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Solid oxide fuel cells (SOFCs) are electrochemical energy conversion devices that 

directly transform the chemical energy of fuel into electrical energy. They generate 

electricity far more efficiently and with fewer emissions per megawatt-hour compared to 

any combustion-based power generation system. More remarkably, SOFCs can directly 

use hydrocarbon fuels without requiring external fuel reforming, employing low-cost Ni 

catalyst instead of noble-metal catalysts used for low-temperature fuel cells. However, 

the conventional SOFCs using Ni-based anodes fed with carbon-containing fuels have 

one pitfall; the carbon produced by hydrocarbon cracking is deposited on the Ni surface, 

thereby precluding the surface of the Ni-based anodes from being available for further 

fuel oxidation and consequently impeding SOFC operation. This dissertation focuses on 

overcoming this critical drawback to allow for the simultaneous use of Ni-based anodes 

and hydrocarbon fuels. Further work focuses on improving SOFC performance to provide 

the highest efficiencies possible. 

To boost the power densities of SOFCs, a novel, facile approach to modify the 

surface structure of anode powders and thereby enlarge the three-phase boundary (TPB) 



 vi 

regions of anodes is presented. One such powder preparation method based on the 

electric charge variation of oxides depending upon the pH of the solution results in 

significantly extended TPB regions and thus a remarkable increase in power densities of 

SOFCs. Another method involves the formation of Ce1-xGd1-yNix+yVO4-δ at the phase 

boundaries between NiO and Ce0.8Gd0.2O1.9 (GDC) by V
5+

-incorporation onto NiO 

surface; this method improves the microstructure of Ni-GDC-based anodes and 

considerably lowers GDC electrolyte sintering temperature, thereby enhancing the SOFC 

performance.    

With these high performance anodes, natural gas-fueled SOFCs are studied 

through two strategies to alleviate coking: incorporation of catalytic materials onto the Ni 

surface and the introduction of catalytic functional layers (CFLs) to the outer surface of 

an anode-supported single cell. Hydrogen tungsten bronze and hydroxylated Sn formed 

on the Ni surface provide hydroxyls for the deposited solid carbon, removing it from the 

anodes as CO2. Moreover, the use of hydrophilic Sn or Sb-incorporated Ni-GDC CFLs 

prevents the anode from being exposed directly to hydrocarbon fuels and controls the 

solid carbon accumulation similarly to the former strategy. 
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Chapter 1: Introduction 

 

1.1 FUEL CELLS 

The growing dependency on finite fossil fuels and the environmental disruption 

caused by the burning of these fuels have stimulated interest in new technologies and 

alternative approaches to the way we produce energy. When it comes to generating 

electrical energy, fuel cells have long been of interest to scientists and engineers since 

they are one of the cleanest and most efficient technologies.
1
 Most conventional 

combustion-based power generation methods first convert the chemical energy of fuels 

into heat and mechanical work, then into electrical energy. Fuel cells, however, offer the 

ability to convert the chemical energy stored within the chemical bonds of a fuel directly 

into electrical energy, thereby offering greater efficiencies and reducing per kilowatt-hour 

pollution generation.
2,3

 Therefore, fuel cells have the potential to play a significant role in 

meeting the long-term energy needs.     

 

1.1.1 Basic principles 

Fuel cells are similar to batteries in that they are comprised of two electrodes 

(anode and cathode) separated by an ionically conductive electrolyte and use the 

conduction of charged ions between the electrodes in order to produce electricity. 

However, unlike batteries which contain a limited amount of active material, fuel cells 

can continuously generate electricity as long as their fuel and oxidant (usually the oxygen 

from air) are constantly replenished, and their electrodes and electrolyte are designed to 

remain unchanged by chemical and electrochemical reactions.
4
 The basic operating 



 2 

principle of fuel cells is shown in Figure 1.1.
5
 Hydrogen as an energy carrier enters the 

anode where an oxidation reaction occurs and creates a flow of charge (in the form of H
+
 

ions) which migrates to the cathode through the electrolyte. The electrons extracted from 

the hydrogen provide direct current electricity which can be directed outside the fuel cell 

through external circuit in order to do work. It is important that the electrolyte is both not 

electrically conductive and impermeable to both fuel and air conduction, otherwise a 

short circuit will form and no work can be done through the external circuit. An oxidizer, 

generally the oxygen in ambient air, enters the cathode and then combines with the 

protons and electrons generated by the anode reaction to create water in the cathode 

electrochemical reaction. 

  

 

Figure 1.1: Schematic diagram of a basic fuel cell operation. 
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1.1.2 Fuel cell types 

Fuel cells are primarily classified on the basis of the ionic conducting electrolytes 

as they determine the operating temperature of a system, the chemical reactions occurring  

in fuel cell components, available fuels and anode/cathode catalysts having the required 

thermo-mechanical and physiochemical properties, etc.
3,5

 The most common 

classification of fuel cells includes polymer electrolyte (or proton exchange) membrane 

fuel cells (PEMFCs), direct methanol fuel cells (DMFCs), alkaline fuel cells (AFCs), 

phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs), and solid 

oxide fuel cells (SOFCs). An overview of typical characteristics of the main fuel cell 

types and their classification by application are given in, respectively, Tables 1.1 and 1.2. 
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Table 1.1: Characteristics and comparison of various fuel cell technologies 

 AFC PAFC PEMFC DMFC MCFC SOFC 

 Low-temperature fuel cell High-temperature fuel cell 

Electrolyte 

Aqueous 

alkaline 

solution 

Liquid 

phosphoric acid 

Polymeric ion 

exchange 

membrane 

Polymeric ion 

exchange 

membrane 

Molten 

carbonate 

Oxide 

(ceramic) 

Catalyst 

(Anode) 
Noble metal (Pt) Non-precious metal (Ni) 

Charge carrier OH
-
 H

+
 H

+
 H

+
 CO3

2-
 O

2-
 

Working temp. 

(
o
C) 

90 – 100 150 – 200 50 – 100 50 – 100 600 – 650 500 – 1000 

Efficiency (%) 60 – 70 40 – 50 50 – 60 20 – 30 
45 – 55 / 

~ 85 (CHP) 

60 – 70 /  

~ 90 (CHP) 

Fuel H2 H2 H2 CH3OH Flexible (H2, natural gas, etc.) 



 5 

 

 

Table 1.2: Classification of fuel cell types by application
6
 

 Portable Transportation Stationary 

Qualified power (W) 5 W – 20 kW 1 kW – 100 kW 1 kW - MW 

Fuel cell type DMFC, PEMFC PEMFC, DMFC PEMFC (1 – 10kW),  

PAFC (100 - 200 kW),  

MCFC (100 kW – MW), 

SOFC (1 kW – MW) 

Application example Portable personal electronics, 

Military applications,  

Auxiliary power unit 

Fuel cell electric vehicle Distributed power generation, 

Stationary (micro-)CHP, 

Uninterruptible power supply 
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1.2 SOLID OXIDE FUEL CELLS 

Solid oxide fuel cells are a promising technology since they exhibit very high 

electrical efficiencies due to their higher operating temperatures with extremely low 

emissions of major local air pollutants (COx, NOx, unburned hydrocarbons, etc.).
7
 They 

are capable of electrochemically transforming the energy from a variety of fuels, 

including hydrogen, natural gas, biogas, and liquid fuels without a considerable loss of 

efficiency or increase in complexity, such as an external fuel reformer.
8
 Furthermore, 

SOFCs may adopt multiple geometries and configurations, such as planar, co-planar, and 

micro-tubular designs.
9-12

 Although tubular-type SOFCs can be easily sealed and have 

great mechanical strength, it is widely accepted that anode-supported planar-type unit 

cells with a thin electrolyte layer in a stack configuration provide the best prospect for 

commercially viable SOFC systems due to the higher power densities at lower operating 

temperatures and lower production cost of the cell and stack components.
13

 Accordingly, 

such planar-type anode-supported single cell SOFCs have been utilized in this study.  

 

1.2.1 Principles 

SOFCs are primarily composed of an anode and cathode with a solid oxide 

electrolyte separating them. The anode is the negative electrode at which the 

electrochemical oxidation of fuel takes place, while the cathode is the positive electrode 

at which the reduction reaction of oxidant occurs. The traditional reactions occurring at 

each electrode are represented as follows:
7
 

 

 At anode:   𝐻2 + 𝑂
2−  →  𝐻2𝑂 + 2 𝑒

− 



 7 

 At cathode:   
1

2
𝑂2 + 2 𝑒

−  →  𝑂2− 

 Overall reaction: 𝐻2 + 
1

2
𝑂2  →  𝐻2𝑂 

 

The electronically insulating ceramic membrane electrolyte allows O
2-

 ions to migrate 

from cathode to anode at required operating temperatures, precluding oxidant and fuel 

from directly reacting. The electrons generated at the anode flow through the external 

circuit due to the spontaneous oxidation and reduction reactions occurring at, 

respectively, anode and cathode. The basic operating principles and single cell 

configuration are schematically shown in Figure 1.2.   

 

 

Figure 1.2: Schematic diagram showing the principle of a solid oxide fuel cell operation 

and the cross-sectional view of a single cell. 
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1.2.2 Thermodynamics and efficiency 

By the first law of thermodynamics, energy may neither be created nor destroyed. 

Accordingly, the change in system energy (E) is equal to the change of heat (Q) supplied 

to the system minus the change of work (W) done by the system. 

 

𝑑𝐸 =  𝛿𝑄 −  𝛿𝑊 

∆𝐸 =  𝑄 −𝑊 

 

According to the second law of thermodynamics, the change of entropy (S) is defined as 

 

𝑑𝑆 = (
𝛿𝑄

𝑇
)
𝑟𝑒𝑣

 

 

where T is temperature. The enthalpy (H), a magnitude of total energy of a system, and 

enthalpy change of the reaction are expressed as 

 

𝐻 = 𝑈 + 𝑃𝑉 

𝑑𝐻 = 𝑇 𝑑𝑆 + 𝑉 𝑑𝑃 

 

where U is the internal energy, and P and V are the pressure and volume, respectively. 

For a reversible isobaric process (dP = 0), thus 
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𝑑𝐻 = 𝑇 𝑑𝑆 =  𝛿𝑄 = 𝑑𝑈 + 𝛿𝑊𝑇 

𝛿𝑊𝑇 = 𝑃 𝑑𝑉 + 𝛿𝑊𝑒𝑙𝑒𝑐   (𝑖𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛) 

 

Since a fuel cell is an open system, which permits both mass and energy transfer, the 

system energy change can be represented as 

 

∆𝐸 =  ∆𝑈 + ∆𝐸𝑘 + ∆𝐸𝑝 + ∆(𝑃𝑉) 

 

If the system is in steady state, i.e. the kinetic energy (Ek) and potential energy (Ep) are 

constant, then 

 

∆𝐸 =  ∆𝑈 + ∆(𝑃𝑉) =  𝑄 −𝑊 = ∆𝐻 

 

Therefore, the enthalpy change of a system is the difference between the heat and work 

involved in the system. The maximum (possible) energy conversion efficiency (ε) for a 

fuel cell is  

 

휀𝑚𝑎𝑥 =
𝑊

∆𝐻
= 1 − 

𝑄𝑚𝑖𝑛
∆𝐻

  

 

Considering the work potential of a fuel cell (i.e., the energy available to do useful work),  
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𝐺 = 𝐻 − 𝑇 𝑆 

𝑑𝐺 = 𝑑𝐻 − 𝑇𝑑𝑆 − 𝑆𝑑𝑇,   𝑑𝐻 = 𝑑𝑈 + 𝑃 𝑑𝑉 + 𝑉 𝑑𝑃 

       = 𝑑𝑈 + 𝑃 𝑑𝑉 + 𝑉𝑑𝑃 − 𝑇 𝑑𝑆 − 𝑆 𝑑𝑇 

       =  −𝑑 𝑊𝑇 + 𝑃 𝑑𝑉 + 𝑉 𝑑𝑃 − 𝑆 𝑑𝑇 

       =  𝑉 𝑑𝑃 −  𝑆 𝑑𝑇 −  𝛿𝑊𝑒𝑙𝑒𝑐  

  

For a constant temperature and pressure process (dP = dT = 0) during fuel cell operation, 

 

𝑑𝐺 =  − 𝛿𝑊𝑒𝑙𝑒𝑐 

 

As the electrical work done in a fuel cell by moving electric charge (q) through an 

electrical potential difference between electrodes is expressed as  

  

𝑞 = 𝑛 𝐹 

𝑊𝑒𝑙𝑒𝑐 = 𝑞 𝐸 = 𝑛 𝐹 𝐸 

 

where n is the number of electrons participating in the reaction and F is the Faraday 

constant. Thus, the total free energy change is defined as  

 

∆𝐺 = −𝑛 𝐹 𝐸 
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The Gibbs free energy changes depend on the chemical potential of fuel and oxidant. 

 

∆𝐺 =  ∆𝐺𝑜 + 𝑅 𝑇 𝑙𝑛 𝑄 =  −𝑛 𝐹 𝐸 

𝐸 = −
∆𝐺𝑜

𝑛 𝐹
 − 
𝑅 𝑇

𝑛 𝐹
𝑙𝑛 𝑄 =  𝐸𝑜 − 

𝑅 𝑇

𝑛 𝐹
𝑙𝑛 𝑄 = 𝐸𝑜 − 

𝑅 𝑇

𝑛 𝐹
ln (

𝑃𝐻2𝑂

𝑃𝐻2 𝑃𝑂2

1
2

) 

𝐸𝑜 = − 
∆𝐺𝑜

𝑛 𝐹
=  − 

∆𝐻𝑜 − 𝑇 ∆𝑆𝑜 

𝑛 𝐹
 

 

where ∆G
o
 is the Gibbs free energy change of reaction at the standard state, R is the gas 

constant, and P is the gas partial pressure. At equilibrium state, the reaction quotient (Q), 

which is a function of the activity or concentration of the species involved in a chemical 

reaction, is equal to the equilibrium constant. This quotient determines the reversible cell 

voltage (i.e., open circuit voltage or OCV), depending upon the temperature and the 

oxygen/fuel partial pressures of each electrode. 

 If we recall that the energy available to do work is given by the Gibbs free energy, 

then the reversible efficiency of a fuel cell can be written as  

 

휀𝑟𝑒𝑣 =
∆𝐺

∆𝐻
 

 

In fact, the real fuel cell efficiency is always less than the reversible (ideal) 

thermodynamic efficiency for a couple of reasons such as voltage losses (which can be 

obtained from the i-V curve of the fuel cell), fuel utilization losses, etc.  
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1.2.3 Electrochemistry and performance 

The performance of a fuel cell can be understood by analyzing a current-voltage 

(i-V) curve showing the voltage output of the fuel cell corresponding to a current density 

drawn. A typical i-V curve is displayed in Figure 1.3. A reversible (ideal) fuel cell would 

produce any amount of current as long as it is supplied with sufficient fuel, while 

maintaining a constant reversible cell voltage. However, the actual cell potential of a fuel 

cell drops from its ideal potential in practice, due to the several types of irreversible 

losses during the operation.
14

 There are three major types of polarization losses 

contributing to such voltage drop: activation polarization (ηact), ohmic polarization  

 

 

Figure 1.3: Polarization curve showing the relationship of cell potential with 

overpotential losses. 



 13 

 (ηohmic), and concentration polarization (ηconc).  

 

 Activation polarization: The activation losses, which predominate at low current 

density region, are related to the kinetics involved in the electrochemical reactions 

at the electrodes.
15

 Each electrochemical reaction step has its own reaction rates 

and activation energies which must be overcome by the reactants, which causes 

the activation losses. The equation to estimate the activation polarization is 

derived from Butler-Volmer equation: 

 

𝜂𝑎𝑐𝑡 = 
𝑅 𝑇

𝛼 𝑛 𝐹
ln
𝑖

𝑖𝑜
 

 

where α is the electron charge transfer coefficient, and i and io are, respectively, 

the operating current and the exchange current density. For SOFCs, the sluggish 

oxygen reduction kinetics at the cathode is mainly responsible for the activation 

losses of a fuel cell compared to the anodic activation polarization by the rapid 

hydrogen oxidation reaction. Although traditional SOFCs operating at high 

temperatures are less affected by activation polarization (compared to the ohmic 

or concentration polarization), this polarization loss will become more important 

as the current efforts to significantly decrease SOFC operating temperatures are 

realized.    

 

 Ohmic polarization: The ohmic losses are mainly due to the resistances to ionic 

/electronic conduction and contact resistance at interfaces among the cell 
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components and can be dominated by any of those resistances depending upon the 

cell design or configuration.
15

 Accordingly, the ohmic polarization can be 

expressed by the equation: 

 

𝜂𝑜ℎ𝑚𝑖𝑐 = 𝑖 𝑅,    𝑅 = 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 + 𝑅𝑖𝑜𝑛𝑖𝑐 + 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 

 

 Concentration polarization: The voltage loss by the concentration polarization is 

the result of the limitations on mass transport at active sites of electrodes and is 

prevalent at higher current densities.
15

 In particular, the concentration polarization 

issue of SOFC anodes should be addressed because the water vapor produced by 

the electrochemical oxidation of fuel during operation impedes the bulk flow 

(supply) of fuel, thereby reducing the availability of active sites by diluting the 

fuel concentration at the anode. This concentration polarization can be given by 

the equation: 

 

𝜂𝑐𝑜𝑛𝑐 = 
𝑅 𝑇

𝑛 𝐹
ln (1 − 

𝑖

𝑖𝐿
) , 𝑖 =

𝑛 𝐹 𝐷 (𝐶𝐵 − 𝐶𝑠)

𝛿
, 𝑖𝐿 =  

𝑛 𝐹 𝐷 𝐶𝐵
𝛿

 

 

where iL is the limiting current, D is the diffusion coefficient of the reactant, CB 

and CS are, respectively, its bulk and surface concentration, and δ is the diffusion 

layer thickness. 
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The cumulative contributions of these polarization losses for a given fuel cell and 

operating conditions lead to the decrease in voltage output with increasing current 

densities.
16

 Thus, the actual cell voltage can be written as 

 

V = 𝐸𝑜 − 𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚𝑖𝑐 − 𝜂𝑐𝑜𝑛𝑐 

 

Also, as the degraded cell voltage compared to the reversible cell voltage is 

attributed to the polarization losses generated at each component (i.e. anode, cathode, and 

electrolyte) of a fuel cell, the cell voltage can be expressed as 

  

V =  Δ𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 −  𝑖𝑅 − 𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝜂𝑎𝑛𝑜𝑑𝑒  

 

where ∆Eelectrode is the potential difference between cathode and anode, i is the current 

density, and R indicates the resistance of the electronic conducting portion of the cell. 

The ηcathode and ηanode represent overall polarization losses occurring at, respectively, 

cathode and anode and contributing on the cell.    

Figure 1.4 presents a typical example of power density curve (as well as i-V 

curve) for an anode-supported single cell SOFC. The power density of a fuel cell as a 

function of current density can be obtained from the i-V curve by multiplying the voltage 

by the corresponding current density. Both the i-V curve and power density curve provide 

information about the fuel cell performance, e.g., peak power density, open circuit 

voltage, fuel cell efficiency, polarization losses, and so forth. 
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Figure 1.4: Typical current density-voltage and current density-powder density curves of 

SOFCs. 

 

1.3 SOLID OXIDE FUEL CELL COMPONENTS AND MATERIALS 

A SOFC unit cell essentially consists of two porous electrodes (anode and 

cathode) separated by highly dense electrolyte.
9
 Unlike the other types of fuel cells or 

electrochemical devices, the ceramic-based SOFCs are fabricated by ceramic processing 

techniques including extremely high temperature sintering processes, and are operated in 

reducing atmosphere at high temperatures (500 – 1,000 
o
C). Because of this, the 

suitability of materials for each cell component, especially in regards to the chemical, 

structural, and thermo-mechanical stabilities under such manufacturing and operating 

conditions, must be deliberately considered.
17
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1.3.1 Anode 

The essential requirements for SOFC anodes include:  

 High electronic conductivity 

 Adequate ionic conductivity comparable with or better than that of electrolyte 

 Chemical and morphological stability during operation 

 High catalytic activity and sufficient reaction sites for the electrochemical 

oxidation reaction of a fuel 

 Sufficient porosity and uniform micro-pore structure to allow the reactant (fuel) 

and product (the water vapor) to freely flow, respectively, in and out of anode. 

 Thermo-mechanical compatibility with the other components with which the 

anode makes contacts 

 Coking and sulfur-tolerance when directly using natural gas fuel   

 

SOFC anodes, also known as the fuel electrodes, act as an electrocatalyst for the 

oxidation of fuel using oxide ions supplied by the electrolyte.
9
 Earlier studies utilized 

pure precious metals (Pt, Au) or transition metals (Fe, Co, Ni) as SOFC anode materials, 

but several serious problems including chemical/mechanical instability, difficult 

manufacturing processes, and high cost have created interest in developing better anode 

materials.
1
 Current conventional SOFCs commonly use a ceramic-metal (cermet) 

composite as an anode.
15

 One example is Ni catalyst dispersed in an oxide-ion conducting 

electrolyte material such as Zr1-xYxO2-0.5x (yttria-stabilized zirconia, YSZ) and Ce1-xMxO2-

0.5x (M-doped ceria, M = Gd, Sm, Y).
18,19

 Ni provides both high electronic conductivity 

and catalytic activity for fuel oxidation reaction, and the electrolyte materials (YSZ or 

doped ceria) in anodes contribute by providing oxide-ion conduction and improved 

adhesion of the anode with the electrolyte and stabilizing the microstructure from 
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morphological changes during Ni reduction.
20

 Moreover, such cermet anodes increase the 

area of the three-phase boundary regions, which are the interfaces at which electrons, 

oxide ions, and fuels react, thereby improving electrochemical performances.
1,21

  

However, Ni catalyst-based anode SOFCs have one critical drawback; although 

SOFCs operating at high temperatures can directly convert the chemical energies of 

various hydrocarbon fuels into electrical energy without requiring an external reformer, 

the solid carbon produced by hydrocarbon cracking (e.g., CH4 → C + 2 H2) and the sulfur 

compounds in these fuels are rapidly accumulated on the Ni surface during operation 

with natural gas.
8,20,22,23

 The interactions between Ni and C or S lead to undesirable 

carbon depositions or sulfur poisoning, which incapacitates the Ni catalyst.
24

 These 

challenges have prompted the development of alternate anode materials or the 

modification of the surface structure of currently used Ni-based cermet anodes.  

 

1.3.2 Electrolyte  

The essential requirements for SOFC electrolytes include:  

 High ionic conductivity 

 Low electronic conductivity 

 Fully dense thin layer to block the cross-over of reactants (fuel and oxidant) with 

sufficient mechanical strength    

 Chemical, morphological, and phase stability during operation in both reducing 

and oxidizing atmospheres  

 Thermo-mechanical compatibility with the adjoining components 
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The SOFC electrolyte is a dense ceramic membrane that allows oxide ions to 

move from cathode to anode through an oxygen vacancy transport mechanism at 

operating temperatures. The overall cell performance and ohmic resistance as well as the 

ionic conductivity of electrolyte layer highly depend on the operating temperature.
3
 Thus, 

in order for the benefits provided by reduced temperature SOFCs to be realized, the 

incorporated electrolyte materials must have acceptable ionic conductivities at the target 

operating temperature.       

Yttria stabilized zirconia (YSZ) is the most commonly used electrolyte material 

for SOFCs. It completely fulfills the above-mentioned requirements of SOFC electrolyte 

at temperature above 700 
o
C. Pure zirconia (ZrO2) undergoes a phase transformation 

from monoclinic (≤ 1,170 
o
C) to tetragonal (1,170 – 2,370 

o
C) to cubic fluorite (≥ 2,370 

o
C) structures with increasing temperature, and such a crystal structure variation causes a 

considerable volume change and internal stress.
14

 However, its cubic phase can be 

stabilized by doping with a small amount of aliovalent oxide such as Y2O3 and CaO, 

which not only improves the mechanical/thermal properties, but also introduces the 

oxygen vacancies to the YSZ electrolyte layer as follows.
14,25

 

 

𝑌2𝑂3  
   𝑍𝑟𝑂2   
→      2 𝑌𝑍𝑟

′ + 3 𝑂𝑂
× + 𝑉𝑂

∙∙ 

 

One critical problem with YSZ is that the ionic conductivity seriously declines as 

operating temperature approaches a lower limit (~ 700 
o
C).

26
 As part of an effort to 

decrease the SOFC operating temperature, a significant amount of research on developing 

alternative electrolyte materials to replace YSZ has been observed. As indicated in Figure 

1.5 showing the ionic conductivities of selected electrolyte materials, scandia (substituted 
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for Y)-stabilized zirconia (ScSZ), gadolinia-doped ceria (GDC) and La1-xSrxGa1-yMgyO3-δ 

(LSGM) are suggested as promising candidates for low or intermediate-temperature 

SOFCs.
7,18,27

 The principle of oxygen vacancy formation on each material can be written 

by: 

 

 

Figure 1.5: Ionic conductivities of selected electrolyte materials, reprinted from reference 

7. 
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𝑆𝑐𝑆𝑍:   𝑆𝑐2𝑂3  
   𝑍𝑟𝑂2   
→      2 𝑆𝑐𝑍𝑟

′ + 3 𝑂𝑂
× + 𝑉𝑂

∙∙ 

𝐺𝐷𝐶:   𝐺𝑑2𝑂3  
   𝐶𝑒𝑂2   
→      2 𝐺𝑑𝐶𝑒

′ + 3 𝑂𝑂
× + 𝑉𝑂

∙∙ 

𝐿𝑆𝐺𝑀 (𝐴 − 𝑠𝑖𝑡𝑒):   2 𝑆𝑟𝑂 
    𝐿𝑎2𝑂3   
→       2 𝑆𝑟𝐿𝑎

′ +  2 𝑂𝑂
× + 𝑉𝑂

∙∙ 

             (𝐵 − 𝑠𝑖𝑡𝑒):   2 𝑀𝑔𝑂 
   𝐺𝑎2𝑂3   
→       2 𝑀𝑔𝐺𝑎

′ + 2 𝑂𝑂
× + 𝑉𝑂

∙⋅ 

 

Of course, the drawbacks of each material also need to be considered. The ScSZ 

has properties similar to the YSZ and better ionic conductivity even at lower 

temperatures, but it has been reported that ZrO2 doped with expensive scandium degrades 

with time, and undesirable reactions occur with conventional Co-containing cathode 

materials.
3,28

 As for the perovskite-structured LaGaO3-based materials, the price of Ga 

(occupying above 0.8 of B-site of ABO3 perovskite structure) is subject to wide 

fluctuations, and LSGM is also not chemically compatible with conventional electrode 

materials; e.g., undesirable lanthanum nickel oxides are formed at interfaces between 

LSGM electrolyte and Ni-based anode.
14,29

 Ceria-based electrolyte materials have one 

critical drawback; under reducing atmosphere, i.e., low oxygen partial pressure at high 

temperatures (≥ 700 
o
C), Ce

4+
 is reduced to Ce

3+
, thereby increasing the electrolyte’s 

electronic conductivity, creating a short circuit and reducing the amount of electrons 

flowing through the external circuit.
3,7,14,30,31

 At temperatures below 500 
o
C, these Ce-

based electrolyte materials have sufficient ionic conductivity to be utilized as 

electrolytes; however, the traditionally utilized SOFC cathode materials do not have 

acceptable electrocatalytic activity, limiting their application. 

All the above-mentioned conventional SOFC electrolytes operate by conducting 

oxide-ions via oxygen vacancy mechanism. In recent decades, proton-conducting solid 
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oxide fuel cells (PCFCs) using proton-hopping mechanism (Grotthuss mechanism) have 

been extensively studied since they may offer lower operating temperatures and share the 

benefits of both oxide-ion conducting SOFCs and low-temperature fuel cells (PEMFC or 

PAFC).
7,32,33

   

 

1.3.3 Cathode 

The essential requirements for SOFC cathodes include:  

 High electronic conductivity 

 Adequate ionic conductivity comparable with or better than that of electrolyte 

 Chemical and morphological stability during the operation 

 Fast oxygen reduction reaction kinetics and sufficient reaction sites 

 Sufficient porosity and uniform micro-pore structure to allow the gaseous oxygen 

to diffuse through the cathode 

 Thermo-mechanical compatibility with the other components with which the 

cathode makes contacts 

 

SOFC cathodes, also known as air electrodes, operate by reducing oxygen using 

electrons supplied by the external circuit and delivering the generated oxide ions to the 

electrolyte.
9
 The oxygen reduction reaction occurring at the cathode can be expressed as:  

 

1

2
𝑂2(𝑔) + 2 𝑒

′ + 𝑉𝑂
∙∙  →  𝑂𝑂

× 
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Most widely used cathode materials are lanthanum-based perovskite-structured 

oxides. For high-temperature (≥ 800 
o
C) SOFC cathodes, (La,Sr)MnO3±δ (LSM) mixed 

with ion-conductive YSZ is employed due to the p-type conducting behavior of Mn, i.e., 

Mn
3+

-to-Mn
4+

 variation by Sr-substitution under the cathode operating conditions.
7
 

However, a lot of critical limitations of LSM need to be overcome, such as low ionic 

conductivity due to the difficulty in creating lattice oxygen vacancies, poor 

electrocatalytic activity and performance at temperatures below 800 
o
C, and undesirable 

side reactions forming the insulating phase La2Zr2O7.
34,35

 For those reasons, alternative 

cathode materials for intermediate-temperature SOFCs have been pursued over the past 

few decades. In particular, La1-xSrxCoO3-δ (LSC)-based materials, with mixed 

ionic/electronic conducting (MIEC) properties, have emerged as viable cathode 

materials.
15,18

 Compared to the LSM cathode, they have exceptional electrocatalytic 

activity for oxygen reduction reaction kinetics even at lower temperatures and can rapidly 

diffuse O
2-

 ions to electrolyte by creating plenty of oxygen vacancies in the lattice.
3
 Their 

high thermal expansion coefficient (TECs) issues caused by low-spin (𝑡2𝑔
6 𝑒𝑔

0)  to 

(intermediate-spin (𝑡2𝑔
5 𝑒𝑔

1)  or) high-spin transition (𝑡2𝑔
4 𝑒𝑔

2)  of Co
3+

 in octahedral-sites 

and the reduction of Co
4+

 to Co
3+

 can be resolved by substituting iron for cobalt and 

making composites involving the mixing of La1-xSrxCo1-yFeyO3-δ (LSCF, x ≈ 0.2, y ≈ 0.8) 

with ceria-based electrolyte materials.
18,36

  

Nevertheless, advanced cathode materials for low- or intermediate-temperature 

SOFCs have been actively studied, focusing more on improving their electrocatalytic 

activity and operational structural stability. Currently pursued cathodes include Ba1-

xSrxCo1-yFeyO3-δ (BSCF), Sm1-xSrxCoO3-δ (SSC), Ln(Ba,Sr)(Co,M)2O5+δ (Ln = 

lanthanides, M = Fe, Ni, and Cu) layered perovskite oxides, the Ruddlesden-Popper 
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series of (La,Sr)n+1MnO3n+1 (M = Fe, Co, and Ni) perovskite-related intergrowth oxides, 

and hexagonal RBa(Co,Zn)4O7+δ (R = rare earth or alkaline earth) oxides.
18,35,37-40

   

 

1.4 ADVANTAGES AND CHALLENGES OF SOLID OXIDE FUEL CELL TECHNOLOGIES 

SOFCs offer a broad range of benefits for the energy and environment: high 

energy conversion efficiency, negligible emissions (carbon monoxide, nitrogen oxides, 

etc.), reduced fossil fuel consumption, noble metal-free catalyst for electrodes (e.g. Ni), 

fuel flexibility (use of a variety of fuels including natural gas and renewable fuels such as 

biogas generated from waste-water treatment plants and landfill gas facilities), and 

quiet/vibration-free operation.
29,35,41

 In particular, the internal reforming capability of 

SOFCs to use high energy density fuels (e.g. hydrocarbons) instead of H2 makes them a 

preferred technology because there is no need to be concerned about the availability of H2 

gas and the existing infrastructure such as current natural gas fuel storage and distribution 

facilities can be utilized without significant modification or new establishment of 

associated infrastructure.
42

 Moreover, the SOFC technology addresses critical challenges 

in energy-related areas, as it can be adopted for small portable and military applications 

to large mega-watt class stationary applications.
43,44

 Particularly, the SOFCs for 

stationary distributed power generation, which eliminates the transmission/distribution 

losses of electricity, can be sized and configured to meet a specific power generation 

demand. Furthermore, on-site combined heat and power (CHP) generation of SOFCs can 

not only increase the overall efficiency of SOFCs because of the byproduct (waste) heat 

satisfying space- or water-heating needs, but also significantly reduce the emissions over 

conventional heat and electrical power generation sources.
44
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Although SOFCs are beneficial for various applications and can simultaneously 

alleviate the current energy and environmental problems, a few fundamental, technical, 

and economical challenges should be overcome for a widespread commercialization of 

SOFCs. Basically, the reducing environment caused by hydrogen-rich fuels at high 

operating temperatures places serious constraints on materials for SOFCs. Moreover, the 

ceramic materials forming anode, electrolyte, and cathode are readily damaged during 

start-up and shutdown of SOFCs due to their thermal expansion properties, which leads 

to the failure of the fuel cell system. Thermal expansion coefficient (TEC) mismatch 

among cell components either restricts the choice of the thermo-mechanically compatible 

materials or requires specific processing technique. Therefore, further research should 

focus more on lowering the stack operating temperature as it can reduce the rates of 

materials degradation, increasing the durability of SOFC systems, and use of less 

expensive materials with great electrochemical/electrical properties.
7,43

 Moreover, for 

marketable high-performance SOFCs with extended lifespan, the efforts to address the 

issues concerning electrodes and electrolyte materials such as sluggish oxygen reduction 

reaction catalysts for cathode, ceria-based electrolytes reduced under operating 

conditions, and carbon-accumulated Ni catalyst in hydrocarbon-fueled SOFC anodes 

should be continuously made. 

  

1.5 MOTIVATION AND OBJECTIVE OF THIS DISSERTATION 

As compared to the other types of fuel cells, the most important advantages of 

SOFCs are that low-cost Ni (in place of noble-metal catalysts) and plentiful natural gas 

(consisting primarily of methane) can be utilized as, respectively, an anode catalyst and 

fuel. However, Ni-based anode-supported SOFCs fueled by hydrocarbons pose a new, 
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serious problem; under the operating conditions, solid carbon species continuously 

generated by hydrocarbon cracking reaction (e.g. CH4 → C + 2 H2) are accumulated on 

the Ni surface, thereby poisoning the Ni catalyst anodes and incapacitating SOFCs from 

generating electrical energy from chemical energy of hydrocarbon fuel. This critical issue 

is mainly dealt with in this dissertation, and the strategies to resolve this problem based 

on the understandings of surface chemistry phenomena at the gas (fuel and water vapor)-

solid (catalyst) interfaces and coking/decoking mechanisms during the SOFC operation 

are presented.  

Moreover, to facilitate the commercialization of SOFCs, approaches to improve 

the cell performances and increase their power densities while reducing their operating 

temperature are investigated. Specifically, as the SOFC performance is highly limited by 

its dependency on the three-phase boundary (TPB) region, where electrons, O
2-

-ions, and 

fuel meet together, strategies for the enlargement of TPB region and improvement of 

anode microstructure through the modification/optimization of the surface structure of the 

anode powder particles are discussed.    
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Chapter 2: Experimental 

 

2.1 MATERIALS SYNTHESIS AND PREPARATION 

The materials presented throughout the dissertation were synthesized and 

prepared by various methods. A general description of the technique is provided in this 

chapter, while detailed procedures are given in the relevant chapters. All chemicals used 

for powder preparations were ACS grade and were stored in the proper place when not in 

use.    

 

2.1.1 Anode powder preparation 

 The anodes of the anode-supported solid oxide fuel cells (SOFCs) presented in 

this dissertation were essentially Ni-Ce0.8Gd0.2O1.9 (GDC)-based cermets (Ni : GDC = 

50 : 50 vol %), and were prepared using two types of NiO-GDC composite powders: 

conventional NiO-GDC power and surface-modified NiO-GDC powder. The 

conventional NiO-GDC composite powder was made by mixing and grinding 

commercial NiO and GDC powders with a required amount of starch ((C6H10O5)n) for a 

formation of sufficient pores in anode microstructure. Such a process was carried out by 

mechanically ball-milling those powders together in ethyl alcohol for 2 – 3 days. Then, 

the resultant powder was completely dried with agitation and sieved to remove coarse 

particles. The modified NiO-GDC powder was obtained through a solution-based 

synthesis route based on the sol-gel method. Specifically, Ni
2+

, Gd
3+

, Ce
4+

 cations 

chelated/encapsulated with citric acid (C6H5O7)
3-

 and etylenediaminetetraacetic acid 

(EDTA, (C10H12N2O8)
4-

) in aqueous solution carried a negative charge and adhered to the 

positively charged NiO-GDC composite powder particles (ball-milled as mentioned 
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above) in solution below the isoelectric point (IEP) of NiO-GDC (pH ≈ 7). Consequently, 

NiO-GDC composite powder covered with nano-sized NiO and GDC particles via 

synthesis/calcination process was made. 

In order to suppress carbon deposition onto the anodes during the SOFC operation 

with hydrocarbon fuel, which is related to Chapter 5 – 8, the incorporation of catalytic 

materials onto these two types of anodes was carried out as follows. For the conventional 

NiO-GDC composite anode, NiO powder on which a solution deposition precursor of 

catalyst had been adsorbed by an incipient wetness method was employed. A required 

amount of precursor materials was dissolved in deionized water or ethyl alcohol, 

followed by the immersion of commercial NiO powder ball-milled in ethyl alcohol for 2 

– 3 days. After 1 day of agitation to totally wet the NiO powder with solution, the 

resulting catalyst-incorporated NiO powder was dried and calcined at the required 

temperature, and then blended with GDC powder and starch by ball-milling them as 

mentioned above. These catalyst-incorporated NiO-GDC powders were utilized for 

anode-supports and anode catalytic functional layers. As regards the addition of catalytic 

materials to the surface-modified NiO-GDC composite anode, the cations of such 

catalysts were added to the powder surface along with the other metal ions (Ni
2+

, Gd
3+

, 

and Ce
4+

) while surface-modifying the NiO-GDC composite powder by the sol-gel 

method. More detailed descriptions are given in the relevant chapters.         

 

2.1.2 Electrolyte powder preparation 

The electrolyte materials used throughout the studies were GDC, which has far 

higher ionic conductivity at lower operating temperature (≤ 700 
o
C) compared to the most 

commonly used yttria-stabilized zirconia (YSZ) electrolyte. The synthesis of GDC 
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powder (Figure 2.1) was carried out in two ways: a conventional solid-state reaction route 

with required amounts of Gd2O3 and CeO2 powders and a glycine-nitrate combustion 

process (GNP) with Gd(NO3)3∙6H2O and (NH4)2Ce(NO3)6, and C2H5NO2 (glycine), 

which were employed for making a GDC electrolyte-support (~ 500 μm) of symmetric 

cells and an anode-supported GDC electrolyte layer (~ 7 μm) of single cell SOFCs, 

respectively. They were sufficiently ball-milled and thoroughly ground with mortar and 

pestle before use. As shown in Figure 2.2, the GDC powder synthesized by GNP method 

were extremely fine (~ 50 nm) and uniform in size to form a high-density thin-film 

electrolyte on anode-supports.    

 

 

Figure 2.1: XRD patterns of GDC powders synthesized by solid-state reaction route and 

GNP method. 
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Figure 2.2: STEM/EDS micrographs of GDC powder. 50 – 100 nm sized GDC powder 

synthesized by a glycine-nitrate combustion process is utilized for fabricating 

the thin-film electrolyte layer of anode-supported single-cell SOFCs by co-

pressing/co-firing technique.   

 

2.1.3 Cathode powder preparation 

The perovskite-type La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) and Ba0.5Sr0.5Co0.8Fe0.2O3-δ 

(BSCF) materials, which are known for showing outstanding performances with ceria-

based electrolytes at intermediate temperatures, were employed as the cathode materials 

in this study. They both were synthesized by the EDTA-citric acid complex method using 

nitrate precursors of each element and EDTA and citric acid as chelating agents. (La2O3 

dissolved in nitric acid was used as a La-precursor.) Each metal ions released from 

nitrates and encapsulated by the chelating agents in solution (pH ≈ 7) were gelated by 

agitating and heating over boiling temperature of water, followed by a calcination at 600 

o
C and 900 

o
C. The final heat-treating temperatures for forming pure perovskite-structure 

of LSCF and BSCF (Figure 2.3) and obtaining the best performance were, respectively, 

1200 
o
C and 1100 

o
C. The as-synthesized LSCF and BSCF powders were mechanically 

ball-milled for 2 – 3 days to be properly screen-printed onto GDC electrolytes.      
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Figure 2.3: XRD patterns of LSCF and BSCF powder synthesized by EDTA-citric acid 

complex method. 

 

2.2 MATERIAL CHARACTERIZATIONS 

2.2.1 Phase identification 

The room-temperature x-ray diffraction (XRD) analyses were carried out using an 

X-ray diffractometer (APD 3520 or X’pert, Philips) with Cu Kα radiation to identify the 

crystalline phase and orientation of materials. Specimens were finely ground, spread over 

a glass slide, and then fixed with an inert solvent, amyl acetate. The XRD patterns of 

samples were recorded with a fixed slit in the 2-theta (2θ) range of 20
o
 to 80

o
 at a 

stepwise scan rate of 0.02
o
/step and compared with the peak profile of known standards 

using the JADE Plus software package. For the phase identification of as small as 1 

atom % coking-tolerant catalysts incorporated onto Ni surface, samples with 20 atom % 

dopants (W, Sn, and V) with respect to Ni were prepared to clearly identify the phases 

formed and phase changes under SOFC operating conditions. 
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2.2.2 Powder morphology and microstructure observation 

The morphologies of various powders used in these studies were mainly observed 

by scanning transmission electron microscopy (STEM, S-5500, Hitachi Ltd.) at 20 – 30 

kV. Moreover, the STEM with an energy dispersive spectroscopy detector (EDS, 

Quantax 4010, Bruker Corporation) was utilized for the observation and 2-dimensional 

mapping of the microstructures, especially three-phase boundary regions, of the anodes. 

The porosities of anodes as a function of the sintering temperatures and anode catalytic 

functional layers before and after reduction in H2 atmosphere were determined by a liquid 

saturation method. Along with STEM, scanning electron microscope (SEM, JSM-5610, 

JEOL Ltd.) was used to observe the cross-sectional and surface microstructures of cell 

components such as anode, electrolyte, cathode, and catalytic functional layer before and 

after operation. The qualitative and quantitative analysis of elements distributed on the 

anode was conducted using an electron probe micro analyzer (EPMA, SXFive, Cameca). 

 

2.2.3 Size distribution, zeta potential, and surface area measurement  

The size distributions and zeta potentials (electrokinetic potential) of powder 

particles were characterized by photon correlation spectroscopy (DLS, Zetasizer Nano 

ZS, Malvern Instruments Ltd.). To obtain the isoelectic points (IEPs) of oxides, their zeta 

potentials were measured ~ 20 times as a function of pH in 10
-3 

M KNO3 aqueous 

solution into which oxide powder particles were uniformly dispersed. The surface area of 

the powders was obtained by examining the physical adsorption of nitrogen gas on the 

surface of particles, employing the multi-point Brunauer-Emmett-Teller (BET) method 

(Nova 2000 Surface Area Analyzer, Quantachrome Instruments). 
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2.2.4 Determination of functional groups on the surface of heterogeneous catalysts  

Fourier transform infrared (FTIR) analysis (Nicolet iS5, Thermo Scientific / 

Vertex70, Bruker Corporation) and thermogravimetric analysis (STA 449 F3 Jupiter, 

Netzsch) were performed to verify the presence of functional groups on the surface of 

catalysts exposed to various atmospheres and temperatures. Specifically, to establish the 

fact that hydroxyl functional groups are formed at interfaces between the catalyst surface 

and the water vapor generated by electrochemical oxidation of fuel, the samples were 

analyzed immediately after being heat-treated at the identical conditions to the SOFC 

operation conditions. FTIR spectroscopy provided information on functional groups 

formed on the catalyst surface. For TGA, the mass variation of the sample was monitored 

with flowing argon from room temperature to 900 
o
C at a ramp rate of 5 

o
C/min. The 

increase and decrease in the mass of the sample at a specific temperature region indirectly 

implied, respectively, oxidation of the sample and removal of a specific functional group.    

 

2.2.5 AC-impedance analysis  

Electrochemical impedance is the response (variation of the impedance) of a cell 

to an applied voltage (with the frequency of an AC perturbation). The comparison of 

electrocatalytic activity and polarization resistances of the cathode materials, which 

depend upon their compositions and heat-treating temperatures, was conducted in air 

atmosphere with the electrochemical impedance spectroscopy (EIS, 1260 FRA, 

Solartron). Samples were prepared as GDC electrolyte-supported cathode symmetric 

cells, and Pt meshes/wires as a current collector were attached on top of the surfaces of 

cathode. The applied frequency was in the range of 0.5 mHz to 1 MHz with an voltage 

amplitude of 10 mV.   
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2.3 ELECTROCHEMICAL PERFORMANCE AND OPERATIONAL STABILITY EVALUATIONS 

2.3.1 Single cell fabrication 

As compared with the electrolyte or cathode-supported SOFCs, anode-supported 

single cells, especially those using Ni-based cermet anodes, are much more promising in 

regards to their performance and commercial aspects. Therefore, Ni-GDC-based anode-

supported type single cell SOFCs were produced by the co-pressing/co-firing technique 

and utilized to evaluate the performance and operational stability of SOFCs we have 

developed. A brief description of the procedure is as follows: the as-prepared anode 

powder was compacted into 1-inch pellets at room temperature and then GDC electrolyte 

powder homogeneously dispersed in acetone by sonication was placed on the pre-pressed 

anode substrate, followed by drying and uniaxial-pressing the anode-supported 

electrolyte. The resultant pellets carefully removed from pelletizer were co-fired at a 

temperature required to form a perfectly dense electrolyte layer. The cathode of 0.25 cm
2
 

was applied onto the surface of electrolyte by screen-printing the cathode powder 

thoroughly mixed with an organic binder (Heraeus V006) and heat-treating at proper 

temperatures. To determine the optimum manufacturing conditions of BSCF and LSCF 

cathodes on the GDC electrolyte, impedance studies and powder XRD analyses were 

carried out with, respectively, symmetric cells prepared by heat-treating (pure or 

composite) cathode ink screen-printed on both sides of an electrolyte-support at a specific 

temperature (as seen in Figure 2.4) and powders ball-milled and heat-treated with GDC 

electrolyte powder. As for XRD patterns (Figure 2.5) and impedance spectra (Figure 2.6) 

associated with BSCF cathode, it was discovered that an unknown impurity and BaCeO3 

were created at temperature below 800 
o
C and above 900 

o
C, respectively, and the 

symmetric cell with pure BSCF electrode heated at 850 
o
C had the lowest overall 

resistance. Furthermore, although LSCF-GDC composites did not react with each other at   
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Figure 2.4: Schematic diagram and a cross-sectional SEM micrograph of a GDC 

electrolyte-supported symmetric cell. 

 

 

Figure 2.5: XRD patterns of a BSCF-GDC composite heat-treated at various 

temperatures. 
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Figure 2.6: Impedance spectra obtained with GDC electrolyte-supported BSCF and 

BSCF-GDC composite cathodes symmetric cells at various temperatures in 

air. 

 

Figure 2.7: XRD patterns of a LSCF-GDC composite heat-treated at various 

temperatures. 
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Figure 2.8: Impedance spectra obtained with GDC electrolyte-supported LSCF and 

LSCF-GDC composite cathodes symmetric cells at various temperatures in 

air. 

any sintering temperature as indicated in Figure 2.7, the impedance analysis results in 

Figure 2.8 showed that LSCF cathode on GDC electrolyte should be thermally treated at 

1000 
o
C. The schematic diagram of anode-supported single cell SOFCs designed based 

on the above-mentioned single cell fabrication process is displayed in Figure 2.9. 
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Figure 2.9: Schematic diagram of an anode-supported single cell SOFC. 

 

2.3.2 Electrochemical performance and operational stability tests 

The power densities of the anode-supported single cell SOFCs were obtained by 

measuring current density-voltage (i-V) under SOFC operating conditions. The cell with 

Pt and Au meshes/wires (current collectors) attached to, respectively, the outer surface of 

cathode and anode-support was thoroughly sealed at 800 
o
C onto the end of alumina tube 

with the pulverized glass powder collected by dry-ball-milling/sieving glassware (Kimax 

Griffin Beaker) and then cooled down to the desired temperature (650 - 700 
o
C) at a rate 

of 0.5 
o
C min

-1
. After purging the oxygen with pure N2 gas in the anode, the air was 
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blown over the surface of the cathode to supply sufficient oxygen, followed by reduction 

of the anode fed with H2 fuel. Once acceptable OCVs were achieved, the voltages as a 

function of applied current densities, i.e. power densities, were measured. The schematic 

configuration of a single cell test setup is displayed in Figure 2.10. 

  

 

Figure 2.10: Schematic diagram of the single cell test setup and operation. 

To determine the operational stability of single cell SOFCs with natural gas fuel, 

which consists primarily of hydrocarbon gases, H2 fuel was exchanged for methane 

(CH4) fuel at the operating temperature by gently decreasing and increasing the flow of, 
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respectively, H2 and CH4 at the same time, continuously applying a proper current 

density to the single cell SOFC. The power densities of the single cell SOFC fed with 

CH4 fuel was evaluated in the same manner immediately after fuel exchange, and the cell 

subsequently underwent the long-term operational stability (durability) test, revealing the 

terminal voltages corresponding to the applied current density. 
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HIGH-PERFORMANCE SOLID OXIDE FUEL CELLS 

Chapter 3: Superior Power Density Solid Oxide Fuel Cells by Enlarging 

the Three-Phase Boundary Region of a NiO-Ce0.8Gd0.2O1.9 Composite 

Anode through Optimized Surface Structure
1
 

 

3.1 INTRODUCTION 

A solid oxide fuel cell (SOFC) is an electrochemical device that can directly 

convert the chemical energy of fuels into electrical energy and thereby significantly 

reduce environmental emissions such as nitrous oxides and sulfur compounds.
20,45

 SOFCs 

are known to operate at higher efficiencies than most modern energy production 

technologies, and the power production capacity and efficiency can be further increased 

by hybridizing with other power-generation systems.
1,43,46

 In comparison with the proton 

exchange membrane fuel cells, less expensive heterogeneous catalysts such as Ni can be 

used for the electrochemical oxidation of fuels at the anode.
37,47

 Furthermore, the ability 

to directly utilize hydrocarbon fuels through internal reformation is among its greatest 

advantages.
48-50

  

One of the most fundamental ways in which the marketability of SOFCs could be 

improved is by increasing their power densities while reducing their operating 

temperature. Much of the current research regarding high-performance SOFCs is focused 

on the development of novel electrode and electrolyte materials and new cell 

designs.
10,36,43,51,52

 Also, due to the much smaller polarization loss and lower cost of the 

anode material compared to the electrolytes or cathodes of SOFC, anode-supported type 

cells have been commonly considered and performance improvements have been  

 1 This chapter is based on previously published work: Yoon, D., Su, Q., Wang, H. & Manthiram, A. Superior power density solid 

oxide fuel cells by enlarging the three-phase boundary region of a NiO–Ce0.8Gd0.2O1.9 composite anode through optimized surface 

structure. Physical Chemistry Chemical Physics 15, 14966-14972 (2013). Dr. Manthiram supervised the project, and Dr. Qing Su and 
Dr. Haiyan Wang provided help with PLD experiments. D. Yoon performed all experiments.  
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extensively investigated by modifying such bulky anodes.
13

 The extension of three-phase 

boundaries, the interfaces at which the fuels, electrons, and O
2-

 ions all meet, in the 

anodes is a particularly effective way to provide more electrochemical reaction sites and 

promote the electrode reaction rates.
2
 However, the undesired grain growth and 

densification of the porous anodes during the firing process of the anode-supported solid 

oxide electrolyte layers lead to performance degradation of the anode.
1,53

 Accordingly, 

we present here an approach to enlarge the three-phase boundary region of the SOFC 

anodes regardless of the high-temperature heat-treatment by surface modification of the 

anode powder. Markedly improved power density of the Ni-Ce0.8Gd0.2O1.9 (GDC) cermet, 

which is the most common anode material, is demonstrated. 

 

3.2 EXPERIMENTAL 

3.2.1 Preparation of conventional and modified NiO-GDC anode powders 

The surface modified NiO-GDC composite powder was synthesized by a wet-

chemical method based on the sol-gel process. Required amounts of Ni(NO3)2·6H2O, 

Gd(NO3)3·6H2O, and (NH4)2Ce(NO3)6 were dissolved in deionized water, followed by 

the addition of ethylenediaminetetraacetic acid (EDTA) and citric acid as the chelating 

agents after agitation for 1 h. The molar ratio of EDTA, citric acid, and total amount of 

metal cations (Ni
2+

, Gd
3+

, and Ce
3+

) was 1 : 1.5 : 1. After regulating the pH value of the 

aqueous solution to below 7 by adding a required amount of NH4OH, conventional NiO-

GDC composite powder, which was ball-milled for 2 – 3 days in ethyl alcohol, was 

added into the solution and stirred for 12 h. The mixture was heated with stirring at 120 

o
C for several hours so that it was converted into a gel-like intermediate containing NiO-

GDC powder with dissolved metal cations, followed by calcination at 600 
o
C and 900 

o
C 
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for 6 h each. The resulting NiO-GDC anode powder (Ni : GDC =  50 : 50 vol %) was 

then ball-milled in ethyl alcohol for half an hour. For the conventional NiO-GDC 

composite anode powder, NiO (J.T.Baker) and GDC (Fuel Cell Materials) powders were 

simply ball-milled together with a proper amount of starch in ethyl alcohol for 2 – 3 days.  

 

3.2.2 Fabrication of anode-supported single cell SOFCs 

The conventional NiO-GDC and modified NiO-GDC anode-supported GDC 

electrolytes were prepared in two ways: a co-pressing/co-firing method and a pulsed laser 

deposition (PLD) method.
54

 For the co-pressing/co-firing, the anode powders were 

pressed into pellets and then the GDC powder uniformly dispersed in acetone was gently 

placed on those pellets and air-dried completely, followed by uniaxial pressing. The GDC 

powder for the thin electrolyte layers was synthesized by the glycine-nitrate combustion 

process,
55,56

 and the thickness of the electrolyte layers could be controlled depending 

upon the amount of powder. (Conventional or modified) NiO-GDC ‖ GDC pellets 

obtained by co-pressing were sintered at 1450 
o
C for 6 h. For the PLD method, the 

conventional NiO-GDC powder ball-milled with 10 wt % starch and the modified NiO-

GDC powder without starch were compacted into disk-shaped pellets under uniaxial 

pressure and sintered at 1370 
o
C for 3 h. The yttria-stabilized zirconia (YSZ)-GDC bi-

layer electrolytes were deposited onto both the anode substrates using the PLD technique 

with a KrF excimer laser.
54,57

 For the cathode, Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) 

synthesized by the combined EDTA-citric acid complexing method was applied onto the 

GDC (or YSZ-GDC) electrolyte layers by screen-printing and sintering at 850 
o
C for 2 h. 

The synthesis of BSCF powder was carried out as reported elsewhere.
58 Pt current 
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collectors were applied by screen-printing Pt paste onto the cathodes, and then Pt meshes 

were attached to those layers, followed by heat-treating at 800 
o
C for 20 min. 

 

3.2.3 Characterizations and electrochemical performance tests 

The morphologies of NiO, GDC, conventional NiO-GDC, and modified NiO-

GDC powders were characterized by scanning transmission electron microscopy (STEM, 

S-5500, Hitachi) at 20 – 30 kV. The size distributions and zeta potentials of the powder 

particles were analyzed using photon correlation spectroscopy (DLS, Zetasizer Nano ZS, 

Malvern Instruments Ltd.). To obtain the electrokinetic potential and isoelectic points 

(IEPs) of the oxides, those particles were uniformly dispersed in 10
-3 

M KNO3 aqueous 

solution with the pH ranging from 4 to 10, and the zeta potentials were measured 20 

times at an effective voltage of 149.3. The surface area of the powders was obtained by 

measuring the physical adsorption of nitrogen gas on the particle surface, employing the 

Brunauer, Emmett, and Teller (BET) method using a Quantachrome Instruments Nova 

2000 Surface Area Analyzer. The resultant product material and modified NiO-GDC 

powder were characterized by X-ray diffraction with Cu Kα radiation. STEM with an 

energy dispersive spectroscopy detector (EDS, Quantax 4010, Bruker Corporation) was 

utilized for the observation and 2-dimensional mapping of the microstructures of the 

conventional NiO-GDC and modified NiO-GDC anodes. The porosities of the 

conventional NiO-GDC and modified NiO-GDC anodes before and after reduction in H2 

atmosphere were determined by a liquid saturation method depending upon the sintering 

temperature. The cross-sections of the anode-supported electrolyte layer could be seen by 

the scanning electron microscope (SEM, JSM-5610, JEOL Ltd.). The electrochemical 

performance tests of the conventional and modified Ni-GDC anode-supported single cells 
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were conducted at 600 - 750 
o
C in humidified H2 and air at the rates of, respectively, 50 – 

80 and 120 cc min
-1

. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Synthesis and characteristics of surface-modified NiO-GDC anode powder 

The surface modification method of NiO-GDC composite powder was based on 

the theory that oxide powder particles in aqueous medium become positively or 

negatively charged depending upon the pH of the solution.
59

 Due to IEPs, i.e. the pH at 

which oxide particles carry no electrical charge, the particles carry a negative charge (M-

O
- 
where M is a metal) at pH values above the IEP and a positive charge (M-OH2

+
) at pH 

values below the IEP. Figure 3.1 shows the zeta potentials of NiO, GDC, and NiO-GDC 

powder particles in solution as a function of the pH of the solution. Since their IEPs were 

found to be, respectively, at pH = 9.8, 6.1, and 7, the NiO-GDC composite powder 

became positively charged in solution for pH values below 7. In general, the IEPs of 

mixed oxides like NiO-GDC composites are known to be around halfway between those 

of each oxide, and the reason why the IEP value of NiO-GDC is closer to that of GDC is 

that the electrokinetic behavior is dominated by GDC.
21,59

 Accordingly, it can be assumed 

that the ball-milled NiO-GDC composite powder looks like NiO powder partially 

covered with relatively small sized GDC powder. (see Figure 3.4 for reference) The 

metal ions (such as Ni
2+

, Gd
3+

, and Ce
3+

) released into the solution chelate with EDTA 

and citric acid dissolved into the solution, and these chelated compounds with a negative 

charge become stuck to the surface of such NiO-GDC powders while being synthesized 

as schematically shown in Figure 3.1.
59

 The EDTA and citric acid chelation procedures 

are indicated in Figure 3.2.
60,61

 Through this synthesis process and the thermal treatment  
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Figure 3.1: Electrokinetic potentials of NiO, GDC, and NiO-GDC in 10
-3

 M KNO3 

solution at room temperature and schematic diagram illustrating the 

interaction between NiO-GDC and chelated cations depending on the pH of 

the solution while synthesizing the modified NiO-GDC powder. 
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(a) (𝐶10𝐻12𝑁2𝑂8)
4− (𝑎𝑞)  + 𝑀2+ (𝑎𝑞)  →  [𝑀(𝐶10𝐻12𝑁2𝑂8)]

2− (𝑎𝑞)  

 

 

(b) 2 (𝐶6𝐻5𝑂7)
3− (𝑎𝑞) + 𝑀3+ (𝑎𝑞)  →  [𝑀 ∙ 2 (𝐶6𝐻5𝑂7)]

3− (𝑎𝑞) 

 

Figure 3.2: Representation of (a) metal-EDTA chelation and (b) metal-citric acid 

chelation.  
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for removal of remnant organic compounds and oxidation of the metal cations, the 

surface modified NiO-GDC composite powder could be successfully synthesized. The 

particle size distributions, surface areas, and powder morphologies of NiO, GDC, NiO-

GDC, and modified NiO-GDC powders after calcination are shown in Figure 3.3 and 3.4. 

The modified NiO-GDC powder calcined at 600 to 900 
o
C became relatively uniform in 

size and had an approximately two times greater surface area than the conventional NiO-

GDC composite powder, which led to a significant improvement in the three-phase 

boundaries. In Figure 3.5, the XRD patterns of the modified NiO-GDC after heat-treating 

for electrolyte sintering are presented. From these patterns, it can be seen that no other  

 

 

Figure 3.3: Particle size distributions of NiO, GDC, NiO-GDC, and modified NiO-GDC 

after calcination and the surface areas of conventional and modified NiO-

GDC anode powders. 
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compounds (e.g., cerium or gadolinium oxides) were created in the process of modifying 

the surface of the NiO-GDC composite powder. 

 

 

Figure 3.4: Powder morphologies of (a) NiO, (b) GDC, (c) NiO-GDC (obtained by ball-

milling NiO and GDC), and (d) modified NiO-GDC after calcination. 
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Figure 3.5: XRD patterns of modified NiO–GDC before and after reduction. 

 

3.3.2 Microstructural comparison of conventional NiO-GDC and surface-modified 

NiO-GDC anodes 

From the morphological differences discussed above, the modified NiO-GDC 

anode has much larger three-phase boundaries compared to the conventional NiO-GDC 

anode, implying that the electrochemical reactions can occur more rapidly and the 

activation polarization can be reduced significantly.
62,63

 Figure 3.6 shows the improved 

microstructure and extended three-phase boundaries of the modified NiO-GDC anode in 

comparison with the conventional NiO-GDC anode. The grain growth of Ni has occurred 

severely in the conventional anode during the sintering of the electrolyte layer at high 

temperatures, resulting in an obstruction of electron and ion conduction, respectively, via 

Ni and GDC. On the other hand, due to the uniform distribution of Ni
2+

, Ce
3+

, and Gd
3+

 

ions over the surface of the NiO-GDC composite powder and the formation of their oxide 
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Figure 3.6: Comparison of the microstructure and three-phase boundaries in the (a) 

conventional NiO-GDC and (b) modified NiO-GDC anode sintered at 1450 
o
C (red = Ni, green = Ce, and blue = Gd). 
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particles during the above-mentioned synthesis, the agglomerations of Ni and GDC in the 

modified NiO-GDC anode are remarkably suppressed regardless of the high-temperature 

heat-treatment. This behavior enabled electrons and O
2-

 ions to rapidly flow throughout 

the anode and allowed the fuel to be easily access to the three-phase boundaries.  

 

3.3.3 Electrochemical performance comparison of conventional Ni-GDC and 

surface-modified Ni-GDC anode-supported single cell SOFCs 

To confirm the effect of the surface modification of the NiO-GDC composite 

powder on the performance, the electrochemical performances of the conventional and 

modified Ni-GDC anode-supported single cells made by a co-pressing/co-firing method 

were evaluated. These single cells comprised a BSCF cathode ‖ GDC electrolyte ‖ anode 

configuration, and were the same in all respects and operating conditions (except for the 

anode) in order to directly see the effect of anode modification on cell performance. As 

seen in Figure 3.7, the modified Ni-GDC anode-supported single cell showed maximum 

power densities of 0.81 and 0.83 W cm
-2

, respectively, at 700 and 650 
o
C, in 50 cc min

-1
 

H2, while the conventional Ni-GDC anode-supported single cell showed 0.53 and 0.32 W 

cm
-2

. Thus, it can be inferred that the surface modification of the anode powder led to a 

growth of the three-phase boundaries and a remarkable performance enhancement.   

One problem was the huge concentration polarization in the modified Ni-GDC 

anode operating at temperatures above 700 
o
C as can be seen in Figure 3.7 (b). At current 

densities above about 1.5 A cm
-2

, a dramatic voltage loss is observed, and the maximum 

power density even at 700 
o
C is worse than that at 650 

o
C. This loss was attributed to the 

steam by-product energetically produced by the electrochemical oxidation of the fuel and 

the poor pore microstructure of the anode.
7,64,65

 The large quantity of steam drastically 

reduced the fuel supply at the active sites by diluting H2. A drastic densification of the  
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Figure 3.7: Polarization curves and power densities of the (a) conventional Ni-GDC 

anode-supported single cell and (b) modified Ni-GDC anode-supported 

single cell made by co-pressing/co-firing method. 
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anode substrate during sintering resulted from the significantly larger surface area of the 

modified NiO-GDC powder (29.4 m
2
 g

-1
) compared to that of the conventional NiO-GDC 

powder (14.3 m
2
 g

-1
) as shown in Figure 3.8. During the sintering of the anode-supported 

electrolytes, the atoms in the modified NiO-GDC powder particles with a large surface 

area rapidly diffused towards the pores, thereby shrinking the anode microstructure. To 

improve the pore microstructure of the anode and at the same time prevent the CeO2 from 

being reduced to Ce2O3 under the operating conditions, a YSZ (~ 1 μm)/GDC (~ 4 μm) 

bi-layer electrolyte was deposited on the conventional and modified NiO-GDC anode 

substrates sintered at 1370 
o
C by a PLD technique (Figure 3.9). Because doped ceria like 

Sm-doped ceria and Gd-doped ceria have n-type electronic conducting properties in  

 

 

Figure 3.8: Porosity variations of the conventional and modified NiO-GDC anodes before 

and after reduction depending on the sintering temperature. 
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Figure 3.9: Cross-sectional view of anode-supported YSZ-GDC bi-layer electrolyte 

obtained by the PLD technique. 

reducing atmosphere at low oxygen partial pressures, the open circuit voltages (OCVs) of 

the SOFCs with ceria-based electrolytes are normally maintained at 0.7 – 0.8 V, falling 

far short of the theoretical values.
14,30,66

 Our anode-supported GDC electrolyte single 

cells also showed OCVs of 0.76 – 0.77 V and 0.78 – 0.79 V, respectively, at 700 and 650 

o
C as seen in Figure 3.7. The thin YSZ electrolyte layer between the H2-fueled anode 

substrate and the GDC electrolyte contributed to an increase in OCVs above 1.0 V by 

obstructing the electrical current leakage over the GDC electrolyte.
54

 Furthermore, as the 

electrolyte sintering process was not required any more, the porosities of both the anode 

substrates could be raised to above 40 % by decreasing the temperature at which the 

anodes were sintered from 1450 to 1370 
o
C. The porosity variations depending on the 

sintering temperature of the anodes in Figure 3.8 reveal that conventional and modified 

Ni-GDC anodes sintered at around 1370 
o
C and reduced under the operating conditions 

have similar porosities. For this reason, the electrochemical performances of the 

conventional and modified NiO-GDC supported single cells were measured with 80 cc 

min
-1

 H2 at temperatures ranging from 750 to 600 
o
C. Figure 3.10 shows the performance  
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Figure 3.10: Polarization curves and power densities of the (a) conventional Ni-GDC 

anode-supported single cell and (b) modified Ni-GDC anode-supported 

single cell, both with a YSZ-GDC bi-layer electrolyte deposited by the 

PLD technique. 
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difference between the conventional and modified Ni-GDC anode cells with YSZ-GDC 

electrolyte ‖ BSCF cathode. The modified Ni-GDC anode sample shows maximum power 

densities of 1.85, 1.44, 0.98, and 0.62 W cm
-2 

at, respectively, 750, 700, 650, and 600 
o
C, 

which are three times higher than those obtained with conventional Ni-GDC anodes 

(0.61, 0.50, 0.37, and 0.26 W cm
-2 

at 750, 700, 650, and 600 
o
C respectively). With 

optimized operating conditions, a well-developed cell fabrication technique, and the 

surface modified anode, much improved SOFC performance could thus be obtained even 

at reduced temperatures. 

 

3.4 CONCLUSION 

With an aim to develop high-performance SOFC anodes, an oxide powder 

modification method and its effects on the microstructure and electrochemical 

performance of SOFCs have been investigated. Surface-modified NiO-GDC composite 

powder could be obtained by a wet-chemical method based on the concept that metal 

oxide particles become negatively or positively charged depending on the pH of the 

solution. Since the IEP, the pH at which oxide powder particles carry no net electrical 

charge, of NiO-GDC composite powder was around 7, the M-EDTA or M-citric acid (M 

= Ni
2+

, Ce
3+

, and Gd
3+

) chelate compounds adhered to its surface positively-charged at 

pH below 7 in aqueous solutions. This modified NiO-GDC anode powder prevented NiO 

and GDC from agglomerating separately during the sintering process, which helped to 

have much larger three-phase boundaries in the anode. Comparison of the anode-

supported single cell SOFCs reveals that the modified Ni-GDC anodes led to three times 

higher power densities compared to the conventional Ni-GDC anodes having the same 

porosity.     
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Chapter 4: Effects of V-Incorporation into Ni-Ce0.8Gd0.2O1.9 Cermet 

Anode on the Anode Microstructure and Performance of Solid Oxide 

Fuel Cells    

 

4.1 INTRODUCTION 

The capabilities of fuel cells to simultaneously alleviate the energy and 

environmental problems are becoming increasingly recognized for the last few 

decades.
1,67

 For example, fuel cells generate electricity at much higher efficiency with 

even fewer or no emission of carbon-containing by-products compared to any traditional 

combustion-based electrical power generation systems.
2
 Among the various types of fuel 

cells, considerable attention has been lately given to solid oxide fuel cells (SOFCs) 

operating at relatively high temperatures, as they can directly convert the chemical 

energies stored within the chemical bonds of hydrocarbon fuels, such as natural gas, into 

electrical energy during operation without requiring an external reforming process, 

expensive hydrogen fuel, or noble metal catalyst.
15,24,42,44

 Furthermore, the overall 

efficiency of SOFCs co-generating heat and power can be maximized by making use of 

the waste thermal energy produced by the fuel oxidation reactions.
1,44

 In spite of these 

advantages of SOFCs, their practical applications have been retarded due to a couple of 

issues such as limitations in materials (for electrodes, interconnect, sealant, etc.) because 

of the high-temperature operation, delicate thermal management under SOFC stack 

operation, availability of hydrogen fuel, and so forth.
3,15

 With solutions to these 

technical/materials challenges, the most important aspect is to enhance the power output 

per unit area at significantly reduced SOFC operating temperatures to facilitate a 

widespread commercialization of the SOFC technologies.   
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Conventional SOFCs consist basically of thin-film cathode and electrolyte layers 

supported by a Ni-based cermet (ceramic-metal) anode. The greatest advantage of SOFCs 

over low-temperature fuel cells, which rely on noble metal catalysts (e.g. Pt), includes 

inexpensive, heterogeneous Ni anode catalyst. Ni blended with oxide-ion conducting 

electrolyte materials such as yttria-stabilized zirconia (YSZ, Zr1-xYxO2-0.5x) or 

gadolinium-doped ceria (GDC, Ce1-xGdxO2-0.5) exhibit exceptional catalytic activity for 

electrochemical fuel oxidation reaction as well as high electronic/ionic conductivity and 

good thermo-mechanical compatibility with the electrolyte under the SOFC operating 

environments.
24,62,68

 However, the cermet anode has a critical problem that must be 

addressed; during the long-term operation as well as the ceramic electrolyte sintering 

process, Ni metal particles gradually coarsen with time, leading to performance 

degradation.
69

 The SOFC performance associated with power density is highly dependent 

on the anode microstructure, especially the three-phase boundary (TPB) region where 

electron-conducting Ni, oxide-ion conducting electrolyte material, and fuel meet 

together.
2,3,68

 Ni-coarsening by high-temperature sintering and long-term operation 

significantly reduces the TPBs of anode, thereby gradually degrading the inherent 

performance and durability of SOFCs and SOFC stacks.
27,53

  

We present here a solution to this problem; vanadium-incorporation at the 

interfaces between Ni and GDC suppresses Ni metal coarsening, remarkably improves 

the uniformity of Ni-GDC cermet anode microstructure, and decreases the sintering 

temperature of the anode-supported electrolytes, all of which lead to far better power 

densities than that of cells based on conventional Ni-GDC anode. 
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4.2 EXPERIMENTAL 

4.2.1 Preparation of NiO-GDC anode powder incorporated with V
 

In order to ascertain the effects of V
5+

 cation incorporation into the Ni-GDC 

cermet anode, conventional NiO-GDC (Ni : GDC = 50 : 50 vol %) and V-doped NiO-

GDC (V/NiO-GDC) composites (V : Ni = 1 : 99 atom %, Ni : GDC = 50 : 50 vol %) 

were employed as anode powders to be compared. V
5+

 cations were incorporated onto the 

surface of NiO powder (J. T. Baker), which had been ball-milled in ethyl alcohol for 2 – 

3 days, by a sol-gel-based wet-chemical method in consideration of the isoelectric point 

(IEP) of NiO. Specifically, a required quantity of NH4VO3 (Acros Organics) was 

dissolved in deionized water while being agitated and heated at around 50 
o
C, followed 

by the addition of ethylenediaminetetraacetic acid (EDTA) / citric acid as chelating 

agents and NH4OH to adjust the pH of the solution. The molar ratio of V
5+

 cations, 

EDTA, and citric acid in the solution was fixed at 1 : 1 : 1.5. The ball-milled NiO powder 

was then immersed into the yellow-colored aqueous solution indicating the dissolution of 

V
5+

 cations. During one-day agitation of such colloidal solution having a pH below the 

IEP of NiO, the chelated V
5+

 cations with a negative charge adhered to the surface of 

positively charged NiO powder particles. After being completely dried with stirring, the 

resultant powder transformed from the solution was heat-treated/calcined at 900 
o
C for 6 

h for the formation of Ni3V2O8. The conventional NiO-GDC and V/NiO-GDC composite 

powders were made by mechanically ball-milling the NiO or resultant V/NiO and GDC 

(Fuel Cell Materials) powders with 20 wt. % pore former (Starch, Sigma-Aldrich) in 

ethyl alcohol for 2 – 3 days. The detailed procedures for incorporating metal-cations onto 

the surface of oxide particle and preparing the anode composite powder have been fully 

described in a previous work.
70,71
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4.2.2. Fabrication of anode-supported single cell SOFCs 

Anode-supported thin-film GDC electrolytes were produced by co-pressing the 

anode powder and GDC powder synthesized by the glycine nitrate combustion method 

and co-firing. The sieved anode powder was compacted into 1-inch pellet and then nano-

sized GDC powder uniformly dispersed in acetone by sonication was gently placed on 

the compacted anode substrate, followed by uniaxial pressing at room temperature. The 

co-pressed anode-supported electrolyte pellet was heated to 450 
o
C and held for 1 h to 

dehydrate and remove any undesirable surface carbonates and subsequently sintered at 

the required temperatures for 6 h. The heating and cooling sequences were conducted at 

the rates of, respectively, 5 
o
C min

-1
 and 2 

o
C min

-1
. For the cathode, 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) powder synthesized by the EDTA-citric acid complex 

method and thoroughly mixed with the organic binder (Heraeus V006) was applied onto 

the highly dense GDC electrolyte via a screen-printing method and then heat-treated at 

850 
o
C for 2 h. Details of the GDC and BSCF powder synthesis and single cell 

fabrication methods are presented in Chapter 3.       

 

4.2.3. Characterizations and electrochemical performance tests 

X-ray diffraction (XRD) analyses were carried out with an APD 3520 Philips 

diffractometer with Cu Kα radiation to identify the crystalline phases. Although as small 

as 1 atom % V was effectively incorporated into Ni in the anode in this work, the powder 

for XRD samples (Ni : V : Ce) were prepared with 3 : 1 : 2 atom ratio to clearly identify 

the phases formed and phase changes occurring with V-incorporation. The cross-

sectional and surface microstructures of the anode-supported electrolyte layer were 

examined with a scanning electron microscope (SEM, JSM-5610, JEOL Ltd.). The 

electrochemical performance comparison between the conventional Ni-GDC and V-
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incorporated Ni-GDC anode-supported single cell SOFCs was conducted by recording 

the voltages vs. current density curves at 600 - 650 
o
C with 80 cc min

-1
 H2 and 120 cc 

min
-1

 air. 

 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Synthesis and characteristics of V-incorporated NiO 

A fully densified oxide-ion conducting electrolyte, especially a Ni-based cermet 

anode-supported thin-film electrolyte layer, is essential to high-performance, durable 

SOFC operation. To manufacture such highly dense electrolyte layers on anode-supports 

using most commonly used SOFC fabrication techniques (such as tape-casting), an 

extremely high temperature co-firing process is required, which leads to serious Ni-metal 

coarsening during sintering and an eventual poor anode microstructure of single cells.
27

 

Moreover, during long-term SOFC operation, such undesirable behavior of Ni-metal lasts 

and the anode microstructure becomes increasingly worse. In order to preclude Ni from 

coarsening and to preserve the TPB region of anode, a small amount of V (Ni : V = 99 : 1 

atom %) was inserted into the phase boundaries between Ni and GDC.  

 A sol-gel-based synthesis method was used to incorporate V
5+

 cations onto the 

surface of NiO particles. As the isoelectric point (i.e. the pH value at which oxide particle 

carries no electrical charge) of NiO is more than 9.9 in aqueous solution and NiO carries 

a positive charge in solution at pH values below 9.9, V
5+

 cations needed to be chelated 

with chelating agents in aqueous solution to be homogeneously settled over the NiO 

surface, as indicated below:  
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EDTA chelation:   2 (𝐶10𝐻12𝑁2𝑂8)
4− + 𝑉5+  →  [𝑉 ∙ 2 (𝐶10𝐻12𝑁2𝑂8)]

3− 

Citric acid chelation:   2 (𝐶6𝐻5𝑂7)
3− + 𝑉5+  → [𝑉 ∙ 2 (𝐶6𝐻5𝑂7)]

− 

 

These negatively-charged V
5+

 cations chelated with EDTA and citric acid adhered to the 

positively charged NiO particles in colloidal solution with pH around 7. As shown in 

Figure 4.1, after the drying and calcining process, the resultant powder turned into 

Ni3V2O8 positioned on the surface of NiO. The calcination temperature was set as 900 
o
C, 

as the low-temperature and high-temperature calcination may result in, respectively, the 

loss of Ni3V2O3 during ball-milling due to frail surface structure between NiO and  

 

 

Figure 4.1: Schematic diagram illustrating the interaction between NiO and chelated 

metal-cations in aqueous solution and XRD patterns of V-incorporated NiO 

calcined at different temperatures. 
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Ni3V2O3 formed on the NiO and considerably pre-agglomerated anode powder. 

 

4.3.2 Microstructural comparison of NiO-GDC and V/NiO-GDC anode-supported 

GDC electrolytes 

The anode powders for SOFC single cells were prepared by blending (V-

incorporated) NiO powder with GDC powder. To determine the optimum sintering 

temperature (i.e. lower limit of firing temperature) to create a fully dense electrolyte 

layer, each anode-supported GDC electrolyte pellet was fabricated by the co-pressing 

method and then co-fired at certain temperatures, followed by microstructural 

comparison by means of SEM. The cross-section and surface micrographs of the sintered 

electrolyte seen in Figure 4.2 reveal that the V/NiO-GDC anode- and NiO-GDC anode- 

supported GDC electrolytes should be heat-treated at least, respectively, at 1330 
o
C and 

1380 
o
C. In other words, V-incorporation into the phase boundaries between NiO and 

GDC considerably reduces the essential heat-treating temperature for the formation of 

high-density electrolyte layer, thereby retarding Ni coarsening and improving the anode 

microstructure. The V/NiO-GDC anode micrograph in Figure 4.2 clearly shows a 

significantly improved anode microstructure compared to that of the undoped Ni-GDC 

anode. This improvement resulted from the formation of Ce1-xGd1-yNix+yVO4-δ (CGNV4) 

at the phase boundary between Ni and GDC through the single cell fabrication process. 

Specifically, V incorporated onto the surface of NiO aids the NiO-GDC composite in 

forming a uniform anode structure and a consequent uniform distribution of 

electronic/ionic conduction channels in the anode, forming CGNV4 on their phase 

boundary (Figure 4.3). The XRD patterns and peak shifts (shown in Figure 4.4) of the V- 

incorporated NiO-GDC powder heat-treated at the electrolyte sintering temperature and 

reduced under the SOFC operating conditions prove the formation and preservation of 
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Figure 4.2: Comparison of the surface and cross-sectional microstructures of NiO-GDC (NG) and V-incorporated NiO-GDC 

(VNG) anode-supported GDC electrolytes.  
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Figure 4.3: Schematic diagram illustrating Ce1-xGd1-yNix+yVO4-δ (CGNV4) formed on the 

phase boundaries between NiO and GDC. 

 

Figure 4.4: XRD patterns of CeVO4 and NiO-Ce1-xGd1-yNix+yVO4-δ-GDC (a) before and 

(b) after heat-treating under SOFC operating conditions.  
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CGNV4 in the anode, regardless of the oxygen partial pressure in the anode. 

     

4.3.3 Electrochemical performance comparison of Ni-GDC and V/Ni-GDC anode-

supported single cell SOFCs 

In order to ascertain the effect of V-incorporation on the overall electrochemical 

performance of SOFCs, a comparison of the power densities between Ni-GDC and Ni-

CGNV4-GDC anode-supported single cell SOFCs was carried out. These single cells 

were composed of a BSCF cathode | GDC electrolyte | GDC-Ni anode (with and without 

CGNV4) configuration. In order to directly compare their single cell performances, all 

conditions for powder synthesis, fabrication of single cells, and SOFC operation (except 

for the changes in the anodes) were kept identical. Furthermore, multiple single cell tests 

were performed to ensure the reliability and reproducibility of the experimental results. 

Figure 4.5 presents the power densities measured at 600 
o
C and 650 

o
C with 80 sccm H2 

along with the current density-voltage curve. Both the Ni-GDC and Ni-CGNV4-GDC 

anode-supported single cells show good open-circuit voltages (OCVs) of 0.75 - 0.79 V, 

which are close to the theoretical values of ceria-based electrolyte SOFCs. However, 

significantly improved peak power densities, which are around 0.68 W cm
-2

 and 0.78 W 

cm
-2

 at, respectively, 600 
o
C and 650 

o
C, could be obtained with the Ni-CGNV4-GDC 

anode-supported SOFCs, compared to those of conventional Ni-GDC anode cells (around 

0.27 W cm
-2

 and 0.35 W cm
-2

 at, respectively, 600 
o
C and 650 

o
C). 
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Figure 4.5: Polarization curves and power densities of the Ni-GDC anode-supported 

single cells and Ni-Ce1-xGd1-yNix+yVO4-δ-GDC anode-supported single cells. 



 69 

4.4 CONCLUSION 

With an aim to prevent Ni-metal catalyst in Ni-based cermet anodes from 

coarsening during the high-temperature sintering process and long-term SOFC operation, 

the effects of Ce1-xGd1-yNix+yVO4-δ phase boundary oxides formed between Ni and GDC 

have been investigated. 1 atom % V (with respect to Ni) incorporated over the surface of 

NiO by a sol-gel-based chemical synthesis method developed into Ce1-xGd1-yNix+yVO4-δ 

connecting Ni with GDC in the anode during the single-cell fabrication process. This 

resulted in a homogeneous anode microstructure by inhibiting Ni-metal coarsening and a 

significant decrease in the sintering temperature of anode-supported GDC electrolytes 

compared to that of conventional NiO-GDC anode-supported electrolytes without V-

incorporation. Consequently, the single cells with Ce1-xGd1-yNix+yVO4-δ exhibited much 

better power densities compared to the conventional Ni-GDC anode cells at 600 – 650 

o
C.      
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NATURAL GAS-FUELED SOLID OXIDE FUEL CELLS 

Chapter 5: Hydrogen Tungsten Bronze as a Decoking Agent for Long-

Life, Natural Gas-Fueled Solid Oxide Fuel Cells
2
 

 

5.1 INTRODUCTION  

Unlike the traditional combustion-based power generation systems, fuel cells 

generate electricity with much higher efficiency without burning fossil fuels.
1,8,24,72

 In 

particular, solid oxide fuel cells (SOFCs) promise higher power densities coupled with 

greater electrochemical energy conversion efficiencies due to the higher operating 

temperatures compared to other types of fuel cells.
72,73

 The combined utilization of the 

electrical and thermal energies generated by SOFCs can enhance the overall energy 

efficiency to as high as 80 %.
1,17,43

 Furthermore, in contrast to the expensive noble metal 

catalysts (e.g., Pt) used in low-temperature fuel cells, relatively inexpensive noble-metal-

free catalysts are employed in SOFCs for electrochemical oxidation of the fuels and 

oxygen reduction reaction, respectively, at the anode and cathode.
74-77

 More importantly, 

SOFC can directly operate with hydrocarbon fuels like natural gas (consisting primarily 

of CH4) without requiring external fuel reforming to produce hydrogen.
45,49,78-80

 The fuel 

flexibility of SOFCs avoids the technical challenges associated with the production, 

storage, and transportation of hydrogen fuel and the affiliated infrastructure, which 

retards the commercialization of up-and-coming fuel cell technologies.
43,80-82

  

Traditional SOFCs generally use Ni catalyst dispersed in an oxide-ion conducting 

electrolyte such as Zr1-xYxO2-0.5x (yttria-stabilized zirconia, YSZ) or Ce1-xGdxO2-0.5x 

(gadolinia-doped ceria, GDC) as the anode to oxidize the fuel and a mixed ionic- 

 2 This chapter is based on previously published work: Yoon, D. & Manthiram, A. Hydrogen tungsten bronze as a decoking agent for 
long-life, natrual gas-fueled solid oxide fuel cells. Energy & Environmental Science 7, 3069-3076 (2014). Dr. Manthiram supervised 

the project and D. Yoon performed all experiments. 
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electronic conducting ABO3-δ perovskite oxide as the cathode.
62,73,83

 One major drawback 

with the Ni-based anodes fed with hydrocarbon fuels is the rapid accumulation of the 

solid carbon derived from the cracking of hydrocarbon fuel (coking) on the Ni metal 

surface itself, thereby preventing the anode from being available for further fuel 

oxidation.
20,48,79,80,84

 Several alternative anode catalysts such as Ru, Ce0.8Sm0.2O1.9, La1-

xSrxCr1-yMyO3-δ (M = Fe, V, Mn, Ru, etc.), and Sr2-xLaxMMoO6-δ (M = Mg, Co, Ni, etc.) 

have been pursued over the years to overcome this problem.
48,51,82,85-87

 However, as 

compared to the conventional Ni-based cermet anodes, the alternative anodes suffer from 

low power output, poor electro-catalytic activity for oxidation of hydrocarbon fuels, and 

less compatible materials with solid oxide electrolytes.
8,85

  

Another approach that has been pursued to suppress carbon coking is to inject an 

excessive amount of steam mixed with fuels in the presence of the Ni catalyst at 

temperatures above 700 
o
C.

82,88,89
 This process (called steam reforming) might be a 

potential way to produce H2 gas from hydrocarbon fuels under SOFC operation, but 

excessive steam results in not only poor conversion efficiency but also huge 

concentration polarization of the porous anodes due to fuel dilution and interruption of 

fuel flow.
7,64,89

 Furthermore, the steam reforming reaction (CH4 + H2O ↔ CO + 3 H2) 

and the water-gas shift reaction (CO + H2O ↔ CO2 + H2), which are dominant reactions 

in direct internal reforming, are, respectively, highly endothermic and moderately 

exothermic, and a large amount of heat is also evolved by the oxidation reaction of 

hydrocarbon fuels.
8,73,84,90

 Thus, it is hard for SOFCs, especially SOFC stacks, operating 

via excessive steam reforming of hydrocarbon fuels to maintain the thermodynamic 

equilibrium and sufficient reaction kinetics. The endothermic reforming reactions are 

needed to neutralize the heat generated from fuel oxidation, or supplementary heat should 

be deliberately provided for maintaining the operating temperature. 
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We present here a novel heterogeneous anode catalyst, which allows continuous 

operation of Ni-based cermet anodes with dry carbon-containing fuels without requiring 

an external steam supply. Specifically, the incorporation of a small amount of W onto the 

surface of Ni facilitates the formation of the hydrogen tungsten bronze (HxWO3-δ ≡ WO3-

x-δ(OH)x), which possesses excellent proton and oxide-ion mobility, by reaction with the 

water vapor produced unceasingly during SOFC operation. The hydroxyl groups of 

HxWO3-δ facilitates the oxidation of the solid carbon accumulated on Ni surface and 

drives it off as CO2, offering exceptional stability without coking on operating with 

natural gas fuel. 

 

5.2 EXPERIMENTAL 

5.2.1 Preparation of conventional and modified NiO-GDC anode powders 

incorporated with W 

The anodes of the single cell SOFCs used two types of powders: conventional 

NiO-GDC powder and modified NiO-GDC powder obtained by treating the surface of 

the mechanically ball-milled NiO-GDC composite powder with Ni
2+

, Ce
4+

, and Gd
3+

 

cations with a pH-controlled colloidal solution. The detailed procedures for making both 

the anode powders have been described in Chapter 3.
77

  

The incorporation of W onto these two types of anodes was carried out as follows. 

For the conventional NiO-GDC composite anode, NiO powder on which a solution 

deposition precursor of W is adsorbed by an incipient wetness method was utilized. A 

required amount of ammonium metatungstate hydrate ((NH4)6H2W12O40·xH2O, Strem 

Chemicals) was dissolved in deionized water, followed by the immersion of commercial 

NiO powder (J. T. Baker) ball-milled in ethyl alcohol for 2 – 3 days. After 1 day of 
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agitation for the solution to totally wet and load the NiO powder with the W compound, 

the resulting W-incorporated NiO powder was dried and calcined consecutively at 600 
o
C 

and 900 
o
C for 6 h each. The conventional (W-incorporated) NiO-GDC composite 

powder was obtained by ball-milling the (W-incorporated) NiO powder, commercial 

GDC powder (Fuel Cell Materials), and 20 wt % starch pore former in ethyl alcohol for 2 

– 3 days.  

As for the addition of W to the modified NiO-GDC composite anode, W
6+ 

cations 

were added along with the other cations while surface-modifying the NiO-GDC 

composite powder by the sol-gel method. Required quantities of (NH4)6H2W12O40·xH2O 

with Ni(NO3)2·6H2O (Sigma-Aldrich), Gd(NO3)3·6H2O (Alfa Aesar), and 

(NH4)2Ce(NO3)6 (Acros Organics) were dissolved in deionized water, followed by the 

addition of the chelating agents (ethylenediaminetetraacetic acid (EDTA) and citric acid) 

and ammonium hydroxide for, respectively, encapsulating the metal ions and controlling 

the pH of the solution. Chelated cations, which are negatively charged in the colloidal 

solution, stuck to the surface of the positively charged NiO-GDC powder immersed 

afterward, which led to the incorporation of W onto the anode as well as an enlargement 

of the three-phase boundary region of the anodes through the gelation, calcination, and 

electrode fabrication process. 

 

5.2.2 Fabrication of anode-supported single cell SOFCs 

Anode-supported electrolytes were prepared by co-pressing the above-mentioned 

anode powder and GDC electrolyte powder synthesized by the glycine-nitrate 

combustion method and co-firing the resulting anode-supported thin-film electrolyte 

pellets. Anode powders were uniaxially pressed into 1-inch pellets in diameter, and then 
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fine GDC powder (~ 50 nm) dispersed in acetone was gently placed onto those anode 

substrates and dried to remove acetone completely, followed by uniaxial pressing. The 

prepared anode-supported electrolyte pellets were thermally treated at 450 
o
C for 6 h to 

remove the pore former and undesired organics and then sintered at 1415 – 1425 
o
C for 6 

h. The cathode layer was applied onto the top of highly dense anode-supported electrolyte 

by mixing Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) powder synthesized by the combined EDTA-

citric acid complex method with an organic binder, screen-printing, and firing at 850 
o
C 

for 2 h. The detailed descriptions of the methods for electrodes and electrolyte powder 

synthesis and single cell fabrication are given in Chapter 3.
77

 

 

5.2.3 Characterizations, electrochemical performance, and long-term stability tests 

The morphologies of the various powders and the distribution of W over the Ni-

based anodes were examined by scanning transmission electron microscopy (STEM, S-

5500, Hitachi Ltd.) and energy-dispersive X-ray spectroscopy (EDS, Quantax 4010, 

Bruker Corporation) analysis at 20 – 30 kV. The resulting powder products were 

characterized by X-ray diffraction with Cu Kα radiation (XRD, APD 3520, Philips), 

Fourier transform infrared spectroscopy (FTIR, Vertex 70, Bruker Corporation), and 

thermogravimetric analysis (TGA, STA 449 F3 Jupiter, Netzsch). TGA analysis was 

performed from room temperature to 900 
o
C with a heating rate of 5 

o
C min

-1
. Scanning 

electron microscopy (SEM, JSM-5610, JEOL Ltd.) was used for the observation of the 

cross-section and surface morphology of the anode-supported electrolytes as well as for 

the confirmation of coking resistance of the anodes after long-term stability tests using 

CH4 fuel.  
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The procedures for electrochemical performance measurement and long-term 

stability tests of the anode-supported single cells are as follows. Pt and Au meshes and 

wires were attached to the top of, respectively, cathode and anode as current collectors. 

The single cell SOFCs were completely sealed to one end of an alumina tube at 800 
o
C 

for 3 h with a glass powder obtained by ball-milling the broken glass (Kimax Griffin 

Beaker) for recycling. After sealing, the testing cells were cooled down to the operating 

temperatures at a rate of 0.5 
o
C min

-1
, followed by nitrogen purging to inert the 

atmosphere of the anode side. The hydrogen fuel cell performances were evaluated after 

fully reducing the anode with 50 sccm of H2 gas, recognizing the normal OCVs, and 

applying a constant current density (0.1 A cm
-2

) to reach steady state. To examine the 

methane fuel cell performances and long-term stability, H2 gas was swapped with CH4 

gas by slowly decreasing the H2 flow and increasing the CH4 flow at the same time. 

Immediately after the gas exchange, the power densities of the single cells were measured 

in 20 – 25 sccm of CH4 fuel, and immediately after the performance test, voltages were 

regularly measured as a function of time, applying the constant current density 

corresponding to approximately 70 % of maximum power density. 

 
 

5.3 RESULTS AND DISCUSSION 

5.3.1 Morphologies and characteristics of W-incorporated NiO  

With an aim to eliminate coking on Ni and maintain the catalytic activity of Ni 

during long-term operation of SOFCs fueled by hydrocarbon gas, a small amount of W 

(Ni : W = 99 : 1 atom %) was incorporated onto the surface of NiO powder by an 

incipient wetness method, followed by calcination at 900 
o
C. As can be seen in the 

STEM/EDS micrographs in Figure 5.1 (a), the rod-shaped NiWO4 formed on heat-  
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Figure 5.1: (a) STEM/EDS micrographs displaying the morphologies of W incorporated 

onto the surface of NiO powder after calcining at 900 
o
C (red = Ni and green 

= W) and (b) XRD patterns showing that W-incorporated NiO fired at the 

electrolyte sintering temperature turns into NiO and NiWO4, and they are 

reduced with time to Ni and W in a reducing atmosphere. 
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treating the W-incorporated NiO is well-dispersed over the surface of NiO particles.
91

 

Figure 5.1 (b) shows the XRD patterns of the W-incorporated NiO after heat-treating at 

the co-firing temperature of the co-pressed anode-supported electrolyte layer and 

reducing at the SOFC operating temperatures. The NiO reacts with W precursors to form 

NiWO4 on the surface in air, which is then reduced by hydrogen with time to Ni, W, 

WO2, and Ni-W alloy at the SOFC operating temperatures. Considering the relative 

intensities of the peaks, it can be further inferred that the W in NiWO4 is separated from 

Ni under the operating conditions and it forms HxWO3-δ on the surface of Ni, as proven 

by the XRD analysis below. 

 

5.3.2 Behavior and chemical properties of W under various atmospheres  

Figure 5.2 shows the XRD patterns of tungsten oxide powder before and after 

reaction under various atmospheres in a thoroughly sealed environment at SOFC 

operating temperatures (650 – 700 
o
C), showing their structural variations depending on 

the atmospheres. The yellow-colored WO3 (Figure 5.2a) obtained by heat-treating in air 

is reduced to a bronze-colored WO2 and W in H2 atmosphere (Figure 5.2b) and to a blue-

colored HxWO3-δ (Figure 5.2c) in humidified argon (an inert carrier gas) atmosphere, 

indicating proton insertion. The reduction of WO2 to W metal is the rate limiting step in 

the course of tungsten oxide reduction, and it is further impeded by water vapor in the 

reducing atmosphere.
92

 FTIR spectra acquired with WO3 and HxWO3-δ samples at the 

frequency ranges corresponding to the stretching vibration (νOH, ~ 3435 cm
-1

) and the 

bending vibration (δOH, ~ 1630 cm
-1

) of O-H groups confirmed the existence of 

hydroxyls in HxWO3-δ (Figure 5.3).
48,93-96

 Also, TGA of HxWO3-δ in argon atmosphere 

(Figure 5.4) indirectly demonstrates the existence of hydroxyl groups as indicated by the  
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Figure 5.2: XRD analyses of WO3 before and after heat-treating at the SOFC operating 

temperatures (650 
o
C) under various atmospheres. (a) WO3 heat-treated in 

air, (b) W + WO2: WO3 (in a) heat-treated in H2, (c) HxWO3-δ: W + WO2 (in 

b) heat-treated in H2O, (d) WO3-δ: HxWO3-δ (in c) heat-treated in CH4 + H2O, 

and (e) HxWO3-δ: WO3-δ (in d) heat-treated in H2O.  
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weight loss with increasing temperature at temperatures below 450 
o
C, which correspond 

to the dehydroxylation of the compound.
97

 The HxWO3-δ formed in humidified argon is 

turned into a series of WO3-δ phases (W10O29, W18O49, W19O55, etc.) in humidified CH4 

fuel (Figure 5.2d), which is then reverted back to HxWO3-δ in humidified argon (Figure 

5.2e). These observations imply that HxWO3-δ can be readily formed on the Ni surface 

with water vapor produced continuously during the SOFC operation, and the hydroxyl 

groups of HxWO3-δ can actively react with carbon-containing substances and drive them  

 

 

Figure 5.3: FTIR spectra collected with WO3 (in Figure 5.2a) and HxWO3-δ (in Figure 

5.2c and e) formed by reaction with water vapor. The peaks at 3435 and 1630 

cm
-1

 indicate, respectively, the OH stretching mode (νOH) and the OH 

bending mode (δOH) of adsorbed water. 
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Figure 5.4: TGA of HxWO3-δ (Figure 5.1c and e). As for the TGA in Ar (extremely low 

oxygen partial pressure), the hydroxyl groups in HxWO3-δ are removed at 

temperatures below 450 
o
C, and then the HxWO3-δ is oxidized by the small 

amount of oxygen present in the Ar supply. In air, HxWO3-δ is oxidized by 

oxygen with a removal of the hydroxyl groups at temperatures below 450 
o
C; 

at temperatures above 450 
o
C, it is rapidly oxidized because of a lack of 

hydroxyl groups.  
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Figure 5.5: Proposed decoking mechanism by HxWO3-δ distributed over Ni-based anodes: (a) during the reduction in H2, the 

water vapor produced reacts with W-incorporated Ni to generate HxWO3-δ, in which the H
+
 ions are attached to the 

oxide ions of a distorted perovskite lattice; (b) under the operation with CH4 fuel, solid carbon is rapidly 

accumulated on the surface of Ni; (c) the hydroxyls (O-H) in HxWO3-δ (WO3-x-δ(OH)x) facilitate the removal of 

carbon deposited over Ni as CO2 along with the production of H2 (green = Ni, red = W, blue = O, yellow = H, and 

black = C). 
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Figure 5.6: STEM/EDS micrographs showing the distribution of elements over (a) 

conventional W/NiO-GDC and (b) surface-modified NiO-GDC (green = Ni 

and blue = W). 

out as CO2.
48

 

The proposed mechanism for the removal of the deposited carbon on 

hydrocarbon-fueled Ni-based anodes with HxWO3-δ is displayed in Figure 5.5. As shown 

in the STEM/EDS micrographs of conventional W/Ni-GDC and modified W/Ni-GDC 

anodes in, respectively, Figure 5.6a and b, W compounds are well-dispersed over an 

array of the Ni catalyst and develop into HxWO3-δ with the water vapor produced by the 

electrochemical oxidation of fuel. The hydroxyl groups in HxWO3-δ (or WO3-x-δ(OH)x) 

snatch the solid carbon deposited onto Ni by hydrocarbon cracking and release it from the 

anode in the form of CO2, producing tungsten oxides (WO3-x-δ) and H2. The WO3-x-δ 

reverts back to HxWO3-δ by gaseous water, as shown above with the XRD analysis 

(Figure 5.2). These continuously occurring reactions can briefly be expressed as follows: 

 

2 𝑊𝑂3−𝑥−𝛿(𝑂𝐻)𝑥 + 𝑥 𝐶 → 2 𝑊𝑂3−𝑥−𝛿 + 𝑥 𝐶𝑂2 + 𝑥 𝐻2 
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𝑊𝑂3−𝑥−𝛿 + 𝑥 𝑂𝐻 →  𝑊𝑂3−𝑥−𝛿(𝑂𝐻)𝑥 

Tungsten bronzes MxWO3 (M = alkali metal and 0 < x < 1) have the perovskite 

structure in which the alkali-metal ion M
+
 occupies the A-sites of the WO3 perovskite 

framework formed by the corner-shared WO6 octahedra.
98-101

 As the content of M (the 

value of x) decreases, the lattice symmetry is lowered, for example, from cubic to 

tetragonal to orthorhombic.
98,102-104

 However, when M = H as in the hydrogen tungsten 

bronze HxWO3-δ, the tiny H
+
 ions are positioned not at the A-sites of the ABO3 perovskite 

structure but at the available sites among the 48 positions next to each oxide ion in the 

unit cell, forming hydroxyl groups with the oxide ions because the O-H-O bond distance 

is too long for hydrogen bonding if the H
+
 ions are positioned at the A sites.

100,105
 Thus, 

HxWO3-δ can be described as WO3-x-δ(OH)x, which facilitates fast H
+
 and O

2-
 ion mobility 

and readily supplies hydroxyl groups to oxidize the carbon deposited on the Ni 

surface.
103,105-107

 The ever-present water vapor (produced and consumed vigorously) 

during SOFC anode operation with hydrocarbon fuel gives rise to a much greater proton 

diffusion coefficient than under dry conditions.
105,107

 Furthermore, with the electron 

density introduced into the W:5d band by the insertion of protons into the WO3 

sublattice, HxWO3-δ offers mixed ionic-electronic conduction with good H
+
 and O

2-
 ion 

mobility.
98,102,105,108,109

 We have found that tungsten oxides turn into such HxWO3-δ under 

the SOFC anode operating conditions, as mentioned above. 

 

5.3.3 Performance and durability comparison of Ni-GDC and W/Ni-GDC anode-

supported single cell SOFCs 

To ascertain the capability of the Ni-HxWO3-δ heterogeneous catalyst to impede 

carbon coking in dry CH4 fuel, the electrochemical performances and long-term 
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stabilities of two types of Ni-GDC cermet anodes (Ni : GDC = 50 : 50 vol %) with and 

without 1 atom % W were evaluated with anode-supported single cells fabricated by a co-

pressing/co-firing method. One is the conventional Ni-GDC anode, which was made 

simply by mechanical-ball-milling of NiO and GDC powder, and the other is the surface-

modified Ni-GDC anode we developed, which shows far better power densities with H2  

fuel.
77

 These single cells were composed of BSCF cathode | GDC electrolyte  |  

(conventional or modified) GDC-Ni anode (with and without W) configuration. In order 

to directly compare the variations in power densities and stability over time in natural gas 

(with high methane content), all conditions for powder synthesis, fabrication of single 

cells, and SOFC operation (except for anodes) were kept absolutely identical. Moreover, 

multiple single cell SOFC tests were conducted to ensure the reliability of the 

experimental results. Figure 5.7 / 5.9 and 5.8 / 5.10 compare the electrochemical 

performances and long-term stability in CH4 fuel of two types of anode-supported single 

cells. As shown in Figure 5.7, both conventional Ni-GDC anode-supported single cells 

(with and without 1 atom % W in the anode) show good open-circuit voltages (OCVs) of 

0.74 - 0.76 V, which are close to the theoretical values of ceria-based electrolyte SOFCs, 

and similar maximum power densities of around 0.44 - 0.45 W cm
-2

 and 0.31 - 0.32 W 

cm
-2

, respectively, in 50 sccm of H2 and 20 sccm of CH4 at 700 
o
C. Although there were 

no noticeable OCV and performance differences between the two cells, the Ni-GDC 

anode without W degraded with increasing operating time as seen in Figure 5.8. For 

example, the OCV declined over time and the performance decreased by 20 % in 100 h. 

As more and more carbon species are accumulated onto the Ni surface as shown in 

Figure 5.11, not only the OCV but also the power densities decrease continuously due to 

the deactivation of the Ni catalyst. In contrast, the W/Ni-GDC anode stably works for 

more than 200 h without distinguishable performance degradation. A series of these  
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Figure 5.7: Polarization curves and power densities of (a) Ni-GDC and (b) W/Ni-GDC 

anode-supported single cell SOFCs operating at 700 
o
C with H2 and CH4. 
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Figure 5.8: Voltage variations of Ni-GDC and W/Ni-GDC anode-supported single cell 

SOFCs operating at 700 
o
C in CH4 as a function of time. 

experimental data demonstrate the effect of HxWO3-δ in Ni-based SOFC anodes on the   

carbon coking resistance on operating with natural gas fuel, albeit comparatively low cell 

performances. To obtain higher power densities as well as a long-life anode with natural 

gas fuel, the modified Ni-GDC anodes we presented in Chapter 3 were employed and 

incorporated with 1 atom % W by a sol-gel method.
77

 The electrochemical performances 

and long-term stability tests at 650 
o
C are shown in Figure 5.9 and 5.10. Regardless of the 

addition of W, OCVs of 0.78 - 0.79 V and peak power densities of 0.80 - 0.83 W cm
-2

 (in 

50 sccm of H2) and 0.71 - 0.73 W cm
-2

 (in 25 sccm of CH4) were measured, which are 

around two times better than the single cell performances obtained with conventional Ni-

GDC anode-supported single cells. With the stability measurement in CH4 fuel at 650 
o
C,  
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Figure 5.9: Polarization curves and power densities of the (a) modified Ni-GDC and (b) 

modified W/Ni-GDC anode-supported single cell SOFCs operating at 700 
o
C 

with H2 and CH4. 
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Figure 5.10: Voltage variations of the modified Ni-GDC and modified W/Ni-GDC 

anode-supported single cell SOFCs operating at 650 
o
C in CH4 as a 

function of time. 

the modified Ni-GDC anode-supported single cell SOFC shows a 15 % gradual decline in 

150 h, while the modified W/Ni-GDC anode cells represent exceptional stability for more 

than 200 h. 

A few studies have suggested that the undesired carbonaceous species deposited 

over Ni-ceria-based anodes could be removed by direct electrochemical oxidation (CH4 + 

4 O
2-

 → CO2 + 2 H2O + 8 e) and electrochemical oxidation of the cracking product (C + 

2 O
2-

 → CO2 + 4 e) occurring in the three-phase boundary (TPB) region, the interfaces at 

which fuels, oxide ions, and electrons get together, but further experiments and operating 

condition optimization are needed to elucidate this. Even though a sudden cessation of 

the SOFC operation with Ni-based anode and a hydrocarbon fuel has not occurred in our 
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Figure 5.11: Surface micrographs of (a) W-incorporated Ni-GDC anode and (b) Ni-GDC anode showing that the Ni catalyst is 

incapacitated by coking (the encapsulating carbon). Cross-sectional micrographs of (c) W-incorporated Ni-GDC 

anode and (d) Ni-GDC anode having the whisker carbon. All SEM micrographs were obtained after long-term 

operation with CH4 fuel. 
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work, indeed it is likely that the deactivation of Ni-ceria-based anodes (made by 

traditional fabrication method) by carbon coking is not avoidable but can be delayed by 

direct electrochemical oxidation. The time-voltage plots of Ni-GDC and modified Ni-

GDC anode single cells in Figure 5.7 and 5.8 also compare how fast they are degraded by 

carbon deposition. The modified Ni-GDC anode with the enlargement of the three-phase 

boundary region has slightly better coking resistance compared to the conventional Ni-

GDC anode, but a long-term stable operation with natural gas fuel is beyond its capacity. 

On the basis of the mechanism proposed in this work and the phenomena 

occurring at the TPBs of the anode, the reactions involved in carbon removal during the 

operation of hydrocarbon-fueled SOFC can be summarized as below.    

At the surface of Ni-HxWO3-δ catalyst: 

 

2 𝑊𝑂3−𝑥−𝛿(𝑂𝐻)𝑥 + 𝑥 𝐶 → 2 𝑊𝑂3−𝑥−𝛿 + 𝑥 𝐶𝑂2 + 𝑥 𝐻2 

𝑊𝑂3−𝑥−𝛿 + 𝑥 𝑂𝐻 →  𝑊𝑂3−𝑥−𝛿(𝑂𝐻)𝑥 

 

At the TPBs (where O
2-

 ions come through GDC): 

 

𝐶 (𝑜𝑛 𝑁𝑖) + 𝑂2− → 𝐶𝑂 + 2 𝑒 

𝐶𝑂 + 𝑂2− → 𝐶𝑂2 + 2 𝑒 

2 𝐶𝑂 ↔ 𝐶 + 𝐶𝑂2 (𝐵𝑜𝑢𝑑𝑜𝑢𝑎𝑟𝑑 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛) 

𝐶 (𝑜𝑛 𝑁𝑖) + 2 𝑂2− → 𝐶𝑂2 + 4 𝑒 

𝐶𝐻4 + 4 𝑂
2− → 𝐶𝑂2 + 2 𝐻2𝑂 +  8 e 
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Although the above reaction steps could help understand the stable operation of 

SOFCs with hydrocarbon fuels due to the excellent decoking properties of HxWO3-δ on 

the surface of Ni, a more detailed investigation of the reaction mechanisms and 

phenomena (especially at the TPB region of anode) needs to be carried out in the future. 

 

5.4 CONCLUSION 

The effect of HxWO3-δ in Ni-based anodes fed with methane fuel on the 

suppression of carbon coking has been investigated. A small amount of W (W : Ni = 1 : 

99 atom %) incorporated onto the surface of Ni forms HxWO3-δ by reaction with the 

water vapor generated by fuel oxidation during SOFC operation. The formed HxWO3-δ 

oxidizes the carbon by supplying the hydroxyl groups, which helps to keep the Ni surface 

clean for continuous methane oxidation. Highly diffusible mobile protons attached 

readily to the oxide ions as well as the mobile oxide ions bonded weakly in the oxygen-

deficient perovskite-type HxWO3-δ facilitate a rapid cleaning of the Ni surface, leading to 

SOFCs capable of long-term operation with natural gas fuel at intermediate temperatures. 

Clearly, Ni/HxWO3-δ-GDC anode-supported single cell SOFCs assembled with GDC 

electrolyte and BSCF cathode showed more than 200 h of stable operation with methane 

fuel at 650 – 700 
o
C. 
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Chapter 6: Hydrocarbon-Fueled Solid Oxide Fuel Cells with Surface-

Modified, Hydroxylated Sn/Ni-Ce0.8Gd0.2O1.9 Heterogeneous Catalyst 

Anode
3
   

 

6.1 INTRODUCTION 

Fuel cells are electrochemical devices that produce electricity as long as fuel and 

oxidant are fed, respectively, to the anode and cathode.
72

 The chemical energy of the 

reaction between the fuel and oxidant is delivered as electrical energy.
1,40

 Since the 

process is not limited by Carnot cycle, high efficiencies could be accomplished with fuel 

cells compared to other electrical power generation technologies.
1,24,43

 Moreover, fuel 

cells are environmental-friendly with low emission.
7,42,45,51

 Among the various types of 

fuel cells, the solid oxide fuel cells (SOFCs) are particularly appealing as they operate 

with less expensive catalysts compared to the low-temperature fuel cells.
37,47,75

 The 

ability to internally reform the hydrocarbon fuels is another advantage of SOFCs 

compared to the other types of fuel cells.
42,43,110

 Although H2 is the most typically used 

fuel, SOFCs fed with hydrocarbon fuels are becoming increasingly attractive due to the 

challenges associated with the economical production of hydrogen.
1,5,110,111

      

However, with the use of hydrocarbon as a fuel, the issue of solid carbon 

accumulation onto the Ni-catalyst surface during SOFC operation needs to be 

addressed.
45,48,111

 Ni is a good electronic conductor and is a highly active heterogeneous 

catalyst for the oxidation of fuels under SOFC operating conditions, but the carbon 

produced vigorously by hydrocarbon cracking reactions and then rapidly deposited on Ni 

surface incapacitates catalytic activity of the anode, thereby interrupting further fuel 

 

 

3 This chapter is based on previously published work: Yoon, D. & Manthiram, A. Hydrocarbon-fueled solid oxide fuel cells with 

surface-modified, hydroxylated Sn/Ni-Ce0.8Gd0.2O1.9 heterogeneous catalyst anode. Journal of Materials Chemistry A 2, 17041-17046 
(2014). Dr. Manthiram supervised the project and D. Yoon performed all experiments. 
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oxidation and halting the electric power generation by SOFCs.
24,51,112

  

To enhance the carbon tolerance, mixing the Ni catalyst with an oxide-ion 

conducting electrolyte such as Zr1-xYxO2-0.5x (yttria-stabilized zirconia, YSZ) or Ce1-

xMxO2-0.5x (M-doped ceria, M = Y, Sm, Gd, etc.) has been pursued. For example, higher 

oxygen (or steam) to carbon ratio in the gas mixture by injecting other gases like 

excessive steam, CO2, or even H2 into hydrocarbon fuels has been found to suppress 

carbon deposition on the Ni-based anodes. However, such mixed gases as a fuel may 

cause other problems such as unstable operation and degradation in fuel conversion 

efficiency.
24,110,113

 Also, modification of the surface of Ni-based cermet anodes with 

coking-resistant, electrocatalytic materials (e.g., doped ceria) in order to enlarge the 

oxide-ion transport pathways and improve the fuel oxidation kinetics has been 

explored.
114-117

 The effects of various additives, such as hydrogen tungsten bronze 

(HxWO3-δ), alkaline earth oxides (BaO, CaO, MgO, etc.), Ni-M solid solutions (M = Cu, 

Fe, Sn, etc.), proton conducting oxides (BaZrxY1-xO3-δ, SrZrxY1-xO3-δ, etc.), and mixed-

ion conducting oxides (BaZr0.1Ce0.7Y0.2-xYbxO3-δ), on carbon removal have also been 

extensively investigated.
48,118-121

 Furthermore, several theoretical and experimental 

studies demonstrate that, under polarized conditions but not in open-circuit voltage 

(OCV) condition, applying continuous current density during SOFC operation with 

hydrocarbon fuels promotes the diffusion of oxide ions through the solid oxide electrolyte 

layer and oxide-ion conducting network in the anode, facilitating partial oxidation of 

carbonaceous species and inhibiting coke formation.
24,122,123

  

Taking these proposed strategies into consideration, we present here a surface-

modified Ni-GDC catalyst anode that incorporates Sn for the direct utilization of 

hydrocarbon fuels without the coking problem. The three-phase boundary regions of the 

anode, which are the interfaces where the fuel, electrons, and O
2-

 ions all meet, are 
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enlarged by modifying the surface of Sn/NiO-GDC composite powder with cations (Ni
2+

, 

Ce
4+

, Gd
3+

, and Sn
4+

), which enhances the accessibility of O
2-

 ions to methane gas and 

carbon deposited over the anode as well as the power density of SOFCs.
63

 Moreover, Sn 

loaded onto the surface of the anode and hydroxylated by reacting with the water vapour 

produced by continuous fuel oxidation plays a key role in driving the deposited carbon 

out of Ni-based anodes. Additionally, the constant current density applied while 

operating the SOFC persistently cooperates in eliminating such carbonaceous 

contaminants.     

 

6.2 EXPERIMENTAL  

6.2.1 Preparation of modified NiO-GDC anode powder incorporated with Sn 

The modified NiO-GDC anode powder is composed of nano-sized NiO and GDC 

particles covering the core NiO-GDC (Ni : GDC = 50 : 50 vol %) composite powder 

prepared by ball-milling commercial NiO powder (J. T. Baker) and GDC powder (Fuel 

Cell Materials) in ethyl alcohol for 2 – 3 days. To prepare the modified NiO-GDC, 

required amounts of Ni(NO3)2·6H2O (Sigma-Aldrich), Gd(NO3)3·6H2O (Alfa Aesar), and 

(NH4)2Ce(NO3)6 (Acros Organics) were dissolved in deionized water, followed by the 

addition of the chelating agents (ethylenediaminetetraacetic acid (EDTA) and citric acid) 

and NH4OH. The metal ions released from each nitrate were surrounded by and 

negatively charged by the chelating agents ((C10H12N2O8)
4-

 and C6H5O7)
3-

) in solution. 

They were then adhered onto the surface of NiO-GDC composite powder, which is 

positively charged in pH < 7 (isoelectric point of NiO-GDC composite) solutions, thereby 

developing into nano-sized NiO and GDC particles after calcining for 6 h each at 600 
o
C 
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and 900 
o
C. The detailed process of making the modified NiO-GDC anode powder has 

been described in Chapter 3.
77

  

A small amount of Sn (Sn : Ni = 1 : 99 atom %) was incorporated into this 

modified NiO-GDC composite powder in the following way. Prior to the ball-milling of 

the NiO and GDC powders, commercial NiO powder was incorporated with 1 atom % Sn 

(with respect to Ni) by an incipient wetness method. The required quantity of 

SnCl2·2H2O (Acros Organics) dissolved in ethyl alcohol was agitated with NiO powder 

for 24 h, followed by evaporating the solvent and calcining the resultant powder at 900 

o
C. Once the surface modification of Sn-incorporated NiO-GDC core powder was carried 

out as mentioned above, 1 atom % Sn with respect to the coated Ni nanoparticle was 

loaded onto the resulting powder by an incipient wetness method once again. The final 

ratio of Sn to Ni and (Sn/)Ni to GDC in the anode was, respectively, 1 : 99 atom % and 

50 : 50 vol %.        

 

6.2.2 Fabrication of anode-supported single cell SOFCs 

Modified (Sn/)NiO-GDC anode-supported GDC electrolytes were obtained by a 

co-pressing/co-firing technique. Anode powders were compacted into a 1-inch pellet in 

diameter, and then GDC electrolyte powder homogeneously dispersed in acetone was 

gently settled down onto the top of the pressed anode pellet. GDC powder (~ 50 nm) was 

synthesized by the glycine-nitrate combustion method with Gd(NO3)3·6H2O, 

(NH4)2Ce(NO3)6, and C2H5NO2 (glycine, MP Chemicals) and thermally treated at 600 
o
C 

for 6 h to remove the organics. After air-drying the acetone completely, the anode-

supported electrolyte pellets were uniaxially co-pressed at room temperature and co-fired 

at approximately 1415 
o
C for 6 h. The cathode ink made by mixing an organic binder and 
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the La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) powder synthesized by the combined EDTA-citric 

acid complexing method was screen-printed onto the top of the dense GDC electrolyte 

layer and heat-treated at 1000 
o
C for 2 h. The cross-sectional micrograph of a modified 

Sn/Ni-GDC anode-supported single cell with GDC electrolyte and LSCF cathode is 

shown in Figure 6.1. The procedures to synthesize cathode and electrolyte powders and 

fabricate single cell SOFCs are given in detail in Chapters 3 and 5.
70,77

  

 

 

Figure 6.1: Cross-section micrographs of an anode-supported single cell assembled with 

surface-modified Sn/Ni-GDC anode, GDC electrolyte, and LSCF cathode. 

The thicknesses of the anode substrate, electrolyte layer, and cathode layer 

are, respectively, ~ 1 mm, ~ 5 μm, and ~ 12 μm. 
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6.2.3 Characterizations, electrochemical performance, and long-term stability tests 

The morphologies of the anode powder and the distribution of SnO2 over the NiO 

powder were observed by scanning transmission electron microscopy (STEM, S-5500, 

Hitachi Ltd.) and energy-dispersive X-ray spectroscopy (EDS, Quantax 4010, Bruker 

Corporation) analysis at 20 kV. The crystalline phases of Sn-incorporated NiO anode 

catalyst before and after reduction were determined by X-ray diffraction with Cu Kα 

radiation (XRD, APD 3520, Philips). Fourier transform infrared spectroscopy (FTIR, 

Nicolet iS5, Thermo Scientific) analysis and thermogravimetric analysis (TGA, STA 449 

F3 Jupiter, Netzsch) were performed to verify the presence of hydroxyl functional groups 

on the surface of Sn/Ni exposed to the SOFC operating conditions. The cross-section of 

the anode-supported single cell SOFC and the microstructures of the anodes after long-

term operation in CH4 fuel were observed by the scanning electron microscope (SEM, 

JSM-5610, JEOL Ltd.). The qualitative and quantitative analysis of elements distributed 

on the anode was conducted by means of an electron probe micro analyzer (EPMA, 

SXFive, Cameca).   

The electrochemical performance measurements and long-term stability tests of 

the anode-supported single cell SOFCs were conducted as follows. For current collectors, 

Pt and Au meshes and wires were connected to the top of, respectively, cathode and 

anode. The single cell SOFCs were completely sealed at 800 
o
C to one end of an alumina 

tube with a fine glass powder obtained by mechanically ball-milling the broken glassware 

(Kimax Griffin Beaker). The sealed single cells were cooled down to the operating 

temperature, 650 
o
C, at a rate of 0.5 

o
C min

-1
, followed by an N2 purging to remove 

oxygen. The power densities of a single cell were measured after fully reducing the anode 

with 50 sccm of H2 and maintaining the steady state with applied current density (0.1 A 

cm
-2

). For the electrochemical performance and long-term stability tests in hydrocarbon 
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fuel, H2 gas was switched to CH4 gas by gently decreasing and increasing the flow of, 

respectively, H2 and CH4 at the same time. Immediately after the gas conversion, the 

power densities of the single cells were evaluated in 20 sccm of CH4 fuel, followed by 

the measurement of terminal voltages as a function of time, while consistently applying 

the current density corresponding to approximately 70 % of the obtained maximum 

power density. 

 

6.3 RESULTS AND DISCUSSION 

6.3.1 Morphologies and characteristics of Sn-incorporated NiO and modified 

Sn/NiO-GDC 

Methane molecules are very stable with four strong covalent bonds.
110

 However, 

in the presence of Ni catalyst and water vapour produced by the electrochemical 

oxidation of fuel, methane gas can be cracked and converted into synthesis gas by the 

steam reforming reaction (CH4 + H2O → CO + 3 H2) during SOFC operation at 

temperature above ~ 600 
o
C.

24,45
 The problem is that vigorous hydrocarbon cracking 

reaction (CH4 → C + 2 H2) as well as the Boudouard reaction (2 CO → C + CO2) also 

occur depending upon the reaction kinetics and operating conditions, thereby coking and 

paralyzing the Ni catalyst from being available for further oxidation of fuel.
45,110,124

 

Carbonaceous deposit starts with the formation of nickel carbide on the surface of 

Ni.
112,125

 The 3d electrons of Ni interact with the 2p electrons of C, followed by back-to-

back C-C bonding.
24

 With an aim to suppress such coke formation / accumulation and 

achieve long-life, hydrocarbon-fueled SOFCs, a small amount of hydrophilic Sn was 

incorporated into the Ni-based anode for introducing hydroxyl (OH) groups as a decoking 

agent. Also, the surface-modified Ni-GDC anode with extended three-phase boundary 
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region was applied to greatly increase the active area of direct electrochemical oxidation 

reaction (CH4 + O
2-

 → CO2 + 2 H2) and carbon oxidation reaction (C + 2 O
2-

 → CO2).  

Figure 6.2 compares the morphologies of commercial NiO powder and Sn-

incorporated NiO powder utilized as core powders of the surface-modified (Sn/)NiO- 

GDC anode powder. As seen in the STEM/EDS micrographs, SnO2 nanoparticles (20 – 

50 nm in diameter) are embedded on the surface of NiO powder by the incipient wetness 

method and the calcination process. XRD patterns demonstrate that Sn-incorporated NiO 

became NiO-SnO2 (Figure 6.3a) after heat-treating at the co-firing temperature (1415 
o
C) 

of the anode-supported GDC electrolyte, which was then reduced to Ni and Ni3Sn alloy  

 

 

Figure 6.2: STEM/EDS micrographs showing the morphologies of NiO and Sn-

incorporated NiO powder, including distribution of Sn. 
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Figure 6.3: XRD patterns of Sn-incorporated NiO heat-treated at electrolyte sintering 

temperature (a) before and (b) after reduction in H2 atmosphere. 

(Figure 6.3b) in H2 atmosphere at the SOFC operating temperature (650 
o
C). 

Such (Sn-incorporated) NiO powders ball-milled with GDC powder (Figure 6.4) 

were coated with (Sn,) Ni, Ce, and Gd cations by a wet-chemical method based on the 

electrical charge variation of the colloid (NiO-GDC composite) depending upon the pH 

of colloidal solution, followed by the formation of (Sn/)NiO-GDC nanocomposite 

powder (Figure 6.4b) by thermally treating for 6 h each at 600 
o
C and 900 

o
C. Through 

the single cell fabrication process, the resultant anode powder led to the enlargement of 

the three-phase boundaries, especially O
2-

-ion conducting pathways, in the anode 

microstructure compared to that in the conventional Ni-GDC composite anode, which 

facilitate access of O
2-

 ions to CH4 gas and the carbon accumulated over the anode. The 

effects of the surface modification of the anode powder on the growth of three-phase 

boundaries of anode has been presented in Chapter 3.
77
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Figure 6.4: (a) Sn-incorporated NiO-GDC composite powder utilized as core powder in 

(b), and (b) modified Sn/NiO-GDC anode powder obtained by coating (a) 

with a nanocomposite of NiO, GDC, and SnO2. 

 

6.3.2 Behavior and chemical properties of Sn/Ni surface alloy under SOFC 

operating conditions 

The behavior proposed in this work of the Sn/Ni heterogeneous catalyst under 

SOFC operation with CH4 fuel is illustrated in Figure 6.5. As the Sn compound is loaded 

onto the surface of NiO and modified NiO-GDC, it can be regarded that the Sn/Ni alloy 

(Ni3Sn) is situated at the surface of the anode reduced in H2 atmosphere. Specifically, 

prior to the supply of hydrocarbon fuel, Sn:[Kr]4d
10

5s
2
5p

2
 having two valence electrons 

close by the stable s-orbital, which is analogous to the electron configuration of 

C:[He]2s
2
2p

2
, forms an alloy with Ni:[Ar]4s

2
3d

8
 metal on the Ni surface, which 

considerably hinders the carbon from reacting with Ni during the operation of SOFC 

anodes fueled by hydrocarbons.
112,124

 Furthermore, the acidic, hydrophilic Sn attracts the 

water vapor produced continuously while operating the SOFC, and these water molecules 

are dissociated into hydroxyls (OH
-
) and protons (H

+
) due to the weakening of the O-H 

bonding resulting from strong electrostatic attraction between the Sn cation and O
2-
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Figure 6.5: Removal of solid carbon deposited onto Ni by hydrocarbon cracking: (1) 

Under the SOFC operating condition with CH4, the acidic, hydrophilic Sn 

draws the water vapor produced by the electrochemical oxidation of fuel and 

they contact with each other. (2) Due to the polar nature of water molecule, 

the electrostatic attractive force between Sn cation and partially negatively-

charged oxygen weakens the O-H bonding, followed by eventual loss of H
+
. 

(3) The adhered hydroxyls are provided for the neighboring solid carbon to 

be converted into CO2 and H2. A series of these reactions occurs unceasingly 

during the hydrocarbon-fueled SOFC operation. 

ion.
126,127

 In other words, the electron density around the oxygen atoms of the water 

molecules is shifted toward the positively-charged Sn cations, resulting in the depletion 

of the electron density of O-H bond and loss of protons eventually.
128

 The remaining 

hydroxyls are provided for the deposited carbon so as to take it away as CO2: 

 

𝑆𝑛 + 𝑥 𝑂𝐻 →  𝑆𝑛(𝑂𝐻)𝑥 
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2 𝑆𝑛(𝑂𝐻)𝑥 + 𝑥 𝐶 →  𝑥 𝐶𝑂2 + 𝑥 𝐻2 + 2 𝑆𝑛 

The above-mentioned hydration / hydroxylation characteristics of Sn with water 

vapor were established by analyzing the FTIR spectra and weight change with increasing 

temperature of NiO and Sn-incorporated NiO treated under SOFC anode operating 

conditions. As indicated in Figure 6.6a, the FTIR spectrum of Sn-incorporated Ni 

reduced in H2 and then exposed to humidified Ar (an inert carrier gas) in a thoroughly 

sealed environment at the operating temperature (650 
o
C) showed peaks at ~ 3429 cm

-1
 

and ~ 1632 cm
-1

 corresponding to, respectively, the stretching vibration (νOH) and in-

plane bending vibration (δOH) of hydroxyl groups coming from adsorbed water. 

Moreover, the presence of hydroxyls has been indirectly investigated by TGA. For 

example, the mass variations of each sample with increasing temperature were measured 

in 50 sccm flow of Ar with extremely low oxygen partial pressure (PO2 ≤ 0.01), oxidizing 

them and eliminating the solvated species (hydroxyls), which are a sort of structural 

defect. As seen in the TGA curves of Figure 6.6b, Ni and Sn/Ni, which had been reduced 

in H2, gained weight with increasing temperature because they were oxidized by a small 

amount of oxygen. On the other hand, based on the fact that hydroxyl groups bound to 

the material surface are stable at temperatures below 600 
o
C and de-hydroxylation 

process starts at around 450 
o
C,

97
 it can be inferred that hydroxyls attached to Sn/Ni 

impede the progress of its oxidation at temperature below 450 
o
C and both de-

hydroxylation and oxidation reactions simultaneously occur at 450 – 600 
o
C. It then 

begins to be oxidized at temperatures above 600 
o
C. The difference in the weight changes 

occurring during TGA among the samples in Figure 6.6b indicates the existence of 

hydroxyl groups in the Sn/Ni sample.    



 104 

 

Figure 6.6: (a) FTIR spectrum of Sn/Ni heat-treated in water vapor atmosphere at the 

SOFC operating temperature (650 
o
C) and (b) TGA in Ar with increasing 

temperature, which compares the mass variations of Ni and Sn/Ni heat-

treated in H2 at 650 
o
C or Sn/Ni heat-treated in H2 at 650 

o
C first and then in 

water vapor atmosphere at 650 
o
C. Data indicated by the red lines in (a) and 

(b) were collected with the same samples. 

 

6.3.3 Performance and durability comparison of Ni-GDC and Sn/Ni-GDC anode-

supported single cell SOFCs 

In order to verify the ability of the hydroxylated Sn to prevent coking of Ni-based 

anodes during SOFC operation with hydrocarbon fuels, the electrochemical performance 

measurements and long-term stability tests were carried out with anode-supported single 

cell SOFCs with and without Sn as a decoking agent. The power densities and stabilities 

over time in CH4 were compared under identical conditions, except for the introduction 

of Sn into Ni-based anode. Moreover, single cell SOFC evaluations were repeatedly 

performed to guarantee the reproducibility and reliability of the experimental results.  

The single cells were organized into LSCF cathode | GDC electrolyte | surface-modified 
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(Sn/)Ni-GDC anodes configuration. In Figure 6.7, electron microprobe images of the 

surface of modified Sn/Ni-GDC anode substrates display the distributions and 

concentrations of each element, including Sn, at an area of 50 x 50 μm
2
. Although only 

about 1 atom % Sn was incorporated onto Ni, Sn is uniformly distributed over the anode 

surface.     

 

 

Figure 6.7: Quantitative and qualitative analysis of each element comprising the modified 

Sn/Ni-GDC anode, showing the distribution of Sn over the anode. 
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Figures 6.8a and 6.8b compare the voltages and power densities as a function of 

current densities of Ni-GDC and Sn-incorporated Ni-GDC anode-supported single cell 

SOFCs. Both single cells show reasonable open-circuit voltages (OCVs) of 0.74 – 0.76 V 

at 650 
o
C, which is close to the theoretical value of doped-ceria electrolyte SOFCs, 

regardless of fuel. Also, similar maximum power densities of 0.54 – 0.56 W cm
-2

 are 

obtained in 50 sccm of H2 at the same operating temperature. The introduction of a 

considerable quantity of additives might cause decrease in active sites of catalysts and 

increase in activation polarization resistance.
24,113

 However, judging from the 

electrochemical performance results of two single cells with and without Sn, it can be 

concluded that the catalytic activity of Ni is not affected by the addition of a small 

amount of Sn (Sn : Ni = 1 : 99 atom %). Another recognizable point from the I-V curve 

of Sn/Ni-GDC anode-supported cells is the dramatic voltage drop observed at the tail end 

of the current density (above ~ 1.5 A cm
-2

), indicating that its concentration polarization 

is greater than that of the Ni-GDC anode cells. We can assume that this voltage loss 

arises from the interaction between Sn/Ni surface alloy and the water vapor produced by 

fuel oxidation reaction, as water molecules (or hydroxyls) bound to the surface of anode 

somewhat interrupts the flow of H2 fuel. For the electrochemical performances in CH4 

fuel, Ni-GDC and Sn-incorporated Ni-GDC anode-supported single cells showed, 

respectively, ~ 0.37 and ~ 0.47 W cm
-2

 of maximum power densities at 650 
o
C 

immediately after gas exchange. An understanding of this performance difference (about 

0.1 W cm
-2

) is needed, but carbonaceous species might be effectively utilized as a fuel 

because Sn/SnO2 redox couple is known as a promising catalytic material for direct 

carbon fuel cells.
2
 

The practical effect of hydroxylated Sn/Ni alloy anode catalyst on the suppression 

of coke formation/accumulation has been examined by operating anode-supported single  
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Figure 6.8: Polarization curves and power densities of (a) the modified Ni-GDC and (b) 

modified Sn/Ni-GDC anode-supported single cell SOFCs operating at 650 
o
C 

with H2 and CH4. 
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cell SOFCs (with and without Sn) fed with 20 sccm of CH4 fuel for hours. As the results 

of repeated experimental operations, the modified Ni-GDC anode without Sn degrades 

with increasing operating time in CH4, as seen in Figure 6.9. The terminal voltage and 

power output drops by 20 % within 90 – 100 h. As more and more carbon-carbon 

bonding occurs and carbon accumulates onto Ni surface as can be seen in Figure 6.10, the 

power densities decrease continuously due to the deactivation of the Ni catalyst. On the 

contrary, the modified Sn/Ni-GDC anode stably works for more than 200 h without 

distinguishable performance degradation. The gradual increase in performance of the 

modified Sn/Ni-GDC anode SOFC could be due to the conditioning of the cell under the  

 

 

Figure 6.9: Voltage variations of the modified Ni-GDC and modified Sn/Ni-GDC anode-

supported single cell SOFCs operating at 650 
o
C with CH4. 



 109 

 

Figure 6.10: SEM micrographs of the modified Ni-GDC and Sn/Ni-GDC anodes obtained 

after long-term operation with CH4 fuel, showing the solid carbon caking 

over the Ni-GDC anode with no Sn incorporation. 

operating conditions. 

Although the decoking mechanism proposed in this work aids to understand how 

SOFCs works with hydrocarbon fuels at intermediate temperatures, the extent of coking 

(via temperature-programmed oxidation method) and the surface chemistry phenomena 

occurring at the catalyst surface need to be further investigated.    
 

 

6.4 CONCLUSIONS 

In order to develop Ni-catalyst-based anode-supported SOFCs which can stably 

operate with hydrocarbon fuels at intermediate temperatures, we have studied the effect 

of Sn-incorporation onto Ni anode on coking tolerance during cell operation. A small 

amount of Sn (Sn : Ni = 1 : 99 atom %) incorporated into the surface-modified NiO-GDC 

composite powder by an incipient wetness method was embedded onto the anode surface 

as SnO2 nanoparticles, which were then turned into the surface-confined Ni-Sn alloy 

under the SOFC operating conditions. We suggest the following conclusion. 
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Sn:[Kr]4d
10

5s
2
5p

2
, having an outer electronic configuration analogous to C:[He]2s

2
2p

2
 

(two valence electrons nearby the stable s-orbital), primarily hindered the formation of 

nickel carbide. Furthermore, the hydration and hydroxylation of Sn from reaction with 

water molecules produced by fuel oxidation supplied the hydroxyl groups to oxidize and 

remove the solid carbon deposited by the hydrocarbon-cracking reaction. Additionally, 

the enlargement of the three-phase boundary region through a surface-modification of 

anode powder and the flux of O
2-

 ion stimulated by an applied polarization current helped 

O
2-

 ions reach the accumulated carbon and CH4 gas molecules, thereby converting them 

into CO2 and releasing them from the anode. With these improved anode catalysts, 

surface-modified Sn/Ni-GDC, the electric power generation of SOFCs fed with CH4 fuel 

continued for more than 200 h without any performance degradation. 
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Chapter 7: Ni-M (M = Sn and Sb) Intermetallic-Based Catalytic 

Functional Layer as a Built-in Safeguard for Hydrocarbon-Fueled Solid 

Oxide Fuel Cells 

 

7.1 INTRODUCTION 

Solid oxide fuel cells (SOFCs), consisting of ceramic electrolyte membranes and 

electrodes, are electrochemical conversion devices that simultaneously generate electrical 

and thermal energies using a fuel and an oxidant.
1,2,12

 Intermediate-temperature SOFCs 

are particularly attractive since abundant natural gas fuel (which is mainly composed of 

methane) and ambient air can be utilized, respectively, instead of costly pure H2 and O2 

gases.
15,43,129

 The availability of low-cost natural gas is increasing as well due to the 

newly discovered sources such as shale gas and reclamation technologies.
130

 Moreover, 

on-site combined heat and power (CHP) generation of SOFCs maximizes the overall fuel 

efficiency (≥ 90 %), which greatly reduces the per megawatt-hour pollutant emissions 

coming from natural gas.
1,7,44,131

 In economic and commercial aspects, the use of low-cost 

catalyst Ni is one of the greatest advantages compared to the expensive noble-metal 

catalysts (e.g., Pt) used in low-temperature fuel cells.
75,130

 Ni satisfies the essential 

requirements of SOFC anode catalyst: high electronic conductivity as well as catalytic 

activity for the electrochemical oxidation of fuels and compatibility with oxide-ion 

conducting electrolyte materials such as Zr1-xYxO2-0.5x (yttria-stabilized zirconia, YSZ) or 

Ce1-xMxO2-0.5x (M-doped ceria, M = Sm, Gd) at intermediate temperatures.
3,24,62,132,133

  

However, conventional Ni-based anode SOFCs fed with hydrocarbon fuels have 

one critical limitation; during SOFC operation, the solid carbon produced by 

dehydrogenation of hydrocarbons (e.g., CH4 → C + 2 H2) is rapidly accumulated on the 

Ni-metal surface.
8,12

 The interaction between Ni and C leads to the formation of nickel 
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carbide (coke formation), followed by coke accumulation through consecutive C-C 

bonding.
24,112,134

 This undesirable carbon deposit incapacitates the Ni catalyst and 

destroys the Ni-based anode, thereby precluding SOFCs from generating electrical and 

thermal energies.
75,135

  

These challenges have prompted the development of alternate anode materials to 

replace Ni over the past few decades. In particular, redox stable oxides such as La1-

xSrxCr1-yMyO3-δ (M = V, Mn, Fe, Ru, etc.) and La1-xSrxTi1-yMyO3-δ (M = Mn, Fe, etc.) 

perovskites and Sr2-xLaxMMoO6-δ (M = Mg, Co, Ni, etc.) double-perovskites have been 

regarded as promising candidates for Ni-free, hydrocarbon-fueled anode 

materials.
79,85,133,136

 However, their low electronic conductivity, low catalytic activity for 

hydrocarbon oxidation, lack of thermo-mechanical compatibility with conventional 

electrolyte materials, and high manufacturing cost to prepare SOFCs with such an oxide 

anode catalyst impede the commercialization of SOFCs.
8,46,87

 The other promising 

approach in terms of materials to suppress carbon coking over Ni-based anodes is to 

incorporate a required quantity of coking-resistant catalysts onto the surface of Ni in 

anode microstructures. A diverse group of oxides, e.g., hydrogen tungsten bronze 

(HxWO3-δ), (doped) ceria (CeO2, Sm0.2Ce0.8O1.9, etc.), proton-conducting oxides (SrZrxY1-

xO3-δ, BaZrxY1-xO3-δ, etc.), and alkaline earth oxides (BaO, CaO, etc.), have been 

employed to protect Ni against undesired solid carbon species.
48,114,121,134,137,138

 Studies of 

Ni-metal alloys through the incorporation of metals such as Fe, Ru, Au, Pd, Sn, etc. have 

also been investigated to enhance the tolerance of Ni-based anodes to coking.
15,120,139

 It 

has been reported that these approaches enable SOFCs to stably operate with 

hydrocarbon fuels without carbon deposition and performance degradation, provided that 

care is taken with respect to the amount of the incorporated catalytic materials, which 

affects the overall catalytic activity of Ni.
24,140
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We present here another strategy applicable readily to any conventional SOFC 

design and configuration: introduction of catalytic functional layers (CFLs) onto the outer 

surface of Ni-Ce0.8Gd0.2O1.9 (gadolinium-doped ceria, GDC) anodes for preventing the 

anode from being exposed directly to hydrocarbon fuels and controlling the solid carbon 

formed/accumulated on Ni-based anodes by hydrocarbon cracking. It is found that the 

durability of Ni-GDC anode-supported single cell SOFCs operating with CH4 is sustained 

through the addition of such a Ni-M intermetallic-based CFL (M = Sn, Sb), which is 

attributed to the passivation effect by the formation of Ni-M intermetallic compounds on 

the Ni surface and hydroxyl groups formed by the interaction between hydrophilic Sn or 

Sb and water vapor byproduct as an oxidizing agent (for carbon). The detailed decoking 

mechanism on a CFL during the hydrocarbon-fueled SOFC operation is discussed based 

on the surface chemistry phenomena occurring at the gas (fuel and water vapor)-solid 

(anode catalyst) interfaces. 

 

7.2 EXPERIMENTAL 

7.2.1 Preparation of powders and anode-supported single cell SOFCs  

The procedures for preparing each powder forming anode, electrolyte, and 

cathode and for fabricating anode-supported single cell SOFCs (without CFL) has been 

fully described in Chapters 3, 5, and 6.
70,71,77

 Especially, the powder for an anode-support 

of a single cell SOFC was customized to cover the NiO-GDC composite powder 

(mechanically ball-milled for 2 – 3 days in ethyl alcohol) with NiO and GDC 

nanoparticles (≤ 50 nm). As compared to conventional Ni-GDC composite anodes, such a 

surface-modified Ni-GDC anode brings about much better single cell performance, for 

example, over two times higher power densities at intermediate temperatures. The anode-
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supported GDC electrolytes were fabricated by co-pressing the anode powder and GDC 

powder (~ 50 nm in diameter) synthesized by glycine-nitrate combustion method and co-

firing at around 1410 
o
C for 6 h. A CFL was introduced by screen-printing Sn or Sb-

incorporated NiO-GDC powder mixed with organic binder (Heraeus V006) onto the 

entire anode surface of an anode-supported electrolyte and heat-treating at 1200 
o
C for 3 

h. The sintering temperature of CFLs was determined in consideration of the sublimation 

temperature of Sb compounds (Figure 7.1). The process of making Sn or Sb/NiO-GDC  

 

 

Figure 7.1: XRD patterns of Sb-incorporated NiO depending on the firing temperatures, 

showing that Sb compound is lost at temperature above 1300 
o
C.    
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powder (Sn or Sb : Ni = 1 : 3 atom %) for CFLs is as follows. First, the required amounts 

of SnCl2·2H2O (Acros Organics) or SbCl3 (Acros Organics) were dissolved into ethyl 

alcohol, followed by the immersion of NiO (J. T. Baker) powder. A 24 h-agitation and 

calcining of the dried powder allowed Sn or Sb cations in solution to deposit onto the 

surface of NiO powder. The resultant powders mechanically ball-milled with GDC (Fuel 

Cell Materials) powder (Sn/Ni or Sb/Ni : GDC = 50 : 50 vol.%) were utilized for each 

CFL. Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) cathode was screen-printed onto the anode-

supported electrolyte layer in the same manner as for the CFL, followed by thermal 

treatment at 850 
o
C for 2 h. 

 

7.2.2 Characterizations, electrochemical performance, and long-term stability tests        

The powder morphologies of Sn or Sb-incorporated NiO were seen by scanning 

transmission electron microscopy (STEM, S-5500, Hitachi Ltd.)/energy-dispersive X-ray 

spectroscopy (EDS, Quantax 4010, Bruker Corporation) analysis at 20 – 30 kV. The 

identification of resultant powders heat-treated under operating environments was carried 

out by X-ray diffraction (XRD, APD 3520, Philips) with Cu Kα radiation. Fourier 

transform infrared (FTIR, Nicolet iS5, Thermo Scientific) spectrometer and 

thermogravimetric analysis (TGA, STA 449 F3 Jupiter, Netzsch) demonstrated that 

hydroxyl groups are formed at the interface between the metal surface and water vapor 

vigorously generated during SOFC operation.  We utilized scanning electron microscope 

(SEM, JSM-5610, JEOL Ltd.) for observing the microstructures of the single cell. The 

porosities of the anode-support and CFLs before and after reduction were measured by a 

liquid saturation method.   
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The electrochemical performance measurements of anode-supported single cell 

SOFCs were accomplished by attaching Pt and Au meshes and wires to, respectively, the 

cathode and anode. The cells perfectly sealed at 800 
o
C onto the end of alumina tube with 

the pulverized glass powder obtained by mechanically dry-ball-milling the broken glass 

(Kimax Griffin Beaker) were brought to the desired temperature (650 
o
C) at a rate of 0.5 

o
C min

-1
. After purging with N2 gas to get rid of the undesired species in the anode, the 

air stream was blown over the surface of the cathode to ensure sufficient oxygen 

availability, followed by a supply of H2 fuel to the anode (including CFL) to be reduced. 

Provided that acceptable OCVs were recognized, the power densities of the operating cell 

were evaluated in H2 atmosphere first, and the H2 fuel was then switched to CH4 fuel by 

gently decreasing and increasing the flow rates of, respectively, H2 and CH4. The power 

generation capability of the single cell SOFC fueled by CH4 was tested immediately after 

fuel conversion, and the cell underwent the long-term stability test, a measurement of 

terminal voltage corresponding to the applying current density.     

          

7.3 RESULTS AND DISCUSSION  

7.3.1 Morphologies and characteristics of Sn- and Sb-incorporated NiO  

Carbonaceous species are piled up on Ni-based anodes through coke formation 

and successive accumulation during the SOFC operation with hydrocarbon fuels, thereby 

inhibiting the access of the fuels to the Ni catalyst. Sulfur, which preferentially bonds to 

Ni surface, has been considered as a decoking agent in steam (fossil fuel) reforming 

process.
141,142

 However, as the chemisorbed sulfur compounds diminish the kinetics 

involved with the fuel oxidation reaction by reducing the active area of Ni catalyst and 

considerably increase the activation polarization of the anode under the operating 
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conditions, sulfur poisoning is considered as the other main drawback (along with carbon 

coking) to operating SOFCs with natural gas fuel containing a small amount of hydrogen 

sulfide.
118,143

 Therefore, the effects of the elements of the carbon group and nitrogen 

group in the Periodic Table that are known for showing behavior similar to sulfur on the 

suppression of carbon formation have been investigated.
141

 Among the elements in the 

carbon and nitrogen groups, it has been reported that Sn and Sb enhance the sulfur-

tolerance of Ni under the operating conditions with sulfur-containing fuels;
143

 

accordingly, this study has focused on Sn and Sb in order to develop long-life, natural 

gas-fueled SOFCs with enhanced tolerance to sulfur as well as coking.    

Both Sn and Sb incorporated onto Ni surface (which will be denoted by Sn/Ni and 

Sb/Ni) in CFLs play a dual role: a passivation agent against coke formation and a 

promoter, which prevents consecutive coke accumulation. For example, in the operating 

environment with H2, Sn and Sb positioned on the surface of Ni forms surface-alloys 

with Ni, thereby preventing the 3d electrons of Ni from interacting with the 2p electrons 

of C beforehand.
24

 In addition to the suppression of coke formation, the hydroxyl (OH) 

groups formed on the surface of Ni-M intermetallic compounds by reacting with the 

water vapor facilitate the oxidation of the deposited solid carbon and then eradicate it as 

CO2.  

Figure 7.2 shows the STEM/EDS micrographs of Sn and Sb incorporated onto the 

surface of NiO powder and thermally treated at 900 
o
C. Judging from their powder 

morphologies, powder XRD patterns (Figure 7.3), and the melting points of SnO2 (1630 

o
C) and Sb2O3 (656 

o
C), these Sn and Sb-incorporated NiO turn into, respectively, SnO2 

nanoparticles (~ 50 nm in diameter) embedded in NiO and NiO + NiSb2O6 composites 

during the firing process for attaching the CFLs to the outer surface of anodes. In H2 

atmosphere at 650 
o
C, which is the actual SOFC operating environment, SnO2 
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nanoparticles attached themselves to the surface of the NiO powder were reduced and 

formed Ni3Sn alloy on the Ni surface, regardless of Sn content, as shown in Figure 7.3a. 

On the other hand, Sb-incorporated NiO was reduced to various Ni-Sb intermetallic 

compounds depending on the Ni/Sb ratio and the positional ordering of each atom 

(Figure 7.3b). We fixed the atomic ratio of Ni to the coking-resistant catalyst M (Sn and 

Sb) as 3 to 1, as higher and lower Ni/M ratios led, respectively, to limited ability to 

suppress carbon deposition and falloff in the catalytic activity of Ni along with a 

delamination of the CFLs caused by a lack of thermo-mechanical compatibility with the  

 

 

Figure 7.2: STEM/EDS micrographs showing the morphologies of powders heat-treated 

at 900 
o
C: (a) Sn-incorporated NiO and (b) Sb-incorporated NiO. 
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Figure 7.3: X-ray powder diffraction patterns of (a) Sn/NiO and (b) Sb/NiO heat-treated 

at 650 
o
C in air (a-1 and b-1) or H2 (a-2, b-2, 3, and 4): The peaks of (a-1, 2, 

and b-1) are revealed irrespective of Ni to Sn or Sb ratios. Ni : Sb (atom %) = 

5 : 1 (b-2), 3: 1 (b-3), and 1 : 1 (b-4).  
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NiO-GDC anode body. As mentioned above, Sn and Sb in the CFLs hinder coke 

formation by alloying with Ni ahead of the interaction between Ni and solid carbon 

produced by fuel oxidation while operating with hydrocarbon fuels.   

 

7.3.2 Behavior and chemical properties of Sn/Ni and Sb/Ni intermetallic compounds 

under SOFC operating conditions      

The accumulated solid carbon onto Ni is removed by the hydroxide groups 

formed on the Ni-M (M = Sn and Sb) intermetallic compounds by an interaction between 

the hydrophilic M and the water molecules. Water, a sustainable product of the continued 

electrochemical fuel oxidation process, is adsorbed and irreversibly dissociated on the 

surface of the metal or metal alloy.
144,145

 A series of processes based on the surface 

chemistry of water and hydroxide groups occurring on the metal surface are summarized 

below (the adsorption on the metal surface is denoted by an asterisk):  

 

(1) 𝐻2𝑂 (𝑔)  → 𝐻2𝑂
∗   

(2) 𝐻2𝑂*+ * → 𝑂𝐻* + 𝐻* 

(3) 𝐻2𝑂*+ 𝑂* → 2 𝑂𝐻* 

(4) 𝑂* + 𝐻* ↔ 𝑂𝐻* + * 

(5) 𝐻* + 𝐻* ↔ 𝐻2 (𝑔) + 2*  

 

During SOFC operation, the water vapor is generated by the electrochemical 

oxidation of the fuel and then adsorbed onto the surface of the hydrophilic intermetallic 

compounds in the CFLs (Equation (1)), followed by the dissociative adsorption of 
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hydroxyls and hydrogen (Equation (2)).
48,144,146,147

 As this irreversible dissociation of 

water molecules are accompanied by the partial oxidation of reactive metal (O*) and the 

resultant pre-adsorbed oxygen (which is negatively charged) enhances the reactivity of 

catalyst toward the adsorbed water (H2O*), it leads to the formation of hydroxyl groups 

bound to the surface of such catalysts (Equation (3)).
126,144,146-149

 Moreover, among the 

adsorbed water dissociation products (e.g., OH, O, and H), hydrogen atoms turn into 

hydroxyls (Equation (4)) and H2 gas (Equation (5)) by combining with, respectively,  

 

 

Figure 7.4: FTIR spectra of Sn/Ni and Sb/Ni (Ni : Sb = 3 : 1 atom %) powders heat-

treated at 650 
o
C with H2 and then humidified Ar, showing that they were 

hydroxylated by reacting with H2O.    
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Figure 7.5: Variations in the mass observed in Ar atmosphere with increasing 

temperature: (a) Sn/Ni and (b) Sb/Ni (Ni : Sn or Sb = 3 : 1 atom %) (in 

comparison to Ni) heat-treated in dry H2 at 650 
o
C or in dry H2 at 650 

o
C 

first and then in water vapor at 650 
o
C. 
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surface oxygen and hydrogen.
144-147

 The hydroxyl groups made this way are qualitatively 

identified by FTIR spectroscopy and TGA. As shown in Figure 7.4, Sn and Sb-

incorporated NiO reduced in H2 and then exposed to H2O-Ar mixture in a completely 

sealed environment at SOFC operating temperature (650 
o
C) shows peaks positioned at ~ 

3448 cm
-1

 and ~ 1636 cm
-1

,
 
corresponding, respectively, to the stretching vibration (νOH) 

and bending vibration (δOH) of O-H functional groups.
144

 Also, with the measurements 

of the mass variations of identical samples with increasing temperature in Ar with low 

oxygen partial pressure (PO2 ≤ 0.01), the existence of hydroxyl groups attached to the 

surface of Sn/Ni and Sb/Ni catalysts are indirectly demonstrated. As seen in Figure 7.5, 

NiO (without the incorporation of Sn or Sb), which had been reduced in dry H2 at 650 
o
C, 

is oxidized with increasing temperature, thereby rapidly increasing the mass of the 

sample. On the other hand, the hydroxylated Sn/Ni or Sb/Ni, which had been reduced in 

dry H2 and then exposed to humidified Ar, starts to get oxidized from around 600 
o
C 

because the hydroxyl groups bound to the surface remained in place at temperatures 

below 600 
o
C.

97
      

These phenomena occurring on the surface of Ni-M (M = Sn, Sb) intermetallic 

compounds in anode CFLs during the SOFC operation spontaneously continued, which 

continuously provides hydroxyl groups to the solid carbon accumulated on Ni surface so 

as to oxidize it and clear away as CO2 as follows: 

 

(6) 2 𝑆𝑛(𝑂𝐻)𝑥 + 𝑥 𝐶 → 𝑥 𝐶𝑂2 + 𝑥 𝐻2 + 2 𝑆𝑛,   𝑆𝑛(𝑂𝐻)4  ≡  𝑆𝑛𝑂2 ∙ 2𝐻2𝑂                             

(7) 2 𝐻𝑆𝑏(𝑂𝐻)𝑦 + 𝑦 𝐶 → 𝑦 𝐶𝑂2 + (1 + 𝑦) 𝐻2 + 2 𝑆𝑏,   2 𝐻𝑆𝑏(𝑂𝐻)6  ≡ 𝑆𝑏2𝑂5 ∙ 7𝐻2𝑂                  
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Figure 7.6: Schematic diagram to illustrate the decoking mechanism during hydrocarbon-

fueled SOFC operation. The solid carbon is released from anode by reacting 

with the hydroxyl groups formed by interaction between the water molecules 

(continuously generated by fuel oxidation) and the surface of Sn/Ni or Sb/Ni 

in a CFL.     

Figure 7.6 schematically illustrates how the solid carbon deposited over the CFLs 

can be removed. As stated above, Sn/Ni or Sb/Ni heterogeneous catalysts are hydrated 

with the water vapor generated by the electrochemical oxidation of the fuel during SOFC 

operation, followed by the propagation of hydroxyls and H2 gas utilized, respectively, for 

carbon removal and as fuel. A sufficiently strong Sn or Sb-water interaction surmounts a 

preference for the formation of 3-dimensional hydrogen bonding network of the water, 

which leads to the stable OH/H2O mixed structure adsorbed onto the surface of Sn/Ni or 

Sb/Ni intermetallic compounds.
149

 The solid carbon produced by hydrocarbon cracking 
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and rapidly accumulated on the Ni surface is oxidized to CO2 by reacting with hydroxyls 

and stripped off from the Ni surface (Equation (6) and (7)). The minor H2 gas, the 

byproduct of hydrocarbon cracking process (e.g., CH4 → C + 2 H2) as well as carbon 

oxidation reaction with OH, could be effectively used as fuel. The Sn/Ni-GDC and 

Sb/Ni-GDC CFLs could also serve as the diffusion barrier layer by reducing the 

concentration of hydrocarbon gas permeating into the Ni-GDC anode body through the 

CFL, keeping the anode from being exposed directly to such a fuel.
150,151

        

 

7.3.3 Performance and durability comparison of Ni-GDC anode-supported single 

cell SOFCs with and without catalytic functional layer 

On the basis of above-proposed phenomena occurring in Ni-M (M = Sn, Sb) 

intermetallic-based CFLs under the SOFC operating conditions, the electrochemical 

performance and long-term stability tests of anode-supported single cell SOFCs with and 

without the functional layers were carried out with CH4 fuel at 650 
o
C. In order to 

evaluate the impacts of such anode CFLs on the operational stability with hydrocarbon 

fuels, all operating conditions and the procedures for electrochemical performance tests 

and single cell preparation were kept exactly the same except for the presence of CFL. 

The anode-supported single cell SOFCs are composed of BSCF cathode | GDC 

electrolyte | surface-modified Ni-GDC anode | M-incorporated Ni-GDC catalytic 

functional layer (M = Sn and Sb, M : Ni = 1 : 3 atom ratio). The SEM micrographs in 

Figures 7.7 and 7.8 exhibit the cross-section and surface microstructures of the anode-

supported electrolyte and CFL fabricated, respectively, by co-pressing/co-firing 

technique and screen-printing method. Unlike conventional Ni-GDC anode, the surface-

modified Ni-GDC anode employed in this work has a particularly expanded three-phase 

boundary region at which fuel, O
2-

 ions, and electrons are spatially close to each other,  
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Figure 7.7: SEM micrographs of a surface-modified NiO-GDC anode-supported GDC 

electrolyte with an M/NiO-GDC (M = Sn or Sb) CFL. 

 

 

Figure 7.8: SEM micrographs of Ni-GDC anode surface (a) before and (b) after 

reduction.  
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which led to an improvement in the electrochemical performances as well as an extension 

of the oxide-ion pathway for direct electrochemical hydrocarbon fuel oxidation (e.g., CH4 

+ O
2-

 → CO2 + 2 H2) and solid carbon oxidation (C + 2 O
2-

 → CO2) in the 

anodes.
63,121,133

 

Figures 7.9 and 7.10 displays the performances such as open circuit voltages 

(OCVs), polarizations, and power densities as a function of the current densities of single 

cell SOFCs operating at 650 
o
C with H2 and CH4 fuels. Regardless of the fuel, the OCVs 

of single cell SOFCs were in the range of 0.75 to 0.79 V, which is within good agreement 

with the OCVs of ceria-based electrolyte SOFCs reported in the literature. As an 

electrolyte material, doped ceria like GDC and samaria-doped ceria are much more  

 

 

Figure 7.9: Polarization curves and power densities of the modified Ni-GDC anode-

supported single cell SOFCs without a CFL operating at 650 
o
C with H2 and 

CH4. 
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Figure 7.10: Polarization curves and power densities of the modified Ni-GDC anode-

supported single cell SOFCs with Sn/Ni-GDC CFL or Sb/Ni-GDC CFL 

operating at 650 
o
C with H2 and CH4. 
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ionically conductive than YSZ at intermediate temperatures (≤ 700 
o
C), but the issues of 

electronic conduction caused by the reduction of Ce
4+

 to Ce
3+

 in H2 atmosphere and the 

resultant voltage loss should be addressed.
3,14,66

 The surface-modified Ni-GDC anode-

supported single cell SOFCs without a CFL showed better performance than the single 

cell SOFCs having each CFL at 650 
o
C, with maximum power densities of ~ 0.80 and ~ 

0.70 W cm
-2

, respectively, in 50 sccm of H2 and 25 sccm of CH4. However, by 100 h-

operation in CH4 fuel, the single cell SOFCs without a CFL were impaired and their 

power outputs fell more than 30 %, as can be seen in Figure 7.11. On the contrary, the  

 

 

Figure 7.11: Voltage variations measured at 650 
o
C in CH4 as a function of time during 

the operation of the modified Ni-GDC anode-supported single cell SOFCs 

with and without CFL.   



 130 

single cell SOFCs with Sb/Ni-GDC and Sn/Ni-GDC CFL showed maximum power 

densities of, respectively, ~ 0.68 W cm
-2

 (in H2) / ~ 0.55 W cm
-2

 (in CH4) and ~ 0.66 W 

cm
-2

 (in H2) / ~ 0.52 W cm
-2

 (in CH4), which are approximately 15 ~ 20 % lower 

compared to the single cell SOFCs without a CFL. Such performance degradation may be 

due to the falloff in fuel utilization efficiency and the kinetics of fuel oxidation reaction 

by the addition of a CFL having 54 ~ 56 % porosity (Figure 7.12), impeding the ability of 

fuel to reach the rest of the anode body from the outer surface of the anode structure. 

Although these single cells underwent the loss of power output, both single cell SOFCs  

 

 

Figure 7.12: Porosities of (a) Ni-GDC anode-support, (b) Sn/Ni-GDC CFL, and (c) 

Sb/Ni-GDC CFL heat-treated at each sintering temperature. (Green: before 

reduction, black: after reduction). 
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with each CFL worked for more than 200 h without performance deterioration. Their 

exceptional operational stability with hydrocarbon fuel is attributed to Sn and Sb 

incorporated onto the surface of Ni catalyst in CFLs, which act as a passivation agent and 

a promoter, preventing, respectively, coke formation and consecutive coke accumulation 

during hydrocarbon-fueled SOFC operations. As a built-in safeguard against coking on 

Ni-based anodes, these CFLs are extensively applicable, e.g., the conventional SOFC 

structure/configuration made up of anode-electrolyte-cathode can remain intact regardless 

of whether the CFL is added, and with respect to the manufacturing aspects, such a CFL 

can be easily introduced to the outer surface of the anode without requiring any specific 

way of incorporating catalytic materials or modifying the anode microstructure. However, 

the micro-pore structure of the CFLs needs to be further optimized to minimize 

performance loss caused by the addition of a CLF and maintain the long-term operational 

stability with hydrocarbon fuels, e.g., investigating the behavior (mass flux) of reactants 

(fuels) and products (water vapor, CO2, etc.) in the anode and in an anode CFL under 

SOFC operation. 

 

7.4 CONCLUSIONS 

The introduction of M/Ni-GDC (M : Ni = 1 : 3 atom %, M = Sn and Sb) CFL to 

the bottom of the surface-modified Ni-GDC anode exposed to hydrocarbon fuel has been 

proven to be an effective way to suppress the carbon coking during SOFC operation. Sn 

and Sb incorporated onto the surface of Ni catalyst act as a passivation agent and a 

promoter for hindering, respectively, coke formation and coke accumulation during 
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hydrocarbon-fueled SOFC operation. As for the role as a passivation agent, the formation 

of Ni-M intermetallic compounds by the interaction between the 5p electrons of Sn or Sb 

and the 3d electrons of Ni prior to hydrocarbon gas supply hinder the 2p electrons of C 

produced by hydrocarbon cracking from reacting with Ni. Furthermore, hydroxyls 

formed on the surface of acidic and hydrophilic Sn/Ni or Sb/Ni through the interaction 

between the surface of such intermetallic compounds and water vapor generated by the 

electrochemical oxidation of the fuel are appropriated to the oxidation of the solid carbon 

accumulated on the Ni surface. This function as a promoter precludes carbons from 

bonding consecutively. With the aid of these selected anode CFLs, the Ni-GDC anode-

supported single cell SOFCs maintain the operational durability and power output for 

more than 200 h in CH4 fuel at 650 
o
C. 
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Chapter 8: Summary 

The objective of this dissertation was to develop high-performance solid oxide 

fuel cells (SOFCs) that can operate with natural gas fuel, composed primarily of methane, 

at intermediate temperatures (600 – 700 
o
C). In this regard, efforts to raise the 

electrochemical performances of single cell SOFCs and to maintain their operational 

stability in hydrocarbon fuels have been made. Cermet anodes containing a low-cost and 

highly effective Ni catalyst were used along with ceria-based electrolyte (Ce0.8Gd0.2O1.9 

(GDC)), which exerts far better oxide ion conducting property at intermediate 

temperatures than the most commonly used zirconia-based materials (e.g. yttria-stabilized 

zirconia), and mixed ionic/electronic conducting (MIEC) perovskite-structured cathodes 

(La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) and Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF)) as the other single-

cell components. The accomplishments of this dissertation are briefly summarized below. 

In order to obtain SOFCs with superior power density, a novel, facile powder 

synthesis method was developed to enlarge the three-phase boundary (TPB) region of the 

anode, at which the electron-conducting phase (Ni), oxide-ion conducting phase (GDC), 

and gaseous fuel combine and the fuel oxidation reaction occurs. Since the SOFC power 

output is quite limited by its dependency on the TPBs, a significantly extended TPB 

region of anodes through a modified powder preparation method remarkably increased 

the overall power density of the SOFC. This approach started with the electrokinetic 

characteristic of oxide materials in aqueous solution in which the oxide particles are 

affected by and become positively or negatively charged depending on the pH of the 

solution. On the basis of the measured isoelectric point (IEP) (i.e., the pH at which oxide 

particles carry no net electrical charge in solution) of NiO-GDC composite, which is 

around pH 7, it can be inferred that the negatively charged metal ions (Ni
2+

, Ce
4+

, and 
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Gd
3+

) chelated with EDTA and citric acid were attached to the surface of the positively 

charged NiO-GDC composite powder in solution, thereby forming NiO-GDC composite 

coated with nano-sized NiO and GDC particles via sol-gel-based synthesis route and 

calcination/heat-treating process. This surface-modified powder, which has a two times 

larger surface area than the conventional powder, led to not only an enlargement of both 

electronic and O
2-

-ion conduction pathways, but also a suppression of grain growth of the 

anode during the process of cell fabrication. Consequently, such modified Ni-GDC 

anode-supported single cell SOFCs exhibited even better power densities at 600 – 750 
o
C 

with hydrogen fuel than the conventional Ni-GDC anode-supported SOFCs. 

Another way to enhance the performance of Ni-based anode-supported SOFCs 

was to preclude the Ni catalyst particles from agglomerating amongst themselves during 

SOFC operation and the high-temperature sintering process, thereby making the anode 

microstructures uniform and durable. Ce1-xGd1-yNix+yVO4-δ situated at the phase 

boundaries between Ni and GDC not only reduced the required co-firing temperature of 

anode-supported GDC electrolyte layers but also suppressed Ni-metal coarsening. Such 

Ce1-xGd1-yNix+yVO4-δ phase boundary oxide was formed over the whole anode structure 

by mechanically ball-milling NiO powder particles doped with V
5+

 cations (by a sol-gel-

based synthesis method) with a required amount of GDC powder and then fabricating the 

anode-supported GDC electrolyte pellets through high-temperature sintering process. By 

comparing the anode microstructures and obtained power densities with those of 

conventional Ni-GDC anode without the phase boundary oxide, it was found that the 

overall performance and durability of Ni-GDC cermet anode-supports were remarkably 

enhanced with the phase-boundary oxide.      

One critical hindrance to SOFCs with a Ni-based anode fueled by hydrocarbons is 

the coking (carbon deposition) phenomena; the solid carbonaceous materials generated 
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continuously by hydrocarbon cracking (e.g. CH4 → C + 2 H2) rapidly accumulates on Ni-

metal-catalyst during SOFC operation, resulting in severe degradation of the catalytic 

activity of Ni and structural damage to the anode. To address this critical issue, three 

different strategies were adopted as below:  

The incorporation of as small as 1 atom % W to Ni surface was found to 

overcome this formidable challenge. The hydrogen tungsten bronze (HxWO3-δ ≡ WO3-x-

δ(OH)x) formed by reaction between W distributed over the whole anode through specific 

powder preparation methods and the water vapor continuously produced during SOFC 

operation provided hydroxyl groups for the deposited carbon species to be oxidized to 

CO2 and thereby removed from the Ni surface. Mobile protons adhered to the oxide ions 

as well as the mobile oxide ions themselves in the AO3 sublattices of the oxygen-

deficient perovskite-type HxWO3-δ facilitated a rapid cleaning of the Ni surface 

throughout the hydrocarbon-fueled SOFC operation. By virtue of this decoking agent, 

Ni/HxWO3-δ-GDC anode-supported single cell SOFCs showed more than 200 h of stable 

operation with methane fuel at 650 - 700 
o
C. 

Moreover, 1 atom % Sn (with respect to Ni) incorporated onto the surface-

modified Ni-GDC cermet anode with extended three-phase boundaries acted as a 

decoking agent. The hydrophilic Sn doped on the surface of Ni was hydrated and 

hydroxylated by reacting with the water vapor produced vigorously by the 

electrochemical oxidation of the fuels, and the hydroxyl groups aided the oxidation of 

neighboring solid carbon and drove off as CO2. Furthermore, it has been demonstrated 

that the enlarged three-phase boundaries of the anode allow O
2-

 ions to rapidly reach the 

deposited carbon as well as the hydrocarbon gas and electrochemically oxidize them. 

With this modified Sn/Ni-GDC catalyst anode, more than 200 h of operation with a 

methane-fueled SOFC was achieved. 
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Another strategy to overcome the coking problem with Ni catalyst-based anode 

fed with hydrocarbon fuels was to introduce Ni-M (M = Sn, Sb) intermetallic compound-

based catalytic functional layers (CFLs) to the outer surface of the anode. Sn or Sb 

incorporated onto Ni surface developed into intermetallic compounds under reducing 

atmospheres, thereby interrupting the interaction between Ni and the solid carbon 

produced by hydrocarbon cracking beforehand. Furthermore, the hydrophilic properties 

of Sn or Sb facilitated the formation of hydroxyl groups on their surfaces by reaction with 

the water vapor generated by the electrochemical oxidation of fuel, and the solid carbon 

accumulated onto the intermetallic surface was oxidized by the hydroxyls and removed 

from the anode surface. With these roles of Sn or Sb in the CFLs, the operational stability 

of SOFCs assembled with M/Ni-GDC CFL, surface-modified Ni-GDC anode, GDC 

electrolyte, and BSCF cathode could be maintained more than 200 h in methane fuel at 

intermediate temperatures. 

Overall, this dissertation focused on practical approaches to overcome the 

impediments hindering wide-spread commercialization of the SOFC technologies. In 

order to utilize the two principal advantages (i.e. the use of low-cost Ni-anode catalyst 

and natural gas fuel) of high-temperature SOFCs simultaneously, various studies and 

experiments based on the surface chemistry phenomena occurring at porous anodes under 

SOFC operating conditions were carried out. Such an investigation confirmed that Ni-

catalyst-based anode-supported SOFCs can be stably operated with hydrocarbon fuels by 

interaction between hydrophilic materials homogeneously distributed over the anode and 

the water vapor produced continuously by fuel oxidation. Furthermore, to generate as 

much electrical energy as possible with a single cell SOFC, research endeavors to 

improve the anode microstructure and performance were pursued through the 

development of novel powder preparation methods and modification of the powder-
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surface structure. With these approaches, high-performance, highly efficient, natural gas 

fueled Ni-based anode-supported SOFCs could be produced.    

 

 

Future work 

 Based on the results obtained with the incorporation of W, Sn, and V, the 

incorporation of other hydrophilic elements such as Mo and Sb could be explored. 

However, preliminary data with Mo and Sb indicated that the sublimation 

temperatures of Mo and Sb are too low, so single cells could not be fabricated 

successfully by co-firing. Alternative approaches for impregnation or cell making 

may help to overcome this problem.  

 It was found that Ce0.8-xGd0.2-yNix+yVO4-δ formed at the phase boundaries between 

Ni and GDC (discussed in Chapter 4) is transformed into Ce0.8-xGd0.2-yNix+yVO3-δ 

under dry H2 atmosphere at temperatures above 650 
o
C, while it remains as Ce0.8-

xGd0.2-yNix+yVO4-δ under humidified H2 atmosphere. The hydroxyl groups 

produced at the phase boundary by the interaction between V and the water vapor 

generated by fuel oxidation may help maintain the original Ce0.8-xGd0.2-yNix+yVO4-

δ composition; this could enhance the operational stability of SOFCs with 

hydrocarbon fuels by supplying the hydroxyl groups to the deposited carbon 

(similar to the strategies presented in Chapters 5 and 6). This could be explored 

further. 

 While traditional SOFCs operate by conducting oxide ions, there have been 

interesting research results lately regarding proton-conducting SOFCs, which 

lower the SOFC operating temperatures and offer other benefits over oxide-ion 

conducting SOFCs. BaZr0.8Y0.2O3-δ-based perovskite-type oxides incorporated 
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with the hydrophilic materials such as W, Mo, and V having great water uptake 

capability could enhance proton conductivity and be a promising electrolyte 

material for proton-conducting SOFCs. This could be explored further. 
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