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ABSTRACT 

This work reports the porous silver thin film cathode that was fabricated by a simple inkjet 

printing process for low-temperature solid oxide fuel cell applications. The electrochemical 

performance of inkjet-printed silver cathode was studied at 300 – 450 ˚C and was compared with 

silver cathodes that were fabricated by the typical sputtering method. Inkjet-printed silver 

cathodes showed lower electrochemical impedance due to its porous structure that facilitated the 

oxygen gaseous diffusion and oxygen surface adsorption-dissociation reactions. Typical 

sputtered nanoporous silver cathode became essentially dense after the operation and showed 

high impedance due to lack of oxygen supply. The results of long-term fuel cell operation show 

that the cell with an inkjet-printed cathode had a more stable current output for more than 45 

hours at 400 ˚C. A porous silver cathode is required for high fuel cell performance, and the 

simple inkjet printing technique offers an alternative way of fabrication for such desirable porous 

structure with required thermal morphological stability.  

INTRODUCTION 

The wide application of solid oxide fuel cells (SOFCs) has been limited by the requirement of 

high operating temperatures, typically above 800 °C. Therefore, to lower the operating 

temperature without sacrificing the device’s performance is one of the major trends to pursue. 

Recent efforts have shown impressive electrochemical performances of SOFCs below 500 °C by 

using nanoscale thin film electrolytes (often referred as µ-SOFCs) 
1
 that minimize the ohmic 

resistance, and the obtained peak power densities were up to 1.3 W·cm
-2

 at 450 °C 
2-3

. At such 

low temperatures, the oxygen reduction reaction (ORR) at the cathode becomes the most rate-

limiting step that accounts for the majority of losses due to the sluggish cathode reaction kinetics 
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4-5
. The impressive cell performances reported to date were mostly achieved by utilizing 

platinum (Pt), which is catalytically the most active material, as the cathode material. However, 

Pt, as one of the rare elements in the earth crust, is prohibitively expensive to be used for wide 

application. Therefore, finding substitutes for Pt is one of the most critical issues in order for 

SOFCs to be used in real-world applications at temperatures below 500 °C. In this regard, silver 

(Ag) can be a feasible candidate as the cathode for µ-SOFCs since it has good catalytic activity, 

excellent oxygen solubility (~10
-6

 mol·cm
-3 6

), and permeability (oxygen diffusivity D=4.98 × 

10
-3

 exp[(0.50±0.13 eV) kB
-1

T
-1

] 
6-7

), which are critical properties for effective cathodic ORR. The 

superior electrical conductivity of Ag over conventional oxide cathode materials for SOFCs also 

minimizes the ohmic resistance. Some studies have shown that the cathode reaction kinetics of 

Ag on yttria-stabilized zirconia (YSZ) were comparable to or even better than that of noble 

metals like Pt due to the increased oxygen incorporation into the electrolyte 
8-10

. Besides, the 

lower cost of Ag is also attractive when compared to other noble metals. 

The main issue of using pure Ag as the cathode material for SOFCs is its poor thermal-

morphological stability. Ag is highly mobile at the elevated temperatures due to its relatively low 

melting point (961 °C) and high volatility (2 µm thick Ag will be lost per year at 800 °C) 
11

. 

Therefore, Ag was seldom used in pure metallic form at the temperature above 500 °C, and 

rather it was presented as a constitute of the composite with perovskites or ion-conducting 

electrolytes 
12-20

. However, with the low operating temperature of µ-SOFCs, the technical 

feasibility of using Ag as a cathode is reconsidered. 

For the ORR on Ag cathode, two possible pathways of oxygen diffusion were proposed 
6, 21-22

. 

The first is through the bulk path as shown in Figure 1 (the path I), where the adsorbed oxygen 

molecules are dissociated into atomic oxygen and diffuse through the bulk Ag, and finally 
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reduced at the two-phase boundary (2PB), which is the two-dimensional interface between the 

Ag cathode and the electrolyte. The second route is through the surface path (the path II in 

Figure 1), where the adsorbed and dissociated oxygen molecules on Ag surface diffuse along the 

Ag surface and reduce at the triple phase boundary (TPB), which is the one-dimensional line 

interface where gaseous oxygen, Ag cathode, and electrolyte are in physical contact. The bulk 

path is expected to be the rate-limiting step at temperatures from 400 °C to 900 °C according to 

previous experimental results 
6, 22-24

. Therefore, it is intuitive that the porous Ag cathode can 

facilitate ORR and results in a better fuel cell performance. Typical porous Ag electrode can be 

fabricated by applying the commercial Ag paste followed by a high-temperature (~800 °C) firing 

to build adhesion with the substrate. However, such high-temperature firing may cause 

mechanical failures of µ-SOFCs on the electrolyte layer. Also, the thickness and the pore size of 

the film made by Ag paste is typically tens of micrometers, which may not be suitable for the  µ-

SOFCs application. 

Currently, sputtering is one of the most widely used methods for fabricating porous metal thin 

film electrodes such as Pt, Ag, Au, Ru, etc. 
1-3, 25-28

, and by controlling the supplied gas pressure 

during the sputtering process, electrodes with nanoscale pores can be fabricated 
29

. However, it is 

difficult to fabricate a porous Ag electrode, which is stable at the elevated temperature, by 

sputtering due to the relatively low melting point of Ag (961 °C) compare to Pt (1768 °C). 

According to the microstructure zone model of evaporation and sputtering 
29-30

, the resulting 

microstructure of thin films by sputtering will be affected by the ratio between the sputtering 

temperature (T) and the melting point of the material (Tm), T/Tm (in Kelvin). The higher ratio of 

T/Tm of silver will easily result in a denser structure during sputtering. 



 5 

To utilize the good properties of Ag in the application as an SOFC cathode material, it is 

imperative to improve the thermal stability of Ag thin film cathodes. Shim et al. applied the 

nanosphere lithography technique to fabricate an Ag thin film nano-mesh having perforated 

pores inside the film with diameters around 500 - 600 nm 
10

. The Ag nano-mesh remained stable 

for 2 hours without significant cell performance degradation, but the test was done at a very low 

operating temperature of 277 °C, which may not be sufficient to provide a satisfactory SOFC 

performance. Another recent work has demonstrated a temporarily improved thermal stability of 

sputtered porous Ag thin film cathode at 450 °C by introducing a 5 nm-thick of conformal 

capping layer of YSZ by the atomic layer deposition 
20

. 

In addition to fabricating Ag thin film with a porous structure and maintaining the porosity at 

elevated temperatures, the electrical connectivity of the Ag cathode is also an important 

parameter to consider for the current collection. If the Ag thin film deposited on the electrolyte is 

not sufficiently thick, the thermally driven agglomeration will cause breakage in the thin film 

network that resulted in electrical disconnection
31

. Simrick et al. reported that at least 1 µm of 

thickness is required for thin film Ag cathode on a zirconia substrate to prevent the network 

breakage at temperatures below 500 °C 
31

.  

In this work, the inkjet-printed silver thin film that fulfilled the requirement of porous structure 

and thermal-morphological stability was demonstrated to overcome the difficulty of fabricating a 

porous silver cathode by conventional sputtering techniques. Inkjet printing technique could 

fabricate dense Ag films on ceramic oxide substrates 
32

 as well as mesoporous Ag films 
33

. A 

porous Ag cathode with connected pores throughout the film with the thickness larger than 1 µm 

was demonstrated for the application in low-temperature SOFCs. The electrochemical 
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impedance spectroscopy (EIS) and polarization (I-V) curves of inkjet-printed Ag cathodes were 

compared with those of sputtered Ag and sputtered Pt cathodes. 

 

EXPERIMENTAL METHODS 

Fabrication of Silver Thin Film Cathodes 

The porous Ag cathodes were fabricated by MicroFab JetLab4 printing system (MicroFab 

Technologies Inc., USA). The outlet diameter of the printing piezoelectric nozzle is 50 µm. The 

ink for Ag deposition was prepared by adding 10 wt. % Ag nanoparticles with 200 nm in 

diameter into a humectant solution (30 % ethylene glycol and 70 % water). Details of Ag 

nanoparticle synthesis can be found in the reference 
34

. 100 µm-thick single crystalline YSZ 

<100> wafers (8YSZ, Latech Scientific Supply Pte. Ltd., Singapore) were used as the electrolyte 

substrate for Ag cathode printing, and the YSZ substrate was heated to 50 °C during the 

deposition. Droplets with 56 µm in mean diameter were ejected at a speed of 1.65 m·s
-1

 at 250 

Hz. The spacing between each ejected droplet was 80 µm and the distance between two printed 

lines was 20 µm. The cathode was printed in a circular shape with the diameter of 6 mm. A total 

of 6 printed layers was required to complete a fully connected Ag film with a thickness of 

approximately 2.5 µm. The as-printed Ag films were baked at 200 °C for 30 min to remove the 

solvent in the ink and to establish connectivity between the Ag nanoparticles for required 

electrical conductivity. Finally, the Ag thin films were annealed at 300 °C for 1 hour to create the 

interconnected pores. For comparison, the conventional sputtered Ag cathode thin films were 

also prepared with the thickness of 1 and 2.5 µm. The deposition was carried out by a custom-

built radio-frequency (RF) sputtering apparatus at 6 mTorr of Ar pressure and 100 W of RF 

power at room temperature (23 °C), with a resulting deposition rate of 35 nm·min
-1

. Both the 
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inkjet-printed and RF sputtered Ag thin films were annealed at 250 °C, 300 °C, 350 °C, and 400 

°C for 1 hour in a tube furnace to examine the morphological evolution at our targeted operating 

temperature range. The surface and cross-sectional morphology of the Ag cathodes were 

examined before and after cell test using a field emission secondary electron microscope 

(FESEM, JEOL JSM-7600F, USA). 

Fuel Cell Fabrication 

Fuel cells with either inkjet-printed or RF sputtered Ag cathodes were fabricated to 

characterize the cathode impedance and the fuel cell performance.  A nanoporous Pt thin film 

with the thickness of 100 nm was sputtered on the other side of the YSZ substrate as the anode 

for all cells tested, the deposition parameters can be found in the previous reports 
28, 35

. A fuel 

cell with a typical nanoporous Pt cathode was also fabricated as a reference to compare the 

cathode performance with Ag cathodes, and it was deposited with the same parameters as the 

porous Pt anode. The diameter of all the cathodes deposited on the YSZ was 6 mm, and the 

lateral dimension of the cathode is the active area of all cells. The schematics and image of the 

fabricated SOFCs are illustrated in Figure 2.  

Electrochemical Characterization 

The polarization resistance and the current density-voltage curves of the SOFCs using the 300 

°C-annealed thin film cathodes were measured at 300 °C to 400 °C using a potentiostat 

(Solartron 1470E, Solartron Analytical, USA) with a frequency analyzer (Solartron 1255B, 

Solartron Analytical, USA). The characterization was done using pure hydrogen (99.99%) as a 

fuel at a flow rate of 20 sccm and ambient air as an oxidant. The EIS measurement was 

conducted at the frequency range from 1 MHz to 0.1 Hz with the oscillation amplitude of 50 mV. 

The impedance data was fitted by Z-Plot software (Scribner Associates Inc., USA) based on 
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complex nonlinear least-squares fitting method, using the model of one resistor with two parallel 

resistors/constant phase elements (CPE) in series. The polarization impedance was normalized 

by the cell active area to get the area specific resistances (ASR) of the fuel cells. 

 

RESULTS AND DISCUSSION 

Microstructures of Silver Cathode Thin Films 

Figure 3 shows the comparison of cross-sectional microstructures of Ag thin films prepared by 

inkjet printing and by RF sputtering. After the low-temperature baking at 200 °C to remove the 

solvent, the inkjet-printed Ag nanoparticles were sintered to form a continuous film (Figure 3a). 

More obvious agglomeration of Ag particles on the surface of the film was observed after it was 

annealed at 250 °C (Figure 3b) due to the inhomogeneous nucleation that made it energetically 

more favorable for agglomeration 
36

. The surface agglomeration continued up to the annealing 

temperature of 300 °C, where an obvious change in pore size inside the film was observed 

(Figure 3c). As the annealing temperature increased to 350 °C and 400 °C, the pore sizes did not 

show any noticeable change (Figure 3d and Figure 3e) Therefore, before the fuel cell test, the 

inkjet-printed Ag cathode was pre-annealed at 300 °C to drive its microstructure change to a 

porous structure with interconnected pores, this would also help to prevent severe morphological 

change during the test and affect the measurement. Note that the difference among the thickness 

of the inkjet-printed films was due to non-uniform ink distribution during the printing process. 

On the other hand, the sputtered Ag films appeared to be mostly dense with little pores exist over 

all annealing temperatures (Figure 3g – Figure 3j). 

EIS Analysis on Silver Cathodes  
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Oxygen reduction reaction at the cathode is known to be the rate-limiting step for the entire 

fuel cell reactions during low-temperature operation. To investigate how the different cathode 

structures affect the ORR process, the cathode impedance measurements were performed. Figure 

4 shows the Nyquist plots measured on the cells using inkjet-printed Ag (300 °C annealed), 

sputtered Ag (1 µm or 2.5 µm), and sputtered porous Pt cathode at 400 °C. Two distinguishable 

arcs in the plots for the cells with Ag cathode were observed (Figure 4a – Figure 4c). The high-

frequency arcs were ascribed to the ohmic resistance with a capacitance value less than 10
-9 

F, 

which was mainly associated with the series ionic resistance of electrolyte and electronic 

resistance in the electrode as well as the contact resistance 
36

, and they were independent of the 

voltage. The low-frequency arcs were attributed to the electrochemical reaction processes on the 

electrode. In this case, it can be attributed mainly to the cathode ORR polarization process 
36-37

. 

For the Pt cathode, only one lower frequency arc was observed in the Nyquist plot (Figure 4d), 

and it was mainly attributed to cathode ORR process. The ASR of the cathode can be calculated 

from the EIS results, the equivalent circuit model, which consists of one resistor and two parallel 

resistor-constant phase elements (R-CPE) in series, was used in the EIS fitting. The equivalent 

circuit used for fitting and the fitting results can be found in the Electronic Supplementary 

Information. 

For the electrode ASR analysis, we assumed that anodic impedance is negligible since ORR 

processes at the cathode are more sluggish than hydrogen oxidation process 
38

. Also, identical Pt 

anode was applied on all samples. Therefore, the main differences of electrode ASR were 

originated from cathodes with different microstructures. Figure 5 shows the calculated electrode 

ASR by EIS fitting and it is clearly shown that the dense Ag cathode had higher ASR, and the 

ASR increased with the cathode thickness. The Pt cathode had lowest ASR among all samples 
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due to its nanoporous structure, which effectively increases the reaction site for ORR. However, 

such nanoporous Pt structure is not stable at the elevated temperature since it may suffer from 

severe degradation in few hours of operation as the earlier studies reported 
28, 35

.  

The values of polarization ASR observed are generally in the sequence of Pt < inkjet-printed 

Ag < sputtered Ag (1 µm) < sputtered Ag (2.5 µm), as shown in Figure 5. These results indicate 

that the bulk oxygen diffusion is the rate-determining step for dense Ag cathode and the fuel cell 

performance aggravates as the Ag thickness increases. The use of porous Ag facilitates ORR 

process by reducing the ASR. Interestingly, higher electrode ASR of dense Ag cathode was 

observed at 0.5 V and 0.3 V (Figure 5b and Figure 5c). This phenomenon is not usual in SOFCs 

and rather similar in polymer exchange membrane fuel cells, which is thought to be increased in 

mass transfer limitation 
39

. 

From the cathode ASR extracted from EIS results measured at 300 to 450 °C, the activation 

energy of Ag and Pt cathodes were calculated. Table 1 summarized the activation energy (Ea) of 

Ag and Pt cathodes under different voltages. The activation energy of 1 μm-thick sputtered Ag 

cathode was ~1.2 eV within the measured voltage range while the activation energy of inkjet-

printed Ag cathode was lower than 1.1 eV and decreased with increasing voltages. These results 

indicate that the change of electrochemical reaction process under different voltages. The 

activation energy of inkjet-printed Ag was close to the activation energy of oxygen adsorption 

and dissociation process, 1 eV, experimentally reported by Van Herle et al. 
6
 and 0.6 – 1.3 eV 

from the calculation of density functional theory by Wang et al. 
40

. Therefore, the oxygen 

adsorption and dissociation could be the dominant processes for porous Ag cathode at the 

reduced temperature. For the Pt cathode, since Pt has a higher oxygen reduction activity and a 
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lower oxygen binding energy compared to Ag 
38

, its activation energies for cathode reactions 

were generally lower than that of Ag.   

Fuel Cell Performance 

Figure 6 (a) – Figure 6 (c) shows the polarization (I-V) curves of SOFCs with inkjet-printed 

Ag, sputtered Ag, and sputtered Pt cathodes. The cell with inkjet-printed porous Ag cathode had 

higher peak power density than those of cells with sputtered dense Ag cathodes. At 400 °C, the 

peak power density of the cell with inkjet-printed Ag, sputtered Ag (1 μm), sputtered Ag (2.5 

μm), and Pt cathode was 0.58, 0.37, 0.12, and 0.75 mW·cm
-2

, respectively. These results were in 

line with EIS results, the lower ASR resulted in higher cell output. The nanoporous Pt structure 

provided a high density of reaction site (i.e. TPB), which is essential to improve the cell 

performance. While the sputtered Ag could not retain its nanoporous structure and became 

essentially dense at the operating temperature, a significant mass transport loss on the cell with 

2.5 μm-thick sputtered Ag was observed at all temperatures because of insufficient supply of 

oxygen at the Ag|YSZ interface and such loss was reduced when the thickness of cathode 

decreased to 1 μm. Unlike sputtered Ag cathodes, the inkjet-printed Ag cathode could retain 

porous structure at the operating temperature and resulted in higher power density. However, the 

inkjet-printed Ag could not provide such a high TPB density as sputtered Pt, the power density is 

therefore slightly lower for the cells with the inkjet-printed Ag cathode.  

Considering the long-term operating stability of Ag cathodes, Figure 6(d) shows the current 

output test of the fuel cell with inkjet-printed porous Ag at 400 °C for over 45 hours. The 

fluctuation of output current was observed during the test, which may come from the slight 

change of Ag cathode morphology during the test that caused the change of effective ORR site. 

After the test, the current density was about 12 % lower than the initial current density. The 
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current density of sputtered nanoporous Ag cathode decreased more than 68% after 20 hours of 

operation. An earlier study also showed that when nanoporous Pt cathode was used, the current 

output decreased more than 86 % after operating at 450 ˚C for 40 hours 
35

. The results suggest 

that pure nanoporous metal cathode may not be suitable for long-term operation. 

The comparison of Ag thin film morphology before and after fuel cell test is shown in Figure 

7. The inkjet-printed Ag film still remained a porous structure with larger pore size after cell test, 

while the sputtered Ag films (1 µm and 2.5 µm) became denser with larger grain size. These 

results were similar to the samples which were annealed at 400 °C as shown in Figure 3.  

To facilitate oxygen gas diffusion on the cathode, a porous structure is necessary. Therefore, 

from Figure 3 and Figure 7, sputtering technique, which is typically used to create a porous thin 

film electrode structure, may not be suitable as a deposition method for porous Ag thin film, 

compared to the inkjet-printed technique. 

 

CONCLUSIONS 

The Ag cathodes fabricated by two methods, inkjet-printing and sputtering, were examined at 

300 °C to 450 °C using EIS technique. The inkjet-printed Ag film maintained a porous structure 

at the elevated temperature and stable current output test at 400 °C for 45 hours. By introducing a 

porous structure within Ag thin film cathode, the polarization resistance was significantly 

reduced at temperatures below 400 °C. For cathode thin film fabrication, inkjet printing 

technique using Ag nanoparticles can be an excellent method to create morphologically stable 

and porous Ag electrodes, which is difficult to be obtained by conventional vacuum-based 

deposition methods. 
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FIGURES  

 

Figure 1. Schematic of possible oxygen diffusion pathways of Ag on YSZ electrolyte. 

 

Figure 2. Schematics of SOFCs with (a) inkjet-printed porous Ag cathode with thickness of 2.5 

µm; (b) sputtered nanoporous Ag cathode with two thicknesses of 1 µm or 2.5 µm; (c) sputtered 

nanoporous Pt cathode; and (d) image of the SOFC with a 6 mm circular inkjet-printed Ag 

cathode on the transparent YSZ electrolyte substrate. The 100 nm-thick of porous Pt anode (the 

dark gray square) on the other side of the YSZ substrate. 
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Figure 3. Cross-sectional views of the microstructure evolution of Ag thin films annealed at 250 

°C to 400 °C on YSZ substrate for (a) – (e): inkjet-printed Ag, and (f) – (j): RF sputtered Ag.  

The inkjet-printed Ag thin film annealed at 300 °C and the as-sputtered Ag thin film was used as 

the cathode for subsequent tests. 
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Figure 4. Electrochemical impedance spectrum of (a) inkjet-printed porous Ag cathode, (b) 1 

µm-thick sputtered Ag cathode, (c) 2.5 µm-thick sputtered Ag cathode, and (d) 100 nm-thick 

sputtered Pt cathode with equivalent circuit fitting results. All results were measured at 400 °C 

and 0.3 V. 
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Figure 5. Polarization ASR plots derived from EIS fitting at 300 – 450 °C and at the voltage of 

(a) OCV, (b) 0.5 V, and (c) 0.3 V. 
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Figure 6. Polarization (I-V) curves of SOFCs measured at (a) 300 °C, (b) 350 °C, and (c) 400 

°C. (d) Current density over 45 hours at 400 °C for the SOFC with inkjet-printed Ag and 

sputtered Ag cathode. The output current decreased 12.1 % and 68.1 % on average at 0.7 V after 

the test for inkjet-printed Ag and sputtered Ag, respectively. 
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Figure 7. (a) – (c) Morphology of as-prepared Ag thin films before fuel cell test. (d) – (f) 

Morphologies of Ag thin film after fuel cell test at 400 °C. 

 

TABLES 

Table 1. Activation energies of Ag and Pt cathodes calculated from polarization ASR fitting 

results. 

 Ea(eV) 

 OCV 0.5 V 0.3 V 

Sputtered 

Ag (1µm) 
1.220.03 1.200.02 1.220.03 

Sputtered 

Ag (2.5µm) 
1.200.14 0.450.08 0.500.08 

Inkjet-

printed Ag 
1.100.06 0.960.06 0.820.09 

Pt 0.500.07 0.730.04 0.800.02 
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