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Abstract  
 

Multiscale Structured Metal Support for Low-

Temperature Thin Film Solid Oxide Fuel Cells 

 

 

Despite decades of global efforts to combat global warming, the global average 

temperature continues to rise. In order to limit the continuously increasing carbon 

dioxide emissions, it is essential to develop alternative clean energy, and fuel cell 

technology is drawing attention as a candidate. Among various fuel cells with their 

unique characteristics, solid oxide fuel cells (SOFC) are in the spotlight as the most 

attractive candidate to replace fossil fuels due to their high efficiency and utility. 

SOFC is not only highly efficient but also has the characteristics of being able to use 

various fuels and catalysts. However, due to the high working temperature, the 

system is easily degraded, and there is a limitation in material selection. Due to these 

problems, there have been many obstacles in the commercialization of SOFCs. 

Therefore, to increase the technological level of SOFCs, developing a fuel cell with 

superior electrochemical performance is necessary even in a low-temperature (< 

500 ℃) region. Both ohmic loss and polarization resistance increase at low-

temperature operating conditions compared to operating at high temperatures. 

Reducing these losses is the only way to achieve the required performance at low 

temperatures. There is a technique for lowering the ohmic loss that involves thinning 

an electrolyte in order to decrease the ion conduction length. Unlike the high-

temperature sintering process, which is manufactured to a thickness of 10 

micrometers, thin-film electrodes and electrolytes can be manufactured through 

PVD and CVD, which significantly reduces ohmic resistance. However, to apply the 

thin film process, the porous substrate must have appropriate pores of several 
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microns, and the surface must also be uniform. Due to these limitations, the thin film 

process could not be applied to metal support advantageous for commercialization. 

Therefore, this research developed a low-temperature manufacturing process to 

control the pore structure of the porous supporting metal to apply a thin film process 

and minimize the oxidation of the base material of support during the SOFC 

production processes. 

An easy and simple process was used to control the surface of the metal support. 

A vacuum filtration process was used to reduce the pores of the metal support. Nickel 

powders of different sizes were sequentially filled into the pores of the metal support, 

and finally, surface pores and roughness were reduced by using ceramic GDC 

powder. After the vacuum filtration process, a rigid nickel network was formed 

without deterioration of the metal support by sintering in a hydrogen environment at 

700 ℃. Through this, a surface with pores of several tens of nanometers was 

produced, and it was verified that the thin film process could be applied. For 

durability verification, it was confirmed that the surface structure did not change 

even after 12 hours of operation at 500 ℃. 

The size of the pores of the developed metal support is small enough, but the 

pores are randomly distributed, so it is important to secure OCV through dense 

electrolyte preparation. In the case of manufacturing an electrolyte through a 

sputtering process, pinholes generated from the characteristics of the process may 

act as defects in the electrolyte. Therefore, a method capable of reducing such defects 

and increasing the ionic conductivity of the electrolyte has been developed. The grain 

size and grain boundary density of the electrolyte was controlled by adjusting 

temperature conditions during the sputtering, and characteristic changes were 

observed. Since the grain boundary has ion conductivity 1 to 2 times lower than that 

of the grain core, the grain size may be increased through high-temperature 
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deposition to reduce the density of the grain boundary. A high-temperature 

deposition process was applied to the manufacture of YSZ and GDC electrolytes to 

reduce losses incurred during ion conduction in the electrolyte. Finally, YSZ/GDC 

bilayer electrolyte was applied to metal support to ensure the electrochemical 

performance of 699 mW/cm2 at 500 ℃. 

In order to analyze additional elements of the developed metal-supported TF-

SOFC, various composition ratios of the anode were fabricated and investigated. For 

the consistency of the process, all elements were manufactured by the sputtering 

process, and in the case of the anode, NiO-GDC electrodes were manufactured 

through reactive co-sputtering. Electrodes of various volume ratios were 

manufactured by controlling the applied power, and their performance was compared. 

Finally, the anode with a volume ratio of about 1:1 showed the highest 

electrochemical performance, and a thermal cycle experiment was conducted to 

verify the thermal durability of the developed TF-SOFC. As a result, it was 

confirmed that the performance was maintained even after 5 thermal cycles. 
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Chapter 1. Introduction 

 

1.1. Motivation 
 

Despite global efforts to slow global warming, global CO2 emissions are still 

rising. As a result, the global average temperature rose without interruption (33.3 

metric gigatons of global energy-related CO2 emissions in 2019) [1]. The 

temperature rise is causing abnormal climates, and the damage caused by climate 

change is also increasing. In response to this climate crisis, many countries are 

implementing stricter carbon emission regulations, spurring the development of 

renewable energy that could replace existing fossil fuels. Wind power, solar cell, and 

fuel cells were widely known as renewable energy sources. Among them, fuel cells, 

unlike other alternative energy sources, are less affected by the operating 

environment, so they can continuously produce energy. In addition, fuel cells have 

superior gravimetric energy density among various electronic devices, as described 

in Figure 1. Therefore, fuel cells with high utility as an energy device that can replace 

fossil fuel is in the spotlight. 

The fuel cell has high efficiency because it generates electrical energy directly 

from chemical energy without mechanically moving parts. The electrochemical 

reaction that produces electricity occurs in spatially separated anodes and cathodes 

based on the electrolyte. A hydrogen oxidation reaction (HOR) takes place at an 

anode, an oxygen reduction reaction (ORR) takes place at a cathode, and electrons 

move due to the potential difference between the two electrodes [2]. Ions are 

conducted through an electrolyte, electrons move through an external conducting 

wire, and the flow of these electrons may be used for an external device. 
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Figure 1. Ragone plot for energy density comparison of various electronic devices 

[3] 

 

Various types of fuel cells are classified according to the electrolyte, and the 

operating temperature is determined according to the characteristics of the 

electrolyte. Representatively, there are alkaline fuel cells (AFCs), Phosphoric acid 

fuel cells (PAFCs), polymer electrolyte membrane fuel cells (PEMFCs), molten 

carbonate fuel cells (MCFCs), and solid oxide fuel cells (SOFCs), and their 

characteristics are summarized in Table 1. In the case of a fuel cell operating in a 

low-temperature area (60-220 ℃), Pt, a precious metal, is mainly used as a catalyst, 

which causes a high cost for the stack. On the other hand, in the case of fuel cells 

operating at a high temperature (> 600 ℃), Ni and perovskite materials could be 

used as catalysts so that they would have price competitiveness. In addition, fuel 

cells operating at a high temperature have the characteristic of fuel flexibility in that 

they can work with fuels other than hydrogen. In particular, SOFC, which has a high 

operating temperature, has the highest efficiency among fuel cell types. 
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Table 1. Characteristics classification of various fuel cells [2] 

 

A typical H2-O2 operating SOFC structure is illustrated in Figure 2. In SOFCs, 

the supplied H2 and O2 react at the anode and cathode, respectively. And, the 

reactions that occur in the electrodes are as follows. 

Anode ∶ 𝐻2 + 𝑂2− →  𝐻2𝑂 + 2𝑒− 

Cathode ∶  
1

2
𝑂2 + 2𝑒− →  𝑂2− 

SOFCs using a solid-state ceramic electrolyte have ion conductivity in a high-

temperature environment. Examples of widely used electrolytes include a ZrO2-

based electrolyte and a Ceria-based electrolyte. A typical ZrO2-based electrolyte is 

yttria-stabilized zirconia (YSZ). YSZ has excellent oxygen ion conductivity and 

chemically stable characteristics at high temperatures [4,5]. In addition, 

manufacturing costs are low compared to other electrolyte materials. Because of 

these advantages, it is still used as an electrolyte in commercially available SOFCs 

[6,7]. For the CeO2-based electrolyte, the ionic conductivity is 1-2 orders higher than 



 

 4 

that of the YSZ. Therefore, when GDC is applied to a low-temperature SOFC, the 

loss due to a decrease in conductivity can be reduced. However, in the case of the 

Ceria-based electrolyte, Ce4+ is reduced to Ce3+ to have electrical conductivity when 

exposed to a reducing environment. The anode should be a stable material even in a 

high-temperature reduction environment, and a mixture of Ni and ceramic is mainly 

used. Using a nickel catalyst and a ceramic electrolyte together makes it possible to 

increase the reaction area of an anode. Cathode must be resistant to high-temperature 

oxidation environments, and perovskite materials are used. Lanthanum-strontium 

cobaltite (LSC), strontium-doped lanthanum manganite (LSM), and lanthanum-

strontium cobaltite ferrite (LSCF) are example of perovskite materials. 

 

 

Figure 2. Schematic of typical H2-O2 solid oxide fuel cell 
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As mentioned earlier, various substances applicable to SOFC have been 

reported, but the commercialization of SOFCs is still facing considerable challenges. 

The high operating temperature of SOFCs brings many benefits but also causes fatal 

drawbacks. The high operating temperature quickly degrades the fuel cell stack 

structure, resulting in limited usable materials. Materials suitable for high-

temperature environments increase the price of cells and become an obstacle to 

commercialization [8]. Therefore, in order to commercialize SOFCs, research to 

lower operating temperature and manufacturing cost should be preceded. Metal 

support-based thin film solid oxide fuel cells (TF-SOFCs) are promising candidates 

for improving the aforementioned problems. By applying the thin film electrolyte to 

porous metal substrate which can be manufactured inexpensively, a SOFC capable 

of operating at a low temperature can be manufactured. However, porous metal 

supports are vulnerable to high temperatures (> 1000 ℃) and oxidation 

environments required for the manufacture of electrodes and electrolytes deposited 

on the supports [9]. In addition, it is challenging to manufacture metal support having 

pores of a size capable of depositing a thin film. Therefore, low-temperature 

manufacturing procedures of the functional layer (electrodes and electrolytes) and a 

pore modification are crucial for the metal support-based thin film SOFC. 

 

 

 

1.2. Thin Film - Solid Oxide Fuel Cells (TF-SOFCs) 

 

The ionic conductivity of the ceramic electrolyte and the activity of the catalyst 
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diminish as the SOFC's operating temperature is decreased. As a result, the 

electrode's electrochemical reaction rate slows down, and ohmic loss from ion 

conductivity rises. Therefore, it is required to compensate for the loss brought on by 

the low temperature in other areas in order to lower the operating temperature while 

preserving the performance of the SOFC. There are two main ways to mitigate ohmic 

loss in terms of lowered ionic conductivity. The ohmic loss is expressed as follows. 

𝜂𝑜ℎ𝑚𝑖𝑐 = j
𝐿

𝜎
 

The first is the use of an electrolyte that has a high ion conductivity. The most 

common electrolytes used nowadays are CeO2-based electrolytes with good ion 

conductivity at low temperatures. Second, there is a technique for thinning the 

electrolyte. Since ohmic loss is related to electrolyte thickness, ohmic loss can be 

significantly decreased by thinning the electrolyte to less than a micrometer. 

However, a thin film electrolyte is produced using PVD and CVD procedures since 

it is difficult to fabricate a nano-thick electrolyte using the conventional 

manufacturing process. 

. 

 

1.2.1. Thin Film Deposition Process 

 

The physical vapor deposition (PVD) and the chemical vapor deposition (CVD) 

are representative processes for manufacturing thin films. Physical vapor deposition 

methods include sputtering, thermal evaporation, and pulsed laser deposition (PLD). 

The PVD process typically results in individual atoms or small atomic clusters being 

separated from solid or liquid sources and diffused within the vacuum chamber and 
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attached to the surface of specimen to form a thin film. The sputtering and PLD 

processes are briefly described in Figure 3. An inert gas (typically argon) is ionized 

in a vacuum chamber to perform sputtering. The sputter gun (target) acts as a cathode, 

and when a power is applied to the gun, Ar loses electrons due to the collision 

between electrons and argon and becomes Ar+, a cation. At this time, Ar+ collides 

with the target due to the attraction with the cathode due to the electric field. The 

atom is ejected from the solid target if the cation has sufficient kinetic energy to 

break the target's atomic bond. The separated atom is called a sputtering atom, and 

the process of forming a film by adhesion to another surface is called sputtering 

deposition. The sputtering process has the advantage of being easily applied to most 

materials that can be made into solid targets such as metals, ceramics, and 

composites. In addition, it is easy to control deposition variables such as chamber 

pressure, applied power, and deposition temperature, so a film having required 

characteristics can be manufactured through sputtering. Pulsed laser deposition is a 

photon-induced deposition process that generally uses ultraviolet excimer lasers 

such as KrF lasers. The majority of light pulses are absorbed by the target's surface, 

which causes the target material to vaporize and be ablated. Since the material is 

ablated while preserving the composition ratio of the target, it is effective in 

manufacturing a film having a composite composition including many elements. 

However, in the case of the PLD process, large-area deposition is difficult due to 

laser source constraints, so it is used in the early stages of material development and 

application. 
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Figure 3. Schematics of (a) sputter and (b) pulsed laser deposition 
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There is an atomic layer deposition (ALD) technique that is categorized under 

CVD that can be used to fabricate nano-thick films. ALD is generally constructed 

based on a unit cycle of four stages, each of which is depicted in Figure 4. Precursor 

pulsing is a process of supplying a precursor of the material to be deposited. The 

precursor is supplied either directly by vapor pressure or with an inert carrier gas 

(e.g. Ar). Purge is a process of removing the precursor remaining undeposited on the 

substrate by using an inert gas. The reactant pulsing process supplies a gas necessary 

for the reaction, such as oxygen, to remove the ligand of the precursor through a 

chemical reaction. Depending on the method of supplying energy necessary for a 

chemical reaction, there are thermal ALD and plasma-enhanced ALD (PEALD). By-

products of a chemical reaction are removed during the final purge step, and 

contaminants are eliminated by the flow of an inert gas.  An angstrom-scale film 

may be manufactured through four cycle steps, and a thin film of a desired thickness 

may be manufactured by repeating the cycle. ALD can produce high-quality thin 

films and has excellent step coverage even on surfaces with complex structures. 

However, since the thickness deposited per cycle is very thin (angstrom or nano 

scale), deposition time and cost are high. 
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Figure 4. Schematic procedure of plasma enhanced atomic layer deposition 

(PEALD) unit cycle 

 

 

1.2.2. Thin Film Solid Oxide Fuel Cells: Types 

 

Because the ion conduction path is short, applying a 1 micrometer level thin 

film can reduce ohmic loss. However, due to the ultrathin thickness, the mechanical 

strength is not sufficient, and if there are some internal defects, it may cause 

structural destruction or fuel penetration. Therefore, high density and defect-freeness 

are essential in the case of thin film electrolytes. In order to deposit an electrode and 
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a dense thin film electrolyte through the PVD process, it is essential that the 

deposited surface has an appropriate pore size and roughness. Figure 5 shows the 

configurations of the representative TF-SOFCs. The nano-sized holes on the AAO 

substrate, as depicted in Fig. 5(b), are highly aligned, making it appropriate for thin 

film deposition. Therefore, many studies on AAO-based TF-SOFC have been 

reported [10–21]. An outstanding study of TF-SOFCs using a nanoporous AAO 

substrate was reported in Cha’s research group. A thin film electrode and an 

electrolyte were deposited using both PVD and CVD processes, and the total cell 

thickness was less than 1 µm. A several nanometer thick YSZ electrolyte was applied 

to a Pt cathode using an ALD process with good step coverage, thereby preventing 

Pt agglomeration at a high temperature and increasing ORR activity by 2.5 times. 

This study is the first reported study on a method of improving durability and 

catalytic activity by coating electrodes [12]. In addition, research has been reported 

to improve the current collecting resistance of the electrode made of sputtering. The 

columnar structure of the electrode was modified by adjusting the sputtering 

conditions such as a target-substrate angle and the substrate rotational rate and based 

on this, the performance was improved by about 50%, thereby obtaining an 

electrochemical performance of 477 mW/cm2 at 500 ℃ [13]. Other research groups 

are also actively studying AAO-based TF-SFOCs. Lee et al. reported producing TF-

SOFC only by the sputtering method. On AAO, every component (anode, electrolyte, 

and cathode) was sputtered in turn and tested at 600 ℃ and 650 ℃. A fuel cell 

manufactured using low-cost and scalable processes exhibited excellent 

electrochemical performance of 1.7 W/cm2 at 600 ℃ [17]. 
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Figure 5. Schematics of (a) Free-standing and (b) AAO-based TF-SOFCs 

 

As illustrated in Fig. 5(a), free-standing refers to SOFC without a structure that 

supports electrodes and electrolytes in the reaction region. Such regular 

nanostructures can be manufactured by applying wet etching, reactive ion etching, 

and photolithography processes. Through the etching process, only a micro-area 

electrolyte is exposed, and then electrodes are deposited under and above the 

electrolyte. TF-SOFCs can be manufactured with nano-thick electrolytes, enabling 

performance verification at low temperatures [22–35]. Free-standing type TF-SOFC 

has been actively studied by professor Prinz’s research group. A free-standing 

nanostructure that can increase the reaction area was developed. A YSZ electrolyte 

with 70 nm thickness was deposited on a patterned Si wafer and tested at 450 ℃ or 

lower. The peak power density of the corrugated free-standing SOFC was 861 

mW/cm2, which was the greatest value at the time documented in the literature [25]. 
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Thereafter, a study was reported on increasing the reaction area by applying a 

pyramid-shaped nanostructure and increasing the catalytic activity by applying the 

YDC cathodic interlayer. And at 450 ℃, these 3D nanostructured SOFCs showed 

excellent electrochemical performance of 1.3 W/cm2 [30]. The free-standing SOFC, 

which shows high performance even at low temperatures, has limitations in terms of 

thermodynamic stability due to the ultra-thin thickness [36–38] and thus faces 

difficulties in large-area fabrication and commercialization. 

 

 

1.3. Metal-supported Solid Oxide Fuel Cells (MS- 

SOFCs) 

 

A supporting layer that provides mechanical rigidity is required for the anode, 

the electrolyte, and the cathode. As shown in Figure 6, each functional layer (anode, 

electrolyte, and cathode) can be made to have an appropriate thickness to act as a 

support layer and is categorized based on the type of supporting layer. An electrode 

and a cathode are supported by a thick electrolyte in the electrolyte-support type. If 

an electrolyte is produced through a high-temperature manufacturing process, a 

defect-free electrolyte can be produced. By employing a variety of deposition 

techniques, an anode and a cathode can be easily coated on either side of the prepared 

electrolyte to create electrolyte-supported SOFCs. However, it is necessary to 

operate at high temperatures when a thick electrolyte is used to ensure the required 

ionic conductivity. Therefore, it works at a high temperature of 850 - 1000 ℃ and 

faces disadvantages caused by high temperatures. The electrolyte can be 

manufactured to be thin for the cathode-supported type, but the oxygen mass 

transport resistance increases due to the cathode layer with a thick structure, resulting 
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in mass transport loss. Therefore, even in the cathode-supported SOFCs, it is 

challenging to drastically lower the operating temperature [2,39]. The anode-

supported and the metal-supported types have a similar structure in which the 

substrate supports three functional layers, and by thinning the electrolyte, the 

operating temperature of the SOFC can be effectively decreased. For this reason, it 

is the most widely studied structure of SOFC academically and industrially. 

 

 

Figure 6. Simple configuration of SOFCs according to the type of support 

 

In addition to the high degradation rate and material selection constraints caused 

by the high operating temperature of the SOFC, electrolyte-supported, cathode-

supported, and anode-supported types of SOFCs consist of brittle ceramics or cermet 

containing expensive materials (usually doped with rare earth elements) [39,40]. In 

contrast, the metal support SOFC uses only the functional layers as much as the 

thickness required for the electrochemical reaction. Functional layers are 
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sequentially deposited on the mechanical support in Figure 4(d), which is made of 

cost-efficient, highly permeable metal. Despite the advantages of low manufacturing 

cost and high productivity, the manufacturing procedure for metal-supported SOFCs 

requires consideration of many variables and consists of complex steps. The 

difficulty in the manufacturing process is caused by the sintering temperature 

difference between the functional layer made of ceramic and the metal substrate. 

YSZ, which is mainly used as an electrolyte, is manufactured at 1200 ℃ or higher 

for densification. Therefore, the metal substrate is easily oxidized and loses 

mechanical rigidity when exposed to the manufacturing temperature of the anode 

and electrolyte deposited on it [39–42]. In addition, at high temperatures, counter-

diffusion of Fe, Cr (from the metal substrate), and Ni (from the anode) causes 

deterioration of the performance of each component. Therefore, many solutions for 

alleviating these problems have been reported. In order to prevent the oxidation of 

the base materials of substrate in the high-temperature sintering process, studies for 

sintering a green sheet consisting of a metal, an anode, and an electrolyte in a 

hydrogen or nitrogen environment have been reported [43–47]. Y. Zhou et al. 

reported metal-supported SOFC using stainless steel 430L substrate. A porous 

stainless substrate, Ni-based cermet anode, and YSZ were laminated and sintered 

together. The oxidation of the base materials of substrate was suppressed by sintering 

in a reducing environment at 1300 ℃. The cathode fabricated by the impregnating 

method was also heat treated in a reducing environment at 850 ℃. The fabricated 

MS-SOFC showed a power density of 438 mW/cm2 at 800 °C [47]. Choi's research 

group has actively researched on MS-SOFCs and reported many results. [48–54]. A 

novel 3 phase anode was developed and tested on MS SOFC. La0.2Sr0.8Ti0.9Ni0.1O3-d-

YSZ-Ni composite anode, YSZ, and metal support were co-fired at 1250 ℃ in 

reducing environment. The cell showed excellent and stable electrochemical 

performance. The peak power density was 325 mW/cm2 at 650 ℃ and the measured 
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OCV was stable even after 100 times of thermal cycle [48]. 

In addition to sintering in a reducing environment at high temperature, 

numerous investigations have been reported to lower the sintering temperature. R. 

Hui et al. reported the plasma spray method for anode and electrolyte deposition at 

700 ℃. Without post sintering process, the button cell showed a high performance 

of 0.92 W/cm2 at 700 ℃ [55]. A case of electrolyte deposition using a physical vapor 

deposition method was also reported. S. Hui et al. fabricated MS-SOFC using 

stainless steel 430 substrates and tested at 400 – 600 ℃. The anode was deposited 

by spin coating, and the electrolyte was deposited by PLD. After depositing the 

electrolyte, the post-sintering process was conducted at 850 ℃ [42]. 

The above-mentioned two research directions are to suppress oxidation of the 

supporting metal using a reduction environment and to slightly lower the 

manufacturing temperature. However, a temperature close to 1000 ℃ is still required 

to densify the electrolyte. It is also necessary to take into account the materials' 

thermal expansion coefficient in order to employ such a high temperature. One way 

to reduce the complexity of this manufacturing process is to apply a low-temperature 

thin film manufacturing process. However, few studies have been reported on 

fabricating and experimenting with MS-SOFC through a low-temperature 

manufacturing process. This is because it is difficult to manufacture metal support 

having a surface to which a thin film process can be applied. Therefore, developing 

a substrate that can be used in the thin film deposition method is expected to solve 

the difficulties of the existing manufacturing process significantly. 
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1.4 This Thesis 
 

In order to apply the porous metal support and thin film process together to 

SOFCs, it is essential to secure a surface to which the thin film deposition process 

can be applied. Therefore, by using a facile and inexpensive method, pores of several 

tens of micro sizes were modified, and appropriate roughness and porosity were 

obtained. Since then, we have developed a sputtering process for the functional 

layers to manufacture high-performance TF SOFCs. Detailed research contents on 

the multiscale metal support fabrication process are in Chapter 2, the fabrication 

process of the electrolyte and anode of TF SOFCs are in Chapters 3 and 4, and the 

results are reviewed in Chapter 5. The details of each chapter are as follows. 

 

⚫ Chapter 2 describes the surface control process for multiscale surface 

structure of metal support. The developed methodology was prepared 

with minimal steps using Ni and GDC powders, a simple and 

inexpensive manufacturing method. Through the vacuum filtration 

process, two types of nickel powders were filled in pores and sintered 

in a reduced environment at 700 ℃ to obtain mechanical strength and 

conductive networks of the functional layer. To further lower the pore 

size, it was sintered after vacuum filtration of GDC powder of several 

tens of nanometers. The surface roughness, porosity, and surface 

morphology of the developed metal support were confirmed. A 

multiscale substrate was prepared, and then a porous NiO-GDC 

cermet anode and a YSZ electrolyte were sputtered. As a result, it was 

confirmed that the porous anode and the dense electrolyte were 

successfully deposited through surface analysis. 
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⚫ Chapter 3 describes the thin film electrolyte sputtering process for MS 

SOFC. First, a YSZ electrolyte was prepared through a reactive 

sputtering method. Changes in grain size and crystallinity according 

to the deposition temperature of the electrolyte were confirmed. Due 

to its lower grain boundary density (low ionic conductivity), YSZ that 

was deposited at a high temperature of 500 ℃ demonstrated the best 

electrochemical performance. By applying the same concept, the GDC 

electrolyte was also deposited at 500 ℃ to confirm its characteristics. 

In order to utilize the GDC electrolyte having high conductivity at low 

temperatures, a SOFC was manufactured by applying a bilayer 

structure of YSZ/GDC, and its effects and performance were verified.  

⚫ Chapter 4 describes the development of a co-sputtering method for the 

manufacture of NiO-GDC nanocomposite anodes. An anode for 

SOFCs is typically composed of Ni and GDC (or YSZ). In order to 

manufacture the composite electrode, a co-sputtering process of metal 

and ceramic may be used, and in this case, a sputtering rate between 

the metal and ceramic target is very large, and thus it is difficult to 

match a ratio of metal and ceramic in the anode. In order to mitigate 

the sputtering rate difference and manufacture an anode with an 

appropriate ratio, Ni was deposited in an oxide form through reactive 

sputtering. The sputtering rate of the Ni target was reduced to make it 

easy to control the ratio of Ni and ceramic. Cermet anodes with various 

volume ratios were manufactured and characterized. The developed 

composite anodes were applied to the metal-supported SOFC to 

measure its electrochemical performance and confirm the optimal 

anode composition ratio. A thermal cycle experiment was conducted 

to verify the thermal durability of the developed metal-supported TF-
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SOFCs. As a result, the electrochemical performance was maintained 

even after 5 cycles of severe thermal stress. 

⚫ Chapter 5 covered the data studied in the previous chapter and 

analyzed. On the basis of operating temperature, earlier research were 

arranged, and the outstanding result of this study was compared. 

Through this, the novelty and excellence of this study were explained. 
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Chapter 2. Novel and Facile Method for Surface 

Control of Porous Substrates 

 

2.1. Introduction 
 

Table 2 provides a classification and summary of the SOFC technology that has 

recently emerged in the market based on operating temperature and support type. It 

can be discovered that the developed electrolyte support type SOFC still requires a 

high temperature operating temperature of 800 ℃ or higher. An anode support type 

that could reduce the thickness of electrolytes was developed by various companies 

and designed to be able to operate in an intermediate temperature range. A typical 

example of a metal support type SOFC stack is a technology developed by Ceres 

Power. It works at 600 ℃ and produces a 5 kW output. Overall, the developed SOFC 

system operates above 600 ℃ and has rarely reported performance at temperatures 

below 500 ℃. 

 

 

Table 2. Technical data of recently developed SOFCs [56] 
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For SOFCs operating at high temperatures, each component’s thermal 

expansion coefficient (TEC) must be similar. At high temperatures, the TEC 

mismatch can have a significant impact and lead to cell structural failure. Therefore, 

it is important to select a material with a TEC similar to the electrolyte in selecting 

metals. Representatively, the TEC and price of materials used in metal supports are 

summarized in Table 3. Many research results have been reported on the metal-

supported SOFC developed by Ceres Power [57–61]. They used a ferritic stainless 

steel substrate with a TEC similar to the electrolyte. They used a laser drilling 

process on a metal substrate to create a channel through which fuel could penetrate. 

The hole size was 10-30 µm, and the anode and electrolyte were deposited on the 

laser-perforated area by the screen printing process. Ceres Power developed a 

manufacturing process that does not use a high sintering temperature for the 

deposited ceramic layer[58]. Through this technology, they successfully developed 

intermediate-temperature SOFCs.  

 

 

Table 3. TEC and cost of various metal supports [39] 
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The majority of issues with the metal-supported SOFCs mentioned above arise 

during the post-treatment procedure, which comes after depositing a functional layer 

on the prepared metal support. The problem caused by the difference in sintering 

conditions may be partially solved by lowering the sintering temperature or sintering 

in a reducing environment. However, these methods might not solve the SOFC 

system's primary issue, which is its high operating temperature. In order to lower the 

high operating temperature, a thin film electrolyte should be applied, and the metal 

support has a surface structure in which the thin film electrolyte may not be deposited. 

When an electrolyte is deposited on a metal support with pores of several tens of 

microns and a rough surface through a PVD process, a dense structure may not be 

obtained. Therefore, developing metal support with an appropriate pore size and 

roughness is essential for producing metal-supported low-temperature SOFCs. 

This chapter describes a novel and facile process for pore modification of the 

metal substrate. The process was developed by focusing on using cheap materials, 

the low-temperature manufacturing process, and simplifying the manufacturing 

process. In order to avoid degradation of the supporting metal, the manufacturing 

temperature was set to 700 ℃ or lower, and nickel and GDC powder, which are 

materials that are easy to access, were applied. As a result, metal support with the 

size and roughness of pores to which a thin film could be applied was successfully 

produced. 

 

 

2.2. Experimental 
 

A multiscale structured substrate was developed using a commercially available 
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porous stainless steel (SS) 316 L sheet (Mott Co., US) as the base material. The 

porous sheet was used after laser cutting at 1 x 1cm2. Prior to the surface control 

procedure, the bare substrate was cleaned with acetone, ethanol, and DI water in that 

order for 10 minutes in a sonication bath. The surface control process was briefly 

described in Figure 77. The surface control of the porous substrate was performed 

by sequentially filling particles of different sizes. Two types of nickel (< 50 µm and 

< 1 µm size) and one type of GDC10 (< 500 nm size) (Sigma-Aldrich Co., US) 

particle were used, and particles were filled in pores using a homemade vacuum 

filtration device. 

First, 200 mg of large Ni (< 50µm size) particles were dispersed in ethanol and 

filtered twice. To use only the proper size powder, the large particles were settled for 

3 minutes after dispersion and only suspended particles were used. And the excess 

powder on the substrate was carefully removed. Second, 10mg of small Ni (< 1µm 

size) particles were well dispersed in ethanol for 10 minutes through a sonication 

bath and then filtered. In this step, the excessive powder was directly compressed at 

10 MPa using a hydraulic press device without removing it. When pressing excess 

powder on the substrate, it was pressed using a plate surface-treated with 2000 grit 

sandpaper. As the roughness of the pressing surface in contact with the powder 

affects the surface roughness of the metal support, the pressing plate (Rq=127 nm) 

with the lowest roughness as possible was used. And compressed substrate was 

reduced at 700 ℃ for 3 h, and the heating rate was 5 ℃/m. Third, 5 mg of GDC 

powder was dispersed and filtered in the same manner as small Ni powder. After 

filtering the GDC powder, the excess powder was carefully removed after heat 

treatment under the same conditions as the reduction of the nickel powder. 

A field-emission scanning electron microscope (FE-SEM, Zeiss Supra 55VP, 

Carl Zeiss, Germany) was used to examine the surface morphology of the 
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manufactured substrate. Additionally, a cross-section polisher (IB-19520CCP, JEOL, 

Japan) was used to obtain the cross-section images. The 3D surface profile data and 

roughness were obtained by a 3D surface profiler (µSurf, NanoFocus, Germany). 

And, using a porosimeter (AutoPore IV 9500, Micromeritics, US) and free image J 

software, the porosity of the manufactured substrate was determined. 

The fabrication of thin film anodes and electrolytes was carried out using a 

commercial magnetron sputtering device (Daeki Hi Tech Co., South Korea). The 

anode was deposited with nickel and GDC20 (Gd 20 mol % doped, RND Korea, 

South Korea) targets. The DC and RF sputter guns were equipped with nickel and 

GDC20 targets, respectively, and the applied power was set to 50 W. And during 

reactive co-sputtering, Ar and O2 gases were supplied at 20 sccm, and 5 sccm, 

respectively, and the working pressure was fixed at 4.0 Pa (30 mTorr). Y-Zr (16:84 

at %) alloy target was mounted on the DC gun, and reactive sputtering was 

performed to deposit the YSZ electrolyte on the NiO-GDC anode. For reactive 

sputtering, Ar and O2 gases were supplied at 20 sccm and 5 sccm, respectively, while 

the working pressure was kept at 0.67 Pa (5 mTorr). 
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Figure 7. Schematic diagram of surface control process 
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2.3. Result & Discussion 

 
2.3.1. Analysis of Surface Morphology Changes and 

Characteristics According to Surface Control Process 

 

As shown in Figure 88(a), bare stainless steel substrate has irregular pores with 

a size of 20-30 µm. In a substrate with such large pores and a rough surface, a thin 

film may not be deposited using a physical vapor deposition process. According to 

Choi et al., in order to fabricate a dense electrolyte using the physical vapor 

deposition method, the electrolyte's thickness should be two to three times more than 

the substrate's pore size [53]. From this perspective, the substrate's pore size should 

be at least 500 nm for a dense electrolyte with a thickness of 1 µm. 

As the first step of the pore control process, a vacuum filtration process is 

performed using a large-sized nickel powder. Nickel powder having a broad particle 

size distribution of less than 50 µm is used. In the filtration process, nickel particles 

with a tiny size pass through the substrate, and particles larger than the pore remain 

on the subtrate’s surface, and only particles with an appropriate size fill the gap 

between the pores. As a result, only particles with a size of 2-3 µm remain between 

the pores, as shown in Figure 1010(b). However, the surface pore structure of the 

substrate did not change even after the first step of the surface control process. From 

the roughness and 3D surface profile data of Figure 1111(a,b), it may be seen that 

the large-sized nickel powder filtration may not change the roughness of the substrate. 

In order to modify the surface morphology of the substrate, vacuum filtration using 

small-sized powder (small Ni and GDC) was carried out, and the results were 

analyzed by dividing it into the application of the compression process after vacuum 

filtration. First, when the compression process is not applied, it can be found that the 

pore size of the upper surface has decreased from a few tens of micrometers to a few 
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micrometers, as shown in Figure 88(c). And, the surface roughness was also reduced 

to 1.45 µm. Additional GDC10 powder vacuum filtration and reduction process 

reduced pores to nanoscale and roughness to less than 1 µm. 

 

 

Figure 8. Surface images of the porous substrate at each step of the surface control 

process 

 

Referring to Figure 88(d), when the compression process is applied, the surface 



 

 28 

roughness and the pore size are significantly reduced compared to when the 

compression is not used. This is because the roughness is adjusted according to the 

surface profile of the plate in contact with the substrate in the process of compressing 

the excess nickel powder layer. The surface morphology of the substrate was not 

only affected by the surface roughness of the touching plate, but also by the pressure. 

Figure 9 shows a surface of substrate according to pressure, and in the case of 2 MPa 

to 8 MPa, the pressure is not sufficient, and thus nickel particles are not sufficiently 

packed. Therefore, many defects on the surface remained. At a pressure of 10 MPa 

or more, the surface defects were sufficiently reduced. Therefore, a pressure of 10 

MPa was selected and used. Referring to Figure 1111(e), the effect of the 

compression process was confirmed, and the roughness of the surface was reduced 

to about 1/5. In addition, during the reduction sintering process, nickel powders form 

a neck by diffusion on surfaces that contact each other to lower surface energy, 

thereby forming a structural stiffness and electron conduction network. When the 

compression process is applied, the nickel particles are more densely filled and more 

particles are connected, thereby increasing structural stability and electronic 

conductivity after reduction sintering. This is demonstrated in Figure 1010(b), which 

depicts the formation of a nanoporous nickel layer on a micro-scale porous substrate 

with a thickness of about 10 µm. Referring to the roughness data in Figure 1111(f), 

the surface roughness increased when the nano-sized GDC powder was vacuum 

filtered. However, this result is presumed to have occurred at the limitations of 3D 

surface analysis. The GDC powder filled between the pores of the porous nickel 

layer was not sufficiently recognized, and thus the roughness was not affected, and 

the roughness was increased due to a measurement error. 
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Figure 9. Surface images of pressed substrate according to pressure 

 

 

 

Figure 10. Cross-section images of the bare and pore-modified stainless steel 

substrate 

 



 

 30 

 

Figure 11. 3D surface profile images and surface roughness data. 

 

As shown in Figure 88(f), when the nano-sized GDC powder is vacuum filtered, 

particles are sufficiently filled between the pores of the porous nickel layer, and thus 

it is difficult to identify pores in a low magnification image. Pores that are 50 nm in 

size, large enough for the hydrogen fuel to pass through, are depicted in the high-

magnification inset image of Figure 88(f). In order to examine the substrate’s 

porosity at each step, a method using mercury and an image contrast analysis method 

were used. The reliability of the porosity measurement method using mercury can 

be confirmed through bare substrate analysis. In this case, the results were nearly 

identical to the product’s known specifications (approx. 36 %). The developed 

substrate is manufactured by modifying only one surface of the substrate, so it is 

expected that it would not have a dominating effect on the overall porosity of the 
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substrate. However, as a result of the measurement, it was confirmed that the average 

pore diameter and porosity could be effectively decreased even by the pore 

modification on one surface. In the case of vacuum filtration of GDC powder, a 

change could not be verified through the mercury measurement method because it 

affects a tiny part of the surface. Therefore, the porosity was measured through 

surface image analysis and confirmed that the porosity was reduced to 10.2 %. 

 

 

Table 4. The porosity measurement results of pore-modified substrates 

 

The surface roughness and porosity of the substrate as well as the electrical 

conductivity are also important characteristics that the support should have. During 

the heat treatment process of the substrate, the electrical conductivity of the substrate 

must be preserved even if it is exposed twice to a reducing atmosphere of 700 ℃. 

Table 5 summarizes the electrical conductivity of the bare substrate and the substrate 

after thermal treatment. It was found that there was no significant change in the 

electrical conductivity of the support even after two heat treatments during the pore 

control process. Therefore, the developed pore control process did not affect the 

properties of the support. 
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Table 5. Electrical conductivity of bare and heat treated SS 316 L substrate 

 

 

2.3.2. Durability of Multiscale Structured Metal Support and 

Applicability of Thin Film Process 

 

Metal-supported solid oxide fuel cells are more resistant to mechanical stiffness 

and thermal shock than other types (anode support, electrolyte support, and cathode 

support) of solid oxide fuel cells. The structural change of the support in the 

operational environment was observed to confirm the thermal durability of the 

developed substrate. After fabricating the substrate, it was exposed for 12 h in a 

reducing environment of 500 ℃. Figure 1212 shows surface images of a support 

before and after exposure to an operating environment of a solid oxide fuel cell. The 

surface morphology of the nickel particles did not change even after 12 h of exposure 

at 500 ℃. Therefore, it seems that there will be no degradation of the multiscale 

support even in long-term operation. 
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Figure 12. Surface images of the substrate before and after additional 12 hours of 

reduction at 500℃ 

 

Nickel oxide and GDC cermet anode and YSZ electrolyte were sputtered on 

substrates developed in the previous subchapter using the sputtering process to verify 

the applicability of the thin film process. The prepared substrate was divided into 

two types, whether a compression process using a hydraulic press was applied. As 

may be seen in Figure 1313(a), due to the surface structure of the very rough and 

irregular support, the sputtered atoms grew irregularly. As a result, the anode could 

not be deposited in a uniform surface required for dense electrolyte deposition. The 

surface of an electrolyte deposited on a rough anode is depicted in Figure 1313(b). 

And irregular particles are reduced, and surface roughness is significantly improved 

due to the YSZ electrolyte. However, it is evident that many pinholes are formed on 

the surface due to the insufficient density of the electrolyte. As shown in Figure 

1313(c,d), it may be seen that the substrate subjected to the compression process has 

a very uniform surface of the sputtered electrode and electrolyte. This is because 

excess Ni particles are packed more densely on the surface during the compression 

process, and the roughness of the surface is constantly adjusted. Through surface 

image analysis, it was confirmed that a required film could be deposited on the 

developed substrate through the sputtering process. Also, a dense electrolyte without 
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pinholes could be manufactured with only 1 μm thickness deposition. This indicates 

that a thin film solid oxide fuel cell can utilize the developed substrate. 

 

 

Figure 13. Surface images after anode and electrolyte deposition 

 

 

2.4. Conclusion 
 

In this study, the multiscale platform was developed through simple and 

inexpensive ways such as vacuum filtration, powder packing process, and heat 

treatment in a reducing environment. It was possible to effectively reduce the pore 

size of a substrate by filling two types of nickel powders into pores through a vacuum 
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filtration process. Also, the nickel particles filled in pores were intentionally 

agglomerated through sintering in a 700 ℃ reduction environment higher than the 

operating temperature, thereby obtaining structural rigidity and a conductive 

network. The size of the pore was additionally reduced, using GDC powder of 

several tens of nanometers for the application of the sputtering process. After 

manufacturing a multiscale substrate, porous NiO-GDC anode and YSZ electrolyte 

were deposited through a sputtering process. As a result, it was confirmed through 

surface morphology analysis that the porous anode and the dense electrolyte were 

successfully deposited.  
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Chapter 3. Effect of Deposition Temperature of 

Electrolyte on Performance 

 

3.1. Introduction 
 

In solid oxide fuel cells, various techniques are available for fabricating high-

density electrolytes. Methods include spray pyrolysis, spin coating, inkjet printing, 

tape casting, screen printing, CVD, and PVD [4]. Except for the CVD and PVD 

methods, all other processes must undergo a sintering process after depositing an 

electrolyte on the substrate. At this time, the density of the electrolyte, the grain 

structure, etc., are determined according to the sintering temperature. Usually, high 

temperature (1200-1400 ℃) conditions are applied to sinter the YSZ electrolyte. 

Despite the benefit of large-scale fabrication, direct application to metal support is 

limited in the case of tape casting and screen printing procedures because of a high 

sintering temperature [62]. Also, in general, electrolytes with a level of 10 µm are 

deposited, which is unsuitable for application to low-temperature SOFC electrolytes. 

Therefore, a low-temperature PVD process capable of manufacturing a thin film 

electrolyte is receiving attention. Among them, the sputtering technique is the 

potential solution in terms of enabling large-area deposition and being used in 

various industries. 

Through sputter deposition, various nanostructured films can be fabricated. The 

structure of the deposited film is affected by deposition temperature, chamber 

pressure, applied output power, and incident angle. Depending on the deposition 

conditions, a porous to dense film can be produced. Thornton’s structure zone model 

is widely used as a model related to thin film growth and is depicted in Figure 14. 
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Although the developed model cannot precisely determine the microstructure of the 

thin film, it provides a basis for analysis. It is a great help in studying and predicting 

the thin film deposition process. 

  

 

Figure 14. Schematic diagram of Thornton’s structure zone model [4,63] 

 

The model shown illustrates how the grain structure of the thin film is formed 

varies depending on the chamber pressure and substrate temperature. Therefore, it is 

possible to control the grains and grain boundaries affecting ionic conductivity by 

adjusting the temperature and pressure variables. As the substrate temperature rises, 

the energy of the atom increases, and the mobility gradually increases. Therefore, it 

is easier for atoms to move to the lowest energy location, increasing the thin film's 

grain size and making high-density growth possible. It is still debatable how grains 

and grain boundaries affect the ionic conductivity of electrolytes [64–76]. The results 

of analyzing the ionic conductivity of sintered electrolyte at the grain core and grain 

boundary were reported. Compared to the grain core conductivity, the conductivity 

at the grain boundary was about 1-2 orders of magnitude lower. Electrochemical 

reactions are influenced by grain boundary density in addition to ionic conductivity. 

Because the grain boundary functions as an active region, increasing the ORR is a 
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benefit of high grain boundary density [19,77]. Therefore, the grain structure affects 

the electrolyte's ionic conductivity and reaction kinetics, and it is crucial to design it 

well. The nanostructure of the deposited electrolyte is particularly significant in the 

case of the metal support developed in the previous chapter since it differs from the 

commonly used nanoporous AAO substrate in that it has relatively irregular pores 

and a rough surface. 

In this chapter, we developed a sputtering-based method for producing an 

electrolyte, which is crucial for solid oxide fuel cells. The electrolyte was developed 

in preference to electrodes because fuel cells operate effectively only if a dense 

electrolyte could be deposited on the developed support. The YSZ electrolyte was 

deposited through reactive sputtering, and the crystallinity and grain structure of the 

electrolyte were analyzed according to the deposition temperature. The developed 

electrolyte was applied to the metal support and verified its performance. The GDC 

electrolyte was examined according to the sputtering temperature in order to apply 

low-temperature SOFC. Finally, a bilayer electrolyte was applied to the metal 

support to ensure excellent performance. 

 

 

3.2. Experimental 
 

A dense NiO-GDC anode was deposited on the developed 1 x 1 cm2 multiscale 

substrate by a reactive co-sputtering process. RF and DC guns, respectively, were 

equipped with Ni and GDC20 targets. The chamber was evacuated at 1x10-4 Torr 

before reactive sputtering, and a deposition process was performed in a 4.0 Pa Ar/O2 

environment. Ar and O2 gases were supplied at 20 sccm, and 5 sccm, respectively, 
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and the power applied to Ni and GDC20 targets was 50 W. YSZ and GDC10 

electrolyte was deposited at various deposition temperature (Room temperature, 

300 ℃, 500 ℃). Y-Zr alloy (16:84 at %) and ceramic GDC10 (Gd 10 mol % doped, 

RND Korea, South Korea) targets were used for electrolyte. The base pressure of the 

chamber was under 1 x 10-4 Torr, and the working pressure was 0.67 Pa (5 mTorr). 

Reactive sputtering was performed under an Ar/O2 (20/5 sccm) mixed environment, 

with DC and RF power being delivered to Y-Zr and GDC10, respectively. Lastly, 

300 nm of porous LSCF (La0.6Sr0.4Co0.2Fe0.8O3-δ, Advanced Engineering Materials, 

China) -GdCe (Gd 20 mol %, Advanced Engineering Materials, China) cathode and 

200 nm of Pt current collector were sequentially deposited on the electrolyte. The 

sputtering power applied to LSCF, GdCe, and Pt were 100 W, 60 W, and 100 W, 

respectively. In addition, the chamber pressure was kept at 4.0 Pa (30 mTorr) for the 

cathode and 8.0 Pa (60 mTorr) for the current collector at room temperature. 

Focused ion beam (FIB, AURIGA, Carl Zeiss, Germany) and FE-SEM were 

used to investigate the cross-sectional images and surface morphology of those films 

that were deposited on Si and multiscale substrates. A high-resolution transmission 

electron microscope (HR-TEM, JEM-2100F JEOL, Japan) and X-ray diffraction 

(XRD, PANalytical X'pert Pro, Netherlands) were used to analyze the crystallinity 

and grain size of those films. As-deposited YSZ and GDC film on Si were prepared 

for XRD, and the tested cell was used for TEM. The doping ratio of sputtered 

electrolytes was analyzed by an X-ray photoelectron microscope (XPS, AXIS-HSi, 

KRATOS, United Kingdom).  

To evaluate the electrochemical behavior, the metal-supported TF-SOFCs were 

mounted on a homemade stainless steel jig, and the metal support and the jig were 

connected using an Ag paste. Additionally, a ceramic sealant was used to physically 

divide the anode and cathode sides. After that, the experiment was conducted after a 
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half-day drying process. The experiment was conducted in a high-temperature 

furnace at 500 ℃, and 3% humidified hydrogen was supplied to the anode at 100 

sccm, and the cathode was exposed to ambient air. The electrochemical behavior was 

confirmed using a commercial potentiostat (Gamry Reference 600, USA). For 

further analysis, electrochemical impedance spectroscopy (EIS) analysis was 

performed in the range of 1 MHz to 2 Hz, and the bias voltages of OCV and 0.6 V 

were applied. 

 

3.3. Result & Discussion 
 

3.3.1. YSZ Electrolyte: Surface Morphology and Film 

Crystallinity Analysis according to Various Sputtering 

Temperature 

 

The density of the electrolyte is essential in the construction of TF-SOFCs with 

metal supports. When the density of the thin film electrolyte is insufficient, the OCV 

is lowered, and the electrochemical stability of the cell is reduced due to side 

reactions caused by the fuel permeation phenomenon as well as structural stability. 

Before verifying the electrolyte of 1 µm level on the metal support, the YSZ 

electrolyte and NiO-GDC anode were deposited on the Si wafer to confirm the 

nanostructure. NiO-GDC anode was prepared under fixed sputtering conditions, and 

YSZ electrolytes were sputtered at various deposition temperatures (room 

temperature, 300 ℃, and 500 ℃). The anode and the electrolytes' surface 

morphology and cross-section are shown in Figure 1515. Dense nickel oxide and 

GDC20 were co-sputtered to decrease the impact of the anode's surface structure on 

the electrolyte. And the thickness was set to about 800 nm. The YSZ electrolyte was 
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deposited to a thickness of 1 µm for each temperature, and it was confirmed that a 

dense thin film was deposited. And it can be seen that as the deposition temperature 

increases, the size of the grain observed on the surface increases noticeably. Further 

work involved doing a thorough study of the electrolyte grains. 

 

 

Figure 15. Surface and cross-section images of NiOGDC anode and YSZ 
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electrolyte on Si as observed by FE-SEM 

 

The crystal structure of the sputtered YSZ electrolyte was verified using X-ray 

diffraction (XRD) analysis. Figure 1616 exhibits the XRD result of the electrolyte 

deposited according to various temperatures. The red vertical lines at the bottom of 

the graph are the powder YSZ peak (PDF#00-030-1468) of the cubic phase, and the 

exact peak positions are described in Table 66. The cubic phase YSZ electrolyte was 

effectively deposited by reactive sputtering, as demonstrated by a comparison of the 

XRD peaks of the electrolytes deposited at three different temperatures with the 

reference material. The change in grain size according to the deposition temperature 

is shown in the surface image of Figure 1515 can also be confirmed through the XRD 

results. As the grain becomes larger, the width of each peak decreases and changes 

sharply, and as the electrolyte sputtering temperature increases, the shape of the peak 

changes sharply. The change in grain size was clearly seen in the preferred 

orientation such as (111) and (200) planes. 
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Figure 16. X-ray diffraction results of YSZ electrolyte according to the deposition 

temperature 

 

In addition, the XRD results indicate the residual stress of the deposited 

electrolyte. In accordance with the Bragg's law depicted below, the angle of 

incidence (θ) can be used to calculate the interplanar distance (d) and identify 

whether compressive or tensile stress is present. 

Bragg’s Law: n ∙ λ = 2 ∙ d ∙ sin 𝜃 

Therefore, if peak shift occurs in a positive direction of the position of the 

reference bulk material, the d value decreases, which means that the interplanar 

distance d is reduced due to the presence of compressive stress in the vertical 

direction of the deposited film. In the case of thin films, the compressive stress 

perpendicular to the plane causes in-plane tensile stress. The data in Table 66 shows 

that all crystalline planes of various deposition temperature have been shifted in the 

negative direction of the reference peak. This means that all deposited electrolytes 
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are subjected to tensile stress in the vertical direction. Additionally, it shows that the 

thin film electrolyte is under in-plane compressive stress. 

 

 

Table 6. Peak position data of each crystalline orientation extracted from the XRD 

patterns 

 

Grain size was analyzed through quantitative analysis as well as qualitative 

analysis. The information in the XRD pattern was used, and the Scherrer equation 

was used for crystallite size calculation. As seen below, the Scherrer equation is 

expressed. 

Scherrer equation: D = 
K∙λ

𝛽∙cos 𝜃
 

where D is the average grain size, λ is the wavelength of the incident X-rays, K 

is the shape factor, β is the Full Width Half Maxima (FWHM), and θ is the 

Bragg diffraction angle. Table 77 shows the result of the grain size calculated through 

the XRD pattern. Four crystalline planes with distinct peaks were used, and as a 

result of the calculation, the grain size increased as the deposition temperature 

increased. In the case of the (111) plane with the highest intensity, the grain size 
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increased by about 1.5 times. 

 

 

Table 7. Crystallite size of YSZ electrolyte according to the deposition temperature 

 

For a more profound analysis of crystallinity and atomic arrangement, 

deposited YSZ electrolytes were analyzed by the HR-TEM. Figure 17 17 shows an 

atomic arrangement in (a, c, e) and electron diffraction patterns in (b, d, f). The 

atomic arrangement and grain of the YSZ electrolyte can be seen in the HR-TEM 

images, but the grain size is difficult to confirm clearly. The electron diffraction 

pattern in Figure 1717(b, d, f) confirms that the sputtered electrolytes are 

polycrystalline material. When analyzing a single crystal material through SAED, 

well-aligned dots appear. However, in the case of polycrystalline materials, a ring 

pattern appears because the grains have various orientations in the selected analysis 

area. Therefore, it can be seen that the sputtered electrolyte is a polycrystalline 

material. As the deposition temperature increases, the electron diffraction pattern 

appears to change from a ring pattern to a dot pattern because the grain size increases 

and the number of grains present in the unit analysis area decreases. The correlation 

between the deposition temperature and grain size can be determined in this manner. 
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Figure 17. High-resolution transmission electron microscope (a,c,e) and selected 

area electron diffraction (SAED) patterns (b,d,f) of YSZ electrolyte with various 

deposition temperature 
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At the 8 mol% Y2O3 doping concentration, the YSZ electrolyte is known to have 

the maximum ion conductivity. Therefore, an XPS analysis was conducted to check 

the doping ratio of the reactive sputtered YSZ electrolyte. Table 8 shows the ratio of 

elements according to the deposition temperature. In all three cases, it was confirmed 

that the yttria doping concentration was about 8-9 mol %, which had an appropriate 

ion conductivity. 

 

 

Table 8. The composition ratio of different temperatures deposited YSZ electrolyte 

by X-ray photoelectron spectroscopy (XPS) 

 

 

3.3.2. Electrochemical characterization of YSZ electrolyte on 

metal support 

 

The electrochemical performance was measured by applying the three types of 

electrolytes analyzed in the previous chapter. The electrolytes were deposited on the 
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developed multiscale substrate, and the deposition conditions of an anode, cathode, 

and cathode current collector were set constantly to check only the performance 

change caused by the difference of the electrolyte. Figure 18 shows the surface 

morphology and cross-section of the electrolyte deposited on the multiscale substrate. 

The thickness of the electrolyte deposited on the metal support was less than 1 μm, 

and the tendency of the surface morphology was the same as the result of the 

deposition on the Si wafer. The grain grows as the deposition temperature rises, and 

it is clear that the grain grows significantly at 500 ℃. Additionally, the TEM cross-

section of Figure 19 can confirm the nanostructure of the entire cell, and EDS results 

can be used to determine the individual elemental composition of each component. 
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Figure 18. Surface and cross-section images of YSZ electrolyte observed by SEM 

and TEM 
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Figure 19. Cross-section and energy dispersive spectroscopy (EDS) images of MS 

SOFC with YSZ (500 ℃) obtained by TEM 

 

At 500 ℃, the analysis of electrochemical performance was carried out. All 

three experimental cases showed an open circuit voltage (OCV) of 1 V or higher. 

OCV values were 1.02 V for room temperature, 1.03 V for 300 ℃, and 1.08 V for 

500 ℃, respectively. In the case of 500 ℃, the OCV was similar to the theoretical 

value estimated by the Nernst equation. The electrolytes that were successfully 

deposited had an OCV of 1 V or higher because they were suitably thick, but there 

was a slight variation. An electrolyte sputtered at room temperature had a tiny grain, 

increasing the possibility of pinholes. As a result, a small amount of gas passes 

through the electrolyte, and the OCV is slightly reduced. Therefore, when the 

deposition temperature is high, the grain size increases, reducing the possibility of 
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pinhole generation and confirming that it is more stable. The peak power densities 

were 88.89 mW/cm2 for room temperature, 188.97 mW/cm2 for 300 ℃, and 229.91 

mW/cm2 for 500 ℃, respectively. This performance discrepancy was brought on by 

the different ion conduction characteristics of the electrolyte because all other 

components except the electrolyte are the same. 

 

 

Figure 20. I-V-P curves of YSZ electrolyte with various deposition temperatures on 

MS SOFC 

 

The difference in electrochemical performance was thoroughly analyzed using 

electrochemical impedance spectroscopy (EIS), and the bias voltage conditions were 

set to OCV, and 0.6 V. Figure 21 shows the EIS measurement results. An equivalent 

circuit of the measured Nyquist plot was constructed to distinguish the factors of 

performance degradation. As a result, the equivalent circuit was composed of one 

resistor (R) and three parallel combinations of a resistor and a capacitor (RC). An x-



 

 52 

axis intercept in a high-frequency area is typically thought to be an ohmic resistance 

produced in an electrolyte's ion conduction, however in the case of a thin film 

electrolyte, resistance by a grain boundary may also be observed. In this case, the 

equivalent circuit of electrolyte resistance is represented by the sum of one R 

component and one RC component. Since the bias voltage does not change Ohmic 

resistance, it is possible to confirm the suitability of the equivalent circuit because 

the semi-circle of the high current region of the Nyquist plot measured under two 

bias voltages does not change. The measured ohmic resistance were 2.43 cm2 for 

RT, 0.99 cm2 for 300 ℃, and 0.84 cm2 for 500 ℃, respectively. As the 

electrolyte's deposition temperature rose, the ohmic resistance dropped. While the 

effect of the grain boundary on the ion conductivity is controversial, many studies 

have reported that the ion conductivity of the grain boundary is 1 to 2 orders lower 

than that of the grain core [69]. According to this interpretation of the experiment 

results, the grain size increases and the grain boundary density reduces as the 

electrolyte's deposition temperature rises. The ohmic resistance was noticeably 

reduced due to the reduction of the grain boundary with relatively low ion 

conductivity. However, in terms of triple phase boundary (TPB), since the grain 

boundary serves as a reaction site, the reaction rate increases as the grain boundary 

increases. Therefore, it is evident that the polarization resistance slightly rises at 

OCV at 500 ℃ with a large grain. Although the ohmic resistance and polarization 

resistance by grain boundary density are in a trade-off relationship, this experiment 

shows a greater effect of reducing the ohmic resistance of grain boundary, so 

increasing the grain size through high temperature deposition has a more positive 

effect on electrochemical performance. 
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Figure 21. EIS analysis of YSZ electrolyte with various deposition temperatures on 

MS SOFC 
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Figure 22. Graph of quantitative data of ohmic and polarization resistance in 

Nyquist plots (Fig.21) 

 

 

3.3.3. GDC10 electrolyte: Surface morphology and film 

crystallinity analysis of RT and 500℃ sputtered electrolyte 

 

To achieve good performance while lowering the operating temperature of a 

SOFC, a ceria-based electrolyte with high ion conductivity at a low temperature may 

be utilized. A thin film GDC10 electrolyte was deposited on a Si wafer to investigate 

its characteristics before being applied to the developed multiscale substrate. Figure 

23 shows the surface morphology and cross-section of the GDC sputtered under 

room temperature and 500 ℃ deposition conditions. The deposition conditions were 

reduced to two by referring to the previous YSZ electrolyte analysis results. It was 

confirmed that the grain size was clearly increased through surface analysis of 
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GDC10 deposited at room temperature and 500 ℃.  

 

 

Figure 23. Surface and cross-section images of GDC10 electrolyte on Si wafer 

 

Through the XRD analysis results in Figure 24, it was confirmed that the 

polycrystalline GDC10 film was deposited. When the deposition temperature is high, 

the peak of the crystal plane becomes more pronounced and sharp so that the grain 

size can be compared. The Scherrer equation was used to determine the grain size, 

and the results are shown in Table 10. The grain size increased significantly on the 

crystal plane with the highest intensity. In the case of (311) plane, the crystal size 

was reduced, which seems to be an error caused by the lack of a clear peak in room 

temperature deposition. The peak positions of each crystal plane are described in 

Table 9, and it is confirmed that tensile stress exists in a direction perpendicular to 

the plane through Bragg’s law. 
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Figure 24. X-ray diffraction (XRD) result of sputtered GDC10 electrolyte with 

different deposition temperature 

 

 

Table 9. Peak position data of each crystalline orientation extracted from the XRD 

patterns 
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Table 10. Crystallite size of GDC10 electrolyte according to the deposition 

temperature 

 

For further analysis of crystallinity and atomic arrangement, the deposited 

GDC10 electrolyte was analyzed by HR-TEM. Figure 25 shows the atomic 

arrangement in (a) and the electron diffraction pattern in (b). The electron diffraction 

pattern of Figure 25(b) shows that the sputtered electrolyte has a polycrystalline 

structure. Since there is a crystal plane with various directions in the analysis area, a 

diffraction pattern in the form of a faint ring may be confirmed. 

For the GDC10 electrolyte, it is known that the ion conductivity is the highest 

at a doping concentration of 10 mol% of Gd2O3. In order to confirm the doping ratio 

of the GDC electrolyte prepared by sputtering, an XPS analysis was carried out. The 

ratio of elements according to the deposition temperature is shown in Table 11 below. 

Due to the difference in the sputtering yield of each element, a doping ratio of a 

sputtering target was not applied to a thin film as it is, but the difference was not 

significant. 
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Figure 25. High-resolution transmission electron microscope (a) and selected area 

electron diffraction (SAED) patterns (b) of GDC10 electrolyte 

 

 

Table 11. The composition ratio of different temperature deposited GDC10 

electrolyte by XPS 

 

 

3.3.4. Performance enhancement by applying YSZ/GDC 

bilayer electrolyte for Metal Supported Low-temperature 

SOFCs 



 

 59 

 

To compare with the experimental results of the previous chapter, 

electrochemical performance analysis was performed at 500 ℃. The experiment was 

conducted by setting the electrolyte to a thickness of 1 μm and depositing a GDC 

monolayer electrolyte and a YSZ/GDC bilayer electrolyte. The monolayer GDC 

showed an OCV of 0.7 V, as shown in Figure 26. As a result of reducing Ce4+ to Ce3+ 

in a reducing atmosphere, the GDC electrolyte has electrical conductivity. Thus, 

electrons are conducted through the electrolyte, causing an electric short or lowering 

the OCV. Therefore, many studies applied an electron-blocking layer together when 

using a ceria-based electrolyte [13,17,78,79]. YSZ/GDC bilayer electrolyte was 

prepared for the above reasons, and YSZ was used as an electron-blocking layer. In 

this case, an OCV of 1.07 V, similar to that of the YSZ monolayer electrolyte, was 

obtained. Therefore, even with a YSZ layer thickness of 200 nm, electron conduction 

is effectively prevented. And the peak power densities were 697.04 mW/cm2 GDC 

monolayer and 699.83 mW/cm2 for YSZ/GDC bilayer. By applying the YSZ 

blocking layer, an electrically stable fuel cell with a similar performance to that of 

using only the GDC electrolyte was fabricated. 
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Figure 26. Current-Voltage behavior of MS SOFC with GDC and YSZ monolayer 

and YSZ/GDC bilayer electrolyte 

 

Figure 27 shows the nanostructure of the developed multiscale metal-supported 

SOFC to which the developed YSZ and GDC electrolytes are applied. The thickness 

of the entire cell, including the electrode, electrolyte, and current collector, is less 

than 2.5 μm, while the electrolyte thickness of the deposited bilayer is close to 1 μm. 

The structure and location of the YSZ electrolyte through EDS analysis can be 

clearly identified. 
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Figure 27. Cross-section and energy dispersive spectroscopy (EDS) images of MS 

SOFC with YSZ/GDC bilayer electrolyte obtained by TEM 

 

To thoroughly investigate the deterioration factor, electrochemical impedance 

spectroscopy (EIS) was carried out with the bias voltage conditions set to OCV and 

0.6 V. Figure 28 shows the EIS results. An equivalent circuit of the measured Nyquist 

plot was constructed to distinguish the factors of performance degradation. As a 

result, the equivalent circuit was composed of one resistor (R) and two parallel 

combinations of a resistor and a capacitor (RC). Unlike the monolayer YSZ 

electrolyte, the ohmic resistance from the grain boundary was not shown, so the x-

axis intercept was ohmic resistance. The measured ohmic resistance was 0.15 cm2 

for the GDC monolayer electrolyte and 0.26 cm2 for the YSZ/GDC bilayer 

electrolyte. Despite the low OCV, the GDC monolayer electrolyte showed high 

performance, which was attributed to its superior ion conductivity at low temperature. 

Both ohmic and polarization resistance increased compared to monolayer GDC for 
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bilayer electrolytes because of applying the YSZ electron blocking layer. Although 

the activation and ohmic loss were slightly increased, the peak power density was 

similar due to the stable and high OCV. 

 

Figure 28. EIS analysis of MS SOFC with GDC and YSZ monolayer and 

YSZ/GDC bilayer electrolyte 
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Figure 29. Graph of quantitative data of ohmic and polarization resistance in 

Nyquist plots (Fig.28) 

 

 

3.4. Conclusion 
 

In this study, YSZ and GDC electrolyte were sputtered to fabricate dense 

electrolytes for metal supported TF-SOFC. YSZ electrolytes were deposited under 

various substrate temperatures and characterized. For GDC electrolytes, sputtering 

was conducted at 500 ℃, referring to the characteristics of YSZ electrolytes 

according to the sputtering temperature. The change in the characteristics of the 

electrolyte grain according to the sputtering temperature and its effect on the ion 

conductivity was investigated. In addition, it was successfully applied to the metal 

supported TF-SOFC to obtain a stable open circuit voltage. A YSZ/GDC bilayer 

electrolyte was manufactured applying a GDC electrolyte to achieve high 
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performance even in low-temperature operation. As a result, the cell generated 

699.83 mW/cm2 of peak power density, which increased three times compared to the 

monolayer YSZ electrolyte.  
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Chapter 4. Nano-Structured NiO-GDC Composite 

Anode by Reactive Co-Sputtering 

 

4.1. Introduction 
 

Unlike fuel cells operating at a low temperature of less than 200 ℃ (e.g. 

PEMFC), SOFCs have an advantage that a precious metal Pt catalyst is not required. 

High electronic conductivity and high catalytic activity are required of the anode 

employed as the anode in order to effectively oxidize hydrogen and hydrocarbons. 

Structurally, it should have adequate porosity for fuel diffusion and high mechanical 

and thermal stability [80]. A cermet electrode, which is a composite of nickel and 

oxygen ion conductive ceramic, is widely used as a material having these 

characteristics. Nickel has the disadvantage of being vulnerable to contamination 

(carbon and sulfur), but it shows excellent performance under hydrogen fuel 

operation.  

In general, a nickel-based cermet electrode is manufactured by mixing powder 

of a desired weight ratio and sintering at a high temperature. Generally, nickel-based 

cermet electrodes with a volume ratio of 40-50 % are widely used. In this regard, 

previous studies on performance change according to the anode composition ratio 

have been reported [80–85]. However, if the manufacturing method through high-

temperature sintering is used, complicated processes from slurry preparation to high-

temperature sintering are required several times in order to verify various 

composition ratios. By varying the power applied to the target, on the other hand, 

when the co-sputtering method is used, it is simple to change the composition ratio. 

Control of the composition ratio through the co-sputtering process is affected by the 
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sputtering rate. The sputtering rate of oxides is much slower than that of metallic 

materials. This occurs due to the difference in the binding energy of the atoms of the 

target. Since the binding energy of atoms in the ceramic target is stronger than that 

of the metal bonding, the sputtering rate is slow [86]. Therefore, there is a limit to 

matching the composition ratio by co-sputtering of the metal target and the ceramic 

target. To improve this, a reactive sputtering process of a metal material was used. 

As can be seen in figure 30, for reactive sputtering, the deposition rate is slowed to 

a degree similar to that of the ceramic target. Using this point, the ratio of nickel and 

ceramic can be adjusted as required.  
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Figure 30. NiO reactive sputtering deposition rate according to oxygen 

concentration 

 

As the nickel content in the cermet electrode increases, the electrical 
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conductivity and porosity tend to increase. However, as the nickel content increases, 

the nickel easily agglomerates at high temperatures, and the TPB decreases, so there 

is an optimal nickel/ceramic composition ratio. J.R. Wilson et al. reported that the 

optimum volume fraction of the Ni solid in the active layer of anode-supported 

SOFC was 0.34 [81]. Through 3D analysis using FIB-SEM, they reported the effect 

of tortuosity and contiguity on performance as well as TPB change according to the 

composition ratio of the active layer. Y. Lim et al. reported the optimal volume ratio 

of the Ni-SDC cermet anode in AAO-based SOFC. After manufacturing cermet 

anodes with varied composition ratios through the adjustment of the applied power, 

the anodes were applied to electrolyte-supported SOFC to investigate the optimal 

conditions. Then, the electrode under the same conditions was applied to the AAO-

based SOFC to obtain a performance of 178 mW/cm2 at 450 ℃ [85]. In the above 

experiment, the optimized performance was obtained at a nickel ratio of 58.77 vol %, 

which has a relatively higher nickel content than that of an anode support. This 

difference seems to be due to the difference in the current collecting direction in the 

anode and the presence or absence of conductivity of the support. Therefore, since 

the optimal composition differs depending on the support type, it is necessary to 

investigate the optimal volume ratio in the metal support. 

In this chapter, NiO-GDC electrodes were fabricated through the reactive co-

sputtering process of Ni and GDC. The current collecting direction of an anode varies 

depending on whether the substrate used is conductive, so the optimal Ni and GDC 

ratio also varies. Therefore, electrodes of various ratios were fabricated using the 

sputtering process and characterized using analytical methods. The metal support 

was coated with anodes of varying composition ratios, and an experiment was 

conducted at 500 ℃ to verify the electrochemical performance and confirm the 

optimal conditions. 



 

 68 

4.2. Experimental 
 

NiO and NiO-GDC composite anode were prepared by co-sputtering process. 

2 in sized metal Ni and GDC20 ceramic targets were mounted on DC and RF guns, 

respectively. The composition ratio was adjusted by altering the applied power in 

order to optimize the ratio of Ni and GDC. In the case of Ni, the power was set to 50 

W – 100 W, and in the case of GDC20, it was set to 50 W and 75W. Four cases of 

NiO-GDC anodes were manufactured according to the applied power. Anode was 

deposited on the developed 1 x 1 cm2 multiscale support through reactive co-

sputtering. The chamber was vacuumed for low pressure environment to less than 1 

x 10-4 Torr. The reactive co-sputtering was conducted in a 4.0 Pa (30 mTorr) Ar/O2 

environment. Ar and O2 gases were supplied at 20 sccm, and 5 sccm, respectively. 

The electrolyte was prepared under the best conditions selected in the previous 

chapter. Y-Zr alloy (16:84 at %) and ceramic GDC10 (Gd 10 mol % doped, RND 

Korea, South Korea) targets were used, and the stage was set to 500 ℃. In addition, 

the bilayer YSZ/GDC10 electrolyte was sequentially deposited using a recipe in a 

sputtering system. The working pressure was set to 0.67 Pa (5 mTorr) after 

evacuating the chamber pressure under 1 x 10-4 Torr. Reactive sputtering was carried 

out using Y-Zr and GDC10 with DC 200 W and RF 100 W, respectively, under an 

Ar/O2 (20/5 sccm) mixed atmosphere. 

Lastly, after limiting the reaction area to 1 x 1 mm2 with a homemade physical 

mask, 300 nm of porous LSCF (La0.6Sr0.4Co0.2Fe0.8O3-δ, Advanced Engineering 

Materials, China) -GdCe (Gd 20mol %, Advanced Engineering Materials, China) 

cathode and 200 nm of Pt current collector were sequentially deposited. The 

sputtering power applied to LSCF, GdCe, and Pt were 100 W, 60 W, and 100 W, 

respectively. In addition, the working pressure was kept at 4.0 Pa (30 mTorr) for the 

cathode and 8.0 Pa (60 mTorr) for the current collector at an inert Ar and room 
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temperature environment. 

Four cases of NiO-GDC anode were prepared on Si wafer and the cross-

sectional images and surface morphology were observed by FE-SEM. In order to 

confirm the crystallinity of sputtered NiO-GDC anode in an operating environment, 

an XRD analysis was conducted by preparing samples before and after reduction at 

500 ℃ for 1 h. After the electrochemical test, the cells were examined by FIB-SEM 

(FIB, Crossbeam 550, Carl Zeiss, Germany) and HR-TEM (JEM-2100F JEOL, 

Japan) in order to investigate at the anode's surface and cross-sectional structure. 

Using an X-ray Fluorescence Spectrometer (XRF, XRF-1700, Shimadzu, Japan), the 

composition ratio of the NiO-GDC anode was examined. And the volume ratio was 

calculated through the weight ratio. 

The fabricated metal support TF-SOFCs were mounted on a homemade 

stainless steel jig, and the metal substrate and the jig were connected using an Ag 

paste. Additionally, a ceramic sealant was used to physically divide the anode and 

cathode sides. After that, the experiment was conducted after a half-day drying 

process. The experiment was conducted in a high-temperature furnace at 500°C, and 

3% humidified hydrogen was supplied to the anode at 100 sccm, and the cathode 

was exposed to ambient air. The electrochemical behavior was confirmed using a 

commercial potentiostat (Gamry Reference 600, USA). For further analysis, 

electrochemical impedance spectroscopy (EIS) analysis was performed in the range 

of 1 MHz to 2 Hz, and the bias voltages of OCV and 0.6V were applied. 
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4.3. Result & Discussion 
 

4.3.1. Investigation of the Morphology and Composition Ratio 

of Co-sputtered NiO-GDC Film 

 

Compared to the conventional manufacturing process of anode support or 

electrode with slurry, the co-sputtering process has an advantage in that a 

metal/ceramic ratio is easily controlled. Therefore, in this study, the ratio of Ni and 

GDC20 was adjusted through applied sputtering power. The applied sputtering 

power ratio of the composite anode was set to 0.67, 1, and 1.5. From now on, samples 

for each Ni/GDC ratio are expressed as NiO50/GDC75, NiO50/GDC50, and 

NiO75/GDC50, respectively. And NiO100 for pure NiO anode. The cross-section 

and surface morphology of the sputtered films on the Si wafer are shown in Figure 

31. For more structural stability, the Ni catalyst was reactively sputtered in an oxide 

state rather than a metal state. A thin film with small holes is produced as a result of 

co-sputtering, as can be observed. The film thickness was fixed to 800 nm, and for 

NiO50/GDC75, the Ni content was very low, so the columnar structure of the cross 

part was not clearly illustrated. 
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Figure 31. Surface and cross-section images of NiO-GDC20 anodes deposited on 

Si wafer 

 

Except for the case of NiO50/GDC75, it was difficult to confirm a significant 

difference in surface morphology and cross-section. Therefore, to confirm the 

difference by case, the element composition ratio of the thin film was examined using 
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XRF. Through XRF analysis, the weight percent of each element can be determined. 

Therefore, the volume ratio was calculated based on the obtained weight percent and 

shown in Table 12. 

 

 

Table 12. The calculated volume ratio of co-sputtered NiO-GDC20 anode under 

various conditions obtained by X-ray Fluorescence Spectrometer (XRF) 

 

When the anode of the above conditions is applied to the SOFC, the reduction 

process must be performed. Only after going through a high-temperature reduction 

process, the deposited dense NiO anode is reduced to Ni, which acts as a catalyst and 

changed into a porous structure so that fuel can pass through. In order to validate the 

anode's material properties at the working temperature, XRD analysis was carried 

out. H2 of 100 sccm was supplied at the operating temperature of 500 ℃ for 1 h to 

investigate the change in crystallinity of the thin film. It could be verified that, even 

if an anode deposited on Si wafer has an amorphous form without crystallinity, the 

Ni catalyst and GDC20 electrolyte become crystalline and operate as MIEC 

electrodes after 1 hour of reduction. 
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Figure 32. Comparison of crystallinity before and after exposure to the operating 

environment of the co-sputtered anode by XRD 

 

In order to investigate the nanostructure of NiO-GDC anode, HR-TEM analysis 

was carried out. As shown in Figure 33(a), the atomic arrangement of grains with 

various orientations can be identified. This means a polycrystalline structure, which 

can be confirmed through the electron diffraction pattern of Figure 33(b) appearing 

in a ring shape. In the polycrystalline structure, crystal planes with high intensity of 

XRD results were shown as a distinct ring pattern, GDC (111) and (220), and Ni (111) 

planes were clearly shown in the SAED image. 
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Figure 33. High-resolution TEM image and SAED pattern of NiO50-GDC50 

sputtered anode. 

 

 

4.3.2. Electrochemical Performance of Optimized NiO-GDC 

Anode Applied MS SOFC 

 

The composite anodes, characterized in the previous chapter, were deposited on 

multiscale support for electrochemical performance tests. Before the cell test, the 

surface structure of the deposited anode was investigated through SEM. As shown 

in Figure 34, the columnar structure with fine pores was confirmed. The 

microstructure of the sputtered anode is affected by the surface profile, and unlike 

the structure in the Si substrate (Figure 31), the sputtered film was grown along 

particles having a size of less than 500 nm on the surface to form a column having a 

width of about 800 nm. According to a cross-sectional image of a tested cell, it could 

be verified that pores are generated in an anode through reduction under operating 

environment conditions. In the case of NiO50GDC75 having a high ceramic volume 
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ratio, it was found that sufficient pores were not generated even after reduction due 

to a low Ni content. 

 

 

Figure 34. Surface morphology of anode and cross-section images of fabricated 

metal-supported cells with various Ni/GDC volume ratios 

 

The electrochemical performance test was conducted at 500 ℃. After 

fabrication of the anode under each condition, the YSZ/GDC bilayer electrolyte and 

LSCF/GDC, and Pt current collector were simultaneously sputtered on the four 

samples. Therefore, the anode is responsible for the variation in cell performance. 
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As a result of the experiment, the OCV was 1.11 V for NiO50/GDC75, 1.07 V for 

NiO50/GDC50, and 1.12 V for NiO75/GDC50, respectively. The OCVs showed a 

value close to the theoretical voltage by more than 1 V, and a slight difference is 

assumed to be an error in the experimental setup. The cross-sectional structure shown 

in Figure 34 shows that voids occurred in the middle of the GDC10 electrolyte. If 

fuel is penetrated through voids, which is a defect of the electrolyte, the OCV is 

lowered, but the experiment result showed that a high OCV of 1V or more could be 

obtained. Therefore, the visible voids are a closed state that does not affect fuel 

crossover. The peak power density under each condition was 481.66 mW/cm2, 

699.83 mW/cm2, and 615.89 mW/cm2, which showed the highest performance at 

NiO50/GDC50. Fortunately, the anode manufacturing conditions used in the 

previous electrolyte optimization study were the optimal ratio. Therefore, in the case 

of co-sputtered anode, it was found that the optimal performance was shown at a 

point where the volume ratio of Ni and GDC was close to 1:1. The above result is 

different from the results of the papers reported on the ratio of sputtered MIEC 

anodes [85,87]. This difference is due to the type of substrate applied. The direction 

of current collection at the anode is determined depending on whether the substrate 

is conductive. Since there is no conductivity in AAO substrates, the current is 

gathered in the anode's in-plane direction. In this case, the column-to-column contact 

significantly affects electron conduction; in this case, a higher Ni ratio will positively 

impact the conductivity. 
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Figure 35. Measured electrochemical performance of MS SOFC with various 

volume ratios of NiO-GDC anode 

 

Although four anode cases were characterized, Figure 35 shows only three 

cases of I-V-P behavior. In the case of NiO100, OCV was not measured due to 

delamination of the electrode and the electrolyte in the test environment. The surface 

structure of the cell after the experiment is depicted in Figure 36(c). After the 

experiment, the anode and the electrolyte were delaminated, and most of the 

substrate was exposed. The dense electrolyte was thoroughly deposited on the 

anode's surface of the remaining electrolyte, but it appears that the bottom anode's 

structure collapsed and peeled off at the same time. On the cathode surface, it can be 

seen that the structure of the anode located below collapsed, and cracks occurred. 

Figure 36 (a, b) shows the reason why the electrode is peeled off. A NiO100 anode 

was deposited on a substrate well, as under other conditions, but its structure changed 

severely in a cell operating environment. As NiO is reduced and oxygen is removed, 

voids are created, and Ni is separately agglomerated into clusters with a width of 
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several microns. As a result, the adhesion to the support was lowered and the anode 

was easily separated from substrate with upper electrolyte. 

 

 

Figure 36. Surface SEM images of NiO100 anode (a), 500 ℃ reduced NiO100 (b), 

and delaminated surface after cell test (c) 

 

EIS was performed to in-depth analysis of the cause of the difference in 
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electrochemical performance under each anode condition. In addition, OCV and 0.6 

V were applied as bias voltages. Figure 37 shows the Nyquist plot and equivalent 

circuit of 3 composite anodes. For NiO50/GDC75, NiO50/GDC50, and 

NiO75/GDC50, respectively, the ohmic resistance, the x-axis intercept in the high 

frequency region, were 0.268 cm2, 0.259 cm2, and 0.292 cm2. In the two 

conditions in which the nickel ratio was low, the ohmic resistance was almost the 

same, and in the condition in which the nickel ratio was high, the ohmic resistance 

slightly increased. This is because, in the process of reducing the anode, the more 

the nickel content, the more pores are created, which reduces the electron conduction 

path through the contact between the anode columns. Since a part of the surface of 

the multi-scale support is filled with GDC powder, the electrode created on it seems 

to be caused by the limitation in not being able to conduct electrons directly through 

the support. Therefore, when the Ni/GDC anode has a volume ratio of 1:1, it may be 

concluded that it has the proper porosity and conductivity. Under all measurement 

conditions, the polarization resistance rises in the order of NiO50/GDC50, 

NiO75/GDC50, and NiO50/GDC75. Since the difference between each sample is 

only the composition of the MIEC anode, it can be seen that the difference in TPB 

density according to the volume ratio of Ni/GDC causes the difference in faradaic 

loss. In terms of polarization resistance, it was confirmed that the TPB density was 

the highest when the Ni volume ratio was 49.5 %. Therefore, it was confirmed that 

the high performance of NiO50/GDC50 was due to the low ohmic resistance and 

polarization resistance. 

 



 

 80 

 

Figure 37. EIS spectra of MS SOFC with various volume ratio of NiO-GDC anode 
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Figure 38. Graph of quantitative data of ohmic and polarization resistance in 

Nyquist plots (Fig.37) 

 

 

4.3.3. Thermal Stability of Metal-Supported Thin-Film Solid 

Oxide Fuel Cells 

 

Compared to anode-supported SOFCs, where the whole cell is composed of 

brittle ceramic, metal-supported SOFCs have an advantage in thermal stress 

resistance [39,44]. 5 times thermal cyclings were carried out to verify the thermal 

tolerance of developed metal-supported TF SOFC, and the results are presented in 

Figure 39. Unlike the initial test (10 ℃/m of heating rate), the heating rate was set 

to 1 ℃/m to reduce the thermal shock applied during the reduction of anodes. The 

peak power density measured for each thermal cycle showed a slight increase or 

decrease as the cycle progressed. 
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Figure 39. The temperature profile of the thermal cycle test and peak power density 

measurement 

 

The peak power density was measured every cycle, and the measured 

performance in the range of about 500 to 550 mW/cm2 was summarized in Table 13. 

In the first measurement after heating for 8 hours, a maximum power density of 466 

mW/cm2 was observed. There is a difference of about 33% from the maximum power 

density in the initial performance test (data of Figure 35.), which is presumed to be 

due to the highest TPB density because the nanostructure of the electrode is almost 

unchanged when measured after the rapid temperature increase. Other causes of 

electrochemical performance differences are further analyzed through EIS. 
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Table 13. Results of peak power density measurements in each cycle 

 

Figure 40 shows the EIS results measured at 0.6 V bias. Cycle 1's poor 

performance is caused by increased ohmic and polarization resistance compared to 

the results of other measurements. Generally, in the cell electrochemical 

performance experiment, the experiment is designed to minimize the effect of 

changes in external factors. However, the ceramic sealant and current collecting tip 

used in this experiment are not suitable elements for long-term or thermal cycling 

experiments. The tip has shown rapid degradation at an operating temperature of 

500 ℃. The ohmic resistance is lowered in the measurement results of the next cycle 

because the heating rate is fast, and the tip is exposed to high temperatures for less 

time, resulting in less degradation. Therefore, the high ohmic resistance in cycle 1 is 

due to deterioration of the tip in the reduction process for 8 hours. In the experiments 

excluding cycle1, the ohmic resistance and polarization resistance were almost 

similar. However, in terms of peak power density, there was a slight difference from 

the initial performance test results, and the results of the thermal cycle experiment 

fluctuated slightly. This is thought to be due to the limitations of the external factors 

constituting the experimental setup mentioned above. A ceramic sealant is used to 

seal a gas supplied to an anode and a cathode, and it seems that the sealing ability is 

decreased as the cycling experiment is conducted, so OCV is decreased, and thus the 

performance of the fuel cell is affected. Therefore, there does not appear to be any 

noticeable deterioration in the structure of the cell even after 5 thermal cycle 

experiments. 
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Figure 40. Nyquist plot of MS TF-SOFC obtained from each cycle at 0.6 V bias 

voltage 

 

 

4.4. Conclusion 
 

In this chapter, the performance change according to the composition ratio of 

the MIEC anode was confirmed. To verify crystallinity, composition ratio, and 

nanostructure, an 800 nm thick NiO/GDC electrode was fabricated on a Si wafer. 

The characterized anodes were deposited on a multiscale metal support to conduct 

an electrochemical performance test of TF-SOFC. There was a difference in the 

performance due to the electrode structure change in the operating environment and 

the TPB density. As a result, the NiO50/GDC50 electrode with a Ni volume ratio of 

49.5% had the highest electrical conductivity and an increased reaction area, and 
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thereby showed the best performance (699.83 mW/cm2). A thermal cycle experiment 

was conducted to confirm the thermal durability of the developed metal-supported 

TF-SOFC. Considering the deterioration of external factors of setup, it is judged that 

there is no noticeable degradation in cell performance even after 5 times of thermal 

cycle experiments. 
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Chapter 5. Achievements and Future Work 

 

The ultimate goal of this research is to develop a technology that will enable 

SOFCs become more widely used. In order to secure high productivity and price 

competitiveness, we developed a low-temperature manufacturing method that can 

utilize metal support for SOFCs. Low-temperature fabrication methods include 

surface control processes that enable thin-film processes to be applied. By filling the 

pores of the metal support using nickel powder, the pore size was reduced, and nickel 

was intentionally aggregated to manufacture an electron-conductive network layer 

with mechanical rigidity. Additionally, the nano-sized GDC powder was vacuum 

filtered to have 50 nano-level pores. The process developed in this study was 

conducted below 700 ℃, which is lower than the recommended temperature of the 

metal support, and oxidation of the support could be suppressed. To the best of the 

author's knowledge, this is the first study to fabricate a metal-supported SOFC 

through a low-temperature process below 700 ℃. 

A sputtering process scalable and widely used in industry was used to fabricate 

electrodes and electrolytes. Only one deposition process was used after surface 

treatment of the support to reduce the complexity of the process. This process 

simplification can effectively reduce the cost of fabricating the SOFC stack [88]. 

Electrolytes and electrodes with the required characteristics were manufactured 

through process variable control and optimized. Figure 41 shows the peak power 

density data of metal-supported SOFCs reported at operating temperatures between 

400 ℃ and 600 ℃. The results of this study were superior to the results of many 

experiments reported operated at 600 ℃, and it is the highest value among the 

reported data operated at 500°C. 
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Figure 41. Peak power density data of metal-supported SOFCs reported in the 

operating temperature range of 400 to 650 ℃ [38,42,46,55,61,89–95] 

 

Through this study, we have successfully developed a metal-supported thin film 

SOFC capable of low-temperature operation, but the durability of the cell has not yet 

been clearly verified. It is necessary to secure the reliability of high cell performance 

through thermal cycle experiments and long-term performance tests. In addition, 

there is a need to improve the roughness of the surface of the metal support. Although 

it has sufficient roughness to deposit a thin film, it is considered that additional 

improvement is needed to reduce the possibility of defects in the deposited electrode 

and electrolyte. 
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국문 초록  

 
 

지구온난화 방지를 위한 수십년간의 전 세계적인 노력에도 불구하고 지구 

평균온도는 계속해서 상승하고 있다. 지속적으로 증가하는 이산화탄소 배출량을 

제한하기 위해서는 이를 대체할 수 있는 청정 에너지의 개발이 필수적이며 

이를 대체할 수 있는 연료전지에 대한 관심이 증가하고 있다. 그 중에서도 

고체산화물 연료전지는 높은 효율로 인하여 화석연료를 대체할 수 있는 가장 

유력한 후보로 각광받고 있다. 고체산화물 연료전지는 높은 작동온도 (800-

1000℃)로 인해 높은 효율뿐만 아니라 다양한 종류의 연료가 사용 가능하며, 

귀금속 촉매를 사용하지 않아도 되는 장점을 가진다. 하지만 높은 온도로 인해 

시스템이 쉽게 열화 되고 사용할 수 있는 물질이 제한된다. 이러한 문제들로 

인해 상용화에 어려움을 겪고 있다. 따라서 고체산화물 연료전지의 기술 수준을 

높이기 위해서는 저온 영역에서도 높은 전기화학 성능을 갖는 셀의 개발이 

필요하다. 저온 작동 조건에서는 고온 작동대비 오믹 손실과 분극 저항이 모두 

증가한다. 이러한 손실을 줄여야만 요구되는 성능을 얻을 수 있다. 오믹 손실을 

줄이기 위한 방법으로 박막 전해질을 사용하는 방법이 있다. 수십 마이크로미터 

수준의 두께로 제작되는 고온 소결 공정과는 달리 물리기상증착법과 

화학기상증착법을 통해 박막의 전극과 전해질을 제작할 수 있으며 이를 통해 

오믹 저항을 상당히 줄일 수 있다. 하지만 박막 공정을 적용하기 위해서는 

지지체의 기공 크기가 수 마이크로 미만이어야 하고 표면 또한 균일하여야 

한다. 이러한 제한 때문에 상용화에 유리한 금속지지체에는 박막 공정을 적용할 

수 없었다. 따라서 본 연구에서는 금속지지체의 표면을 제어하여 박막 공정을 

적용 가능하도록 하며 고체산화물 연료전지 제작 과정 중 금속지지체의 산화를 

최소화하기 위한 저온 제작 공정을 개발하였다. 

쉽고 간단한 공정을 활용하여 금속 지지체의 표면을 조절하였다. 진공여과 

공정을 사용하여 금속 지지체의 기공을 줄였다. 크기가 다른 니켈 파우더를 
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순차적으로 금속지지체의 기공안에 채워넣었고 최종적으로 세라믹 GDC 

파우더를 사용하여 표면 기공과 거칠기를 줄였다. 진공여과 공정 후 700도씨의 

수소환경에서 소결함으로써 금속지지체의 열화 없이 단단한 니켈 네트워크를 

형성하였다. 이를 통해 수십나노미터 수준 크기의 기공을 갖는 표면을 

제작하였으며 박막공정의 적용이 가능함을 검증하였다. 내구성 검증을 위해 

500도씨에서 12시간의 작동후에도 표면 구조에 변함이 없는 것이 확인되었다. 

개발된 금속지지체가 갖는 기공의 크기는 충분히 작지만 랜덤하게 

분포하여있기 때문에 치밀한 전해질 제작을 통한 OCV 확보가 중요하다. 

스퍼터링을 통해 전해질을 제작할 경우 공정의 특성에서 발생하는 핀홀이 

전해질의 결함으로 작용할 수 있다. 따라서 이러한 결함을 줄이고 전해질의 

이온 전도성을 높일 수 있는 공정을 개발하였다. 전해질의 증착 온도를 

조절하여 전해질 그레인의 크기를 조절하였고 그에 따른 특성 변화를 

관찰하였다. 전해질의 그레인바운더리는 그레인 중심부보다 이온전도도가 1-2 

오더 낮은 특징이 있는데 그레인 크기를 키움으로써 그레인바운더리 밀도를 

낮추었다. YSZ와 GDC 전해질 제작에 고온 증착공정을 적용하여 오믹 저항을 

감소시켰다. 최종적으로 YSZ/GDC 이중층 전해질을 적용하여 500도씨에서 

699 mW/cm2의 성능을 확보하였다. 

개발된 금속지지체기반 박막 고체산화물 연료전지 추가적인 요소 분석을 

위해 연료극의 조성비를 다양하게 제작하고 분석하였다. 공정의 일관성을 위해 

모든 요소를 스퍼터링 공정을 적용하여 제작하였고 연료극의 경우 

공동스퍼터링을 통해 NiO-GDC 전극을 제작하였다. 인가하는 파워를 조절하여 

다양한 부피비의 전극을 제작하였으며 그에따른 성능을 비교하였다. 최종적으로 

약 1:1비율의 부피비의 연료극이 가장 높은 성능을 나타내는 것을 확인하였고 

개발된 박막 연료전지의 열 내구성 검증을 위해 열 사이클 실험을 진행하였다. 

그 결과 5회의 열사이클에도 성능이 유지되는 것을 확인할 수 있었다. 
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앞으로 저의 인생을 살아가는데 가장 큰 자양분이 될 것입니다. 비록 많은 것을 

남기고 졸업하지는 못하지만 사회에 먼저 나가 연구실 선 후배들에게 도움을 
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줄 수 있는 사람이 되도록 노력하겠습니다. 앞으로도 좋은 인연이 계속되기를 

기대합니다. 
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