, a mixed ionic-electronic conducting oxide [15, 16]. GDC 

evenly deposits on both nickel and YSZ within the cermet, so it may provide an electronic pathway for the 

infiltrated metallic catalysts. However, the electronic conductivity of GDC is not very high, and the 

experimental results are not consistent, as discussed previously. 
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Figure 1: Anode active layer of a nickel nanoparticle infiltrated Ni-YSZ cermet after exposure to 5% H2 – 95% Ar at 800°C. 

A third possible approach for activating nickel nanoparticles is to spread the infiltrated nickel in-situ to 

connect them, thereby providing a percolating path for electronic conduction. This increases the surface 

coverage of infiltrated nickel on YSZ without requiring a large infiltrated nickel volume fraction. Nickel 

deposited on YSZ can be spread by exposure to high humidity. This spreading phenomena was shown 

experimentally by Jiao and Shikazono, who also developed a thermodynamic model to explain the 

variation of the Ni-YSZ contact angle as a function of the H2 – H2O composition in the fuel gas mix at 800°C 

[19]. The results of this thermodynamic model, also calculated at 750°C and 700°C, are shown in Figure 2. 

It is to be noted that the contact angles at different temperatures in Figure 2 are calculated for oxygen 

partial pressures that would not oxidize nickel as per the Ni/NiO equilibrium. The Ni-YSZ contact angle is 

a function of oxygen activity, which depends on the humidity in the fuel gas mix. The oxygen activity of 

nickel does not discernably increase until the humidity in the fuel gas mix exceeds 80%, and at 800°C the 

equilibrium contact angle does not fall below 90° until the humidity exceeds 95%. As the humidity 

increases beyond 95%, the contact angle decreases rapidly. This implies that at 800°C, the infiltrated nickel 

nanoparticles will spread quite rapidly when the humidity exceeds 95%. However, as the fuel gas humidity 

or cell temperature decreases, nickel spreading becomes much less significant. For instance, with 95% 

H2O – 5% H2 anodic gas mixture, the contact angle at 800°C is around 95°, and at 700°C it is about 105°; 

to reach a contact angle of 95° at 700°C, the anode gas humidity needs to be 
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approximately 98%. As shown in Figure 2, this trend continues as the temperature decreases. Once the 

temperature is less than 700°C, nickel nanoparticles will probably not spread dramatically, even at 

extreme humidity values. 

 

Figure 2: Contact angle between nickel and YSZ (solid lines) as a function of oxygen activity on the nickel surface. Surface 

oxygen activity is directly related to the humidity of the fuel gas mixture (dotted lines), shown on the secondary axis. 

The current density and the humidity level in the bulk gas control the humidity at the anode-electrolyte 

interface.  Assuming a linear concentration gradient through the anode thickness [20], the partial 

pressures of hydrogen and water vapor can be simply expressed for any anode by normalizing the distance 

through the anode thickness, 𝑥, and the current density, 𝑖. Assuming a linear concentration gradient 

through the anode thickness, the partial pressures of hydrogen and water vapor can be simply expressed 

for any anode by normalizing the distance through the anode thickness, 𝑥, and the current density,	𝑖. The 

distance through the anode is normalized by the total anode thickness,	𝑥!"#$%. The current density is 

normalized by the limiting current density, 𝑖&'(')'"*, which is the current density where all of the available 

hydrogen is consumed. Thus, the partial pressures of hydrogen and water vapor can be calculated by: 



6 
 

𝑝+!(𝑥, 𝑖) = 𝑝+!
,-./ )1 − , 0

0"#$%&
- . '

''()(*(#+
/0                                            (1) 

𝑝+!1(𝑥, 𝑖) = 𝑝+!1
,-./ 11 + .

2,!
-./0

2,!1
-./0/ ,

0
0"#$%&

- . '
''()(*(#+

/3                                           (2) 

where 𝑝+!
,-./ and 𝑝+!1

,-./ are the vapor pressures of H2 and H2O in the bulk gas phase. The partial pressures 

of hydrogen and water vapor at the anode-electrolyte interface for any conditions can be calculated by 

setting 𝑥 equal to 𝑥!"#$%. The concentration gradients of hydrogen and water vapor in Figure 3 are 

calculated using equations (1) and (2) assuming a 50% H2 – 50% H2O mix in the bulk gas for illustrative 

purposes, with the current density equal to 𝑖&'(')'"*. It is clear from Figure 3 that when the current density 

approaches the anodic limiting current density, a maximum of 10% of the anode’s thickness is exposed to 

water vapor concentrations greater than 95%. This localizes nickel spreading just to the anode-electrolyte 

interface. At current densities less than 95% of the anodic limiting current density, the humidity at the 

anode-electrolyte interface is always less than 95%, and thus infiltrated nickel nanoparticles do not 

spread. 

 

Figure 3: Concentration gradients of water vapor (solid lines) and hydrogen (dotted lines) through the anode during the 
application of current. The bulk gas phase composition is 50% H2 – 50% H2O. 
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During electrochemical testing, a dramatic increase in cell polarization at high current densities indicates 

that the anodic limiting current density has been reached.  This is due to the increase of the anodic 

concentration polarization when almost all the hydrogen has been consumed at the anode-electrolyte 

interface. The anodic concentration polarization, 𝜂3#"3,!"#$'3, as a function of the current density 𝑖 is 

given by:  

𝜂3#"3,!"#$'3 = − 56
78
ln )1 − . '

''()(*(#+
/0 + 56

78
ln 11 + .

2,!
-./0

2,!1
-./0/ .

'
''()(*(#+

/3                         (3) 

where 𝑅 is the ideal gas constant, F is Faraday’s constant, and T is the temperature in Kelvin. Figure 3 

shows the variation of the anodic concentration polarization as a function of the current density, relative 

to the limiting current density. In conditions with low bulk water vapor partial pressure, anodic 

concentration polarization increases quickly before slowing to a linear increase. This continues until the 

current density reaches about 90% of the limiting current density, at which point the polarization 

increases dramatically, thereby causing the cell potential to fall drastically. When the bulk water vapor 

content is high, the anodic concentration polarization is initially less and increases linearly at a slower rate 

until the current density reaches about 90% of the limiting current density, and then the concentration 

polarization again increases dramatically, causing the cell potential to fall. 
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Figure 3: Anodic concentration polarization versus the current density, normalized versus the limiting current density. Two 

different conditions are plotted, one with low initial water vapor content (black) and one with high initial water vapor content 

(red). 

Thus, from the previous descriptions, it is clear that the humidity at the anode-electrolyte interface, the 

current density, and the cell potential are all intrinsically linked. For this study, the terms high current 

density, high humidity at the anode-electrolyte interface, and low cell potential are all synonymous. Cells 

tested at high current densities have been exposed to high humidity at the anode-electrolyte interface, 

leading to low cell potentials; while cells maintained at low current densities have only been exposed to 

low humidity at the anode-electrolyte interface and maintained at high cell potentials. In this work, “high 

humidity” corresponds to conditions where the humidity at the anode-electrolyte interface is greater than 

95%, and “low humidity” corresponds to conditions less humid. It is to be noted that the cells subjected 

to low and high humidity were never exposed to conditions whereby Ni oxidation took place. However, 

under extreme humidity conditions the cell potential is allowed to reach 0 mV, resulting in near 100% H2O 

vapor at the anode-electrolyte interface. This condition may lead to Ni oxidation at the anode-electrolyte 

interface. For this reason the exposure time to this condition was limited to within 2-3 minutes. Also, the 

humidity in the bulk anode vapor is not as high as that at the anode-electrolyte interface (see Figure 3) 
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and so the Ni in the bulk anode is mostly under low humidity conditions. Hence, the overall strength and 

integrity of the anode structure was never compromised. 

In order to test the hypothesis that nickel spreading at high humidity can activate infiltrated nickel 

nanoparticles, infiltrated button cells were tested at various electrochemical conditions. In the first set of 

experiments, infiltrated cells were tested with low humidity at the anode-electrolyte interface, by holding 

the current density well below the limiting current density. In the second set of experiments, which have 

been reported in our previous work [17], cells clearly exceeded 95% of the limiting current density, 

exposing them to high humidity. Lastly, an infiltrated cell was exposed to extremely high humidity by 

driving the cell potential to 0 V. The electrochemical behavior of these cells will provide insight into the 

evolution of infiltrated nickel nanoparticles during testing. 

2. Methods 

2.1. Cell Preparation 

Anode supported SOFC buttons cells were purchased from Materials and Systems Research, Inc. Cells 

were composed of an 800 µm thick, 2.74 cm diameter NiO-YSZ anode supporting layer, a 12 µm thick NiO-

YSZ anode active layer, and a 10 µm thick dense YSZ electrolyte. Three groups of samples were 

electrochemically tested, as listed in Table 1. Cathodes for group A were screen-printed onto the 

electrolyte, and were composed of a 15 µm thick, 1.7 cm diameter LSM-YSZ cathode active layer and a 50 

µm thick LSM cathode current collector layer. Slurry for the cathode active layer was prepared by mixing 

LSM (Fuel Cell Materials, USA) and 8YSZ (Tosoh Corp., Japan) powders in a 1:1 wt. ratio and ball milling 

the mixture for 10 hours in alpha-terpineol (Alfa Aesar, USA) with pore former (Carbon lamp-black, Fisher 

Scientific, USA) and binder (V6, Heraeus, USA). For the cathode current collector, LSM powders were ball 

milled for 24 hours in alpha-terpineol with pore former and binder. After screen printing of each layer, 

the cathode was sintered as 1200°C for 2 hours. Cathodes for groups B and C were screen printed by MSRI 

with the same dimensions as above, and used as-purchased. When considering cell performance results, 

electrochemical measurements on cells from Group A and cells from Groups B and C are not directly 

compared because they have different cathodes. 

 

Test Temperature Group A: Low Humidity 

Uninfiltrated  Cell A Infiltrated Cell A1 Infiltrated Cell A2 
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750°C X X  

700°C X  X 

650°C X  X 

Test Temperature Group B: High Humidity [17] 

Uninfiltrated Cell B Infiltrated Cell B1 Infiltrated Cell B2 

800°C X X  

700°C X  X 

600°C X  X 

Test Temperature Group C: Extreme Humidity 

Infiltrated Cell C1 

800°C X 

Table 1: Cell nomenclature and electrochemical testing conditions 

Before testing or infiltration, the as-purchased NiO-YSZ electrode was reduced to Ni-YSZ by loading the 

cells into a furnace between two sealed Al2O3 tubes and heating to 800°C at 1°C min-1 while flowing 1 L 

min-1 of air on the cathode side and 300 cm3 min-1 of 95% Ar – 5% H2 on the anode side for 12 hours. The 

apparatus was then cooled at 1°C min-1 to room temperature. Electrochemical performance of one cell in 

both group A and group B was measured after NiO reduction but without infiltration to measure the 

baseline performance of the uninfiltrated cell. Cells in different groups were infiltrated before 

electrochemical testing to measure the impact of infiltration on cell performance at different 

temperatures. 

Cells in different groups were infiltrated before electrochemical testing to measure the impact of 

infiltration on cell performance under different conditions. Ni-YSZ electrodes were infiltrated using 

repeated cycles of vacuum infiltration of an aqueous nickel nitrate solution. The aqueous 4M Ni(NO3)2 

solution was prepared by stirring 23 g nickel nitrate (Chemsavers, 99.9%), 1.8 mL Triton-X 100 surfactant 

(Talas) and 20 mL distilled water at 90°C. The electrode was infiltrated with the solution in a vacuum flask 

at 5 mbar absolute pressure. After letting the solution sit in vacuum for 30 seconds, excess solution was 

wiped off the electrode surface to avoid blocking pores during further rounds of infiltration. After 
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infiltration, the cell was heated to 100°C at 2°C min-1 and held for 20 minutes to evaporate water, then 

heated to 320°C at 2°C min-1 and held for 20 minutes to decompose Ni(NO3)2 to NiO, then cooled to room 

temperature for further infiltration cycles. Five infiltration cycles were used in this study. This procedure 

results in the infiltration of an additional 3-4 wt% nickel, compared to the overall cell weight. 

2.2. Cell Testing and Characterization 

To prepare for electrochemical testing, metallic meshes were attached to the electrodes using conductive 

inks. Nickel ink (Fuel Cell Materials) was used to attach nickel mesh (Alfa Aesar, 99.5%) to the anode, and 

silver ink (Alfa Aesar) was used to attach silver mesh (Alfa Aesar, 99.9%) to the cathode. Nickel lead wires 

(Alfa Aesar, 99.5%) and silver lead wires (Alfa Aesar, 99.9%) were attached to the nickel and silver meshes, 

respectively. The cell was then loaded into the electrochemical test stand, detailed elsewhere [17]. In this 

test stand, the cell is placed between Al2O3 tubes and the anode and cathode sides are sealed using mica 

gaskets and glass sealing paste. For rigidity, the whole apparatus is compressed between aluminum end 

plates. Anode and cathode lead wires were protected by feeding them through Al2O3 tubes. The Al2O3 

tubes are also used to carry the respective gas mixtures to the anode and the cathode. The cell was placed 

between an Al2O3 tube and a machined Al2O3 plate with mica gaskets above and below the cell. Cell 

temperature was measured during testing using a K-type thermocouple fed inside the cathode gas inlet 

tube. The cell was then compressed between the aluminum end plates using springs attached to the Al2O3 

alignment rods. Sealing glass paste (Fuel Cell Store) was applied around the cell to ensure gas sealing.  

The electrochemical test stand was then heated to 850°C at 1°C min-1 inside a vertical clamshell tube 

furnace. 300 cm3 min-1 of 95% Ar – 5% H2 was flowed on the anode side and 1 L min-1 of air was flowed on 

the cathode side during heat up. The flowrates were selected to provide the cell with excess fuel and 

oxidant during operation, so that fuel/oxidant depletion in the bulk gas phase is not an issue. The furnace 

was held for 12 hours to cure the glass paste, and then brought to 800°C at 1°C min-1. Electrochemical 

performance was measured using a Parstat 2273A potentiostat and impedance analyzer (Ametek, Inc.) 

with a Kepco power booster. Before testing, an electrochemical pretesting procedure was conducted 

where the quality of the gas seal was ensured by monitoring cell OCV for 24 hours while flowing 300 cm3 

min-1 of 97% H2 – 3% H2O on the anode side and 1 L min-1 of air on the cathode side. Next performance 

stability was ensured by applying 0.5 A cm-2 current at 800°C for 24 hours or until the cell performance 

was constant.  
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After cell stability was verified, the cell temperature was changed to the desired testing temperature at 

1°C min-1. Performance was measured using I-V scans conducted galvanodynamically at a rate of 5 mA s-

1. I-V scans were conducted at several cathode oxygen contents and several anode fuel gas mixes. Cathode 

oxygen concentrations for testing were pure O2 and dry air (21% O2), during which the anode gas mixture 

was held at 97% H2 – 3% H2O. Cathode gas was dried using a desiccant before entering the furnace. The 

anode fuel gas mixture was varied between 97% H2 – 3% H2O, 75% H2 – 25% H2O, 50% H2 – 50% H2O, and 

25% H2 – 75% H2O, during which the cathode gas mix was 21% O2. Hydrogen was humidified using gas 

washing bottles filled with distilled water submerged in a heated water bath. Gas lines after the water 

bath were heated to 130°C to avoid condensation of water within the inlet gas tube. Water bath 

temperature and cell OCV were both monitored to measure gas humidity.  

Testing temperatures for all cells tested are shown in Table 1. Cells from “Group A: Low Humidity” were 

never exposed to anodic mass transfer limited current densities during all measurements to prevent 

exposure to high humidity. Cells from “Group B: High Humidity” were measured until anodic mass transfer 

limited current density was clearly reached. The cell from “Group C: Extreme Humidity” was measured 

down to 0 V potential, exposing the anode active layer to almost 100% H2O. 

3. Results and Discussion 

3.1. Electrochemical Performance 

Before measuring performance with 21% O2 on the cathode, a ‘nickel spreading procedure’ was 

conducted using I-V scans at 800°C with 100% O2 on the cathode and 97% H2 – 3% H2O on the anode. This 

was done so that the contribution of cathodic diffusion to overall cell polarization could be safely 

neglected. Thus, as the current density increases, any dramatic decrease in cell potential is due to anodic 

concentration polarization. In this way, the exposure of infiltrated nickel nanoparticles to humidity before 

further characterization is easily controlled. During this procedure, cells from Group A never experience 

high humidity, as the current density is never above 1 A cm-2, while cells from Group B and C were exposed 

to anodic mass transfer limited current densities. Cells from Group B were tested down to 400 mV at 

800°C, which was clearly after the limiting current density had been reached. Infiltrated cell C1 was 

measured down to 0 V, exposing infiltrated nickel nanoparticles to nearly 100% H2O. Thus, all subsequent 

I-V scans represent cell performance after nickel nanoparticles have been modified by exposure to 

different humidity levels. 
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After exposing cells to different ranges of current densities in pure oxygen, the cells were tested with 21% 

O2 on the cathode side before lowering the furnace temperature. The electrochemical performance of 

the uninfiltrated and infiltrated cells from Group A is shown in Figure 4. It is immediately clear that there 

is no performance improvement when comparing the performance of infiltrated cells with the 

uninfiltrated cell. Infiltrated cell A1 showed almost identical performance compared to un-infiltrated cell 

A at 750°C, while infiltrated cell A2 showed slightly worse performance than the uninfiltrated cell at 700°C 

and 650°C. It appears that processing the cell after NiO reduction during the infiltration procedure may 

have adversely impacted infiltrated cell A2 and caused the observed degradation in performance.  

 

Figure 4: Electrochemical performance of Group A cells with 21% O2 on the cathode while varying the anode gas mix humidity 

at a) 750°C, b) 700°C, and c) 650°C. 

The electrochemical performance of the uninfiltrated and infiltrated cells from Group B is shown in Figure 

5. There is a clear performance improvement at all temperatures, with the improvement increasing as 

temperature is reduced. Performance improvement was highest when anodic water vapor content is low, 

and when temperature was decreased. This is because anodic activation polarization is largest at low 

temperature, and to a lesser extent, at low water vapor. Thus the impact of infiltration on cell 

performance increases when temperature and water vapor content are decreased. More details on these 

results are provided elsewhere [17]. These trends imply that infiltration of nickel into the anode enhances 

the anodic charge transfer reaction at the anode-electrolyte interface after exposure to high humidity. 

Even though cells from Group A and Group B were processed in the same manner, infiltration had a 

dramatic effect on the electrochemical performance for Group B but not for Group A. This suggests that 

the added TPBs due to the infiltrated nanoparticles had been activated during the electrochemical testing 

procedure for Group B cells only, specifically during the high current density exposure with pure O2 on the 

cathode side, resulting in a substantial improvement in cell performance. The only difference between 

these two groups was the testing condition; cells from Group B were exposed to higher current densities 

and thus higher humidity than cells from Group A. 
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The electrochemical performance of infiltrated cell C1 is compared with that of uninfiltrated cell B, which 

was tested at the same temperature and has the same cathode (see Figure 6a). Whereas cells from group 

B showed significant performance improvement at 800°C, infiltrated cell C1 shows less improvement 

versus the uninfiltrated cell. This is evidence that exposure to extreme humidity can negate improvement 

due to the infiltrated nanoparticles, causing the cell performance to return back to that of an uninfiltrated 

cell.  

 

Figure 5: Electrochemical performance of Group B and C cells with 21% O2 on the cathode while varying the anode gas mix 

humidity at a) 800°C, b) 700°C, and c) 600°C. 

3.2. Microstructural Characterization 

The microstructures of all infiltrated cells after electrochemical testing are shown in Figure 7, alongside 

the microstructure of an untested infiltrated cell. When qualitatively compared with each other as well as 

with the untested cell, it is clear that exposure to increasing humidity during testing results in the 

coarsening of nickel nanoparticles, when observed at room temperature. Table 2 shows the results of 

quantitative measurements of the nickel nanoparticles from these cells obtained by image processing of 

SEM fracture cross-sections, as described in more detail elsewhere [17]. The table lists the original weight 

gain due to nickel infiltration, the median particle size, the average particle size, and the particle density 

of cells in Figure 7. Nanoparticle coarsening causes both an increase in particle size as well as a decrease 

in particle density. Particle size can be described both by the median and the average: an increase in the 

median shows that the population of very small nickel nanoparticles is substantially decreased, while an 

increase in the average shows that particle size is larger overall. A decrease in particle density shows that 

nanoparticles have either coarsened together or coarsened with the nickel grains during testing. 

Table 2 shows clearly that cells exposed to high humidity and high temperature experience nickel 

nanoparticle coarsening. Infiltrated cells B1 and C1, which were both exposed to nickel spreading 

conditions at 800°C, show larger particle size and lower particle density than other cells; this is evidence 
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of nickel spreading at these conditions. For the case of infiltrated cell C1, which was exposed to extreme 

humidity at the anode-electrolyte interface, nanoparticle density has been dramatically reduced. Because 

of the dramatically reduced particle density, it was very obvious that only nanoparticles in the 

electrochemically active region of the anode were dramatically affected. In other regions of the anode, 

infiltrated nickel nanoparticles were stable. Other cells, which were maintained at lower temperatures 

and lower humidity, do not show strong statistical evidence of coarsening. 

Since all the tested cells have similar weight gain, it is valid to compare these cells after testing. The 

particle statistics data provided in Table 2 for infiltrated cells A1 and A2, which have not been exposed to 

high humidity conditions, are quite similar and reconfirm consistency and repeatability as indicated by 

similar weight gains during infiltration.  

 

Figure 6: Fracture cross-section SEM images of the anode active layer after electrochemical testing of (a) infiltrated cell A1, (b) 

infiltrated cell B2, and (c) infiltrated cell C1. 

Cell Infiltration 

Weight Gain 

(wt. %) 

Avg. Particle 

Size (nm) 

Nanoparticle 

Density  

(# nm-2) 

TPB of 

nanoparticles 

(µm µm-3) 

Infiltrated Cell A1 3.05 61.09 27.73 12.24 

Infiltrated Cell B2 3.70 65.63 11.48 5.44 

Infiltrated Cell C1 3.00 89.33 1.37 0.88 

Table 2: Measured statistics of infiltrated nickel nanoparticles from analysis of fracture cross-section SEM images. Infiltrated 

weight gain is relative to the total weight of the cell before infiltration. Statistics were calculated from nanoparticles within a 

700 µm2 region of interest over the anode active layer. 
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3.3. Role of Humidity at the Anode-Electrolyte Interface on Nickel Nanoparticle Spreading and 

Disappearance 

The spreading mechanism of infiltrated nickel nanoparticles at high temperature during electrochemical 

testing as a function of the current density is shown schematically in Figure 7. As deposited, nickel 

nanoparticles are isolated on YSZ, and thus do not contribute active TPBs. At the testing temperature and 

low current density (cell group A) nanoparticles do not spread significantly due to lack of exposure to high 

humidity. After cooling, these nanoparticles do not change appreciably. At high current densities (cell 

group B), infiltrated nanoparticles are exposed to humidity higher than 95% and begin to spread. This 

causes some nanoparticles to connect to each other and to nickel grains, activating their TPBs and 

improving cell performance. The performance improvement after nickel particle spreading persists even 

when the cell is returned back to lower current densities. The cell does not need to be constantly operated 

at nickel spreading conditions to realize performance improvement. However, upon cooling, percolating 

nanoparticles contract to higher contact angles, reducing surface coverage of the YSZ, thereby decreasing 

the number and increasing the diameter of particles, leading to particle coarsening. At extreme current 

densities and humidity (infiltrated cell C1), nickel nanoparticles wet the YSZ almost completely, with the 

contact angle between nickel and YSZ approaching 20°. When the surface coverage of the YSZ grains by 

the deposited Ni nanoparticles is very high, the active TPB density actually decreases [18]. Upon cooling, 

there is significant coarsening, as well as a decrease in the total volume of the Ni nanoparticles. The loss 

of volume can have two mechanisms: the formation of nickel hydroxide vapor phase species at extreme 

local humidity conditions, and the transport of nickel atoms to the larger nickel grains of the Ni-YSZ 

cermet. Oxidation of nanoparticles may also occur if the local humidity causes the oxygen partial pressure 

to exceed the Ni/NiO equilibrium value. It is unclear which mechanisms dominate.  
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Figure 7: Schematic diagram of infiltrated nickel nanoparticle evolution during electrochemical testing and after cooling due 

to nickel spreading and coarsening. 

4. Conclusion 

Ni-YSZ cermet anodes were infiltrated with nickel nanoparticles to improve the catalytic performance of 

the anode. An aqueous solution of nickel nitrate was repeatedly infiltrated into the reduced Ni-YSZ 

electrode under vacuum and processed to produce a homogenous distribution of nickel nanoparticles. 

These nanoparticles were deposited on YSZ, without any obvious contact between neighboring particles. 

Such nanoparticles do not contribute active TPB because they are not electrically connected to one 

another or to the substrate. The spreading of nickel on YSZ at high humidity is proposed as a mechanism 

for connecting nickel nanoparticles, activating them in-situ. A thermodynamic model developed by Jiao 

and Shikazono [19] suggests that at humidity higher than 95%, the contact angle between nickel and YSZ 

drops below 90°, causing nickel to spread.  

In this study, the exposure of nickel nanoparticles to humidity was controlled by testing infiltrated cells at 

low, high, and extreme current densities, relative to the anodic limiting current density, which is the 

current density where the humidity at the anode-electrolyte interface is 100%. When exposed to low 

current density (low humidity), the cell performance did not improve and the infiltrated nickel 

nanoparticles did not coarsen.  At high current densities (high humidity), the cell performance did improve 

and the nickel nanoparticles in the anode active layer coarsened. At extreme current densities (humidity 
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approaching 100%), the performance of the cell returns back towards that of an uninfiltrated cell while 

there was significant coarsening of the nanoparticles in the anode active layer. 

These experimental results support the hypothesis that the spreading of nickel on YSZ causes infiltrated 

nickel nanoparticles to spread and percolate after exposure to high humidity, activating the nanoparticles. 

However, on cooling, these connected nanoparticles coarsen to larger discreet nanoparticles. Therefore, 

to improve cell performance and stability, nickel nanoparticles need to be exposed to sufficiently high 

current density to percolate the nanoparticles in the anode active region, and exposure to anodic limiting 

current density should be avoided. 
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