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Abstract

Fuel cell, one of the promising next-generation energy conversion

systems, is eco-friendly electrochemical device and has characteristics of 

low emission of pollutant and high energy output per weight. Among fuel 

cells, solid oxide fuel cell (SOFC) has the highest efficiency of power 

generation and has an advantage of hydrocarbon fuel using including 

hydrogen through the internal reforming. However, conventional SOFCs 

have limitations of thermal performance degradation, high cost of system 

maintenance and difficulty in application to mobile systems due to the high 

operating temperature above 700 ℃. Therefore, lowering the operating 

temperature has been one of the remarkable goals of SOFC systems, and 

researches of structural development have been conducted to implement a 

low-temperature SOFC (LT-SOFC). In this thesis, we have developed 
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advanced multiscale electrode architecturing technologies and novel three-

dimensional interface architecturing technologies that overcome the 

limitations of previously reported researches for the implementation of LT-

SOFC.

First, we have optimized the structure of each component of SOFCs 

using a powder-suspension electrospray deposition process and confirmed 

the stable operation of the fuel cell at high operating temperature. A 

polyvinyl butyral polymer binder was used for the fabrication of a dense 

electrolyte layer to block the gas permeation between the anode and the 

cathode, and a polyvinylpyrrolidone polymer binder was used for the 

cathode layer to be porous for the gas flow. The focus of our research was 

on the morphology of the structure after sintering depending on the weight 

ratio of the ceramic powder and the polymer binder in the suspension 

during the electrospray deposition process. The deposited cathode layer 

was uniformly dispersed under the condition of 1:1 weight ratio of the 

cathode powder and the polymer binder. In addition, we figured out 

through the particle size analyzer and scanning electron microscope 

analysis that the dispersion status of the suspension could affect not only 

the as deposited structure but also the sintered. As a result, a fuel cell with 

an optimized electrolyte and cathode structure resulted in a peak power 

density of 805 mW/cm2 at an operating temperature of 650 ℃. Also, the 

degradation rate was 1.5 % for 100 hours at the condition of a constant 

current density of 0.4 A/cm2 at 650 ℃, which verified that the performance 

in long-term measurement was maintained.
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Next, we developed two different multiscale electrode architecturing 

technologies, a ceramic thin film fabrication technology and a novel 

infiltration technology, via a precursor-solution electrospray deposition 

process. First, we fabricated ceramic thin films using a precursor-solution 

electrospray deposition process and applied them as nanoscale interlayers 

between the SOFC electrolyte and the cathode layer. In our previous study, 

we have optimized a micro-thick structure using a powder-suspension 

electrospray deposition process, while subsequent researches have 

fabricated thin film structures under micron thickness using a precursor-

solution electrospray deposition process. In particular, in this study, the 

stable spray condition of the precursor solution using deionized water as a 

solvent, which has three times higher surface tension than ethyl alcohol, 

was established by using silica nozzle with 8 µm tip diameter. Nano 

adhesion layer (nAL) and nano cathode functional layer (nCFL) were 

fabricated, and the nAL-cell and nCFL-cell were prepared by inserting 

nanoscale interlayer between electrolyte layer and cathode layer of SOFCs. 

We also fabricated Ref-cell without nanoscale interlayer and evaluated the 

performance of all three cells. As a result, the maximum power density of 

nCFL-cell increased by 18 % and 13 % compared to nAL-cell and Ref-cell 

at 650 ℃, respectively. Those results were derived from two reasons: (i) 

the increase of the oxygen ion transport pathways due to the better adhesion 

by the nanoscale interlayer inserted between the electrolyte layer and the 

cathode layer; and (ii) the maximization of oxygen reduction reaction 

(ORR) sites by smaller particle size of nanoscale interlayer. Second, a 
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novel strategy of infiltration process was developed to enhance the 

performance of SOFC by improving the microstructure of electrode. The 

traditional infiltration process was a simple method of dropping the 

precursor solution onto the electrode using a micropipette. However, there 

are issues that are difficult to infiltrate uniformly into the entire surface of 

the electrode and difficult to control the flow of the infiltrated precursor-

solution. In this study, a novel infiltration process was developed to 

uniformly deposit the precursor-solution onto the electrode using the 

precursor-solution electrospray deposition process and control the 

infiltration rate of the precursor-solution according to the humidity. The 

fuel cell with our new infiltration process resulted in higher maximum 

powder density of 15 % and 215 % compared to the conventionally 

infiltrated fuel cell and the non-infiltrated fuel cell at 650 ℃, respectively. 

The significant increase of performance can be explained by the 

improvement of the electrode reaction mechanism such as increase of 

electrochemical reaction sites through the sintering of uniformly infiltrated 

precursor-solution by humidification.

Finally, we have developed a micro-ceramic imprinting technology that 

combines a micro pattern imprinting and a tape lamination process, which 

is a method of manufacturing SOFC anode support, and fabricated three-

dimensional SOFCs using thin film deposition processes. It has been well 

known that the microscale surface patterning of ceramic materials is 

difficult because of their fragile properties. In this research, to solve those 

problems, we developed pyramid patterned anode support by lamination 
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process of polymer-ceramic composite anode tapes and polymer mold with 

micro pattern. In addition, we used sputtering and pulsed laser deposition 

process to deposit electrolyte and cathode layer of full test cells. The cells 

with a flat structure without a PUA polymer mold in the lamination process 

and a three-dimensional pyramid structure were denoted as Planar-cell and 

3DA-cell, respectively. For 3DA- cell fabrication, YSZ-based cell using 

YSZ electrolyte and CGO-based cell using CGO/YSZ/CGO composite 

electrolyte were fabricated. In other words, we confimed that 3D 

architecturing is available without any limitation of materials. The YSZ-

based 3DA-cell and CGO-based 3DA-cell resulted in maximum power of 

0.523 W and 0.931 W, which is 55 % and 76 % higher than 0.338 W of 

YSZ-based Planar-cell and 0.530 W of CGO-based Planar-cell at 500 ℃, 

respectively. The output power of our pyramid-patterned fuel cells were

higher than the previously reported three-dimensionally architectured 

SOFCs. In addition, the 0.01 %/hour performance degradation rate of YSZ-

based 3DA-cell was obtained through the long-term stability test under the 

constant current density of 0.6 A/cm2 at 550 ℃. As a result, it was verified 

that the fuel cell we fabricated has high stability and high output power 

than the previous results.

Keywords: Three-dimensional architecturing, Solid oxide fuel cell, 

Electrospray deposition, Nanoscale interlayer, Infiltration, Microscale 

ceramic imprinting

Student Number: 2015-30162
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Chapter 1. Introduction

1.1. Introduction

Three-dimensionally architectured multiscale structures exist in 

intriguing morphologies to perform multiple functions in nature1–5. In 

general, they are composed of microscale structures with functions of 

mechanical pivot and nanoscale structures with active performances, which 

satisfy both mechanical stability and functionality due to their structural 

uniqueness from wide range of scale4,6. Examples can be found in the 

adhesion features of gecko feet7,8, the wetting properties of spider silk9,10, 

the self-cleaning effect of lotus leaves11,12 and anti-reflection characteristics 

of moth’s eyes13,14. In recent years, researches are being conducted to apply 

those three-dimensional multiscale structures exhibiting interesting 

functions to optics15,16, sensors17,18 and energy devices19–21. Above all, the 

multiscale structures applied to the energy systems have difficulties in 

meeting stability, scalability and cost-effectiveness as well as high-

performance and functionality. Therefore, challenging researches are still 

being tried.

Solid oxide fuel cell (SOFC), one of the most promising energy 

generation devices, affords various advantages such as low pollutant 

production, the versatility of fuel usage, high efficiency of energy 

conversion22–25. However, due to its high operating temperature (generally, 
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above 700 ℃), there exist several problems such as high system 

maintenance cost, difficulty of material compatibility, difficulty in 

application to portable devices and chemical/mechanical degradation26–28. 

Therefore, lowering operating temperature is one of the key issues in 

SOFCs29. To solve this problem, various researches have been conducted to 

develop electrolyte materials with good ionic conductivity and electrode 

with high catalytic activity at low-temperature. However, the low durability 

of new materials that are helpful to low-temperature operation has 

hampered the long-term stable operation of fuel cells. Thus, in order to 

satisfy both stability and performance issues, structural development has 

been required, and studies have been performed in recent years to apply 

three-dimensional multiscale structures.

Multi-layer structures and infiltration applied structures are well-known 

multiscale electrode structures of SOFC. Multi-layer electrode structures 

are fabricated by inserting functional layer such as electrolyte/electrode 

composite layer or nanoscale interlayer into microscale electrode30,31. 

However, it is difficult to fabricate uniform sub-micron thin films when 

using non-vacuum processes. On the other hand, the infiltration process 

facilitates the fabrication of multiscale electrodes by using precursor-

solution32,33, but it has limitations such as non-continuous process and 

difficulties of uniformity in large area.

Meanwhile, micro-SOFC using microelectromechanical systems 

(MEMS) process on Si substrate is a representative method to fabricate 

three-dimensionally structured electrolyte34–36. In the recently published 

micro-SOFC results, surface architecturing of cup37, crater38 and pyramid39
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performed before the fabrication of the ceramic layer. However, micro-

SOFCs suffer from drawbacks such as cell size limitation comes from 

brittleness of freestanding ceramic membrane and quick thermal 

degradation in terms of stability caused by Pt mainly used as an 

electrode39,40. From the above, it is verified that the representative 

fabrication processes of multiscale SOFC have their own technical issues. 

Accordingly, demands for advanced fabrication process to overcome the 

remained issues have been brought up.

In this thesis, we have developed advanced multiscale electrode 

architecturing technologies and novel three-dimensional interface 

architecturing technologies that overcome the limitations of previously 

reported researches for the implementation of LT-SOFC. We have 

optimized the technology of fabricating ceramic thin films with non-

vacuum processes through powder-suspension electrospray deposition and 

precursor-solution electrospray deposition, which are advantageous for 

commercialization. We also reported a novel infiltration method using 

continuous processes. Finally, by combining ceramic imprinting technology 

and thin film deposition processes, we have fabricated the fuel cells with 

the highest performance and stability among the three-dimensionally 

architectured SOFCs so far reported.

In Chapter 2, we propose methods to optimize the structure of each 

component of SOFCs using a powder-suspension electrospray deposition 

process and confirm the stable operation of the fuel cell at high operating 

temperature. The electrospray deposition process has several advantages 

over a wide range of deposition thickness, facile control of microstructure, 
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and less influence on surface defects compared to the screen printing 

method, one of the traditional fuel cell fabrication methods. The focus of 

our research was on the morphology of the structure after sintering 

depending on the weight ratio of the ceramic powder and the polymer 

binder in the suspension during the electrospray deposition process. A 

polyvinyl butyral polymer binder was used for the fabrication of a dense 

electrolyte layer to block the gas permeation between the anode and the 

cathode, and a polyvinylpyrrolidone polymer binder was used for the 

cathode layer to be porous for the gas flow. The deposited cathode layer 

was uniformly dispersed under the condition of 1:1 weight ratio of the 

cathode powder and the polymer binder. In addition, we figured out 

through the particle size analyzer and scanning electron microscope 

analysis that the dispersion status of the suspension could affect not only 

the as deposited structure but also the sintered. As a result, a fuel cell with 

an optimized electrolyte and cathode structure resulted in a peak power 

density of 805 mW/cm2 at an operating temperature of 650 ℃. Also, the 

degradation rate was 1.5 % for 100 hours at the condition of a constant 

current density of 0.4 A/cm2 at 650 ℃, which verified that the performance 

in long-term measurement was maintained.

In Chapter 3, we developed two different multiscale electrode 

architecturing technologies, a ceramic thin film fabrication technology and 

a novel infiltration technology, via a precursor-solution electrospray 

deposition process. First, we fabricated ceramic thin films using a 

precursor-solution electrospray deposition process and applied them as 
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nanoscale interlayers between the SOFC electrolyte and the cathode layer. 

In our previous study, we have optimized a micro-thick structure using a 

powder-suspension electrospray deposition process, while subsequent 

researches have fabricated thin film structures under micron thickness using 

a precursor-solution electrospray deposition process. Previously reported 

precursor-solution electrospray deposition researches have been difficult to 

fabricate thin films and control microstructures due to diameter of nozzle 

tip over 100 μm, high flow rates and substrate temperature as high as 

200 ℃. In particular, the stable spray condition of the precursor solution 

using deionized water as a solvent, which has three times higher surface 

tension than ethyl alcohol, was established by using silica nozzle with 8 µm 

tip diameter. Nano adhesion layer (nAL) and nano cathode functional layer 

(nCFL) were fabricated, and the nAL-cell and nCFL-cell were prepared by 

inserting nanoscale interlayer between electrolyte layer and cathode layer 

of SOFCs. We also fabricated Ref-cell without nanoscale interlayer and 

evaluated the performance of all three cells. As a result, the maximum 

power density of nCFL-cell increased by 18 % and 13 % compared to nAL-

cell and Ref-cell at 650 ℃, respectively. Those results were derived from

two reasons: (ⅰ) the increase of the oxygen ion transport pathways due to 

the better adhesion by the nanoscale interlayer inserted between the 

electrolyte layer and the cathode layer; and (ⅱ ) the maximization of 

oxygen reduction reaction (ORR) sites by smaller particle size of nanoscale 

interlayer. Second, a novel strategy of infiltration process was developed to 

enhance the performance of SOFC by improving the microstructure of 
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electrode. The infiltration process, which is mainly used for SOFC 

electrodes, is a method of infiltrating and sintering a precursor-solution of a 

highly catalytic active material into a porous skeleton structure composed 

of materials having high electronic conductivity and ionic conductivity. 

The sintered precursor-solution is formed as thin films or homogeneous 

nanoparticles on a porous skeleton structure to architecture multiscale 

structures. Since such a wide range of materials can be selected, it is a 

representative process capable of manufacturing a high stable and high 

performance electrode at an effective cost. The traditional infiltration 

process was a simple method of dropping the precursor solution onto the 

electrode using a micropipette. However, there are issues that are difficult 

to infiltrate uniformly into the entire surface of the electrode and difficult to 

control the flow of the infiltrated precursor-solution. In this chapter, a novel 

infiltration process was developed to uniformly deposit the precursor-

solution onto the electrode using the precursor-solution electrospray 

deposition process and control the infiltration rate of the precursor-solution 

according to the humidity. The precursor-solution is physically gelled in 

nanoscale spherical structures at the tip of the nozzle during electrospray 

deposition, and is deposited as dendrite structures on the electrode. After 

deposition process, the dendrite structured precursor-gel permeates into the 

porous electrode through the humidification process. The fuel cell with our 

new infiltration process resulted in higher maximum powder density of 

15 % and 215 % compared to the conventionally infiltrated fuel cell and the 

non-infiltrated fuel cell at 650 ℃, respectively. The significant increase of 
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performance can be explained by the improvement of the electrode reaction 

mechanism such as increase of electrochemical reaction sites through the 

sintering of uniformly infiltrated precursor-solution by humidification.

In Chapter 4, we demonstrate a micro-ceramic imprinting technology 

that combines a micro pattern imprinting and a tape lamination process, 

which is a method of manufacturing a SOFC anode support, and apply it to 

fabricate three-dimensional SOFCs using thin film deposition processes. It 

has been well known that the microscale surface patterning of ceramic 

materials is difficult because of their fragile properties. In this chapter, to 

solve those problems, we developed pyramid patterned anode support by 

lamination process of polymer-ceramic composite anode tapes and polymer 

mold with micro pattern. In addition, we used sputtering and pulsed laser 

deposition process to deposit electrolyte and cathode layer of full test cells. 

The cells with a flat structure without a PUA polymer mold in the 

lamination process and a three-dimensional pyramid structure were denoted 

as Planar-cell and 3DA-cell, respectively. For 3DA- cell fabrication, YSZ-

based cell using YSZ electrolyte and CGO-based cell using 

CGO/YSZ/CGO composite electrolyte were fabricated. In other words, we 

confimed that 3D architecturing is available without any limitation of 

materials. In addition, 3D reconstruction of Planar-cells and 3DA-cells 

were conducted using focused ion beam technology and Avizo program for 

electrochemical analysis of fuel cells. The YSZ-based 3DA-cell and CGO-

based 3DA-cell resulted in maximum power of 0.523 W and 0.931 W, 

which is 55 % and 76 % higher than 0.338 W of YSZ-based Planar-cell and 
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0.530 W of CGO-based Planar-cell at 500 ℃, respectively. The output 

power of our pyramid-patterned fuel cells were higher than the previously 

reported three-dimensionally architectured solid oxide fuel cells. In 

addition, the performance degradation rate of 0.01 %/hour was obtained 

through the long-term stability test under the constant current density of 0.6 

A/cm2 at 550 ℃. As a result, it was verified that the fuel cell we fabricated 

has high stability and high output power than the previous results.
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Tailoring Ceramic Membrane Structures 

via Polymer-Assisted Electrospray 

Deposition 

2.1. Introduction

Solid oxide fuel cells (SOFCs) consist of ceramic membranes and are 

promising power-generating electrochemical devices that operate in the 

high-temperature region (generally, 600 to 850 °C) because of their high 

energy efficiencies, low pollutant emissions, and fuel flexibilities1–4. 

However, advances in the development and commercialization of SOFCs 

still face many obstacles because of the inherent limitations of the materials 

(multiple phases, multiple components, brittleness, hardness)5,6 as well as 

the limitations of ceramic processing (dispersion, molding, drying, high-

temperature densification)7. In addition, the multi-layered membrane 

configuration used, which consists of porous ceramic anodes and cathodes 

and a dense ceramic electrolyte, adds to the technological hurdles. Most 

electrochemical reactions between gas species and charge carriers 

(electrons and ions) at both electrodes require high catalytic activity, mixed 

ionic-electronic conductivity, and porosity, whereas the electrolyte requires 

pure ionic conductivity and gas tightness for perfect electronic insulation 

and sufficient difference in the oxygen partial pressure, respectively8. Such 
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complex controls and considerations of materials and microstructures are 

necessary to fabricate robust and high-performing SOFCs. The 

simultaneous control of porosity and interfacial strength in heterogeneous 

ceramic-metallic materials is particularly challenging9, since different 

ceramic materials with different thermo-mechanical properties are used as 

multi-layered components. 

Over the last few decades, various conventional powder-based and wet-

chemical-based ceramic processes have been used to fabricate the unique 

multi-layered membrane structures in SOFCs10–13. For example, screen 

printing has been widely used for the fabrication of electrolyte and

electrode structures because of its renowned versatility and reproducibility. 

However, the screen printing process involves precisely controlled 

dispersion, drying and leveling steps of the ceramic powder on a flat 

substrate, and the difficulties of such processes make it impossible for 

researchers to investigate advanced membrane features (such as ultra-thin 

thickness and controlled pore structure) under various substrate conditions14. 

Recently, much progress has been made in controlling ceramic materials 

and their microstructure, interfacial strength, and thickness by the use of 

alternative deposition methods such as vacuum-based techniques15,16, 

solution coating17,18, and powder spraying19–22. Many researchers have 

demonstrated that vacuum- and solution-based coating methods can be used 

to fabricate ultra-thin and ultra-dense electrolytes and highly active porous 

cathode layers precisely, but these methods are limited in productivity and 

versatility. In contrast, powder spraying technique offers some benefits 

related to productivity and versatility but has several weaknesses associated 
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with coating precision (e.g., limitations of microstructure control, thin 

thickness, poor step coverage). Based on these features, various powder 

spray methods such as thermal19,20, electrostatic21, and ultrasonic methods22

have been suggested for the construction of each SOFC component, but the 

processes still need to be optimized to account for microstructure and 

interfacial strength of heterogeneous multi-layered structures before they 

can be used to produce high-performance cells. 

In this chapter, we developed a versatile and robust process for the 

fabrication of heterogeneous multi-layered ceramic membrane structures in 

anode-supported SOFCs, which we have named polymer-assisted 

electrospray deposition (PA-ESD). Through this method, we successfully 

fabricated thin, dense electrolyte layers and crack-free porous cathode 

layers, which are critical components of SOFCs. Their structures were 

mainly controlled by the type and amount of polymer additive, and we 

obtained high-performance spray-deposition-based SOFCs as a result.
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2.2. Experimental

Preparation of tape laminated anode substrates

Fine NiO (Sumitomo) and 8 mol% Y2O3–ZrO2 (YSZ, Tosho; particle 

size d50 = 250 nm) powders were employed for the preparation of the anode 

tape (NiO/YSZ = 56:44 wt%), with polyvinyl butyral (PVB, Sigma-Aldrich) 

and dibutyl phthalate (Sigma-Aldrich) being used as a binder and a 

plasticizer, respectively. Two different tape sheets were prepared: (i) an 

anode layer in which poly(methyl methacrylate) (PMMA, Sunjin Chemical) 

was used as a pore-forming additive, and (ii) an anode functional layer 

(AFL) without PMMA. Multi-layered anode structures were made by 

stacking a prepared AFL tape and seven sheets of anode tapes, and then 

laminating the stack to form an anode green (unfired) substrate (thickness = 

1 mm) for PA-ESD.

Fabrication of sprayed electrolyte and cathode layers

We designed and optimized the compositions of the electrolyte, barrier, 

cathode functional layer (CFL), and cathode slurries for subsequent PA-

ESD as follows. The electrolyte and barrier layer slurries were prepared by 

mixing YSZ and Ce0.9Gd0.1O1.95 (CGO, Solvay; particle size d50 = 400 nm), 

respectively, with PVB binder. A CFL slurry consisting of La0.6Sr0.4CoO3-δ

(LSC, Kceracell; particle size d50 = 450 nm) and CGO at a weight ratio of 
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1:1 was made using polyvinyl pyrrolidone (PVP, Sigma-Aldrich) as a 

binder. The cathode slurry was also prepared by combining LSC powder 

and PVP. All slurries were prepared by mixing these composite powders 

with ethanol and ball milling the mixtures for 24 h. Particle sizes and 

distributions of the powders in ethanol were measured by laser diffraction 

(LS230, Beckman Coulter). As shown in Figure 2.1a, the electrospray 

system consisted of a high-voltage DC source (NanoNC), a microsyringe 

needle (NanoNC), and a pump controller (KD Scientific). The prepared 

ceramic slurry was fed into the microsyringe needle, and a direct-current 

voltage was applied to the microsyringe to generate a uniform cone-jet 

spray. The distance between the substrate and the nozzle was fixed at 6 cm, 

and the flow rate of the composite solution was fixed at 0.3 ml/h. The 

details of the PA-ESD conditions are summarized in Table 2.1. The 

processing flow of cell fabrication in Figure 2.1b can be described as 

follows. First, the YSZ electrolyte slurry was deposited on the green NiO–

YSZ substrate (dimensions: 2 cm × 2 cm) using the PA-ESD process at a 

substrate temperature (Tsub) of 25 °C, followed by firing at 1350 °C for 3 h 

in air. After that, a CGO barrier layer was deposited over 1 h followed by 

sintering at 1250 °C for 2 h in air. Then, the LSC–CGO CFL and the LSC 

cathode layer (dimensions: 1 cm × 1 cm) were formed via PA-ESD at Tsub = 

80 °C, followed by sintering in air for 1 h at 950 °C.

Electrochemical measurements and structural characterization



18

During cell operation, air was supplied as the oxidant and 3% 

humidified H2 was supplied as the fuel, with each flowing at a rate of 200 

sccm. The open-circuit voltages (OCVs) and electrochemical performances 

of the SOFCs were investigated by analyzing the current-potential-power 

(I–V–P) measurements and electrochemical impedance spectroscopy (EIS) 

obtained with an electrochemical analyzer (IviumStat, Ivium Technologies). 

The EIS measurements were performed at 500 to 650 °C (at 50 °C intervals) 

across a wide frequency range (from 106 to 10–1 Hz) and at different bias 

voltages. The microstructures of all SOFC components were examined with 

a scanning electron microscope (SEM, Inspect F50, FEI) before and after 

the cell-performance tests.
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Figure 2.1. (a) Schematic illustrations of the PA-ESD process layout for 

the membrane deposition. (b) Processing flow diagram of SOFCs 

employing the tape lamination and the PA-ESD process.
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Table 2.1. Detailed processing conditions of PA-ESD for each 

component fabrication.

Component (Material)
Solid 

loading 
(wt%)

Polymer
Spray 

voltage 
(kV)

Deposition 
time 
(h)

Nozzle-to-
substrate 
distance 

(cm)

Flow rate 
of slurry 
(ml/h)

Electrolyte (YSZ) 2
PVB 

(2 wt%)
11 3 6 0.3

Barrier layer (CGO) 2
PVB 

(2 wt%)
11 1 6 0.3

CFL (LSC–CGO) 5
PVP 

(5 wt%)
8 1 6 0.3

Cathode (LSC) 10
PVP 

(10 wt%)
8 2 6 0.3
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2.3. Results and Discussion

2.3.1. Principles of PA-ESD process for SOFC fabrication

In a general electrostatic spray system, shown in Figure 2.1a, the high 

electric field and imbalance of charge result in a liquid jet when the 

repulsive force exceeds the surface tension of the solvent. The sprayed 

droplets become smaller through the interactions of charge repulsion and 

solvent evaporation, and the small charged droplets are deposited on the 

target substrate along the electric field23. Since these process features offer 

a versatile setting for the preparation of a high-quality layered ceramic 

membrane, many researchers have examined the structural variations that 

can be obtained by changing the spray processing parameters (flow rate, 

voltage, and substrate temperature)24–27. However, the general electrostatic 

spray system lacks the advanced capability to tailor the microstructure of 

the deposited ceramic layer to generate the dense, thin, or porous 

components of a SOFC. The formation of an inherent dendritic structure 

and the absence of a particle packing step can severely limit the 

applicability of the technique. As a result, there have hardly been any 

advances in the technology related to the electrospray deposition of ceramic 

membrane layers.

PA-ESD is based on the conventional electrospray process, but it is 

designed for the versatile and robust fabrication of SOFC structures, which 

consist of heterogeneous multi-layered ceramic membranes. In addition, it 
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has the advantages of an aerosol process, making it suitable for use on a 

curved substrate and in continuous processes because the deposition takes 

place without contact with the substrate. Because the required structural 

features can only be obtained by precise control of the morphologies and 

interfacial strengths of the ceramic powders, our PA-ESD process 

combines the general electrospray procedure with advanced powder 

engineering (i.e., fluidic- and solid-state controls) for dispersion, drying, 

and packing controls based on polymeric interactions. In this study, we first 

focused on the fluid-state parameters (e.g., vapor pressure, solvent surface 

tension, solvent and polymer fractions) to prevent the deposited 

nanodroplets from drying, as this is one of the most critical causes of 

defects and inhomogeneity during film deposition28. To form enough liquid 

for redistribution and rearrangement of the deposited particles, we 

introduced a solvent and polymer structure to extend the capillary and 

funicular states during the electrospray drying process. Such polymer-

particle composite states within a liquid provide many opportunities to 

control the powder microstructure, allowing one to achieve things such as 

the creation of either a porous or dense final product or to prevent the 

formation of film defects29. Solid-state control was also applied to ensure 

the ceramic microstructure and interfacial strength of the multi-layered 

SOFCs. In addition to ensuring strong adhesion between the substrate and 

the deposited particles, the polymers also helped to form uniform 

arrangements of particles during the drying and annealing processes30. The 

dispersion states of the slurries were dependent on the amount of polymer 

binder used, and the morphologies of the annealed particles were 
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determined by the polymer additive31–33. Depending on the slurry viscosity 

and spraying conditions, any suitable polymer can be selected; in the study 

reported here, we used PVB and PVP for the electrolyte and cathode layers, 

respectively. In the following sections, we will show how these principles 

were applied so that the multi-layered ceramic materials could be 

controlled to exhibit dense or porous microstructures for SOFCs.
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2.3.2. Microstructure control of ceramic layers for dense electrolytes

Since the OCV and ohmic resistance of a cell primarily originate from 

the difference in the oxygen partial pressures of the electrodes and the 

thickness of the electrolyte, respectively5, the SOFC electrolyte must form 

a dense, gas-impermeable thin film. To fabricate such a dense, thin

electrolyte layer via the PA-ESD process, we chose PVB, which was also 

used as a binder for the anode green body34,35, as the polymer binder of the 

YSZ slurry for the following reasons. First, the homogeneous polymer 

structure of PVB in the anode body and the YSZ film provided sufficient 

interfacial strength during film formation, which was critical in achieving 

the controlled, vertically directed densification of the electrolyte film. 

Second, it is known that the steric stabilization of ceramic particles can be 

achieved by the polymeric adsorption of the PVB chains34–36, and that the 

dispersion state is changed by the amount of the polymer used. In addition, 

the glass-transition temperature (Tg) of PVB is very low (~80 °C)37,

allowing the sprayed YSZ–PVB composite to rearrange during the 

annealing process, resulting in a well-packed and homogeneous film 

structure. Therefore, we expected to be able to increase the packing density 

of the annealed YSZ structures by adjusting the amount of PVB used.

We therefore examined variations in the ceramic microstructure as a 

function of the amount of PVB additive used. Remarkably significant 

control of the dense ceramic microstructure was attained when the polymer 

additives were incorporated together with the optimized fluid-state spray 

parameters. Figure 2.2 shows the changes in the morphology of the 
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deposited YSZ as the weight percent of PVB (WPVB) was varied. In the as-

deposited state at T = 25 °C, the YSZ–PVB composite maintained the 

spherical shape formed during the spray process, with larger spherical 

particles forming as the amount of PVB was gradually increased. The 

structural rearrangement of the continuous morphology was observed at T = 

100 °C, where the glass transition of PVB was seen: porous structures 

appeared at low PVB concentrations, while dense morphologies were 

observed at high PVB concentrations. These continuous structures were 

maintained during the burn-out (400 °C) and sintering (1350 °C) processes. 

When WYSZ/WPVB = 3.5, the YSZ particle film became a collection of 

porous structures after the high-temperature sintering step because there 

was insufficient PVB to form necks between the particles. When 

WYSZ/WPVB was decreased, the particle film became denser and the pore 

structure was suppressed. When WYSZ/WPVB = 1, a densely annealed thin 

electrolyte layer was finally obtained. These results show that the particle 

rearrangement process near Tg of PVB determined the final sintering 

structure.

The optimum ratio of PVB additive could also be determined by 

analyzing of the particle dispersion in the YSZ slurry as a function of 

WYSZ/WPVB. Figure 2.3 shows the close relationship between the particle 

size distribution of the YSZ slurry and its film quality. By keeping the solid 

loading and milling conditions constant, we were able to focus on the role 

of the PVB additive in the YSZ slurry. Significant tertiary YSZ aggregates 

were observed not only in pristine YSZ but also in WYSZ/WPVB = 3.5, i.e., 

when an insufficient amount of PVB was added, while the volume fraction 
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of primary particles was the highest when WYSZ/WPVB = 1. The narrow 

particle distribution and limited aggregates observed at the optimized PVB 

weight percent (WYSZ/WPVB = 1) resulted in a homogeneous dispersion and 

suitable packing of the YSZ particles, thus increasing the relative density of 

the sintered film. As a result, the cell with WYSZ/WPVB = 3.5 exhibited an 

OCV of ~0.96 V, while the cell with WYSZ/WPVB = 1 exhibited an OCV of 

~1.11 V, which is close to the theoretical value of the material. Based on 

these results, we can conclude that the optimized PA-ESD process offers a 

straightforward method of fabricating very dense (i.e., gas-tight) thin YSZ 

films with thicknesses of 4 µm.
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Figure 2.2. Variations in the microstructure of electrolytes during the 

sintering process (at 25, 100, 400, and 1350 °C) with different 

WYSZ/WPVB values. The top views of the YSZ electrolyte layer 

fabricated by the PA-ESD process are shown (scale bar: 2 µm). Cross-

sectional SEM images at right end are represent YSZ structures after 

1350 °C sintering (scale bar: 2 µm).
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Figure 2.3. Particle size distribution of the YSZ and YSZ slurry at 

WYSZ/WPVB = 1, 2, and 3.5. The first peak on the particle size curve 

correspond to the primary YSZ particles, and the others are the 

secondary and tertiary particles, major aggregates of primary particles. 

The result of pristine YSZ sample, indicated by a dashed black line, is 

also shown.
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2.3.3. Microstructure control of ceramic layers for porous cathodes

As reported in the literature7,8, one of the dominant losses in SOFCs is 

cathode polarization. Because the active area of the oxygen reduction 

reaction (ORR) in the SOFC cathode can be increased by applying a porous 

cathode layer, the cathode must have sufficient thickness and appropriate 

porosity to offer enough ORR sites. Therefore, when selecting the polymer 

binder for the cathode layer, its molecular weight (Mw) and the resulting 

slurry viscosity must be taken into consideration. As shown in Figure 2.4, 

we investigated variations in the porous ceramic layer as a function of the 

amount of polymer additive used. We chose PVP as the polymer binder in 

the LSC slurry for the fabrication of the SOFC cathode layer. Similar to

PVB, PVP is widely used in ceramic powder-based slurry systems because 

of its adsorption ability38–40. Compared with PVB (Mw ≈ 50,000–80,000 

g/mol), PVP has a much lower molecular weight (Mw ≈ 10,000 g/mol), 

resulting in the LSC slurry having a lower viscosity and a higher solid 

loading. 

In the cathode deposition process, the value of WPVP affected the steric 

dispersion of LSC particles in the slurry, and different values of WPVP

resulted in deposited particles with different morphologies (Figure 2.4). 

When WLSC/WPVP = 2, the deposited LSC particles were large ball-shaped 

clusters due to the insufficient dispersion of the LSC because of the limited 

amount of PVP. However, when the amount of PVP was increased, more 

uniformly deposited LSC particles were observed. When WLSC/WPVP = 1, 

the deposited LSC-PVP composite rearranged and formed a film-like 
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structure at T = 200 °C (near Tg of PVP = 180 °C). When the temperature 

reached the burn-out point (400 °C), a homogenous and crack-free porous 

structure was formed. Meanwhile, at WLSC/WPVP = 0.5, disordered and 

agglomerated structures were formed because of the high PVP content. 

Although a uniform film-like structure was formed at T = 200 °C, a large 

crack formed in the burn-out step due to the excess of PVP, and an 

agglomerated structure formed after the sintering process (950 °C). As 

mentioned earlier, analyzing the particle size distribution can help one to 

understand the principles of particle deposition via PA-ESD. Similar to the 

YSZ results, the first peak in the particle size curve corresponded to the 

primary LSC particles, while the other peaks correspond to the secondary 

and tertiary particles, i.e., major aggregates of the primary particles. As 

shown in Figure 2.5, the formation of significant secondary and tertiary 

LSC aggregates was suppressed when WLSC/WPVP = 1. Therefore, it can be 

confirm that a homogeneous and crack-free porous structure was obtained 

because of the limited formation of aggregates and superior particle 

dispersion.

To check the effect of the cathode microstructure on the cathode 

polarization and thus the electrochemical cell performance, we tested three 

different cathode samples (WLSC/WPVP = 0.5, 1, and 2). Note that a tape-

laminated NiO–YSZ substrate with a screen-printed YSZ layer (thickness: 

~15 µm) was used to minimize uncertainties due to other components in the 

experiment, while all layers related to cathode polarization resistance (e.g., 

CGO barrier, CFL and cathode) were still deposited by PA-ESD process. 

Figure 2.6 shows the dependence of the electrochemical performance, I–V–
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P characteristics, and EIS results on the WLSC/WPVP ratio. Owing to the 

strong correlation between the number of ORR sites and the surface area of 

the SOFC cathode, the peak power density (or cell resistance) at WLSC/WPVP

= 2 and 0.5 were not expected to be large (or small). Because the cell with 

WLSC/WPVP = 2 had higher porosity, its microstructure consisted of larger 

particles, which decreased the number of ORR sites and degraded the 

cathode performance [maximum power density (Pmax) ≈ 305 mW/cm2 and 

area-specific polarization resistance (ASRpol) ≈ 3.22 Ω·cm2 at 650 °C]. For 

the cell with WLSC/WPVP = 0.5, more voids were observed because of the 

disordered LSC structures, and the resulting decrease in the LSC surface 

area diminished the performance of the cell, such that Pmax ≈ 300 mW/cm2

and ASRpol ≈ 2.31 at 650 °C. The maximum power densities of WLSC/WPVP

= 0.5 and 2 were similar despite the different polarization resistances under 

OCV conditions. The WLSC/WPVP = 2 sample (consisting of large ball 

clusters) had a uniform microstructure, whereas the WLSC/WPVP = 0.5 

sample (composed of small particles) had a non-uniform microstructure. 

Therefore, the activation resistance, which is related to the reaction area, 

was low in the WLSC/WPVP = 0.5 sample, while the ohmic component was 

low in the WLSC/WPVP = 2 sample, as in these systems the whole electrode 

network was uniform rather than disconnected. In contrast, because the cell 

with WLSC/WPVP = 1 had a uniformly deposited structure, it exhibited the 

best power performance and the lowest polarization resistance, i.e., Pmax ≈ 

400 mW/cm2 and ASRpol ≈ 1.81 at 650 °C. When LSC and PVP were 

mixed at the same weight ratio, the resulting cathode structure had a 

homogeneous particle distribution and moderate porosity, resulting in the 
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suppression of cathode polarization (i.e., better electrochemical 

performance).

Figure 2.4. Variations in the microstructure of the LSC cathodes 

during the sintering process (at 25, 200, 400, and 950 °C) with different 

WLSC/WPVP values. The top views of the LSC cathode layer fabricated 

by the PA-ESD process are shown (scale bar: 2 µm). Cross-sectional 

SEM images at right end are represent LSC structures after 950 °C 

sintering (scale bar: 1 µm).
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Figure 2.5. Particle size distribution of the LSC and LSC slurry at 

WLSC/WPVP = 0.5, 1, and 2. The first peak on the particle size curve 

correspond to the primary LSC particles, and the others are the 

secondary and tertiary particles, major aggregates of primary particles. 

The result of pristine LSC sample, indicated by a dashed black line, is 

also shown.



34

Figure 2.6. Electrochemical characterization of an anode-supported 

SOFC including the spray-deposited LSC cathode layer with different 

WLSC/WPVP values. (a) The I–V–P curves and (b) EIS results measured 

at 650 °C in different cell voltages.
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2.3.4. Electrochemical performance of spray-based SOFCs

We prepared a high-performance spray-deposition-based SOFC with a 

thin, dense electrolyte (thickness: ~4 µm) and a crack-free porous 

cathode/CFL (thickness: ~10 µm) using the optimized PA-ESD conditions, 

and the electrochemical performance of the cell was analyzed. Figure 2.7

shows cross-sectional SEM images of an optimized cell, which consisted of 

multiple PA-ESD layers on a tape-laminated NiO–YSZ anode substrate. 

We observed that each layer had the appropriate microstructure, was well 

integrated, and showed strong interfacial bonding and structural uniformity. 

As shown in Figure 2.8a, such structural features resulted in a high OCV 

and high power-generating performance. The measured OCV of ~1.11 V 

approached the theoretical value, indicating that the thin PA-ESD-

processed YSZ layer was sufficiently gas-impermeable even though it was 

generally thinner than a conventional powder-processed electrolyte 

including powder spray20,41–45 and screen printing46–48. Compared with 

previously reported spray-deposition-based SOFCs (see Table 2.2), our 

spray-deposition-based SOFC delivered a substantially higher cell 

performance of Pmax = 805 mW/cm2 at 650 °C.

Figure 2.8b shows variations in the impedance spectra as a function of 

temperature for the final optimized cell under OCV conditions. Even 

though our spray-deposition-based process was used to simultaneously 

prepare the electrolyte and cathode layers, the PA-ESD cell showed all of 

the impedance characteristics (e.g., dependence on temperature and 

frequency) observed in a typical SOFC7,8,49, indicating that it met the basic 
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electrochemical standards required for a power-generating device. Based on 

the ASR results in Figure 2.8b, we also performed electrochemical 

analysis of the newly introduced PA-ESD process as follows. (i) The area-

specific ohmic resistance (ASRohmic) of the PA-ESD cell was dominated by 

the contribution of the YSZ electrolyte. The calculated ASRohmic with the 

reported YSZ conductivity (~2.4 × 10-3 S/cm at 600 °C)50 was 0.17 Ω·cm2, 

which is approximately equal to 0.20 Ω·cm2, the value measured in a PA-

ESD cell. This result implies that the ohmic contributions of parameters 

other than the electrolyte (e.g., interface, connectivity, and porosity) were 

successfully suppressed. Therefore, it can be concluded that our PA-ESD 

process was well-optimized. (ii) The electrode polarization resistance of the 

PA-ESD cell was comparable to that of a conventional powder-processed 

cell. For example, ASRpol of a LSC electrode at 600 °C is reported to be 

~1.2 Ω·cm2 49, which is about the same as that of the PA-ESD cell (~1.4 

Ω·cm2) in our study. These results confirm that the cathode fabricated by 

the PA-ESD process had highly advanced membrane microstructures (i.e., 

many ORR sites, long triple-phase boundary, appropriate porosity, and 

well-percolated electronic and ionic structure) despite its low electrode 

thickness. We conclude that our spray-deposition-based dense electrolyte 

and porous cathode were well constructed, and they successfully played 

significant roles in the electrochemical reactions of the SOFC.

To check the durability of the PA-ESD cell, we tested the long-term 

operation under the constant current load of 0.4 A/cm2 at 650 °C. Because 

the cell OCV and Pmax are important indicators for the gas-tightness and 

cell degradation respectively, we recorded the OCV during the entire test 
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time and measured I–V curves every 100 h. Figure 2.9 shows the results of 

long-term tests of our PA-ESD. Considering the Pmax results every 100 h, 

the degradation rate was ~1.5% over 100 h at a current density of 0.4 A/cm2. 

Such deterioration in cell performance can be attributed to (i) decrease in 

reaction sites, (ii) loss of nickel percolated structure, (iii) secondary phase 

formation at the electrode-electrolyte interface, and (iv) increase in contact 

resistance between cathode and interconnector, as reported in 

literatures47,48,51. Nevertheless, it is important to note that we have 

completed a long-term performance test over 100 h, which are difficult to 

find in spray-based SOFCs, with the degradation rate of ~1.5%, and each 

component built with PA-ESD process works well under the 

electrochemical operation over 100 h.
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T (°C)
Pmax

(mW/cm2)
OCV
(V)

Anode Electrolyte Cathode Reference

650 805 1.11 Ni-YSZ
YSZ, 4 μm

(Electrospray)
LSC

(Electrospray)
This work

600 85 1.1 Ni-YSZ
LSGM, 50 μm

(Plasma 
spray)

LSCF
(Plasma 
spray)

20

800 550 1.06 Ni-YSZ
YSZ, 3 μm

(Electrospray)
LSM

(Brush)
26

700 234 1.02 Ni-YSZ
YSZ, 15 μm
(Air spray)

LSM
(Brush)

41

600 30 0.81 Ni-CGO
CGO, 8 μm
(Air spray)

LSCF
(Screen 
printing)

42

750 610 0.9 Ni-YSZ
YSZ, 20 μm

(Plasma 
spray)

BPCF
(Screen 
printing)

43

650 735 0.81 Ni-CGO
CGO, 10 μm

(Electrospray)
LSCF

(Electrospray)
44

640 41.3 1.11 Ni-YSZ
YSZ, 0.1 μm

(Sputter)
LSM

(Electrospray)
52

640 673 1.1 Ni-YSZ
YSZ, 0.4 μm

(Sputter)
LSM

(Electrospray)
53

750 599 1.0 Ni-YSZ
YSZ, 30 μm

(Plasma 
spray)

LSCF-CSO
(Plasma 
spray)

45

650 760 1.11 Ni-YSZ
YSZ, 6 μm

(Screen 
printing)

SSC-CSO
(Spray 

pyrolysis)

46

650 510 0.71 Ni-YSZ
CGO, 3 μm

(Spray 
pyrolysis)

SSC-CSO
(Screen 
printing)

54

Material abbreviations: [20] La0.8Sr0.2Ga0.8Mg0.2O3 (LSGM), La0.6Sr0.4Co0.2Fe0.8O3

(LSCF), [26,41] La0.85Sr0.15MnO3 (LSM), [42] La0.8Sr0.2Co0.8Fe0.2O3 (LSCF), [43] 
Ba0.5Pr0.5Co0.8Fe0.2O3-δ (BPCF), [44] La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), [52,53] 
La0.8Sr0.2MnO3 (LSM), [45] La0.6Sr0.4Co0.2Fe0.8O3-δ-Ce0.8Sm0.2O2-δ (LSCF-CSO),
[46,54] Sm0.5Sr0.5CoO3-Sm0.2Ce0.8O1.9 (SSC-CSO).

Table 2.2. Performance comparison of anode-supported SOFCs 

fabricated by spray-based process.
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Figure 2.7. A cross-sectional SEM image of the SOFC fabricated by the 

optimized PA-ESD process. A whole structure composed of anode, 

anode functional, electrolyte, barrier, cathode functional, and cathode 

layers are presented. Note that these are microstructure images 

observed by fracturing the PA-ESD cell after the cell test.



40

Figure 2.8. Electrochemical characterization of an anode-supported 

SOFC fabricated by the optimized PA-ESD process. (a) The I–V–P

curves and (b) EIS results at different operation temperature. For the 

EIS curves, the inset shows the magnified view of high-temperature 

results.
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Figure 2.9. Long-term test results of an anode-supported SOFC

fabricated by the optimized PA-ESD process. (a) Cell voltage 

measurement under 0.4 A/cm2 current at 650 °C and (b) I–V–P curves 

at 0 and 100 h.
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2.4. Conclusions

In summary, we developed an advanced deposition process for 

fabricating a dense thin electrolyte and a crack-free porous cathode as 

membrane components of a SOFC. We confirmed that the microstructural 

morphologies of these membrane layers could be controlled by altering the 

amounts of the polymer additives used, which affected the dispersion state 

of the PA-ESD solution. We showed that the high-performance SOFC 

consisted of a dense, thin electrolyte layer (thickness: 4 µm) and a crack-

free porous cathode layer (thickness: 10 µm), both of which were deposited 

via the PA-ESD process. The cell exhibited an excellent OCV of ~1.11 V 

and a Pmax of ~805 mW/cm2 at 650 °C, which represents substantially 

higher power-generating performance than seen for previously reported 

SOFCs manufactured by spray-deposition-based processes. Also, we 

verified the long-term durability of our PA-ESD cell under the constant 

current load at 650 °C. These results demonstrate the successful 

construction of a dense, thin electrolyte layer and a crack-free porous 

cathode layer via a spray-deposition-based process. Considering the 

advantages of fast, large-area fabrication and high performance, our PA-

ESD process is a promising technique for the large-scale and economic 

development of superior SOFC membranes.
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Chapter 3.

Multiscale Electrode Architecturing 

Technologies via Precursor-Solution 

Electrospray Deposition

3.1. Introduction

Low-temperature solid oxide fuel cells (SOFCs) with nanostructured 

ceramic multilayer architecture provide many advantages, such as higher 

cell efficiency and system reliability, and reduced maintenance costs 1–5. 

The Ohmic and polarization resistance losses in SOFCs can be reduced by 

nanostructuring the multilayer ceramic structure of the fuel cells 6 and by 

increasing the number of electrochemical reaction sites (i.e., triple-phase 

boundaries) 7,8. In recent years, many studies have used nanoscale thin-film 

electrolytes and increased the number of active sites for the oxygen 

reduction reaction (ORR) to reduce Ohmic and polarization resistances, 

respectively 9,10.

Nanoscale thin films and particles have been fabricated by various 

vacuum-deposition and solution-based processes 11–13. However, nanoscale 

thin-film SOFCs suffer from drawbacks, such as severe agglomeration and 

structural instability owing to the large specific surface area of the 
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nanostructured materials 14–16. It is difficult to disperse agglomerated 

nanoparticles to fabricate a thin film or a homogeneous catalyst structure. 

In addition, the fabricated thin-film nanostructures often show defects or 

fail during operation, thereby deteriorating the performance of the entire 

cell 6. Furthermore, advanced thin-film deposition methods, such as atomic-

layer deposition and pulsed-laser deposition (PLD) have limited 

applicability owing to their high cost, use of expensive vacuum devices, 

limited range of available materials, and small deposition area 6,14,17.

Electrospray deposition (ESD) methods can overcome the limitations of 

vacuum-based thin-film technologies and allow the development of 

economically viable nanostructured SOFCs 18,19. In the electrospray method, 

a voltage is applied to a precursor solution with various morphologies, 

which dissociates the droplets and deposits a thin film via an electrostatic 

repulsion force. This method has been used to produce fuel cells 19–22, 

batteries 23,24, sensors 25,26, filters 27,28, and catalysts 29,30 as it is suitable for 

use with a wide variety of solutions and substrates. Many previous 

electrospraying studies have been used to fabricate various structures of 

SOFCs 18,19,31–40. Most of the results have been used to form microscale 

porous electrodes 19,31–33 or dense electrolyte 19,34 structures using powder-

based suspensions, and some of which have been applied as micro-

/submicro-scale structures (e.g., electrodes 35–38, electrolytes 39,40, interfacial 

layers 18,38, etc.) using precursor-based solutions. However, due to inherent 

limitations of the precursor-based solution electrospraying (e.g., high 

polymer contents, low solid loadings, and high-temperature crystallization)

41, the interface structure is unstable and there is a limit to the application of 
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composite materials. Therefore, it is difficult to achieve stable 

electrospraying conditions with precursor-solution electrospraying.

To solve this problem, this study develops a methodology for fabricating 

a multiscale cathode structure in low-temperature SOFCs by using a 

precursor-solution electrospray technique. The developed method does not 

require vacuum and was able to fabricate advanced cathode structures with 

thin-film cathode interlayers and homogeneously formed nano-catalysts 

from uniform infiltration, which could not be fabricated using conventional 

electrospray methods. The crystal structure, morphology, and 

electrochemical properties of multiscale cathode were investigated. SOFCs 

with multiscale cathode were fabricated, and their electrochemical power 

density was measured to demonstrate the feasibility of using such cathode 

interlayers and uniformly infiltrated nano-catalysts in high-performance 

low-temperature SOFCs.
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3.2. Experimental

Electrospraying for ceramic thin film fabrication technology

La0.6Sr0.4CoO3−δ and CeO2 precursor solutions were prepared using exact 

stoichiometric amounts of the metal nitrates La(NO3)3·6H2O, Sr(NO3)2, 

Co(NO3)2·6H2O, and Ce(NO3)3·6H2O in deionized water as a base solvent. 

Ethylene glycol and citric acid were added to this solution as a reducing 

agent and surfactant, respectively. The total concentration of metal nitrates 

was 0.6 mol L−1, and the citric acid:ethylene glycol:metal ion concentration 

ratio was 9:3:1. After mixing the solution, 0.6 mol L−1 of ammonium 

hydroxide was added to control the pH. All metal nitrates and additives 

were purchased from Sigma-Aldrich. The powder-suspension electrospray 

method was used to fabricate a microscale cathode functional layer (mCFL) 

and cathode current-collecting layer (CCCL), as described previously 19. 

The mCFL slurry consisted of LSC (Kceracell; d50 = 400 nm) and 

Ce0.9Gd0.1O1.95 (CGO; Rhodia; d50 = 200 nm), while the CCCL slurry 

contained only LSC powder. The solid loadings of the mCFL and CCCL 

slurries were 5 and 10 wt %, respectively. Polyvinylpyrrolidone was used 

as a binder in a 1:1 ratio with the powder. All powder-suspension slurries 

were mixed with ethanol and ball-milled for 24 h. The electrospray system 

consisted of a high-voltage power supply (NanoNC), a pump controller 

(KD Scientific), and a micronozzle (NanoNC). For precursor-solution 

electrospraying, the nozzle-to-substrate distance (H) was set to 4 cm, and 

the slurry flow rate (q) was fixed at 25 μL h−1. In contrast, for powder-
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suspension electrospraying, the nozzle-to-substrate distance was set to 6 cm, 

and the slurry flow rate was fixed at 0.3 mL h−1. Table 3.1 details the 

process conditions of each electrospray technique.

Cell fabrication to verify the effect of ceramic thin film fabrication 

technology

As shown in the flowchart in Figure 3.1, SOFCs with three different 

structures were fabricated to investigate the effect of the nanoscale 

interlayer on the composite cathode. The anode-supported substrate was 

purchased from RIST and cut into 2 cm × 2 cm pieces for preparing the full 

cell 42. This anode-supported substrate consisted of a 5-μm-thick Y2O3-

stabilized ZrO2 (YSZ) electrolyte film, a Ni-YSZ cathode functional layer, 

and a Ni-YSZ anode support. Details regarding the cell fabrication can be 

found in a previous study 19. A 250-nm-thick CGO film was deposited on 

the YSZ electrolyte layer (EL) by PLD as a buffer layer (BL); the cell 

components were identical for all samples, except for the cathode 

interlayers.

Three different cells were prepared using precursor-solution 

electrospraying with two different nanoscale interlayers in the composite 

cathode: (i) an LSC interlayer, hereafter referred to as the nanoscale-

adhesion layer (nAL); and (ii) an LSC–CeO2 composite interlayer, hereafter 

referred to as the nanoscale-cathode-functional layer (nCFL). Each 

precursor solution was deposited by electrospraying on the CGO/YSZ/Ni-

YSZ substrate (active area = 1 cm × 1 cm) under the same conditions and 
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then sintered at 950°C for 1 h. A reference cell without nanoscale 

interlayers (denoted as Ref-cell) was also prepared as a control. The cells 

with LSC and LSC-CeO2 interlayers are denoted as nAL-cell and nCFL-

cell, respectively. For all three cells, mCFL and CCCL were deposited 

using a powder-suspension electrospray with thicknesses of 2 and 4 μm, 

respectively. Table 3.1 shows details of the electrospray conditions used to 

prepare the multilayer cathode.

Electrospraying for infiltration technology

We prepared the Sm0.5Sr0.5CoO3-δ (SSC) precursor-solution for the 

infiltration process using exact stoichiometric amounts. Sm(NO3)3·6H2O, 

Sr(NO3)2, Co(NO3)2·6H2O were used in a concentration ratio of 1:1:2 and 

deionized water (DI water) was used as a base solvent. 0.5 mol L-1

precursor-solution was prepared by using urea as surfactant. All metal 

nitrates and additive were purchased from Sigma-Aldrich. Spherical-shape 

Al2O3 (alumina, d50 = 800 nm, US Research) powder was used as the 

material of the scaffold structure to analyze the structural difference of the 

conventional infiltration method and the ESD infiltration method. Alumina 

powder and polymer dispersant were mixed in a weight ratio of 1:1 to 

fabricate the scaffold structure, then printed on dense YSZ substrate by 

blading method and sintered at 1100 ℃ for 2 h. A powder-suspension ESD 

method, described in chapter 2, was used to fabricate the backbone cathode. 

To prepare the cathode slurry, (La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ (LSCF, d50 = 400-

800 nm, Fuel cell materials) powder and polyvinylpyrrolidone as a binder 
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were used. The solid loading of LSCF was 10 wt%, and the binder was 

used in a 1:1 weight ratio with the powder. The base solvent of the cathode 

slurry was ethyl alcohol. After the mixing of the cathode slurry, ball-milling 

was carried out for 24 h. A syringe pump controller (KD Scientific), a 

micro-syringe needle (NanoNC) and a high-voltage power supply 

(NanoNC) were used for the powder-suspension ESD method and the 

precursor-solution ESD method. For the processing condition of precursor-

solution ESD method, applied voltage of 13 kV, nozzle-tip diameter of 8 

μm, flow rate of 30 μl h-1, 4 cm distance between nozzle and substrate and

room temperature substrate temperature were used.  While, for the 

processing condition of powder-suspension ESD method, applied voltage 

of 6 kV, nozzle-tip diameter of 250 μm, flow rate of 0.2 ml h-1, 4 cm 

distance between nozzle and substrate and substrate temperature of 120 ℃

were used.

Cell fabrication to verify the effect of infiltration technology

To compare the electrochemical performance of a multiscale cathode 

fabricated via a novel infiltration method using humidification and a 

conventional infiltration method, we fabricated SOFCs with four different 

cathode structures. Anode-supported substrate was prepared from RIST and 

cut into 2 cm × 2 cm to prepare full cell42. The substrate consists of a Ni-

YSZ anode support, a Ni-YSZ anode functional layer and a 5-μm-thick 

YSZ electrolyte layer. A 250-nm-thick CGO buffer electrolyte layer was 
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deposited on the substrate using an RF sputtering process. The sputtering 

process was performed under the condition of RF power of 100 W, 

substrate temperature of 700 ℃ and the pressure of 5 mTorr using ambient 

Ar gas. LSCF was used as a backbone cathode material in all four cells, and 

was deposited using a powder-suspension ESD method. After sintered at 

1050 ℃ for 1 h, it was fabricated to a thickness of 4 μm (active area = 1 

cm × 1 cm). Ref-cell was fabricated without infiltration process, and CI-

cell, EI-cell and HEI-cell were fabricated with 5 μl of SSC precursor-

solution infiltration process. Infiltration for CI-cell fabrication was 

performed by precursor-solution dropping method using micro-pipette 

(Discovery comfort, HTL). Infiltration process of EI-cell and HEI-cell was 

conducted using precursor-solution ESD method, and the deposition time 

was 1 h. All four cells were fabricated under the condition of 20 % RH at 

25 ℃ and HEI-cell was additionally humidified for 1 h under the 

condition of 70 % RH at 25 ℃. Especially in HEI-cell fabrication, digital 

incubator (Rcom) was used for precise humidity control. Three different 

cells, except Ref-cell, were heat-treated at 1000 ℃ for 1 h after infiltration.

Cell characterization

Electrochemical testing of the prepared cells was performed with 

humidified 3% H2 as the fuel, and air was supplied as the oxidant at a rate 

of 200 mL min−1. The cells were evaluated considering the current density-

potential-power density (I-V-P) characteristics from 500 ℃ to 650 ℃ at 
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50 ℃ intervals. Impedance spectra were obtained using electrochemical 

impedance spectroscopy (IviumStat, Ivium Technologies) over the 

frequency range of 0.1 to 1×106 Hz. The crystalline structures of the 

cathode interlayer materials were analyzed using X-ray diffractometry 

(XRD; D8 Advance, Bruker) with Cu Kα radiation. The microstructures 

and thicknesses of the thin-films were investigated using scanning electron 

microscopy (SEM; Merlin, Zeiss).
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Table 3.1. Processing variables used to deposit the various layers using 

electrospraying. Ts and tdep are the sintering temperature and the 

deposition time, respectively.

Layer r (μm) Vn (kV) H (cm)
q

(mL h−1)
tdep (h) Ts (°C)

nAL 8 13 4 0.025 1 950

nCFL 8 13 4 0.025 1 950

mCFL 250 8 6 0.3 0.5 950

CCCL 250 8 6 0.3 1 950
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Figure 3.1. Schematic illustration of the fabrication process for the 

three different SOFCs using PLD and ESD techniques: (a) Ref, (b) 

nAL, and (c) nCFL cells.
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3.3. Results and Discussion

In this chapter, we developed two different multiscale electrode 

architecturing technologies, a ceramic thin film fabrication technology and 

a novel infiltration technology, via a precursor-solution ESD process. To 

specifically analyze the results of two different technologies, we separately 

described the results and discussion of each technologies. The results and 

discussion of optimization of precursor-solution ESD and applying to a 

ceramic thin film fabrication technology were described from part 3.3.1. to

3.3.3., and the results and discussion of applying to a novel infiltration 

technology were described from part 3.3.4. to 3.3.6..

3.3.1. Principles of precursor-solution electrospray deposition process

The processing of the newly proposed nanoscale cathodes interlayers 

can be divided into: (1) preparation of the precursor solution; and (2) 

fabrication of the layers using the modified electrospray process with the 

prepared precursor solutions. As described in the experimental section, we 

prepared LSC and LSC-CeO2 precursor solutions for preparing the nAL 

and nCFL, respectively. XRD analysis was performed after subjecting the 

precursor solutions to various heat-treatment conditions in order to 

optimize the process to achieve the desired crystalline phases of LSC and 

CeO2. As shown in Figure 3.2a, the crystalline phase of LSC was 

successfully obtained after heat treatment at 950°C for 1 h. The mixed 
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precursor solution for preparing the nCFL also produced well-crystalized 

LSC and CeO2 phases under the same heat-treatment conditions, where the 

two independent phases were observed, without any notable secondary 

phases. 

The precursor-solution electrospray process is inherently unsuitable for 

forming nanolayers as the cone-jet mode is difficult to achieve using a 

precursor solution 43–46. In particular, water, which is the most common 

solvent used to dissolve precursors for SOFC materials, has a large surface 

tension (three times higher than that of ethanol) 47,48. Furthermore, the 

precursor solution with a low solids loading and high organic content 

should be supplied at a low flow rate; this makes the Taylor cone unstable, 

and results in a dripping mode or multi-jet mode of electrospraying, which 

are undesirable for formation of nanolayers. The empirical relationship 

between the processing parameters [i.e., solvent surface tension (γ), nozzle 

diameter (r), nozzle-to-tip distance, etc.] and the applied voltage (Vn) 

shown below describes the inherent limitations of the conventional 

electrospray technique with the precursor solution:
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where C is the constant, εo is the permittivity of free space, and θo is the 

cone half-angle 49. Therefore, in this study, we modified the precursor-

solution electrospray method to make it more suitable for fabricating 

nanoscale layers. Here, we chose a fused-silica capillary with a diameter of 

several micrometers, instead of the typical stainless-steel nozzle with a 
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diameter of several hundred micrometers. In addition, we optimized several 

electrospray processing parameters, such as the applied voltage, nozzle-to-

substrate distance, and flow rate, in order to achieve nanoscale layers from 

a precursor solution. Figure 3.3 shows various nanoscale layers fabricated 

using the precursor-solution electrospray method as a function of several 

processing variables. We achieved a stable cone-jet mode during 

electrospraying using a silica capillary with 8-μm diameter, 13-kV applied 

voltage, and water-based precursor solutions for LSC and LSC-CeO2, 

resulting in homogeneous film deposition. Table 3.1 lists the optimized 

precursor-solution electrospray conditions.



63

Figure 3.2. Results of the structural analysis of LSC and LSC-CeO2

deposited by precursor-solution electrospray method and sintered at 

950°C for 1 h. (a) XRD patterns of two precursor solutions indexed to 

LSC and CeO2. (b) Low- and high-magnification surface SEM images 

of the deposited (top) LSC nAL and (bottom) LSC-CeO2 nCFL. All 

scale bars correspond to 100 nm.
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Figure 3.3. Surface SEM images showing microstructures of as-

sintered LSC layer fabricated by the precursor-solution electrospray 

method with (a) different nozzle-tip diameters and (b) applied voltages.
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3.3.2. Structural analysis of fabricated nanoscale interlayers

As shown in Figure 3.2b, uniform LSC and LSC–CeO2 thin films were 

fabricated, but different grain sizes were observed. The single-phase LSC 

layer had a grain size of ~80 nm, which was around four times that of the 

LSC–CeO2 composite layer (~20 nm). In the case of the LSC–CeO2 layer, 

as CeO2 has a higher densification temperature than LSC 50,51, it was 

distributed homogeneously between the LSC nanoparticles and inhibited 

the sintering and grain growth of LSC nanoparticles 52,53.

Figure 3.4 shows cross-sectional SEM images and corresponding 

schematic illustrations of the full test cells prepared as described in the 

experimental section. The LSC and LSC–CeO2 nanoscale interlayers 

showed both similarities and differences from a mechanical and 

electrochemical viewpoint. Both interlayers had grain boundaries less than 

80 nm, which is at least one-fifth the size of grains forming the mCFL. 

Both layers thus served a mechanical-structural function and enhanced the 

interfacial adhesion between the powder-based mCFL and the PLD-based 

CGO BL. The different compositions of the single-phase LSC and 

multiphase LSC–CeO2 layers enabled them to perform different roles at the 

cathode. The LSC–CeO2 composite layer is expected to form numerous 

triple-phase boundaries (between the electron conducting and ion 

conducting phases, and the gas phase in the pore), thereby providing more 

electrochemical reaction sites for the ORR to occur 3. Furthermore, as this 

composite structure has an intermediate coefficient of thermal expansion 

between those of the CGO/YSZ layer and the LSC cathode, it can reduce 
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mechanical degradation associated with the thermal expansion mismatch 

between the electrolyte and cathode layers 54. According to the roles of the 

two interlayers, we hereafter refer to the LSC and LSC–CeO2 layers as nAL 

(nanoscale-adhesion layer) and nCFL (nanoscale-cathode-functional layer), 

respectively. The cross-sectional SEM images shown in Figure 3.4 after the 

final sintering process indicated that the nAL and nCFL structures 

improved interfacial connectivity and increased the number of 

electrochemical reaction pathways in the cathode structure.
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Figure 3.4. Cross-sectional SEM images and schematic illustrations of 

various interlayer structures between the BL/EL and mCFL: (a) Ref, 

(b) nAL, and (c) nCFL cells. All scale bars correspond to 300 nm.
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3.3.3. Electrochemical performance of fuel cells including nanoscale 

interlayers

To investigate the electrochemical performance of the nAL and nCFL 

fabricated using the modified precursor-solution electrospray method, the 

three different SOFCs (Ref, nAL, and nCFL cells) were tested. All SOFC 

cells had the same multilayer structure, including the Ni-YSZ anode, YSZ 

EL, CGO BL, LSC-CGO mCFL, and LSC CCCL, while the nanoscale 

interlayer between the BL and mCFL differed for each sample. We obtained 

I-V-P curves, which evaluate the ability of the cell to generate power, of the 

individual test cells at 650 and 550°C with hydrogen and air as the fuel and 

oxidant, respectively. As shown in Figure 3.5, the open-circuit voltage of 

all test cells was above 1.1 V, which is close to the theoretical value, 

confirming that the cells were gas impermeable, i.e., the EL was fully dense 

and the cells were perfectly sealed. The nAL and nCFL cells with their 

unique nanoscale interlayers showed maximum power density (Pmax) values 

of 1.108 and 1.150 W cm−2 at 650°C, which corresponded to an increase of 

~18% and ~13%, respectively, compared to the Pmax of Ref-cell.

Figure 3.6 shows the corresponding impedance spectra measured at the 

two different temperatures under a cell voltage (Vcell) of 0.75 V. Using the 

impedance spectra, the total cell area-specific resistance (ASRcell) was 

decomposed into the Ohmic (ASRohm) and the polarization (ASRpol) 

components, where ASRcell = ASRohm + ASRpol. These values are 

summarized in Table 3.2, along with the Pmax values. The increase in Pmax

of the two cells containing the nanoscale interfacial layers for both 
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measured temperatures was a result of the decrease in both ASRohm and 

ASRpol, which decreased by ~17% and ~7%, respectively, on average 

compared to those of Ref-cell. In particular, the nCFL-cell showed 

significantly lower ASRohm and ASRpol values, by ~28% and ~7%, 

respectively at 650°C, suggesting that this structure provided more 

effective ASR reduction than nAL.

The significant reduction in ASR observed for the two test cells with the 

nanoscale interlayers can be explained by their microstructure (Figure 3.2 

and 3.4). The nanoscale interlayers deposited between the BL and mCFL 

resulted in an increased number of nanoscale ion diffusion paths and ORR-

active sites, resulting in improved cell performance. As the nCFL contained 

LSC–CeO2 nanoparticles with a much smaller size than the nAL 

nanoparticles, they offered faster oxygen-ion transport and higher ORR 

activity, further reducing the ASR 55. In addition, the increased interfacial 

strength between the PLD-based BL and the powder-based mCFL due to 

the incorporation of the nanoscale interlayers resulted in a further reduction 

in ohmic resistance.
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Table 3.2. Pmax, ASRohm, and ASRpol of each cell at operating 

temperatures of 650 and 550°C. All ASR results are estimated from 

impedance spectra under Vcell = 0.75 V at 650 and 550°C.

Cell type

650°C 550°C

Pmax (W 
cm−2)

ASRohm

(Ω·cm2)
ASRpol

(Ω·cm2)
Pmax (W 

cm−2)
ASRohm

(Ω·cm2)
ASRpol

(Ω·cm2)

Ref-cell 0.976 0.096 0.184 0.292 0.320 0.762

nAL-cell 1.108 0.080 0.169 0.314 0.301 0.730

nCFL-cell 1.150 0.069 0.171 0.330 0.263 0.679
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Figure 3.5. Comparison of the I-V-P curves for the three different cells 

(Ref, nAL, and nCFL cell) measured at (a) 650 and (b) 550°C.
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Figure 3.6. Comparison of AC impedance spectra of the three different 

cells (Ref, nAL, and nCFL cell) measured at (a) 650 and (b) 550°C and 

a cell voltage of 0.75 V.
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3.3.4. Principles of gelation and solation via precursor-solution ESD 

process

In general, the infiltration process is difficult to proceed when the 

viscosity of the precursor-solution is high or gelation occurs. Thus, the 

traditional infiltration process was performed when the precursor-solution 

was in a liquid state. However, since the precursor-solution during 

infiltration is already fluid, there exists limited feature in controlling flow 

in-situ and is one of the major issues existing in the infiltration process of 

the conventional dropping process. Therefore, an original approach is 

demanded, and we introduced an ESD method to solve the problems.

The precursor-solution ESD method was able to fabricate ceramic thin 

films with a thickness of 100 nm or less which cannot be realized by the 

conventional powder-suspension ESD method through the spray of 

precursor-solution itself. We established stable spray conditions using a 

nozzle tip with a diameter of 8 μm which is dramatically reduced than the 

conventional 250 μm. This is because the surface tension of the DI water, 

which is the base solvent of the precursor-solution, is larger than three 

times that of the ethyl alcohol, which is used as the base solvent of the 

powder-suspension47,48. As the diameter of nozzle tip decreased, the flow 

rate also decreased significantly, and the droplet size also became 

smaller44,47. We have developed a novel infiltration process using reduced 

droplet size feature. As shown in Figure. 3.7, the new infiltration process 

using humidification can be divided into (1) gelation of precursor-solution 

in the end of the nozzle-tip, (2) deposition of gelled nano-droplets onto a 
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porous skeleton structure and (3) infiltration into the porous skeleton 

structure with solation of nano-droplets by humidification. There are two 

types of gelation phenomena that lose fluidity and viscosity: chemical 

gelation by covalent bonding and physical gelation by aggregation. Among 

them, the gelation phenomenon at the end of the nozzle-tip can be regarded 

as physical gelation, because the nano-droplets formed at the end of nozzle-

tip by electrodynamic stress have a gel characteristic through solvent 

evaporation19,46. As shown in the middle schematics of Figure 3.7, the 

gelled nano-droplets are deposited as a dendrite structure on the skeleton 

structure. Then, when humidifying the sample chamber, the physically 

gelled precursor-solution becomes solation again because the base solvent 

of the precursor-solution is DI water. The fluidity of the gels deposited with 

the dendrite structure increases by solation, and the precursor-solution is 

infiltrated into the porous skeleton structure. This infiltration process using 

the precursor-solution ESD method is denoted as ESD infiltration process. 
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Figure 3.7. Schematics of the principles in sol-to-gel and gel-to-sol 

reversible reaction of humidification assisted precursor-solution 

electrospray deposition process.
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3.3.5. Structural characteristics of conventional infiltration and ESD 

infiltration

Humidification conditions were used as variables to control the degree 

of infiltration, which was difficult to implement in conventional infiltration 

process. As shown in Figure 3.8, precursor-solution ESD method was used 

to deposit solution on the porous structure, and the samples were exposed 

for 1 h at 20 %, 30 %, 50 % and 70 % RH at 25 ℃, respectively. Structural 

differences due to four conditions of humidification were analyzed by SEM 

images. Section-view SEM image shows that the gelled precursor-solution 

is retained as a dendrite structure on the porous structure in the as-deposited 

condition. The maintenance of the dendrite structure during SEM analysis 

demonstrated that it consists of gels with no fluidity. And it is verified that 

the infiltration gradually progressed as the amount of the humidification 

increases from 30 % to 50 % and 70 %. From the section-view SEM 

images in Figure 3.8, at the humidification condition of 30 %, it is 

observed that the precursor-solution was not infiltrated at the bottom of the 

porous structure, but at 50 % and 70 % condition, the precursor-solution 

was fully infiltrated into the porous structure. Similarly, the top-view SEM 

images show that the precursor-solution layer deposited on the porous 

structure permeates downward from 30 % to 50 % and 70 % condition, 

respectively. Capability of control the degree of infiltration according to the 

humidifying conditions is meaningful feature because it allows the 

structural control independently of the solution viscosity and surface 
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wettability. 

In Figure 3.9, the multiscale structures were fabricated using the 

conventional infiltration process, the ESD infiltration process without 

humidification, and the ESD infiltration process with 70 % RH 

humidification for 1 h at 25 ℃, and their morphologies were analyzed. 0.1 

mol L-1 SSC precursor-solution was used as infiltrating solution and the 

backbone structure was pre-sintered using spherical shape alumina particles. 

All three samples were fabricated in the same structure up to the backbone 

structure. Then, after the infiltration, all samples were heat-treated for 4 h at 

1000 ℃. Figure 3.9a shows the penetration behavior of the conventional 

infiltration process. It is verified from the schematics that the precursor-

solution spreads from the point where it drops. The morphology of the SSC 

particles attached on the alumina sphere after sintering shows that the nano-

catalysts are formed in a band shape similar to the flow of the liquid. And 

Figure 3.9b shows the results of ESD infiltration without humidification. It 

is confirmed that the nano-catalysts are attached only to the upper end of 

the alumina spheres and the loaded nano-catalysts are invisible in the 

alumina structure located at middle height. This is because the precursor-

solution uniformly deposited on the alumina structure cannot permeates 

into the porous structure without assistance of humidification. Figure 3.9c

shows the results of infiltration through humidification assisted ESD 

infiltration process. As shown in schematics and SEM images, it is verified 

that the SSC nano-catalysts are uniformly formed on all alumina spheres. 

Two factors were brought up for the structural differences of SSC nano-
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catalysts after sintering. The first is the direction of penetration. In the 

conventional infiltration process, the precursor-solution is excessively 

present in the dropping region, and gradually spreads in the x- and y- axis 

directions due to the capillary force. While, in the ESD infiltration process, 

the precursor-solution impregnates into the z-axis by gravity and capillary 

force during humidification because it is deposited all over the substrate. 

Therefore, the ESD infiltration process shows better uniform distribution of 

precursor-solution on x-, y- and z- axis compared to the conventional 

infiltration. The second is the degree of solation by humidification. In the 

humidification assisted ESD infiltration process, the movement of the 

precursor-solution accelerates to the z-axis through the solation 

phenomenon, but in the ESD infiltration process without humidification, 

the precursor-solution deposited on the alumina spheres undergoes gelation 

and sintering without permeation into z-axis. From the above two 

phenomena, fabricated multiscale structures by three different infiltration 

processes have different structural characteristics. Then, the effect of 

applying it to fuel cell electrodes was analyzed.
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Figure 3.8. Schematics, section-view SEM images and top-view SEM 

images under the various conditions of humidification after precursor-

solution deposition.
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Figure 3.9. SEM images and schematics of infiltrated and sintered SSC 

precursor-solution into the porous alumina structure via (a) 

conventional infiltration process, (b) ESD infiltration process without 

humidification and (c) humidification assisted ESD infiltration process.
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3.3.6. Analysis of electrochemical performance of Ref-cell, CI-cell, 

EI-cell and HEI-cell

Four individual cells were fabricated to identify the electrochemical 

effects of three different infiltration processes. Flowchart Figure 3.10

shows the fabrication processes of each cell. All the cells were deposited 

with a CGO buffer electrolyte layer on a commercial anode-supported cell 

using a sputtering process, and an LSCF backbone cathode was deposited 

on a CGO layer via precursor-suspension ESD method. For infiltration 

process, 0.5 mol L-1 SSC precursor-solution was used, and the amount was 

the same as 5 μl. Figure 3.11 shows the XRD results of SSC and LSCF 

after sintering, and it is confirmed that the desired crystalline phases were 

obtained without any secondary phases in both SSC and LSCF. We 

obtained electrochemical results of all test cells from 650 ℃ to 500 ℃ at 

intervals of 50 ℃ under the conditions of supplying air and hydrogen as 

the oxidant and fuel, respectively. According to the varied infiltration 

processes, we abbreviate the cell with no infiltration process, with 

conventional infiltration process, with ESD infiltration process without 

humidification and with humidification assisted ESD infiltration process as 

Ref-cell, CI-cell, EI-cell and HEI-cell, respectively. 

Figure 3.12 shows electrochemical analysis results of four cells. 

From the I-V-P curves in Figure 3.12a, all cells resulted in an open circuit 

voltage of 1.1 V to confirm the gas impermeable condition of the 

electrolyte layer and sealant. The HEI-cell with the developed infiltration 
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process using humidification showed a peak power density of 1018 mW 

cm-2 at 650 ℃ and maximum performance enhancement of 215 %, 15 % 

and 18 % over the Ref-cell, CI-cell and EI-cell, respectively. Figure 3.12b

shows the electrochemical impedance spectra under the condition of OCV 

at 650 ℃. From the upper nyquist plot, it is verified that the total area-

specific resistance (ASRtotal) decreases in the order of Ref-cell, CI-cell, EI-

cell and HEI-cell, and from the lower nyquist plot, reduced ohmic area-

specific resistance (ASRohm) in the order of Ref-cell, EI-cell, CI-cell and 

HEI-cell was confirmed. The HEI-cell resulted in 0.088 Ω cm2 ASRohm

under the condition of OCV at 650 ℃, which is 71 %, 9 % and 17 % 

reduced value than the Ref-cell, CI-cell and EI-cell, respectively. One of

the critical roles in ASRohm reduction is the enhanced interfacial strength of 

CGO electrolyte later and LSCF cathode layer by infiltrated SSC nano-

catalysts. At EI-cell, SSC precursor-solution could not penetrate into the 

electrolyte/cathode interface compared to CI-cell and HEI-cell due to the 

non-humidification condition. In the case of HEI-cell, since the precursor-

solution was uniformly penetrated into the electrolyte/cathode interface of 

the whole electrode area, the interfacial adhesion property was improved 

and the ASRohm was also diminished compared with the CI-cell which 

infiltrating solution had to be dispersed along the xy plane from the 

solution dropping point. And, the HEI-cell showed 0.820 Ω cm2 ASRpol

under the condition of OCV at 650 ℃, which is 50 %, 11 % and 4 % 

decreased value than the Ref-cell, CI-cell and EI-cell, respectively. The 

ASRpol values decreased in the order of Ref-cell, CI-cell, EI-cell and HEI-
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cell. This result can be explained by the individual SEM images of four 

cells. The SEM images of CI-cell (Figure 3.13b), EI-cell (Figure 3.13c) 

and HEI-cell (Figure 3.13d) show that the infiltrated SSC nano-catalyst 

were loaded on the LSCF backbone cathode, but single LSCF backbone 

cathode exists in the SEM images of Ref-cell (Figure 3.13a). In addition, it 

is verified that the sintered SSC nano-catalysts were uniformly dispersed in 

HEI-cell, but mainly deposited on the surface of the backbone structure in 

EI-cell and randomly dispersed in CI-cell. This structural tendency is 

similar to the result shown in Figure 3.9. Therefore, from the morphology 

of the multiscale electrodes, the result of ASRpol values could be explained. 

The detailed electrochemical results are summarized in Table 3.3. 

As a result, homogeneously infiltrated SSC nano-catalysts reduced 

ASRohm and ASRpol, leading to increased power of fuel cell. We believe that 

this advanced architecturing technology of multiscale SOFCs can 

accelerate the commercialization of SOFCs in the future.
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Table 3.3. Pmax, ASRohm, and ASRpol of each cell at operating 

temperatures of 650 and 600°C. All results are obtained from 

impedance spectra under the condition of open circuit voltage (OCV) 

at 650 and 600°C.

Cell 
type

At 650°C At 600°C

Pmax

(mW 
cm−2)

ASRohm

(Ω·cm2)
ASRpol

(Ω·cm2)

Pmax

(mW 
cm−2)

ASRohm

(Ω·cm2)
ASRpol

(Ω·cm2)

Ref-cell 323 0.304 1.624 222 0.443 3.292

CI-cell 887 0.097 0.925 544 0.171 1.641

EI-cell 861 0.106 0.856 540 0.179 1.538

HEI-
cell

1018 0.088 0.820 624 0.158 1.425
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Figure 3.10. Schematic illustration of fabrication of four different 

SOFCs multiple infiltration processes (a) Ref-, (b) CI-, (c) EI- and (d) 

HEI- cells.
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Figure 3.11. XRD results of as-sintered LSCF powder and SSC 

precursor-solution at 1050 ℃ for 1 h and 1000 ℃ for 1 h, respectively.
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Figure 3.12. Electrochemical characteristics of four different cells (Ref-, 

CI-, EI- and HEI- cell). (a) I-V-P curves at 650°C, (b) impedance 

spectra under the condition of OCV at 650°C.
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Figure 3.13. SEM images of (a) Ref-cell, (b) CI-cell, (c) EI-cell and (d) 

HEI-cell after cell test.
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3.4. Conclusions

In summary, we developed a ceramic thin film fabrication technology 

and an infiltration technology using a novel modified precursor-solution 

electrospray method and demonstrated improved SOFC performance with 

significant reduction of Ohmic and polarization resistances. 

From the optimization of precursor-solution ESD, fabricated ceramic 

thin film showed no surface defects and formed a uniform layer. In order to 

reduce the particle size, we fabricated an LSC–CeO2 thin film with particle 

size of <20 nm from a mixed precursor solution. These ceramic thin film 

structures were used as nanoscale interlayers between the PLD-based BL 

and the powder-based mCFL to improve the electrochemical transport and 

mechanical adhesion. The nAL and nCFL cells both showed significantly 

higher maximum power density than the reference cell, which was 

attributed to better adhesion between the BL and mCFL, an increase in the 

number of ORR active sites, and enhanced oxygen-ion transport, which 

reduced losses due to the ASRohm and ASRpol.

Then, from a novel infiltration technology, the multiscale structure 

fabricated by the ESD infiltration process using humidification showed 

uniformly dispersed nano-catalysts compared with the conventional 

infiltration process using dropping and the ESD infiltration process without 

humidification. The HEI-cell resulted in a peak power density of 583 mW 

cm-2 at 650 ℃, which is 80 %, 86 % and 42 % higher than that of Ref-cell, 

CI-cell and EI-cell, respectively. ASRtotal was also reduced due to the 
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decrease of ASRohm and ASRpol derived from strengthened 

electrolyte/cathode interfacial adhesion by uniformly infiltrated SSC 

precursor-solution on the entire surface of the electrode and uniformly 

generated SSC nano-catalysts, which have high catalytic activity, on the 

backbone cathode, respectively.

High-performance SOFCs with advanced cathode structures were 

demonstrated using the modified precursor-solution electrospray method, 

which is thought to have many advantages compared to vacuum-deposition 

processes. We propose that this is an effective method for producing highly 

active and well-integrated nanoscale interlayers and homogeneously 

formed nano-catalyst. The method can be easily modified to produce 

structures of various materials by using tailored precursor mixtures. We 

expect that this method can be used in the development of next-generation 

SOFCs with higher reliability and performance due to more stable cathodes 

with improved mechanical properties and electrochemical performance.
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Chapter 4.

Three-Dimensional Ceramic Multilayer 

Architectures for High-Performance Solid 

Oxide-Fuel Cells

4.1. Introduction

Conventional imprint lithography is well known as one of the most 

popular pattern transfer techniques along with photolithography, and has 

been extensively used as an economical microfabrication process in a broad 

range of industries1–3. This process is based on the basic principle of 

creating patterns by engraving structures onto a resin coated on a substrate 

with heat or ultraviolet (UV) radiation while pressing the patterned original 

mold or replica4–6. In particular, the imprinting process that utilizes the 

fluidity and mechanical deformation of a resin in high-temperature/high-

pressure conditions can be performed in a liquid and polymeric solid phases. 

Correspondingly, it has excellent versatility in the fabrication of micro- and 

nanoscale pattern structures with low cost and high throughput7–9.

These imprinting processes have been used in a variety of ways as a 

new problem-solving tool in cutting-edge research studies on renewable 

energy, thus achieving novel, three-dimensional (3D) architectures. There 
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are a number of previous results that have confirmed the unique 

physical/chemical phenomena (e.g., photon management10–12, plasmonics13–

15, wettability control16–18, dry adhesive19–21, etc.) and improved cell 

performance (or efficiency)22,23 by fabricating micro- and/or nanoscale 

patterns in various cell configurations. Following the basic principles of the 

imprinting process based on the fluidity and mechanical deformation of a 

resin, most research activities have been focused on organic-based 

processes and their applications at room-temperature conditions (e.g., 

photovoltaic cells24–26, proton-exchange membrane fuel cells8,22,23, 

batteries27–29, etc.). By contrast, some research fields that utilize ceramic 

materials with brittle and rigid physical properties have been unable to 

apply such imprinting process, and have not benefited from it.

Solid oxide fuel cells (SOFC, also known as ceramic fuel cells), have 

generated increased scientific interest as one of the next-generation, high-

efficiency energy device, that generally have a multilayer planar structure 

composed of two porous electrodes and a dense electrolyte30,31. Despite the 

fact that all components are solid-state, and in view of the need to increase 

the reactive surface area (Acathode) in SOFCs, only a limited number of

studies with 3D SOFC structures has been applied to the field of micro-

SOFCs32–36. However, these surface pattering techniques have often been 

performed with conventional top-down fabrication processes, such as 

etching or laser processing35,37. In the case where silicon substrates have 

been used, on which it is easier to etch compared to oxides, the 

achievement of various surface patterning and cell configuration has been 

simpler in micro-SOFCs32–34,36, but their poor material compatibility and 
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structural weakness have caused serious problems on cell power output and 

stability34,35. Accordingly, no prior publications exist in the case of laser 

processing that reported the expected, notable performance enhancements. 

This owing to the low-resolution and quality characteristics of this 

technique that ultimately implements surface patterns by melting or 

evaporating thick ceramic layers37,38. As a result, the use of conventional 

top-down fabrication processes to achieve 3D SOFC architectures have not 

been able to overcome their inherent limitations owing to the unique 

mechanical properties of ceramics as the core materials of SOFCs, 

including their brittleness and stiffness. 

Herein, we develop a microscale ceramic imprinting (MCI) process 

using the polymer-to-ceramic matrix transition, including mechanically 

deformable polymer additives and rearrangeable ceramic particulates. This 

imprinting process, which can be used regardless of material or cell 

configuration changes, can fabricate a variety of 3D ceramic multilayer 

architectures. Furthermore, by applying thin-film deposition techniques, we 

finally demonstrate notable advances in the 3D architectures of SOFCs 

pertaining to power performance, stability, and scalability. Using 3D 

reconstruction and electrochemical impedance spectroscopy (EIS) 

techniques, we quantitatively analyze the electrochemical characteristics of 

3D SOFC architectures, and investigate the origins of performance 

improvements that result from the 3D interface structures.
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4.2. Experimental

Fabrication of microscale patterned polymer molds

The silicon master with wet-etched square-pyramid pattern (a square 

base with all edges of length 5 μm, pattern spacing of 2.5 μm) was prepared 

to fabricate the polymer mold. To fabricate the polydimethylsiloxane 

(PDMS, Sylgard 184, Dow Corning) replica from the silicon master, the 

PDMS elastomer base and curing agent were mixed at the weight ratio of 

10:1. The mixed solution was poured on the master, and was thermally 

cured for 1 h at 70 °C. The cured PDMS replica was carefully removed 

from the master mold and was precisely cut for the fabrication of the 

polyurethane acrylate (PUA, PUA MINS 311RM, Minuta Tech) mold. 

Subsequently, a small amount of PUA was dropped onto a PDMS replica, 

and a polyethylene terephthalate film with a thickness of 250 μm was 

lightly pressed against the dropped PUA resin. The assembly was then 

cured with ultraviolet (UV) light (Fusion Cure System, Minuta Tech) for 5 

min. After the removal of the PDMS replica, we performed the final curing 

of the cured PUA mold with UV exposure for 12 h.

Fabrication of microscale patterned anode-support

Ceramic tape-casting and thermal lamination processes were used to 

fabricate an anode-support for 3DA-cells and Planar-cells. A slurry was 



101

prepared for the tape casting composed of 8 mol % Y2O3-ZrO2 (YSZ, Tosho) 

and NiO (Sumitomo) powders at the weight ratio of 44:56. Ethyl alcohol 

and toluene were used as base solvents, and dibutyl phthalate (Sigma 

Aldrich), KD–1 (Sigma Aldrich), and polyvinyl butyral (Sigma Aldrich) 

were utilized as the plasticizer, dispersant, and binder, respectively. Anode 

tape sheets were prepared for the anode substrate, which included the pore-

forming additive, polymethyl methacrylate (Sunjin Chemical), and an 

anode-functional layer (AFL) without a pore former. For the one-step 

imprinting process, a multilayered anode-substrate was fabricated with a 

thickness of 1 mm by stacking several sheets of NiO–YSZ tapes, a sheet of 

AFL, and the pyramidally patterned PUA mold at a pressure of 14.89 MPa 

at 80 °C for 15 min. The pyramidally patterned anode body was sintered at 

1300 °C for 4 h. The sintered anode support was cut into 2 × 2 cm2 pieces 

for the preparation of the full cell.

Fabrication of solid oxide fuel cells

The following deposition process was employed for cell fabrication, and 

was conducted using various thin-film deposition techniques. A 

radiofrequency (RF) sputtering system (2-inch system, Korea Vacuum Tech) 

and pulsed-laser deposition (PLD) process were employed for the 

respective deposition of electrolyte and cathode materials. A nanoscale 

anode functional layer (nAFL) composed by NiO–YSZ was deposited over 

the sintered anode support with the use of magnetron RF sputtering 

(NiO:YSZ = 56:44 wt %). To densify the nAFL and prevent Ni 
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agglomeration, the anode support was annealed for 1 h at 1200 °C. Both 

YSZ and Ce0.9Gd0.1O1.95 (CGO) layers were deposited over the densified 

nAFL using sputtering. In all of the sputtering process, the RF power of 

100 W and the substrate temperature of 700 °C were applied, and the 

ambient argon gas was used at a pressure of 5 mTorr. The deposition time 

of nAFL, YSZ, and CGO layers, were set at 12, 6, and 2 h, respectively. To 

fabricate a dense electrode with an area of 1 × 1 cm2, La0.6Sr0.4CoO3−δ (LSC) 

was deposited over the CGO layer using PLD for 2 h at an ambient oxygen 

pressure of 300 mTorr and a substrate temperature of 700 °C.

Characterization of anode support and full cells

The variations of the elastic modulus of the anode substrate was 

measured using a transverse rupture strength testing machine (5982, 

INSTRON) as a function of temperature (25 to 1300°C). An anode 

substrate of width 5 mm, length 10 mm, and thickness 1 mm was prepared 

as a specimen for each temperature of the thermal annealing profile 

including debinding and sintering steps. During the electrochemical 

performance test, air and 3 % humidified hydrogen were fed as the oxidant 

and the fuel at a rate of 200 mL min−1. The open-circuit voltage (VOC) and 

electrochemical performances of the cells were analyzed at three different 

temperatures, and electrochemical impedance spectroscopy was conducted 

with an electrochemical analyzer (Iviumstat, Ivium Technologies) at the 

broad frequency range of 0.1 to 1×106 Hz. To observe the microstructures 

of the cells, we used a scanning electron microscopy (SEM, Merlin, ZEISS). 
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Focused-ion beam (FIB, Helios NanoLab 600, FEI) was used to prepare the 

specimen for transmission electron microscope (TEM).  For the 

acquisition of high-resolution images of the cells, transmission electron 

microscopy (TEM, Talos F200X, FEI), and TEM combined with energy 

dispersive X-ray spectroscopy analyses were conducted.

Microstructure analysis with 3D reconstruction

The 3D reconstruction processes of 3DA-cells and Planar-cells were 

conducted using a FIB–SEM, dual beam system (Helios Nanolab G3 UC, 

FEI). To prepare the specimen for FIB tomography, epoxy resin (EpoVac 

System, Struers) was infiltrated onto the cathode and was cured for a day. 

After overnight curing, repeated FIB slicing and SEM imaging were 

performed with a thickness of 30 nm along the z-axis. 3D reconstructions 

from both cells were analyzed based on additional processes (e.g., aligning, 

sectioning, trimming and characterizing), and the structural variables were 

measured with the Avizo 9.0 software package (FEI VSG).
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4.3. Results and Discussion

4.3.1. 3D ceramic architectures with microscale ceramic imprinting

Typical ceramic materials composed of strong covalent/ionic bonds 

yield high-elastic moduli and low-ductility responses. These hard and 

brittle mechanical properties suppress the plastic deformation compared to 

other soft and ductile materials, polymers, and metals. Thus, ceramics have 

a limited capability to deal with defects, fractures, and molding. As a result, 

it is very difficult for us to fabricate large-sized structures, or precisely 

implement microscale architectures using only ceramic matrices. A SOFC, 

a typical ceramic-based energy device, has been studied as a two-

dimensional multilayer membrane with small-sized and plain-shaped 

structures owing to the property limitations of the ceramics. Considering 

that nonceramic energy devices have recently led to innovative 

breakthroughs, reducing the internal resistance and increasing the reactive 

interface area in applications of 3D architectures, these limitations of the 

SOFC structure are unfortunate10,22. To achieve the advantages of 3D 

architectures in ceramics, we developed the MCI process using the 

polymer-to-ceramic matrix transition, and applied it to the anode substrate 

in SOFCs. Figure 4.1a–c shows the process flow for the fabrication of a 

3D SOFC architectures in three steps: i) the preparation of an imprinting 

mold, ii) pattern imprinting on an anode substrate, and iii) multilayer thin-

film deposition. As shown in Figure 4.1a, we obtained the first 
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polydimethysiloxane (PDMS) replica from a silicon master, and we 

fabricated a final polyurethane acrylate (PUA) mold using a cured PDMS 

replica. The final imprinting mold has an equilateral, square pyramidal 

pattern with an edge length of 5 μm and a pitch of 2.5 μm (see Figure 4.1d, 

left column). Because a UV-curable PUA mold has an elastic modulus of 

350–10,000 MPa, which is hundreds times larger compared to PDMS, its 

mold patterns are not significantly deformed during the high-pressure 

conditions of the imprinting step39. These features of the PUA mold are 

advantageous for the pattern transfer process in ceramics. Along with the 

preparation of the rigid imprinting molds, the substrate preparation capable 

of plastic deformation and particle rearrangement in the imprinting process 

constitutes another key process. Although tape casting is a classical ceramic 

processing technique, we modified the processing conditions to consider 

rearrangement and packing of ceramic particles suitable for the MCI 

process. The polyvinyl butyral binder applied in this process has a low 

glass-transition temperature (approximately 80 °C) similar to the thermal 

lamination condition of the anode tapes. Accordingly, we could 

simultaneously proceed with the multilayer lamination of the anode tapes, 

and the application of the MCI processes on these tapes40. It also helps the 

rearrangement and packing of ceramic powder during lamination and 

subsequent heat treatment, thus ensuring that the transferred pattern 

structures are well maintained. This whole process can be explained by the 

principle of matrix transition and variations of the elastic modulus (E) of 

anode tapes as follows. Figure 4.1e shows the detailed fabrication steps of 

the anode-tapes and the relevant elastic modulus of anode tapes using the 
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MCI process. The measured elastic modulus of anode tapes are in good 

agreement with the reported experiments41–43 and clearly show the polymer-

to ceramic matrix transition with respect to the processing temperature. The 

imprinting step requiring plastic deformation has a polymer matrix (E ~ 10 

MPa) in which dominates the mechanical properties of the anode substrate, 

while the green ceramic substrate (E ~ 20 GPa) after the subsequent heat 

treatment manifests the electrochemical properties of the ceramics. The 

shape of the fabricated pyramidal pattern is shown in the scanning electron 

microscopy (SEM) images of Figure 4.1d that confirm that pattern 

imprinting was successfully performed before and after annealing. Figure 

4.2 shows the imprinted interface with various shapes (e.g., lines, prisms). 

Based on these, we can confirm that the MCI process is useful for 

fabricating microscale ceramic architectures without depending on pattern 

shapes. As a final step of this process, we fabricated the diffusion-barrier 

layer (DBL), electrolyte, and cathode layer, using thin-film deposition 

techniques, such as sputter and pulsed-laser deposition (PLD), to facilitate 

microscale 3D arichitectures and maximize cell performance. As shown in 

Figure 4.1c, the nanoscale anode functional layer (nAFL) contains few 

pores and a reduced surface roughness. This layer was deposited on a 

substrate by a sputtering process for reliable deposition of a dense 

electrolyte layer and a porous cathode layer. The nAFL layer was annealed 

at 1200 °C for 1 h, prevented the cracking of the electrolyte by metal 

agglomeration in a reducing atmosphere, and produced a substrate with 

fewer surface defects44. The electrolyte and DBL were then deposited with 

a different, subsequent sputtering process. We finally obtained a 3D SOFC 
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architecture based on the deposition of a La0.6Sr0.4CoO3−δ (LSC) cathode 

layer with a thickness of 3 μm using a PLD process. To understand the 

structural and electrochemical characteristics of a 3D SOFC architecture, a 

reference cell with planar interfacial structure was also prepared in this 

study using the same material and processing conditions. Hereafter, we 

respectively abbreviate 3D and reference planar-surface cell architectures 

as “3DA-cells” and “Planar-cells”.
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Figure 4.1. Fabrication of 3D ceramic multilayer architectures. 

Schematic illustrations of the (a) preparation of PUA mold from a 

PDMS replica, (b) molding process used to fabricate a 3D NiO–YSZ 

substrate architecture, and (c) implementation of the multilayer thin-

film deposition process. (d) Snapshots and SEM images of a PUA mold 

(left), as-imprinted NiO–YSZ anode tapes (top-right) and as-annealed 

NiO–YSZ anode tapes (bottom-right). (e) Variations of the elastic 

modulus of anode tapes with temperature.
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Figure 4.2. Schematics and SEM images of as-imprinted and as-

annealed states of prism- and line-shaped NiO–YSZ structures. All 

scale bars correspond to 10 μm.
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4.3.2. Superior power-generating performance with 3D architectures

Figure 4.3a shows the configuration and microstructure of the 3DA-cell 

obtained after the entire fabrication process is completed. To achieve a 

stable electrochemical reaction at a temperature (T) of 500 °C or higher, we 

chose Ce0.9Gd0.1O1.95 (CGO) and Y2O3-stabilized ZrO2 (YSZ) as thin DBL 

(thickness, t = 200 nm) and dense electrolyte (t = 1.5 μm), respectively. We 

applied them as CGO/YSZ multilayers on the NiO–YSZ anode substrate. 

Compared with the microstructure of the Planar-cell in Figure 4.4, we 

clearly clarify that the pyramidal pattern of the 5 μm edge-length was 

successfully fabricated in the 3DA-cell from the anode to the cathode layers. 

As shown in Figure 4.3b, we tested two different SOFCs (3DA-cells and 

Planar-cells), and obtained their cell potential (Vcell) and power density (PD) 

curves as a function of temperature using hydrogen and air as fuel and 

oxidants, respectively. The open-circuit voltage (VOC) of both cells were 

approximately 1.1 V. These were close to the theoretical values, and thus 

verified that the dense electrolyte and gas-tight sealing were successfully 

applied. Interestingly, the 3DA-cell exhibits superior electrochemical 

performance, which is improved by at least 17.6 % to 54.6 % compared to 

the Planar-cell in the entire temperature range. At the operating 

temperatures of 500 and 600 °C, the 3DA-cells yield maximum power 

densities (PDmax) of 0.523 and 1.417 W cm−2, while the Planar-cells yield 

respective PDmax values equals to 0.338 and 1.205 W cm−2. The issues on 

structural and electrochemical stability of a 3DA-cell, which can be result 

from the improved cell performance, were also examined based on a long-
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term cell operation at 550 °C under constant current load (0.6 A). As shown 

in Figure 4.5, this 3DA-cell exhibited degradation rates which were less 

than 0.01 % per hour in the 50 h tests. Based on these outcomes, this cell 

type is considered to have reasonable cell stability that is comparable to 

conventional powder-based planar-type SOFCs. In particular, most of the 

micro-SOFCs reported thus far have high Ohmic and electrode polarization 

resistances, and thus use noble metal catalysts or adopt free-standing 

membrane structures, which are very small in size, high in processing cost, 

and extremely low in cell stability34,35. By contrast, our 3DA-cells reported 

herein employed a 3D interface architecture that maximized the reaction 

area within the same projection area, and thus minimized the 

electrochemical resistance, while they maintained electrochemical cell 

stability in typical cell structures. We believe that this 3D structure 

achieved based on the use of the MCI and thin-film deposition processes 

can be fabricated in various ways, regardless of the material and cell 

configuration. Herein, we successfully reproduced the electrochemical 

advances of these 3D structures with CGO as the electrolyte material for 

use in challenging low-temperature operations. CGO materials with higher 

oxygen-ion conductivity at low temperatures were chosen as the main 

electrolyte instead of YSZ, and an ultra-thin YSZ film was then introduced 

as an electron-barrier layer to solve the leakage current of CGO in low 

oxygen partial pressure conditions. Considering the final structure of this 

3DA-cell in Figure 4.6a, we verified that the MCI process facilitate the 

fabrication of such complex configurations in a CGO-based 3DA-cell. The 

configuration and microstructure of this Planar-cell is also shown in Figure 
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4.7, thus allowing us to identify the unique 3D architectures of the 3DA-

cells and the difference in the microstructures between cells. Figure 4.6b

shows the electrochemical power-generating performance of two CGO-

based cells with or without the 3D structures. This CGO-based 3DA-cell 

exhibits notable PDmax values equal to 0.233 and 0.931 W cm−2 at 400 and 

500 °C, respectively, which yield better performance by approximately 86 

and 76 % compared to the corresponding Planar-cell at the same 

temperature.
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Figure 4.3. (a) Schematic illustration (left) and SEM images (right) of a 

YSZ-based 3DA-cell. The inset show the magnified SEM image of a 

pyramidal structure. (b) Potential and power density curves of 3DA-

cells and Planar-cells at three different operating temperatures.



114

Figure 4.4. (a) Schematic and (b) SEM images of an YSZ-based 

Planar-cell.
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Figure 4.5. Recorded test results of a YSZ-based 3DA-cell during a 

period of 50 h. (a) Measured cell potential in the presence of a constant 

current load of 0.6 A at 550 °C and (b) cell potential and power density 

curves at 0 and 50 h.
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Figure 4.6. (a) Schematic illustration (left) and SEM images (right) of a 

CGO-based 3DA-cell. The inset show the magnified SEM image of a 

pyramidal structure. (b) Potential and power density curves of 3DA-

cells and Planar-cells at three different operating temperatures.
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Figure 4.7. (a) Schematic and (b) SEM images of a CGO-based Planar-

cell.
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4.3.3. Microstructural and electrochemical analysis of 3D-

architectured SOFCs

We investigated the origins of the excellent electrochemical 

performances of the 3DA-cells based on various quantitative analyses. As 

mentioned above, our 3DA-cells have 3D interface structures based on the 

use of the MCI and thin-film deposition processes. Therefore, we used 

more rigorous and comprehensive methods to analyze electrochemical data 

related to electrochemical performance improvements in 3DA-cells. The 

3D reconstruction technique with focused-ion beam (FIB) and SEM helped 

us clearly quantify the configuration and dimensions of the architectures of 

the 3D ceramic multilayers which were implemented in the 3DA-cells. We 

analyzed the 3DA-cell and the Planar cell with respective dimensions of 

6.09 × 6.09 × 13.08 μm3 and 6.09 × 6.09 × 12.51 μm3 in the x, y, and z

directions. As shown in Figure 4.8a and Table 4.1, the segmentation and 

reconstruction of each layer was successfully performed, and all 

quantitative values related to the 3D structure were obtained. As we 

expected, the measured surface area of a 3DA-cell was approximately 23 % 

larger than that of the Planar-cell. This increase in the surface area of the 

3DA-cell is approximately 71 % of the theoretical value (i.e., overall 

surface area of the pyramidally shaped imprinting mold), which is 

reasonable considering the densification occurring in the thermal annealing 

process. The thickness reduction of the electrolyte deposited by the sputter 

was also confirmed. Using the same sputtering conditions, we confirmed 

that the increased interface area of the 3DA-cell has a smaller electrolyte 
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thickness by approximately 28 % compared to the Planar-cell. We 

quantitatively verified that these structural changes of the 3D reaction 

interface were closely related to the electrochemical characteristics based 

on the measured EIS spectra of each cell as a function of temperature. As 

shown in the EIS results of Figure 4.8b, we examined the evoked effects 

following the increases of the interfacial area and decreases of the 

electrolyte thickness in 3DA-cells based on the analysis of their 

polarization ASR (ASRpol) and Ohmic ASR (ASRohm) responses. The 

ASRpol value of the 3DA-cells at 0.75 V was 0.395 Ω·cm2, which was 

approximately 19 % lower than that of the Planar-cell (i.e., 0.488 Ω·cm2). 

This result was attributed to the increased reaction sites of the 3DA-cell for 

oxygen-reduction reaction (ORR) compared to the Planar-cell. Similarly, 

the ASRohm of the 3DA-cell was 0.161 Ω·cm2 at 0.75 V, which was 

approximately 52 % lower than that of the Planar-cell (0.337 Ω·cm2). The 

increase in interfacial area and the decrease in electrolyte thickness 

simultaneously contributed to the Ohmic resistance associated with 

oxygen-ion transport. The reduction of ASRohm in the 3DA-cell is thus 

explained. Figure 4.8c shows the ASR values of the CGO- and YSZ-based 

3DA-cells in the forms of Arrhenius plots in the Ohmic and polarized parts 

over a broad temperature range. The overall resistance of the 3DA-cell was 

lower than that of the Planar-cell in every aspect, but the reduction in 

resistance due to the 3D interfacial effect appears to be greater in the low-

temperature region and in the Ohmic part. The reduction in the polarization 

resistance due to the 3D interface is also more effective at low temperatures, 

but the improvement in the cell performance is limited owing to the 
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polarization resistance which increases considerably in the low-temperature 

region.

The SOFC with the 3D structure implemented in this study is an 

innovative achievement of ceramic processing that is completed based on 

the combination of the MCI and thin-film deposition processes. We 

successfully fabricated a SOFC with increased electrochemical 

performance and stability that ranged from low to intermediate 

temperatures, regardless of material and cell configuration. Although there 

are some reports on the 3D structures in the field of SOFCs32–38,45–47, our 

3DA-cells are superior to the existing ones in terms of the total power 

output (Ptotal) and degradation rate of the cell. As shown in Figure 4.9, 

Figure 4.10 and Table 4.2, we summarize the electrochemical performance 

of our 3DA-cells and the previously reported 3D SOFC architectures in the 

literature32–38,45,46 with respect to the various electrochemical benchmarks 

(e.g., VOC, PDmax, Ptotal, and degradation rate). As shown in Figure 4.9, the 

total power output and cell stability of the silicon-based 3DA-SOFCs (blue 

region) is very poor owing to the limitations of cell size and configuration, 

while the macroscale 3DA-cell (orange region), which includes laser 

processing and imprinting, has limitations in the cases of low PDmax and 

high-temperature operations owing to the thick electrolyte layer. By 

contrast, this study achieved the highest PDmax value at the largest area (1 × 

1 cm2) compared to previous reports, thus showing a W-scale output that is 

two to three orders of magnitude higher compared to corresponding values 

reported in the literature32–36. At the same time, we note that our results 

attained a satisfactory cell stability based on the achievement of a 
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reasonable degradation rate of 0.1 % per hour, despite the complicated 3D 

structure.
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Table 4.1. Detailed structural information of 3DA-cells and Planar-cells 

obtained from the 3D reconstruction technique.

Cell type
Sample 

dimension 
(μm)

Interface area of 
LSC and CGO

(μm2/μm3)

Film thickness (μm)

YSZ 
electrolyte

CGO DBL

3DA-cell 6.09 ´ 6.09 ´
13.08

1.286 1.29 0.20

Planar-cell
6.09 ´ 6.09 ´

12.51
1.047 1.79 0.33
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Table 4.2. Comparison of electrochemical performance of the 

developed (this study) and previously reported 3D SOFC architectures.

Ref
Acathode

(mm2)
VOC

(V)

PDmax

(W 
cm−2)

Ptotal

(W)
T

(℃)
Degradation 

test
Patterning 

process
Substrate 

type

[32] 0.01 0.85 0.186 2´10−5 450 N/A

Etching

Si substrate 
(free-

standing 
membrane)

[33] 0.36 1.09 0.861 3´10−3 450 N/A

[34] 0.002 1.05 1.300 2´10−5 450
30% loss 

per h

[35] 0.01 1.10 1.340 1.3´10−4 500
20% loss

per h

[36] 1.262 1.04 0.317 4´10−3 400
Stable VOC, 

30 h
[37] 50 1.1 0.280 0.140 800 N/A Laser 

process
YSZ 

electrolyte 
support

[38] 50 1.1 0.251 0.126 800 N/A

[45] 50 1.14 0.066 3.3´10−2 800 N/A
Spray 

coating

[46] 64 ~1.1 0.095 6.1´10−2 800 N/A
Powder 
imprint

This 
work

100 1.10 1.417 1.417 600 N/A
Microscale 

Ceramic 
Imprinting

Ni-YSZ 
support

100 1.10 0.982 0.982 550
0.01% loss 

per h
100 1.10 0.523 0.523 500 N/A
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Figure 4.8. (a) 3D reconstructed cell structure for one repeating unit of 

the compartment of a YSZ-based 3DA-cell.  (b) Measured impedance 

spectra of 3DA-cell and Planar-cell at the cell potential of 0.75 V at 

operating temperature of 500 °C. The calculated structural parameters 

of 3DA-cells and Planar-cells are obtained with the use of the 3D 

reconstruction technique. (c) Arrhenius plot of the ASRohm and ASRpol

of 3DA-cells and Planar-cells at various operating temperatures.
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Figure 4.9. Comparison of the total power output in this work 

compared to the previously reported 3D SOFC architectures as a 

function of temperature.
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Figure 4.10. Comparison of the maximum power density in this work 

compared to the previously reported 3D SOFC architectures as a 

function of temperature.
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4.4. Conclusions

In summary, we developed a novel MCI process to achieve a 3D 

interface of ceramic materials, and integrated it with vacuum thin-film 

deposition to develop high-performance SOFCs. Although ceramic 

materials have been limited in applications of the imprinting process using 

elastic and/or plastic deformation, we successfully performed microscale 

imprinting of ceramics based on the utilization of complementary polymer 

additives and polymer-to-ceramic matrix transition. Particularly, this 

technique enables the implementation of a one-step process of thermal 

lamination and the microscale pattern imprinting of polymer–ceramic 

composite sheets to fabricate easily an anode substrate with 3D interface 

architectures. Herein, a pyramidally shaped pattern with an edge length of 5 

μm was implemented over a large area (1 ´ 1 cm2). Furthermore, the SOFC 

with a 3D interface was fabricated using various ways, regardless of the 

material and cell configurations, based on its combination with a multilayer 

thin-film deposition process. These cells yielded PDmax values which were 

approximately equal to 1 W cm−2 at 550 °C, and a performance 

improvement of approximately 30 % compared to typical Planar-cell types 

using the same material and deposition process. The quantitative analyses

with the 3D reconstruction and EIS techniques showed that the increased 

surface area of a 3DA-cell resulted in the reduction of the electrolyte 

thickness and the increase of the ORR active sites. Correspondingly, the 

total ASR was reduced by approximately 32 % compared to the planar 
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reference cell types. The 3D SOFC architectures fabricated herein exhibited 

an outstanding electrochemical performance among the SOFCs reported 

previously in terms of the various electrochemical benchmarks (i.e., PDmax, 

Ptotal, and degradation rate). The development of a novel MCI process and 

its application to ceramic fuel cells with microscale interfaces marked a 

milestone in the microscale ceramic process. Accordingly, these will be 

applied as a core technology to achieve an innovative breakthrough in 

various ceramic devices in the future.
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Chapter 5.

Conclusion

5.1. Conclusion

In summary, we have developed multiscale LT-SOFCs with various 

three-dimensional architecturing technologies. First, each layer of the fuel 

cell was fabricated via an ESD process, a continuous process at the 

atmospheric pressure, which can produce uniform membranes. In particular, 

we analyzed the role of polymer dispersant on the microstructure after 

sintering process to establish a methodology of fabrication of a dense 

electrolyte layer and a uniform porous cathode layer. From those methods, 

the full cell was fabricated using the ESD process on the anode support. 

Next, we suggested an advanced precursor-solution ESD process that is 

suitable to form nanoparticles for the multiscale electrode architecturing. 

The previously reported precursor-solution ESD method was difficult to 

fabricate thin films due to high substrate temperature and high flow rate. 

However, by decreasing nozzle-tip diameter, we established stable spray 

condition on a room-temperature substrate. The optimized precursor-

solution ESD process was applied to the researches of nanoscale interlayer 

and the development of novel infiltration process. The fuel cell with the 

LSC-CeO2 nanoscale interlayer showed higher cell performance than the 
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reference cell due to the increased triple phase boundary and strengthened 

adhesion properties. In addition, we developed a humidification-assisted 

ESD infiltration process that can uniformly infiltrate the precursor-solution 

into the entire electrode area and control the degree of infiltration through 

the combination with the humidification system. From the effect of 

homogeneously formed nano-catalysts, the cell with the ESD infiltration 

process using humidification showed higher maximum power density than 

the cell with the conventional infiltration process. Finally, to maximize the 

effect of multiscale electrode architecturing technologies, a fuel cell with a 

three-dimensional interface structure was required. We used polymer-to-

ceramic matrix transition strategy for three-dimensional interface 

architecturing. An anode support with a three-dimensional interface 

structure was fabricated by a microscale ceramic imprinting method. Then, 

combined with thin film technology, a three-dimensionally architectured 

SOFC was fabricated. The YSZ-based 3DA-cell showed higher 

performance than the YSZ-based planar-cell and resulted in high stability. 

As a result, the LT-SOFC was implemented by fabricating a CGO-based 

3DA-cell with a power output of 1 W at an operating temperature of 

500 ℃.
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5.2. Future direction

We have developed three-dimensional electrode architecturing 

technologies and a three-dimensional interface architecturing technology to 

implement an LT-SOFC. In this part, we will describe the future strategies 

for the advancement of each technology and the integration of technologies.

At three-dimensional interface architecturing in chapter 4, fuel cell 

performance enhances in proportion to the increased interface area. 

Therefore, it is advantageous to use a pattern with a large interface area to 

enhance the cell performance. The pyramid pattern used in this study has a 

theoretical area increase rate of 32.5 % compared to the flat structure. 

While, if a prism pattern or a line pattern was used, it could be 

advantageous to improve the performance since the area increase rate is 

41.4 % and 100 %, respectively. And also, as shown above, a prism or line 

shaped anode support could be fabricated. However, the valley structure of 

the prism pattern and the vertical lateral structure of the line pattern cause 

serious problems in the subsequent electrolyte deposition process. The 

SOFC electrolyte has to be dense to prevent gas mixing, but cracks in the 

valley structure of the prism and poor step coverage characteristics of the 

vertical lateral structure of the line cause defects in the electrolyte structure 

and result in low performance. Therefore, it is necessary to use a pattern 

that has no valley or sharp structure and is suitable for conformal coating. 

We believe that a high-aspect ratio cone pattern and a tetrahedral structure 

pattern could be breakthrough alternatives, and plan to experiment.
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Next, we will discuss the combination of three-dimensional interface 

architecturing technology and other deposition processes besides thin film 

technology. The process of depositing the electrolyte layer on the anode 

support before annealing is limited. If screen printing is used, which is the 

traditional method of fabricating electrolytes, the three-dimensional 

architectures on the anode support may be removed due to the pressure of

the blade through the mesh. And, if lamination method with tape casted 

electrolyte sheet is used, large pores will be generated at the interface 

between anode and electrolyte. Spin coating and atomic layer deposition 

(ALD) processes are also difficult to apply because of high surface 

roughness of patterned anode support. Therefore, the applicable electrolyte 

deposition processes are sputtering, PLD and ESD. Since the ESD process 

is an aerosol deposition method, it is not affected by the surface roughness 

and can maintain the pattern structure. From the use of ESD process, we 

fabricated a dense YSZ electrolyte layer on the prism shaped anode support. 

CGO diffusion barrier layer and cathode layer were deposited to fabricate 

full cell. The fabricated SOFC showed ~ 1.1 V OCV, which is close to the 

theoretical value, and higher cell performance than the flat shape cell. 

However, structural asymmetry from a flat electrolyte/cathode interface 

could be controversial in electrochemical analysis and require further 

studies.

So far, various technologies have been suggested in this thesis to lower 

the SOFC operating temperature. Researches to lower the SOFC operating 

temperature through the development and integration of multiscale

architecturing technologies should be advanced. We hope that our 
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technology will contribute to accelerating the application of SOFC to 

mobile systems such as electric vehicles and unmanned aerial vehicles.
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3 차원 아키텍처링을 이용한 멀티스

케일 저온형 고체산화물 연료전지

Abstract (in Korean)

서울대학교 대학원 기계항공공학부

신 성 수

요약

차세대 에너지 변환 분야인 연료전지는 공해물질 배출이 없는

친환경 전기화학 소자이며 중량대비 에너지 출력이 높은 특징이

있다. 그 중 고체산화물 연료전지는 발전효율이 가장 높으며 수소

이외의 연료를 내부 개질을 통해 사용할 수 있다는 장점이 존재한다.

하지만 전통적인 고체산화물 연료전지는 700 ℃ 이상의 고온 구동에

의한 열적 성능 저하 현상, 높은 시스템 유지 비용, 이동형 소자로의

적용이 어려운 문제점이 존재하고, 따라서 저온형 고체산화물

연료전지 구현을 위한 구조 개선 등의 연구가 주목을 받고 있다. 본

학위 논문에서는 저온형 고체산화물 연료전지 구현을 위해 기존

연구의 한계를 극복한 멀티스케일 전극 아키텍처링 기술과 새로운

3차원 계면 아키텍처링 기술을 개발하였다.

먼저, 분말-현탁액 전기분사 증착 공정을 이용해 고체산화물

연료전지 각 요소들의 구조를 최적화하고, 최적화된 구조들로 제작된

연료전지의 고온에서의 안정적인 구동을 확인하였다. 우리가

집중해서 연구한 부분은 전기분사 증착 공정 시 현탁액 안의 세라믹
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파우더와 고분자 바인더의 질량비에 따라 소결 후의 구조물 모양이

달라지는 현상이었다. 이에 연료극과 공기극 사이의 기체 이동을

차단하기 위한 치밀한 전해질 층 제작을 위해 polyvinyl butyral 

고분자 바인더를 사용하였고, 공기 유동을 위해 다공성이어야 하는

양극 층 제작을 위해 polyvinylpyrrolidone 고분자 바인더를

사용하였다. 양극 분말과 고분자 바인더의 1:1 질량비 조건에서

균일하게 분산이 된 양극 층을 제작할 수 있었으며, 입도 분석과

전자주사현미경 분석을 통해 현탁액의 분산 정도가 증착 직후

구조뿐만 아니라 소결된 구조에도 영향을 미치는 것을 확인할 수

있었다. 결국 최적화된 전해질 구조, 양극 구조를 갖는 연료전지는

작동온도 650 ℃에서 805 mW/cm2의 최고출력밀도를 기록하였으며, 

작동온도 650 ℃, 0.4 A/cm2의 일정한 전류밀도 조건에서 100 

시간동안 1.5 %의 열화율을 기록, 장기 안정성 측면에서도 뛰어난

것을 확인하였다.

다음으로, 전구체 용액 전기분사 증착 공정을 통해 세라믹 박막

제작 기술과 새로운 침투 공정 기술, 두 가지 다른 공정 기술을

개발하여 멀티스케일 전극을 구현하였다. 첫 번째로, 세라믹 박막

제작 기술을 통해 나노중간층을 제작하고 고체산화물 연료전지

전해질 층과 양극 층 사이에 적용을 한 연구를 진행하였다. 이전

연구에서는 분말-현탁액 전기분사 증착 공정을 이용해 마이크로

두께의 구조물을 제작하였다면, 후속 연구에서는 전구체 용액

전기분사 증착 공정을 이용해 마이크론 이하 두께의 박막 구조물을

제작하였다. 특히, 본 연구에서는 8 μm 팁 지름의 실리카 노즐을

사용하여 에탄올에 비해 표면장력이 세 배 정도인 탈이온수를

용매로 사용하는 전구체 용액의 안정적인 분무 조건을 확립하게
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되었다. 이를 통해 제작된 nano adhesion layer (nAL)과 nano 

cathode functional layer (nCFL)을 고체산화물 연료전지 전해질 층과

양극 층 중간에 삽입하여 nAL-cell과 nCFL-cell을 제작하였고, 

나노중간층이 없는 Ref-cell을 제작하여 세 가지 연료전지의 성능을

평가하였다. 그 결과 nCFL-cell의 경우 nAL-cell과 Ref-cell에

비해 작동온도 650 ℃에서 각각 18 %, 13 % 증가한 최고출력밀도를

기록하였으며, 이는 전해질 층과 양극 층 사이에 삽입된

나노중간층에 의해 물리적인 접착이 좋아짐에 따른 산소 이온

이동경로의 증가와 감소한 LSC 입자 크기에 따른 산소환원반응

면적의 극대화에 의한 것이다. 두 번째로, 새로운 침투 공정을 통해

전극 구조를 개선함으로써 고체산화물 연료전지 성능을 향상시키는

연구를 진행하였다. 전통적인 침투 공정은 마이크로피펫을 이용하여

전구체 용액을 전극 위에 떨어뜨리는 간단한 방법으로 진행되었다.

하지만 전극 전 표면에 균일하게 침투되지 않는 문제점이 존재하고, 

침투된 전구체 용액의 유동을 조절하기 힘들다는 단점이 존재한다.

본 연구에서는 전구체 용액 전기분사 증착 공정을 이용해 전극 전

표면에 균일하게 증착을 하고 가습의 정도에 따라 전구체 용액

침투의 정도를 조절할 수 있는 새로운 침투 공정 방법을 개발하여

연료전지에 적용하였다. 우리의 새로운 침투 공정을 적용시킨

연료전지는 전통적인 침투 공정을 사용한 연료전지와 침투 공정을

사용하지 않은 연료전지에 비해 작동온도 650 ℃에서 각각 15 %, 

215 % 증가한 최고출력밀도를 기록하였으며, 이는 가습을 통해

균일하게 침투된 전구체 용액이 소결 거동을 거치면서 산소환원반응

면적 증가 등 전극 반응 메커니즘에 도움을 주었기 때문이다.

마지막으로, 고체산화물 연료전지 음극 지지체 제작 방법인 테이프
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라미네이션 방법과 마이크로 패턴 임프린팅 기술을 결합한 마이크로

세라믹 임프린팅 기술을 개발하여 박막 증착 공정을 이용해 3차원

고체산화물 연료전지를 제작하는 연구를 진행하였다. 세라믹 물질은

열에 강하고 경도가 높으나 부서지기 쉬운 성질이 있기 때문에

마이크로 단위의 표면 패터닝이 힘들다고 알려져 있다. 본

논문에서는 이를 해결하기 위해 고분자-세라믹 복합체 상태인 음극

테이프와 마이크로 패턴이 새겨진 고분자 몰드의 라미네이션을

진행하여 피라미드 패턴이 된 음극 지지체를 제작하였다. 음극

지지체 위에는 스퍼터링과 pulsed laser deposition 공정을 이용해

연료전지를 제작하였다. 라미네이션 과정에서 PUA 고분자 몰드가

없는 평면 구조의 연료전지를 Planar-cell이라 하고 3차원 피라미드

모양으로 제작된 연료전지를 3DA-cell이라 하였다. 3DA-cell 

제작에 있어서 YSZ 전해질 구조 연료전지와 CGO/YSZ/CGO 복합

전해질 구조 연료전지를 제작하였는데, 이는 우리의 공정이 물질적인

제한 없이 적용 가능한 것을 의미한다. 제작된 연료전지들의 성능을

측정하였을 때, 작동온도 500 ℃에서 YSZ 기반 3DA-cell과 CGO 

기반 3DA-cell은 각각 0.523 W와 0.931 W의 최고출력을 기록하여

YSZ 기반 Planar-cell과 CGO 기반 Planar-cell의 0.338 W, 0.530 

W에 비해 각각 55 %, 76 % 높은 성능을 기록하였다. 우리가 제작한

피라미드 구조 연료전지의 출력은 지금까지 보고되었던 3차원으로

제작된 고체산화물 연료전지의 출력에 비해 높은 것을 확인할 수

있었다. 또한 YSZ 기반 3DA-cell의 경우, 작동온도 550 ℃, 0.6 

A/cm2의 일정 전류밀도 조건에서 장기 안정성 평가를 진행하였고

0.01 %/h 열화율을 기록, 높은 안정성과 함께 실제 구동 가능한

출력을 보이는 것을 확인하였다. 
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