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Abstract 

Solid oxide fuel cells have numerous advantages, including higher efficiencies, fuel 

diversity, and lack of need for expensive catalysts compared to other fuel cells. Yet 

the lower performance and lack of durability in the long term still hinder its practical 

usage. By lowering the operating temperature, the system's longevity can increase 

dramatically. The downside is that maintaining the acceptable performance requires 

either the development of new materials for cell components or improving the 

structural and functional characteristics of electrodes. This study pursues both 

approaches.  

First, a new proton conductor electrolyte based on Ba0.5Sr0.5Ce0.6Zr0.2Gd0.1Y0.1O3-δ  has 

been used in a SOFC. Compared to other studies, higher power output was achieved. 

The chemical compatibility in moisture and carbon dioxide was also studied in detail. 

Second, the combination of microwave irradiation in conjunction with salt infiltration 

was used for rapid catalyst synthesis inside the porous YSZ layer. Compared to the 

traditional sintering method with an electric resistance furnace, this approach 

increased the cell's performance. It was concluded the enhancement of this technique 

came from the enhanced morphology of the resulting particles. 

Next, using direct microwave heating on a cermet support to enable direct microwave 

sintering without the use of any susceptor was conducted. This method was used on 

poor microwaved coupled materials, which would be extremely difficult and expensive 
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to sinter using traditional methods. This study shows the successful integration of 

this method for YSZ. 

The chemical compatibility of components was investigated by powder X-ray 

diffraction and Rietveld refinement. Electrochemical examinations under 

air/hydrogen were conducted. Specifically, electrochemical impedance spectroscopy 

was used to examine the electrochemical performance of the full cell at different 

temperatures in this study. Detailed analysis was done to deconvolute the impedance 

results, including Distribution of Relaxation Times. Microstructures of the prepared 

cells were studied using a field-emission scanning electron microscope. 

A similar setup to a solid oxide fuel cell was used to convert titanium dioxide to nitride 

electrochemically. Titanium nitride offers excellent properties such as high electrical 

conductivity and corrosion resistance up to 800 °C. TiN might address several key 

disadvantages of fuel cells, such as using direct hydrocarbon fuels and long-term 

electrode grain growth. We successfully converted a titanium dioxide support to 

titanium nitride in the presence of ammonia. This method offers a much cheaper 

sintering process, and the same cell can later be used as a fuel cell or electrolyzer.  

Finally, an enhanced method for electrode deposition into a porous layer was 

developed. This method exerts an external electric field, forcing the infiltration 

precursor into the porous matrix and depositing the catalyst. The advantage of this 

method is it can be used for a thick layer. Another advantage is that it can deposit a 

higher amount of catalyst than conventional infiltration. The electrochemical 

performance  improved  despite this method needing further optimization. 
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Chapter 1. Introduction 

1.1 Research background  

1.1.1 Introduction 

A fuel cell is an energy conversion device that produces electricity by 

electrochemically combining fuel and oxidant across an ionically conducting 

electrolyte. A dense electrolyte is sandwiched between two porous electrodes. In a 

positive species conductor electrolyte, fuel is fed to the anode, undergoes an oxidation 

reaction, and releases electrons to the external circuit. The oxidant is provided to the 

cathode, accepts electrons from the external circuit, and undergoes a reduction 

reaction. The electron flow in the external circuit from the anode to the cathode 

produces direct current electricity.  

Advantages of fuel cells over traditional power generation include high energy 

conversion efficiency associated with direct conversion of chemical energy to electrical 

energy, environmentally friendly since they emit negligible amounts of pollutants, 

modularity, portability, and quiet, vibration-free operation [2]. Hydrogen is being 

referred to as the ideal fuel for fuel cell systems despite significant obstacles 

regarding its generation, storage and current infrastructure [1]. Classification of fuel 

cells is based on their electrolyte types. The operational characteristics of these fuel 

cells are summarized in Table 1-1. 

. 
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Table 1-1 Operational characteristics of various fuel cells[5]. 

Type Electrolyte 
Operating 

Temp. 
Fuel Oxidant Efficiency 

Alkaline (AFC) 
potassium 

hydroxide (KOH) 

50–200°C pure hydrogen or 

hydrazine 

O2/Air 50–55% 

Phosphoric acid 

(PAFC) 

phosphoric acid 160–

210°C 

hydrogen from 

hydrocarbons and 

alcohol 

O2/Air 40–50% 

Sulfuric acid (SAFC) 
sulfuric acid 80–90°C alcohol or impure 

hydrogen 

O2/Air 40–50% 

Proton-exchange 

membrane (PEM) 

polymer, proton 

exchange 

membrane 

50–80°C less pure hydrogen from 

hydrocarbons or 

methanol 

O2/Air 40–50% 

Molten carbonate 

(MCFC) 

molten salt such 

as nitrate, sulfate, 

carbonates 

630–

650°C 

hydrogen, carbon 

monoxide, natural gas, 

propane, marine diesel 

CO2/O2/Air 50–60% 

Solid oxide (SOFC) 

ceramic as 

stabilized zirconia 

and doped 

perovskite 

600–

1000°C 

natural gas or propane O2/Air 45–60% 
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Protonic ceramic 

(PCFC) 

thin membrane of 

barium cerium 

oxide 

600–

700°C 

hydrocarbons O2/Air 45–60% 

Despite the discovery of fuel cells more than 160 years ago and their high efficiencies 

and environmental advantages, only in recent years have fuel cells been approaching 

commercial success [4]. During the past few years, tremendous attempts have been 

made to develop and improve fuel cell technology.  

Among the different types of fuel cells, the solid oxide fuel cell (SOFC) is the one that 

can utilize a wide variety of fuels beside hydrogen, including hydrocarbons, due to 

the high working temperature [6]. Comparing existing hydrocarbon infrastructure to 

hydrogen gives the SOFC a significant advantage over other fuel cells. As SOFCs 

operate at high temperatures (600-1000°C), the high quality heat generated can be 

used in different ways, such as running a gas turbine or an endothermic internal fuel 

reformer[4]. Although the commercial life expectancy of SOFCs is 10–20 years, two 

to four times longer than other fuel cells, complications including material 

degradation, impurities, and carbon formation during hydrocarbon fuel usage hinder 

their reliability dramatically [2, 3]. Commercialization of these efficient devices is 

still suffering from high costs (material and fabrication) and limited lifetime [4]. 

Table 1-2 compares the cost of the PEM and SOFC, the two most prominent fuel cell 

systems, at different power outputs and manufacturing numbers. 
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Table 1-2 System Cost Comparision Between PEM and SOFC [5] 

 

 

PEM System Cost  
Description  100 kW  

1,000  
Units/year  

100 kW  
10,000  

Units/Year  

250 kW  
1,000  

Units/year  

250 kW  
10,000  

Units/Year  

Total stack manufacturing, testing & conditioning costs  $34,480   $23,303   $71,151   $53,494   

Fuel, Water, and Air Supply Components  $22,857   $20,894   $28,186   $25,744   

Fuel processor components  $48,005   $43,629   $58,304   $53,895   

Heat recovery components  $33,994   $30,868   $51,218   $46,680   

Power Electronic, Control, and Instrumentation  
Components  

$43,221   $35,258   $94,238   $74,725   

Assembly Components and Additional Work Estimate  $26,790   $24,080   $36,955   $33,300   

Total system cost, pre-markup  $209,348   $178,032   $340,052   $287,838   

System cost per kwnet, pre-markup  $2,093   $1,780   $1,360.21   $1,151.35   

Sales markup  $1   $1   50.00%  50.00%  

Total system cost, with markup  $314,021   $267,048   $510,077   $431,758   

System cost per kwnet, with markup  $3,140   $2,670   $2,040   $1,727   

SOFC System Cost  

Description  100 kW  
1,000  

Units/year  

100 kW  
10,000  

Units/Year  

250 kW  
1,000  

Units/Year  

250 kW  
10,000  

Units/Year  

Total stack manufacturing, testing & conditioning costs  $32,005   $28,537   $73,566   $70,452   

Fuel and Air Supply Components  $6,995   $6,293   $12,439   $11,391   

Fuel processor components  $5,675   $5,114   $9,255   $8,377   

Heat recovery components  $19,698   $18,430   $31,718   $29,718   

Power Electronic, Control, and Instrumentation  
Components  

$43,627   $35,622   $95,050   $75,453   

Assembly Components and Additional Work Estimate  $9,975   $8,950   $16,935   $15,240   

Total system cost, pre-markup  $117,976   $102,946   $238,963   $210,630   

System cost per kwnet, pre-markup  $1,179.76   $1,029.46   $955.85   $842.52   

Sales markup  50.00%  50.00%  50.00%  50.00%  

Total system cost, with markup  $176,964   $154,418   $358,445   $315,945   

System cost per kwnet, with markup  $1,770   $1,544   $1,434   $1,264   
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The critical challenge in accelerating the commercialization of SOFC technology is to 

develop robust materials and new fabrication methods that allow higher performance 

and improved durability at a lower cost [6].  

This study aims to address some of the mentioned shortcomings. First, we focused on 

an enhanced proton-conducting electrolyte that can withstand hydrocarbons with 

excellent power performance. Then we focused on an in-situ method of catalyst 

deposition inside a porous layer as the electrode using microwave irradiation. Finally, 

a new way to directly microwave sinter a poorly-coupled electrolyte is developed to 

reduce processing time and cost significantly. 

In this chapter, concepts and recent developments related to this research are 

highlighted. The research objectives and the experimental methods are specified. 

Lastly, the research outline is presented. 

1.1.2 Solid oxide fuel cells 

A solid oxide fuel cell (SOFC) is a solid-state electrochemical device that converts the 

chemical energy stored in the fuel directly into electrical energy resulting in high 

efficiency, which, along with low environmental impact, quiet operation and low 

maintenance, makes SOFCs highly suitable for stationary power generation 

applications [7]. In a SOFC stack, single cells are connected in an electrical series via 

an interconnect component to provide the desired power level.  
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SOFC uses an ionically conducting ceramic as its electrolyte. Two major types of ionic 

conductivity are used in this fuel cell: oxygen ion and proton conductor. Figure 1-1 

shows a schematic design of both oxygen and proton conducting SOFCs. 

Traditional SOFCs em Ni-YSZ ploy a Ni-YSZ cermet, oxide-ion conducting YSZ, and 

lanthanum strontium manganite as the anode, electrolyte and cathode, respectively 

[8]. To reduce the overpotentials associated with these materials, the cell needs to 

run at elevated temperatures near 1000 °C [9]. This high temperature negatively 

affects the choice of available materials, mainly for interconnects and sealants, and 

their long-term stability [10]. 

 

Figure 1-1 Schematic diagram of solid oxide fuel cells with 

(a) oxide-ion conducting electrolyte, and (b) proton conducting electrolyte [1]. 

One solution to reduce the operating temperature of SOFCs is to use new materials 

for cell components that exhibit lower overpotential. Oxygen ion conductor 

electrolytes such as La0.9Sr0.1Ga0.8Mg0.2O3-δ, Ce0.8Gd0.2O2-δ, and Ce0.8Sm0.2O1.9, and 

mixed ionic and electronic conductors Ba0.5Sr0.5Co0.8Fe0.2O3-δ, La0.99Ca0.01NbO4, and 
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nickelates for cathodes are some examples. Chemical incompatibility and higher cost 

have resulted in limited large-scale usage [11].  

1.1.2.1 Proton conducting SOFC 

Unlike YSZ, which conducts oxygen ions, there has recently been a new trend in 

developing electrolytes that conduct protons, as shown by eq. (1-1) with Kröger-Vink 

notation [12]. 

 x

2 O(s) O(s) O(s)H O(g) V O 2OH         (1-1) 

where OV  indicates an oxygen ion vacancy  with two effective  positive charges and 

OOH indicates a proton attached to a regular oxygen ion site with a relative positive  

charge.  

Proton conducting electrolytes (PCEs) have two main advantages: first, they do not 

dilute the fuel, which lowers the performance based on the Nernst equation [13]. Also, 

due to their relatively low activation energy of conduction due to the smaller size of 

H+, they can achieve high conductivity at lower temperatures [14-16].  

Doped perovskites as solid proton-conducting electrolytes such as barium cerate 

(BaCeO3), strontium cerate (SrCeO3), and barium zirconate (BaZrO3), have been 

widely investigated in recent years to be used in electrochemical devices such as solid 

oxide fuel cells [17]. Iwahara et al. first reported high proton conductivity  

(σ ~ 10-2 S cm-1 at 600 °C) in perovskite-type doped-SrCeO3 and BaCeO3 ceramics 

under humid atmospheres in the early and late 1980s [18, 19]. Despite their superior 



8 

 

performance, cerate-based perovskites face the problem of poor chemical stability in 

the presence of moisture and CO2, which is a significant hindrance for commercial 

realization [20, 21]. As humidity is present in every fuel cell, and CO2 is produced 

when hydrocarbons are used as fuel, researchers must solve this crucial issue. Iguchi 

et al. deposited a 0.7-micron BaCe0.8Y0.2O3 electrolyte on top of a 40-micron palladium 

substrate as anode and achieved power densities of 570 mW/cm2 at 430 °C and 780 

mW/cm2 at 510 °C under air/hydrogen conditions[22]. The authors protected the thin 

electrolyte from moisture and carbon dioxide by depositing it onto a dense layer of 

palladium foil, a well-known hydrogen separation material. 

On the other hand, zirconate-based perovskites are stable, both mechanically and 

chemically [23]. However, zirconate based perovskites such as BaZrO3 show lower 

conductivity than cerate based oxides due to significant grain boundary resistance, 

which arises due to low sinterability making it rather challenging to sinter a leak-

free zirconate PCE, usually needing temperatures exceeding 1600 °C, hampering its 

actual usage [17, 24, 25]. Thus researchers have worked on solid solutions between 

BaCeO3 and BaZrO3 in order to achieve good chemical stability and high proton 

conductivity [24, 26].  

1.1.2.2 SOFC configuration and geometry 

There are three common self-supported cell configurations for SOFC; anode-, cathode-

, and electrolyte-supported. As electrolyte-supported cells have a high ohmic loss, 

they require a high temperature to operate. Cathode-supported cells, even under high 
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pressures, are less efficient than anode-supported cells for hydrogen fuel. That leaves 

the anode-supported cell as the best choice [3]. Planar and tubular designs are the 

two most common that have been studied, shown in Figure 1-2. Planar geometry is 

more compact with less ohmic and concentration losses but higher thermal gradients 

than tubular cells. The current path is typically longer in tubular cells, so their 

performance is significantly limited beyond a specific radial extension [27]. 

 

Figure 1-2 Schematic of a (left) planar SOFC (right) tubular SOFC [27] 

Thus power density of tubular SOFCs is inversely related to the diameter [28]. The 

tubular design has two main advantages, more robust thermal shock resistance and 

simplified sealing [29]. 
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1.1.3 Microwave irradiation 

1.1.3.1 Introduction 

Microwaves are electromagnetic waves characterized by frequencies between 

300 MHz and 300 GHz with wavelengths ranging from 1 mm to 1 m, correspondingly. 

Due to the material–microwaves interaction, heating is fundamentally different from 

conventional heating since heat is generated internally, rather than being 

transferred from an external source via heat transfer mechanisms. Direct coupling 

leads to rapid volumetric heating that is difficult to produce by conventional 

heating[30].  

1.1.3.2 Allocated frequencies 

The Federal Communications Commission (FCC) has allocated 915 MHz, and 2.45, 

5.85, and 20.2-21.2 GHz for industrial, scientific, and medical use because of their 

suitability for these purposes. Current medical and industrial usage are based on 

heating water, so only 915 MHz and 2.45 GHz have significant application. Also, 

these are the only frequencies readily available at practical power levels for the 

microwave processing of ceramics. A few other frequencies are available on a limited 

basis, i.e., 28, 60, and 140 GHz, and 500 MHz, because of their use as power sources 

in accelerators, plasma fusion devices, and commercial broadcasting [31].  

The large dipole moment of a water molecule is what allows a microwave oven to heat 

food. The alternating electric field of the microwave radiation (created by a 
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magnetron) causes the water dipoles to rotate back and forth. This jiggling of the 

molecules causes them to bump into each other, which results in the thermal energy 

(the heat) that is observed. The specific microwave frequency used (usually about 2.5 

GHz, which corresponds to a wavelength of about 12 cm) has nothing to do with the 

resonant vibrational frequency of a free water molecule in vapor, which is about 20 

GHz. There isn't anything special about the 12 cm wavelength, although if it were 

much shorter, the waves wouldn't penetrate food as well [32].  

1.1.3.3 Concept of permeability 

The material response to an applied field is related to the dielectric and magnetic 

properties of that matter which is identified using   and  , respectively, known as 

complex dielectric and magnetic permittivity.  describes the ability of the material 

to polarize (losing electric neutrality) in the presence of the applied electric field 

(static or dynamic) and ɛ can be expressed by eq. (1-2). 

 j       (1-2) 

It is convenient to use relative complex permittivity or dielectric constant, which 

expresses it relative to free space as in eq.(1-3). 

 r r rj       (1-3) 

Relative permittivity and permittivity can be related to each other by eq.(1-4) .  

 r     (1-4) 

  is the permittivity of vacuum and is equal to 128.86 1 0  /F m  . 
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The real part shows the material's ability to store electric energy, while the imaginary 

part, also known as the loss factor, represents the ability of the material to dissipate 

energy from the electromagnetic field, i.e., by heat generation[33]. In addition to 

account for conductivity losses, the relative effective loss factor eff   can be used and 

differs by the additional term σ/ɛ0·ω, where σ is the electrical conductivity (S/m), 

and ω is the angular frequency of the incident wave. The dielectric properties vary 

with frequency, temperature, chemical state, manufacturing process and purity. 

The loss tangent, tan δ expressed by eq. (1-5), represents the efficiency of the material 

to convert absorbed energy into heat. It is used to describe the dielectric response of 

a material. δ is the phase difference between the oscillating electric field and the 

polarization of the material. 

 tan









  (1-5) 

Similarly, the response to an applied magnetic field can be described by the complex 

permeability µ, which is expressed by eq. (1-6). 

 * j       (1-6) 

The real part is the response of the material to the static magnetic field. µ″ represents 

the magnetic loss factor due to resonance and relaxation processes under the 

influence of an alternating magnetic field [34]. Relative to the empty space 

permeability  , which is equal to 74  1 0   /  V s Am  , permeability can be defined as: 

 r     (1-7) 
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1.1.3.4 Power Generation by Microwaves 

The absorbed power due to the conversion of electromagnetic energy into heat in the 

material is attributed to two factors:  an electric loss given by eq. (1-8) and magnetic 

part as described by eq. (1-9) [34]. 

 2 2 2 22 2 tanav rms eff rms eff rms rmsP E E E f E               (1-8) 

 2 22av eff rms eff rmsP H H        (1-9) 

rmsE and rmsH  are electric and magnetic field root mean square; eff   and eff   are the 

effective relative dielectric and magnetic loss factors, respectively. 

So the total dissipated power density ( 3/W m ) into the material is given by the total 

of both electric and magnetic loss as shown in eq. (1-10). 

 2 2

av eff rms eff rmsP E H        (1-10) 

In the case of different materials present, the material with a higher loss factor 

dissipates heat more efficiently. Since loss factor can be tailored (dopant or particle 

size), this feature can be used as a means for selective heating. 

The effective relative dielectric loss factor is the summation of losses from 

polarization and conduction.  The dielectric polarization losses in eq. (1-11) include 

dipolar, electronic, atomic and interfacial polarization. 

 
 

 
interfacial

interfacial

eff polarization conduction dipolar electronic atomic conduction

dipolar electronic atomic

       


   



             

       
  (1-11) 

The second term of eq. (1-10) is usually negligible for most materials unless they have 
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relevant magnetic properties, like ferrites or metal powders. Power density dissipated 

in a material depends on the frequency of the microwaves, the material's loss factor, 

and the local value of the electric field. Thus, the nature of the material and the 

geometrical characteristics of the microwave applicator, i.e., where microwave–

matter interaction takes place, affect the power density and hence the heat 

generation inside the material. 

1.1.3.5 Microwave-Material Interactions 

The incident electromagnetic wave may be reflected, transmitted or absorbed by 

materials. Magnetic materials can interact with the magnetic field component of the 

electromagnetic wave. The interaction of microwaves with materials can be classified 

as shown in Figure 1-3. 

 

Figure 1-3 Interaction of the electromagnetic field with materials [34] 
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1. Absorbing: range from conductors to insulators with high dielectric loss, which 

can efficiently absorb electromagnetic energy and convert it to heat. 

2. Transparent: materials such as ceramics, glass, and air that have a low 

dielectric loss. They reflect and negligibly absorb waves and allow them to pass 

through readily with little loss. 

3. Opaque: such as metals with free electrons that reflect and do not allow waves 

to pass through. 

4. Magnetic: such as ferrites that interact with the magnetic component of the 

wave and get heated. 

The interaction between the microwaves' electric and magnetic field components and 

the materials can result in dielectric and magnetic losses, leading to heating. 

Dielectric losses can be attributed to the redistribution of charges or polarization 

under the influence of an alternating external field. 

The different polarization mechanisms in dielectric materials due to interaction with 

the electric field are summarized in Table 1-3. The contributions by different 

polarization mechanisms are frequency-dependent. Electronic and ionic polarizations 

occur at visible and infrared frequencies and do not usually contribute to microwave 

heating. Microwave heating of dielectrics depends primarily on dipolar and 

interfacial polarization as well as conduction losses. 

Table 1-3 Effect of different polarization mechanisms[34] 

Polarization Effect 
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Mechanism 

Electronic 

polarization 
Displacement of valence electrons around the nuclei 

Ionic 

polarization 

Relative displacement of positive and negative ions or atoms from their 

equilibrium position 

Dipolar 

polarization 

Permanent dipole moments in molecules which tend to re-orientate 

under the influence of an alternating electric field 

Interfacial 

polarization 

Accumulation of charges at interfaces between components in 

heterogeneous systems 

 

In materials with high conductivity, such as metals, heating depends on conduction 

losses. In magnetic materials, magnetic losses such as hysteresis, eddy currents, 

domain wall, and electron spin resonance contribute to the heating.  

However, irrespective of the current understanding of microwave interactions with 

materials, no single theory can explain the different responses by materials to 

microwaves.  

1.1.3.5.1 Electronic Polarization 

When no external field is present, a neutral atom has no dipole moment. The charge 

distribution will change by applying an external field, and electrons will be shifted 

from their equilibrium position, resulting in an induced dipole moment.  
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1.1.3.5.2 Orientation or Dipolar Polarization 

In the absence of an external field, permanent dipole moments (for example, water 

molecules) are randomly oriented due to thermal activation, and no net dipole exists. 

By applying the external field, molecules will try to align their orientation parallel to 

the field to reduce the system's total energy, so dipolar polarizations occur. Applying 

an alternating field (in our case in the microwave region) will lag the dipole's response 

since they do not have enough time (and speed) to catch up with the fluctuating field, 

as shown in Figure 1-4. As a result, the random collision of the molecules with each 

other dissipates the energy as friction heat. 

 

Figure 1-4 The applied DC field suddenly changes from E0 to E at time t = 0. The induced 

dipole moment has to decrease achieved by random collisions of molecules in the gas [35]. 

αd(0) is the polarizability at ω=0 



18 

 

1.1.3.5.3 Ionic or Atomic Polarization 

Unlike electronic polarization, where the only displacement of the electron charges 

surrounding the nuclei occurs, ionic or atomic polarization occurs due to the relative 

displacements of positive and negative ions or atoms within molecules and crystal 

structures from their equilibrium lattice sites. Figure 1-5 shows the ionic polarization 

mechanism of NaCl molecules in the presence of an external field. 

 

Figure 1-5 a pair of oppositely charged ions. In the presence of an applied field E along x, 

the Na+ and CI- ions are displaced from each other by a distance x. The net average (or 

induced) dipole moment is pi(t) [35] 

1.1.3.5.4 Interfacial Polarization 

When there is an accumulation of free charges at interfaces within the material such 

as defect regions, grain-phase boundaries, or between different materials, interfacial 

polarization (also known as Maxwell–Wagner or space charge polarization) happens. 
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By applying a field, the more mobile charges are readily displaced and accumulate at 

barriers such as grain/phase boundaries or free surfaces, resulting in interfacial 

polarization (See Figure 1-6). 

 

 

Figure 1-6 (a) A crystal with an equal number of mobile positive ions and fixed negative 

ions. In the absence of a field, there is no net separation between all the positive charges 

and all the negative charges 

(b) In the presence of an applied field, the mobile positive ions migrate toward the negative 

electrode and accumulate there. There is now an overall separation between the negative 

charges and positive charges in the dielectric. The dielectric, therefore, exhibits interfacial 

polarization (c) Grain boundaries and interfaces between different materials frequently 

give rise to interfacial polarization[35] 

Figure 1-7 summarizes these mechanisms for the polarization of the material. Eddy 

currents or magnetic induction play an essential role in heating high-conductivity 

materials such as metals [36]. The eddy currents induced in the conductor due to the 

interaction of the magnetic field produce a force that pushes the conducting electrons 
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outward into a narrow area near the surface [37]. Eddy current density decreases 

exponentially with increasing depth. This phenomenon is known as the skin effect. 

The use of the magnetic field to induce eddy currents in the material forms the basis 

for induction heating of metals. 

Polarization Mechanisms 

 No E field 
(E = 0) 

← Local E field ← 
(E ≠0) 

Electronic 

 

 

 

 

Atomic or Ionic 

 

 

 

 

Orientation or Dipolar 

 

  

Interfacial 

 

 

 

 

Figure 1-7 Different polarization mechanisms [34] 

In the case of conductive powder compacts immersed in a relatively high-intensity 

electromagnetic field, other phenomena can occur, leading to a more pronounced and 

deeper heating of the conductive materials, like arcing and plasma formation [34]. 

Moreover, the oxide layer, which can be present on the metallic powders, can give a 

further heating contribution by dielectric heating [38]. 
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1.1.3.5.5 Hysteresis Losses 

Materials with magnetic properties (ferromagnetic) can absorb microwave energy by 

hysteresis loss caused by the alternating magnetic field. The energy loss per cycle is 

the area within the hysteresis loop. Figure 1-8 shows a typical magnetization curve. 

 

Figure 1-8 Typical B versus H hysteresis curve [34] 

1.1.3.6 Frequency Dependence of Polarization Mechanisms 

Polarization mechanisms are frequency-dependent. The general frequency 

dependence of the different polarization mechanisms in dielectrics is shown in Figure 

1-9. 
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Figure 1-9 Frequency dependence of the polarization mechanisms for dielectrics 

Having little inertia (p=mv, and having very small mass), electrons can follow the 

alternating electric fields up to high frequencies in the visible light portion of the 

spectrum. The vibration of atoms and ions is dependent on the thermal energy 

available, and the frequencies of these vibrations correspond to the infrared region of 

the electromagnetic spectrum. Since electronic and ionic polarization occur in the 

visible and infrared frequencies of the electromagnetic spectrum, they can polarize 

almost in phase with the alternating electromagnetic field and do not generally 

contribute to microwave absorption[37]. Molecules with permanent dipole moments, 

such as water, may have considerable mass; therefore, orientation polarization 

typically occurs near radio to microwave frequencies and occurs at lower frequencies 

compared with electronic and ionic polarization. Interfacial polarization requires the 

movement and accumulation of charges across the material body; hence the process 

occurs at much lower frequencies[34]. Therefore, the processing of dielectric materials 

using microwaves depends primarily on dipolar and interfacial polarization [36]. 
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1.1.3.7 Microwave Sintering 

Amongst the various methods available for ceramic processing, the use of microwaves 

as the energy source for synthesis and sintering of ceramics has gained substantial 

attention among scientists[2], [6], [12] due to its unique advantages, namely, shorter 

processing times and the superior quality of obtained samples. Therefore, microwave 

sintering opens up new possibilities, such as rapid sintering close to theoretical 

density values. Due to its volumetric heating nature, it could be a very cost-effective 

process. 

In conventional heating, heat is generated by passing a current through elements 

that transfer heat to the sample via radiation, conduction and convection. It requires 

long times for sintering materials which may cause some of the constituents to 

evaporate, thereby modifying the desired stoichiometry and allowing undesired grain 

growth[16]. 

Volumetric heating happens when electromagnetic waves interact with the material, 

which originates from dielectric loss. The power generated in the ceramics is given by 

eq. (1-12). 

 

2 2

eP E E


   


 
    

   (1-12) 

where E is the electric field,   is dielectric loss factor,  is the conductivity of the 

material,   is the permittivity of free space, and   is the frequency of the 

microwaves[17]. 
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Different crystal structures and loss mechanisms lead to different microwave 

adsorption levels for various ceramics—the degree of interaction between microwaves 

and ceramics changes with temperature. Most ceramics have a low absorption ability 

at lower temperatures but an increased absorption at higher temperatures [18]. 

Microwaves have been used to successfully sinter a variety of oxide and non-oxide 

ceramics, composites, and glass[16], [20]–[23]. Janney et al. report a microwave 

enhancement of 180°C for the sintering of ZrO2-8 mol % Y2O3 to full density while 

using 2.45 GHz microwaves, although they encountered severe heat runaway, which 

causes cracking [23]. Most oxides are transparent to regular microwave generators 

(900 MHz and 2.45 GHz) since these waves are not in the range of their phonons.  

Increasing the temperature rapidly changes this and causes the specimen to absorb 

the waves. That is why it is convenient to use a susceptor material to absorb the 

microwaves at low temperatures and heat the specimen. Above a certain 

temperature, the specimen itself starts to absorb the waves. For example, Figure 1-10 

shows a setup that uses SiC rods as the susceptor. 
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Figure 1-10 Hybrid microwave sintering. SiC rods are used to heat the sample initially[18]. 

1.1.3.8 Joule Heating in the Presence of Microwave 

Microwave heating is only effective on metal powders or films as the bulk metal's 

temperature cannot increase much due to the electromagnetic field's shallow (order 

of micron or less) penetration depth [39]. In the case of ferromagnetic metals, 

microwave heating can also occur. Although the precise causes of the magnetic loss 

in metals in the GHz range are not always fully understood, magnetic mechanisms 

are thought to be the cause [40]. The induced eddy currents on the metal surface are 

considered the primary cause of the Joule heating of metals when exposed to an 

electromagnetic field. Also, the discharge current coming onto the metal surface 

causing arcing can cause heating by the Joule effect [41]. 
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The Joule loss resulting from the eddy currents that the alternating magnetic field 

induces is known as eddy current loss. Eddy currents can form whenever there is 

relative motion between a conductive material and an external magnetic field [42]. 

In microwave processing, the Joule loss is significant in pure metals, metallic-based 

materials, and semiconductors.  Free electrons start moving in the same direction as 

the external electric field E  with velocity v as shown in Figure 1-11. As the conductivity 

of these materials is significantly high, the field experiences rapid attenuation within 

the material, which results in the large current Ii shown in Figure 1-11(c). An induced 

magnetic field (Hi) forms opposite the external magnetic field inside the material 

based on Lenz's law [40]. The resulting  magnetic field forces move conducting 

electrons in the reverse direction with velocity vr. As a result, electrons acquire 

kinetic energy, and their ability to move is constrained by inertial, elastic, frictional, 

and molecular interaction forces. This phenomenon is quickly repeated by the 

oscillating electric field, leading to volumetric and uniform heating inside the 

material, as shown in Figure 1-11 (d). 

 

Figure 1-11 Heating mechanism in conduction loss [40] 

1.2 Research motivations and objectives 
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Significant improvements of SOFCs in terms of cell life and power density have been 

possible by optimizing the cell geometry, materials, and design [43]. Despite the 

commercial life expectancy of SOFCs being more than two times longer than other 

fuel cells, material degradation complications and carbon formation during fossil fuel 

usage dramatically decrease their reliability [2, 3]. Excessive costs of materials and 

fabrication and limited lifetimes prevent wide commercialization of these devices [4]. 

The key is to develop robust materials and fabrication methods that increase the 

performance and durability at a lower cost [5].  

Sintering is crucial for a high-performance cell; the electrolyte needs to be fully dense 

and leak-free. Conventional sintering is time consuming and expensive. Also, side 

reactions and the difficulty of sintering some materials need to be considered. The 

heating rates of ceramics can be considerably enhanced by adding a small fraction of 

electrically conducting powders to the specimen [24].  

This study aims to address some of the mentioned shortcomings. First, we focused on 

an enhanced proton-conducting electrolyte that can withstand moisture and carbon 

dioxide with excellent power performance. Then we focused on a new in-situ method 

of catalyst deposition inside a porous layer as the electrode using microwave 

irradiation. Finally, a new way to directly microwave sinter a poorly-coupled 

electrolyte is developed to reduce processing time and cost significantly. 

To successfully sinter ceramics, finding a way to avoid low microwave absorption at 

low temperatures is essential. Since even a small addition of metal powders can 

increase the microwave absorption and the reaction rate in solid-state reactions [36], 
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reducing the support before microwave sintering is being considered. Our unique 

method uses nickel-YSZ as the support since it can absorb the microwaves and act as 

a susceptor to heat the poorly coupled electrolyte until it can absorb the waves itself. 

Due to the fast sintering process, inhibited grain growth is expected.  

1.3 Research outline 

The focus of the current work was to develop new methods and materials to enhance 

the performance of solid oxide fuel cells and facilitate commercialization.  

Chapter 2 is focused on making a complete cell using the newly developed proton 

conducting electrolyte. To improve the chemical stability of BaCeO3, Sr at the A-site 

and Zr at the B-site were doped. Ba0.5Sr0.5Ce0.6Zr0.2Gd0.1Y0.1O3-δ showed excellent 

chemical stability under humidity and carbon dioxide [44]. Using this electrolyte, 

Ni/YSZ as the support, and La0.6Sr0.4Co0.2Fe0.8O3 as the cathode, a full cell was 

fabricated and electrochemically characterized, detailed in Chapter 2.  

Microwave irradiation can be used instead of conventional heating, considering the 

drawbacks of the traditional sintering process, which leads to coarsening, unwanted 

secondary phases, and higher costs. This research used microwave irradiation to 

sinter the electrolyte and electrodes to improve fabrication efficiency and 

performance of cells. In chapter 3, microwave irradiation was used to in-situ 

decompose and sinter the infiltrated cathode inside the porous YSZ scaffold in a one-

step heat treatment. This method was thoroughly compared with the conventional 

infiltration method, which consisted of two different heat treatments for 
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decomposition and sintering. A detailed comparison between the final product's 

crystal structure, electrochemical performance, and morphology is discussed.  

Chapter 4 focused on a new sintering method using microwave irradiation for poorly 

coupled ceramics. The YSZ electrolyte with poor microwave coupling is successfully 

used as an example using this method. This method's microstructure, electrochemical 

performance, and challenges are discussed and compared with traditional heat 

treatment using an electric furnace. 

Chapter 5 focused on using TiN to replace current anodes in solid oxide cells. TiN 

distinctive features and advantages are discussed, followed by the successful 

electrochemical reduction of TiO2 to  TiN. The same cell then can be used as a fuel 

cell or electrolyzer.  

Chapter 6 focused on an enhanced infiltration technique using an electric field. The 

new method offers higher weight gain and longer penetration depth than 

conventional infiltration methods. A thick support confined with the electrolyte on 

one side was used. Nickel nitrate was used as the precursor for the infiltration. 

Several adjustments were used to prevent catastrophic damage to the cell during the 

infiltration process. The electrochemical performance shows excellent results with 

minimum overall resistance of the cell. Results show that this method is an effective 

way to enhance infiltration and improve the performance of the electrochemical 

devices. 
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Chapter 2. High Performance Tubular Solid Oxide Fuel 

Cell based on Ba0.5Sr0.5Ce0.6Zr0.2Gd0.1Y0.1O3-δ Proton 

Conducting Electrolyte 

2.1 Introduction 

A solid oxide fuel cell (SOFC) is a solid-state electrochemical device which converts 

the chemical energy stored in the fuel directly into electrical energy resulting in high 

efficiency which along with low environmental impact, quiet operation, and low 

maintenance makes SOFC highly suitable for stationary power generation 

applications [7]. Traditional SOFCs employ Ni-YSZ cermet, oxide-ion conducting 

YSZ, and lanthanum strontium manganite as the anode, electrolyte and cathode, 

respectively [8]. To reduce the overpotentials associated with these materials, the cell 

needs to run at elevated temperatures near 1000 °C [9]. This negatively affects the 

choice of available materials mostly for interconnects and sealants and their long-

term stability [10]. To reduce the operating temperature of SOFC, one of the 

alternatives is to develop new materials for cell components. Oxide ion conducting 

electrolytes La0.9Sr0.1Ga0.8Mg0.2O3-δ, Ce0.8Gd0.2O2-δ, and Ce0.8Sm0.2O1.9, and mixed 

ionic and electronic conductor Ba0.5Sr0.5Co0.8Fe0.2O3-δ, La0.99Ca0.01NbO4 and nickelates 

cathodes are some examples. These materials have their own drawbacks mostly 

related to chemical compatibility and cost resulting in limited large-scale usage [11]. 

Unlike YSZ which conducts oxygen ions, there has recently been a new trend in 
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developing electrolytes that conduct protons as shown by following equation with 

Kröger Vink notation [12]: 

x

2 O(s) O(s) O(s)H O(g) V O 2OH
          [1] 

where  indicates vacancy of oxide ion with effective two positive charges, and OOH

indicates proton attached to the regular oxygen ion sites with a positive relative 

charge.  

Proton conducting electrolytes (PCEs) have two main advantages, first, they do not 

dilute the fuel which lowers the performance based on the Nernst equation [13]. Also, 

due to their relatively low activation energy of conduction due to smaller size of H+, 

they can achieve high conductivity at lower temperatures [14-16]. Iwahara et al. first 

reported high proton conductivity (σ ~ 10-2 S cm-1 at 600 °C) in perovskite type-doped-

SrCeO3 and BaCeO3 ceramics under humid atmospheres in the early and late 1980s 

[18, 19]. But cerate based perovskites face the problem of poor chemical stability in 

the presence of moisture and CO2, which is a major hindrance for commercial 

realization [20, 21]. As humidity is present in every fuel cell, and CO2 is produced 

when hydrocarbons are used as fuel, this is an important issue for researchers to 

solve. On the other hand, zirconate based perovskites are stable, both mechanically 

and chemically [23]. However, zirconate based perovskites such as BaZrO3 show 

lower electrical conductivity than cerate based oxides, due to large grain boundary 

resistance, which arises due to low sinterability and hence is also rather hard to 

sinter a leak-free PCE usually needing temperatures exceeding 1600 °C, hampering 

OV

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its actual usage [17, 24, 25]. Thus researchers have worked towards  solid solutions 

between BaCeO3 and BaZrO3 in order to achieve good chemical stability and high 

proton conductivity [24, 26].  

Tubular SOFC has two main advantages over the planar design. First, ease of sealing 

especially if the tube has only one open end which greatly reduces the chance of cell 

failure due to  sealant degradation and enables  the cell to be run under high pressure 

operation [45]. Second, it has more resistance toward thermal shock which improves 

the start-up times [29]. The main drawback of this design would be its lower 

performance compared to its counterpart mainly due to the longer path current must 

take to reach the current collector [46]. 

Power density of the tubular SOFC is inversely related to the diameter [28]. Zhang 

et al. [47] reported high peak power density of 513 mW/cm2 at 850 °C for a tube with 

outer diameter of 1.3 mm and 1.03 V for the open circuit voltage (OCV) with a YSZ 

electrolyte. Duan et al. [48] achieved 522 mW/cm2  at 850 °C. With the help of PdO 

impregnation, this result jumped to 1220 mW/cm2 at the same temperature. The 

outer cell diameter was 10.5 mm and the electrolyte was YSZ. Hanifi et al. [21] 

reported maximum performance of 416 mW/cm2 at 700 °C using 

BaZr0.1Ce0.7Y0.1Yb0.1O3-δ but saw rapid degradation under CO-H2 mixtures. 

In  previous work, we have developed and reported a PCE based on 

Ba0.5Sr0.5Ce0.6Zr0.2Gd0.1Y0.1O3-δ (BSCZGY)  with excellent chemical stability under 

humidity and carbon dioxide [44]. For improving chemical stability, Sr at the A-site 

and Zr at the B-site were doped into BaCeO3 [44].  For increasing ionic conductivity, 
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aliovalent Gd and Y were doped at the B-site of BaCeO3 [44]. In the subsequent 

report, mechanically mixed Ni-BSCZGY (50:50 vol. %)  anode composite exhibited 

area specific resistance (ASR) of 0.8 Ω.cm2 at 710 °C under H2+3vol.% H2O [49]. By 

the same analogy to oxygen conductor SOFCs, if we use a PCE/Ni cermet as support, 

we face some challenges as well. Cerates have large thermal expansion coefficients 

due to the reduction of Ce4+ to Ce3+ which results in cell degradation in long-term 

operation [50]. Zirconates have poor sinterability and thus not ideal mechanical 

properties as the support [44]. Ni/YSZ can still be used instead to provide sufficient 

rigidity and electronic conductivity of the cell without performance penalty but extra 

caution needs to be taken to match the shrinkage of the support and the electrolyte 

[51]. Bae et al. [52] successfully used Ni/YSZ both for the support and anode 

functioning layer to make a thin film proton conductor fuel cell with a heterogenous 

structure to mitigate sintering shrinkage mismatch, achieving more than 1 V in open 

circuit. This study is aimed at using this stable proton conductor as the electrolyte in 

a complete cell consisting of both an anode and cathode to evaluate its electrochemical 

performance.  

2.2 Experimental 

2.2.1 PCE synthesis. 

Proton conducting electrolyte with the following nominal chemical composition 

Ba0.5Sr0.5Ce0.6Zr0.2Gd0.1Y0.1O3-δ (BSCZGY) was synthesized via conventional solid-

state synthesis method, as reported in the previous report [44]. Stoichiometric ratios 
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of BaCO3, SrCO3, CeO2, ZrO2, Gd2O3, and Y2O3 (~99.9%, Alfa Aesar) were first mixed 

and ball-milled with 10 mm zirconia balls and iso-propanol as solvent in 50 mL 

zirconia ball mill jars (Fritsch planetary ball mill, Pulverisette 5) for 6 h. Iso-propanol 

from milled powders was evaporated at 90 °C and then powders were pre-treated at 

1050 °C for 24 h under air in an alumina crucible, followed by a second milling for 6h. 

After second milling, powders were uni-axially pressed at 200 kN pressure into 

cylindrical discs (~2 cm thickness, ~1 cm diameter). Cylindrical discs were then 

calcined twice at 1450 °C for 24 h under air in an alumina crucible, with milling and 

pelletisation steps in between. In order to avoid reaction with the alumina crucible 

and Ba evaporation, cylindrical discs were kept on and covered by parent powders. 

Resulting pellets after final sintering were ground to fine powders in a mortar and 

pestle for powder-X ray diffraction (PXRD), chemical compatibility, and 

electrochemical analyses. 

2.2.2 Support fabrication. 

As-received YSZ (Tosoh TZ-8Y) and NiO (Aldrich, <50 nm particle size) were 

mechanically ball-milled together with 35:65 weight ratio in water medium (1:1 ratio) 

for 24 h. To create enough porosity, 30 volume % graphite (Sigma Aldrich <325 mesh) 

was added to the mixture followed by final pH adjustment to 4. Slip casting in a 

plaster mold was used to make the support. By controlling the time, a suitable 

thickness of support can be cast, and the excess slurry removed. The supports were 
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pre-sintered at 1000 °C for 3 h to gain sufficient strength and remove pore-former 

and water. 

2.2.3 Anode functional layer (AFL) fabrication. 

NiO, PCE, ethanol and binder (6 wt% ethyl cellulose in terpineol) with appropriate 

ratio were mixed together and ultrasonicated to remove any undesirable 

agglomeration or air bubbles. The AFL was dip coated and pre-sintered at 1000 °C 

for 3 h. 

2.2.4 Electrolyte coating. 

Electrolyte suspension was a mixture of PCE, ethanol and binder. Similar to the AFL 

coating, the coating continued until desirable electrolyte thickness of 10 micron was 

reached. Sintering was done at 1450 °C for a leakage-free electrolyte. 

2.2.5 Cathode coating. 

A mixture of La0.6Sr0.4Co0.2Fe0.8O3 (LSCF, Fuel Cell Materials)-BZCZGY, azeotrope 

solvent,  polyvinyl butyral as binder, Menhaden fish oil as the dispersant and 30 vol.% 

graphite was used for cathode ink. The resulting mixture was dip coated on top of the 

electrolyte followed by sintering at 1000 °C to form a LSCF-BZCZGY cathode. The 

top and base diameter of the cell was 5.5 mm and 5.23 mm, respectively, with a length 

of 33 mm and total area of 1.79 cm2 for the cathode. 
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2.2.6 Chemical compatibility between PCE and electrodes. 

The chemical compatibility of the PCE electrolyte with the LSCF (synthesized 

through sol-gel route) and NiO (Alfa Aesar) powders, was investigated by co-firing 

the powders at 1000 °C and 1450 °C, respectively, and analyzing the fired powders 

through PXRD. LSCF and BSCZGY powders (50:50 and 70:30 wt %) were mixed and 

milled for 6 h with iso-proponol, and were fired at 1000 °C for 3h with a heating rate 

of  5°/minute and cooling rate of 10°/minute. Similarly, NiO and BSCZGY powders 

(50:50 wt. %) were ball milled for 6 h with iso-propanol followed by co-firing at 1450 

°C for 3h with the heating rate of  5°/minute and cooling rate of 10°/minute. Bruker 

D8 powder X-ray diffractometer with CuKα was used to analyze the phase purity of 

co-fired electrolyte and electrode powders. 

2.2.7 Electrochemical characterization. 

An Agilent electronic load (model # N3301A) was used to measure the OCV and I-V 

curves. An Agilent scanner (model # E4970A) monitored the thermocouples, while 

LabView software was used for automated measurements and data collection. 

Electrochemical impedance spectroscopy (EIS) measurements were used to measure 

the area specific resistance (ASR) of the cell with a four-probe configuration using a 

Solartron 1255 frequency response analyzer in combination with a Solartron 1287 

electrochemical interface. The frequency range of measurement was between 0.01Hz 

- 1MHz with 12 points per decade. The data were recorded with 50 °C interval in a 
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temperature range of 600 °C – 850 °C using a four-probe setup with H2+3vol.% H2O 

as fuel and air as the oxidant 

2.2.8 Microstructure characterization. 

The study on the microstructure of the prepared cell was conducted on the fractured 

samples using a Zeiss Sigma 300 field-emission scanning electron microscope (SEM). 

Carbon coating of the samples was done using a Leica EM SCD005 evaporative 

carbon coater. 

2.3 Results and discussion 

2.3.1 Chemical compatibility. 

Figure 2-1a and Figure 2-1b show the PXRD patterns of mechanically mixed NiO and 

BSCZGY powders (50:50 wt.%) at room temperature, and the co-fired powders at 1450 

°C. Figure 2-1 (a) only shows the diffraction peaks of NiO and BSCZGY phases, and 

no additional diffraction peak of second-phase impurities such as BaNiOx, BaY2NiO5. 

As in the previous report [53], it has been shown that there is a possibility that Ni 

might substitute on the Zr site during mechanical mixing or firing at high 

temperatures owing to their similar ionic radii (rZr4+ = 0.72 Å, rNi2+ = 0.69 Å). Figure 

2-1 b shows the magnified PXRD pattern where it can be seen that there is a very 

slight shift of BSCZGY (110) peak to high 2θ after firing, which indicates slight or no 

substitution of Ni in the Zr/Ce site of BSCZGY, indicating no change in stoichiometry 

of the BSCZGY electrolyte. 
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Figure 2-1 (a) XRD patterns of the fresh mixed and fired mixed powders containing NiO 

and BSCZGY with a weight % ratio of 50:50. (b) Magnified XRD patterns for (a)  

Similarly, Figure 2-2 shows the room temperature PXRD patterns of mechanically 

mixed LSCF and BSCZGY (50:50 and 70:30 wt.%) powders, and the mixtures co-fired 

at 1000 °C.  

Even though the main cubic (Pm3m) perovskite phases for both BSCZGY and LSCF 

remained the same as the mechanically mixed powders at room temperature, the 

(111) peak of CeO2 appeared after firing at 1000 °C. When comparing this result to 

the NiO and BSCZGY compatibility result, the tendency of LSCF to react with the 

electrolyte at firing temperature above 800 °C might be responsible for some 

secondary reactions that occur at the interface between the cathode and BSCZGY 

resulting in the appearance of CeO2  as a separated phase [54, 55]. 
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Figure 2-2 XRD patterns of the fresh mixed and fired mixed powders containing LSCF and 

BSCZGY with a weight % ratio of 50:50 and 70:30. Where fired powders show probable 

impurity (111) peak of CeO2. 

2.3.2 Electrochemical performance. 

Figure 2-3 shows the I–V and power density output curves of the cell measured under 

air/H2+3vol.% H2O.  
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Figure 2-3 Electrochemical performance of the cell air / H2 + 3 vol. % H2O as a function of 

temperature. 

The optimum temperature for operating the cell was found to be above 800 °C with 

the maximum performance of 1 W/cm2 achieved at 850 °C, making this cell a high 

temperature SOFC. The almost linear behavior of I–V data especially at higher 

temperature indicated ohmic behavior, the majority of the loss coming from the 

electrolyte and the connections. At higher currents, especially for 800 °C and 850 °C, 

the end of the curves which signifies fuel starvation, becomes more significant. By 

increasing the temperature, OCV decreases and the values get closer to theoretical 

expectation based on the Nernst equation, suggesting a dense electrolyte that 

prevents charge transfer or gas diffusion directly between the two electrodes. 
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Nyquists plots of the cell are shown in Figure 2-4 (a) under open-circuit conditions. 

The R0-(CPE1-R1)-(CPE2-R2)-(CPE3-R3) equivalent circuit was used to fit the 

impedance spectrum similar to previous work [44]. As expected, an increase in 

temperature reduces both ohmic and polarization contributions to overall cell 

resistance. Figure 2-4 (b) shows that at both 800 °C and 850 °C, similar ohmic 

contributions are observed, indicating that electrolyte conductivity appears to have 

increased slightly after 800 °C. This can be ascribed to progressive dehydration at 

elevated temperatures and increase in oxide ion or electronic conductivity, leading to 

decrease in proton conductivity due to lower proton concentration [24, 56]. 

 

Figure 2-4 (a) Nyquist plots (not normalized) of cell at different operating temperatures (b) 

closer near origin (c) effect of oxidant flow on impedance spectrum at T = 600 °C.  

The far-right polarization arc belongs to a mass transfer occurring at the electrodes 

[57] with max 6 8 Hz   and capacitance in the range of 0.1 F; it has arisen both from 
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the cathode contribution [58] and surface electrochemical reactions at the anode [49]. 

Our results also show that this portion is extremely dependent on the flow of oxidant 

as shown in Figure 2-4 (c). Fuel flow has similar outcomes, but its effect was 

hampered due to the non-preheating fuel injection and deteriorating effect of cooling 

of the cell which both lowers the performance and becomes problematic in the long 

run. 

2.3.3 Ohmic and polarization contributions and activation energy 

Since proton conduction is a thermally activated process, the proton can be pictured 

as a trapped charge in an elastic crystal field and thus satisfies the definition of a 

polaron and resembles a polaron-type conductivity with Arrhenius behavior [59]. 

LSCF follows a polaron conduction regime as well [60]. Activation energy aE  depends 

on the concentration of charge carriers and can be related to electrical conductivity 

as shown in following equation [61]: 

a

B

E
T exp

k T

 
    

 
  [2] 

In equation 2, Bk is the Boltzmann constant, T is absolute temperature and   is the 

pre-exponential factor mostly involving the carrier concentration in the material [62]. 

Using the data obtained from the fitting of impedance curves, the activation energy 

can be calculated from the slope of ln (T/resistivity) versus 1000/T plots as can be seen 

in Figure 2-5 for both the polarization and ohmic parts. This figure also shows total 

resistance at each temperature point. The approximately linear slope indicates that 
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the conduction mechanism remains the same in the temperature range of 600-850 °C 

[63]. If we consider the electrolyte contribution to be entirely from the ohmic part, 

then the activation energy is estimated to be around 0.53 eV similar to the value 

reported previously [64]. Since 30% of the cathode is PCE, the activation energy of  

0.39 eV seems logical knowing that the value for pure LSCF is 0.21 eV [60]. 

 

Figure 2-5 Arrhenius plots of resistivity as a function of temperature and activation energy 

values calculated from ohmic and polarization part of impedance. The lines passing through 

symbols are only guide for the eyes.  



44 

 

2.3.4 Long-term degradation. 

Figure 2-6 shows the long-term run of the cell under  load for four consecutive days. 

The voltage is kept constant at 0.7 V and the current is measured over time.  

Fluctuations in current are mainly due to imperfect current collector attachment 

especially at the anode side and coarsening of the electrode particles [65]. After four 

days, some slight variation was observed but there was no significant decrease in the 

performance compared to the start of the test.  

 

Figure 2-6 Long-term performance of cell under load at 0.7 V. 

Figure 2-7 shows the impedance spectrum initially, after 18 hours, and at the end of 

the test after four days, verifying no major degradation during the test. The ohmic 

contribution shows a slight increase in magnitude mainly due to imperfect 

attachment of mesh on the anode side. The activation portion of the polarization sees 

a hike which is mainly due to coarsening and lowering of the number of active sites. 
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Polarization resistance is the main mechanism for degradation of the cell in 

agreement with other reported results [66-68]. 

 

Figure 2-7 Long-term run impedance spectrum.  

2.3.5 Cell microstructure after electrochemical tests. 

Figure 2-8 shows the cross-section micrograph of a broken cell. The total thickness of 

the cell is estimated to be around 410 microns with the AFL and electrolyte about 8 

and 10 microns, respectively. The cathode is estimated to be 25 microns in thickness. 

The far right side of Figure 2-8 (a) shows the gold current collector. To achieve 

superior performance, it has been suggested to design a dual layer microstructure 

comprising an outer layer having coarser particles that act as a conduction layer 

while the second one near the electrolyte consists of fine particles known as the AFL 

that has a high electrocatalytic activity which results in a decrease in activation 

polarization [69].   
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Figure 2-8 SEM images of cross-section view of the (a) whole cell, (b) from left to right, 

anode, AFL, electrolyte, (c) electrolyte, and (d) cathode after electrochemical testing in the 

air/H2 + 3 vol.% H2O. 

Based on Figure 2-8 (a) and (b), the support is evenly distributed, although the high 

sintering temperature results in lower overall porosity and causes higher 

concentration polarization as previously observed. More tailoring of the 

microstructure seems essential, allowing the fuel to reach the functional layer more 

easily. The density of the AFL seems satisfactory, having enough active sites to 

convert hydrogen atoms to ion species. The electrolyte in Figure 2-8 (c) is fully dense 

thanks to nano-grain precursors that were made using the sol-gel method. Adherence 

looks satisfactory with no gaps in between and a smooth transition from the support 

to the AFL and to the electrolyte. The composite cathode in Figure 2-8 (d) consists of 



47 

 

a BSCZGY matrix with LSCF particles dispersed in it. BSCZGY guarantees good 

bonding and ionic pathways for reactants and LSCF contributes electronic 

conductivity and is an excellent catalyst for the oxygen reduction reaction at the 

cathode generating a volumetric active region rather than a thin film one. 

2.4 Conclusions 

A tubular SOFC based on a BSCZGY electrolyte was prepared using slip casting and 

dip coating. Investigations on chemical compatibility of the anode-electrolyte and 

electrolyte-cathode combinations revealed no major obstructive secondary phases 

resulting due to the sintering process. The dependence of performance on 

temperature was studied, achieving maximum 1 W/cm2 at 850 °C, one of the highest 

powers reported so far on tubular proton conductor SOFCs. The conductivity of the 

electrolyte changes only slightly above 800 °C. Impedance analysis revealed the major 

part of the resistance comes from polarization, dominated by bulk diffusion, which is 

the bottleneck for performance and makes it essential to optimize cell microstructure. 

The micrograph also confirms this understanding. Satisfactory long-term results seen 

for four day run under load and impedance confirms negligible degradation. Detailed 

investigation of activation energies calculated both for the electrodes and electrolyte 

shows similar activation energies as reported in the literature. Therefore, this SOFC 

based on BSCZGY would be a suitable candidate for practical applications, especially 

in power generation and solid membrane reactors. 
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Chapter 3. Using Microwave Irradiation for In-situ 

Infiltration of Electrodes in Solid Oxide Fuel Cells 

3.1 Introduction 

Solid oxide fuel cells (SOFCs) are a class of fuel cells characterized by a solid oxide 

ceramic as the electrolyte. The advantages of this class of fuel cells include high 

efficiency, fuel flexibility, low emissions, and relative cost [70]. One of the biggest 

challenges for SOFCs is its inferior power output compared to proton-exchange 

membrane fuel cells and its inadequate long-term stability due to the high working 

temperature, leading to a higher degradation rate [71]. To tackle the latter, much of 

the efforts focus on reducing the operating temperature without significant 

performance loss [68]. In electrode-supported SOFCs, due to a substantial reduction 

in the electrolyte thickness, voltage loss is dominated by polarization of the electrode 

reactions [72]. Thus, improving the structural and functional characteristics of 

electrodes are crucial, especially the cathode, as it is generally where the highest 

voltage loss occurs in a solid oxide fuel cell [67]. 

Wet impregnation, either in the form of salt precursors or a slurry of fine particles 

into a porous scaffold, is an effective way to achieve this goal. Impregnation is usually 

carried out to enhance catalytic activity by maintaining a higher surface area thanks 

to the lower required sintering temperature which results in finer particles. Higher 

electrical conductivity could also be achieved as this technique provides optimized 
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interconnected pathways both for electrons and ions [73]. Infiltration approaches 

might involve depositing the catalyst material on top of the barebone scaffold, usually 

an ionic conductor [74], or depositing additional phase(s) to improve the catalytic 

activity of the electrode that is already present [75]. 

Amongst the various methods available for ceramic processing, the use of microwaves 

as an energy source for synthesizing and sintering ceramics has gained substantial 

attention [76-78]. Advantages include shorter processing times and superior quality 

of obtained samples compared to traditional heating methods [79]. The higher 

heating rate of microwaves leads to less coarsening than conventional electric 

furnaces, resulting in higher surface area (13) and highly porous final 

microstructures due to a large amount of flowing outgas arising from self-combustion 

[80]. Thus, a higher performance electrode and, consequently, a fuel cell can be 

achieved by using microwave irradiation [81].  

This research aims to combine the advantages of both wet impregnation and 

microwave irradiation to synthesize in-situ electrodes in the porous scaffold. The 

cathode is the main focus of this research, yet it could easily be extended to the anode 

since similar precursors and methods could be used. La0.6Ca0.4Fe0.8Ni0.2O3 (LCFN) 

was chosen as a mixed ion-electron conductor (MIEC) cathode due to its excellent 

electrochemical performance, high electronic conductivity, and good redox stability 

[82, 83]. Considering the long-term operation, which is essential for 

commercialization, tubular geometry was chosen as brittleness, thermal shock, and 

sealing problems associated with planar cells could be largely mitigated. Our goal 
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was to obtain comparable power output to planar designs, as usually tubular cells 

have about half the performance of similar planar designs [84]. For a better 

understanding, a detailed comparison between two identical samples, one prepared 

using microwave irradiation for in-situ deposition of the cathode and the other using 

traditional electric furnace heat-treatment was conducted. 

3.2 Material and methods 

3.2.1 Support fabrication 

As-received YSZ (Tosoh TZ-8Y) and NiO (Baker) with a 35:65 weight ratio were 

mechanically ball milled together in a water medium (1:1 ratio) for 3 h. 30 volume % 

graphite (Sigma Aldrich <325 mesh) was added to the mixture to create enough 

porosity followed by pH adjustment using HCl to 4.0 to improve the stability of the 

suspension as explained in more details elsewhere[73]. Slip casting in a plaster mold 

was used to make the tubular support. The green supports were pre-sintered at 1000 

°C for 3 h in air to reach sufficient strength. 

3.2.2 Electrolyte coating 

Dip coating was used to put a thin electrolyte on top of the support, as described in 

detail elsewhere [85]. In short, appropriate amounts of as received YSZ, ethanol, and 

binder were ball milled for an hour. The resulting slurry was then coated, followed 

by ambient temperature drying for 10 min. The procedure was repeated twice. The 

tubes were then sintered at 1400°C for 3 h in air to produce a leak-free electrolyte. 
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3.2.3 Thin porous layer 

Calcined YSZ (1500 °C for 3 h, CYSZ) was ball milled for 72 h in the water medium, 

Dried CYSZ, then mixed with graphite (20 vol.%), dispersant (Menhaden fish oil), 

azeotropic solvent (toluene/ethanol), and binder (polyvinyl butyral), was coated on top 

of the electrolyte by dip-coating once to make the thin porous layer (TPL). Then the 

tube was sintered at 1350 °C in air for 3 h to prepare the scaffold for infiltration. The 

TPL area was then measured to determine the active area of each cell. 

3.2.4 Infiltration process 

Appropriate amounts of metal salt precursors were dissolved in deionized water and 

Triton X-45 surfactant (5.8:1:0.3 wt % ratio) as explained in more detail elsewhere 

[86]. Surfactant was added to improve the wettability of the solution and to develop 

a more uniform coverage of the cathode over the porous matrix [87]. Before 

infiltration, cells were dried at 120 °C for 1 h, and the infiltration solution was pre-

heated to 100 °C. Two batches were prepared to compare the post-heat treatment 

effect on infiltration, one using a microwave oven (LCFN-M) and the other using a 

conventional electric furnace (LCFN-C). Figure 3-1 shows the overall scheme of how 

samples were prepared. 

In the case of LCFN-M, a microwave oven (Panasonic NN-CD989S) was used. The 

inner chamber was pre-heated to 190 °C, and microwave power was set to 30%  

(330 W) to prevent possible thermal runaways. 
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Figure 3-1 Schematics of sample preparation. 

The total irradiation period was limited to 3 min as no more visible activity was 

observed after that. The green precursor starts to swell rapidly during radiation, and 

self-ignition follows quickly with a very bright flame and a massive amount of flowing 

outgas. For final phase formation, an additional sintering process was done on LCFN-

C at 800 °C for 3 h and 28% cathode weight loading resulted. For LCFN-C, the sample 

was transferred to a pre-heated electric furnace and left there for 10 min at 400 °C. 

Then the excess cathode was removed using a soft cloth, and cathode precursors were 

re-applied. For similar cathode loading as LCFN-M, this procedure was repeated four 

times. In the last step, a gold paste was painted on top of the cathodes as current 

collectors with gold wires as leads; copper mesh and wires were used for the anode 

side.  

3.2.5 Phase characterization 

For X-ray diffraction (XRD), two batches with the same recipe and heat treatment for 

each infiltrated sample were prepared and ground using a mortar and pestle and 
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named according to their heat treatment process (LCFN-MP microwaved powder and 

LCNF-CP for electric furnace heat treatment). 

Since the final phase was not detected by XRD of LCFN-CP (not shown), an electric 

furnace performed additional heat treatment at 800 °C for 3 h. XRD patterns of 

samples were recorded at room temperature using a Philips X'Pert-MPD (Brag-

Brentano geometry) diffractometer with Cu-Kα radiation. The scan conditions were 

30 kV and 20 mA, and data were collected over the angular range of 10°≤2θ ≤ 100° 

with a step size of 0.02° and a step time of 1 s. 

3.2.6 Electrochemical characterization 

Electronic load and scanner (Agilent models N3301 and E4970A) were used to obtain 

the current-voltage curves. Electrochemical impedance spectroscopy (EIS) 

measurements with a four-probe configuration were carried out to assess the 

polarization and resistance of cells using a combination of a Solartron 1255 frequency 

response analyzer and Solartron 1287 electrochemical interface. The frequency range 

is set to be between 0.01Hz - 1MHz with 12 points per decade. The data were recorded 

at 50 °C intervals in the temperature range of 600 °C – 800 °C with H2+3 vol.% H2O 

as fuel feed and air as the oxidant. Distribution of relaxation times (DRT) was 

calculated using DRTTOOLS based on Tikhonov regularization with Gaussian 

discretization [88]. 
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3.2.7 Microstructure characterization 

The microstructure of tested cells and synthesized powders was analyzed using a 

Zeiss Sigma 300 field-emission scanning electron microscope (SEM). Carbon coating 

of the samples was done using a Leica EM SCD005 evaporative carbon coater. 

3.3 Results and discussion 

3.3.1 Phase characterization 

Figure 3-2a shows the diffraction pattern of LCFN-MP, its Rietveld calculated lines, 

and their differences. It was determined that LCFN-MP has an orthorhombic 

structure with Pnma space group and lattice constants of a = 5.5441 Å, b = 7.7108 Å, 

and c = 5.4512 Å consistent with values reported elsewhere [83]. LCFN-CP showed a 

similar crystal structure with larger lattice constants; a = 5.5535 Å, b = 7.7669 Å, and 

c = 5.4910 Å. 

Comparing LCFN-MP and LCFN-CP shows that the former pattern has shifted to a 

higher 2θ (Figure 3-2b). Peaks were similar to LCFN-CP, with no additional 

diffraction peak for secondary phases observed. The average crystalline size of LCFN-

MP and LCFN-CP was determined at 333.0 Å and 236.8 Å, respectively. The larger 

crystallite size of LCFN-MP can be attributed to oxygen deficiencies in the lattice. In 

perovskites, oxygen loss and change in the oxidation state of B-site ions can occur, 

which are responsible for the mixed ionic and electronic conductivity of these 

materials at elevated temperatures [89]. 
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Figure 3-2 (a) Rietveld refinement of LCFN-MP (b) comparison of LCFN-MP and LCFN-CP 

powders. 

In LCFN, oxygen vacancy formation is more favorable than the change in  oxidation 

state of B-sites due to the strain induced by the larger size nickel at a higher oxidation 

state [90]. As the cooling rate is faster in the LCFN-MP sample, inferior lattice 

reoxidation can generate more oxygen vacancies than LCFN-CP [91]. In addition, as 

the microwave chamber is isolated and no extra flow of oxygen was provided, 

oxidation of nitrate precursors can provide an oxygen-deficient environment. To 

maintain charge neutrality, these oxygen deficiencies will lower the oxidation state 

of B-sites which has a higher radius. Additional heat treatment on LCFN-MP at 800 

°C for 3 h in an electric furnace with air flow and XRD analysis (not shown) confirmed 

it. The observed shift in XRD results disappeared with similar crystal parameters 

now found between heat-treated LCFN-MP and LCFN-CP. 
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3.3.2 Electrochemical performance 

Figure 3-3 shows I-V and I-P behavior of both cells. Due to our load and wiring 

limitation, current densities above 1500 mA/cm2 were not possible (the vertical line 

at the end of each measurement) to observe concentration polarization and possibly 

even higher maximum power output. Open circuit voltage (OCV) values for both cells 

confirm a dense and leak-free electrolyte as theoretical values suggested. LCFN-C 

showed the maximum performance of 697 mW/cm2 at 800 °C, while LCFN-M 

achieved close to 843 mW/cm2 under the same conditions, a 20.9% improvement in 

power output. 

Nyquist plots of both cells under open-circuit conditions are shown in Figure 3-4a. 

The R0-(Q3-R3)-(Q2-R2)-G-W-(R1-Q1) equivalent circuit was used to fit the 

impedance spectrum similar to other works [92, 93]. R0 represents the overall ohmic 

loss; RQ3 and RQ2 show gas diffusion coupled with the charge transfer reaction and 

ionic transport within the anode functional layer.  
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Figure 3-3 Electrochemical performance of cells as a function of temperature. 
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Figure 3-4 (a) Nyquist plots (not normalized) (b) calculated DRT of samples at different 

operating temperatures. 
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Similarly, RQ1 belongs to gas diffusion in the cathode structure. G is the Gerischer 

element that shows activation polarization at the cathode and W is a generalized 

finite length Warburg element accounting for diffusion losses in within the anode 

substrate. As expected, increasing the temperature reduces both ohmic and 

polarization contributions to the overall cell loss as most of the reactions involved are 

thermally activated. At 800 °C, both LCFN-M and LCFN-C show similar ohmic 

resistance, 0.29 Ω.cm2, and 0.32 Ω.cm2, respectively, for the ohmic part thanks mainly 

to the very thin electrolyte and optimal design of the cell that will be explained in the 

microstructure section.  

However, LCFN-M showed more than 35% lower overall polarization than LCFN-C 

with a total polarization of 0.65 Ω.cm2 which we can attribute to the improvement of 

the cathode in LCFN-M as both cells were almost identical in fabrication and testing. 

DRT response was calculated based on the measured impedance data and is shown 

in Figure 3-4b. We could distinguish five different processes labeled as shown. P1A is 

the gas diffusion polarization in Ni/YSZ support pores, modeled by a generalized 

finite-length Warburg element; P2A and P3A are attributed to gas diffusion coupled 

with the charge transfer reaction and ionic transport in the anode functional layer 

[92]. P1C is the diffusion polarization of the cathode, and P2C, which is a Gerischer 

element, is related to oxygen surface exchange kinetics and O2- diffusivity in the bulk 

of the cathode. The area under each process corresponds to the total resistance of the 

respective process [94]. 
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Both cells showed almost identical behavior for anodic processes, except at 600 °C, 

LCFN-M showed a rather large P2A peak. The reduction of nickel oxide in the support 

to metal will increase the porosity and thus enhance the gas diffusion of fuel through 

the anode. Since we reduce and test the cell at 600 °C and then go to higher 

temperatures, relatively high P1A and P2A could be due to an incomplete reduction 

process. Our gas injector is a simple tube that feeds the fuel at the end of the fuel cell. 

Due to variation in the placement of this tube, the complete reduction of both cells 

might not happen simultaneously. Also, imperfect current collector attachment, 

which is rolled mesh, may result in this discrepancy. However, P1A and P2A 

contributions become identical at higher temperatures in both cells. P3A is inversely 

temperature-dependent in the high-frequency region, as reported elsewhere [93].  

P1C process showed a small peak in LCFN-M; we presume the finer particles with 

the higher cathode surface area make it harder for the oxidant to diffuse through. 

With the same impregnated weight load, the smaller LCFN-M particles inside the 

YSZ scaffold can impose more restraint on oxygen travel pathways than LCFN-C. As 

the gas diffusivity is directly related to the mean free path, this decrease in the mean 

free path will lead to a lower local effective diffusivity and increase the concentration 

polarization [95].  

For both samples, P1A and P2C peaks overlapped over a wide range with much 

higher values for LCFN-M. Since both samples are made identically except for 

infiltration, we attribute this difference mainly to P2C. At 700 °C, LCFN-M showed 

the smallest value of P2C. We speculate as the highest electrical conductivity of 



61 

 

LCFN is around 700°C, the electrical conductivity of the cathode becomes the 

bottleneck for P2C [90]. 

P1A + P2C and P3A are rate-determining processes for both samples at lower 

temperatures. Above 700 °C, P2C becomes the major bottleneck for LCFN-C; for a 

thick porous MIEC, surface chemical exchange and oxygen diffusion dominate the 

impedance [92, 96]. LCFN-M showed a different behavior at higher temperatures; 

superior electrochemical performance of the cathode made P3A rate determining. 

Oxygen molecules adsorbed on the surface of the cathode in the form of atoms and 

ions; these species then reach the electrolyte through different mechanisms, either 

on the surface or through the bulk. Smaller cathode particles with a higher surface 

area for LCFN-M compared to LCFN-C could justify this improvement as the cathodic 

polarization is proportional to the grain size [97]. This is also in line with our findings 

on the high value of P1C for LCFN-C. Similar works also confirmed the improvement 

of microwave samples in this regard [98-100]. 

3.3.3 Long-term degradation 

Figure 3-5 shows a long-term run of the cell under load for about four days. The 

voltage was kept constant at 0.7 V, and the current was recorded vs. time at 700 °C 

after the initial tests.  
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Figure 3-5 Long-term performance of a cell under load at 0.7 V at 700 °C. 

This temperature was chosen to both have a reasonable power output and, at the 

same time, minimize degradation due to coarsening, which lowers the  surface area 

of the active region near the electrode/electrolyte interface and thus decreases the 

performance.  

Several factors contribute to the initial degradation in performance. Coarsening of 

the electrode, especially nano-size cathode particles, lowers the active area and 

decreases the oxygen reduction reaction (ORR) sites. Current collector attachment 

loosening due to the softening of metal at the high temperature can also contribute 

[65].  

Figure 3-6a shows the impedance spectrum initially and at the end of the test with 

the calculated DRT shown in Figure 3-6b.  
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Figure 3-6 (a) Impedance (b) calculated DRT of the LCFN-M cell initially (700 i) and after 

the long-term run (700 LT). 

Both polarization resistance at high frequency and ohmic resistance were the 

mechanisms for degradation of the cell. The ohmic contribution showed no change as 

we performed the initial heat treatment on the cell at 800 °C. The significant 
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polarization increase happened in P1A + P2C and P3A processes. Both infiltrated 

particles and nickel in the support start to coarsen, thus lowering the active area in 

the electrode/electrolyte active region.  

As a result, it becomes harder for the fuel to diffuse through the support and reach 

the reaction area. The lower surface of nickel also reduces the active sites near the 

functional anode/electrolyte interface. The P2C process strongly depends on oxygen 

ion transfer from the MIEC to oxygen vacancies in the electrolyte [101]; thus, 

coarsening of cathode particles, especially in the TPB region, could lower the 

pathways from the cathode to electrolyte and hence increase the polarization [102]. 

3.3.4 Cathode particles and cell microstructure  

LCFN-MP and LCFN-CP particles were annealed 3 h at 800 °C in the electric furnace 

for consistent comparison, and their micrographs are shown in Figure 3-7.  

 

Figure 3-7 SEM micrographs showing (a) LCFN-MP (b) LCFN-CP particles. 
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LCFN-CP shows more tendency for agglomeration with a wide range of particle sizes; 

the average particle size was estimated to be 80 nm. By contrast, LCFN-MP shows 

much more uniformity and less tendency for agglomeration with an average size of 

55 nm. We suspect the finer particle size of LCFN-MP is due to precursors' higher 

self-ignition temperature, which resulted in finer particles as the flame of LCFN-MP 

was more intense [103].  

The cross-section micrograph of LCFN-M after testing is shown in Figure 3-8. The 

total thickness of the cell is estimated to be around 430 microns, with the TPL and 

electrolyte about 40 and 10 microns, respectively. Figure 3-8a shows the elongated 

pores that are signature of flake graphite as the pore former as previously observed 

[104], allowing the fuel to reach the functional layer more efficiently. Although we 

did not add any additional layer as AFL (anode functional layer), the porous nature 

of the support and the dip-coating technique seem to make a unique smooth 

transition from the support to the electrolyte with a denser layer near the electrolyte 

with a thickness of around 20 microns which could act as an AFL, and improve 

electrocatalytic activity and lower activation polarization [69]. Based on our 

experiments, including an additional AFL layer helps little as it increases the overall 

polarization and more severe fuel starvation that we suspect is due to the thickening 

of this layer that complicates charge transfer and diffusion-coupled charge transfer 

reactions in the AFL as reported elsewhere [105].  
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Figure 3-8 Cross-section view of (a) whole cell, (b) anode/electrolyte/cathode,  

(c) electrolyte/cathode interface, and (d) cathode after electrochemical testing. 

The electrolyte in Figure 3-8b  can be seen as fully dense, which was confirmed by a 

blue methane leakage test, with some closed pores that could improve mechanical 

properties of the electrolyte as they can prevent crack propagation and limit stress 

concentration which is essential as the electrolyte is the weakest part in anode 

supported SOFCs [106].  

The infiltrated cathode, which can be seen in both Figure 3-8c  and d and consists of 

a YSZ backbone matrix with connected nanoparticles of LCFN with high surface area, 

uniformly forms interconnected pathways for the reaction through to the electrolyte 

that can enhance performance and reduce degradation [72]. In this case, the dual role 

of YSZ can be seen as a scaffold and ionic pathways for ionic oxygen species. 
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Depending on the working temperature, LCFN can contribute as an electronic and 

ionic conductor with a volumetric active region rather than a purely electronic path 

to improve the ORR active sites. Even after a prolonged cell test at 700 °C, most 

LCFN particles still retain their nanoparticle sizes around 30 nm, well below the 100 

nm threshold suggested for optimized electrochemical performance [107, 108].  

As XRD results showed no significant difference between LCFN-MP and LCFN-CP 

final phases, we suspect performance improvement was mainly due to the 

morphology and distribution of infiltrated particles. With the higher rate of heating 

in LCFN-M, less grain coarsening becomes favorable, which can cause a significant 

improvement in surface area. The infiltrated particles combined with the YSZ 

backbone resulted in an optimized microstructure for the electrode, enhancing its 

performance.  

Some agglomeration can be seen that could reduce the uniformity of the cathode and 

channelize the path for ORR, which might explain the increase in polarization and 

lower performance after the long-term test. This problem might be mitigated by 

repeating the infiltration and increasing the concentration of the infiltrated solution 

to have a higher yield after decomposition, as the initial results before the long-term 

run were excellent. Lowering the working temperature might be the most practical 

way to prevent coarsening and agglomeration of the cathode particles. 

Therefore, the combination of wet impregnation and in-situ microwave heating is a 

very effective method to cut manufacturing processing time and produce an optimum 

microstructure to achieve optimum power performance without the need for a 
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complicated design or use of more costly materials to achieve similar performance. 

This technique could be implemented in other areas such as solid membrane reactors 

and heterogeneous catalysts, in which a high surface area catalyst is essential. 

3.4 Conclusions 

In this investigation, the infiltration of a porous scaffold using in-situ deposition with 

the help of microwave irradiation was studied. La0.6Ca0.4Fe0.8Ni0.2O3 was used as the 

cathode because of its good electron and ion conductivity, chemical stability, and 

satisfactory catalytic activity. A second sample with the same parameters except a 

traditional electric furnace heat-treatment step after infiltration was prepared for 

comparison.  

XRD analysis revealed that microwave irradiation resulted in a smaller crystalline 

size, attributed to an oxygen deficiency in the crystal. Heat treatment in an air 

atmosphere resulted in the same final phase for both samples. Measurement of 

performance vs. temperature was carried out. The best results were achieved at 800 

°C with a maximum power density of 0.843 W/cm2 for the microwaved sample, a 

20.9% improvement compared to the electric furnace sample. Impedance and DRT 

analysis revealed much of the loss comes from cathode polarization which was lower 

in LCFN-M as cathodic polarization is proportional to grain size. A 90 h long-term 

run at 700 °C shows about 20% degradation that falls within our expectation as this 

mainly has to do with coarsening the nano-size cathode that might limit the pathway 

for the ORR, and nickel coarsening on the anode side.  
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SEM of powders revealed much more uniformity and less tendency for agglomeration 

of the microwaved cathode. Cross-section micrographs confirm both a leak-free 

electrolyte with a homogenous cathode spread over the TPL right to the electrolyte. 

The average cathode particle size in the TPL after the long-term test was estimated 

to be around 30 nm. Results showed that microwave heating leads to a smaller final 

size and more uniform distribution, enhancing the electrode's overall performance.  
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Chapter 4. Direct Microwave Sintering of Poorly Coupled 

Ceramics in Electrochemical Devices 

4.1 Introduction 

Unlike traditional sintering, where heat is transferred to objects by conduction, 

radiation and convection mechanisms, microwave irradiation (MI) provides rapid, 

economic, volumetric and uniform heating throughout the sample [109]. Since MI can 

achieve a higher heating rate and lower dwelling time at elevated temperatures, 

superior mechanical properties can be attained due to a lower tendency for coarsening 

and higher for sintering [110]. 

Indeed, microwave coupling is conditioned by the existence of strong dielectric 

relaxations which can be excited by the microwave beam, relaxation  for an inorganic 

compound either to proton species (OH-, H2O, H3O+, etc.) or to conductive ions or at 

least locally mobile ions [111]. Eddy currents or magnetic induction play an essential 

role in heating high-conductivity materials such as metals [36]. The eddy currents 

induced in the conductor due to the interaction of the magnetic field produce a force 

that pushes the conducting electrons outward into a narrow area near the surface 

[37]. In the case of conductive powder compacts immersed in a relatively high-

intensity electromagnetic field, other phenomena can occur, leading to a more 

pronounced and deeper heating of the conductive materials, like arcing and plasma 

formation [34]. Direct heating using MI in metals tends to be superficial; 
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consequently, the practical usage would be limited to starting powders with a particle 

size in the order of skin depth [112]; for 2.45 GHz, this would be in the order of 

microns. 

Most ceramics such as alumina and zirconia are poorly coupled with MI at low 

temperatures with 900 MHz and 2.45 GHz frequencies.  This dependence varies 

greatly depending on temperature and increases rapidly with increasing 

temperature, making microwave heating extremely difficult to control for these types 

of materials [34]. Thus, ceramic microwave heating is mainly assisted by a susceptor, 

a material with a high dielectric loss at room temperature, that transmits heat to the 

part being sintered mainly by radiation [113]. Since the demonstration of the 

possibility of sintering ceramics by microwave heating by Berteaud & Badot in 1976, 

many works have been published without the technique being used other than for 

drying or melting [114]. 

Unlike structural applications that utilize MI to sinter thin films with a dense 

substrate such as implants or industrial cutting tools, the support often needs to be 

porous in an electrochemical cell such as a fuel cell to allow fuel and oxidant to pass 

through. Several attempts have been made to incorporate MI in ceramic 

electrochemical cells, including using MI to synthesize precursor powders for each 

cell component and fabricate a whole cell, with improvements in densification, 

conductivity and performance compared to traditional heating being reported. Wang 

et al. used a one-step co-firing with a SiC susceptor for a proton-conducting solid oxide 

fuel cell (SOFC) based on barium cerate with more than a 50% increase in 
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performance over traditional heat treatment [115]. In another study, microwave 

heating resulted in finer particles near the anode interface but coarser near the 

cathode interface with overall improved performance resulting from the finer anode 

microstructure and the non-thermal effect of microwave sintering at the cathode 

[116]. Molero-Sanchez et al. used nitrate precursors and direct microwave heating to 

synthesize La0.3Ca0.7Fe0.7Cr0.3O3−δ and then used a susceptor to fabricate a half-cell 

[117]. In all of the electrochemical cell fabrication research, susceptor-assisted 

microwave heating was used, making it challenging to incorporate in practice. 

To successfully sinter poorly coupled ceramics, finding a way to efficiently increase 

microwave absorption at low temperatures without producing local hot spots is 

essential. One way is adding a small fraction of electrically conducting powders to the 

specimen that can increase microwave absorption of the body [118]; moreover, the 

oxide layer, which can form on the metallic powders due to oxidation, can contribute 

further [38]. This technique has been used for zirconia with the addition of SiC 

whiskers to enhance microwave absorption [119]. 

Finding a way to conduct susceptor-less microwave heating can lead to several 

advantages: as microwave energy absorption is divided between the susceptors, 

insulation, and sample, it can be more energy-efficient [120]. It also shortens the 

processing time as the specimen directly absorbs and dissipates the heat. On top of 

that, the whole MI setup becomes simpler, and cheaper to make. 

In order to remove the need for a susceptor, preserving the metallic state of the 

substrate could be the key to incorporating direct microwave heating. By doing that, 
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the support acts as a built-in susceptor at low temperatures and can uniformly heat 

the entire sample.  

It is possible that microwave-induced Joule heating is the driving force behind this 

heating process. The microwave’s oscillating magnetic field can cause an induced 

current. As the magnetic field's oscillations change, the induced current will change  

direction[120]. As a result, the microwave energy converts to heat via Joule heating, 

resulting in quick and even volumetric heating. It has been demonstrated that 

moderate electronic conductivity is crucial for microwave absorption and rapid 

heating [121]. 

As the temperature of the support rises, direct coupling of MI and the ceramic portion 

of the cell in the support and electrolyte will follow. Since this process occurs in 

ambient air, the exothermic oxidation of the metal support and direct microwave 

absorption at elevated temperature provide the necessary energy to conduct the 

sintering process rapidly.  

This study focuses on using direct microwave sintering on poorly microwave coupled 

ceramics without the use of any susceptor. To fabricate the electrochemical cell, Ni-

YSZ cermet support is used as the substrate. YSZ was chosen as an electrolyte that 

has wide applications as a solid electrolyte yet poorly interacts with microwaves 

below 600 °C [122]; the electrolyte was sintered directly on top of the anode-support 

without the need of a susceptor.  Tubular geometry was chosen as it has better 

resistance toward thermal shock [29]. For better comparison to conventional electric 

furnace heating, MI only was used for the electrolyte sintering. To the best of the 
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authors' knowledge, this is the first report on the direct use of MI on a poorly 

microwave coupled oxide that is being used in an electrochemical cell.  

4.2 Experimental 

4.2.1 Support fabrication 

For the support, YSZ (Tosoh TZ-8Y) and NiO (Aldrich, <50 nm particle size) with a 

35:65 weight ratio were mechanically milled for 24 h in an aqueous medium.  

30 vol. % graphite (Sigma Aldrich <325 mesh) was added to the mixture. Slip casting 

in a plaster mold was used to fabricate the support which was pre-sintered at 1000 

°C for 3 h. In the case of the microwave sample, the cermet support was reduced in 

an electric tube furnace at 750 °C for 3 h under a flow of 20 vol.% hydrogen in 

nitrogen. 

4.2.2 Electrolyte coating 

The coating slurry consisting of a mixture of as-received 8YSZ (Tosoh TZ-8Y), ethanol 

and binder (6 wt % ethyl cellulose in terpineol) was ball-milled for 24 h followed by 

ultrasonication to obtain a homogeneous suspension. Three rounds of dip coating 

were performed with 15 min intervals for drying at room temperature in ambient air. 



75 

 

 

Figure 4-1 (a) Schematic of the sample inside microwave chamber with insulator  

(b) Schematics of sample preparation. 

For microwave sintering, the microwave furnace used in this study was a modified 

household microwave oven (Panasonic NN-CD989S) shown schematically in 

Figure 4-1 (a). Power was supplied by a 1.1-kW continuously variable 2.45-GHz 

microwave generator with power settings manually controlled. The microwave cavity 

was surrounded by alumina fiber (C4501, Zircar Inc.) to prevent the magnetron and 

surroundings from heating up and from thermal shock. The sample was placed inside 

a three-piece custom-made cylindrical alumina fiber insulator to preserve the 

generated heat and prevent thermal shock. Zirconia felt (ZYF-100, Zircar Inc.) was 

used as the inner separator to prevent contamination. A type R thermocouple inside 

an alumina shell was placed underneath the sample to record the temperature. 

Methylene blue dye leakage tests were performed after microwave sintering to ensure 
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leak-free electrolytes. For the conventional sample, sintering was conducted at 

1400°C for 3 h in  air using an electric furnace to have a leak-free electrolyte. 

4.2.3 Full cell fabrication 

A mixture of La0.6Sr0.4Co0.2Fe0.8O3 (LSCF, Fuel Cell Materials), azeotrope solvent, 

binder (polyvinyl butyral) and Menhaden fish oil as the dispersant was used for the 

cathode ink. The resulting mixture was dip-coated on top of the electrolyte, then 

sintered at 800 °C for 3 h. Gold paste and wires and copper mesh and wires were used 

for the cathode and anode lead connections, respectively. Figure 4-1 (b) shows the 

fabrication steps for both samples. 

4.2.4 Electrochemical characterization 

An electronic load and scanner (Agilent model N3301 and E4970A) measured the 

current-voltage curves. A Solartron 1255 frequency response analyzer and Solartron 

1287 electrochemical interface were used for electrochemical impedance spectroscopy 

(EIS) measurements. The frequency range was between 0.01Hz - 1MHz, with 12 

points per decade under open-circuit conditions. The data were recorded with 50 °C 

intervals in a temperature range of 600 °C – 750 °C using H2+3vol.% H2O as fuel feed 

and air as the oxidant. 
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4.2.5 Microstructure characterization 

The morphological features of fracture cross-section of cells were examined by 

scanning electron microscopy (Zeiss Sigma 300 field-emission scanning electron 

microscope). The relative density is calculated by bulk density divided by theoretical 

density. The open porosity of the sintered samples was measured by Archimedes' 

method using water as the suspending fluid. The average of three sets of samples was 

taken. 

4.3 Results and discussion 

4.3.1 Microwave sintering 

Several attempts with different MI powers and dwelling time were made to sinter a 

crack-free electrolyte. Some of the failed attempts can be seen in Figure 4-2 (a).  

 

Figure 4-2 (a) Some defective samples during microwave sintering (b) (left) pre-sintered 

support, (middle) reduced pre-sintered support, (right) after electrolyte sintering using MI. 
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These include local deformations and inconsistency in the support due to the 

formation of hotspots during sintering, which compromise cell integrity. During MI 

heating, inherent temperature gradients may result in severe temperature 

nonuniformities and cracking of processed materials [123]. Several adjustments on 

power rate, timing, sample position, holder and insulators were made.  Janney et al. 

found that uniform heating is the key to preventing the local thermal hot spots [122]. 

Initially, the oven's convection feature pre-heated the inner chamber to 190 °C. 

Although even at room temperature MI can be started, this will lower the thermal 

runaways for further steps. After 10 min, MI at 30% of power was applied for 10 min. 

Followed by 5 min, the power was set at 70% to maintain the  temperature reached 

and conduct the sintering step, and 5 min at 10% for the last step to mitigate thermal 

shock. Figure 4-3 shows the temperature profile of the sample during sintering.  

 

Figure 4-3 Temperature measurement vs. time. 

 

5 10 15 20 25 30

0

200

400

600

800

1000

1200

1400

T
e

m
p

e
ra

tu
re

 (
°C

)

Time (min)



79 

 

Initially, it slowly started to increase. This part was due to the direct interaction of 

the metal portion in the support with MI; for nickel, eddy current loss, hysteresis loss 

and residual loss contribute to heating [42]. Above 500 °C, the exothermic reaction of 

nickel oxidation also increases the heating rate [124]. Over 600 °C, YSZ microwave 

coupling dramatically increases with the formation of intrinsic defects, leading to 

direct heating of the entire sample [31]. 

Figure 4-2 (b) shows the Ni-YSZ support before and after the electrolyte sintering 

using this method. In many instances, the top portion of cells cracked and separated 

during sintering as we suspect the top portion experienced the highest thermal 

shock and temperature gradient; yet this did not affect the integrity of the 

electrolyte. As the starting phase of nickel in the support was in oxide form and 

then reduced to nickel, we suspect the empty space due to this shrinkage provides 

enough space for the expansion of nickel to nickel oxide during microwave heating, 

and thus nickel inherently can have a negligible contribution to building up stress 

and cracking the sample. Final microwave cells had higher total shrinkage on 

average compared to the conventional sample as listed in Table 4-1; Matsuda et al. 

found that shrinkage needs to be more than 20% to form a dense YSZ film using 

susceptor-assisted microwave sintering [125]. 
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Table 4-1 Comparison of samples between microwave and conventionally made cells 

Sample Compositions 

Shrinkage 

During 

Electrolyte 

Sintering (%) 

Active 

Area (cm2) 

Raw 

Porosity 

(%) 

Final 

Porosity 

(%) 

Microwave 35% YSZ, 65% 

NiO 
21 1.88 8.6 28.6 

Conventional 35% YSZ, 65% 

NiO 
17 1.92 14.4 38.0 

 

4.3.2 Electrochemical performance 

Figure 4-4 (a) and (b) show the I–V and power density output curves of microwaved 

and conventional cells measured under air/H2+3vol.% H2O. At lower temperature, the 

power performance of both cells is very comparable. At higher temperatures, 

conventional cells have a slight advantage.  

At higher currents of microwaved samples, the end of the curves which result from 

concentration polarization and fuel starvation becomes more significant and deviates 

from ohmic behavior of the conventional cell which resulted in lower performance for 

the microwaved sample.  

OCV results of both cells are close to theoretical values based on the Nernst equation, 

suggesting a dense electrolyte that prevents direct charge transfer or gas 

permeability and successful microwave sintering. OCV of the microwaved sample was 

slightly higher than the conventional sample, which might be due to better 

densification of the electrolyte, as reported in a similar study [126]. 
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Figure 4-4. Electrochemical performance of the cell , (a) microwave (b) conventional.  

(c) long-term stability 
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Figure 4-4 (c) shows the long-term run of the microwaved sample under load for seven 

consecutive days. The voltage is kept constant at 0.7 V for this test, and the current 

is recorded over time. Some slight variations were observed mainly due to imperfect 

current collector attachment, especially at the anode side and coarsening of the 

electrode particles [85]. No excessive degradation in the performance was observed 

for the microwaved sample. 

In Figure 4-5, the far-right polarization that is temperature independent belongs to 

mass transfer occurring at the electrodes with [127].  In agreement with 

I-V performance of both cells, concentration polarization of the microwaved sample is 

relatively large compared to our conventionally prepared cells with the same cathode. 

As the support experiences relatively high temperatures compared to the electric 

furnace, it undergoes more rapid aggregation that reduces the overall porosity 

making it more difficult for the fuel and steam to pass through. The ohmic part of the 

impedance correlates to the electrolyte and the connections. For the microwaved 

sample it shows a slight improvement; we suspect this might be due to  better 

crystallization of the electrolyte due to the higher sintering temperature or it might 

be just slight variations among samples. 

max 8   Hz
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Figure 4-5 Nyquist plots (not normalized) of cell at different operating temperatures.  

(top) microwave (bottom) conventional 

4.3.3 Cell microstructure 

Figure 4-6 shows the cross-section micrograph of both cells after electrochemical 

characterization. The distinctive longitudinal porosity which developed during 

conventional heating cannot be seen here. Instead, the support consisted of several 

big chunks with very little porosity inside and large vacancies around them. This 

swallowing behavior of MI to form a more prominent grain was also seen in an Al-

SiC cermet [128]. These non-uniformities might be attributed to liquid phase 

formation during microwave sintering of nickel powder [129].  
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Figure 4-6 SEM images of cross-sections of (top) microwave (bottom) conventional samples  

The electrolyte region consisted of two unique features. The inner part (left side) 

consisted of almost melted particles of nickel and YSZ sintered together, and the 

outer side (right side) forms a very dense layer with a small number of closed pores. 

The combination of exothermic oxidation of nickel and microwave coupling can locally 

raise the temperature to melt nickel, explaining this phenomenon [123]. Also, arcing 

and localized melting can occur as the local concentrations of electric field exceed the 

dielectric strength of the air inside [79].  



85 

 

Table 4-1 shows the measured open porosity of both microwaved and conventionally 

prepared supports. Raw porosity indicates the open porosity after sintering and final 

is the open porosity after reducing the support to a cermet. The microwave sample 

shows lower porosity compared to the conventionally prepared sample. The 

microstructural findings are in line with the overall electrochemical behavior of the 

full microwaved cell with a large concentration polarization bottleneck. This can be 

mitigated by additional optimization to preserve the open porosity during MI 

sintering, such as pre-coarsening the starting powder and increasing the pore-former 

content in the support. Since there is a limitation on the particle size of the metal to 

have non-superficial interaction with MI, this leaves the ceramic part of the support 

as the only viable part to be adjusted.  

Geometry and composition uniformity of the support are essential to prevent thermal 

runaways. Extrusion would be a suitable method to maintain these properties for the 

substrate. In addition, with nickel metal powder and YSZ as the starting powder of 

the support, direct microwave sintering implementation can become much simpler 

and faster. The green body resulting from extrusion can be directly coated with 

ceramic electrolyte and sintered in one step in a microwave chamber with no pre-

sintering or reduction necessary making it cheaper and faster compared to the 

conventional sintering process using an electric furnace. The cathode cannot be 

incorporated into this scheme as the high temperature of the sintering process 

promotes insulating phase formation such as lanthanum zirconate as a secondary 

phase, lowering the overall performance. 
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This study has some limitations. First is the lack of automation; for an ideal setup, a 

feedback loop system with direct temperature control of heating using thermometer 

and power regulation software of microwave output would be necessary, which enable 

a more precise sintering temperature and more uniform heating. The second 

limitation was using a household microwave oven. Although it provided a proof of 

concept, it was not optimized for high-temperature sintering; the non-uniform 

distribution of microwave irradiation, temperature and insulation were problematic.  

The lack of a susceptor in this process could make it ideal for practical applications 

as it would increase efficiency and decrease the processing time and the use of 

expensive setups. This process can easily be used for other similar devices that have 

(a) a portion of the support that can be reduced to metal form (b) poorly coupled 

coating material: heterogeneous catalysts, ceramic electrochemical cells and solid 

state batteries are some examples. Proton conductor oxides can be a great use case 

as they usually need higher sintering temperatures and thus expensive furnaces 

compared to oxygen conductor counterparts; especially barium zirconate needs 

sintering temperatures exceeding 1600◦C for a leak-free electrolyte [85]. Compared to 

previous results, we have a much simpler fabrication process that is faster and more 

cost-effective with a comparable power density [130].  

 

 

4.4 Conclusions 
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In this study, we focused on a new method based on partial reduction of the substrate 

to enable the direct microwave sintering of a poorly coupled top layer without the 

need for any susceptor. The metal phase in the substrate can directly absorb the 

irradiation and increase the temperature of the whole sample, enabling direct 

microwave heating. The heat resulted in microwave interaction which along with 

substrate oxidation can then sinter the sample without a susceptor. The lack of a 

susceptor would increase the efficiency and decrease the complication of the system 

and processing time, making it ideal for practical applications. A solid oxide 

electrochemical cell was used as an example; YSZ electrolyte was coated on top of a 

Ni-YSZ support, and microwave sintering was used to sinter the half-cell. YSZ is 

poorly coupled with microwave irradiation, but we managed to sinter without any 

susceptor with this technique. The leakage test and full-cell power measurement 

results revealed a fully leak-free electrolyte. A similar sample using the conventional 

electric furnace was tested and compared. 

The cell shows electrochemical performance comparable to traditional sintering 

techniques; some fuel starvation at high current was seen due to non-optimized 

microstructure of the support. Scanning electron microscopy was used to study the 

cross-section of the cell. It shows a distinct swallowed microstructure compared to the 

needle shape of conventional heat-treated samples.  Density measurements also 

confirm lower open porosity of microwave prepared samples compared to traditional 

heating. In the end, we found this direct microwave irradiation technique very 

promising. Although the technique cannot be incorporated in all applications due to 
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its requirements, it can be used extensively in heterogeneous catalysts and ceramic 

electrochemical cells such as solid oxide fuel cells and solid state batteries. 

 



89 

 

Chapter 5. Electroreduction of Titanium Oxide to Titanium 

Nitride Using Solid Oxide Electrolyte 

5.1 Introduction 

This chapeter will discuss the use of titanium nitride as an electrode in solid oxide 

fuel cells.  This was conducted through an electroreduction of the titanium oxide and 

the formation of titanium nitride in the presence of nitrogen. First, a brief 

introduction to titanium and titanium nitride will be given. Then the progress that 

led to the selection of titanium nitride will be examined. The experiment, discussions, 

and conclusion will  follow. 

5.1.1 Titanium production 

Titanium is one the most valuable metals available due to its distinctive 

characteristics; it has the highest strength-to-density ratio of any metal. Its corrosion 

resistance makes it very useful for highly corrosive environments such as high 

temperatures, the presence of halides, and aerospace industries.  

The primary method for commercial production of titanium metal is the Kroll process. 

In this pyrometallurgical process,  titanium chloride is reduced by liquid magnesium 

to produce titanium metal, as shown in the equation (1-13). 

 
825 C

4 2TiCl 2Mg Ti 2MgCl    (1-13) 
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The process is conducted in a stainless steel retort at 800–850 °C, as shown in Figure 

5-1. The magnesium chloride will be refined back to magnesium. 

 

Figure 5-1 —Schematic illustration of the reaction system in the Kroll (a) Magnesiothermic 

reduction of TiCl4. (b) Removal of Mg and MgCl2 from titanium sponge by vacuum 

distillation[131]. 

 The sponge titanium will be purified by additional vacuum distillation or a leaching 

process. The resulting sponge is then crushed, pressed, and melted in a consumable 

carbon electrode vacuum arc furnace and solidified under vacuum. A further 

remelting step can be conducted to remove any possible unwanted phases and ensure 

uniformity. These steps increase the cost of the product, resulting in it being six times 

as expensive as stainless steel, although titanium oxide is abundant and 

inexpensive[132]. Other disadvantages of the Kroll process include extensive raw 

material preparation and by-products that require proper disposal as they are 

hazardous[133]. 
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Titanium chloride required for the Kroll process comes from the reaction of rutile ore 

in a fluidized bed furnace with chlorine gas in the presence of coke at approximately 

1300 K using the reaction shown in the equation (1-14). 

 2 2 4 2TiO (s) 2Cl (g) C(s) TiCl (g) CO (g)     (1-14) 

Several attempts have been made to use  electrochemical reduction rather than a 

pyrometallurgical process similar to aluminum’s Hall–Héroult process to lower costs 

and make the final product more environmentally friendly.  

In recent years, FFC (Fray-Farthing-Chen) and OS (Ono-Suzuki) processes have 

become more popular for directly reducing TiO2 than others. In these approaches, 

TiO2 powder in the vicinity of a cathode is immersed in molten CaCl2 and electrolyzed 

to produce titanium metal. One major drawback of this method is the need to control 

the atmosphere during the electrolytic reduction, which was insufficient. Therefore, 

the purity of the yielded titanium was low [131]. 

5.1.2 Titanium nitride 

Titanium nitride is a refractory material with high hardness, high corrosion 

resistance, and chemical and thermal stability. Titanium nitride applications include 

special refractories and cermets, crucibles for casting metals in the absence of free O2 

in the environment, non-toxic exterior for medical implants, and a wear-resistant and 

decorative “gold-like” coating[134]. The coating can be used on titanium alloys, steel, 

carbide, and aluminum to enhance the materials’ surface properties. Most titanium 
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nitride applications are based on thin films formed by sputtering, physical vapor 

deposition (PVD) evaporation, chemical vapor deposition (CVD), and ion plating.  

5.1.3 TiN Sintering 

Few studies have been reported on the synthesis of bulk TiN samples. Synthesis of 

bulk TiN ceramic is extremely difficult to conduct because of its high melting point, 

low self-diffusion coefficient, strong covalent bonding and high oxygen affinity, and is 

often done by hot isostatic pressing (HIP) with the sintering temperature  exceeding 

1700 °C and pressures more than 30 MPa [135]. 

Because of large porosity, covalent bonding, surface oxide impurity, and poor self-

diffusion coefficient, it is challenging to sinter a completely dense TiN ceramic, 

resulting in poor fracture toughness. The processing that has been used to sinter TiN 

includes laser cladding, explosive synthesis, reactive milling, and layers of atomic 

deposition  with combustion synthesis[136]. 

Sintering aids such as hydrides (TiH2), carbides (TiC, WC, HfC), oxides (SiOX), 

transition metals (Co, Ni, Mo), nitrides (AlN, BN, Si3N4), and diborides (TiB2) have 

been used in TiN to enhance the densification with success but alters the TiN 

properties in many cases[137].  

5.1.4 TiN and solid oxide fuel cell 

Titanium nitride would be an interesting choice to be used in solid oxide cells as an 

anode. Some of the characteristics of TiN include, 
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 Melting point: 2930 °C 

 Oxidation starts form 800 °C 

 Thermal expansion: 9.35 × 10-6 /°C 

 Electrical conductivity: 25 µΩ·cm 

There are many advantages to using the TiN in the electrode; the very high melting 

temperature prevents the growth of grains during SOFC operation, preserving its 

porosity and microstructure, something that metal phases such as nickel and copper 

suffer from  [138]. The thermal expansion is very close to cubic YSZ8 (10.5 × 10-6 /°C), 

preventing cracks from forming and poor adhesion during heating and cooling and 

ensuring thermal shock resistance, something that nickel suffers (13.3 × 10-6 /°C). 

Electrical conductivity is another vital aspect of the electrode, guaranteeing minimal 

ohmic loss for the cell, and TiN has excellent electrical conductivity. The electrode 

material should have a conductivity greater than 1 S/cm in order to be practical since 

a conductivity of 1 S/cm would lead to a cell resistance of 0.1 Ω cm2 for an electrode 

thickness of 1 mm [139]. 

On top of the mentioned properties, the oxidation resistance can help the cell stability 

in case of any leakage in the system, especially in the anode, which could lead to  

catastrophic failure. It has been shown that TiN shows good catalytic activity toward 

methanol oxidation, ethanol oxidation, formic acid oxidation, and oxygen reduction 

[140]. The oxygen reduction reaction is the most sluggish in the cell; lowering the 

working temperature TiN might be able to be used as the cathode in the fuel cell. 

Despite these reports, in many studies, TiN was either a thin film or was accompanied 
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by another material such as Pt, so more studies are necessary to assess the bulk TiN 

catalytic activity, which is out of the scope of this study. The catalytic activity of TiN 

might be enhanced by adding secondary phases such as nickel, ceria, or other active 

materials in case of insufficient catalytic activity. 

One significant advantage of TiN is that it does not suffer from coke formation, which 

nickel is known for and hinders the usage of direct hydrocarbons as it significantly 

shortens the cell's life cycle.  

TiN can be used as the interconnect, replacing chromium-based lanthanides or high 

chromium alloys such as 718 SS, 302 SS, 430 Ti SS, 439 SS, Haynes 230 and Crofer 

22, which could poison the cell due to chromium migration during  cell operation[141]. 

This study uses an electrode-supported solid oxide electrolyte cell to electrochemically 

reduce the titanium oxide to titanium nitride in the presence of nitrogen. YSZ acts as 

the electrolyte, and graphite was used as the counter. 

5.2 Experimental 

5.2.1 Support fabrication 

For the support, as-received TiO2 (98.0-100.5% TiO2, Thermo Scientific) was 

mechanically milled for 24 h in an aqueous medium with a weight ratio of 1:1.  

30 vol. % graphite (Sigma Aldrich <325 mesh) was added to the mixture, followed by 

pH adjustment using HCl to 3.0 to improve the stability of the suspension. Slip 

casting in a plaster mold was used to fabricate the support, which then pre-sintered 

at 1000 °C for 3 h.  
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5.2.2 Buffer layer coating 

To prevent electrolyte delamination which will be explained later, a coating slurry 

consisting of a mixture of 1:1 of as-received yttrium(III) oxide (99.9%, Thermo 

Scientific), 8YSZ (Tosoh TZ-8Y), ethanol and binder (6 wt % ethyl cellulose in 

terpineol) was ball-milled for 24 h followed by ultrasonication to obtain a 

homogeneous suspension. Two rounds of dip coating were performed at 15 min 

intervals followed by drying at room temperature in ambient air. Sintering was 

conducted at 1400°C for 3 h. 

5.2.3 Electrolyte coating 

The coating slurry consisting of a mixture of as-received 8YSZ (Tosoh TZ-8Y), ethanol, 

and binder (6 wt % ethyl cellulose in terpineol) was ball-milled for 24 h, followed by 

ultrasonication to obtain a homogeneous suspension. Three rounds of dip coating 

were performed at 15 min intervals prior to drying at room temperature in ambient 

air. Sintering was conducted at 1450°C for 3 h in  air using an electric furnace to have 

a leak-free electrolyte. 

5.2.4 Cell fabrication 

Graphite conductive adhesive (Thermo Scientific) was used as the counter on top of 

the electrolyte. The paste was applied using a brush and dried at room temperature. 
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Nickel mesh and wires and graphite foil and wires were used for the cathode and 

anode lead connections, respectively. 

5.2.5 Phase characterization 

XRD patterns of samples were recorded at room temperature using a Rigaku Ultima 

IV diffractometer with Co-Kα radiation. The scan conditions were 38 kV and 38 mA, 

and data were collected over the angular range of 10°≤2θ ≤ 75° with a step size of 

0.02° and a scan speed of 2 deg/min. The phase identification was conducted using 

Match! Software (Version 3, Crystal Impact). 

5.2.6 Electrochemical reaction 

Solartron 1287 electrochemical interface was used to provide the bias current for the 

electrochemical reduction of the cell. The current and voltage curves were recorded 

at 850 °C using ammonia as the reducing gas and nitrogen source fed to both the 

cathode and  anode. 

5.2.7 Microstructure characterization 

The morphological features of fracture cross-section of cells were examined by 

scanning electron microscopy (Zeiss Sigma 300 field-emission scanning electron 

microscope). Bruker energy-dispersive X-ray spectroscopy (EDS) system with dual 

silicon drift detectors, each with an area of 60 mm2 and a resolution of 123 eV, was 

used for phase characterization. 
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5.3 Results and discussion 

5.3.1 Chemical compatibility 

Initially, delamination of the YSZ electrolyte from the titanium dioxide support was 

observed without the yttria buffer layer shown in Figure 5-2. As the thermal 

expansion of the titania is very close to YSZ, this indicates chemical incompatibility 

between YSZ and titanium dioxide.  

 

Figure 5-2 (left) Delamination of the electrolyte from the TiO2 support (right) using yttria 

buffer layer to prevent delamination of the electrolyte 

Several samples were made to analyze further the resulting phase, which was purple. 

The delaminated coating was collected and ground to fine powders in a mortar and 

pestle for powder-X ray diffraction (PXRD) to examine the chemical compatibility. 

Figure 5-3 shows the XRD pattern of the sample. 
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Figure 5-3 XRD pattern of the delaminated electrolyte phase and comparison with possible 

formed phases. 

The XRD pattern reveals the presence of monoclinic YSZ in the electrolyte. Also, 

zirconium titanate and a trace of yttrium titanate were detected. Although no 

previous work was found for yttria, similar destabilization of calcium-doped zirconia 

was reported elsewhere where TiO2, an acidic oxide, removes the CaO (strong base) 

from the CSZ structure  resulting in crack formation in the product. [142]. For this 

reason, a yttria-YSZ buffer layer was applied between the titania and YSZ, which 

prevents titania from soaking out the yttria from the zircona and hence delamination 

of the electrolyte, as can be seen in Figure 5-2.  
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5.3.2 Electrochemical reduction 

To conduct the electrochemical reduction, first, the cell was heated to 900 °C in the 

presence of nitrogen. Then the gas was switched to ammonia. Several electrochemical 

schemes were tested; some resulted in crack formation after the electroreduction.   

Figure 5-4 demonstrates some of these failures, which resulted in crack formation in 

the sample. It was concluded that uniform current and lack of any excessive force 

from current collectors could help mitigate these mechanical damages. Also, a slow 

ramping current for electroreduction becomes critical as well.  

 

Figure 5-4 Some failures during electrochemical reduction. 

Based on this, the galvanostatic mode was used; the current set to 1 A/cm2 and the 

running time was set to 24 hours. The applied voltage and current vs. time are shown 

in Figure 5-5.  
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Figure 5-5 Voltage and current measurement vs. time during electrochemical reduction 

Initially, due to the considerable electrical resistance of the support, the machine 

could only apply 5 V and 0.2 A/cm2. After nine hours, the current suddenly increased 

to 1 A/cm2, and voltage decreased rapidly to maintain the galvanostatic mode. The 

electrochemical reduction was carried out for 24 h, hitting a plateau at the end. The 

cell was then cooled to room temperature without any current passing through in the 

presence of nitrogen. 

Impedance measurements were also conducted initially, after 9 h, and after 24 hours 

which are shown in Figure 5-6. 
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Figure 5-6 Impedance spectrum of electrochemical reduction at t=0, t=9 h, and t=24 h 

5.3.3 Cell microstructure 

 

Figure 5-7 Fractured cell after electrochemical reduction 

Figure 5-7 shows the fractured cell after removal of the cell. The distinctive golden 

color indicates the successful formation of TiN. TiN forms primarily as bulk TiN 

through the thickness, and most of the support was converted to TiN. A small region 

did not convert to TiN which might be due to imperfect contact of the current collector 

in that region; the nickel mesh current collector was rolled and putted inside. Failure 

of contact leads to insufficient current passing through that region and performing 

the reduction. 
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Figure 5-8 shows the cross-section micrograph of the support part that was not fully 

converted to TiN.  

 

Figure 5-8 Micrograph of fractured cell 

Figure 5-9 shows the EDS of the cross-section for the part that was not fully converted 

to TiN.  As can be seen, almost half of the thickness of the support was successfully 

converted to stoichiometric TiN, and the oxygen present is minimal. For the rest, as 

we get closer to the electrolyte, the oxygen ratio increases up to stoichiometric TiO2 

while titanium nitride does not form.  
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Figure 5-9 EDS characterization of the cross-section 

On top of the lack of good contact, we also suspect that the electrolyte in that region 

might be compromised, which resulted in incomplete TiN formation. Stress might 

develop during cell assembly from the insertion of the current collector inside the cell, 

which causes the formation of a microcrack that grows over time at higher 

temperatures. The stress from the phase change that happens during the 

electroreduction of the cell might also be another factor worth considering as TiN has 

several phases with different crystal structures ranging from fcc to rhombohedral and 

hexagonal. The higher density of TiN (5.21 g/cm3) vs. TiO2 (4.23 g/cm3) indicates a 

more packed crystal structure for TiN. Unfortunately, detailed studies on TiN phase 

transformations and transformation from TiO2 to TiN are scarce and need much more 
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research. The crack might be mitigated by optimizing the support microstructure to 

tolerate the resulting stress or adjusting the electrochemical reduction parameters. 

5.4 Conclusions 

In this study, the electrochemical reduction of titanium dioxide in the presence of 

ammonia to produce titanium nitride was pursued. Titanium nitride as an electrode 

offers several advantages compared to current materials, such as high corrosion 

resistance, high electrical conductivity, and thermal expansion compatibility with the 

YSZ electrolyte. The chemical incompatibility between titanium dioxide and YSZ 

shows that the formation of secondary phases destabilizes the YSZ cubic phase and 

delaminates the electrolyte, hence mandating a yttria-YSZ buffer layer.  Titanium 

nitride was successfully obtained and was analyzed using SEM and EDS for phase 

characterization. 
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Chapter 6. Improving Infiltration of Thick Porous Media 

Using an Electric Field 

6.1 Introduction 

Due to their ceramic oxide electrolyte, solid oxide fuel cells (SOFCs) operate at higher 

working temperatures. SOFCs can generate both electricity and useful thermal 

energy through electrochemical reactions, which yield higher efficiency, fuel 

flexibility, low emissions and lack of expensive catalysts, making them a viable 

candidate compared to other types of fuel cells [70]. The inferior power output and 

inadequate longevity compared to other fuel cells, especially proton-exchange 

membrane fuel cells, make them less appealing [71]. The high working temperature 

leads to a higher degradation rate, mandating particular material that can withstand 

harsh reducing/oxidizing conditions and increasing overall cell price [143].  

Many efforts focus on reducing the operating temperature, which lowers the 

degradation and extends the selection of  materials to cheaper alternatives but 

results in much higher electrolyte resistance and dramatically reduces the 

performance [68]. Electrode-supported geometry is usually chosen for lower working 

temperature SOFCs which substantially reduces the electrolyte thickness and lowers 

the electrolyte resistance contribution; thus, the overall loss is dominated by 

polarization of the electrode reactions [72]. The structural and microstructural 

properties of the electrode material have a significant influence on the efficiency of 
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the electrochemical cell [144]. Hence optimizing the structure of electrodes becomes 

more crucial; with an enhanced microstructure, the rate of the oxygen reduction 

reaction (ORR) and hydrogen oxidation reaction (HOR) can increase dramatically. 

This increase in performance can result from a higher surface area and enhanced 

microstructure with the correct proportion of the electrode's ionic and electronic 

phases [67]. 

Impregnation can be an effective way to achieve this optimized microstructure. It is 

usually carried out to enhance the catalytic activity by preserving the higher surface 

area of the catalyst and avoiding the need for high-temperature sintering; infiltration 

is carried out mainly after  sintering of the electrolyte and porous layer as the matrix 

for the infiltration [145]. Impregnation can be either in the form of salt precursors or 

a slurry of fine particles, which are then put into a porous scaffold and thermally 

treated to form well-dispersed nanoparticles through sequential deposition processes. 

The barebone scaffold is usually an ionic conductor as it needs a higher sintering 

temperature [74];  additional phase(s) also can be added to enhance the catalytic 

activity of the existing electrode [87]. 

Despite all of the advantages of infiltration, it still faces some significant challenges. 

First, it would be rather challenging to do the impregnation in a thick scaffold; 

usually, the outer surface of the barebone scaffold sees the most material deposited 

and blocks further penetration inside [145]. Another major disadvantage is the 

longevity, as they have a higher degradation rate than the non-infiltrated electrode. 

As a low quantity of active components is deposited during infiltration, they 
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aggregate more rapidly over time due to the large surface area at the working 

temperature and break the well-dispersed percolated catalyst [146]. Infiltration also 

produces lots of wasted materials, especially in the case of salt precursors; a portion 

of precursor material leaves the scaffold during  heating and need further processing 

to be used again. 

Finding a practical way to force the precursor or the catalyst material to enter the 

backbone is necessary to overcome many of the mentioned disadvantages. Several 

approaches have been applied to overcome this problem, such as using  vacuum, 

additives such as surfactant, and a higher concentration of precursors[147, 148]. 

However, these techniques can be most effective for a smaller porous layer thickness;  

precipitation of deposited material prevents the infiltrated material from fully 

penetrating. Another challenge is during the post-heat-treatment of infiltration. As 

the solvent evaporates and  decomposition of precursors and additives occurs, gas 

byproducts form as the catalyst deposits in the matrix and force the catalyst material 

outside the matrix, lowering the matrix's overall weight gain, which is crucial for  

long-term degradation[105]. One solution is to use a more rapid heat treatment in 

which the precursors decompose in-situ; microwave heating was used as an example 

elsewhere to overcome this problem [130]. 

Based on the authors' experience, these techniques require open pores in the range 

of 50 microns to succeed, which is challenging to obtain and requires more catalyst 

deposition, making infiltration less appealing. 
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Plating was used as an alternative solution to creating an electrode with a high 

surface area [149]. There are several reasons to conduct the electrodeposition, 

including lowering the coke deposit formation on the nickel-based anode with the help 

of another material that has lower activity toward breaking hydrocarbon bonds, such 

as copper. 

As one end of the electrode is covered with the electrolyte and the substrate needs to 

be electron conductive, some adjustments are necessary with respect to conventional 

electrodeposition. To form the conductive backbone, in one study, copper was 

electroplated on the anode side of an electrolyte-supported cell; a reduced NiO-YSZ 

backbone with a 60 micron thickness was used [150]. It was shown that minimizing 

mass-transfer limitations within the pores and making a highly conducting 

electrolyte solution is essential for uniform deposition using a sulfate electrolyte and 

precursors. Park et. al. used the same approach to fabricate a Cu–Ni–YSZ anode for 

direct methane feeding. Although the results show much better tolerance, the cell 

eventually failed at 200 h due to coke deposition, indicating that some parts of nickel 

were in direct contact with the methane as  copper is a very poor catalyst for methane 

cracking; hence the deposition was non-uniform. One major disadvantage of 

electroplating is it highly depends on the shape of the substrate material as it changes 

the electrical resistance between the working and counter electrode and leading to 

uneven current density, which results in  uneven deposition [151]. 

One interesting method to enhance the electrodeposition was to use a temporary 

conductive layer to improve the deposition rate and uniformity. As the electrolyte is 
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non-permeative,  the conventional method of backbone conductive layer deposition 

cannot be used. Pyrolysis of C4H10 was used to form polyaromatics on the surface of 

the backbone before  electrodeposition as the conductive layer [139]. This method was 

highly dependent on the gas flow, the geometry of the flow, and the pyrolysis 

temperature. Interestingly, after treatment of the deposited layer with steam at high 

temperatures to remove the graphite layer, ohmic resistance increases by almost 

100%, and no specific reason was given to explain it. 

Silver was  used as the conductive layer in another study on top of  GDC using the 

Tollens method[152]. In contrast to the carbon-based layer, which was removed using 

steam at high temperature, silver remains as part of the electrode. 

Another  approach is using an electric field as an external force to push the catalyst 

inside the scaffold. This approach is very similar to electroplating to deposit the 

catalyst onto the electrodes. The difference is that in electroosmosis, the external 

current forces the liquid precursor to penetrate inside electrode backbone channels, 

increasing the penetration depth.  In electrodeposition, the electricity is used to 

decompose the precursor salt. The voltage in electroosmosis is much higher compared 

to electroplating [153]. 

When a surface is in contact with a polar medium, the surface develops some 

electrostatic charges. An electric double layer is created as a result of these surface 

charges [154]. 
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Figure 6-1 (a) Formation of fixed layer and diffuse layer (b) capillary movement due to 

external voltage 

The presence of hydroxide groups on the surface of an oxide develops surface electrical 

charges in aqueous media. The formation of surface charge is the proton balance 

between the oxide surface and the suspension, and its equilibrium is determined by 

their acid-base properties. The nature and magnitude of surface charge depends upon 

the electrolyte concentration and pH [155]. Since the oxide surface and the 

suspension are in a constant proton balance, their acid-base properties control the 

(a) 

(b) 
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equilibrium, which leads to the formation of surface charge. The electrolyte 

concentration and pH have an impact on the type and size of surface charge [156]. 

The pH of point of zero charge for zirconia ranges from 4-8, depending on the specific 

surface properties of the solid [156].  

An inner compact layer and an outer diffuse layer make up the electric double layer. 

A layer of immobile counter-ions that are strongly attracted to the surface makes up 

the inner layer, which is typically several Angstroms thick and located right next to 

the charged surface [157]. Ions in the diffuse layer, however, are mobile and are less 

impacted by the charged surface. Since counter ions predominate in the diffuse layer, 

the local net charge density is not zero. The ions in the diffuse layer would experience 

an electric force from an external electric field applied tangentially to the electric 

double layer field, which would cause a net migration of the ions in the EDL region. 

The moving ions create a bulk electroosmotic flow by dragging nearby liquid with 

them as can be seen in Figure 6-1 (a) [158]. 

At a sufficiently large electric field, non-conductive material forms a dipole. YSZ is 

an electrical insulator material, and it can form dipoles in the presence of a large 

electric field. The electroosmosis effect is caused by the Coulomb force induced by an 

electric field on a net mobile electric charge in a solution. As the chemical equilibrium 

between a solid surface and an electrolyte solution typically leads to the interface 

acquiring a net fixed electrical charge, a layer of mobile ions known as an electrical 

double layer forms near the interface. As the electric field is applied to the fluid, the 

net charge in the electrical double layer is induced to move by the resulting Coulomb 
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force as seen in Figure 6-1 (b) [159]. This concept is very similar to electrophoretic 

deposition where, instead of a solution, suspended particles interact with the field 

[160]. Several successful applications of electrophoresis have been reported [161-163]. 

Electroosmosis phenomena were also successfully modeled [163], but this is the first 

time it has been experimentally evaluated. 

6.2 Experimental 

6.2.1 Support fabrication 

As-received YSZ (Tosoh TZ-8Y) was pre-calcinated at 1500 °C for 6 h and then 

mechanically ball-milled in a water medium (1:1 ratio) for 24 h. To create enough 

porosity, 50 vol. % graphite (Sigma Aldrich <325 mesh) was added to the mixture, 

followed by a final pH adjustment to 3 using HCl. Slip casting in a plaster mold was 

used to make the support. The supports were pre-sintered at 1100 °C with a heating 

ramp of 2 °C/min for 3 h. Then the outer surface was polished using a clean cloth to 

make the outer surface smooth and free of any significant imperfections. 

6.2.2 YSZ electrolyte coating 

The coating slurry consisting of a mixture of as-received 8YSZ (Tosoh TZ-8Y), ethanol, 

and binder (6 wt % ethyl cellulose in terpineol) was ball-milled for 24 h, followed by 

ultrasonication to obtain a homogeneous suspension. Three rounds of dip coating 

were performed at 15 min intervals before drying at room temperature in ambient 

air. Sintering was conducted at 1400°C for 3 h in air using an electric furnace to yield 



113 

 

a leak-free electrolyte. Methylene blue dye leakage tests were performed after 

sintering to ensure leak-free electrolytes. 

6.2.3 Support infiltration 

The infiltration solution was a dimethyl sulfoxide-based solution containing  

190 g.L-1 NiSO4. 6H2O, 10 g.L-1 NiCl2. 6H2O, 8 g.L-1 H3PO3, 16 g.L-1,H3BO3, and  

5 mL.L-1 H3PO4 as explained elsewhere[164]. This precursor was poured inside the 

thick support matrix, and a graphite rod was used as the working electrode, centered 

inside the cell. A copper mesh was used as the counter electrode inside a 0.1 molar  

copper nitrate solution surrounding the YSZ.  The entire setup was enclosed inside a 

custom-made 3D printed cap and a beaker to prevent water evaporation and 

contamination. Figure 6-2 shows the schematics of the electro-assisted infiltration 

and the 3D printed cap for this setup. The three holes in the middle were used for 

holding the sample and the graphite rod. Four outer holes were used for connecting 

and holding the counter electrode mesh. After  infiltration, the cell was removed and 

sintering was conducted at 850°C in a tube furnace for 3 h under air flow to decompose 

any possible remaining precursor. The support was then reduced for 3 h under a flow 

of 20 vol. % hydrogen in nitrogen at the same temperature.  

Keithley Model 2440 SourceMeter was used to provide the bias voltage for the electro-

assisted infiltration. Compliance voltage was used to prevent the machine from 

applying excessive voltage. 
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Figure 6-2 (a) cross-section of the electrodeposition setup (b) top and bottom view of 3D 

printed cap  

For comparison, another sample was prepared using the same recipe, but a molten 

precursor and vacuum to infiltrate were used, as reported in more detail elsewhere 

[165]. Nickel nitrate, polymeric dispersant (Triton X-45, Union Carbide Chemicals 

and Plastics Co., Inc.), and water were mixed with a 5:1:0.3 weight ratio and heated 

at 100 °C. The porous support was heated to 120°C, and the infiltration solution was 

applied using a vacuum infiltration chamber. The tube was then dried for 15 minutes 

at 120°C and heat-treated for 15 minutes at 350°C. The infiltration procedure was 

repeated 15 times to deposit sufficient NiO particles into the YSZ matrix. 
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6.2.4 Full cell fabrication 

A mixture of La0.6Sr0.4Co0.2Fe0.8O3 (LSCF, Fuel Cell Materials), azeotrope solvent, 

binder (polyvinyl butyral), and Menhaden fish oil as the dispersant was used for the 

cathode ink. The resulting mixture was dip-coated on top of the electrolyte, then 

sintered at 1000 °C for 3 h. Gold paste and wires and copper mesh and wires were 

used for the cathode and anode lead connections, respectively. 

6.2.5 Electrochemical characterization 

An electronic load and scanner (Agilent model N3301 and E4970A) measured the 

current-voltage curves. A Solartron 1255 frequency response analyzer and Solartron 

1287 electrochemical interface were used for electrochemical impedance spectroscopy 

(EIS) measurements. The frequency range was between 0.01Hz - 1MHz, with 12 

points per decade under open-circuit conditions. The data were recorded with 50 °C 

intervals in a temperature range of 600 °C – 750 °C using H2+3vol.% H2O as fuel feed 

and air as the oxidant. 

6.2.6 Microstructure characterization 

The morphological features of fracture cross-section of cells were examined by 

scanning electron microscopy (Zeiss Sigma 300 field-emission scanning electron 

microscope). Bruker energy-dispersive X-ray spectroscopy (EDS) system with dual 
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silicon drift detectors, each with an area of 60 mm2 and a resolution of 123 eV, was 

used for phase characterization. 

6.3 Results and discussion 

6.3.1 Adjusting the initial infiltration parameters 

The amount of voltage is limited by the YSZ electrolyte breakdown voltage; exceeding 

this amount can permanently damage the electrolyte, and several cracks can occur 

throughout the electrolyte, as seen in Figure 6-3.  

 

Figure 6-3 Permanent damage to the electrolyte due to exceeding breakout voltage 
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The darker color is nickel that is electrodeposited around the affected area, which will 

short circuit the cell under operational conditions.  Damage was only limited to the 

electrolyte and not the entire support. It is possible to estimate the breakout voltage 

in our case; for fully dense cubic YSZ, the value is 1.6 to 1.7 MV/cm in  bulk form 

sintered at 1400 °C [166]. Based on our experiments, this value is much smaller than 

anticipated and depends on the current passage duration as well. For 24 h duration, 

we estimated the breakage voltage to be around 100 V. This discrepancy might be 

due to imperfections in the electrolyte. We speculate that in thinner regions, 

especially those with structural defects, stress points can form, and micro-cracks can 

start to grow and cause significant cracks in the electrolyte, compromising  cell 

integrity. 

Thus, it is imperative to have a uniform electrolyte thickness and voltage distribution 

around the working and counter electrode to minimize any possible mechanical 

failure.  

6.3.2 Infiltration process 

The electro-assisted infiltration was conducted in galvanostatic mode set to 1 µA 

current and compliance voltage of 40 volts to prevent electrolyte damage during the 

process for 24 h. It is important to mention the current is intentionally kept at a very 

moderate level, and the deposition rate can be significantly enhanced for future work. 

The current and voltage were recorded over time, as seen in Figure 6-4. 
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Initially, the voltage was limited to 40 V due to compliance with the power supply as 

the current could not reach 1 µA. Then as the current goes to 1 µA, the voltage starts 

to decrease. We suspect at this stage the electroosmosis effect forces the infiltration 

suspension to penetrate through the pores of the scaffold and makes the whole 

scaffold conducting. Then the small inherent leakage of the electrolyte causes the 

electrodeposition of nickel onto the YSZ scaffold. Nickel oxide can be obtained from 

weak basic or neutral solutions of Ni2+ using the electro-oxidation technique as 

reported elsewhere [167]. 

 

Figure 6-4 Voltage and current vs. time during infiltration 

We assumed that a preferred path for particle deposition in the case of a non-metal 

deposit would be adjacent to the previous particle. By contrast, if suitable conditions 
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for nickel metal formation exist, they form on top of each other and give an overall 

filament shape as this has less electrical resistivity. The non-metal deposition 

ensures a homogenous deposit throughout the backbone, as shown in Figure 6-5 

schematically.  

                 

Figure 6-5 Particle prefered deposition in case of (a) nickel oxide (b) nickel metal 

We anticipate as the non-metal deposition grows larger, the overall resistivity of the 

scaffold goes higher, which increases the voltage, as confirmed in Figure 6-5. 

6.3.3 Electrochemical performance 

Figure 6-6 shows the power and power density output curves of the electro-assisted 

infiltrated cell measured under air/H2+3vol.% H2O. The open current voltage is very 

close to theoretical values based on the Nernst equation, suggesting a dense 

electrolyte that prevents direct charge transfer or gas permeability and no damage to 

the electrolyte occurred during the infiltration process.  
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At low currents, the cell's behavior is primarily linear, which indicates that the ohmic 

resistance of the cell limits the performance. Only at 600 °C, a small activation 

polarization at low currents can be seen. At low current density, lowering the 

operation temperature leads to more significant activation polarization [168]. 

At higher currents, the end of the curves, which result from concentration 

polarization and fuel starvation, becomes more significant and deviates from the 

conventional cell's ohmic behavior, resulting in lower performance for the sample. We 

suspect this might be due to the not fully optimized support structure and insufficient 

cathode performance. As explained elsewhere[130], the latter can be further 

enhanced by infiltrating the cathode. 

 

Figure 6-6 Electrochemical performance of the infiltrated cell 
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Figure 6-7 shows the EIS of the cell at different temperatures. The far-right 

polarization that is temperature independent belongs to mass transfer occurring at 

the electrodes arising both from the cathode contribution [58] and surface 

electrochemical reactions at the anode [49, 127].  This contribution is minimal 

compared to the conventional cell with a larger impedance value which shows enough 

porosity still exists in the support.  

 

Figure 6-7 Nyquist plots of cell at different operating temperatures 

The high-medium frequency semicircle contribution is related to charge transfer 

resistance corresponding to electron-ion transfer processes occurring at the interfaces 

and also non-charge transfer processes corresponding to surface reactions [86]. The 

ohmic part of the impedance correlates to the electrolyte and the connections. The 

value for the ohmic part is minimal and shows  good electrical connection through the 

support of the cell. One reason might be due to the large enough weight gain during  

infiltration, which provides enough electrically conductive pathways. 
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6.3.4 Cell microstructure 

Figure 6-8 shows the fractured scaffold at three different stages, before infiltration, 

after 6 h, and after infiltration. The total thickness of the support was 400 microns. 

The pre-infiltration microstructure is distinctive, as each grain has many small holes 

inside. We speculate the low heating ramp caused the coarsening to be more 

prevalent and forms this microstructure; coarsening mechanisms usually prevail over 

densification mechanisms at lower temperatures. Thus, slower heating to higher 

temperatures can be beneficial to achieving low density[169]. 

As can be seen, the deposition starts adjacent to the electrolyte (left side), then 

progresses through the outer side of the scaffold, where the nickel precursor and 

graphite rod are located. During the deposition, it can be seen that the nickel was 

starting to fill the voids inside the YSZ scaffold. Yet, it was homogeneous deposition 

rather than being heterogeneous. The average deposited particle size was estimated 

to be 250 nm. The scaffold's porosity measured by Archimedes' method using water 

as the suspending fluid was estimated to be 52%. 
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Figure 6-8 (a), (b) scaffold before infiltration, (c), (d) scaffold after 6 h of infiltration (e), (f) 

scaffold after  infiltration 
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Figure 6-9 shows the amount of weight gained through the scaffold. The graph shows 

that the infiltration depth is much higher and more uniform, especially near the 

electrode. Compared to the conventional method, electric assisted infiltration showed 

lower weight gain at the outer part of the cell where infiltration started. During the 

removal of the cell, we observed some of the particles came off the cell. We suspect 

that these particles, as they do not have sufficient attachment to the backbone, can 

come off very easily; hence the weight gain for the electric assisted cell in that region 

would be lower. In the case of conventional, since we do not conduct the infiltration 

in an aqueous medium, we see much higher weight gain. This lower weight gain can 

be compensated by adding nickel and then sintering. 

 

Figure 6-9 Weight measurement of deposited nickel 
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Figure 6-10 shows the EDX map of an infiltrated region after the fuel cell test. Nickel 

particles underwent some agglomeration compared to before the fuel cell test but 

mostly retain their nano-sized structure with their web still intact due to the 

sufficient presence of nickel as observed previously in weight gain measurements. 

The nickel particles' tendency to minimize their surface energy by forming a circular 

shape over time can be seen here as reported elsewhere [170].  

 

Figure 6-10 EDX map of infiltrated nickel inside  the YSZ scaffold 
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By contrast, in conventional infiltration, a large portion of the infiltration material is 

deposited near the point of the entry of the infiltration slurry, effectively blocking any 

further infiltration into a thick matrix.  

6.4 Conclusions 

This study incorporated an enhanced infiltration technique using an electric field. A 

400-micron thick support confined with the electrolyte on one side was used. Nickel 

precursor for the infiltration and a basic pH were used to obtain a uniform 

infiltration. Compared to conventional infiltration methods, which suffer extensively 

from penetration depth, the new method offers higher weight gain. Several 

adjustments were necessary to prevent catastrophic damage to the cell during the 

infiltration process. The electrochemical performance shows excellent results with 

minimum overall resistance of the cell. SEM and EDS were used for phase 

characterization and to study the microstructure. Results show that this method is 

an effective way to enhance infiltration and improve the performance of the 

electrochemical devices. 
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Chapter 7. Conclusions 

7.1 Concluding remarks 

Although SOFCs have numerous advantages compared to other types of fuel cells, 

including higher efficiencies, fuel diversity, and lack of need for expensive catalysts, 

the lower performance and lack of durability in the long term are still a severe 

challenge for their practical usage. Lowering the operating temperature is the key to 

increasing the system's longevity. Maintaining the necessary performance requires 

either the development of new msaterials for cell components or improving the 

structural and functional characteristics of electrodes. The most significant 

contribution of this work to SOFC scientific literature is the persuasion of these two 

approaches, which increased the cell's performance and lowered manufacturing costs.  

A new proton conductor electrolyte Ba0.5Sr0.5Ce0.6Zr0.2Gd0.1Y0.1O3-δ (BSCZGY)  has 

been used in a hydrogen conductor SOFC. This electrolyte has excellent chemical 

compatibility in the presence of moisture and carbon dioxide, which hinders cerate-

based proton conductors. Its remarkable power output combined with excellent 

chemical compatibility in the presence of moisture and carbon dioxide, which inhibits 

the wide use of cerate-based proton conductors, makes this material an ideal choice 

for industrial applications. 

Utilizing microwave irradiation can significantly enhance performance and speed up 

the sintering processing time with significant cost savings.  
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Infiltrating a thin porous scaffold on top of an electrolyte forms a high surface area 

catalyst that is finely distributed over a conductive matrix and could dramatically 

increase the performance. The combination of microwave irradiation in conjunction 

with salt infiltration was used for rapid catalyst synthesis inside the porous YSZ 

layer. This approach resulted in an increase in the performance of the cell compared 

to the traditional electric resistance furnace. With the use of the DRT technique to 

deconvolute the impedance data combined with microstructural analysis, it was 

concluded the enhancement of this technique came from the enhanced morphology of 

the resulting particles. 

Using a direct way to incorporate it using a reduced support can open up new ways; 

it can simplify the usage of microwave sintering due to lack of any susceptor and 

being able to sinter poorly microwaved coupled materials, which would be extremely 

difficult and expensive to sinter using traditional methods. This study shows the 

successful integration of this method for YSZ. 

Titanium nitride has excellent properties such as excellent electrical conductivity, 

corrosion resistance up to 800 °C, and thermal expansion very close to YSZ. 

Unfortunately, the sintering of TiN is extremely difficult and becomes the biggest 

challenge. We successfully used a very similar setup to our existing solid oxide fuel 

cells to convert titanium dioxide support to titanium nitride electrochemically. This 

method offers several advantages, including a much cheaper and viable sintering 

process, and most importantly, the same cell can be used as a fuel cell or electrolyzer. 
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TiN might address several key disadvantages of fuel cells, such as using direct 

hydrocarbon fuels and long-term electrode grain growth.  

It was shown that by applying an electric field, the infiltration process could be 

enhanced. The new method fixed two major conventional infiltration drawbacks, 

penetration depth, and low weight gain. The infiltration parameters and necessary 

steps to prevent damaging the cell during the infiltration process were discussed. The 

electrochemical performance shows excellent results with minimum overall 

resistance of the cell. SEM and EDS were used for phase characterization and to 

study the microstructure. Results indicated using an electric field could be an 

effective way to enhance  infiltration and improve the performance of the 

electrochemical devices. 

7.2 Recommendations for future studies 

The following can be the subjects of further investigations: 

1. The long-term stability of Ba0.5Sr0.5Ce0.6Zr0.2Gd0.1Y0.1O3-δ needs further 

research, especially the phase stability under operating conditions. It would be 

helpful to test the new electrolyte in the presence of CO and CO2. If successful, 

this electrolyte can then separate hydrogen and CO, which would be extremely 

useful as a dry-reformer electrolyte to produce carbon monoxide. 

2. The parameters of microwave-assisted infiltration can be further enhanced. 

Additives such as surfactants can further improve the performance of the 

deposited catalyst.  The sequence of infiltration steps can be optimized as well. 
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3. The addition of automation for the microwave sintering process. A feedback 

loop system with direct temperature control of heating using thermometers 

and power regulation software of microwave output enables a more precise 

sintering temperature, more uniform heating, and lowers the chance of 

thermal runaways. 

4. Using a custom microwave chamber for microwave heating. Although a 

modified household microwave oven was used for this study as proof of concept, 

it was not optimized for high-temperature sintering; the non-uniform 

distribution of microwave irradiation, temperature, and insulation was not 

perfect. Using a custom-made chamber enables better insulation, temperature 

measurement, and uniform heating. 

5. Using extrusion to prepare a more consistent support for microwave sintering. 

Extruded support can prohibit thermal runaways due to the uniform heating 

of the support. Reducing the support would no longer be necessary using a 

metal precursor, and one-step microwave sintering can be used to sinter the 

support and the electrolyte. 

6. Using direct microwave sintering to sinter poor sintering electrolytes such as 

barium zirconate. The poor sintering behavior can be overcome using this 

technique. 

7. Several optimizations are still necessary for the electrochemical conversion of 

titanium dioxide to titanium nitride. This includes optimizing the 

microstructure and the electrochemical process. Most importantly, TiN must 
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be tested in actual fuel cell and electrolyzer conditions to assess its catalytic 

activity, performance and long-term stability. 

8. Using the new infiltration technique with copper or other material to assess 

the cell's performance under hydrocarbons. Several parameters such as 

scaffold microstructure, pH, voltage, duration and geometry of the setup need 

to be optimized to conduct the new method in a shorter period of time. 
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