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ABSTRACT 

New clean energy technologies with higher energy conversion efficiency and lower 

emission are required to address global energy and climate change challenges. Fuel cells have 

attracted a lot of attention in this vein due to their higher efficiency compared to conventional 

energy conversion technologies (e.g. heat engines). Among all fuel cell technologies, high-

temperature solid oxide fuel cells (HT-SOFCs) exhibit various advantages compared with low-

temperature polymer fuel cells including lower catalyst/cell costs, and high fuel flexibility. These 

advantages are mostly due to the high operating temperatures. Unfortunately, high operating 

temperatures also dramatically increase stack and system costs and decrease stability, thereby 

greatly hindering commercialization. Recently, a new class of ceramic fuel cells that can operate 

at lower temperatures than HT-SOFCs, but still at high enough temperatures to ensure high 

activity for hydrocarbon utilization has emerged. These fuel cells are based on ceramic 

electrolyte materials that are dominantly proton (rather than oxygen-ion) conductors. Because of 

the generally lower activation energy associated with proton conduction in oxides compared to 

oxygen ion conduction, protonic ceramic conductors can attain higher ionic conductivity at lower 

temperatures than oxygen ion conductors. Therefore, protonic ceramic fuel cells (PCFCs) should 

be able to operate at lower temperatures than solid oxide fuel cells (250-550 °C versus ≥600 °C) 

on hydrogen and hydrocarbon fuels if fabrication challenges and suitable cathodes can be 

developed.  

Despite their promise, the poor sinterability of protonic ceramics (e.g. BaZr0.8Y0.2O3-δ) 

and the lack of specific cathodes with high oxygen reduction reaction (ORR) activity for PCFCs 

has led to much lower power densities for PCFCs compared to HT-SOFCs. In order to address 

these issues, this PhD thesis develops a novel solid state reactive sintering (SSRS) method that 

enables simplified PCFC fabrication directly from raw precursor oxides/carbonates using a 

suitable reactive sintering aide. In addition, this thesis develops a novel triple conducting oxide 

(mixed proton, oxygen-ion, and electron conductor), BaCo0.4Fe0.4Zr0.1Y0.1O3-δ(BCFZY0.1) for 

PCFC cathodes that greatly improves the ORR kinetics at intermediate to low temperatures. 

Highly durable PCFCs fabricated by the SSRS method with BCFZY0.1 deliver excellent power 

densities at intermediate temperatures and thousands hours of stable operation. In addition, we 

demonstrate remarkable fuel flexibility from our PCFC devices. Here results from long-term 
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testing of PCFCs using a total of 11 different fuels (hydrogen, methane, domestic natural gas 

(with and without H2S), propane, n-butane, i-butane, iso-octane, methanol, ethanol, and ammonia) 

at temperatures between 500-600 °C are presented. Several cells are tested for over 6000 hours, 

and we demonstrate excellent performance and exceptional durability (<1.5% degradation per 

1000 hours in most cases) across all fuels without any modifications in the cell composition or 

architecture. In addition, sulfur and coking tolerance of PCFCs are studied by in-situ high-

temperature Raman spectroscopy, which reveals that the relatively basic surface property of 

BZY can enhance its coking and sulfur tolerance. Based on these insights, BZY-surface species 

mediate coking and sulfur cleaning mechanisms are proposed in this work. The fuel flexibility 

and long-term durability demonstrated by the protonic ceramic electrochemical devices 

presented here highlight the promise of this technology and its potential for commercial 

application. 

Finally, highly efficient reversible protonic-ceramic electrochemical cells (RePCECs) 

were developed by addressing challenges associated with low Faradaic Efficiency. RePCECs for 

energy conversion and storage enable versatile production and conversion of H2, syngas, and 

hydrocarbon fuels with high Faradaic efficiency (>95%), high round-trip efficiency (75%), and 

long-term stable operation (degradation rate <50mV/1000 hours). Principles of materials 

selection and strategies for improve efficiency are detailed. Our protonic ceramic 

electrochemical device shows intriguing potential for the “green synthesis” of high-value 

chemicals from renewable electricity using only water, CO2, and N2 as input feedstocks.  
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CHAPTER 1  
OBJECTIVES OF MY PHD WORK 

The topic of my PhD research is “Low-temperature ceramic electrochemical cells for 

electricity generation and green fuel production” There are two parts in this research: 1) the 

development of ceramic fuel cells with high performance at low temperatures and, 2) the 

development of electrochemical cells for green fuels production. 

The commercialization of solid oxide fuel cells (SOFCs) is presently limited by cost and 

stability issues. So, a major goal of part 1 of my thesis research has been to design a cost-

effective fabrication method for the development of highly durable ceramic fuel cells with high 

performance and excellent fuel flexibility at low temperatures. The cost of ceramic fuel cells can 

be reduced by a number of approaches including simplifying the fabrication process, enhancing 

the performance at low temperatures (or reducing the operating temperature while maintaining 

high performance), developing ceramic fuel cells with good fuel flexibilities, and improving the 

intrinsic stability of the fuel cell. All of these approaches are investigated in this PhD research.  

The second part of my PhD research focuses on developing a variety of other (i.e., non 

fuel cell) protonic ceramic electrochemical devices which are based on proton conducing 

ceramics. Among these is the protonic ceramic electrolysis cell (PCEC), which electrolyzes 

steam to produce hydrogen or co-electrolyze steam and CO2 to produce syngas or other high-

value chemicals. The efficiency of current PCECs is much lower than solid oxide electrolysis 

cells (SOECs) based on oxygen ion conductors. The reasons for this discrepancy will be studied 

in this research. Based on these studies, I show that optimized PCECs with current 

efficiencies >90% at temperatures below 600 °C can be successfully developed.   

1.1 Overview of PhD research and thesis layout 

The PhD research and this thesis is organized in the following chapters: 

1. CHAPTER 2 presents the general information about the fuel cells, solid oxide fuel 

cells, protonic ceramic, protonic ceramic fuel cells, solid oxide electrolysis cells, and 

protonic ceramic electrolysis cells.   
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2. CHAPTER 3 will describe the fabrication of PCFCs based on the solid state reactive 

sintering method, the development of triple conducting oxides for PCFCs, and the 

demonstration of high performance PCFCs at low temperatures. This chapter is based 

on our paper published in Science which is titled “Readily processed protonic ceramic 

fuel cells with high performances at low temperatures”. Co-authors of this paper are 

Jianhua Tong, Meng Shang, Stefan Nikodemski, Michael Sanders, Sandrine Ricote, 

Ali Almansoori, Ryan O’Hayre. Jianhua Tong was research faculty at CSM. Meng 

Shang was post-doctoral researcher at CSM. Stefan Nikodemski was graduate student 

at Mines. Michael Sanders is research faculty at CSM. Sandrine Ricote is research 

faculty at CSM. Ali Almansoori is faculty at The Petroleum Institute Abu Dhabi. 

Ryan O’Hayre is faculty and my advisor at CSM.  

3. CHAPTER 4 will present the paper (accepted for publication in Nature) titled 

“Highly durable, coking and sulfur tolerant, fuel-flexible protonic ceramic fuel cells”. 

In this chapter, the fuel flexibility, coking and sulfur tolerance of PCFCs will be 

discussed. Co-authors of this paper are Robert J. Kee, Huayang Zhu, Canan Karakaya, 

Yachao Chen, Sandrine Ricote, Angelique Jarry, Ethan J. Crumlin, David Hook, 

Robert Braun, Neal P. Sullivan, Ryan O’Hayre. Robert J. Kee is faculty at CSM. 

Huayang Zhu is research faculty at CSM. Canan Karakaya is reseach faculty at CSM. 

Robert Braun is faculty and committer member at CSM. Neal P. Sullivan is faculty 

and committee member at CSM.  

4. CHAPTER 5 will present a paper tilted we published in Energy&Environmental 

Science titled “Zr and Y co-doped perovskite as a stable, high performance cathode 

for solid oxide fuel cells operating below 500 °C”, which presents the application of 

Zr and Y co-doped perovskites for low temperature solid oxide fuel cells. Co-authors 

of this paper are Chuancheng Duan, David Hook, Yachao Chen, Jianhua Tong and 

Ryan O'Hayre. David Hook is research scientist at CoorsTec. Yachao Chen is post-

doctoral researcher at CSM. 

5. CHAPTER 6 will present the paper (presently under preparation) titled “Highly 

efficient reversible protonic ceramic electrochemical cells for power generation and 

fuel production”. The same protonic ceramic cells were operated under two modes: 

for power generation under fuel cell mode when fuels (eg. Hydrogen, Hydrocarbons, 
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and et.al) are supplied, and 2) electrolysis mode,  where hydrogen can be produced as 

a chemical carrier for energy storage.  

6. CHAPTER 7 will present the overall summary and conclusion of this thesis 

7. CHAPTER 8 will give suggestions for future work. 
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CHAPTER 2  
GENERAL INTRODUCTION 

2.1 Fuel Cell 

Due to the limited supply of fossil fuels and the emission of greenhouse gases, new 

technologies that can produce and use energy more efficiently and more cleanly than 

conventional combustion engines are urgently needed. Among these new technologies, fuel cells 

can potentially play an important role in energy conversion and power supply for sustainable 

human development [1].  

A fuel cell is a device which can take a variety of fuels (e.g. hydrogen, hydrocarbons, 

alcohols, etc.) as input, and via an electrochemical process, converts the chemical energy stored 

in such fuels to electricity. Compared with combustion engines, fuel cells are typically more 

efficient because they produce electricity directly from chemical energy based on 

electrochemical processes, which are not limited by the Carnot cycle. Depending on the 

operating temperature and the electrolyte material, fuel cells can be divided into 5 main 

categories, as listed below and schematically illustrated in Figure 1.1 [2].  

i. Proton-exchange membrane fuel cells (PEMFCs) 

ii. Phosphoric acid fuel cells (PAFCs) 

iii. Molten-carbon fuel cells (MCFCs) 

iv. Solid oxide fuel cells (SOFCs) 

v. Alkaline fuel cells (AFCs) 
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Figure 2.1 Schematic illustration of different types of fuel cells[3]. 

 

Figure 2.1 shows the operation mechanisms and comparison of these 5 types fuel cells. 

All these fuel cells are made up of three basic parts: anode, electrolyte, and cathode. At the anode, 

the fuel is oxidized and electrons are collected to send through the external circuit. The 

electrolyte material usually defines the type of fuel cell and separates the fuel and oxidant. At the 

cathode, electrons flow in and oxidant (i.e. oxygen) is reduced. Among the 5 types of fuel cells, 

SOFCs possess several particularly attractive advantages such as fuel flexibility (including the 

potential to directly use hydrocarbon fuels, alcohol, and solid carbon), high efficiency, and no 

need for precious-metal catalysts. Due to the higher operating temperatures of SOFCs (500-

1000 °C) relative to PEMFCs (50-100 °C), SOFCs can directly use most hydrocarbons fuels, 

even solid carbon, by efficiently reforming hydrocarbons/carbon to H2 and CO in the anode. CO 

can also be used as fuels in SOFCs while CO will poison the catalyst of PEMFCs and 

detrimentally affect performance. The second benefit offered by high operating temperatures is 

that the heat produced by the SOFCs stack can be utilized by endothermic steam reforming 

reactions, which can increase overall system efficiency when operating on hydrocarbon or 

alcohol fuels. The total energy efficiency of the SOFCs system can reach up to 90% in combined 

high-quality waste heat and electricity applications by recovering waste heat.  
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2.2 Solid oxide fuel cells 

Figure 2.2 shows the schematic illustration of a typical SOFC. As with other fuel cells, 

the three basic components are: cathode, electrolyte, and anode. The functionality of the cathode 

is to reduce the oxygen supplied to the cathode side and produce oxygen ions. For SOFCs, the 

electrolyte is a solid-oxide (ceramic) oxygen ion conductor that transports oxygen ions from the 

cathode to the anode. At the anode, these oxygen ions are utilized to oxidize fuels (i.e. hydrogen 

or hydrocarbons) to water, electrons, and CO2. Electrons transport from the anode to the cathode 

through an external circuit and load where the produced electricity is utilized.  

Although the high operating temperatures of SOFCs have some advantages, this can  also 

lead to disadvantages such as expensive fuel cell components, high balance of plant cost, slow 

start-up and shut-down, poor cycling capability, and poor durability [2], [4]. In order to decrease 

the cost and increase the lifetime, lowering the operating temperature of SOFC devices  to a 

significantly lower range (e.g. 300-600 °C) is therefore highly desireable. Compared with 

oxygen ion conductors, proton conductors exhibit higher conductivity at lower temperatures due 

to a lower activation energy for proton hopping relative to oxygen-vacancy transport [5]. Thus, 

protonic ceramic fuel cells (PCFCs) based on proton-conducting ceramic (oxide) electrolytes 

offer the possibility of operating at 300-600 °C. 

 

Figure 2.2 Schematic illustration of a solid oxide fuel cell. 

 

e- 

e- 
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2.3 Lowering the temperature of solid oxide fuel cells 

Lowering the operating temperatures of SOFCs has been (and continues to be)one of the 

most important targets of SOFCs research. By lowering the operating temperature, costs can be 

significantly reduced by eliminating the need for high-temperature interconnects and other 

components. In addition, device lifetime can be extended because the lower temperatures lead to 

lower degradation rates for the active fuel cell materials as well as the system components. So, 

lowering the temperature of SOFCs is important for commercialization. Unlike heat engines, in 

fuel cells lower operating temperatures result in higher the theoretical (Nerstian) efficiency, 

which suggests that lowering temperature will not necessarily lead to lower efficiency, even if 

kinetic penalties increase slightly at lower temperatures.  

Lowering SOFC operating temperature can be achieved by reducing the thickness of the 

electrolyte, developing new electrolyte materials with higher conductivity compared with oxygen 

ion conductor-based SOFCs, and developing new cathodes with higher ORR activity at lower 

temperatures.  

Reduction of the electrolyte thickness can be approached by a variety of methods, 

including physical vapor deposition techniques, tape calendaring, sol-gel deposition, dip-coating, 

sputtering or colloidal deposition. However, the capability of scaling-up for commercialization 

based on these various technologies is limited. Screen printing and tape casting are currently the 

most popular method to fabricate electrolyte thin films due to low cost and capability of scale-up.  

Although reducing the thickness of electrolyte can effectively decrease the operating 

temperature of SOFCs, the quality, mechanical integrity, and/or hermeticity of the electrolyte 

tends to decrease as its thickness is reduced. In addition, the conductivity of most oxygen-ion 

conductor is poor in the temperature range of 300 to 600 ºC. These challenges motivate research 

aimed at developing new, higher-conductivity electrolytes capable of operating at lower 

temperatures. Because of the lower activation energy of proton conduction compared with 

oxygen ions, proton conductors in particular should have higher conductivity in the low-

temperature range. SOFCs based on protonic ceramics therefore have the potential to provide 

better performance at 300 to 600 ºC. 
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By reducing electrolyte thickness and increasing electrolyte conductivity, the ohmic 

resistance of SOFCs can be minimized. In this case, electrode losses, especially cathode losses, 

will dominate the performance in the low-temperature range. So, minimizing the cathode losses 

by optimizing the microstructure of the cathode and enhancing its ORR activity in the low-

temperature range is also urgently required. 

In summary, lowering the operating temperatures of SOFCs can be approached by 

reducing electrolyte thickness of conventional oxygen-ion conductor SOFCs, and/or developing 

protonic ceramic fuel cells and new cathode materials with high ORR activity at low 

temperatures,  

2.4 Protonic ceramic 

Proton ceramics are generally oxygen-deficient oxides with oxygen vacancies formed 

primarily as extrinsic defects by doping.  When these oxides are exposed to hydrogen or water 

vapor, protons can be introduced as expressed as equations 1.1 and 1.2.  

H2(g)+2OO
×+2h∙=2OHO

·                                                                                    Equation 1.1 

H2O	(g)+VO
·· +OO

×=2OHO
·                                                                                    Equation 1.2 

Proton conductivity was firstly discovered in ZnO in the 1950s [6], [7] by E. Mollwo, D. 

G. Thomas, and J. J. Lander. In the 1980s, high-temperature protonic conductors (HTPC) 

discovered by Iwahara [8], [9] paved a new way for the development of protonic-ceramic 

electrochemical devices (e.g. protonic-ceramic fuel cells [5], protonic-ceramic electrolysis cells 

[9]–[11], hydrogen sensors [12], [13], hydrogen separation membranes[14], [15], protonic-

ceramic membrane reactors [16], and hydrogen pumps[17]). These ceramics are based largely on 

perovskite-structured oxides with the chemical formula ABO3 (shown in Figure 2.3). The A-site 

is usually occupied by alkaline and alkaline earth elements or rare earth metals with relative 

large ionic size (e.g. Ba, Sr, La, Ca) while the B-site is usually occupied by tetravalent elements 

with smaller size compared with A such as Ce or Zr. By doping the B-site with trivalent elements 

such as Y, Yb, Sm, In, Gd, etc., the oxygen vacancies concentration can be greatly increased 

which in turn increases the proton uptake and hence proton conductivity of these materials in 

atmospheres with hydrogen or water steam.  
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Figure 2.3 A schematic illustration of a perovskite (ABO3) crystal structure. 

 

Due to the small size and highly polarizing power of protons, proton conduction is 

different from oxygen ions and other charge carriers. Therefore, the investigation of proton 

transportation mechanism has received considerable attention and a number of mechanisms have 

been proposed. Among these mechanisms, the Grotthuss mechanism is the likeliest in proton-

conducting ceramics. As shown in Figure 2.4, the first step of proton conduction is the 

reorientation of a proton around the oxygen site which is characterized by a small activation 

energy. The second step is the jump of a proton from one oxygen site to a nearest-neighbor site. 

So, the oxygen network in oxides plays an important role in proton conduction and the oxygen 

vacancy concentration and conditions determine the number of protons in the network.  
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Figure 2.4 The trace of a proton in a perovskite showing the two principal features of proton 
transport: rotational diffusion and proton transfer.[18] 
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Figure 2.5 Bulk conductivity of 20Y: BaZrO3-δ compared with the proton conductivity of 10Y: 
BaCeO3 and the oxide ion conductivity of the best oxide ion conductors. [18]  

 

Due to high lattice constant and high symmetry of BaZrO3-δ, it exhibits a high solubility 

limit for protonic defects and high isotropic proton mobility. For the case of Y-doped BaZrO3-δ 

(BZY), the mobility of protons and the thermodynamics of hydration remain essentially constant 

up to dopant levels of ~20%. As shown in Figure 2.5, BaZr0.8Y0.2O3-δ (BZY20) has much higher 

bulk conductivity below 700 °C compared with the best known oxygen ion conductors. In 

addition to the higher bulk conductivity of BZY20 than BaCe0.8Y0.2O3-δ (BCY20), BZY20 also 

exhibits better chemical stability than BCY20 which is due to the higher electronegativity of Zr 

compared with Ce and the higher covalency of the Zr/O bond[18].   

2.5 Synthesis and processing of protonic ceramics 

Among all high-temperature proton conductors, BZY and Y-doped BaCeO3- δ (BCY) are 

the most promising materials used today. BCY has the highest total conductivity while BZY has 

better chemical stabilities compared with BCY. The bulk conductivity and grain boundary 
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conductivity of BaCe0.9Y0.1O3-δ (BCY10) and BaZr0.9Y0.1O3-δ (BZY10) have been investigated by 

electrochemical impedance spectroscopy (EIS) and BZY has higher bulk conductivity compared 

with BCY. However, the total conductivity of BZY is limited by its poor grain boundary 

conductivity. In order to improve its total conductivity, the microstructure and composition of 

the grain boundaries should be optimized. Poor sinterability of BZY (this refractory material 

usually requires sintering at temperatures >1600 °C) and high grain boundary resistance limits its 

broad application. So, lowering its sintering temperature and grain boundary resistance is very 

important. Among all sintering methods developed for achieving this goal, solid state reactive 

sintering (SSRS) via sintering aids such as small amounts of NiO, CuO, and ZnO has been the 

most common method to increase its sinterability.  

SSRS combines the solid-state synthesis (e.g. phase formation) and the high-temperature 

sintering process (e.g. densification, and grain growth) into one step. By using sintering aids, 

both sintering temperature and sintering time are reduced which can dramatically decrease the 

cost and energy consumed. Cost-effective precursors (i.e. BaCO3, ZrO2, and Y2O3) can further 

decrease costs. However, this method requires the raw materials to be homogeneously mixed and 

the phase formation process occurs prior to or simultaneous with the densification and grain 

growth. Otherwise, the final phase will be the mixture of several phases.   

O’Hayre et al. reported that NiO and CuO are promising sintering aids for BZY, yielding 

a relative densities of >90% after sintering at 1450 °C for 12 hours[19]. By using several 

sintering aids including LiF, NiO, Al2O3, and SnO2, BZY20 has been successfully fabricated 

with acceptable relative densities. NiO was confirmed to be the most effective sintering aid. With 

the help of using 1–2 wt.% NiO as a sintering aid, dense BZY20 ceramic pellets (> 95% relative 

density) with grain sizes as large as 5 µm have been successfully prepared at a relatively low 

sintering temperature of 1400 °C [20].  

In addition, total conductivities as high as 2.2 × 10− 2 and 3.3 × 10− 2 S cm− 1 have been 

obtained from the resulting pellets at 600 °C under dry- and wet-argon atmospheres respectively. 

These are among the highest values reported for BZY20, highlighting the potential of the NiO-

modified reactive sintering approach to provide a simple, cost-effective, reduced-temperature 

route to achieve dense, large-grained parts for protonic-ceramic applications. 
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In order to investigate the mechanism of SSRS, O’Hayre et al.[20] studied the BZY20-2 

wt.% NiO system by using XRD and TGA/DTA. This study shows that the intermediate phase 

BaY2NiO5 can facilitate the sintering of BZY20 as a liquid eutectic sintering aid. Decomposition 

of BaY2NiO5 can help the grain growth. After its decomposition, Ni can diffuse into BZY20 

lattice structure.  

Ricote et al. investigated the effect of the fabrication process on the conductivity of 

BZY10 by comparing four methods including SSRS, conventional sintering using powder 

prepared by solid-state reaction with NiO as a sintering aid, conventional sintering using powder 

prepared by solid-state reaction followed by high-temperature annealing (HT), and spark plasma 

sintering (SPS). Grain boundary resistance of the four samples was calculated by fitting 

electrochemical impedance spectroscopy data in the low-temperature range. The sample 

fabricated by the SSRS method exhibited the lowest grain boundary resistance compared with 

the others. In addition, it also had the lowest grain-boundary activation energy (0.45 eV) while, 

in comparison, BZY10 fabricated by the conventional solid-state reaction using NiO as a 

sintering aid had an activation energy of 0.84 eV.  

As discussed above, SSRS can not only reduce the sintering temperature of BZY but also 

increase the grain boundary conductivity. However, SSRS had never been applied as a method 

for the fabrication of protonic ceramic devices. More work needed to be done. 

2.6 Protonic ceramic fuel cells 

Protonic ceramic fuel cells (PCFCs) can be considered to be a sub-category of SOFCs. 

By using a proton conducting ceramic, rather than an oxygen-ion conducting ceramic as the 

electrolyte, the Ohmic resistance can be reduced, especially below 600 °C. While PCFCs share 

most advantages with SOFCs, PCFCs would also appear to provide a number of additional, 

unique benefits beyond simply lower operating temperature. These include high coking 

resistance and excellent stability. Demonstrating and understanding these intriguing additional 

advantages are a major focus of this PhD thesis work. In particular, this work focuses on 

hydrocarbon-fueled PCFCs. Figure 2.6 highlights the operation principles of a PCFC fueled by 

hydrogen and methane. The fuels are oxidized in the anode side and protons and electrons are 
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produced. Protons transport to the cathode side through the proton conducting electrolyte and 

react with oxygen. Electrons pass through the external circuit and load to the cathode side.  

 

 

Figure 2.6 Schematic illustration of a protonic ceramic fuel cell. 

 

Figure 2.2 and Figure 2.6 show schematic illustrations of SOFC vs. PCFC operation. For 

direct-methane fueled SOFCs, methane reformation will occur somewhere between the limits of 

partial oxidation (in the absence of steam) and steam reforming (if the steam supply is much 

higher than the supply of oxygen through the electrolyte). A combination of H2O and CO2 is 

produced on the anode side, diluting the fuel stream. For direct-methane fueled PCFCs, methane 

steam-reforming is typically used, resulting in a maximum hydrogen concentration of up to 80% 

(if no excess steam is supplied). Water is produced at the cathode and therefore does not dilute 

the anode fuel stream. The higher temperatures and exothermic partial oxidation conditions at 

SOFC anodes thermodynamically favor the reverse water-gas shift and the formation of carbon 

monoxide, while the lower temperatures and endothermic nature of the steam reforming reaction 

in the PCFC thermodynamically favors the forward water gas shift and the complete conversion 

of CH4 to H2. 

e- 

e- 
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One potential issue with direct methane fuel cells at low-temperature (<700 oC) is that the 

highly endothermic nature of the steam reforming of methane reaction (SRM, 

CH4+H2O=3H2+CO, ΔGo(298K)=141.93kJ/mol or CH4+2H2O=4H2+CO2, 

ΔGo(298K)=113.30kJ/mol, calculated by HSC5.1) will result in a low thermodynamic 

equilibrium concentration of hydrogen (e.g. ~15% at 500 oC, 1000kPa, H2O/CH4=3). This is the 

major reason why industrial steam-methane reforming processes generally operate at 800° to 

900°C in order to obtain high conversion (>90%) of methane to hydrogen. However, PCFC 

operation with internal steam reforming of methane is not limited by thermodynamic equilibrium 

because the hydrogen (protons) is being continually removed from the anode compartment at a 

stoichiometric rate close to that at which methane is being introduced. This serves to strongly 

bias the steam reforming reaction towards complete conversion to hydrogen, even at 500 °C. In 

fact, the operating conditions in the methane-fueled PCFC anode studies in this PhD thesis work 

are nearly identical to those experienced during steam reforming of methane in a hydrogen 

permeable catalytic membrane reactor at 500 oC (77). In such devices, the active removal of 

hydrogen from the reactor via a hydrogen permeable membrane during methane steam reforming 

enables nearly complete conversion (>97%) of methane to hydrogen at 500 °C compared to the 

low conversion (<30%) otherwise achieved in a traditional “equilibrium” reactor. The current 

densities in our methane-fueled PCFCs at 500 °C are comparable to the hydrogen fluxes 

measured in this membrane reactor study, indicating similar, near-complete conversion rates for 

the two systems.  

Proton conduction in oxides generally has a lower Ea compared to oxygen ion conduction, 

so protonic ceramic fuel cells (PCFCs) offer intriguing potential for high-performance [21]–[25], 

lower-temperature ceramic fuel cell operation. PCFCs also offer a number of other potential 

benefits compared to SOFCs, particularly when operating on hydrocarbon fuels. These 

advantages, illustrated in Figure 2.6, include higher CH4 conversion because of direct proton 

(hydrogen) removal from the anode and higher carbon coking resistance because of unfavorable 

Bouduard Reaction. However, current PCFC performance lags far behind SOFC performance, 

although in the late 1990s, Kreuer et al. provided an important step towards enabling viable 

PCFCs with the demonstration of stable yttrium-doped barium zirconate (BZY) proton 

conductors with high (bulk) proton conductivity[26], [27]. However, the high grain boundary 
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resistance and fabrication challenges associated with this refractory material system have, until 

now, constrained its application. Nevertheless, the intrinsic conductivities of currently available 

protonic ceramic electrolytes suggest that PCFCs can eventually deliver excellent performance 

between 250 to 550 °C. The predicted PCFC performance values based on the limits of current 

PCFC electrolytes are distributed between 0.2 to 1.6 W cm-2 at 350 to 600 °C, based on a 10 µm 

thick electrolyte (similar to current third-generation SOFCs) and assuming electrode resistances 

identical to those reported in this paper. Moreover, if epitaxial or “bamboo-structured” PCFC 

electrolytes can be achieved, thereby mitigating the deleterious effect of blocking grain 

boundaries, PCFC power densities > 2.0 W cm-2 could be reached.  

Two major reasons why PCFCs have lagged their more mature SOFC counterparts are a 

lack of suitable cathodes expressly designed for PCFC operation and fabrication challenges 

stemming from the refractory nature of most PCFC electrolytes. Here, we introduce advances 

that address both of these issues, leading to good PCFC performance at temperatures between 

350 to 500 °C with power densities of 100-445 mW cm-2. 

2.7 Fabrication process of protonic ceramic fuel cells 

PCFC fabrication generally require very high temperature (>1600 °C) in order to achieve 

a good fuel cell microstructure. The high cost and high energy consumption of the PCFCs 

fabrication process hinders commercialization. Recently, however, several research groups have 

make great strides in PCFC development using a number of different approached.  

Young BeomKim et al.[28] reported a novel nonlithographic nanospherical patterning 

(NSP) method to fabricate a 3-D crater patterned PCFC architecture with a ~120 nm thin BZY 

electrolyte layer and a ~ 70 nm sputtered porous Pt layers as cathode. Although a peak power 

density of 186 mW/cm2 at 450 °C was achieved using hydrogen as fuel, its future for 

commercialization is unknown due to its high cost of fabrication process and Pt catalyst and 

unknown lifetime.  

Anode-supported PCFCs[29] based on thin BZY20 electrolyte films were fabricated by 

pulsed laser deposition (PLD) on sintered NiO–BZY composite anodes. A 100 nm thick LSCF 

porous functional layer was also deposited by PLD. The composite cathode made of 
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La0.6Sr0.4Co0.2Fe0.8O3 − δ (LSCF) and BaCe0.9Yb0.1O3 − δ (BCYb) was then coated on the 

functional layer. Based on the PLD technology, PCFCs were also fabricated by Kiho Bae et 

al.[30] which exhibit a world record power density of 740 mW/cm2 at 600 °C. However, due to 

the high cost of PLD and the challenges to scale it up, the path to commercialization is still not 

clear.  

Wenping Sun et al.[31] developed a BaZr0.7Sn0.1Y0.2O3–δ (BZSY) electrolyte for PCFCs. 

12-µm-thick BZSY electrolyte films were fabricated on NiO–BZSY anode substrates followed 

by co-firing at 1400 °C for 5 hours and the fuel cell exhibits a peak power density of 360 

mWcm−2 at 700 °C, which (before the present thesis) was by far the best performance for 

acceptor-doped BaZrO3-based SOFCs. Fei Zhao et al.[32] applied phase inversion and dip-

coating techniques with a co-firing process to the fabrication of anode-supported micro tubular 

PCFCs based on protonic ceramic BaCe0.7Zr0.1Y0.1Yb0.1O3–δ  (BCZYYb). Under H2 as fuel and 

ambient air as oxidant, this fuel cell delivers peak power densities of 0.08, 0.15, and 

0.26 W cm−2 at 500, 550 and 600 °C, respectively. 

In order to improve the sinterability of PCFCs based on BZY, aerosol deposition (AD) 

has been explored used to produce dense BZY films in commercially large areas with high 

deposition efficiency at low temperature (1200 °C) without using sintering aids. PCFCs 

fabricated using this method exhibit a  relatively small Ohmic resistance of ~0.5 Ω cm2  and a 

peak power density of ~180 mW cm−2 at 700 °C, which is one of the best performance results 

among the reported values of PCFCs based on BZY20.  

All fabrication methods discussed above need several high-temperature powder 

calcination steps, high-temperature sintering, and expensive precursors, which results in high 

cost and/or lack of scalability. Therefore, a new fabrication technology with cost-effective 

precursors and low energy consumption should be developed in order to dramatically decrease 

the cost of PCFCs. This is one of the main areas addressed by this thesis work (Chapter 3). 

2.8 Cathodes for protonic ceramic fuel cells 

Due to the different operation principle of PCFCs vs. SOFCs and the lower operating 

temperature, the development of suitable cathodes for PCFCs is critical for increasing 
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performance at 300-600 °C. As shown in Figure 2.7, traditional SOFCs are based on oxygen ion 

conductors. Cathodes for traditional SOFCs are mixed oxygen ion and electron conductors 

including BaxSr1-xCoyFe1-yO3-δ[33]–[35], YSZ+LaxSr1-xMnO3-δ composite cathode, LaxSr1-

xCoyFe1-yO3-δ, and SmxSr1-xCoO3-δ. As shown in the Figure 2.7, only the triple phase boundary 

can be active for the oxygen reduction reaction if these cathodes are applied for PCFCs. Limited 

surface area restricts the cathode reaction only to points where the electrolyte and electrode 

phases meet. In order to maximize cathode activity in PCFCs, a new material is needed that 

sustains the simultaneous conduction of protons, oxygen ions, and electrons (or holes). As shown 

in Figure 2.7, such triple conducting oxides (TCOs) can eliminate the triple-phase boundary 

constraints associated with traditional composite cathode architectures: with a TCO, the entire 

cathode becomes electrochemically active. 

 

Figure 2.7 Schematic description of the oxygen reduction mechanisms on MIEC cathode (A) and 
TCO cathode (B) for PCFCs 

 

a 

B 

A 
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Numerous potential cathode materials have been developed for PCFCs. Unfortunately, 

PCFC performance drops quickly with decreasing temperature which is partially due to 

insufficient cathode activity. To address this issue, Ba0.5Sr0.5Co0.8Fe0.2O3-δ–BaZr0.1Ce0.7Y0.2O3-δ 

composite cathodes were developed by Bin Lin[36] for intermediate-to-low temperature PCFCs 

which can deliver a peak power density of 0.42 W/cm2 at 700 °C and ~ 0.16 W/cm2 at 550 °C. 

Cathode total area specific resistance (ASR) at 550 °C was ~2.3 ohm·cm2. This ASR was 

dominated by the electrode polarization resistance (~1.5 ohm·cm2), which indicates that the 

cathode still needs further optimization if it is to be used below 550 °C. Moreover, long-term 

stability of this composite cathode and chemical compatibility of these two phases is unknown. 

The single phase perovskite cathode Ba0.5Sr0.5Zn0.2Fe0.8O3-δ developed by Ding et.al[37] for 

PCFCs can achieve a peak power density of 0.49W/cm2 at 700 °C and 61 mW/cm2 at 550 °C. Its 

area specified electrode polarization resistances are 0.08 ohm·cm2 and 0.99 ohm·cm2 at 700 °C 

and 550 °C respectively, and the cathode exhibits a relative high activation energy of ~ 0.96 eV.   

As discussed previously, in order to dramatically improve the performances of PCFCs at 

low temperatures, TCO cathodes for PCFCs should be developed. An ideal TCO PCFC cathode 

would consist of a single phase oxides with sufficiently high mixed proton and oxygen ion 

conductivity, high electronic conductivity, and high ORR activity at 300-600 °C. Electronic 

conductivity and ionic conductivity should be no less than 1 S/cm and 10-4 S/cm respectively. 

Because of this high electronic conductivity, TCOs are dominantly electronic conductors. TCOs 

are therefore different from protonic ceramic electrolytes (protonic conductor), oxygen-ion 

electrolytes (oxygen ionic conductor), and traditional mixed oxygen ionic and electronic 

conductors (MIECs),  

The simultaneous conduction of protons, oxygen ions, and electrons is key to the 

exceptionally high activity of TCO cathodes and is also important when considering its potential 

for new applications such as in multi-functional catalyst supports, and/or in electrochemical 

membrane reactors.  Due to the dominant electronic conductivity in TCOs, discovery of these 

materials (and in particular, verification that they possess sufficient ionic conductivity for the 

desired application) is extremely challenging. In these materials, ionic conductivity measurement 

based on traditional electrical characterization techniques including electrochemical impedance 

spectroscopy (EIS), DC conductivity relaxation, and electromotive force measurements (EMF) 
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are difficult (if not impossible) due to the dominating response from the much larger electronic 

conduction component. Therefore, an effective method to identify new TCOs and quantify their 

ionic conduction properties should be developed.  

The investigation of existing perovskite (ABO3-δ) materials demonstrating either proton, 

oxygen-ion, or electronic conductivity reveals the following key points:  

a) High proton conductivity is typically achieved in structures with large crystal lattices 

constructed from the large-size cations such as Ba2+ or Sr2+ on the A site and Zr4+, 

Ce4+/3+, Y3+, In3+, Gd3+, or Yb3+ on the B/C site. Strong basicity of the B-site acceptor 

dopant enhances lattice hydration and hence proton conductivity. A prototypical 

example is BaZrxY1-xO3-δ (BZY).  

b) High oxygen ion conductivity requires cubic symmetry and the presence of lower 

cation oxidation states (e.g. predominantly 2+/3+ valent cations such as Co2+/Co3+, 

Fe3+, Cu2+, and Ni2+). A prototypical example is SrCoxFe1-xO3-δ (SCF).  

c) Finally, high electronic conductivity is associated with B-site transition metal cations 

exhibiting reversible, multiple-oxidation-state behavior such as Co2+/Co3+, Cr2+/Cr3+,  

Fe2+/Fe3+, and Mn3+/Mn4+. Prototypical examples include La1-xSrxMnO3-δ (LSM) and 

La1-xSrxCrO3-δ (LSC). 

Based on these trends, we proposed the following empirical rules to initiate our 

exploration for novel TCO materials that can simultaneously combine high electron conductivity 

and good oxygen ion and proton conductivity:  

a) Choose chemically nontoxic and economically abundant elements.  

b) Select framework cations to achieve a stable cubic perovskite structure with large 

lattice constant. 

c) Include cations with low stable oxidation states to enable large oxygen vacancy 

concentration and mobility.  
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d) Dope the perovskite structures with transition metal cations that manifest multiple 

exchangeable oxidation states to ensure electronic conductivity  

e) Include at least one highly-basic acceptor dopant to enable lattice hydration (proton 

stabilization). 

f) Consider double perovskite oxides and Ruddlesden-Popper analogues of well-known 

proton conductors or MIEC oxides as parent candidates for introducing simultaneous proton and 

electron conduction.  

2.9 Solid oxide Electrolysis cell 

With the development of solar cells, wind power facilities, and other alternative energy 

technologies, more and more electricity from these intermittent renewable energy sources is 

supplied each year. However, the storage of this highly variable renewable electricity is still a 

problem. Energy can be stored in the batteries, but lifetime, capacity, cycling stability, and cost 

are all still significant issues. So, alternative electrochemical devices which can convert 

electricity to other forms of energy may be needed to solve the energy storage challenge. On 

potential solution is the solid oxide electrolysis cell (SOEC). An SOEC device, in principle, is 

the reversible version of an SOFC. It can convert electricity and water/carbon dioxide to 

hydrogen and/or carbon monoxide, or even other fuels by chemical electrolysis.  

 

Figure 2.8 Schematic illustration of solid oxide electrolysis cell 
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Figure 2.8 shows the schematic illustration of SOECs for steam electrolysis. SOECs are 

also based on oxygen-ion conductors. When an external DC power supply is applied, steam takes 

electrons and produce hydrogen and oxygen ions in the steam side. Oxygen ions migrate to the 

anode side. In the anode side, oxygen and electrons are released.  

2.10  Protonic ceramic electrolysis cell 

The protonic ceramic electrolysis cell (PCEC) is a sub-set of SOECs based on protonic 

ceramics. The PCEC is essentially the reverse of the PCFC. SrCe1-xScxO3-δ based PCECs were 

firstly developed by H. Iwahara et.al. in the 1980s [8]. Although they exhibited a high hydrogen 

production rate at 900 °C, they suffered from poor efficiency was still pretty low. In addition, it 

was questionable whether SrCe1-xScxO3-δ was still a proton conductor at 900 °C. The high 

operating temperatures also limited its commercial application.  

 

Figure 2.9 Schematic illustration of protonic ceramic electrolysis cell 

 

Figure 2.9 shows the operation principles of the PCEC. By applying DC power, steam is 

decomposed to oxygen molecules, protons and electrons in the anode. Protons migrate from the 

anode to the cathode through the proton-conducting electrolyte membrane. At the cathode, 

protons take electrons from the cathode to form hydrogen. So, the total reaction is water splitting 

as shown below 
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H2O(g)=H2(g)+1/2O2(g)                                                                                    Equation 1.3 

The Gibbs free energy of above reaction is the minimum energy required for the water 

decomposition. Based on Equation 1.4, the Gibbs free energy is  

 ∆�* = 2F�./0123.4536                                                                                         Equation 1.4 

F (96485 C/mol) is the Faraday’s constant which is the amount of charge for one mole of 

electrons. So, ∆�* can also represent the minimum work energy required for splitting one mole 

of water.  �./0123.4536 is the corresponding theoretical minimum required electrolysis voltage. 

Under realistic conditions, the theoretical electrolysis voltage can be expressed by the following 

equation which takes into account the partial pressure of the involved gases as well as the 

temperature[38].  

 �./0123.4536 = 	∆78
9: = 	∆78;

9: + <=
9: ��

@(AB,53./1D0)×F(GB,3H1D0)
@(ABG,IJKLMNO)

                                Equation 1.5 

 

 

Figure 2.10 Electric, thermal and total energy demand for H2O electrolysis as a function of 
temperature, showing the electric energy demand decreasing considerably which is compensated 
by the thermal energy with increasing working temperatures [39].  
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As shown in the Figure 2.10, the Gibbs free energy for water splitting is lower than the 

enthalpy for water splitting. Enthalpy can be considered as the chemical energy (as measured by 

the heat of combustion) stored in the hydrogen produced by steam electrolysis. So, the minimum 

electrical energy required for steam electrolysis is lower than the chemical energy associated 

with the hydrogen that is produced. This is due to the endothermic nature of steam electrolysis, 

which means that the process can not only utilize electricity but also utilize heat (at least partially) 

to provide the total energy required for splitting water. In this case, utilization of heat for steam 

electrolysis can enhance the energy efficiency.  

PCEC can operate at low temperatures compared with oxygen-ion conductor SOECs, 

which offers the more heat for splitting water.  

Protonic ceramics have been used for a variety of protonic ceramic electrolysis cell 

demonstrations (PCECs) including protonic ceramic steam electrolysis, and steam electrolysis 

combined with electrochemical conversion of CO2. Just as with PCFCs, PCEC devices also 

consist of three major components: a cathode (fuel electrode), an electrolyte, and an anode 

(steam electrode). With continuous power applied to the cell, the steam splitting process occurs 

at the steam electrode (anode) side of the device and protons are conducted to the fuel electrode 

(cathode) side of the device through the electrolyte. In the cathode, the protons react with 

electrons to produce hydrogen. If CO2 is supplied to the fuel electrode side in concert with H2O, 

the CO2 and H2O can be electrochemically converted to syngas by reacting with protons and 

electrons.  

The PCEC was firstly demonstrated by H.Iwahara et al.[11] for the electrolysis of steam. 

This steam electrolysis cell was based on SrCeO3-δ, which is a protonic conductor in the presence 

of hydrogen or water vapor. It could be operated stably at 800 – 1000 °C. The high Ohmic 

resistance of the electrolyte can, in theory, be reduced by reducing its thickness, which could also 

allow for a decrease in operating temperature.  

2.11  Other applications of protonic ceramics 

Since proton conducting ceramics work at relative high temperatures (300-600 °C), they 

can be also used as materials for other high temperature electrochemical devices including in-situ 
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high temperature hydrogen sensors, steam sensors and hydrocarbon sensors. Sensors based on 

high temperature protonic ceramics can be used to detect hydrogen and hydrocarbon 

concentrations in exhaust gases, monitor hydrogen isotope concentrations in the nuclear energy 

industry, and monitor chemical pollutants and steam concentrations for a variety of industrial 

applications. In addition to detecting chemical gases, these kind of sensors can also potentially be 

used to detect hydrogen content in melts and solids [40].  

High temperature protonic ceramic sensors were firstly developed by Iwahara et al. [41] 

and have been intensively studied. H.Borland et.al [42] applied the following compounds: 

BaZr0.9Y0.1O3, BaCe0.6Zr0.3Y0.1O3−δ, and Sr3Fe1.8Co2O7 as high temperature protonic ceramic 

hydrogen sensors. The sensors based on BaZr0.9Y0.1O3−δ, BaCe0.6Zr0.3Y0.1O3−δ and 

Sr3Fe1.8Co0.2O7−δ exhibited stable output potential and measurement values close to the 

theoretical value calculated with the Nernst equation (deviation around 60 mV), suggesting 

calibration with local standards might not even be needed for such sensors.  
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CHAPTER 3  
READILY PROCESSED PROTONIC CERAMIC FUEL CELLS WITH HIGH 

PERFORMANCES AT LOW TEMPERATURES 

 Modified from a paper publish in Science (DOI: 10.1126/science.aab3987) 

Chuancheng Duan, Jianhua Tong, Meng Shang, Stefan Nikodemski, Michael Sanders, 

Sandrine Ricote, Ali Almansoori, Ryan O’Hayre 

3.1 Abstract 

Because of the generally lower activation energy associated with proton conduction in 

oxides compared to oxygen ion conduction, protonic ceramic fuel cells (PCFCs) should be able 

to operate at lower temperatures than solid oxide fuel cells (250-550 °C vs. ≥600 °C) on 

hydrogen and hydrocarbon fuels if fabrication challenges and suitable cathodes can be developed. 

We fabricated the complete sandwich structure of PCFCs directly from raw precursor oxides 

with only one moderate-temperature processing step through the use of sintering agents such as 

copper oxide. We also developed a proton, oxygen-ion, and electron-hole conducting PCFC-

compatible cathode material, BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY0.1) that greatly improved 

oxygen reduction reaction kinetics at intermediate to low temperature. We demonstrated high 

performance from five different types of PCFC button cells without degradation after 1400 hours. 

Power densities as high as 445 milliwatt per square centimeter at 500 °C on H2 and 142 milliwatt 

per square centimeter on CH4 were achieved, and operation was possible even at 350 °C. 

3.2 Introduction 

Among the various types of fuel cells, ceramic fuel cells possess several attractive 

advantages such as fuel flexibility (including the potential to directly use hydrocarbon fuels), 

high efficiency, and no need for precious-metal catalysts [43]–[45], but high operating 

temperatures (700 to 1000 °C for conventional “first generation” yttria-stabilized zirconia YSZ-

based solid oxide fuel cell (SOFCs)) results in high costs and materials compatibility challenges 

[46], [47]. “Second-generation” SOFCs [47], [48] based on newer oxygen ion conducting 

electrolytes (such as samarium doped ceria (SDC)), lowered operating temperatures to ~ 600°C 

(Figure 3.1)Nanostructured “third generation” SOFCs incorporating rare-earth elements such as 

Eu or Ru, and ultrathin multilayer electrolytes or core-shell nanofiber composite electrodes have 
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achieved exceptional performance at 450° to 600 °C [49], [50], but performance drops rapidly 

with decreasing temperature because the high activation energy Ea associated with oxygen ion 

conduction (Figure 3.1B).Proton conduction in oxides generally has a lower Ea compared to 

oxygen ion conduction, so protonic ceramic fuel cells (PCFCs) offer intriguing potential for 

high-performance [21], [23]–[25], [51], lower-temperature ceramic fuel cell operation. PCFCs 

also offer a number of other potential benefits compared to SOFCs, particularly when operating 

on hydrocarbon fuels. These advantages, illustrated in Fig. 1C, include higher CH4 conversion 

because of direct proton (hydrogen) removal from the anode and higher carbon coking resistance 

because of unfavorable Bouduard Reaction. However, current PCFC performance lags far behind 

SOFC performance(Figure 3.1A), although in the late 1990s, Kreuer et al. provided an important 

step towards enabling viable PCFCs with the demonstration of stable yttrium-doped barium 

zirconate (BZY) proton conductors with high (bulk) proton conductivity [26], [27]. However, the 

high grain boundary resistance and fabrication challenges associated with this refractory material 

system have, until now, constrained its application. Nevertheless, the intrinsic conductivities of 

currently available protonic ceramic electrolytes suggest that PCFCs can eventually deliver 

excellent performance between 250-550 °C. The predicted PCFC performance values based on 

the limits of current PCFC electrolytes (Figure 3.1B)are distributed between 0.2 to 1.6 W cm-2 at 

350-600 °C, based on a 10 µm thick electrolyte (similar to current third-generation SOFCs) and 

assuming electrode resistances identical to those reported in this paper. Moreover, if epitaxial or 

“bamboo-structured” PCFC electrolytes can be achieved, thereby mitigating the deleterious 

effect of blocking grain boundaries, PCFC power densities > 2.0 W cm-2 could be reached.  

Two major reasons why PCFCs have lagged their more mature SOFC counterparts are a 

lack of suitable cathodes expressly designed for PCFC operation and fabrication challenges 

stemming from the refractory nature of most PCFC electrolytes. Here, we introduce advances 

that address both of these issues, leading to good PCFC performance at temperatures between 

350-500 °C with power densities of 100-445 mW cm-2. 
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Figure 3.1 Comparison of PCFCs and SOFCs. (A) Performance of current “first-generation” 
(YSZ-based) SOFCs, “second-generation” (SDC, GDC, and LSGM-based) SOFCs, and “first 
generation” PCFCs vs. the SSRS-fabricated PCFC with triple-conducting oxide cathode reported 
here. The new SSRS-based PCFC shows excellent promise in the intermediate and low-
temperature regime (350-600 °C). (B) Performance of recently reported nanostructured “third 
generation” SOFCs, which generally incorporate exotic elements such as Eu or Ru, ultra-thin 
multi-layer electrolytes and/or highly nanostructured electrodes vs. predicted performance of 
PCFCs based on the currently achievable area specific resistance of a 10 µm thick protonic 
ceramic electrolyte and assuming electrode resistances identical to those reported in this paper. 
The predicted performance suggests that PCFCs can eventually deliver excellent performance in 
the IT range (250-550 °C)—rivaling, if not surpassing, the best third-generation SOFCs. 
Moreover, the decreased activation energy of PCFC electrolytes compared to SOFC electrolytes 
suggests PCFCs can be particularly attractive at lower temperatures. (References used for 
assembling the data points in Figure 3.1A,B are provided in the supplementary materials). (C) 
Schematic illustration of SOFC/PCFC operation. PCFCs can offer a number of other potential 
benefits compared to SOFCs, particularly when operating on hydrocarbon fuels. These 
advantages include higher CH4 conversion because of direct proton (hydrogen) removal from the 
anode and higher carbon coking resistance due to conditions disfavoring the Bouduard Reaction 
(Figure 3.2). 
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Figure 3.2 The ratio of CO/CO2 versus hydrogen removal percentage at 500°C (A) and versus 
operation temperature without hydrogen removal (B). Operation pressure, 10bars; H2O/CH4. 

 

Another potential issue with direct methane fuel cells at low-temperature is that the 

exothermic Bouduard Reaction (2CO=C+CO2) can lead to carbon deposition, particularly at 

lower temperatures. As discussed by Barnett et al. [43], when the total pressure of CO2 and CO is 

0.2 atm, the ratio of CO/CO2 needs to be lower than ~0.14 in order to avoid carbon formation at 

B 

A 
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500 oC. They concluded that the temperature range of 500-700 °C should be optimum for 

hydrocarbon operation (to avoid Bouduard reaction at T≥500 °C and to avoid pyrolysis at T≤700 

°C).  

The calculation of Barnett et al. is based on a “dry reforming” direct methane fueled 

SOFC assuming very little water concentration in the fuel stream. However, for the direct 

methane PCFC studied here, a high water concentration (steam to carbon ratio of 2.5) is used for 

methane steam reforming. Even under the case of 100% methane conversion, the steam to carbon 

ratio in the anode should therefore remain above at least 0.5. The WGS reaction 

(CO+H2O=CO2+H2) will be favored and the removal of H2 through the proton conducting 

electrolyte will shift the WGS reaction towards products, which will also decrease the amount of 

CO vs. CO2. This effect is shown in Figure 3.2a, calculated by HSC5.1 using the method 

described in reference [52]. Lower operating temperatures also shifts the WGS reaction towards 

products (CO2) and thereby also acts to decrease the CO/CO2 ratio (Figure 3.2B). These aspects 

of low-temperature SRM-based direct-methane PCFC operation favor a low CO/CO2 ratio, 

thereby disfavoring the Bouduard reaction and helping to prevent coking.  

3.3 Experiments 

3.3.1 Preparation of Precursor Powders for Anode, Electrolyte, and Cathode Bone 

The precursor powders for the anode, electrolyte and cathode bone were prepared by 

simple mixing and drying processes. For example, the anode precursor powder of 40wt.% 

BCZYYb + 60wt.% NiO (BCZYYb=BaCe0.7Zr0.1Y0.1Yb0.1O3-δ) was prepared by mixing proper 

amounts of BaCO3, CeO2, ZrO2, Y2O3, Yb2O3, and NiO according to the desired stoichiometry 

with 20wt.% starch pore former (based on the sum of BCZYYb and NiO). This raw precursor 

mixture was ball-milled in isopropanol with 3 mm YSZ (yttria-stabilized zirconia) beads for 48 h, 

followed by drying at 90°C for 24 h. Similarly, the electrolyte precursor powder of BCZYYb + 

1.0wt.% NiO was prepared by mixing proper amounts of BaCO3, CeO2, ZrO2, Y2O3 and Yb2O3 

according to the desired BCZYYb stoichiometry with the addition of 1.0wt.% NiO as a sintering 

aid. This raw precursor mixture was blended using the same ball-milling and drying procedures 

used for the anode precursor. Finally, the cathode bone precursor of BCZY63 

(BaCe0.6Zr0.3Y0.1O3-δ) powder was prepared by mixing proper amounts of BaCO3, CeO2, ZrO2, 
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and Y2O3 according to the desired BCZY63 stoichiometry with the addition of 0.025wt.% Fe2O3 

as a sintering aid and 45wt.% starch pore-former. This raw precursor mixture was blended using 

the same ball-milling and drying procedures used for the anode and electrolyte precursors.  

By using the same procedures the anode precursor powders of 45wt.% BZY20 + 55wt.% 

NiO (BZY20=BaZr0.8Zr0.2O3-δ), 40wt.% BCZY63+ 60wt.% NiO and electrolyte precursor 

powders of BZY20 + 1.0wt.% NiO, BZY20 + 1.4wt.% CuO, and BCZY63 + 1.3wt.% CuO were 

also prepared according to their respective stoichiometries from BaCO3, CeO2, ZrO2, Y2O3, and 

NiO/CuO with or without starch.  

3.3.2 Synthesis of BCFZY0.1 Cathode Precursor Powder 

Precursor powders of BCFZY0.1 (BaCo0.4Fe0.4Zr0.1Y0.1O3-δ) were synthesized by the 

improved sol-gel method. In brief, the calculated amounts of Ba(NO3)2 (Alfa Aesar), 

Co(NO3)2•H2O (Alfa Aesar), Fe(NO3)3•9H2O (Alfa Aesar), ZrO(NO3)2 35wt.% in dilute nitric 

acid (Sigma Aldrich) and Y(NO3)3•6H2O (Alfa Aesar) were dissolved in EDTA (Alfa Aesar)-

NH3H2O (Alfa Aesar) solution under continuous heating and stirring. Then citric acid was 

introduced, with the molar ratio of EDTA acid : citric acid : total metal ions controlled to be 

around 1.5 : 1.5 : 1. Subsequently, NH3H2O or HNO3 was used to adjust the pH value to around 

9, and the solution became immediately clear. By evaporating the water, a dark purple gel was 

obtained. The gel was then put into a drying oven at 150 °C for 24 h to get the primary powder, 

which was then ball milled with butanol as solvent for 48 h. Then, the powder was dried at 90 °C 

for 24 h. The powder was then calcined at 600 °C for 5 h followed by ball milling with 

isopropanol as solvent for 24 h and dried at 90 °C for 24 h to obtain final powder for the further 

slurry making. 

3.3.3 Fabrication of Single Cells by Full SSRS Method  

Precursor pastes of the electrolyte and cathode were prepared by mixing 30 g of the 

respective powders with 6 g dispersant (20wt.% solsperse 28000 (Lubrizol) dissolved in terpinol), 

and 2 g binder (5wt.% V-006 (Heraeus) dissolved in terpinol). The anode precursor powder was 

dry-pressed under 375 MPa for 2 minutes in a circular carbon-aided steel die set with a diameter 

of 19 mm to produce green anode pellets (2 mm thick). A thin electrolyte precursor paste layer 

(15~50 µm after firing) was deposited on each side of the green anode pellets by screen-printing. 
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(The electrolyte was applied to both sides of the cell to minimize asymmetric stress issues during 

sintering.) The cathode precursor paste layer (~10-50 µm thick after firing) was subsequently 

printed on top of one of the electrolyte precursor layers. The complete structure is fired at 

1400 °C for 18 h. After firing, the extra electrolyte layer is removed by grinding and a complete 

single cell (porous anode | dense electrolyte | porous cathode) is obtained. By using this method, 

cell 1 was fabricated successfully. 

3.3.4 Fabrication of Single Cells by Half SSRS Method  

The anode green pellets fabrication and electrolyte layer deposition method was 

analogous to the half SSRS method. This “half-cell” anode/electrolyte structure was then fired at 

1400-1450 °C  for 18 h. After firing, the extra (stress-compensating) electrolyte layer was 

removed by grinding and the cathode (~10-20 µm thick) was printed on the electrolyte and the 

cell was fired at 900 °C for 5 h. After that, a complete single cell (porous anode | dense 

electrolyte | porous cathode) is obtained. By using this method, cells 2-5 were fabricated 

successfully. 

3.3.5 Preparation of Cathode Catalyst Solution and Infiltration  

To prepare the active BCFZY0.1 cathode catalyst coating, stoichiometric amounts of the 

respective metal nitrates  (0.05 mol total metal ion concentration) are dissolved in 90 mL DI 

water. 0.75 mol citric acid is added as a complexing agent to facilitate the homogeneous 

distribution of the componential metal ions. In order to improve the solubility of precursors, 10 

mL 25wt.% NH3H2O is added. Typically, 10 µL of this BCFZY0.1 solution is infiltrated into the 

pores of the cathode bone structure under vacuum using a microliter syringe to control the 

loading amount. The infiltrated cells are fired at 400 °C for 1 h. The above process is repeated 

two more times and finally the cells are sintered at 900 °C for 5 h to obtain the desired nano 

crystalline phase of BCFZY0.1. 

3.3.6 BCFZY Pellet Preparation for Thermogravimetric Analysis (TGA) of Proton Uptake 

The as-synthesized sol-gel BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY0.1) powder was calcined at 

900 °C for 10 h then pressed into pellets in a carbonized stainless steel die set with diameter of 

12.5 mm using 375 MPa for 120 s. The final dense pellets with diameter of about 9-11 mm and 

thickness of 0.5-1.0 mm were obtained after sintering at 1120 °C for 5 h.   
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3.3.7 TGA Experimental Protocol for BCFZY Proton Uptake Measurement 

The TGA experiments were carried out as follows: 

1) Heat to 500 °C at 10 °C/min in a dry environment of 20 mL/min air and 83 mL/min 

UHP nitrogen. Final pO2 = 4.3% / Final pH2O = 0.04% (dew point of -35 °C). 

2) Hold in dry environment of 20 mL/min air and 83 mL/min UHP nitrogen for 33 

minutes. 

3) Switch to wet environment of 20 mL/min air and mixture of 81 mL/min UHP nitrogen 

with 2 mL/min water for 2 h. Final pO2 = 4.3% / Final pH2O = 0.95% (dew point of 3.25 °C). 

4) Switch back to dry environment of 20 mL/min air and 83 mL/min UHP nitrogen for 2 

h. Final pO2 = 4.3% / Final pH2O = 0.17% (dew point of -16 °C). 

5) Begin cooling at 5 °C/min in 20 mL/min air. Final pO2 = 19% / Final pH2O = 0.17% 

(dew point of -16 °C). 

The BCFZY0.1 TG run was calibrated against an inert alumina blank sample with nearly 

identical dimensions and mass under the same testing protocol. 

3.3.8 Hydrogen-Fueled Single Cell Testing 

I-V polarization tests of the PCFC button cells (sealed onto an alumina tube and reduced 

under 5vol.% H2 for 24 h and 10vol.% H2 for another 24 h at 600 °C) were performed with 100 

mL/min air and 20 mL/min hydrogen as oxidant and fuel respectively by a Gamry Reference 

3000 over a range of temperatures from 350-600 °C.  

3.3.9 Methane-Fueled Single Cell Testing 

All the PCFC button cells for testing in methane were infiltrated with a 10 µL 1.5wt.% 

N4O10Ru (Ruthenium nitrosyl nitrate) solution into the porous anode prior to coating the cathode 

layer at 900°C. I-V polarization tests of all the cells were performed with 100 mL/min (STP) air 

as oxidant and 20vol.% CH4 (10 mL/min) + 30vol.% Ar + 50vol.% H2O or 28.6vol.% CH4 (5 

ml/min) + 71.4vol.% H2O as fuel by a Gamry Reference 3000 over a range of temperatures from 

350-600 °C.  
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3.3.10 Symmetric Cell Testing 

Symmetrical cells with the configuration of electrode | electrolyte | electrode were used 

for electrochemical impedance spectroscopy (EIS) studies. Proton conducting ceramic pellets of 

BCZYYb were synthesized by the solid-state reactive sintering (SSRS) method from the cost-

effective raw oxides. Dense BCZYYb + 1.0wt.% NiO pellets of 15 mm in diameter and 2 mm in 

thickness were prepared by dry pressing under 375 MPa for 120 s and were subsequently 

sintered in air at 1350 °C for 24 h. The BCFZY0.1 paste was prepared by mixing 5 g of the 

cathode powder with 1 g dispersant (20wt.% solsperse 28000 (Lubrizol) dissolved in terpinol), 

and 0.3 g binder (5wt.% V-006 (Heraeus) dissolved in terpinol). The obtained slurry was screen-

printed symmetrically on both surfaces of the BCZYYb + 1.0wt.% NiO pellets, followed by 

annealing at 900 °C for 5 h in stagnant air. Silver mesh and gold wire were attached to the 

electrode surfaces using gold paste as the current collector followed by heat treatment in air at 

900 °C for 1 h. 

Electrochemical impedance spectroscopy (EIS) of symmetrical cells was performed with 

a Gamry Reference 3000 Potentiostat/ Galvanostat/ZRA using a signal amplitude of 10 mV 

under open circuit voltage (OCV) conditions in the frequency range of 0.01-106 Hz. EIS was 

conducted under UHP Argon, 1vol.% O2, 10vol.% O2, and 21vol.% O2 balanced with UHP 

Argon. The symmetrical cell tests were performed in humidified atmospheres (P(H2O) ≈0.03 

atm). 

3.3.11 Structure and Morphology Characterization 

X-ray diffraction (XRD) analyses of all powders and pellets were performed at room 

temperature using a Philips X’Pert Pro MPD diffractometer(PANalytical, Almelo, the 

Netherlands) with Cu-Kα radiation, tube voltage 45 kV, and tube current 40 mA. Intensities were 

collected in the 2 theta range between 10 o and 120 o with a step size of 0.008 o and a measuring 

time of 5 s at each step. The microstructure and chemical composition of the sintered pellets 

were investigated by means of Field Emission Scanning Electron Microscopy (FE-SEM, JEOL 

JSM7000F). 
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3.4 Results and discussion 

3.4.1 Triple conducting oxide cathode development  

The poor performance of most PCFCs is attributed, in-part, to the fact that they use 

cathodes that were developed for SOFCs operating at much higher temperatures (700-1000 °C) 

when target PCFC operation temperatures are near 500 °C. We have developed a new perovskite 

cathode composition, BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY0.1) that is specifically designed for 

PCFCs. BCFZY0.1 is a Y-doped modification of BaCo0.4Fe0.4Zr0.2O3-δ (BCFZ), which we 

previously reported as a highly active and chemically compatible cathode material for PCFCs 

[53]. Figure 3.3A shows the XRD patterns of BaCo0.4Fe0.4Zr0.2-xYxO3-δ (BCFZY, x =0-0.15) 

oxides, which were prepared by sol-gel method and sintered in air at 1000 °C for 5 h. A single 

cubic perovskite structure is formed for all the samples, demonstrating that BCFZY can be 

stabilized to the cubic phase by B-site doping with Y lower than 15 mol.%. For the compositions 

that retained the cubic perovskite structure, no impurities were detected beyond the baseline 

noise level, indicating a high level of crystalline phase purity. Careful inspection of Figure 3.3B 

reveals that the XRD peaks shift gradually to lower angles with increasing yttrium doping level 

from x = 0 to 0.15, indicating the increased lattice parameter with yttrium doping. This is readily 

understood by considering the larger size of the yttrium ion (VY3+ = 0.90 Å) compared to the 

zirconium ion (VZr4+ = 0.72 Å). Given the lack of impurities observed in the XRD patterns, even 

with larger amounts of yttrium doping (up to x =0.15), it seems likely that at least the majority of 

the yttrium has been incorporated into the perovskite structure. Figure 3.4 demonstrates a linear 

correlation between the yttrium content (x) and an increase in the average unit cell size of 

BCFZY, consistent with the incorporation of a larger ionic radius ion such as yttrium on the B-

site of the lattice. 
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Figure 3.3 (A) The XRD patterns of BaCo0.4Fe0.4Zr0.2-xYxO3-δ (BCFZY, x = 0-0.15) oxides, 
which were prepared by sol-gel method and calcined in air at 1000°C for 5 h; (B) Enlarged view 
of peaks around 30 degrees. 
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Figure 3.4 Analysis of the lattice parameter and cell volume for BaCo0.4Fe0.4Zr0.2-xYxO3-δ 

(BCFZY, x = 0-0.15) as a function of yttrium content. 

 

BCFZY0.1 is a transition-metal doped derivative of the well-known proton conducting 

oxide BaZrxY1-xO3-δ (BZY) [18]. Although BZY is an excellent proton conductor and also 

exhibits some oxygen ion conductivity in dry reducing atmospheres [54], its electronic 

conductivity is extremely small. By heavily doping the B-site of BZY with transition metal 

cations (Co and Fe), the electronic percolation threshold is exceeded, thus activating electronic 

conduction while maintaining ionic conductivity (Figure 3.4, Figure 3.5, Figure 3.6).  
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Figure 3.5 DC conductivity of BCFZY0.1 in humidified air measured by the 4 probe method. 
BCFZY0.1 exhibits electronic conduction above 475 °C with low activation energy. 

 

 

Figure 3.6 Cathode ASR values for the BCFZY | BCZYYb | BCFZY symmetric cells (in 
humidified air) in an Arrhenius diagram as a function of temperature for various concentrations 
of Y doping. 

 

Figure 3.6 shows the cathode ASR values for a series of BCFZY symmetric cells (with 

varying Y-doping concentration) in an Arrhenius diagram as a function of temperature. The 
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BCFZY0.1 cathode yields the lowest ASR values (best performance). As temperature decreases, 

the ASR of all samples increases. Activation energies extracted from the cathode ASR data via 

the Arrhenius equation yield significantly lower values for the BCFZY0.1 cathode compared to 

the other cathode compositions. 

 

 

Figure 3.7 Cathode ASR values for the optimized BCFZY0.1 symmetric cells (in humidified air) 
in an Arrhenius diagram as a function of temperature. Optimized cathode is prepared by sol-gel 
method, pre-calcinated at 600 °C, and then sintered at 900 °C to form the symmetric cell as 
compared to previous BCFZY0.1 cathode prepared by sol-gel method, pre-calcined at 800 °C, 
and then sintered at 1100 °C to form the symmetric cell. 

 

The result is a “triple conducting” cathode material [55], [56] that exhibits simultaneous 

proton, oxygen ion, and electron hole conductivity (Figure 3.8, Figure 3.9).  
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Figure 3.8 (A) Cathode ASR values for the optimized BCFZY0.1 symmetric cell under various 
atmosphere. Cathode was prepared by sol-gel method, pre-calcined at 600°C, and then sintered at 
900°C to form the symmetric cell (B) Cathode 1/ASR values under various P(O2) at 
P(H2O)=0.025atm (C) Cathode 1/ASR values under various P(O2) at P(H2O)=0.01atm (d) 
Cathode protonation and deprotonation profile measured by thermogravimetric analysis (sample 
mass = 459.6 mg). 

 

Figure 3.8A shows the BCFZY0.1 symmetric cell ASR under different atmospheres from 

350°C to 600°C. The activation energy increases with increasing oxygen partial pressure, but 

decreases with increasing water partial pressure, which is indirect evidence for proton 

conduction in BCFZY0.1. Figure 3.8B and C show the cathode 1/ASR values under various P(O2) 

at P(H2O)=0.025atm and 0.01atm, respectively. 
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Standard defect reaction and mass action laws can be applied to describe the likely defect 

reaction equilibria in BCFZY. Using Kroger-Vink notation, proton uptake by water 

incorporation can be described via:  

�9� + �G•• + �G× ↔ 2��G• ; 	�V = [GAX• ]B
[ZX••][\BX

                                                     Equation 3.1 

[��G• ] = �V]/9[�G••]]/9�ABG
]/9                                                                               Equation 3.2 

where KW is the equilibrium constant for water incorporation (Wagner hydration). 

Equation 3.3 thus describes the predicted variation in proton concentration as a function of Kw, 

the external PH2O, and the oxygen vacancy concentration. For oxidation, we have: 

]
9�9 + �G

•• ↔ 2ℎ• + �G×; 	�G = @B
[ZX••][XB

a/B                                                            Equation 3.3 

p = �G]/9[�G••]]/9�GB
]/c                                                                                        Equation 3.4 

where KO is the equilibrium constant for the oxidation reaction. Equation 3.4 thus 

describes the variation in oxygen vacancy concentration as a function of Ko, the external PO2, 

and the concentration of holes (which increase with increasing oxygen partial pressure at fixed 

temperature). For a majority hole conductor (such as BCFZY), �KMK will be dominated by the 

hole conductivity, which as shown in Equation 3.4 is proportional to  �GB
]/cat constant water 

partial pressure.  

Figure 3.8B-C show 1/ASR vs logP(O2),  the slope of which may indicate a cathode 

reaction process limited by the hole-dominated conductivity of the cathode. Under wet 

conditions (PH2O = 0.025 atm), all curves are very close to 1/4 slope, but under drier conditions 

(PH2O = 0.01 atm) the slope varies from almost zero at high-T to ~1/2 at low-T, potentially 

indicating a change in the rate-limiting reaction step with T under dry conditions.  

Although the cathode ASR data provides only indirect evidence for proton uptake in 

BCFZY, the results of the TG study in Figure 3.8D provide strong and direct evidence for proton 

uptake in BCFZY. As shown in this figure, upon a sudden stepwise increase in pH2O under 

constant pO2, BCFZY experiences an increase in mass. This mass change can be ascribed to 
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either the hydration or hydrogenation reactions shown in Equations 3.5 and  3.6 (or a 

combination of the two).  

�9�(e) + �G× + �G•• = 2��G•                                                                              Equation 3.5 

�9�(e) + 2�G× + 2ℎ• = 2��G• + a
B�9(e)                                                           Equation 3.6 

Thus, these reactions give the low and high limits respectively to the likely proton uptake 

in BCFZY0.1. Based on mass increase measured for BCFZY0.1 in Figure 3.8D, the low and high 

proton concentration limits at 500 °C and 0.95% pH2O are calculated to be 0.21% mol H+/mol 

BCFZY0.1 and 1.9% mol H+/mol BCFZY0.1, respectively. 

Using a similar method, Poetzsch & Maier [55] reported proton concentrations for the 

triple conducting oxide Ba0.5Sr0.5Fe0.8Zn0.2O3 (BSFZ) of 0.32-1.3mol% at 20 mbar pH2O (~2% 

H2O) in the temperature range of 350-600 °C. Thus, the preliminary TGA study here confirms 

that BCFZY0.1 shows comparable, if not slightly higher proton uptake than the previously 

reported BSFZ triple conducting oxide. Considering the larger lattice constant of BCFZY0.1 

compared to BSFZ and the relatively symmetric cubic perovskite structure, it is likely that proton 

mobility will also be higher in BCFZY0.1, consistent with the low activation energies for 

BCFZY0.1 obtained from symmetric cell measurements in moist atmospheres.  

Figure 3.9 compares the electrode ASR obtained from a fuel cell using the two-phase 

BCZY63 + BCFZY0.1 composite cathode prepared by the full SSRS fabrication method against 

a fuel cell using the single-phase BCFZY0.1 thin-film cathode prepared by the half SSRS 

fabrication method. The two cells show nearly identical activation energies, indicating similar 

limiting reaction mechanisms for the two cathodes. The ASR of composite cathode is lower 

because of the smaller size of the BCFZY0.1 nanoparticles. Nevertheless both cathodes show 

excellent low-temperature ASR performance.  
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Figure 3.9 Electrode ASR of BCZYYb cells with BCFZY0.1 thin film cathode (cell 2) and 
BCZY63 + BCFZY0.1 composite cathode (cell 1). 

 

As illustrated in Figure 3.8, the application of conventional SOFC cathodes (which are 

based on either electron-conducting oxides or mixed oxygen-ion and electron conducting oxides) 

to PCFC electrolytes restricts the cathode reaction only to points where the electrolyte and 

electrode phases meet. In contrast, the triple conducting BCFZY0.1 cathode eliminates the triple-

phase boundary constraints associated with traditional composite cathode architectures: the entire 

cathode becomes electrochemically active, which offers the chance to lower the viable operating 

window of PCFC devices to <400°C compared to >700°C today (Table 3.1). 
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Table 3.1 Performance comparison for BCFZY0.1 and other cathode materials 

Cell composition 
Measurement 
condition 

Temperature 
Electrode 
resistance 
(Ω cm2) 

Ref. 

40wt.% BCZYYb + 60wt.% 
NiO| 
BCZYYb+1.0wt%NiO|BCFZY
0.1 

H2/Air 500 °C 0.26 
This 
work 

40wt.% BCZYYb + 60wt.% 
NiO| 
BCZYYb+1.0wt%NiO|BCZY6
3+BCFZY0.1 

H2/Air 500 °C 0.20 
This 
work 

NBCaCO-GDCs/GDC/Ni-GDC 97%H2+3%H2O/Air 500 °C ̴ 0.30 [57] 

NiO-BZCYYb|BZCYYb| 
NBSCF 

97%H2+3%H2O/Air 600 °C 0.28 [58] 

NiO-SDC|SDC|BSCF 97%H2+3%H2O/Air 500 °C ~ 0.14 [59] 

NiO-SDC|SDC|SSC+SDC 97%H2+3%H2O/Air 600 °C 0.32 [60] 

Core/shell fiber-structured 
BSCF+GDC|GDC|nanocomposi
te Ni-GDC anode functional 
layer |Ni+GDC 

H2/Air 500 °C 0.07 [50] 

YSZ+NiO|YSZ|LSM+YSZ 97%H2+3%H2O/O2 800 °C 0.27 [61] 

YSZ+NiO|YSZ|LSM+YSZ 97%H2+3%H2O/ O2 700 °C 0.25 [61] 

YSZ+NiO|YSZ|LSM+YSZ 97%H2+3%H2O/ O2 600 °C 1.08 [61] 

NiO-BZCY|BZCY| PBCO 97%H2+3%H2O/Air 600 °C 0.92 [62] 

 

3.4.2 PCFC fabrication method 

Fabrication complexity has also restrained the commercial development of PCFC 

technology. The basic structure of a PCFC consists of a fully dense proton conducting ceramic 

electrolyte membrane sandwiched between a porous anode and a porous cathode. Traditionally 

(Fig. 3.10A), the high-quality componential powders (electrolyte, anode, and cathode) must be 

synthesized from expensive precursors (e.g. nitrates) by complicated wet-chemistry routes (or by 
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time and energy consuming solid-state reaction procedures) followed by multiple drying, 

grinding, and high-temperature calcination (≥1000 °C) steps. The anode support is then prepared 

and bisque fired, after which the electrolyte layer is deposited and the anode/electrolyte “half-cell” 

is co-fired at temperatures higher than 1600 °C to achieve acceptable electrolyte density. The 

high sintering temperature required to achieve densification of the protonic ceramic electrolyte 

generally also leads to undesirable coarsening of the anode structure. Finally, a porous cathode 

layer is deposited and the cell is fired a third time to complete the structure. This separate 

cathode deposition and firing step frequently leads to interfacial weakness between the cathode 

and the electrolyte and can constrain the choice of materials options.  

 

 

Figure 3.10 Schematic illustration of the fabrication and structure of PCFC button cells. (A) 
traditional approach, (B) composite cathode SSRS approach, and (C) thin film cathode SSRS 
approach. 

 

Our PCFC fabrication method enables the full cell (i.e., porous anode, dense electrolyte, 

and porous cathode) to be created in a single reduced-temperature (1400°C) firing step directly 

from the raw precursor oxides (Figure 3.10B). This approach leverages the recent development 
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of solid-state reactive sintering (SSRS) [22], whereby carefully selected sintering aids can be 

used to assist the conversion of appropriately mixed raw precursor oxides/carbonates (e.g. 

BaCO3 + CeO2 + ZrO2 +… etc.) directly into the final phase-pure anode, electrolyte, and cathode 

perovskite compositions during the single firing step. As shown in Figure 3.11, it is very clear 

that the pure perovskite phase of BCZYYb and pure NiO phase were fabricated after firing at 

1400 °C for 12 h. No phase impurities were detected even though the anode green body starts 

from a mixture of BaCO3, CeO2, ZrO2, Y2O3, Yb2O3, NiO, and starch.  

By using different sintering aids for the electrolyte vs. the cathode, the former can be 

rendered fully dense, while the later can maintain a highly porous and active nanostructure under 

the same sintering conditions (Figure 3.12). To further improve cathode performance, a second, 

optional step (Figure 3.10B) subsequently deposits a nanoscale cathode catalyst phase into the 

porous cathode bone with solution infiltration followed by calcination at moderate temperatures 

(500-900 °C). Alternatively, as shown in Figure 3.10C, an anode + electrolyte half-cell can be 

sintered directly from raw precursor oxides in a first, moderate-temperature sintering step 

(~1400 °C) with the subsequent incorporation of a single-phase thin-film cathode via a second 

lower-temperature (~900°C) sintering step to ensure high cathode surface area and activity.  

 

 

Figure 3.11 The XRD pattern of 40wt% BCZYYb + 60wt% NiO anode cermet fabricated by 
SSRS method from cost-effective raw materials of carbonate and binary oxides with starch as 
pore-former. 
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Figure 3.12 A cross-sectional view of a single cell fabricated by the Figure 3.10B method (cell 1) 
before operation. (A) Cross-sectional view of complete anode | electrolyte | cathode sandwich 
structure, (B) Interface between cathode and electrolyte, (C) Interface between anode and 
electrolyte, and (D) High magnification image of cathode before infiltration. 

 

Figure 3.12A shows the microstructure of a BCZYYb cell (cell 1) fabricated by the 

Figure 3.10B fabrication method. After sintering at 1400 °C for 18 h, a porous anode, dense 

electrolyte and porous cathode were obtained in a single step. Figure 3.12B and C show the 

interfaces between electrodes and the electrolyte. There is a good intergrowth between the 

electrode and electrolyte phases which decreases the likelihood of delamination. Figure 3.12C 

shows that the pre-reduced anode is porous and the particle size is less than 5 µm. At the same 

time, the grain size of the electrolyte is around 10 µm which ensures lower grain boundary 

resistance. Figure 3.12D shows the high magnification SEM images of cathode bone before 

infiltration which has good porosity and small particle size.  

A B 

C D 
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To illustrate the versatility of this new approach, we use the SSRS method to fabricate 

five different types of PCFC button cells (Table 3.2). The button cells feature three different 

well-known PCFC electrolytes: BaZr0.8Y0.2O3-δ (BZY20), BaCe0.6Zr0.3Y0.1O3-δ (BCZY63), and 

BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb) in combination with two different sintering aids (CuO or 

NiO) and the triple conducting (electron hole, oxygen ion, and proton) oxide BCFZY0.1 cathode. 

These varied cell compositions demonstrate the generality and reproducibility of our approach. 

BZY20, the prototypical PCFC electrolyte material, is notoriously difficult to sinter and densify. 

It has excellent stability, but high grain boundary resistance. BCZY63 provides improved 

sinterability and lower grain boundary resistance, but decreased stability compared to BZY20 

[63][64]. BCZYYb [65] demonstrates one of the highest conductivities ever reported for a proton 

conducting perovskite, but at the cost of further decreased stability, especially in H2O or CO2-

containing environments (Figure 3.13). Nevertheless, successful fabrication of BCZYYb button 

cells by the single-step SSRS fabrication technique demonstrates that this approach is applicable 

even to compositionally complex perovskites (e.g. in this case BCZYYb has five cations).  

 

Table 3.2 Fabrication method, cell composition, and peak power density of cells 1 to 5. 

PCFC cells 
Fabrication 

method 
Single cell composition 

Peak Power 

density(W/cm
2) 

Cell 1 B 
40wt.% BCZYYb + 60wt.% NiO | 
BCZYYb+1.0wt.%NiO 
|BCZY63+BCFZY0.1 

0.455 

Cell 2 C 
40wt.% BCZYYb + 60wt.% NiO 
|BCZYYb + 1.0wt.% NiO | BCFZY0.1 

0.405 

Cell 3 C 
45wt.% BZY20 + 55wt.% NiO | 
BZY20 + 1.0wt.% NiO | BCFZY0.1 

0.335 

Cell 4 C 
45wt.% BZY20 + 55wt.% NiO | 
BZY20 + 1.4wt.% CuO | BCFZY0.1 

0.268 

Cell 5 C 
40wt.% BCZY63 + 60wt.% NiO | 
BCZY63 + 1.3wt.% CuO | BCFZY0.1 

0.318 
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Figure 3.13 XRD patterns of (A) BZY20 and (B) BCZYYb powder after treatment in 30vol.% 
CO2 + 30vol.% H2O + 40vol.% Ar for 100 h. 

 

Figure 3.13 compares the XRD patterns for BCZYYb and BZY20 powders after 

treatment in 30vol.% CO2 + 30vol.% H2O + 40vol.% Ar for 100 h at 500 °C. The BCZYYb 

powder reveals clear formation of carbonate phases, while the BZY20 powder does not show 

impurity phase formation.  

Figure 3.14 summarizes key results from testing of the five PCFC button cells. In Figure 

3.14, the current-voltage (I-V) performance of all five cells is compared under H2/air operation at 

500 °C. The open circuit voltage (OCV) values for all five cells are higher than 1.05 V, 

suggesting that both electronic and mechanical leakages are small. Previous detailed studies of 

SSRS-fabricated BCZYYb-1.0wt%NiO electrolytes in reducing environments have 

demonstrated that the electronic conductivity of these electrolyte materials remains extremely 

small (te < 0.01), despite the presence of the NiO sintering aid, over a wide temperature window 

(100-800 °C) (25). The reduced sintering temperatures enabled by our SSRS fabrication process 
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(≤1450 °C) are sufficient to fully densify the thin electrolyte layers in these cells. Figure 3.15 

shows that dense and defect-free BZY20 electrolytes around 30 µm in thickness can be 

successfully fabricated using the SSRS method. All cells shown here were fabricated with 20 to 

30 µm thick electrolytes and exhibited good reliability and reproducibility. 

 

 

Figure 3.14 Performance and microstructure of selected cells under H2/air operation. (A) I-V and 
power density of cells 1-5 under H2/air at 500°C, (B) I-V and power density of cell 2 under 
H2/air at different temperatures, (C) terminal voltage and power density at a current density of 
0.3 A cm-2  at 500°C for cell 2 under H2/air for over 1100 h, and (D) a cross-sectional view of 
cell 2 after operation on H2 for over 1100 h (inset figure is the high magnification view of 
BCFZY0.1 cathode after 1100 h operation). 

 

 

 

A B 

C D 
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Figure 3.15 A cross section view of a BZY20 cell (cell 4) with 5mol.% CuO as sintering aid 
fabricated through the Figure 2C method. (A) low magnification sandwich structure and (B) high 
magnification electrolyte. 

 

Figure 3.15 reveals that BZY20 cell (cell 4) with 5mol.% CuO as sintering aid fabricated 

through the Figure 3.10C fabrication method has fully dense electrolyte and porous anode. The 

thickness of electrolyte is around 25 µm. The grain size of the electrolyte is around 3 µm.  

A 

B 
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3.4.3  Performances of PCFCs 

Figure 3.14A reveals that cells 1 and 2, which are based on the BCZYYb electrolyte, 

yield the best performance, with peak power densities of 455 and 405 mW cm-2, respectively, at 

500 °C. Previous reported power densities for PCFCs at this temperature are typically 50-280 

mW cm-2. These two BCZYYb cells differ primarily in the route used to prepare their cathodes. 

The highest performing cell (cell 1) was fabricated using the route shown in Figure 3.10B while 

the other BCZYYb cell (cell 2) was fabricated using the route shown in Figure 3.10C. The full 

SSRS fabrication process produces a composite two-phase cathode with a highly porous, proton-

conducting BCZY63 cathode “backbone” decorated by a nanoparticulate BCFZY0.1 catalyst 

phase created via a secondary infiltration process (see representative SEM images in Figure 3.16). 

In contrast, the half SSRS fabrication process uses a single-phase thin-film cathode composed 

entirely of the BCFZY0.1 catalyst phase without a secondary proton conducting backbone phase 

(see representative SEM image for this cell in Figure 3.14, additional images provided in Figure 

3.17). The thin-film single-phase cathode provides performance nearly as well as the composite 

cathode, which substantiates the mixed proton and electronic conduction properties of the 

BCFZY0.1 cathode material. BCFZY0.1 alleviates the constraints associated with traditional 

triple-phase boundary composite cathode architectures and enables cells to be produced by the 

arguably simpler half SSRS fabrication process without substantial loss in performance. 

 

 

Figure 3.16 Composite cathode microstructure fabricated by the Figure 3.10B fabrication method 
after infiltration, showing the presence of BCFZY0.1 nanoparticles on the surface of the 
BCZY63 cathode bone. 

BCZY63 

  BCZY63 

BCFZY0.1 
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Figure 3.17 SEM images of BZY20 cell. (A) Interface between BZY20 electrolyte and 
BCFZY0.1 thin film cathode layer fabricated by the Figure 3.10C fabrication process. (B) High 
magnification view of the BCFZY0.1 cathode after 1400 h operation on methane (the same cell 
as Figure 3.22C). 

 

Because of the fabrication advantages afforded by the simpler single-phase thin-film 

cathode design, cells 3, 4, and 5 were also prepared by the route 2C fabrication process. Cells 3 

and 4 incorporated a BZY20 electrolyte while cell 5 incorporates a BCZY63 electrolyte. Cell 3 

uses 1.0 wt% NiO as a sintering aid, which was mixed with the electrolyte precursors to assist in 

the phase-formation and densification process, while cells 4 and 5 use 1.4 wt.% and 1.3 wt.% 

CuO respectively as a sintering aid for the same purpose. We have previously shown [19] that 

both NiO and CuO are excellent sintering aids for BZY20 and BCZY63. The BZY20 and 

BCZY63 cells showed modestly decreased performance compared to the BCZYYb cells, which 

was expected given the lower conductivity of these electrolytes. Although the electrolyte 

thickness and overall microstructures of cells 3-5 are similar (see  

Figure 3.18-Figure 3.21), the cell prepared with NiO as a sintering aid (cell 3) showed 

somewhat better performance. The I-V curves in Figure 3.14 shows that cell 3 with 1.0wt% NiO 

as sintering aid has higher OCV which we speculate arose from  a lower electronic leak 

compared with cell 4 which uses 1.4 wt.% CuO as the sintering aid.  

 

A B 
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Figure 3.18 (A) I-V curves and the corresponding powder densities of 45wt.% BZY20 + 55wt.% 
NiO | BZY20 + 1.0wt.% NiO | BCFZY0.1 cell (cell 3) at 350°-600°C under H2/Air operation and 
(B) the cross section of this cell after performance test. 

 

 

Figure 3.19 (A) I-V curves and the corresponding powder densities of 45wt.% BZY20 + 55wt.% 
NiO | BZY20 +1.4wt.% CuO | BCFZY0.1 cell (cell 4) at 350°-600°C under H2/Air operation and 
(B) the cross section of this cell after performance test. 

 

a bA B 

a
bA B 
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Figure 3.20 (A) I-V curves and the corresponding powder densities of 40wt.% BCZY63 + 60wt.% 
NiO | BCZY63 +1.3wt.% CuO | BCFZY0.1 cell (cell 5) at 350°-600°C under H2/Air operation 
and (B) the cross section of this cell after performance test. 

 

Figure 3.14B provides further details on the performance of cell 2 as an example. The I-V 

performance of cell 2 as a function of temperature (Figure 3.14B) shows that viable power 

densities (~100 mW cm-2) can still be produced at temperatures as low as 350 °C. In fact, all five 

cells produced measureable power at 350 °C (the I-V curves of the other four cells as a function 

of temperature under the same conditions are shown in  

Figure 3.18-Figure 3.21). Exemplary impedance spectroscopy plots of cells 1 and 3 are 

shown in Figure 3.23, while the electrolyte and electrode ASRs extracted from these impedance 

measurements are provided in Figure 3.24. 

Figure 3.14C demonstrates the stability of the operating voltage and power density during 

long-term testing of cell 2 under H2/air operation at a constant current density of 300 mA cm-2 at 

500 °C. Both cell voltage and power density actually increased slightly during the course of the 

1100 h test, which we attribute to the continued reduction of the anode during the first 600 h of 

operation. The cell was still fully viable after 1100 h, and its microstructure (Figure 3.14D) was 

virtually identical to that of an untested cell. The cathode/electrolyte and anode/electrolyte 

interfaces showed no signs of delamination and the well-connected interfacial character was 

preserved without any visible cracking or pore formation, suggesting good thermal expansion 

compatibility and stability of the electrodes with the electrolyte. Furthermore, the high-

A B 
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magnification image of the cathode in the inset of Figure 3.14 D shows that even after long-term 

testing, the cathode maintained its fine nanostructure.  

 

 

Figure 3.21 (A) I-V curves and the corresponding powder densities of 40wt.% BCZYYb + 60wt.% 
NiO | BCZYYb+1.0wt% NiO | BCZY63 + BCFZY0.1 cell (cell 1) at 350°-600°C under H2/Air 
and (B) the cross section of this cell after performance test. 

 

We investigated whether direct methane operation of several SSRS-fabricated fuel cells 

could be maintained in the intermediate temperature operating regime. As shown in Figure 

3.22A, a CuO-sintered BZY20-based cell operating on direct methane fuel attains a peak power 

density of 240 mW cm-2 at 600 °C (vs., e.g. 24 mW cm-2 at 750 °C (27) for previous direct-

methane PCFCs). Furthermore, the cell achieved stable operation even at 500 °C. The cells also 

maintain excellent stability. As demonstrated in Figure 3.22B and C, the OCV, terminal voltage, 

and power density for methane fueled BZY20 fuel cells operating at 550° and 500 °C remain 

highly stable during 500 and 1400 h testing periods, respectively. In both cases, the cells were 

still fully viable when testing was halted. The microstructure of the BZY20 cell after 1400 h 

operation on methane at 500 °C (Figure 3.22D) revealed no detectable changes in cell 

morphology, cracking, or delamination, and no evidence of carbon deposition (Figure 3.25). 

Long-term stability under OCV condition at 600 °C (>400 h) on methane operation was also 

measured for a BZY20-based fuel cell sintered with CuO (Figure 3.26). Based on the higher 

performance of the NiO-sintered BZY20 cell, its performance on methane was also tested using 

A B 
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a H2O/CH4 ratio of 2.5 without fuel dilution by an inert carrier gas. As shown in Figure 3.22E, 

the cell attained peak power densities of 290, 215 and 142 mW cm-2 at 600 °C, 550 °C and 

500 °C respectively. Figure 3.22F confirms stability of the cell over 200 h of testing. These 

direct methane PCFC single cells achieve unprecedented performance compared with previous 

results reported in the literature (Table 3.3). Although BCZYYb-based cells showed better 

performance on hydrogen, the instability under methane operation was observed (Figure 3.13, 

Figure 3.27). 

 

 

Figure 3.22 Performance and microstructure of selected cells under CH4/air operation. (A) I-V 
and power density for cell 4 under 20vol.% CH4+ 50vol.% H2O + 30vol.% Ar/air at 500 oC, 550 
oC and 600 °C, (B) terminal voltage, open circuit voltage and power density at a current density 
of 155 mA cm-2 at 550 ºC for cell 4 under 20vol.% CH4+ 50vol.% H2O + 30vol.% Ar/air for over 
500 h, (C) terminal voltage, open circuit voltage and power density at a current density of 80 
mW cm-2 at 500 °C for cell 4 under 20vol.% CH4+ 50vol.% H2O + 30vol.% Ar/air for over 1400 
h, (D) cross-sectional view of cell 4 after operation under 20vol.% CH4+ 50vol.% H2O + 30vol.% 
Ar/air for over 1400 h, (E) I-V and power density of cell 3 under 28.6vol.% CH4+ 71.4vol.% 
H2O/air at 500 °C, 550 °Cand 600 °C, (F) terminal voltage, open circuit voltage and power 
density of cell 3 at a current density of 150 mA cm-2 at 500°C under 28.6vol.% CH4+ 71.4vol.% 
H2O/air for over 200 h. 

A 

C 

B 

D 

E F 
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Figure 3.23 Exemplary impedance spectra of cell 2 (raw impedance data was multiplied by the 
fuel cell effective area). 

 

 

Figure 3.24 ASR comparisons between cells 1 and cell 3. (A) Electrolyte ASR, (B) Electrode 
(cathode + anode) ASR, (C) Total ASR of single cells (electrolyte + anode + cathode), and (D) 
open circuit voltage (OCV). 

A  B 

C 
 D 
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Figure 3.25 SEM images of BZY20 cell (cell 4) fabricated with CuO as sintering aid after 1400 h 
operation on methane (j = 80 mA/cm2, 500 °C). (A), (B), (C) various magnifications of the anode 
microstructure showing the retention of porosity and no signs of coking, and  (D) interface 
between anode and electrolyte which shows there are no signs of delamination or coking. 

 

 

A B 

C     D     
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Figure 3.26 Long-term stability of BZY20 cell (cell 4) fabricated with CuO as sintering aid in 
methane at 600°C under OCV condition. 

 

 

Figure 3.27 (A) Open circuit potential of BCZYYb cell (cell 2) fabricated with NiO sintering aid 
in methane/air at 600°C (B)Terminal voltage measured at 500°C for the BCZYYb cell in 
methane/air ( j = 80 mA/cm2) 

 

The BCZYYb cell is unstable under methane operation, with rapid degradation in both 

OCV and power output at 600 °C or 500 °C. We hypothesize that this instability is caused by 

rapid formation of carbonate and hydroxide phases due to reaction with H2O/CO2. 

A B 
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Table 3.3 Performance comparison for direct methane PCFCs/SOFCs 

Cell composition 
Measurement 
condition 

Temperature 

Peak 
powder 
density 
(W/cm2

) 

Stability under 
methane 

Ref. 

45wt.% BZY20 + 
55wt.% NiO| 
BZY20+1.0wt% NiO| 
BCFZY0.1 

28.6vol.% 
CH4 (10 
mL/min) + 
71.4vol.% 
H2O 

500°C 0.14 

Cell 3 200 h 
stable 
operation, Cell 
4 1400 h stable 
operation 

This 
work 

45wt.% BZY20 + 
55wt.% NiO 

|BZY20+1.0wt% NiO | 
BCFZY0.1 

28.6vol.% 
CH4 (10 
mL/min) + 
71.4vol.% 
H2O 

600°C 0.28 
Cell 4 400 h 
stable OCV 

This 
work 

Ni-YSZ | YDC+YSZ | 
LSM 

97vol.% CH4 

(53 mL/min) 
+ 3vol.% H2O 

600°C ̴ 0.25 No records [43] 

Ni-YSZ | YSZ | LSCF 
+ GDC 

97vol. % CH4 

(30 mL/min) 
+ 3vol.% H2O 

600°C ̴ 0.20 
No records at 
600°C 

[66] 

LSCM+YSZ |YSZ| 
LSM+YSZ 

97vol.% 
CH4+ 3vol.% 
H2O 

950°C 0.20 No records [67] 

Cu + Sm2O3 + CeO2 | 
YSZ | LSM + YSZ 

CH4 700°C ̴ 0.08 
Around 1 h 
stable 
operation 

[44] 

Ni-YSZ/YDC|YSZ| 
LSM 

97%CH4(30 
mL/min) + 
3%H2O 

550°C ̴ 0.13 No records [43] 

 

Cu + YSZ+ CeO2 | 
YSZ | LSM  

CH4 700°C 0.09 No records [68] 

Ni-YSZ/YSZ/LSM-
YSZ 

97%CH4(50 
mL/min) + 
3%H2O 

600°C ̴ 0.16 No records [69] 
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Table 3.3 continued 

Ni-GDC | GDC | 
GDC+SSC 

97%CH4 + 
3%H2O 

500°C 0.169 
No direct 
records 

[70] 

Ni-GDC | GDC | 
GDC+LSCF(with 
functional layer) 

CH4/H2O/N2=
15/60/25 
mL/min 

503°C ̴ 0.3 No records [71] 

Ru | YSZ | Pt 
97%CH4(200 
mL/min) + 
3%H2O 

500°C 0.45 No records [72] 

5 mol% Cu-Ni+SDC | 
SDC | SDC+SSC 

Dry CH4 600°C 0.317 12 h [73] 

3 wt% Ru-Ni+GDC | 
GDC | SSC 

Dry CH4 600°C 0.75 0.33 h [74] 

SDC+Ni | SDC | SSC 
97%CH4+3%
H2O 

600°C 0.75 No records [75] 

SDC+Ni0.95La0.05O | 
SDC | SSC+SDC 

97%CH4+3%
H2O 

600°C 0.55 8h [76] 

 

3.5 Conclusion 

By using a densification-aiding sintering additive in the electrolyte layer, a porosity-

stabilizing additive in the cathode bone, and poreformer in anode, solid state reactive sintering 

can be used to produce a complete PCFC single cell directly from raw binary oxides using just 

one or two combined phase-formation and sintering steps. Low-temperature PCFC performance 

is further enabled by a new, triple conducting BCFZY0.1 cathode material. The SSRS-fabricated 

PCFCs attain high power densities at intermediate temperature (as high as 455 mW cm-2 at 

500 °C) with viable power density produced at temperatures as low as 350 °C and long term 

durability >1000 h without loss in performance. Furthermore, SSRS-fabricated PCFCs using 

BZY20 electrolyte demonstrate very good intermediate-temperature performance and stability 
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under CH4/air testing for over 1400 h, underscoring the promise of IT-PCFCs for direct 

hydrocarbon operation. These results highlight the potential of the SSRS process to provide a 

commercially practical, simple, and low-cost approach to scalable solid state ceramic devices. 
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CHAPTER 4  
HIGHLY DURABLE, COKE AND SULFUR TOLERANT, FUEL FLEXIBLE PROTONIC 

CERAMIC FUEL CELLs 

Modified from a paper accepted for publication in Nature 

Chuancheng Duan, Robert J. Kee, Huayang Zhu, Canan Karakaya, Yachao Chen, 

Sandrine Ricote, Angelique Jarry, Ethan J. Crumlin, David Hook, Robert Braun, Neal P. Sullivan, 

Ryan O’Hayre 

4.1 Abstract 

Protonic ceramic fuel cells (PCFCs), like their higher-temperature solid-oxide fuel cell 

(SOFC) counterparts, offer the possibility to directly utilize both hydrogen and hydrocarbon 

fuels to produce electricity at >50% efficiency, with combined heat-and-power efficiencies 

potentially exceeding 80% [2], [5]. Additionally, PCFCs can offer compelling cost and durability 

advantages vs. SOFCs due to lower operating temperatures and the consequent relaxation in 

balance-of-plant constraints [5]. Despite several encouraging studies suggesting good 

performance and excellent anti-coking resistance in hydrocarbon-fueled PCFCs [5], [65], [77], 

there have been no systematic studies of long-term durability. Here we present results from 

comprehensive, long-term testing that firmly establish the excellent coke- and sulfur-tolerance 

potential of PCFCs. These studies cumulatively represent more than 19,000 hours of stable 

operation (with several cells continuously operated for >6000 hours each) at temperatures 

between 500-600 °C using a total of 11 different fuels (hydrogen, methane, domestic natural gas 

(with and without H2S), propane, n-butane, i-butane, iso-octane, methanol, ethanol, and 

ammonia). We demonstrate excellent performance and exceptional durability (<1.5% 

degradation per 1000 hours in most cases) across all fuels without any modifications in the cell 

composition or architecture. Cells are tolerant to large thermal excursions, including rapid 

heating and cooling cycles at rates approaching 30 °C/min. Coking is not observed even after 

thousands of hours of continuous operation at steam-to-carbon (or oxygen-to-carbon) ratios in 

the vicinity of the thermodynamically predicted carbon deposition region. Finally, sulfur, a 

notorious poison for both low-temperature and high-temperature fuel cells, does not appear to 

affect PCFC performance when supplied at levels consistent with commercial fuels: we observe 

identical performance with sulfur-free domestic natural gas compared to domestic natural gas 
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with 19.5 parts-per-million (ppm) H2S. As detailed below, we believe several unique 

thermodynamic and kinetic aspects of PCFC operation contribute to these exceptional results.  

4.2 Introduction 

While fuel cells work best on hydrogen, the development of efficient and durable fuel 

cells capable of operating directly (i.e., without upstream pre-processing or reforming) on 

hydrocarbon fuels remains a “holy grail” for the field. Most prior direct-hydrocarbon fuel cell 

research has focused on solid-oxide fuel cells (SOFCs) based on oxygen-ion conducting 

electrolytes such as yttria-stabilized zirconia (Zr1-xYxO2-δ, YSZ) [43], [78], [79], gadolinium-

doped ceria (Ce1-xGdxO2-δ, GDC) [70] or samarium-doped ceria (Ce1-xSmxO2-δ, SDC) [79]. 

Unfortunately, carbon deposition (coking) and sulfur poisoning typically occur when SOFCs are 

directly operated on hydrocarbon- and/or sulfur- (H2S) containing fuels [78], [80]–[83], resulting 

in severe performance degradation over time, often in times as short as tens to hundreds of hours. 

These issues have greatly impeded commercial application of hydrocarbon-fueled fuel cells, 

where >10,000-hour lifetimes are desired.  

Several recent studies have noted promising performance and intriguing anti-coking 

resistance in protonic-ceramic fuel cells (PCFCs) based on proton-conducting ceramic 

electrolytes such as yttrium-doped barium zirconate (BaZr1-xYxO3-δ, BZY) [5] and 

yttrium/ytterbium co-doped barium cerate-zirconate (BaCe1-x-y-zZrxYyYbz, BCZYYb) [65]. 

Nevertheless, there have been no long-term (>1500 hours) durability studies to establish realistic 

PCFC performance at commercially relevant timescales on commercially relevant fuels. Because 

realistic applications require >10,000 hour lifetimes, degradation studies approaching this time 

scale are required to ascertain the true potential of PCFCs.  

4.3 Experiments 

4.3.1 PCFCs fabrication 

PCFCs were fabricated by the previously developed solid-state reactive sintering (SSRS) 

method. The precursor powders for the anode and electrolyte were prepared by simple mixing 

and drying processes. For example, the anode precursor powder of 40 wt. % BZY20 + 60 wt. % 

NiO (BZY20=BaZr0.8Y0.2O3-δ) was prepared by mixing stoichiometric amounts of BaCO3 (99.8% 
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Alfa Aesar), ZrO2 (99.7% Alfa Aesar), Y2O3 (99.9% Alfa Aesar), and NiO (Ni wt. 78.5%, Alfa 

Aesar) with 20 wt. % starch pore former (based on the sum of BZY20 and NiO). This raw 

precursor mixture was ball-milled in isopropanol with 3 mm YSZ (yttria-stabilized zirconia) 

beads for 48 hours, followed by drying at 90 °C for 24 hours. Similarly, the electrolyte precursor 

powder of BZY20 + 1.0 wt. % NiO was prepared by mixing proper amounts of BaCO3, ZrO2, 

Y2O3 and according to the desired BZY20 stoichiometry with the addition of 1.0 wt. % NiO as a 

sintering aid. This raw precursor mixture was blended using the same ball-milling and drying 

procedures used for the anode precursor.  

In this work, the triple conducting oxide, BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY0.1) [5],  

previously developed was leveraged as the cathode. Cathode precursor powders of BCFZY0.1 

(BaCo0.4Fe0.4Zr0.1Y0.1O3-δ) were synthesized by the improved sol-gel method. In brief, 

appropriate stoichiometric amounts of Ba(NO3)2 (Alfa Aesar), Co(NO3)2•H2O (Alfa Aesar), 

Fe(NO3)3•9H2O (Alfa Aesar), ZrO(NO3)2 35 wt. % in dilute nitric acid (Sigma Aldrich), and 

Y(NO3)3•6H2O (Alfa Aesar) were dissolved in EDTA solution (Alfa Aesar)-NH3H2O (Alfa 

Aesar) under continuous heating and stirring. Then citric acid was introduced, with the molar 

ratio of EDTA acid : citric acid : total metal ions controlled to be around 1.5 : 1.5 : 1. 

Subsequently, NH3H2O or HNO3 was used to adjust the pH value to around 9, and the solution 

became immediately clear. By evaporating the water, a dark purple gel was obtained. The gel 

was then put into a drying oven at 150 °C for 24 hours to get the primary powder, which was 

then ball milled with butanol as solvent for 48 hours. Then, the powder was dried at 90 °C for 24 

hours. The powder was then calcined at 600 °C for 5 hours followed by ball milling with 

isopropanol as solvent for 24 hours and dried at 90 °C for 24 hours to obtain final powder for the 

further slurry making. Cathode paste was prepared by mixing 4 g of the respective powders with 

1.5 g BCZYYb (BCZYYb=BaCe0.7Zr0.1Y0.1Yb0.1O3-δ) powder prepared by SSRS method and 

calcinated at 1400°C for 18 hours, 1 g dispersant (20 wt.-% solsperse 28000 (Lubrizol) dissolved 

in 3 terpineol), and 0.3 g binder (5 wt.-% V-006 (Heraeus) dissolved in terpineol). 

Precursor pastes of the electrolyte were prepared by mixing 30 g of the respective 

powders with 6 g dispersant (20 wt.-% solsperse 28000 (Lubrizol) dissolved in 3 terpineol), and 

2 g binder (5 wt.-% V-006 (Heraeus) dissolved in terpineol). The anode precursor powder was 

dry-pressed under 375 MPa for 2 minutes in a circular carbon-aided steel die set with a diameter 
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of 19 mm to produce 2-mm-thick green anode pellets. A thin electrolyte precursor paste layer 

(15~50 µm after firing) was deposited on each side of the green anode pellets by screen-printing. 

(The electrolyte was applied to both sides of the cell to minimize asymmetric stress issues during 

sintering.) This “half-cell” anode/electrolyte structure was then fired at 1450 °C for 18 hours. 

After firing, the extra (stress-compensating) electrolyte layer was removed by grinding and the 

cathode (~10-20 µm thick) was printed on the electrolyte and the cell was fired at 900 °C for 5 h, 

resulting in a complete single cell (porous anode | dense electrolyte | porous cathode) with a final 

sintered diameter of ~15 mm and effective active area of 0.5 cm2.  

4.3.2 Fuel cell tesing 

            Hydrogen PCFC Testing  

These membrane-electrode assemblies were sealed onto an alumina tube with glass 

powder (the sealing temperature was 900 °C) and reduced under H2 for 24 h at 600 °C. I-V 

polarization tests of the PCFC button cells were performed with 300 mL/min dry air and 15 

mL/min dry hydrogen as oxidant and fuel respectively by a Gamry Reference 3000 over a range 

of temperatures from 350-600 °C. The electrolyte is a mixed protonic and oxygen-ion conductor 

[84]. We note that even the small (e.g. 2-3%) partial oxygen ion conduction expected under these 

operating conditions is enough to provide 3-4% steam content on the anode side of the PCFC due 

to electrochemical reaction of the hydrogen with the oxygen ions. Thus, even though “dry” 

hydrogen is supplied to the anode, sufficient hydration of the anode chamber is sustained. 

Natural gas PCFC Testing 

I-V polarization tests were performed with 300 mL/min (STP) air as oxidant and 33.3 

vol. % natural gas (5 ml/min) + 66.7 vol. % H2O as fuel using a Gamry Reference 3000 over a 

range of temperatures from 500 – 600 °C. The simulated natural gas was provided by Praxair 

Technology, Inc and had 95 vol. % CH4, 3 vol. % C2H6, 1 vol. % C3H8 (balanced with N2) with 

19.5 ppm H2S. 

Sulfur-free natural gas PCFC Testing 

I-V polarization tests were performed with 300 mL/min (STP) air as oxidant and 33.3 

vol.% sulfur-free natural gas (5 ml/min) + 66.7 vol.% H2O as fuel using a Gamry Reference 
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3000 over a range of temperatures from 500 – 600 °C. The sulfur-free natural gas was provided 

by Praxair Technology, Inc and had 95 vol. % CH4, 3 vol. % C2H6, 1 vol. % C3H8 (balanced with 

N2).   

Iso-butane PCFC Testing 

I-V polarization tests were performed with 300 mL/min (STP) air as oxidant and 10 vol. % 

iso-C4H 10 + 20 vol. % O2 + 70 vol. % H2O (flow rate of iso-C4H10: 0.9 mL/min) as fuel by a 

Gamry Reference 3000 over a range of temperatures from 500-600 °C. 

n-butane PCFC Testing 

I-V polarization tests were performed with 300 mL/min (STP) air as oxidant and 10 vol. % 

n-C4H 10 + 20 vol. % O2 + 70 vol. % H2O (flow rate of n-C4H10: 0.9 mL/min) as fuel by a Gamry 

Reference 3000 over a range of temperatures from 500-600 °C. 

Iso-octane PCFC Testing 

UHP nitrogen at a flow rate of 5 mL/min was flowed through a bubbler containing iso-

octane with constant temperature (~21 °C). The mixture of iso-octane and nitrogen (~5.5 vol. % 

iso-octane + 94.5 vol. % nitrogen) was flowed through a second bubbler containing heated water 

(85 °C). This produced a H2O:C8H18 ratio of 25:1, which is somewhat higher than the minimum 

S:C ratio of 16:1 calculated based on the stoichiometric requirements for the complete steam 

reforming of iso-octane. I-V polarization tests were performed with 300 mL/min (STP) air as 

oxidant and 2.3 vol. % i-C8H18 + 39.7 vol. % N2 + 58 vol. % H2O (0.29 mL/min i-C8H18) as fuel 

by a Gamry Reference 3000 at 600 °C. 

Propane PCFC Testing 

I-V polarization tests were performed with 300 mL/min (STP) air as oxidant and 20 vol. % 

C3H 8 + 20 vol. % O2 + 60 vol. % H2O (flow rate of C3H8: 1.6 mL/min) as fuel by a Gamry 

Reference 3000 over a range of temperatures from 350 -600 °C. 
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Methane PCFC Testing 

I-V polarization tests were performed with 300 mL/min (STP) air as oxidant and 28.5 

vol. % CH4 (5 ml/min) + 71.5 vol. % H2O or 33.3 vol. % CH4 (5 ml/min) + 66.7 vol. % H2O as 

fuel by a Gamry Reference 3000 over a range of temperatures from 350-600 °C. 

Methanol PCFC Testing 

I-V polarization tests were performed with 300 mL/min (STP) air as oxidant and the 

mixture of methanol and water (molar ratio of water/methanol is 1, flow rate is 0.024 mL/min) as 

fuel by a Gamry Reference 3000 over a range of temperatures from 350-600 °C. 

Ethanol PCFC Testing 

I-V polarization tests were performed with 300 mL/min (STP) air as oxidant and the 

mixture of ethanol and water (molar ratio of water/ethanol is 7, flow rate is 0.005 mL/min) as 

fuel by a Gamry Reference 3000 over a range of temperatures from 550-600 °C. 

Ammonia PCFC Testing 

I-V polarization tests were performed with 300 mL/min (STP) air as oxidant and 10 

mL/min NH3 as fuel by a Gamry Reference 3000 at 600 °C. 

4.3.3 SOFC and PCFC open-circuit potential calculations 

The open-circuit potentials calculated in Figure 4.1D are based on air flow stream with a 

composition of 20 vol. % O2, 77 vol. % N2, and 3 vol. % H2O. The fuel flow stream takes the 

equilibrium composition based on any given C, H, and O fractions at fixed temperature and 

pressure. However, H2 is considered to be the only electrochemically active fuel species in the 

fuel stream. 

Evaluation of the open circuit potential for PCFCs is not straightforward. Although the 

yttrium-doped barium zirconates (BZY) used in most PCFCs are dominantly proton conductors, 

they are in fact mixed ionic-electronic conductors (MIEC). Among other attributes of such 

electrolyte membranes, the open-circuit voltage (i.e., Nernst potential or equilibrium reversible 
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potential) cannot be evaluated simply in terms of gas-phase composition differences across the 

electrolyte membrane.  

The electronic contributions to conductivity typically take the form of small polarons. 

The electronic current associated with polaron mobility is often referred to as a “leakage current,” 

which serves to reduce the open- circuit voltage (OCV) relative to a membrane that is a pure ion 

conductor. The measurable OCV can be evaluated, but in addition to the gas-phase compositions, 

it depends in a more complex way upon the charge-defect mobilities within the membrane [85]–

[87]. The reduced OCVs reported in the present paper do account for the mixed-conduction and 

leakage current.  

By way of contrast, considering H2 as the fuel, the open-circuit voltages of fuel cells 

based on yttria-stabilized zirconia (YSZ) membranes and polymer-electrolyte (PEM) membranes 

can be evaluated as  

�*Og,hij = <=
c:

@XB,k
@XB,l

 ,  �*Og,[mn = <=
9:

@\B,l
@\B,k

                                                          Equation 4.1 

In these expressions, p represents the gas-phase partial pressure and sub- scripts “a” and 

“c” refer to anode and cathode, respectively. Even with the same temperature and gas-phase 

composition across the electrolyte membrane, the OCV will be different for pure proton and 

oxygen-ion conducting membranes. Depending on the particular operating conditions, open-

circuit voltages for the present BZY electrolyte membranes are typically a few tens of millivolts 

lower than would be the case for a pure proton-conducting membrane. 

4.3.4 High-temperature X-ray diffraction 

High-temperature X-ray diffraction (XRD) analyses were performed using a Bruker D8 

Discover TWIN/TWIN Diffractometer with a vertical goniometer (radius is 280 mm), Cu-Kα 

radiation, tube voltage of 40 kV, and tube current of 40 mA. The hot stage is an Anton Paar HTK 

2000N and utilizes a 0.5 mm Pt strip stage. Intensities were collected in the 2 theta range 

between 15 and 90 with a step size of 0.02 and a measuring time of 0.5 s at each step. The 

heating ramp rate was 5 °C/min, with a 10 min hold at each temperature before the scan was 

started.  
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4.3.5 Structure and Morphology Characterization  

X-ray diffraction (XRD) analyses of all powders and pellets were performed at room 

temperature using a Philips X’Pert Pro MPD diffractometer (PANalytical, Almelo, Netherlands) 

with Cu-Kα radiation, tube voltage 45 kV, and tube current 40 mA. Intensities were collected in 

the 2 theta range between 10° and 120° with a step size of 0.008° and a measuring time of 5 s at 

each step. The microstructure and chemical composition of the sintered pellets were investigated 

by means of Field Emission Scanning Electron Microscopy (FE-SEM, JEOL JSM7000F). TEM 

samples were prepared by focus ion beam (FEI Helios Nanolab 600i FIB). TEM and EDS were 

performed with a FEI Talos F200X TEM/STEM. 

4.3.6 In-situ high temperature Raman spectroscopy measurements 

Anode pellets of Ni/BZY were prepared by SSRS method using the same procedure as 

for the complete PCFCs. Ni/YSZ-based anode power was prepared by mixing NiO (Alfa Aesar, 

60 wt. %) with YSZ (Fuelcellmaterials.com) and 20 wt. % starch pore former (based on the sum 

of YSZ and NiO). Anode pellets of Ni/YSZ were prepared in the same geometry and manner as 

the Ni/BZY based anodes. After sintering at 1450 °C for 18 hours, both Ni/BZY and Ni/YSZ-

based anode pellets were polished to 0.5 mm and reduced at 600 °C for 150 hours under dry 

hydrogen. Some reduced pellets were quenched to room temperature under hydrogen for coking 

resistance measurements. In order to study the details of the carbon cleaning process, some 

reduced Ni/BZY anode and Ni/YSZ anode pellets were treated for 4 hours under dry methane at 

500 °C to purposely trigger carbon deposition (coking). 

A Harrick environmental chamber was used for the in situ Raman tests. Temperature was 

controlled by the temperature controller of the chamber. Gas compositions and flow rates were 

controlled by mass flow controllers. Total gas flow rate for all measurements was 50 mL/min. 

Steam concentration was controlled by a heated bubbler and measured by a humidity sensor.  

The Raman spectroscopy measurements were conducted in situ through the Harrick 

environmental chamber using an Alpha 300R Confocal Raman microscope (WiTec Instruments 

Corp., Knoxville, TN) with a doubled Nd:YAG green laser operating at 532 nm  (maximum 

power: 39 mW) . All experiments were performed at constant laser power. An Olympus 
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SLMPLN 20X objective (Olympus, Center Valley, PA) with a working distance of 25 mm was 

used for all the measurements. 

4.3.7 High temperature AP-XPS measurements 

Pellets of BZY10 (BaZr0.9Y0.1O3-δ) and 8YSZ (Zr0.92Y0.08O2-δ) with patterned Ni 

electrodes were prepared for the Ambient Pressure X-ray Photoelectron Spectroscopy (AP-XPS) 

measurements. 

The BZY10 substrates were fabricated by solid state reactive sintering. BaCO3, ZrO2, 

Y2O3 were mixed in stoichiometric proportions with 1 wt.-% NiO. The mixture of powders was 

pelletized and sintered 10 h at 1550 °C. 

8YSZ (from Tosoh) was pressed and the specimens were also sintered 10 h at 1550 °C. 

After sintering, the pellets were polished down to a 0.8 mm thickness and Ni comb-shaped 

electrodes were sputtered on one side of the pellets. 

High temperature AP-XPS measurements were performed at the beamline 9.3.2 at 

Lawrence Berkeley National Laboratory’s (LBNL) Advanced Light Source (ALS). The pellets, 

one at a time, were set onto a boron nitrate heater, with a thermocouple placed directly onto the 

sample surface. The samples were heated to 450 °C under ultra high vacuum (UHV) to clean the 

surface and remove adventitious carbon.  In the case of the 8YSZ pellet, the sample was then 

cooled down to 300 °C and 100 mtorr of steam was introduced in the main chamber. During the 

cleaning process, low-resolution survey spectra from 650 to -10 eV (binding energies) were 

collected continuously with a beam photon energy of 710 eV. The binding energy (BE) for the 

collected spectra were then subsequently calibrated to the Zr 3d photoemission peak at 181.2 eV. 

4.3.8 Sulfur mitigation experiment 

4 grams anode powder after calcination at 1450 °C for 18 hours was loaded in a packed 

bed reactor. The powder was reduced under pure hydrogen at 600 °C for 100 hours. After 

reduction, the gas composition was switched to 33 vol. % H2 + 67 vol. % H2O and the SO2 mass 

spectrometer signal intensity (mass=64) was recorded with a MKS CirrusTM 2 mass 

spectrometer. After ~18 minutes, the gas composition was switched to 33 vol. % simulated 

natural gas with 19.5 ppm H2S + 67 vol. % H2O and the SO2 mass spectrometer signal intensity 
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(mass=64) was continuously recorded. The H2 and natural gas flow rate were held constant at 5 

mL/min.  

4.4 Results and discussion 

Here we present studies demonstrating >1000 hours of long-term PCFC durability testing 

across a wide variety of commercially relevant hydrocarbon and alcohol fuels (Figure 4.1), with 

many fuels tested for 3000-8000 hours. In addition to demonstrating the intrinsic anti-coking 

resistance and sulfur tolerance of the PCFC materials set, these studies reveal the exceptional 

fuel versatility of this emerging class of fuel cells. Without any modifications in PCFC 

composition or architecture, we achieve excellent performance with direct operation (i.e., no fuel 

pre-processing, pre-reforming, or conditioning) on 11 different fuel streams (Figure 4.1), many 

of which have never previously been studied in a PCFC. As shown in Figure 4.2, a photo capture 

from a video of our PFCF operating directly from the flame tip of a butane lighter further 

highlights the remarkable fuel flexibility and thermal shock resistance of these cells. Peak power 

densities at 600 °C (Figure 4.1A, Figure 4.1B) range from 0.66 W/cm2 for H2 to 0.17 W/cm2 for 

iso-octane (performance data at lower temperatures are shown in Figure 4.3). Intriguingly, we 

note that direct PCFC operation on NH3 and CH3OH fuels approaches the performance of pure 

H2, suggesting that these fuels could be particularly attractive for commercial PCFC applications. 

In addition, performance on simulated domestic natural gas (a mixture of 95 vol. % CH4, 3 vol. % 

C2H6, 1 vol.-% C3H8 (balanced with N2)) exceeds the performance on pure methane, and is 

insensitive to the presence of 19.5 ppm H2S impurity, slightly higher than the 17 ppm maximum 

total sulfur concentration permitted for the US domestic natural gas supply based on GAS RULE 

NO. 21 of Pacific Gas and Electric Company. (The methane, sulfur-free, and sulfur-

contaminated simulated natural gas data were all acquired with the same cell to facilitate direct 

comparison.) Moreover, PCFC performance is not severely degraded even after 1000 hours of 

continuous operation on H2S-contaminated natural gas (Figure 4.1F). The degradation rate is 

10%/ 1000 hours which, to our knowledge, is the most stable H2S-coontaminated PCFC/SOFC 

performance reported to date. Performance on the linear hydrocarbon fuels (alkanes) follows the 

trend CH4<C3H8<C4H10, i.e., performance increases with increasing hydrocarbon chain length. In 

contrast, performance on alcohol fuels follows the inverse trend CH3OH>C2H5OH. These trends 
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can be understood based on the relative reforming characteristics of the respective fuels, as 

discussed in further detail below.  

The temperature required for propane and butane steam reforming is lower than methane 

steam reforming because the C-H bond strength decreases with increasing hydrocarbon chain 

length (e.g. from 435 kJ/mol for CH4 to 412 kJ/mol for C3H8 to 409 kJ/mol for C4H10). In fact, 

reforming literature suggests propane and butane conversion can approach 100% at 450 °C in the 

presence of appropriate catalysts [88]. The enhanced low-temperature reforming rates of propane 

and butane therefore significantly contribute to the enhanced PCFC performance on these fuels 

relative to methane. As illustrated in Figure 4.4, gas chromatography analysis of the PCFC anode 

outlet stream under propane and butane operation, respectively, shows H2 yield from C4H10 is 

higher than C3H8 at 600 °C, matching the PCFC performance trends. Considering the alcohol 

fuels, the presence of a C-C bond in ethanol (which methanol lacks) greatly hinders reforming 

and can lead to unfavorable, coke-prone intermediates such as ethane and ethylene [89]. These 

factors likely contribute to the superior PCFC performance observed for methanol relative to 

ethanol and are consistent with prior observations in SOFCs  [90].  

In most cases, we conducted PCFC testing at inlet steam-to-carbon (or oxygen-to-carbon) 

ratios just outside of the graphitic carbon deposition region based on equilibrium thermodynamic 

calculations [91] (Figure 4.1C). To facilitate comparison, we attempted to test all fuels at similar 

O:C ratios, targeting O:C values of ~2.5:1 which are within the range that can be realistically met 

using commercially feasible SOFC balance-of-system designs [92]. For the higher hydrocarbon 

fuels (propane, butane, and iso-octane), the target O:C ratio was experimentally difficult to 

achieve using steam alone; in these cases, we also supplied some O2 to the fuel stream in order to 

meet the target O:C ratios. Previous analyses have shown that thermally sustaining operation of 

PCFCs with direct internal steam-methane reforming at steam-to-carbon ratios as high as 2.5:1 is 

possible [93]. Irreversible heat generation from the cell is more than sufficient to offset the 

endotherm from in-situ steam-methane reforming. In fact, direct internal steam-reforming, as 

conducted in this work, has additional (and very significant) process intensification benefits 

because the close physical co-location of the endothermic steam reforming reactions and 

exothermic electrochemical fuel cell processes facilitate rapid and efficient heat transfer.  
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Figure 4.1 PCFC performance across a range of fuels. A, I-V and I-P curves of PCFCs under 
hydrogen (cell #1), ammonia (cell #2), methanol (cell #3), iso-butane (cell #4), n-butane (cell #5), 
propane (cell #4), simulated natural gas with 19.5 ppm H2S (cell #7), simulated desulfurized 
natural gas (cell #7), methane (S/C=2, cell #7), methane (S/C=2.5, cell #8), ethanol (cell #10) 
and iso-octane (cell #9, 0.1 A/cm² at 600 °C at 0.82 V, 0.2 A/cm² at 600 °C at 0.73 V, 0.3 A/cm² 
at 600 °C at 0.62 V.) at 600 °C. B, Peak power densities of PCFCs on 12 different fuel streams 
(methane is shown for two different O:C ratios). Lifetime and degradation rate of PCFCs on 
selected fuels also indicated. C, Ternary diagram shows regions of equilibrium carbon formation 
and full oxidation, and dots for experimental fuel compositions. Fuel composition trajectories for 
propane (red) and methane (blue) are shown as solid lines by removing H for PCFC and dash 
lines by adding O for SOFC. D, OCV for propane (red) and methane (blue) fuel streams as 
functions of H removal for PCFC at 500 °C, and of O removal for SOFC at 500 and 800 °C. E, 
Long-term stability of direct I-butane/propane (cell #4) and methanol (cell #3) PCFCs at 500 °C 
and iso-octane PCFC (cell #9, 0.1 A/cm² at 600 °C at 0.79 V, 0.2 A/cm² at 600 °C at 0.73 V, 0.3 
A/cm² at 600 °C at 0.62 V.) at 600 °C (green dots are the linear fitting results of the stability. 
Overall degradation rate is calculated based on its slope). F, Long-term stability of direct-natural 
gas PCFC with 19.5 ppm H2S (cell #7) at 500 °C with an output current density of 0.25 A/cm2 
and Long-term stability of direct-ethanol PCFC (cell #11) at 550 °C with a constant current 
density of 0.2 A/cm2 (voltage fluctuation is due to the unstable fuel supply and high steam 
concentration). G, Nyquist plots measured at OCV of a PCFC (cell #7) under sulfur-free 
simulated natural gas, simulated natural gas with 19.5 ppm H2S, and methane at 600 °C. 
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Figure 4.2 Direct-flame protonic ceramic fuel cell 
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Figure 4.3 A, I-V and I-P curves of PCFC under hydrogen (flow rate of hydrogen: 15 mL/min, 
cell #1). B, I-V and I-P curves of direct-methanol PCFC at 600-550 °C. Flow rate of the mixture 
of methanol and water (molar ratio of water/ethanol is 1, cell #3) is 0.024 mL/min. C, I-V and I-
P curves of PCFC under 10 vol. % iso-C4H10+20 vol. % O2+70 vol. % H2O (flow rate of iso-
C4H10: 0.9 mL/min, cell #4).D,  I-V and I-P curves of PCFC under 10 vol. % n-C4H10+20 vol. % 
O2+70 vol. % H2O (flow rate of n-C4H10: 0.9 mL/min, cell #5). E, I-V and I-P curves of PCFC 
under 20 vol. % C3H8 + 20 vol. % O2 + 60 vol. % H2O (flow rate of iso-C4H10: 1.6 mL/min, cell 
#4). F. I-V and I-P curves of PCFC under 33.3 vol. % natural gas (simulated natural gas with 
19.5 ppm H2S, flow rate of natural gas:5 ml/min, cell #7) + 66.7 vol.% H2O. G, I-V and I-P 
curves of PCFC under 33.3 vol. % natural gas (simulated natural gas without H2S, flow rate of 
natural gas:5 ml/min, cell #7) + 66.7 vol. % H2O.. H, I-V and I-P curves of PCFC under 33.3 
vol. % methane (flow rate of methane:5 ml/min, cell #7) + 66.7 vol. % H2O. I, I-V and I-P 
curves of PCFC under 28.5 vol. % methane (flow rate of methane:5 ml/min, cell #8) + 71.5 vol. % 
H2O. J, I-V and I-P curves of direct-ethanol PCFC at 600 °C and 550 °C. Flow rate of the 
mixture of ethanol and water (molar ratio of water/ethanol is 7, cell #10) is 0.005 mL/min. 
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Figure 4.4 (A), Anode side exhaust gas composition of direct-propane PCFC. (B), Anode side 
exhaust gas composition of direct-iso-butane PCFC. 

 

Figure 4.1C illustrates a key difference between SOFC and PCFC anode mass balance 

when operating on hydrocarbon fuels [86], [94]. During PCFC operation, hydrogen is removed 

from the anode via protons transiting from anode to cathode. In contrast, during SOFC operation, 

oxygen is introduced into the anode via oxygen ions transiting from the cathode to the anode. 

Thus, as the fuel is utilized, PCFC and SOFC anode mass balances will follow very different 

trajectories even when starting from identical inlet fuel stream compositions. Two such examples 

are shown in Figure 4.1C, corresponding to the propane and direct methane conditions we tested 

here (C3H8 with O:C = 2.5:1 and CH4 with S:C = 2:1). Starting from these inlet fuel stream 

compositions, arrows indicate how the anode mass balance evolves as fuel is utilized for both the 

SOFC (dashed lines) and PCFC (solid lines). The end-point compositions correspond to 

complete oxidation of the fuel stream to CO2 and H2O. Thus, these mass-balance trajectories 

essentially correspond to the progress of the anode reaction (i.e., the extent of fuel utilization). 

Even though the PCFC and SOFC starting compositions are the same, the ending PCFC and 

SOFC anode compositions are quite different because H2O is produced in the SOFC anode 

(where it dilutes the fuel stream), while H2O is produced in the PCFC cathode (where it cannot 

dilute the fuel stream). The dilution of the anode fuel stream in the SOFC leads to a consequent 

decrease in the Nernst potential compared to the PCFC as a function of the extent of reaction 

(Figure 4.1D). Thus, all else being equal, the PCFC can maintain higher operating voltage than a 

comparable SOFC, particularly at high fuel utilization [95].  

A B 
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While the lack of anode H2O production can potentially enhance PCFC performance 

relative to the SOFC, it also yields anode gas compositions that are more prone to coke 

formation. As shown by the mass balance trajectories on Figure 4.1C, PCFC anode gas 

compositions reside within, or skirt just outside of the thermodynamic coke formation boundary 

across the full extent of reaction. In contrast, SOFC anode gas compositions quickly evolve away 

from the coke formation boundary with increasing extent of reaction. Despite the strong 

possibility for coking under PCFC operating conditions as indicated by the mass-balance 

trajectories in Figure 4.1C, we did not observe signs of coking during long-term PCFC operation 

on any of the tested fuels, and carbon deposits were not observed in post-mortem analyses of the 

cells, which is shown in Figure 4.6. Long-term stabilities of direct hydrocarbons PCFCs were 

tested at 500 °C. At this temperature, the structure type of carbon species should be polymeric, 

amorphous films or filaments (Cβ), vermicular filaments, fibers, and/or whiskers (Cγ), or 

graphitic platelets or films (Cc) [96].  Typically, these carbon species are visible (by SEM) in 

SOFC anodes after running on hydrocarbon fuels, but the high-magnification SEM images of our 

PCFC anode (Figure 4.6A, B) show no visible evidence of such carbon structures. To further 

substantiate this conclusion, post-mortem Raman analyses show that there are no disordered and 

graphitic carbon species found in the PCFC anode even after long term operation on hydrocarbon 

fuels (Figure 4.6F). 

In contrast to the PCFC results we present in this work, direct hydrocarbon operation in 

SOFCs often results in coking even when operating with S/C ratios at or above the 

thermodynamically predicted carbon deposition boundary. In Figure 4.5, we compare the coking 

resistance of our Ni/BZY-based PCFC anode vs. a conventional Ni/YSZ-based SOFC anode by 

in-situ high-temperature Raman spectroscopy. As shown in Figure 4.5A, carbon is detected on 

Ni/YSZ-based anode after just 20 minutes exposure to humidified methane (S/C ratio = 2) at 500 

oC. In comparison, carbon is not detected on the Ni/BZY-based PCFC anode after 360 minutes 

exposure to methane under the same conditions, nor even upon long term (>4000 minutes) 

exposure to humidified methane at S/C = 1 (Figure 4.5C). Instead of coking, lattice protons 

(OHo
*) and surface carbonate groups (-CO3) are formed on the Ni/BZY anode under these 

conditions, both of which we hypothesize play a role in coke and sulfur mitigation. We attribute 

these significant differences in surface chemistry to the basic nature of BZY vs. the acidic nature 
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of YSZ. We hypothesize that a series of surface reaction processes (Figure 4.12) are responsible 

for the remarkable coking resistance observed in the Ni/BZY anode.  

Because BZY is highly basic, surface hydration and hydroxylation readily occur, thereby 

increasing the O:C ratio on the surface. In humidified atmospheres, absorbed carbon on the Ni or 

BZY surface will firstly react with hydroxyl groups on BZY surface, producing CO2 (Figure 

4.12B, equations 1-4). The CO2 product can subsequently absorb on the BZY surface to form -

CO3 groups, which can subsequently react with additional -OH groups in a “cleaning loop”.  

Reaction steps involving the -OH reaction intermediate are kinetically fast, and thus the steady-

state surface coverage of -OH remains low.   

The triple conducting oxide cathode and the electrolyte/cathode interfacial 

microstructures were likewise unaffected after long-term operation (Figure 4.7, B). Several cells 

were continuously tested for >6000 hours each without any sign of coking (Figure 4.1E) 

including one cell operated for 2800 hours on i-butane followed by an additional 3200 hours on 

propane (Figure 4.1e, primary y-axis) and a second cell operated continuously for ~ 8000 hours 

on methanol (Figure 4.1e, secondary y-axis). In both cases, the long-term degradation rates were 

less than 1.5%/1000 hrs. Additional cells were tested on iso-octane (chosen as an analog for 

gasoline, Figure 4.1e secondary y-axis), natural gas (with 19.5 ppm H2S, Fig. 1f, secondary y-

axis), and ethanol (Figure 4.1f, primary y-axis) for >1000 hours each, again without observable 

signs of coking and with long-term degradation rates around 4%/1000 hours, 10%/1000 hours, 

and 1.5%/1000 hours, respectively. In addition, we compared the coking resistance of our 

Ni/BZY-based PCFC anode vs. a conventional Ni/YSZ-based SOFC anode by in-situ high-

temperature Raman spectroscopy (in-situ HT Raman) which indicates the intrinsic coking 

resistance of the Ni/BZY-based PCFC anode is higher than that of a Ni/YSZ-based SOFC anode 

and provides insights into the mechanisms underlying this remarkable coke-resistance (Figure 

4.5). 
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Figure 4.5 Coking resistance of Ni/BZY and Ni/YSZ anodes investigated by in-situ high 
temperature Raman spectroscopy. (A) Raman spectra of Ni/YSZ anode exposed to humidified 
methane (S/C=2, 500 oC) at various times up to 200 min. (B) Raman spectra of Ni/BZY anode 
exposed to humidified methane (S/C=2, 500 oC) at various times up to 360 min. (C) Raman 
spectra of Ni/BZY anode exposed to humidified methane (S/C=1, 500 oC) at various times up to 
72 hours (4320 minutes). (D) Raman spectra of Ni/YSZ anode exposed to humidified methane 
(S:C~2, 550 oC) at various times up to 40 minutes. (E) Raman spectra of Ni/BZY anode exposed 
to humidified methane (S:C~2, 550 oC) at various times up to 100 minutes.  
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Figure 4.6 SEM images of PCFC after running for ~6000 hours on hydrocarbons at 500 °C. A, 
Anode (low magnification). B, Anode (high magnification). C, The sandwich structure of this 
cell after running ~6000 hours. D, The interface between electrolyte and cathode. E, High 
magnification of cathode after ~6000 hours operation. F, Raman spectrum of the PCFC anode 
after 6000 hours of operation on hydrocarbon fuel at 500 °C. A carbonate peak is visible at 1060 
cm-1 but the graphitic carbon (G band) and disordered carbon (D band), which would be present 
at 1580 cm-1 and 1350 cm-1 are not apparent, indicating the absence of graphitic carbon and 
disordered carbon deposits in the anode even after long term operation on hydrocarbon fuel.   
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Figure 4.7 A, TEM micrograph of lamella from BZY20 PCFC electrolyte/cathode interface 
prepared by Focused Ion Beam (FIB). B, High Angle Annular Dark Field (HAADF) image of 
the electrolyte/cathode interface, and corresponding EDS maps of Ba, Zr, Y, Co, Fe and O. 
There is no chemical reaction between the electrolyte and electrolyte which indicates the 
excellent chemical compatibility of cathode with electrolyte. EDS mapping of cathode shows 
there is no obvious elemental segregation.  
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To facilitate direct comparison of PCFC performance on methane, desulfurized natural 

gas, and natural gas with sulfur impurities (19.5 ppm H2S), we operated a single PCFC on all 

three fuel streams consecutively. As previously reported in Figure 4.1A, B and Figure 4.3, PCFC 

performance on both desulfurized and H2S-containing natural gas actually slightly exceeds the 

performance on pure methane (peak power densities of 0.37 W/cm2 for both sulfurized and 

desulfurized natural gas vs. 0.36 W/cm2 for pure methane at 600 oC). We attribute this difference 

to the small concentration of more-easily reformed higher hydrocarbon species (e.g. C2H6 and 

C3H8) in real natural gas. Figure 4.1G provides electrochemical impedance spectroscopy (EIS) 

Nyquist plots of this cell on all three fuels at OCV, demonstrating that the ohmic resistance 

remains constant and the H2S has no obvious effect on the electrode polarization resistance. This 

is in stark contrast to the typical behavior in SOFCs, where both the ohmic and electrode-

polarization resistances generally increase significantly when subjected to H2S-contaminated fuel 

streams [97].  

The long-term, coke-free, sulfur-tolerant, fuel-flexible, direct-fueled fuel cell 

performance summarized in Figure 4.1 is perhaps without precedence. SOFCs, which typically 

operate at temperatures >700 °C, generally suffer from coking when operated directly on 

hydrocarbon fuels, even at O:C ratios higher than 2:1. Furthermore, standard consensus holds 

that coking issues should be exacerbated at lower temperatures and the anode mass balance 

trajectories shown in Figure 4.1c suggests that a PCFC should have a far-greater propensity to 

coke than an SOFC under the same operating conditions. Nevertheless, the PCFCs examined 

here achieve long-term coke-free operation at temperatures significantly lower than their SOFC 

counterparts (500-600 °C vs. 700-900 °C). Stability data from PCFCs and SOFCs operated on 

hydrocarbon/alcohol fuels reported in the literature are summarized in Table 4.1 and Table 4.2. 

This summary comparison shows that the PCFCs in this work deliver (to our knowledge) the 

longest lifetime with the smallest degradation rate reported to date. We believe that a 

combination of factors contribute to this unprecedented behavior, including several unique 

features of PCFCs that have been previously noted in the literature and several that have not.    
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Table 4.1 Comparison of stabilities of PCFCs and SOFCs on hydrocarbons/alcohol from 2013 to 
2017 

Composition T  
(°C) 

Hydrocarbon 
Fuels or 
Alcohol 

Stability 
(ITV=initial 
terminal 
voltage) 

Degradation 
rate 

Notes Ref. 

BZY20+Ni | 
BZY20 | 
BCFZY 

500 20 vol. % C3H8 
+ 20 vol. % O2 
+ 60 vol. % 
H2O  

j=0.2 A/cm2 

 
~1.5%/ 1000 
hours  

Cost-
effective 
PCFC 

This 
work 

BZY20+Ni | 
BZY20 | 
BCFZY 

500 10% C4H10 + 
20% O2 + 70% 
H2O 

j=0.2 A/cm2 

 
No 
degradation 
after 3000 
hours 

Cost-
effective 
PCFC 

This 
work 

BZY20+Ni | 
BZY20 | 
BCFZY 

600 10 vol. % iso-
C4H 10 + 20 vol. 
% O2 + 70 vol. 
% H2O 

j1=0.1 
A/cm2 

j2=0.2 
A/cm2 

j3=0.4 
A/cm2 

 

~4%/ 1000 
hours 

Cost-
effective 
PCFC 

This 
work 

BZY20+Ni | 
BZY20 | 
BCFZY 

500 Methanol j=0.4 A/cm2 

 
No 
degradation 
8000 hours 

Cost-
effective 
PCFC 

This 
work 

BZY20+Ni | 
BZY20 | 
BCFZY 

550 Ethanol j=0.2 A/cm2 

 
~1.5%/ 
1000hours 

Cost-
effective 
PCFC 

This 
work 

PBMO+Co-
Fe/LDC/LSG
M/NBSCF50
-GDC 

 

700 C3H8 (3%H2O) j=0.2 A/cm2 

ITV=0.68V 
~0.6%/500 
hours 
(~1.2%/kh) 

Ni-free 
anode 

[98] 

RP-PSFN-
CFA/LDC/L
SGM/BCFN  

 

800 C3H8 (3%H2O) j=0.4 A/cm2 

ITV=0.683
V 

~3.4%/100 
hours 
(~34%/kh) 

Ni-free 
anode 

[99] 

LSV+SDC/S
DC/La0.8Sr0.2

CoO3−δ (LSC
)-SDC 

 

600 CH4 (3%H2O) j=0.096 
A/cm2 

ITV=0.73V 

~2.6%/46 
hours 
(~57%/kh) 

Ni-free 
anode 

[100] 

Sn/Ni–
GDC/GDC/L
SCF 

 

650 CH4 

 
j=0.5 A/cm2 

ITV=0.48V 
No 
degradation 
200 hours 

Sn 
modified 
anode 

 
[101] 
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Table 4.1 continued 

Ni–
YSZ(SDC)|Y
SZ|YSZ+LS
M 

 

800 CH4 (3%H2O) j=0.33 
A/cm2 

ITV=0.42V 

No 
degradation 
450 hours 

SDC 
modified 
anode 

[102] 

Ni–
SDC/Ce0.8Ni
0.2O2−y cataly
tic 
layer/SDC/P
BCO–SDC  

 

650 CH4 (3%H2O) OCV ~18%/140 
hours 

Ce0.8Ni0.2

O2−y catal
ytic layer 

[103] 

Ni–
SDC/Ce0.8Ni
0.2O2−y cataly
tic 
layer/SDC/P
BCO–SDC  

 

650 Dry ethanol 
carried by N2 

OCV ~0.7%/150 
hours 

Ce0.8Ni0.2

O2−y catal
ytic layer 

[103] 

 

Table 4.2 Summary of anode materials developed for direct hydrocarbons SOFCs. 

Anode materials  Operating 
temperature 

Fuel Degradation 
rate 

Comments Ref. 

YSZ+Ni with Ru-
CeO2 catalyst 
layer 
 

770 °C Iso-

octane/CO2/steam 
/air mixtures  
 

~0.9%/50 
hours 

Noble metal 
catalyst 
High 
operating 
temperatures 

[79] 

Sr2MgMoO6-δ 
 

800 °C Methane No stability 
on methane 
provided  

High 
operating 
temperatures 

[104] 

BZCYYb  
 

750 °C Wet propane  ~0.7%/24 
hours 

High 
operating 
temperatures, 
poor 
chemical 
stabilities  

[65] 

PBMO+Co-Fe 
catalyst 

700 °C Humidified (3% 
H2O) propane 

~0.6%/500 
hours 

High 
operating 
temperatures 

[98] 
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Table 4.2 continued 

(Pr0.4Sr0.6)3(Fe0.85

Nb0.15)2O7 (RP- 
PSFN) + CoFe 
bimetallic alloy 
(CFA) 
nanoparticles  

800 °C Humidified (3% 
H2O) propane 

~3.1%/110 
hours 

High 
operating 
temperatures 

[99] 

Ca doped 
PrBaMn2O5+d 

(PBCMO) 

700 °C Humidified (3% 
H2O) propane 

~3.5%/150 
hours 

High 
operating 
temperatures 

[105] 

YSZ+Ni+SDC 
catalyst layer 

800 °C Humidified (3% 
H2O) methane 

No 
degradation 
after ~400 
hours 
operation 

High 
operating 
temperatures 

[106] 

CMF/LSMF 
anode containing 
10 wt% added 
RuO2 
 

800 °C Humidified (3% 
H2O) propane 

~4.0%/52 
hours 

High 
operating 
temperatures, 
noble metal 
catalysts 

 
[107] 

YSZ+Ni+Ag 800 °C Dry methane ~2.3%/100 
[108]hours 

High 
operating 
temperatures 

[109] 

Double-layered 
perovskite 
(Pr0.4Sr0.6)3(Fe0.85

Mo0.15)2O7 (DLP-
PSFM) 

750 °C Ethane ~1.5%/100 
hours 

High 
operating 
temperatures 

[110] 

Copper–iron–
ceria–YSZ 

800 °C Methane ~21.5%/46 
hours 

High 
operating 
temperatures 

[111] 

La0.3Sr0.6Ce0.1Ni0.

1Ti0.9O3-δ 
900 °C Dry methane No 

degradation 
after 80 
hours 

High 
operating 
temperatures 

[112] 

2.5wt.%MgO-
modified Ni-SDC  

800 °C Humidified (3% 
H2O) methane 

~13.3%/330 
hours 

High 
operating 
temperatures 

[113] 

Ni– MnO/Ni–
YSZ 

800 °C Humidified (3% 
H2O) methane 

~20.4%/24 
hours 

High 
operating 
temperatures 

[114] 
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First, and perhaps most crucially, a propitious in-situ nano-catalyst formation process 

occurs inside the PCFC anode during operation that likely contributes to the excellent long-term 

durability and anti-coking resistance. As can be noted in several of the long-term durability 

studies (see, e.g., Figure 4.1E, F), fuel cell performance actually increases slightly during the 

first several hundred hours of operation. We have correlated this phenomenon to the in-situ 

formation of nano-Ni catalyst particles in the PCFC anode during the initial stages (first several 

hundred hours) of operation under reducing conditions. Figure 4.8A-C demonstrate the time-

dependent evolution of the exsolved Ni nanoparticle phase starting from a fresh anode (Figure 

4.8A), after operation on humidified methane for 300 hours at 600 °C (Figure 4.8B), and after 

operation on humidified methane for 1400 hours at 500 °C (Figure 4.8C). The in-situ exsolution 

process leads to the formation of a relatively dense and uniform coating of Ni nanoparticles 

across the BZY electrolyte phase. The Ni nanoparticles generally vary in size between ~5-100nm. 

With increased operating time (compare Figure 4.8B vs. Figure 4.8C), nanoparticle density 

increases slightly and some agglomeration is seen, although the particles are still well-dispersed 

and most particles remain well below 100 nm in size (Figure 4.9A and Figure 4.9B). 

Transmission electron microscopy (TEM) investigations confirm that the nanoparticles are 

indeed Ni (Figure 4.8D, E, F).  

The Tamman temperature of nickel is 581 °C. The target operating temperature of our 

PCFCs is lower than 600 °C, and most of the long-term stability testing conducted in this study 

was at 500 °C (i.e., well below the Tamman temperature), where Ni sintering/coarsening is 

avoided. Indeed, as shown in Figure 4.9C, D, the distribution and size of Ni nanoparticles on the 

BZY anode support remain essentially constant between 1400 and 6000 hours of operation.  

Additional evidence in support of this proposed in-situ Ni exsolution process is provided 

in Figure 4.10A-E, Figure 4.11A-F. While we have observed this Ni exsolution phenomenon 

specifically for the Ni/BZY composite (“cermet”) anodes employed here, it can likely be 

exploited across a wide range of Ni-containing doped-barium zirconate/cerate cermet anode 

systems. Indeed, Irvine et al. have recently demonstrated similar Ni nanoparticle exsolution 

behavior in SrTiO3-based perovskite catalyst supports, and observed greatly enhanced coking 

resistance for the exsolved Ni catalyst compared to comparable SrTiO3 supports with deposited 

(rather than exsolved) Ni nanoparticle catalysts [115]. 
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Figure 4.8 In situ exsolution of Ni nanoparticles during PCFC operation.  A, SEM micrograph of 
BZY20 PCFC anode as sintered. B, SEM micrograph of BZY20 PCFC anode after 300 hours 
operation on humidified methane (28.5 vol. % CH4 + 71.5 vol. % H2O) at OCV at 600 °C. C, 
SEM micrograph of BZY20 PCFC anode after 1400 hours operation on humidified methane (20 
vol. % CH4 + 50 vol. % H2O + 30 vol. % Ar) under an output current density of 80 mA/cm2 at 
500 °C. D, TEM micrograph of a lift-out sample from the BZY20 PCFC anode (Figure 4.8C) 
prepared by focus ion beam (FIB). E, High angle annular dark field (HAADF) image of a select 
area with one particle on the grain boundary, and F, Overlay of Ba, Zr, Y, Ni, and O electron-
energy loss spectra (EELS) signals on the HAADF micrograph and black field (BF) confirming 
the nanoparticle is Ni.  
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Figure 4.9 SEM image of the anode of a PCFC after running for 1400 and 6000 hours on 
hydrocarbons at 500 °C. (A), (B) 6000 hours. (C) 1400 hours. (D) 6000 hours.  
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Figure 4.10 The mechanism of solid-state reactive sintering and exsolution of Ni nanoparticles. 
A, Exposure to reducing conditions (e.g. H2 or hydrocarbon fuel) at typical PCFC operating 
temperatures triggers the in-situ exsolution of Ni nanoparticles onto the surface of the BZY 
phase in the cermet anode. This exsolution process is driven by the decreased solubility of Ni in 
the BZY phase under anode operating conditions (500-600 °C, highly reducing) compared to the 
much higher starting solubility of Ni in the BZY phase under anode synthesis conditions 
(1450 °C, highly oxidizing). In addition, fuel cell operation also drives the decomposition of a 
residual BaY2NiO5 phase which is a byproduct of the solid-state reactive-sintering method 
(SSRS) used to synthesize the anode. As illustrated in this figure, the SSRS process enables the 
anode to be rapidly and inexpensively fabricated in a single step starting from a homogeneous 
mixture of BaCO3, ZrO2, Y2O3, NiO and pore former, which is fired under oxidizing conditions 
at 1450 °C for 18 hours. During firing, a complex phase-formation and sintering process, 
involving the transient formation and decomposition of BaY2NiO5, leads to the creation of a 
porous two-phase NiO + Ni-doped BZY composite anode with a small amount of dispersed 
residual BaY2NiO5.  During initial fuel cell operation, the NiO phase is reduced to Ni metal, 
while the Ni-doped BZY is reduced to BZY [20], concomitant with the exsolution of Ni 
nanoparticles which we hypothesize enhance the performance and durability of the fuel cell. B, 
Amplified main peaks of XRD patterns of BZY20 phase after sintering in air with different NiO 
amount in precursors. The amount of Ni diffusing into the BZY is determined by the defect 
reaction equilibrium. The amplified main XRD peaks of BZY20 phase shift to the right side with 
increasing amounts of Ni in the anode. This is consistent with a decreasing lattice constant with 
increasing Ni substitution on the B-site of the BZY lattice owing to the smaller size of Ni2+ 
compared to Zr4+ or Y3+.  C, XRD patterns of BZY20 anode after sintering in air and reduction in 
hydrogen at 600 °C for 150 hours. The anode is fabricated from a homogeneous mixture of 
BaCO3, ZrO2, Y2O3, NiO and pore former, and fired under oxidizing conditions at 1450 °C for 
18h. Upon firing, a complex phase-formation and sintering process, involving the transient 
formation and decomposition of BaY2NiO5, leads to the creation of a porous two-phase NiO + 
Ni-doped BZY composite anode with a small amount of dispersed residual BaY2NiO5. D, 
Amplified main peaks of XRD patterns of BZY20 phase after sintering in air and reduction in 
hydrogen at 600 °C for 150 hours. The peak shifts to smaller angle after reduction which is 
consistent with the exsolution of Ni from BZY lattice, leading to a concomitant increase in the 
lattice constant of the BZY phase. F, BaY2NiO5 phase formation temperature profile investigated 
by in-situ high-temperature XRD. The color indicates the intensity of the main peak of 
BaY2NiO5.  
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Figure 4.11 SEM images of the Ni nanoparticle exsolution process in the PCFC anode. A and B, 
BZY20 phase of the anode before reduction. The surface of the BZY20 phase is very clean and 
there are no nanoparticles along the grain boundaries or on the triple junction points. C and D, 
BZY20 phase of the anode after reduction under hydrogen at 600 °C for 50 hours. Ni 
nanoparticles begin to form on the triple junction points and grain boundaries. E and F, BZY20 
phase of the anode after reduction under hydrogen at 600 °C for 100 hours. More Ni 
nanoparticles begin to form along grain surfaces and boundaries. The size of exsolved Ni 
nanoparticles is less than 100 nm.  

 

As schematically illustrated in Figure 4.12A, the unique anode microstructure resulting 

from this Ni exsolution process facilitates rapid reforming chemistry with anti-fouling properties 

thanks to the intimate communication between the Ni nano-islands and the supporting BZY 

electrolyte phase. Several researchers have previously noted that the BZY support can contribute 

to H2O dissociation to form surface hydroxyl (OH(s)) and H(s) compounds which can serve as 
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surface-intermediate species in carbon removal and water-gas shift (WGS) reactions. Water 

dissociation can occur without a barrier on the BZY support [116]. Thus, the limiting step of the 

OH(s) formation reaction becomes the adsorption of H2O. In other words, the H2O uptake of the 

BZY support determines the carbon removing reaction rate. At PCFC operating temperatures 

(500-600 °C), BZY is known to have a high water-uptake capacity [117]. As the surface 

hydroxyl species are formed, they can further react with the adsorbed carbon on the Ni surface 

and suppress coke formation [118].  Depending on the reaction temperature and the H2O 

concentration in the feed stream, the reaction between the surface carbon C(Ni) and the surface 

hydroxyl OH(BZY) may follow different catalytic paths and can form various surface 

intermediates such as formyl (COH), carboxyl (COOH) or formate (HCOO) intermediates [119], 

[120]. This bi-functionality of the Ni/BZY system is schematically illustrated in Figure 4.12A. 

Further details on specific potential reaction pathways and participating surface intermediates is 

provided in the Extended Data.  

As the H2O dissociation is a barrier-less process and the BZY can uptake high levels of 

H2O, the methane conversion reaction rate is determined by the active Ni surface area and hence 

the spillover density. Nanoscale Ni particles well dispersed on the BZY support can provide high 

surface area and close interaction of the surface adsorbates (either between two Ni surfaces, or 

between Ni and BZY) by decreasing the spillover distance.  However, it should be noted that 

coke formation rates can be enhanced due to the high surface area and low spillover distance 

between the adsorbed carbon species building carbon islands as well. Because the support can 

facilitate the OH(BZY) and –CO3(BZY) formation, the surface carbon can react with surface 

hydroxyl and carbonate to form various intermediates (Figure 4.12A) which then further react to 

CO and CO2 [121]. The overall effect of this process appears to be stable catalytic behavior even 

for long time-on-stream operations as observed in the Figure 4.1 data.  

Key in-situ Raman evidence for the active role of the BZY electrolyte phase in removing 

carbon deposits is provided in Figure 4.12B, C. In order to study the details of the carbon 

cleaning process, a Ni/BZY anode was treated for 4 hours under dry methane at 500 °C to 

purposely trigger carbon deposition (coking). The treated sample was then loaded into the in-situ 

HT-Raman chamber under dry 1 vol. % H2 and heated to 500 °C (Figure 4.12B). Exposure to dry 

1vol. % H2 does not lead to an obvious decrease in the intensity of the disordered and graphitic 
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carbon Raman signals, indicating that carbon cannot be removed under dry reducing 

atmospheres. However, after switching to a wet reducing atmosphere (1 vol. % H2, 10 vol. % 

H2O), the carbon signals are completely eliminated within 60 minutes. These results strongly 

suggest that water plays an important role in the elimination of carbon. In addition, a Raman 

peak associated with -CO3 transiently appears (and then disappears) during this carbon cleaning 

process in wet hydrogen, suggesting that the introduction of H2O leads to the formation of 

surface -CO3 groups which are also involved in the carbon removal process.  

To further verify the above mechanism, we carried out additional in-situ HT-Raman 

spectroscopy studies, this time in dry CO2/H2 (50 vol. % CO2, 49.5 vol. % Ar, 0.5 vol. % H2) 

(Figure 4.12C). Upon exposure to dry CO2, we again observed the elimination of carbon in 

concert with the formation of -CO3 species. In this case, the -CO3 persists because, in the 

absence of H2O, surface hydroxyls are not available for further reaction. These results 

demonstrate that carbon can be removed via the formation of -CO3, while subsequent removal of 

the -CO3 requires -OH/H2O.  

We pursued analogous experiments on a Ni/YSZ anode as summarized in Fig. 3d, e. In 

marked contrast to behavior of Ni/BZY, hydration, hydroxylation, and -CO3 formation were not 

detected in the Ni/YSZ anode, and carbon removal did not occur upon exposure to humidified 

hydrogen, even when resorting to higher temperatures and/or higher levels of humidification. In 

addition, the carbon could not be removed in either dry or wet CO2.  

A final important aspect of the BZY support behavior is its contribution to catalyst 

stability under sulfur-containing hydrocarbon gas. While sulfur is found in natural gas in the 

form of mercaptans, COS, CS2, and H2S, under reforming conditions it mostly forms H2S. H2S 

has a well-known poisoning effect on Ni surfaces. Even H2S concentrations as low as 1-5 ppm 

can significantly decrease catalytic activity by selectively adsorbing on the active Ni surface 

[122]. The sulfur uptake of the catalyst is related to the Ni surface area. Thus, Ni nanoparticles 

with high dispersion and the high catalytic surface area can tolerate greater sulfur poisoning. 

Sulfur-poisoned Ni has no activity below 700 oC [123]. Typically, the sulfur can be removed via 

reaction with surface oxygen species to form SO2. Over a Ni/BZY catalyst it is shown that sulfur 

is preferentially adsorbed on the Ni rather than the BZY support [124]. Thus, the BZY support is 
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readily available for H2O uptake and hydroxyl formation. We speculate that this OH(BZY) can 

help to remove the adsorbed sulfur from the Ni surface. As indirect evidence of this reaction, we 

detect SO2 production during the reforming of H2S-containing natural gas in our PCFC anode 

(Figure 4.12D). This evidence is consistent with the recent study of Yang et al., [65] who 

observed high sulfur tolerance for Ni/BaZr0.1Ce0.7Y0.2–xYbxO3–δ anode materials. Although the 

electrolyte phase in their study was different than the BZY phase used here, the literature agrees 

that the water dissociation and surface hydroxide formation is attributed to the A-site Ba cations 

in the perovskite phase (and/or additional possible BaO surface phases) [65], [121], [125]. 

Similar to carbon cleaning from the Ni surface, a series of plausible elementary reaction steps 

can be proposed for sulfur cleaning from the Ni surface via the bi-functionality of the Ni/BZY 

system. 

In addition to coking resistance and sulfur tolerance, thermal cycling stability is crucially 

important for fuel-cell commercialization, particularly for applications requiring start/stop 

capability or transient/variable loads. Thermal cycling can also be used as an accelerated stress 

test to gain insight into fuel-cell durability and degradation under aggressive operating conditions 

or in the case of unplanned shut-down events. To study the thermal cycling stability of our 

PCFCs on hydrogen, we subjected a representative cell to 32 rapid thermal cycles while 

operating at a constant potential of 0.85 V. The clamshell testing furnace was turned off and 

manually opened to the ambient in order to subject the cell to a rapid cooling rate. Using this 

approach, we achieved cooling rates as high as 28 °C/min (Figure 4.13A). Figure 4.13B shows 

the temperature and current density profiles continuously recorded over a period of 

approximately 28 hours, during which time the cell was subjected to 32 rapid thermal cycles. 

The temperature and current density profiles for the last thermal cycles (Figure 4.13B) show that 

the cell power output dropped to zero as the cell temperature fell to ~260 , at which point the 

furnace was closed and turned back on. The cell typically required just 18 minutes to fully 

recover to its original temperature and performance at 550 °C. Between each thermal cycle and 

upon completion of the full 32 thermal cycles, the cell current density recovered to >99.5% of its 

initial current density, suggesting highly stable intrinsic thermal-cycling capability of the PCFC 

cell materials.  
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Figure 4.12 Carbon and sulfur mitigation mechanism. (A), schematic illustration of PCFC and 
mechanism of hydrocarbon reforming, water-gas shift reaction, sulfur cleaning, and carbon 
cleaning. (B) In-situ HT-Raman spectra of a carbon-contaminated Ni/BZY-based anode after 
exposure to dry 1% H2 (balance Ar) and humidified 1 vol. % H2 (10 vol. % H2O, balance Ar) at 
500 °C. (C) In-situ HT-Raman spectra of a carbon-contaminated Ni/BZY-based anode after 
exposure to 50 vol. % dry CO2 + 49.5 vol. % Ar + 0.5 vol. % H2. (E) In-situ HT-Raman spectra 
of a carbon-contaminated Ni/BZY-based anode after continuous exposure to humidified 1 vol. % 
H2 (8 vol. % H2O) at 400 °C for 60 minutes. In-situ HT-Raman spectra of a carbon-contaminated 
Ni/YSZ-based anode after continuous exposure to humidified 1 vol. % H2 (8 vol. % H2O) at 
400 °C for 70 minutes, then humidified 1 vol. % H2 (13 vol. % H2O) at 400 °C for 40 minutes, 
then humidified 1 vol. % H2 (13 vol. % H2O) at 450 °C for 20 minutes and finally humidified 1 
vol. % H2 (13 vol. % H2O) at 500 °C for an additional 40 minutes. (F) In-situ HT-Raman spectra 
of a carbon-contaminated Ni/YSZ-based anode after exposure to 50 vol. % dry CO2 + 49.5 vol. % 
Ar + 0.5 vol. % H2 for various intervals up to 20 hours followed by exposure to humidified CO2 
(40 vol. % CO2 + 10 vol. % H2O + 49.5 vol. % Ar + 0.5 vol. % H2) for various intervals up to an 
additional 28 hours at 500 °C. (G) SO2 mass spectrometer signal intensity as a function of time 
for PCFC anode during direct internal reforming of H2S-contaminated natural gas. 
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         Carbon cleaning mechanism 
 

(1) H2O=OH(BZY)+H(BZY) 
(2) Cad(Ni) +OH(BZY) =COH(Ni)+BZY                
(3) COH(Ni)+O(Ni)=COOH(Ni)+Ni                      
(4) COOH(Ni)+ OH(BZY) =CO2+H2O    
(5) Cad(Ni)+H2O(BZY)=CO2+H2               
(6) CO2 +BZY=CO2(BZY)                                    
(7) CO2(BZY)+BZY =CO(BZY)+O(BZY)   

            
 
 

(8) CO2(BZY)+O(BZY) =                                     
 
 

(9) CO2(BZY) +OH(BZY) =CO3H(BZY)+BZY      
(10) CO(BZY) +OH(BZY)=COOH(BZY)+BZY    
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Figure 4.13 Thermal cycling measurement of hydrogen-fueled PCFC cycling between 350 °C 
and 550 °C with up to 28 °C/min heating and cooling rate. (A), amplified temperature profile and 
cooling/heating rate. (B), output current was recorded at a constant voltage of 0.85 V.  

 

4.5 Conclusion 

As demonstrated in this work, PCFCs can achieve long-term, high-performance operation 

on hydrocarbon and sulfur-containing fuels due to intrinsic coke and sulfur resistant properties 

imparted by the bi-functional Ni/BZY anode electrode. Performance is further enhanced by a 

unique in-situ Ni nanoparticle exsolution process that occurs inside the anode electrode during 

the first several hundred hours of fuel cell operation. The exceptional fuel flexibility and long-

term durability demonstrated by the Ni/BZY-based PCFC devices reported here highlights the 

promise of this technology and its potential for commercial application.  

4.6 Supplementary information (Mechanism of sulfur and carbon cleaning) 

As discussed in the main paper, there are important surface-chemistry differences 

between PCFCs and SOFCs that likely contribute to the unique coke and sulfur-resistant 

properties of PCFCs. PCFC electrolytes such as BZY and BCY are highly basic [125]. In 

comparison, common SOFC electrolytes such as YSZ and GDC are significantly more acidic. 

Because the electrolyte phase is present as a significant volume fraction (20-40%) in standard 

Ni-based cermet (ceramic-metal composite) fuel cell anode architectures for both PCFCs and 

SOFCs, the resulting surface chemistry differences can greatly impact anode behavior. 

Specifically, several recent SOFC studies [117], [125] have demonstrated that the hydration of 

BZY/BCY can increase the O:C ratio on surface and at two phase boundaries with Ni which can 

A B 
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facilitate carbon removal and increase the coking resistance. The presence of proton conducting 

ceramic particles in the anode can also inhibit the adsorption of sulfur and help with sulfur 

removal [97]. 

DFT studies suggest that on Ni (111) and Ni(211) surfaces, COOH(Ni) is most likely to 

form among the three carbon-containing hydroxyl species. Furthermore, the study of Catapan et 

al., [120] suggests that the rate determining step for WGS reaction is the formation of COOH(Ni). 

The coke removal rate is found to be directly proportional to the COOH(Ni) formation rate as 

well.  The plausible surface reaction steps where COOH(Ni) is formed and consumed are 

highlighted below.  The adsorbed species on the Ni are designated as X(Ni) whereas surface 

adsorbates on the BZY support are designated as X(BZY). 

As the reaction pathways suggest, the bi-functionality of Ni/BZY occurs via reaction of 

Ni and BZY surface adsorbates. Although the mechanism is not shown in the detail, the 

interaction of the two surface adsorbates can be explained via spillover density arguements[126]. 

The physical distance between the two adsorbates can determine the reaction rates.  

The following elementary reaction steps are proposed for sulfur cleaning from Ni via 

surface hydroxyl species. 

(1) H2S+Ni=S(Ni) +H2                                   

(2) S(Ni) +OH(BZY) =SOH(Ni)+BZY            

(3) H2O +Ni= H2O(Ni)                                      

(4) H2O(Ni) =OH(Ni)+H(Ni)                            

(5) OH(Ni)+Ni =O(Ni)+H(Ni)                          

(6) SOH(Ni)+ O(Ni) = SO2(Ni)+H(Ni)             
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CHAPTER 5  
Zr AND Y CO-DEOPED PEROVSKITE AS CATHODE FOR SOLID OXIDE FUEL CELLS 

OPERATING BELOW 500 °C 

Modified from a paper published on Energy & Environmental Science (DOI: 

10.1039/C6EE01915C) 

Chuancheng Duan, David Hook, Yachao Chen, Jianhua Tong and Ryan O'Hayre 

5.1 Abstract 

Zr and Y co-doped perovskite BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY0.1) was recently 

developed as a promising new cathode for protonic ceramic fuel cells (PCFCs). Here, it is 

applied for the first time as a cathode for low-temperature solid oxide fuel cells ( LT-SOFCs). It 

exhibits large lattice parameter, high oxygen reduction reaction (ORR) activity, exceptional low-

temperature performance, long-term stability, and excellent chemical compatability with ceria-

based SOFC electrolytes. When BCFZY0.1 is used as the cathode in Ce0.8Gd0.2O2-δ (GDC20)-

based SOFCs, it enables a peak power density of 0.97 W/cm2 at 500 °C with 2500 hours stable 

performance and complete recoverability without any degradation after more than 80 fast 

thermal ramping cycles. Even at 350 °C, peak power density reaches 0.13 W/cm2. It also shows 

good H2O and CO2 tolerance. 

5.2 Introduction 

Solid oxide fuel cells (SOFCs) enable highly-efficient electricity generation from a wide 

variety of chemical fuels [2], [78]. However, they generally operate at high temperatures 

(typically 700-1000 °C), which leads to expensive fuel cell components, high balance of plant 

cost, slow start-up and shut-down, poor cycling capability, and poor durability. Decreasing 

SOFC operating temperature is therefore a central goal of current fuel cell research [127]. Both 

ohmic (electrolyte) and kinetic (electrode polarization) losses tend to increase significantly with 

decreasing temperature, which must be addressed in order to enable SOFC operation at low 

temperatures (≤500 °C). Ohmic loss is primarily addressed by decreasing electrolyte thickness 

[107] and/or by developing new electrolyte materials with increased low-temperature ionic 

conductivity [129]. Ultrathin-film deposition technologies (such as pulsed-laser deposition) have 

been used to fabricate functional SOFCs with electrolytes ≤100 nm [130], enabling SOFC 
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operation at <600 °C. Meanwhile, electrode losses, especially cathode losses (which typically 

dominate the electrode performance at temperature lower than 500 °C), can be minimized by 

optimizing the electrode microstructure and increasing the cathode ORR activity [50], [61]. 

However, most known SOFC cathode materials possess activation energies of 100-200 kJ/mol, 

meaning that electrode polarization losses increase steeply with decreasing temperature. For 

example, the activation energy of the well-known cathode material Ba0.5Sr0.5Co0.8Fe0.2O3-δ 

(BSCF) is ~120 kJ/mol [33]. This results in a 10X increase in electrode polarization resistance 

with just a 100 °C decrease in operating temperature (from 600 °C to 500 °C). Thus, high-

activity cathode materials with lower activation energy are critically needed if SOFC operating 

temperature is to be reduced below 500 °C.  

A number of prospective cathode materials have been applied to LT-SOFCs including the 

previously mentioned BSCF [33] as well as La0.8Sr0.2MnO3-δ-ZrxY1-xO2-δ (LSM-YSZ) 

composites [131], La0.6Sr0.4Co0.8Fe0.2O3-δ (LSCF) [132], and LnBaCo2O5+δ (LBCO) [133]. LSM-

YSZ composite cathodes are among the most widely applied options for SOFCs. They were 

originally developed for high-temperature SOFCs which usually operate above 800 °C. Because 

LSM is a poor ionic conductor, especially at low temperatures, ORR activity is restricted to the 

YSZ/LSM/gas triple-phase boundary (TPB) and performance drops sharply at low temperatures. 

Although ORR activity can be significantly enhanced by nanostructuring approaches, such as 

infiltrating LSM nanoparticles onto a porous YSZ framework [61], cathode performance below 

600 °C is still very poor. To address the issues associated with LSM-YSZ composite cathodes, 

alternative cathode materials such as BSCF are increasingly studied. In recent studies  [33], 

BSCF has been shown to enable high fuel cell performance at 600 °C (peak power density as 

high as ~1 W/cm2). However, performance drops steeply with further decreases in temperature 

(e.g. the best reported peak power density at 400 °C is only ~95 mW/cm2). SOFCs based on thin 

GDC electrolytes with core/shell fibre-structured BSCF-GDC cathodes were recently 

demonstrated by Yong Gun Shui et al. [50] with impressive power densities as high as 2 W/cm2 

at 550 °C. Again, however, the performance drops sharply with further decreases in operating 

temperature (e.g. dropping to 0.84 W/cm2 at 450 °C) because of the high activation energy of the 

cathode and low ORR activity at low temperatures. In addition, the cathode shows rapid 

degradation (5.6% loss in power density within 250 hours) and the core/shell nanostructure 
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approach may be challenging to scale commercially. As an alternative but perhaps costly 

approach, Prinz et al. [134] have demonstrated micro-SOFCs using thin-film deposition methods 

with performance as high as 1.3 W/cm2 at 450 °C using expensive nanostructured Pt cathodes.  

For commercial application, SOFCs must demonstrate excellent long-term durability and 

thermal robustness in addition to good performance. Poor thermal cycling stability is usually 

caused by poor thermal shock resistance due to mismatches in thermal expansion characteristics 

between the various components of the MEA and/or stress-induced delamination between 

electrode and electrolyte. In most SOFCs, the cathode is usually sintered separately and at lower 

temperature compared with anode and electrolyte in order to get a porous structure with high 

surface area. However, this can lead to a weak electrode/electrolyte interface that is susceptible 

to delamination. Despite the crucial importance of thermal-cycle stability, few studies in the 

literature have examined rapid thermal cycling in SOFCs. As a notable exception, Kun Joong 

Kim et al recently demonstrated good stability after 10 quick thermal cycles for micro SOFCs 

fabricated on porous stainless steel [135]. Lower-temperature SOFC operation should benefit 

thermal-cycle stability since thermal gradients and transients are generally reduced. 

Here, we investigate BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY0.1) as a new cathode for low-

temperature solid oxide fuel cells (LT-SOFCs). Originally developed for protonic ceramic fuel 

cells (PCFCs) we show that that BCFZY0.1 enables excellent LT-SOFC performance 

with >2500 hours stable operation in Ce0.8Gd0.2O2-δ (GDC20)-based SOFC single cells. The 

combination of excellent performance, great stability and high ORR activity at low temperatures 

suggests BCFZY0.1 is a promising new cathode for LT-SOFCs.  

5.3 Experiments 

5.3.1 Materials synthesis and cell fabrication 

BCFZY0.1 cathode powders were synthesized using a previously developed sol-gel 

method [136]. The required amounts (based on desired cathode stoichiometry) of Ba(NO3)2 (Alfa 

Aesar), Co(NO3)2·6H2O (Alfa Aesar), Fe(NO3)3·9H2O (Alfa Aesar), ZrO(NO3)2 35 wt.% in 

dilute nitric acid (Sigma Aldrich), Y(NO3)3·6H2O  (Alfa Aesar), EDTA  (Alfa Aesar) and citric 

acids  (Alfa Aesar) were dissolved in ammonium hydroxide while heating and stirring 

continuously. A dark purple gel was obtained as excess water was gradually evaporated from the 
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solution. The gel was put into a drying oven at 150 °C for 24 hours to get a dark porous charcoal. 

The charcoal was ball-milled with 1-butanol as solvent for 48 hours. Then, the powder was dried 

at 100 °C for 12 hours. The powder was then calcined at 600 °C for 5 hours followed by ball-

milling again with 1-butanol for 48 hours and dried at 100 °C for 12 hours. BSCF powders were 

synthesized by the same method.  

In order to be compared with BSCF, Sm0.2Ce0.8O2+δ (SDC, FuelCellMaterials, SDC20-TC) 

was chosen as the electrolyte. SDC precursor powder was dry-pressed under 375 Mpa for 1.5 

minutes in a 19 mm diameter die to prepare the symmetric cell electrolyte green pellets (pellet 

thickness = 1.5mm). Then, the pellets were sintered at 1450 °C for 5 hours. Pellet thickness was 

reduced to 1 mm by grinding both sides of the pellets. Cathode paste was prepared by mixing 5 g 

of the respective powders with 1 g dispersant (20 wt. % solsperse 28000 (Lubrizol) dissolved in 

terpinol), and 0.3 g binder (5 wt.% V-006 (Heraeus) dissolved in terpinol). Cathode paste was 

printed on both sides of the electrolyte pellet followed by annealing at 900 °C for 5 hours. 

Effective cathode area for the symmetric cell studies was 0.2 cm2. Cathode thickness was 20 µm.  

The anode precursor powder (FuelCellMaterials.com, NiO/GDC10 (Ce0.9Gd0.1O2-δ), Lot#: 

279-008, surface area: 6.2 m2/g) was dry-pressed under 375 Mpa for 1.5 minutes in a 19 mm 

diameter die to prepare the anode green pellets (thickness ~1.5 mm). GDC20 powder 

(FuelCellMaterials.com, GDC20-M, lot#: 274-069, surface area: 201 m2/g) was used as the 

electrolyte precursor. 15 g GDC20 powder was ball-milled with 0.4mL solsperse 28000 

(Lubrizol) as dispersant, 2 mL Di-n-butyphalate (Sigma Aldrich) as a plasticiser and 150 mL 

IPA as solvent for 24 hours.  The green anode pellets were dipped into the electrolyte slurry for 3 

seconds and then placed into a drying oven (T=100 °C) for 1 hour. This process was repeated 4 

times to obtain sufficient electrolyte thickness. After drying, cells were co-fired at 1450 °C for 5 

hours with cooling and heating rates of 1.5 °C/min. After firing, the electrolyte was removed 

from one side by grinding. The thickness of the anode for cell 1 was reduced to ~1.2 mm by 

grinding. For cells 2 and 3, the anode thickness was reduced to ~0.4 mm. For all three cells, the 

cathode was subsequently printed onto the electrolyte-coated side followed by sintering at 

900 °C for 5 hours.  
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5.3.2 Materials characterization 

Cell morphologies and microstructures were examined by Field Emission Scanning 

Electron Microscopy (FESEM) using a JEOL JSM7000F. Room temperature X-ray diffraction 

(XRD) analyses of powders were performed using a Philips X’Pert Pro MPD diffractometer 

(PANalytical, Almelo, the Netherlands) with Cu-Kα radiation, tube voltage 45 kV, and tube 

current 40 mA. Intensities were collected in the 2ϴ range between with a step size of 0.008 ° and 

a measuring time of 5 s at each step. High-temperature X-ray diffraction (HT-XRD) analyses of 

powders were performed using a Bruker D8 Discover TWIN/TWIN diffractometer with a 

vertical goniometer (radius is 280 mm), Cu-Kα radiation, tube voltage 45 kV, and tube current 

40 mA. In-situ heating was accomplished with an Anton Paar HTK 2000N hot stage which 

utilizes a 0.5 mm Pt stripe heater. Intensities were collected both on heating and on cooling in the 

2ϴ range between 12 and 90 with a step size of 0.025 ° and a measuring time of 0.75 s at each 

step. The heating rate was 5 °C/min, with a 5 min hold at each temperature before scan initiation. 

The cooling rate was 15 °C/min with a 5 minutes hold before each scan.  

Environmental-controlled HT-XRD was performed using the same instrument to study 

the CO2 tolerance of BCFZY0.1. A scan was first acquired at room temperature in UHP Air. 

Under UHP Air, the sample was heated to 500 °C and a second scan was run. Another 8 scans 

were performed at the same temperature after switching from UHP Air to 5 vol. % CO2 +21 vol. % 

O2+ 74 vol. % N2 for 20 minutes. Then the atmosphere was switched back to UHP Air, 16 scans 

were done after waiting for 20 minutes. For both gas conditions, a flow rate of 20 mL/min was 

used.  

5.3.3 Symmetric cell and fuel cell evaluation 

Gold paste was printed on both sides of symmetric cells as a current collector. 

Electrochemical impedance spectroscopy (EIS) was performed with a Gamry reference 600 

using a signal amplitude of 10 mV under dry air atmosphere and open circuit voltage (OCV) 

conditions in the frequency range of 0.01-106Hz. EIS was conducted at 300-600 °C. For fuel cell 

testing, gold paste was applied as a current collector on both the anode and cathode electrodes. 

Single cells were sealed on alumina tubes by glass powder. I-V polarization curves were 
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measured with 150 mL/min air and 50 mL/min hydrogen as oxidant and fuel respectively by 

Gamry reference 3000 over a range of temperatures from 350-500 °C.  

5.4 Results and discussion 

5.4.1 Low activation energy and good stability 

BCFZY0.1 was originally developed for protonic ceramic fuel cells (PCFCs) as it 

possesses mixed oxygen ion, proton and electron conductivity and high ORR activity at low 

temperatures [5]. However, we hypothesize that it should also be an excellent cathode for LT-

SOFCs because it possesses a much lower activation energy ( ~80 kJ/mol) than most other 

cathode alternatives (Figure 1a). When applied to PCFCs, BCFZY0.1 has demonstrated excellent 

long-term stability (>1400 hours without loss in performance) and good low-temperature 

performance (>450 mW/cm2 at 500 °C).  

Figure 5.1A compares the polarization resistance of BCFZY0.1 (measured by two-probe 

electrode impedance using a BCFZY0.1|SDC20|BCFZY0.1 symmetric cell) against the well-

known SOFC cathode material BSCF (measured by two-probe electrode impedance using a 

BSCF|SDC20|BSCF symmetric cell). Both symmetric cells used a 1 mm thick electrolyte pellet 

with 20 µm thick symmetric cathodes. Morphological comparison of BCFZY0.1 and BSCF 

cathodes before testing (Figure 5.8) shows ~3X smaller particle size for BCFZY0.1, consistent 

with its more refractory nature. This property facilitates the fabrication of a stable cathode 

nanostructure using traditional ceramic processing methods, which is difficult to accomplish with 

BSCF.  As shown in Figure 5.1A, BCFZY0.1 shows much lower activation energy (79.2 kJ/mol) 

than BSCF (117 kJ/mol). For further comparison, previously reported BSCF symmetric cell 

polarization data from Shao et al. is also included in the figure. Their BSCF polarization 

resistance and activation energy (116 kJ/mol) closely match our results.  Because of the 

significantly different activation energies, the performance of the two cathodes show a crossover 

with temperature: at high temperatures, BCFZY0.1 shows higher area-specific resistance (ASR) 

than BSCF, while at lower temperatures (<450 oC) BCFZY0.1 shows lower ASR. We note that 

absolute ASR values depend strongly on cathode surface area and microstructure, and so the 

crossover temperature will change depending on cathode morphology. In general, however, 

BCFZY0.1 will be favoured at lower temperatures due to its lower activation energy.  
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BCFZY0.1 also shows promising long-term stability, as shown in Figure 5.1B which 

compares the polarization resistance of BCFZY0.1 and BSCF at 350 °C in dry air. BCFZY0.1 

maintains stable performance after 1000 hours of testing while the resistance of BSCF increases 

from 65.0 to 99.7 Ωcm2 after just 720 hours. Low-temperature instability is a widely noted issue 

in oxygen permeation membranes based on BSCF. BSCF instability is attributed deleterious 

phase transformations from the cubic to the hexagonal and/or lamellar trigonal phases at 

temperatures below 850 °C, particularly at grain boundaries [137]. Indeed, post-mortem SEM 

analysis of our BSCF symmetric cell indicates that second phase impurities formed on the porous 

cathode surface after the 720 hours testing of durability at 350 °C (Figure 5.9A and Figure 5.9B). 

There is obvious grain coarsening of BSCF after 720 hours testing while the morphology of 

BCFZY0.1 before and after 1000 hours testing does not change. Comparing BSCF and 

BCFZY0.1, we hypothesize that partial substitution of Co3+/Co4+ by larger Zr4+ and Y3+ cations 

with constant oxidation state helps improve both the ORR activity and phase stability. 

 

 

Figure 5.1 (A) Cathode ASR values for BCFZY0.1 | SDC20 | BCFZY0.1 and BSCF | SDC20 | 
BSCF symmetric cells in dry air as a function of inverse temperature; literature data from Shao 
included for comparison (B) ASR stability test of BCFZY0.1 | SDC20 | BCFZY0.1 and BSCF | 
SDC20 | BSCF symmetric cells in dry air at 350 °C. 
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5.4.2 Influence of Co and Y doping on phase structure and stability of BCFZ, BCFZY0.1 

and BSCF 

Phase structure and stability of BSCF, BCFZ and BCFZY0.1 were studied by in-situ HT-

XRD. BCFZ was tested in order to study the effect of Y-doping in BCFZY0.1. XRD patterns of 

these three compositions under air are shown in Figure 5.11, Figure 5.12, and Figure 5.13. The 

refined unit cell parameter of BSCF at room temperature is 3.9825 Å which is close to the 

Rietveld refined unit cell parameter (3.9830 Å) reported by Koster and Mertins [138] and 

suggests that our refinement result is reliable. Figure 5.2A shows the calculated lattice 

parameters of the three materials as a function of temperature during heating and cooling. The 

lattice parameters are identical on heating and cooling, indicating reversible phase behaviour for 

the three materials across the studied temperature range. The slopes determined by linear fit to 

the data below 275 °C and above 300 °C are slightly different, which is due to a spin transition 

[139], [140], a typical phenomenon for Co-containing perovskites [141].  

Compared to BSCF and other common alternative perovskite cathodes (such as LSCF 

[142]), BCFZY0.1 possesses a larger lattice parameter and larger free volume due to the 

substitution of Co3+/Co4+ by the larger Zr4+ and Y3+ cations [143]. In perovskites, larger lattice 

parameter and free volume is commonly associated with increased oxygen ion mobility and 

decreased activation energy [144]. 

Thermal expansion coefficients (TECs) in the temperature range 300-700 °C were 

calculated by fitting the data of Δa/a0 as a function of temperature from 300-700 °C (Figure 5.2b). 

For all three materials, the lattice parameter at 300 oC was used as the reference (a0) to avoid 

artefacts associated with the Co spin transition. TEC of BSCF in the temperature range of 300-

700 °C is 2.36×10-5 K-1 which is close to the data reported by W. Su et al (2.495×10-5 K-1). 

BCFZY0.1 shows a little bit lower TEC (2.16×10-5 K-1) than BSCF (2.36×10-5 K-1) and BCFZ 

(2.19×10-5 K-1) at fuel cell operating temperatures (300-700 °C) which enables higher thermal 

stability, phase stability and compatibility with the electrolyte.  
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Figure 5.2 (A) Temperature dependence of lattice parameters of BSCF, BCFZY0.1 and BCFZ, 
(B) Δa/a0 as a function of temperature (300-700 °C). 
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5.4.3 Performance and stability of SOFC button cells with BCFZY0.1 as cathode 

The promising low-temperature ORR activity and stability of BCFZY0.1 highlighted in 

Figures Figure 5.1 suggests it should be a promising SOFC cathode. To validate this proposal, 

several Ce0.8Gd0.2O2-δ (GDC20)-based SOFCs were fabricated by pressing GDC10+NiO anode 

pellets followed by dip-coating the GDC20 electrolyte and co-firing the anode/electrolyte half-

cell at 1500 °C for 5 hours. The BCFZY0.1 cathode was then printed on electrolyte followed by 

a second annealing step at 900 °C for 5 hours. After annealing, the cathode thickness was 20µm. 

Three cells were tested in this work: cell #1, which had a 1.2 mm thick anode, and cells #2 and 

#3 with much thinner 0.3 mm thick anodes. Cells #2 and #3 were used to verify reproducibility 

of the observed performance and to enable several follow-up durability and degradation 

investigations after performance testing. 

Figure 5.3a provides polarization (I-V) and corresponding power density curves (I-P) for 

cell #2. Comparable data for cell #1 is provided in supplementary information (Figure 5.14). 

Compared to cell #1, the thinner anode achieved in cell #2 leads to higher performance. The cell 

achieves peak power densities of 0.97, 0.64, 0.32 and 0.13 W/cm2 at 500, 450, 400 and 350 °C, 

respectively. The peak power density at 500 °C is among the highest ever reported for an SOFC 

at this temperature (Table 5.1). To verify the reproducibility of this performance, cell #3 was 

fabricated using the same procedure and same final anode thickness as cell #2. As shown by the 

I-V performance comparison of cells #2 and #3 in Figure 5.3b, the two cells yield virtually 

identical performance.  

Figure 5.15 shows a representative cross section SEM image of cell #2 after testing. The 

thickness of the electrolyte is 7 µm. Figure 5.3C shows the AC impedance (Nyquist) plots of cell 

#2 measured in H2/air under open circuit voltage (OCV) at 350-500 °C. Ohmic (ASRohm) and 

electrode polarization (ASRp) area-specific-resistances can be extracted from the high-frequency 

real-impedance intercept and the diameter of the impedance arc respectively. These data are 

shown in an Arrhenius plot in Figure 5.3D. The electrode polarization activation energy 

determined for the full cell in Figure 5.3A (80 kJ/mol) closely matches the value determined 

previously from the BCFZY0.1 symmetric cell study in Figure 5.1A (79 kJ/mol), and is 

substantially lower than the activation energy reported for other emerging low-temperature 

SOFC cathodes such as PrBa0.5Sr0.5Co1.5Fe0.5O5+δ [49] or NdBa0.75Ca0.25Co2O5+δ [145]. The 



115 
 

absolute magnitude of ASRp is also encouraging; it is less than 1 Ωcm2 at 400 °C and less than 

0.1 Ωcm2 at 500 °C.  

 

 

Figure 5.3 (A) I-V and corresponding I-P curves of cell #2 with BCFZY0.1 as cathode under 
H2/air from 500 °C to 350 °C (B) comparison of I-V curves for cells #2 and 3. (C) Nyquist 
impedance plots for cell #2 at OCV under H2/air from 500 °C to 350 °C (D) Ohmic (ASRohm) 
and electrode polarization (ASRp) values extracted from the impedance data in (c) as a function 
of inverse temperature. 

 

To examine the long-term stability of the cathode, cell #1 was operated under a series of 

constant load conditions and temperatures for a total of more than 2500 hours without observable 

performance degradation (Figure 5.4a). It is one of the most stable LT-SOFCs reported so 

far(Table 5.2) Although LT-SOFCs with higher power densities have been reported by several 
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groups as shown in Table 5.1, the combination of power density and long-term stability is the 

best reported so far.  

High-magnification SEM cross-section images of the cathode-electrolyte interface 

(Figure 5.4B) and cathode bulk (Figure 5.4C) after this 2500-hour durability test show no signs 

of delamination or interfacial reaction. There are no signs of coarsening or phase separation 

within the cathode bulk and the cathode morphology of the tested cell appears identical to an 

unused cell, with an average cathode particle size less than 100 nm. EDX elemental mapping for 

cell #1 after 2500 hours operation was collected which is shown in Figure 5.5. The interface 

between electrolyte and cathode is very clear and uniform for all 7 elements which indicates 

there is no element migration and segregation after 2500 hours operation and excellent chemical 

compatibility of BCFZY0.1 with electrolyte.  

 

 

Figure 5.4  (A) Long-term stability measurement of BCFZY0.1 cell #1 at a constant load of 400 
mA/cm2 at 500 °C for 1000 hours, followed by a constant load of 160 mA/cm2 at 400 °C for 
another 900 hours, followed by a constant load of 300 mA/cm2 at 400 °C for another 600 hours 
(B) High-magnification cross section SEM image of the cathode/electrolyte interface of cell #1 
after the 2500-hour durability test in (C) Higher-magnification view of the cathode bulk after 
2500-hour durability test. 



117 
 

 

Figure 5.5 EDX elemental mapping for cell #1 after 2500 hours operation. 

 

5.4.4 Thermal cycling stability of SOFC button cells with BCFZY0.1 as cathode 

Although it is infrequently examined, thermal cycling stability is crucially important for 

SOFC commercialization, particularly for applications requiring start/stop capability or 

transient/variable loads. While not all SOFC applications will encounter significant thermal 

cycling, it can nevertheless also be used as an accelerated stress-test to gain insight into SOFC 

durability and degradation under aggressive operating conditions or in the case of unplanned 

shut-down events. 

Ba Co 

Fe Zr Y 

Gd Ce O 
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Figure 5.6 (A) Thermal cycling measurement of cell #2 cycling between 250 °C and 525 °C with 
up to 18 °C/min heating and cooling rate. Output current was recorded at a constant voltage of 
0.6 V. (B) Closer detail of the thermal cycle data in the time range 67.5-75.5 hours. 

 

Thermal cycling stability is governed by the thermal shock resistance of the MEA 

components and the magnitude of the thermal stresses that develop between the electrolyte and 

electrodes. For anode-supported SOFCs, TEC matching between the cathode and the electrolyte 

is particularly important.  

To examine the thermal cycling stability of our LT-SOFC incorporating the new 

BCFZY0.1 cathode, we subjected cell #2 to 8 rapid thermal cycles while operating at a constant 

potential of 0.6V. The clam-shell testing furnace was turned off and manually opened to the 
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ambient in order to subject the cell to as rapid a cooling rate as possible. Using this approach, we 

achieved cooling rates as high as 18 °C/min (Figure 5.16).  Figure 5.6A shows the temperature 

and current density profiles continuously recorded over a period of approximately 5 days, during 

which time the cell was subjected to 80 rapid thermal cycles. The magnified temperature and 

current density profiles for several representative thermal cycles (Figure 5.6B) show that the cell 

power output dropped to zero as the cell temperature fell to  ̴230 °C, at which point the furnace 

was closed and turned back on. The cell typically required just 16 minutes to fully recover to its 

original temperature and performance at 500 °C. Prior to thermal cycling, the initial cell current 

density was 0.9 A/cm2 at 0.6V. Between each thermal cycle and upon completion of the full 80 

thermal cycles, the cell current density fully recovered to 0.9A/cm2; this stable performance was 

maintained for a further 50 hours of operation after completion of the thermal cycling protocol. 

The excellent thermal cycling stability of this cell confirms the thermomechanical compatibility 

of the BCFZY0.1 cathode with GDC electrolyte.  

5.4.5 CO2 and H2O tolerance of BCFZY0.1 

Many Ba-containing perovskites show instabilities in CO2 and/or H2O-containing 

atmospheres due to the formation of BaCO3 and/or Ba(OH)2 phases[146], [147], respectively. 

For example, BaCeO3 shows strong reactivity in both CO2 and H2O [146]–[149], which has 

prevented its widespread use in proton-conducting ceramic fuel cells despite its high proton 

conductivity. BaZrO3, on the other hand, shows very little reactivity against CO2 or H2O. As 

BCFZY0.1 is a Ba-based perovskite, preliminary assessment of its stability in CO2 and H2O 

containing environments is warranted. To study H2O tolerance, the cathode of cell #1 was then 

supplied with humidified air (5% steam) while operating at j = 0.4 A/cm2 at 500 °C (Figure 

5.7A). No degradation in performance was noted after more than 300 hours of testing, indicating 

that BCFZY0.1 is fully stable in humidified air. 

To study CO2 tolerance, the BCFZY0.1 cathode of cell #3 was subjected to cycling 

between pure air and air containing 5% CO2 while operating at j = 1.0 A/cm2 at 500 °C (Figure 

5.7B). Upon exposure to 5% CO2, the cell voltage drops from   ~0.65V to   ~0.58V, which we 

attribute to competitive absorption of CO2 vs. oxygen of the surface of the cathode (thereby 

blocking catalytic surface-sites). In addition, XRD evidence (detailed below) reveals the 

formation of BaCO3 in the cathode, which may further compromise the ORR kinetics. 
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Nevertheless, upon re-exposure to pure air the cell voltage fully recovers. Reversible voltage 

recovery is demonstrated for 7 CO2 exposure cycles during 35 hours of continuous cyclic testing 

which is shown in Figure 5.7B. HT-XRD was performed under the same conditions (Figure 

5.7C). After exposure to 5% CO2, XRD analysis reveals the appearance of a peak at   ~23.9°, 

indicating the formation of BaCO3. After 2 hours exposure to CO2, the atmosphere was switched 

back to air. Even after switching back to pure air, however, the BaCO3 peak remained present. 

These results demonstrate that BaCO3 formation is likely not fully reversible upon re-exposure to 

air. However, it appears to be sufficiently reversible under fuel cell operating conditions (or 

sufficiently benign once formed) to preclude permanent degradation.  

 

 

Figure 5.7 (A) Stability measurement of BCFZY0.1 cell #1 at a constant current density of 400 
mA/cm2 at 500 °C with 5% H2O in air (PO2=0.21 atm) for 300 hours. (B) Stability measurement 
of BCFZY0.1 cell #3 at a constant current density of 1 A/cm2 at 500 °C while cycling between 
pure air and air + 5% CO2. (C) HT-XRD patterns of BCFZY0.1 at 25/500 °C under UHP air/5% 
CO2+ 21% O2+ 74% N2. 



121 
 

5.5 Conclusion 

In summary, Zr and Y co-doped perovskite (BCFZY0.1) is a highly promising, active, 

and stable cathode for low-temperature solid oxide fuel cells (≤ 500 °C).  High ORR activity, 

low activation energy, and excellent thermal cycling stability strongly suggest that BCFZY0.1 is 

a potentially intriguing new cathode for commercial SOFC applications. 
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Figure 5.8 (A) SEM image of BSCF symmetric cell before testing (B) SEM image of BCFZY0.1 
symmetric cell before testing. 
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Figure 5.9 (A) SEM image of BSCF symmetric cell after 720 hours operation at 350 °C under air, 
(B) SEM image of BSCF symmetric cell before testing, (C) SEM image of BCFZY0.1  

symmetric cell after 1000 hours operation at 350 °C under air, (D) SEM image of BCFZY0.1 
symmetric cell before testing.  
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Figure 5.10 (A) SEM image of BCFZY0.1 powder calcined at 900 °C for 5 hours (B) SEM 
image of BSCF powder calcined at 900 °C for 5 hours. 

 

 

A 
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Figure 5.11 XRD patterns of BCFZ under study during heating and cooling. 

 

Figure 5.12 XRD patterns of BSCF under study during heating and cooling. 
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Figure 5.13 XRD patterns of BCFZY0.1 under study during heating and cooling . 

 

Figure 5.14 I-V and corresponding I-P curves of unoptimized cell #1 with BCFZY0.1 as cathode 
under H2/Air at 550 °C to 300 °C. 
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The anode thicknees of unoptmized cell #1 is 1.2mm while the thickness of cell #2 is 0.3 

mm. The electrolyte and cathode thickness are the same.  

 

 

Figure 5.15 Cross section SEM image of cell #2 after testing. 

 

Figure 5.16 Amplified temperature profile and cooling/heating rate. 
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Table 5.1 Performance comparison for low temperature SOFCs 

Cell composition Measurement condition Temperature Peak 
power 
density 
(W/cm2) 

Ref. 

GDC-based LT-SOFC with 
BCFZY0.1 cathode 

H2(50mL/min)|Air (150 
mL/min) 

 

500 °C 0.97  
This 
work 

GDC-based LT-SOFC with 
BCFZY0.1 cathode 

H2(50mL/min)|Air (150 
mL/min) 

 

450 °C 0.64 This 
work 

GDC-based LT-SOFC with 
BCFZY0.1 cathode 

H2(50mL/min)|Air (150 
mL/min) 

 

400 °C 0.32 This 
work 

GDC-based LT-SOFC with 
the core/shell-fibre-structured 
BSCF-GDC cathode 

H2(60mL/min)|Air (250 
mL/min) 

 
 

500 °C 1.58 [50] 

GDC-based LT-SOFC with 
the core/shell-fibre-structured 
BSCF-GDC cathode 

H2(60mL/min)|Air (250 
mL/min) 

 

450 °C 0.84 [50] 

GDC-based SOFC with 
PBSCF05-GDC composite 
cathode 

H2 with 3 v% H2O (100 
mL/min) |Ambient air 

500 °C 0.67 [150] 

SDC-based SOFC with 
SNC0 .95 cathode   

H2 (80 mL/min) |Ambient 
air 

500 °C 1.02 [151] 

SDC-based SOFC with 
SNC0 .95 cathode   

H2 (80 mL/min) |Ambient 
air 

450 °C 0.66 [151] 

SDC-based SOFC with 
SNC0 .95 cathode   

H2 (80 mL/min) |Ambient 
air 

400 °C 0.37 [151] 

GDC-based SOFC with 
LBSCF-40GDC composite 
cathode 

H2 (100 mL/min) | air 500 °C 0.65 [152] 

GDC-based SOFC with 
B0.9CFN cathode 

H2 (80 mL/min) |Ambient 
air 

500 °C 0.42 [153] 

GDC-based SOFC with LSCF 
nanostructured cathode 

H2|Oxygen 500 °C 0.297 [154] 

GDC-based SOFC with LSCF 
nanostructured cathode 

H2|Oxygen 450 °C 0.131 [154] 

GDC-based SOFC with PBSC 
hollow nano fiber cathode 

H2 with 3 v% H2O |Ambient 
air 

500 °C 0.62 [155] 

GDC-based SOFC with PBSC 
hollow nano fiber cathode 

H2 with 3 v% H2O |Ambient 
air 

450 °C 0.36 [155] 
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Table 5.2 Long-term durability comparison for BCFZY0.1 cell and other SOFCs 

Cell composition Measurement 
condition 

Temperature Stability/degradation rate Ref. 

GDC-based LT-
SOFC with 
BCFZY0.1 cathode 

H2(50mL/min)|Air 
(150 mL/min) 

 

500 °C/400 °C Current density=0.4A/cm2 

Current density=0.16 
A/cm2 

Current density=0.3 A/cm2 

Total 2500 hours operation 
without degradation 

This 
work 

GDC-based LT-
SOFC with the 
core/shell-fibre-
structured BSCF-
GDC cathode 

H2(60mL/min)|Air 
(250 mL/min) 

 
 

550 °C Current density=1 A/cm2 
Degradation rate=5.6% for 
250 hours 
Current density=0.5 A/cm2 
Degradation rate=0.6% for 
50 hours 

[50] 

SOFC with 
nanoparticulate LSM 
infiltrated cathode 

H2 with 3 v% H2O  
|air 

650 °C Current density=0.15 
A/cm2 

500 hours stable operation 

[156] 

YSZ-based SOFC 
with LSM-YSZ 
nano-composite  

 

H2 with 3 v% H2O 
(200 mL/min)|Air 
(300 mL/min) 

 

800 °C Current density=1 A/cm2 

550 hours stable operation 
[157] 

GDC-based SOFC 
with PBSCF05-GDC 
composite cathode  

H2 with 3 v% H2O 
(100 mL/min)  

|Ambient 
air 

550 °C Constant Voltage 0.6V 150 
hours stable operation 

[150] 
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CHAPTER 6  
HIGHLY EFICIENT REVERSIBLE PROTONIC CERAMIC ELECTROCHEMICAL CELLS 

FOR POWER GENERTION AND FUELS PRODUCTION 

Modified from a paper in preparation for submission to Science 

Chuancheng Duan*, Robert Kee, Huayang Zhu, Neal Sullivan, Liangzhu Zhu, Liuzhen 

Bian, Ryan O’Hayre* 

6.1 Abstract 

In recent years, reversible fuel cells based on both polymer exchange membrane fuel cell 

(PEMFC) and solid oxide fuel cell (SOFC) technologies have been proposed to address energy 

storage and conversion challenges associated with the rise in intermittent renewable electricity 

generation and to provide versatile pathways for renewable fuels production. Both technologies 

presently suffer limitations including high cost, limited durability, low round trip efficiency 

(especially for reversible PEM-based devices) and the need to separate H2O from the product 

fuel in electrolysis mode operation. Here, we present a reversible electrochemical cell based on 

emerging protonic ceramic fuel cell (PCFC) technology that addresses many of these issues. Our 

reversible protonic ceramic electrochemical cell (RePCEC) achieves high Faradaic efficiency 

(90-95%) and can operate endothermically (if an appropriate waste heat source is available) 

with >97% overall electric-to-hydrogen energy conversion efficiency (based on the lower 

heating value of hydrogen, LHVH2) at current densities higher than 923 mA cm-2 (corresponding 

to 6.34 mL H2 cm-2 min-1). Even higher efficiencies are obtained for co-electrolysis of CO2 and 

H2O and the operating conditions can be tuned to directly produce CH4 and higher hydrocarbons 

as well. We demonstrate repeatable round-trip (electricity-to-hydrogen-to-electricity) 

efficiency >75%, comparable to many battery technologies, and stable long-term operation 

for >1000 hrs with a degradation rate <30 mV/1000 hrs. We show that high Faradaic efficiency 

in electrolysis mode operation can only be achieved by minimizing electronic leakage due to 

electron hole minority carriers in the electrolyte, explaining why previous PCEC and RePCEC 

devices have shown disappointing performance. Our finding suggests that the preferred 

electrolyte composition for RePCECs and PCFCs will likely be different.  
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6.2 Introduction  

Reliable low-cost, grid-scale energy storage is needed to accommodate the rapid growth 

in solar and wind-based intermittent renewable electricity generation. While batteries are well 

suited for short-term (e.g. hourly or daily) energy storage, they are less suited for longer term 

(e.g. seasonal) energy storage due to self-discharge challenges and economic constraints caused 

by a linear cost/stored-energy scaling relationship. Reversible fuel-cells can potentially address 

this seasonal energy storage challenge. A reversible fuel cell operates in electrolysis mode when 

excess electricity is available, converting H2O and/or CO2 into H2 and/or more complex (and 

higher value) carbon-containing fuels. In winter months, or when additional baseload power is 

required to supplement solar and wind, the reversible fuel-cell can be operated in fuel-cell mode 

to produce electricity. Because chemical fuels can be easily and indefinitely stored (or 

immediately used as renewable feedstocks in a variety of industrial applications), reversible fuel 

cells can alleviate the self-discharge and storage scaling cost challenges associated with batteries, 

and the conversion of renewable electricity to chemical fuels provides further versatility in 

transitioning to a fully sustainable energy economy.  

While most prior reversible electrochemical cells have employed either low-temperature 

PEMFC or high-temperature SOFC technology, reversible fuel cells based on emerging 

intermediate-temperature PCFC technology (RePCEC, Figure 6.1) can provide several unique 

advantages. Unlike reversible PEMFC and SOFC-based cells, RePCECs produce pure, dry 

hydrogen (Figure 6.1A) which is amenable to direct electrochemical compression (without 

dehumidification) inside the cell, substantially reducing system complexity and cost. 

Intermediate temperature RePCEC operation (400-600 oC) enables significantly higher 

efficiency than low-temperature (50-100 oC) PEM-based cells and can approach that of higher-

temperature (700-900 oC) SOFC-based cells (Figure 6.1B,C). Reduced operating temperatures 

(vs. SOFC-based cells) enables hybridization with a broader range of waste heat sources and 

relaxes stack and balance-of-plant constraints, potentially lowering cost while improving 

reliability, thermal cycling tolerance, and dynamic response. Finally, the highly active protons 

transported across the ceramic membrane encounter a favorable kinetic and thermodynamic 

regime for the synthesis of higher-value chemicals. 
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Despite these advantages, there have been few disclosures of successful RePCEC devices, 

and energy conversion efficiencies (when reported) have been disappointing. Here, we 

demonstrate a RePCEC device that greatly exceeds prior RePCEC performance metrics, often by 

a factor of 2-3 (Figure 6.2), including high Faradaic efficiency (FE > 90-95%), high electricity-

to-hydrogen conversion efficiency (eH2 >97% based on LHVH2 at 923 mAcm-2), and promising 

total round-trip efficiency (eRT>75% at 840 mA cm-2/140 mA cm-2 charge/discharge current 

density) with long term degradation < 30 mV/1000 hrs.    

As Figure 6.2 reveals, prior RePCECs and/or protonic ceramic electrolysis cells (PCECs) 

have suffered from low FE (generally <70%) in electrolysis mode operation. In other words, less 

than 70% of the current applied to the cell in electrolysis mode operation results in the 

production of chemical fuel, while the rest is lost by electronic shorting and/or non-productive 

side reactions. In contrast, PEMFC and SOFC-based electrochemical cells (as well as batteries) 

generally achieve FE >90%. Low FE severely limits energy conversion efficiency and must be 

addressed if RePCECs are to be technologically viable.  

6.3 Experiments  

6.3.1 Fabrication method of RePCECs 

In this work, RePCECs were fabricated based on the previous developed solid state 

reactive sintering method [136]. The anode precursor powder of 40 wt. % 

BaCe0.7Zr0.1Y0.1Yb0.1O3 - δ  (BCZYYb) + 60 wt. % NiO + 20 wt. % starch (20 wt. % of the total 

amount of BCZYYb+NiO) was prepared by mixing BaCO3, CeO2, ZrO2, Y2O3, Yb2O3, NiO, and 

starch according to the appropriate stoichiometric ratio. This raw precursor mixture was ball-

milled in isopropanol with 3 mm YSZ (yttria-stabilized zirconia) beads for 48 h, followed by 

drying on a magnetically stirred hot plate at 250 °C. After drying, the dry powder was ball-

milled without added liquid using 10 mm YSZ beads for 24 h. The electrolyte precursor powder 

of BCZYYb + 1.0 wt.% NiO was prepared by the same method. Cathode powder (BCFZY0.1) 

was prepared by the previous developed wet chemistry method. Cathode ink was prepared by 

ball-milling 4 grams of BCFZY0.1 powder, 1 gram of BCZYYb+1.0 wt. % NiO powder 

calicined at 1400 °C for 10 hours with 0.4 gram of 5 wt. % V-006A diluted in	alpha terpineol 

and 1 gram 20 wt. % dispersant diluted in alpha terpineol. Cell fabrication procedures are the 
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same with previous work. BZY20-based RePCECs were fabricated based on the same method. 

The same material (BCFZY0.1) was used as the steam electrode and cathode. The effective 

electrode area of the BCZYYb-based RePCECs was 0.65 cm2. The effective electrode area of 

BZY20-based RePCECs was 0.5 cm2.  

 

 

Figure 6.1 Schematic illustration RePCECs and comparison with LT-PEMECs and HT-SOECs 
(A). Schematic illustration of RePCECs which is one energy storage technology based one single 
device can operate in fuel cell mode and electrolysis mode. (B). Thermodynamic parameter of 
water electrolysis as a function of temperatures.   DGR is correlated with reversible voltage of 
RePCECs (VRE). DGR is correlated with thermal neutral voltage of RePCECs (VTN) in 
electrolysis mode. (C). Performance comparison of LT-PEMECs, IT-PCECs, and HT-SOECs 
[158]–[163].   
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Figure 6.2 Comparison of Faradaic efficiencies and Energy efficiencies of PCECs developed in 
this work with PCECs reported in literatures[164]–[167]. Our PCEC attain higher FE(%) and 
overall energy conversion efficiency while also operating at much higher current densities  
(higher H2 production rates) than previous PCECs.  

 

6.3.2Testing of RePCECs in PCEC mode  

64 mL/min ultrahigh purity argon was supplied to the fuel electrode side as sweep gas. 

300 mL/min 21% O2 (balanced with N2) with steam was supplied to the steam electrode side. 

The steam concentration was controlled by a self-designed  bubbler and monitored by humidity 

sensor(Rotronic HydroFlex 2). The NiO in the fuel electrode was reduced to Ni in-situ by 

charging the cell at a current density of 923 mA/cm2 (thereby producing enough H2 for 

reduction). 

I-V curves of the PCECs were collected by recording the terminal voltage after applying 

a constant current by DC power supply (BK9120A). At the same time, the electrochemical 

impedance spectroscopies at each current density were recorded by a Gamry impedance analyzer 

(Reference 3000 and Reference 600). All cells were kept at each current density for enough long 



134 
 

time to stabilize cells and analyze exhaust gas composition by a Cirrus 2 MKS mass 

spectrometer. Cirrus 2 was calibrated daily before testing.  

6.3.3 Testing of RePCECs in PCFC mode 

After testing RePCECs in PCEC mode, the gas in fuel electrode side was switched to 

hydrogen and the gas in cathode side was simultaneously switched to dry 21% O2 (balanced with 

N2). I-V curves of PCFCs were collected when the cells were stable (typically after ~ 1 hour).  

6.3.4 Testing of RePCECs in reversible mode 

RePCECs in reversible mode were tested by switching between charging and discharging 

mode with corresponding change in the gas compositions supplied to the electrodes. In PCEC 

mode, the hydrogen concentration in exhaust gas was measured by the Cirrus 2 MKS mass 

spectrometer.  

6.3.5 Electrochemical conversion of CO2 and H2O in PCECs 

Electrochemical conversion of CO2 and H2O for fuels production was conducted in 

BCZYYb-based PCECs. The gas composition in the steam electrode side was humidified air. For 

the fuel electrode, a mixture of CO2 and UHP Ar as sweep gas was supplied. The gas 

composition of the exhaust gas was analyzed with an Agilent MicroGC 490.  

6.4 Results and discussions  

Prior explanations for the low FE observed in RePCEC and PCEC devices include poor 

electrode performance in electrolysis operation, unwanted side reaction, and electronic 

leakage[168], [169]. Here, we show that electronic leakage due to minority electron-hole (or 

more accurately, small polaron) conduction in common proton conducting ceramic electrolytes is 

likely the main reason for low FE. Most PCFCs, PCECs, and RePCECs employ proton 

conducting perovskite electrolytes based on yttrium-doped barium zirconates (BZY), barium 

cerates (BCY), and solid solutions thereof (BCZY). However, these electrolytes are not pure 

proton conductors. They are in fact mixed ionic-electronic conductors (MIECs). Depending on 

the temperature, the atmosphere, and the chemical potential conditions experienced by these 

electrolytes, multicomponent charged-defect transport of protons, oxygen vacancies, electrons, 

and/or small-polaron electron holes is possible. For example, we estimate that the electron hole 
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transfer number of BaZr0.8Y0.2O3-d (BZY20) at 600 °C in humidified air with 10% steam is ~36% 

(based on numerical modeling of conductivity data, see supplementary information Figure 6.7, 

Figure 6.3A, and supplementary text for further details). Interestingly, this mixed conductivity 

does not greatly affect device performance in fuel cell mode, as shown by the modeling 

predictions in Figure 6.8 and as reinforced by the numerous high-performance PCFC results 

published in the scientific literature. This is because the electrostatic potential gradient 

established inside the membrane acts to reduce small polaron hole conduction in FC mode. With 

increasing current density (decreasing voltage) the electrochemical potentials at anode and 

cathode move in directions that further suppress the electron hole defect concentration and 

transport. However, the mixed conduction greatly affects performance in electrolysis mode, as 

shown by the modeling predictions in Figure 6.8 and as reinforced by the low FE values 

observed experimentally. This because the electrostatic potential gradient established inside the 

membrane acts to promote small polaron conduction in PCEC mode. With increasing current 

density (increasing voltage) the electrochemical potentials at anode and cathode move in 

directions that further increase the small polaron defect concentration and transport.  

Consistent with this analysis, RePCECs in our lab based on a conventional BZY20 

electrolyte (Figure 6.3C,D) demonstrate excellent performance in PCFC mode (> 700 mW cm-2 

peak power density), but low FE (40-60%), and hence poor efficiency, in PCEC mode. To 

address this issue, we switched our RePCEC electrolyte composition from BZY20 to 

BaCe0.7Zr0.1Y0.1Yb0.1O3-d (BCZYYb). Based on numerical modeling of experimental BCZYYb 

conductivity data, we expect BCZYYb to have dramatically lower small polaron transport 

(Figure 6.3), and hence significantly higher predicted FE in PCEC mode operation (Figure 6.3E). 

Our experimental results (Figure 6.3F,G) confirm this prediction, giving, to our knowledge, the 

highest FE values ever achieved in a PCEC or RePCEC device. These results explain the poor 

FE of previous PCEC devices and suggest that the p-type transport behavior must be carefully 

scrutinized when considering candidate electrolyte materials for PCEC or RePCEC application.  
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Figure 6.3 Performance of RePCECs (A).  Transport number for p-type small polarons in 
BZY20 and BCZYYb under various P(H2O) and P(O2) at 600 °C. (B). Transport number for p-
type small polarons in BCZYYb under various P(H2O) and P(O2) at 500-600 °C.  (C).  
Schematic illustration of the mechanism of current leakage in protonic ceramic membrane.  (D) 
I-V curves and hydrogen production rates as a function of applied current density of BCZYYb-
based RePCFCs in PCEC mode. I-V and I-P curves of BCZYYb-based RePCECs in PCFC mode.  
(E). Faradaic efficiencies and LHV energy efficiencies of BCZYYb-based RePCECs as a 
function of applied current density in PCEC mode. HHV energy efficiencies of BCZYYb-based 
RePCECs as a function of discharge current density in PCFC mode. (F).  I-V curves and 
hydrogen production rates as a function of applied current density of BZY20-based RePCFCs in 
PCEC mode. I-V and I-P curves of BZY20-based RePCECs in PCFC mode.  (G).  Faradaic 
efficiencies and LHV energy efficiencies of BZY20-based RePCECs as a function of current 
density in PCEC mode. HHV energy efficiencies of BZY20-based RePCECs as a function of 
current density in PCFC mode. 

  

A B C 

D 

F 

E 

G 



137 
 

The experimental data in Figure 6.3 provides several additional insights into PCEC 

behavior. First, FE decreases near open circuit conditions for both BZY and BCZYYb-based 

cells. This is because the electrolyte works as hydrogen separation membrane when the charge 

current density is very low, and thus a counter-flux of H2 occurs across the membrane in the 

opposite direction that partially (or even completely) counteracts the electrolytically-produced H2. 

The net hydrogen production rate is positive only when the electrolysis current density is 

sufficiently large to overcome the counter flux of proton diffusion and then the FE increases 

commensurately with increasing the current density (Figure 6.9).  Maximum FE is achieved at 

intermediate current densities. At the highest current densities, FE begins to slightly fall again, 

which we attribute to the drop of P(H2O) and increasing P(O2) (as steam is comsumed and O2 is 

produced); under these conditions, the electronic charge carriers transport number increases, 

thereby increasing the electronic shorting.  We further note that FE decreases with increasing 

temperature and increases with increasing steam-electrode humidification (PH2O). These 

observations are consistent with thermodynamic defect modeling (Figure 6.3B), which shows 

that p-type small polaron concentration increases with increasing temperature and decreases with 

increasing PH2O. Further detailed comparison of BZY20 vs. BCZYYb indicates that the low 

FE(%) of BZY20-based PCECs can be almost entirely attributed to the higher current leakage 

experience in the BZY20-based PCEC (Figure 6.10).  

While lowering the operating temperature improves the FE (e.g., from 84.8% to 97.11% 

at 1000mA cm-2 when going from 600 °C to 500 °C for the BCZYYb-based cell), it also 

increases electrolyte resistance and electrode overpotential losses in the cell, and can therefore 

lead to lower overall energy conversion efficiency. On the other hand, increasing PH2O positively 

influences both FE and overall energy conversion efficiency, as it also suppressed the small 

polaron concentration and reduces the kinetic overpotential at the steam electrode. Most reported 

PCEC devices employ a Ni-based cermet for the steam electrode, which is unfortunately prone to 

oxidation at high operating current densities (due to the production of O2) and in high steam 

environments. This leads to significant performance, stability, and long-term durability issues 

under PCEC operation. In comparison, the RePCECs studied here employ an all-perovskite 

BaCo0.4Fe0.4Zr0.1Y0.1O3-d (BCFZY) steam electrode. BCFZY was previously developed in this 

thesis (Chapter 3) for the oxygen reduction reaction (ORR) in PCFC cathodes; here we apply it 
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as an oxygen evolution reaction (OER) electrode for the first time. The excellent performance 

and stability of the BCFZY steam electrode under PCEC operation suggests that it is a highly 

effective and reversible catalyst for both the ORR and the OER. Furthermore, because the 

electrode is an oxide, it is stable against oxidation in high steam and oxygen environments.  

Because water electrolysis is an endothermic process, a well-optimized electrochemical 

cell can operate at greater than 100% electricity-to-hydrogen energy conversion efficiency 

(�AB,pAZ  > 1)  if overpotential losses are minimized and a continuous supply of waste heat is 

supplied to the cell (supplementary text). Here, we define the LHV electricity-to-hydrogen 

conversion efficiency �AB ,pAZ  as:  

�AB,pAZ =
(∆7q=∆i)∙:m(%)

∆7qst: 	                                                                                   Equation 6.1 

Where ∆� is the reaction Gibbs free energy, T is the operating temperature of PCECs, ∆� 

is the entropy, ��(%) is the Faradaic efficiency, � is the overpotential, n is the charge transfer 

number, and F is Faradaic constant. With 20% H2O at 600 oC, �AB,pAZ 	reaches a maximum of 99% 

at 769 mA cm-2 for the BCZYYb cell in electrolysis mode operation (Figure 6.3G). Furthermore, 

as shown in Figure 6.11 and Figure 6.12 when the cell is used for CO2 electrolysis, even higher 

energy conversion efficiency can be achieved (�xGB ,pAZ  = 136% at 600 °C), and the co-

electrolysis of H2O and CO2 can be accomplished with excellent energy conversion efficiency 

even at exceptionally high total current densities (e.g., �ABqxGqxAy,pAZ= 65.5% at 2461 mA cm-2 

for co-electrolysis of CO2 and H2O vs. �AB ,pAZ  = 60.8% for pure H2O electrolysis under the same 

conditions). Finally, because PCECs can be successfully operated at lower temperatures (300-

600 °C) which favorable for formation of higher hydrocarbon species, the co-electrolysis 

conditions can be tuned to directly yield higher value chemical feedstocks. As an example, 

without any modifications in our cell architecture or composition, we can successful produce of 

methane and syngas directly from the co-electrolysis of CO2 and H2O in our BCZYYb-based cell 

at 500-600 °C (Figure 6.4). It is likely that deliberate application of selective carbon-coupling 

catalysts could be used to further tune synthesis of higher hydrocarbon products.   
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Figure 6.4 Electrochemical conversion of CO2 and H2O in PCECs for fuels production. (A) 
Production rates of H2, CO, and CH4 as a function of applied current density at 500-600 °C. 
Faradaic efficiencies of PCECs as a function of applied current density at 500-600 °C. CO2 
concentration in the fuel electrode inlet stream is 4.7%. (B) CO2 conversion rate and CH4 
selectivity of PCECs as a function of applied current density at 500-600 °C. (C) Production rates 
of H2, CO, and CH4 as a function of applied current density under various CO2 concentration. 
Faradaic efficiencies of PCECs as a function of applied current density at various CO2 
concentrations. Temperature is 500 °C. (D) CO2 conversion rate and CH4 selectivity of PCECs 
as a function of applied current density under various CO2 concentrations. 
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The relevant global chemical reactions application to co-electrolysis of H2O and CO2 in a 

PCEC are:  

��9 + �9 = �� +�9�,			∆� = 41	kJ/mole                                                   Equation 6.2 

CO + 3�9 = ��c + �9�,			∆� = −206	��/���                                             Equation 6.3 

��9 + 4�9 = ��c + 2�9�,				∆� = −164	��/���                                        Equation 6.4 

Ni is widely used as catalyst in electrode of solid oxide electrochemical devices and 

protonic ceramic electrochemical devices. In addition, Ni is an excellent catalyst for the reverse 

water gas shift reaction (RWGS) and for the methanation of CO and CO2  (refer to the equations 

above). Due to the endothermic nature of the RWGS and the exothermic nature of the 

methanation reactions, PCECs have the potential to directly convert CO2 and H2O into 

hydrocarbons (e.g. CH4) because they operate at lower temperatures relative to HT-SOECs, and 

thus can favor methanation. Figure 6.4 represents the results of co-electrolysis of CO2 and H2O 

in a PCEC for carbon-based fuel production. Consistent with the thermodynamic parameters of 

the above reactions, the selectivity and yield of CH4 increases with decreased operating 

temperatures. CH4 selectivity is enhanced from 10.3% to 55.0 % by reducing the operating 

temperature from 600 °C to 500 °C at a current density of 2462 mA/cm2. However, the total CO2 

conversion rate decreases with decreased operating temperature. Both CO2 conversion rate and 

yield of CO and CH4 can be promoted by increasing applied current density which is due to 

electrochemical promotion and higher hydrogen concentration. Therefore, the target product 

yield rate, CO2 conversion rate, and product selectivity can be tuned by adjusting the operating 

temperature and current density. The effect of the fuel electrode surface chemistry and C-C 

coupling catalyst additions will be explored in future work.   

Long term stability and post-mortem degradation analysis of the BCZYYb-based 

RePCEC is provided in Figure 6.5A. We tested the cell under electrolysis mode operation at a 

current density of 1385 mA cm-2 at 600 °C for > 600 hrs, obtaining negligible degradation in FE 

and a low voltage degradation rate of <30 mV/1000 hrs (Figure 6.5A). This result greatly 

exceeds prior PCEC durability studies and is comparable to state-of-the art SOEC devices. 

Electrochemical impedance spectroscopy measurements (Figure 6.5B), show that both electrodes 
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and the electrolyte are stable under 20% steam at 600 °C. As shown in Figure 6.5C and D, PCEC 

at 550 °C is also stable which indicates the steam tolerance of BCFZY0.1 is good. Post-mortem 

microstructural investigation via scanning electron microscopy (SEM) shows no evidence of 

degradation after long-term testing, and specifically no evidence of steam electrode 

decomposition or delamination between the steam electrode and the electrolyte (Figure 6.5E-F 

and Figure 6.13 ). Steam-electrode delamination is a common issue in yttrium stabilized zirconia 

(YSZ)-based SOECs. Exsolved Ni nanoparticles, which may be beneficial for the hydrogen 

evolution reaction in PCEC mode and the hydrogen oxidation reaction in PCFC mode, and 

which we have been previously observed to form in PCFC anodes, were also found in the PCEC 

fuel electrode after long-term operation (Figure 6.5F and Figure 6.14). 

To explore the potential of our RePCEC device for “battery-like” energy storage 

applications, we investigated reversible operation via several continuous cycles periodically 

switching between electrolysis and fuel cell modes of operation as shown in Figure 6.6. The 

reversibility of the RePCEC was first investigated by operating the device over several nearly-

equal charge-transfer cycles, consisting of electrolysis operation at 840 mA cm-2 for 20 minutes 

followed by fuel cell operation at 140 mA cm-2 for 2 hours (Figure 6.6A). We obtain an overall 

round-trip (electricity-to-hydrogen-to-electricity) energy conversion efficiency of >75%, 

approaching that of many rechargeable battery technologies. At lower operating temperature (i.e. 

550 °C), a high round trip efficiency of 56.6% was also achieved by operating the device in 

electrolysis cell mode at 1154 mA cm-2 for 1 hour and fuel cell mode at 288 mA cm-2 for 4 hours. 

Round trip efficiency is maximized within the constraints of equal charge-transfer operation 

when the cell is run at high current densities (but shorter time periods) in electrolysis mode and 

at lower current densities (but longer time periods) in fuel cell mode.  We note that this 

operational characteristic is favorable for integration with solar and wind-based renewable 

generation, which typically produce relatively short but intense daily spikes of excess electricity, 

followed by long periods where smaller (relative) amounts of supplemental dispatchable 

baseload power may be required.  
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Figure 6.5 Long-term stability testing of BCZYYb-based RePCECs in PCEC mode. (A). Long-
term stability testing of BCZYYb-based RePCECs (cell #2) under P(H2O)=20% at 600 °C in 
PCEC mode at a current density of 1385 mA/cm2. Terminal voltage and calculated Faradaic 
efficiency was recorded. (B). Electrochemical impedance spectroscopy of cell #2 after/before 
550 hours operation at a current density of 1385 mA/cm2. (C).  Long-term stability testing of 
BCZYYb-based RePCECs (cell #3) under P(H2O)=10% at 550 °C in PCEC mode at a current 
density of 1385 mA/cm2. Terminal voltage and calculated Faradaic efficiency was recorded. (D). 
Electrochemical impedance spectroscopy of cell #3 after/before 350 hours operation at a current 
density of 1385mA/cm2. (E). SEM image of cell #2 after 600 hours operation. (F). SEM image of 
cell #2 fuel electrode after 600 hours operation.   

 

To accelerate cyclic testing, we then switched to an unequal charge-transfer cycle, 

consisting of electrolysis operation at 1400 mA cm-2 for 2 hrs followed by fuel cell operation at 

400 mA cm-2 for 2 hrs (Figure 6.6B). After 17 charge-discharge cycles, no obvious signs of 

degradation could be observed, and EIS measurements of the cell before and after operation 

under both cycling protocols confirm the stability of the electrode and electrolyte resistance 

(Figure 6.15).  
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Figure 6.6 Reversible operation of BCZYYb-based RePCECs. (A). Reversible operation of 
BCZYYb-based RePCECs with nearly equal charge transfer in PCEC and PCFC mode at 600 °C 
with round trip efficiency >70%. (B). Reversible operation of BCZYYb-based RePCECs with 
equal charge transfer in PCEC and PCFC mode at 550 °C with round trip efficiency >55% (C). 
Reversible operation of BCZYYb-based RePCECs with unequal charge transfer in PCEC and 
PCFC mode at 550 °C.   
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6.5 Conclusion 

Reversible protonic-ceramic electrochemical cells for energy conversion and storage 

enable versatile production and conversion of H2, syngas, and hydrocarbon fuels with high 

Faradaic efficiency (>95%), high round-trip efficiency (75%), and long-term stable operation 

(degradation rate <30mV/1000 hours).   

6.6 Supplementary information 

 
 
Figure 6.7 Total conductivity of BCZYYb and BZY20 as a function of P(O2)1/4 under different 
P(H2O). (A) BCZYYb, 1.8% H2O, (B) BCZYYb, 6.0% H2O, (C) BCZYYb, 10.0% H2O, (D) 
BZY20, 10.0% H2O, (E) BZY20, 10.0% H2O, (F) BZY20, 10.0% H2O. 
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Figure 6.8 Modelling of BCZYYb and BZY20-based RePCECs. (A)Predicted Faradaic 
efficiencies of BCZYYb and BZY20-based RePCECs in both PCEC and PCFC mode as a 
function of current density, (B)Schematic illustration of PCEC, (C) Charge carrier concentrations 
of at the fuel electrode side of a BCZYYb membrane as a function of temperature, (D) Charge 
carrier concentrations of at the oxidizing electrode side of a BCZYYb membrane as a function of 
temperature, (E) Charge carrier concentrations at the fuel electrode side of a BZY20 as a 
function of temperature, (F) Charge carrier concentrations at the oxidizing electrode side of a 
BZY20 membrane as a function of temperature. 
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Figure 6.9 Schematic illustration of why FE(%) drops sharply when the current densities are 
close to zero. (A). Under OCV condition. (B) Under charging condition at relatively low current 
density.  
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Figure 6.10 Electrode ASR and electrolyte ASR of BCZYYb-based PCEC and BZY20-based 
PCEC under various P(H2O). (A). Electrode and electrolyte ASR of BCZYYb-based PCEC 
under three P(H2O) as a function of applied current density. (B). Electrode and electrolyte ASR 
of BCZYYb-based PCEC under three P(H2O) as a function of applied current density (scale of 
secondary Y-axis is smaller than Fig. 6.4). (C). Electrode and electrolyte ASR of BZY20-based 
PCEC under two P(H2O) as a function of applied current density. 
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Figure 6.11 Thermodynamics of steam electrolysis vs. CO2 electrolysis.  

 

 
Figure 6.12 Performance of BCZYYb-based steam electrolysis cell and co-electrolysis cell. (A). 
Fuel production rate of BCZYYb-based steam electrolysis cell and co-electrolysis of CO2 and 
H2O at various applied current densities. (B). Comparison of energy conversion of steam 
electrolysis cell  and co-electrolysis cell.  
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Figure 6.13 SEM image of the interface of steam electrode with electrolyte after 600 hours 
operation under 20% steam.  

 

 

 



153 
 

 

 

 

 

Figure 6.14 SEM image of fuel electrode after 600 hours operation in PCEC mode.  
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Figure 6.15 Electrochemical impedance spectroscopy of RePCEC before/after 17 reversible 
operation cycles.  
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6.7 Supplementary Text 

Faradaic efficiency and energy efficiency calculation of RePCECs 

FE(%) = t\B,��l��8��		
t\B,����8���kl�		

= t\B,��l��8��		
�∙(t∙:)�a                                                              Equation 6.5 

Where FE(%)	is the Faradaic efficiency of RePCECs in PCEC mode, �AB ,�OJ��*ON		is the 

measured hydrogen production rate (unit is mol/s), I is the current (unit is A), n is 2, and F is 

Faraday’s Constant (96485 C/mol or 96485 s A / mol). 

εAB ,pAZ =
∆A\B,�\�∙t\B,��l��8��		

[ ¡
= ∆A\B,�\�∙t\B,��l��8��		

�∙Z                                    Equation 6.6 

Where εAB,pAZ 	is the cell-level LHV energy conversion efficiency of the RePCEC in 

PCEC mode,	∆�AB ,pAZ  is the lower-heating value reaction enthalpy for steam electrolysis (J/mol). 

�¢x  is the power supplied by the external DC power supply. �AB,�OJ��*ON		is the measured 

hydrogen production rate (mol/s). I is the current applied (A). V is the voltage applied (V).  

�AB,[x:x = £ ∆7
∆A\\�

¤ £Zm¤ £
]
¥¤                                                                              Equation 6.7 

Where �AB,[x:x 	 is the cell-level HHV energy efficiency of the RePCEC in PCFC 

mode,	∆�AAZ  is the reaction enthalpy change of hydrogen oxidation (J/mol). ∆� is the reaction 

Gibbs free energy change of hydrogen oxidation (J/mol). V is the terminal voltage (V) of the 

PCFC at the operating current density, E is the reversible voltage of the PCFC (V). In this work, 

we assume ~90.9% fuel utilization under PCFC operation (i.e. � is 1.1). 

Energy efficiency of the PCEC can be expressed as a function of overpotential and FE(%) 

as follows: 

�AB,pAZ =
∆�AB ,pAZ ∙ �AB

� ∙ � =
(∆� + �∆�) ∙ :m(%)∙©t:

� £∆7t: + �¤
=
(∆� + �∆�) ∙ :m(%)∙©t:

∆7
t: + �

= 

(∆7q=∆i)∙:m(%)
∆7qst:                                                                                                      Equation 6.8 
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Where �AB,pAZ  is the LHV energy efficiency of RePCECs in electrolysis mode. ∆�AB ,pAZ  

is reaction enthalpy change of steam electrolysis. �AB  is the measure hydrogen production flux 

(mol cm-2 s-1). j is the applied current density (A cm-2). V is the voltage (V). ∆� is the reaction 

Gibbs free energy (J/mol). � is the operating temperature of the device (K). ∆�	is the reaction 

entropy (J/mol K). FE(%) is the Faradaic efficiency determined by the experimental hydrogen 

production rate and applied current density. n is the charge transfer number (n=2 for H2). � is the 

overpotential (V).  
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CHAPTER 7  
SUMMARY AND CONCLUSIONS 

The work discussed in this thesis centered around the design, fabrication, and testing of 

new protonic-ceramic electrochemical cells for power generation and fuels production. Several 

longstanding challenges in the field were addressed in this work and several important 

breakthroughs were made, leading to world-record performance and durability achievements for 

both PCFC and PCEC devices.  

First, we developed a new cost-effective fabrication method for high performance PCFCs 

by leveraging the solid-state reactive sintering (SSRS) approach. We used this approach to 

prepare several different types of protonic ceramic electrochemical devices including PCFCs 

with a variety of different electrolyte and anode compositions, and reversible protonic ceramic 

fuel cells for power generation and fuels production. To overcome the sluggish ORR activity of 

conventional ceramic fuel cell cathodes, we developed a novel triple conducting oxide (TCO) 

material that simultaneously transports protons, oxygen-ions, and electron holes. We showed that 

PCFCs fabricated by the SSRS method with our TCO cathode can deliver excellent performance 

and stability on a wide variety of hydrogen, alcohol, and hydrocarbon fuels. We used in-situ 

high-temperature Raman spectroscopy to study the unprecedented coking and sulfur tolerance of 

our PCFCs. Based on these results, we proposed surface-species-mediated mechanisms for 

carbon and sulfur cleaning in PCFCs. The TCO developed in this thesis was also applied as 

cathode for conventional oxygen-ion conducting solid oxide fuel cells operating lower than 

500 °C. Excellent power density, stability, and high H2O and CO2 tolerance were demonstrated 

at 500 °C which further substantiates the high ORR activity of BCFZY at intermediate 

temperatures and shows its promising potential for commercial applications. Finally, highly 

efficient reversible protonic ceramic electrochemical cells (RePCECs) were developed for power 

generation and fuels production.  >95% Faradaic efficiency and >100% LHV energy efficiency 

were achieved in RePCECs. Long-term stability of RePCECs in electrolysis mode and reversible 

mode operation was also studied, demonstrating the potential of RePCECs for energy conversion 

and storage.  
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CHAPTER 8  
SUGGESTIONS FOR FURUTRE WORK 

Our studies in this thesis showed that protonic ceramic electrochemical cells deliver 

excellent performance in fuel cell mode for power generation and electrolysis mode for fuels 

production. Our results also suggest that performance can be furtherly enhanced in both modes 

and more fundamental research should be done to dig deeper into materials design and 

optimization. We’d like to highlight several specific directions for further work in this field.  

1. Cell fabrication method optimization  

Although PCFCs fabricated by leveraging the SSRS method in this work have demonstrated 

very high performance and durability, there is still some space to further optimize the 

fabrication method. In particular, implementation of anode functional layers, and efforts to 

secure a thinner electrolyte with bigger grains could result in significant further performance 

enhancements. Based on the EIS plots of PCFCs reported in this thesis, the ohmic resistance 

dominates the total resistance at 500-600 °C. Therefore, it should be possible to double the 

current power density if the electrolyte thickness can be reduced to <5µm.  

2. Investigation of ORR kinetics in TCO cathodes 

In this thesis, TCOs were developed for protonic ceramic electrochemical cells. Our new 

TCO cathode material has resulted in a significant improvement in ORR activity due to the 

elimination of triple phase boundary (TPB) limitations. However, the ORR mechanism of 

this new TCO cathode has not yet been carefully studied. The rate-limiting step on the TCO 

cathode has not been identified and structure-property-performance relationships to guide 

further TCO design and optimization have not been established. Compared with mixed 

oxygen-ion and electron cathode for conventional solid oxide fuel cells, the ORR mechanism 

in TCO cathodes is likely quite different. In the conventional mixed oxygen-ion and electron 

cathode, the ORR can be divided into four main steps: 

(1) Absorption of molecular oxygen on the electrode surface      �9(�) → �9JN 

(2) Dissociation of molecular oxygen into atomic oxygen  �9JN → 2�JN 

(3) Transportation of absorbed atomic oxygen to the TPB �JN → �=[¬ 

(4) Charge transfer during oxygen reduction at TPB  �=[¬ + 2�® + �G∙∙ → �G×  
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Based on reaction order of the above four steps and the slope of cathode ASR as a function of 

P(O2), the rate-limiting step of ORR can be determined in order to optimize the materials.  

However, we cannot apply the same ORR mechanism to describe TCO cathodes because a 

third charge carrier (proton) is involved in the reaction. The ORR in TCO cathodes can 

potentially be divided into 6 steps.  

1) Absorption of molecular oxygen on the electrode surface      �9(�) → �9JN 

2) Dissociation of molecular oxygen into atomic oxygen  �9JN → 2�JN 

3) Transportation of protons through the electrode bulk to the electrode surface 

�O¯OIK*M¯°KOq → ���*±JIOq  

4) Charge transfer during oxygen reduction at the electrode surface 2���*±JIOq + OJN +
2�® = �9� 

5) Transportation of absorbed atomic oxygen to the TPB �JN → �=[¬ 

6) Transportation of protons to the TPB �O¯OIK*M¯°KOq → �=[¬q  

7) Charge transfer during oxygen reduction at TPB  �=[¬ + 2�® + 2�=[¬q → �9�  

     In a TCO cathode, the charge transfer process can happen at both the TPB (reactions 5-7) and 

at the electrode surface (reaction 3-4); both sites will contribute to the ORR activity. Patterned 

electrode structures deposited on a protonic ceramic electrolyte can be used to identify the rate-

limiting step and thus new TCO cathodes can be designed/optimized by enhancing the surface 

area or developing materials with higher proton concentration.  

3. Metal supported protonic ceramic fuel cells for vehicles  

Because PCFCs operate at lower temperatures than HT-SOFCs and offer great fuel flexibility,  

PCFCs can potentially provide power for vehicles. The cell and catalyst costs for PCFCs 

should be much lower than currently commercialized PEMFCs. However, fuel cells for 

vehicles require very good thermal cycling stability and fast response time. Metal supported 

protonic ceramic fuel cells could address this issue, as they should have better thermal 

cycling stability than cermet anode supported PCFCs. Unfortunately, there is no mature 

fabrication method for metal supported PCFCs. Fabrication will be the biggest challenge for 

the development of metal supported PCFCs and is an area that is ripe for development.  
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4. Co-electrolysis of CO2 and H2O in protonic ceramic electrochemical cells and in-situ 

production of high-value chemicals in protonic ceramic electrochemical cells: how to control 

the yield of target products. 

Co-electrolysis of CO2 and H2O using a protonic ceramic electrolysis cell (PCEC) was 

briefly studied in this thesis. Intriguingly, we have shown that higher energy efficiency is 

obtained under co-electrolysis conditions than under pure steam electrolysis. In addition, co-

electrolysis of CO2 and H2O can be used to recycle CO2 emissions from point-sources (such 

as power plants). Perhaps most excitingly, direct in-situ production of hydrocarbons from 

CO2 and H2O co-electrolysis was also demonstrated in this thesis. By applying specific 

catalysts, the selectivity of target products was improved. The yield rate and selectivity 

towards hydrocarbons (vs. syngas) should reach a maximum in the temperature range of 300-

450 °C. However, protonic ceramics are prone to react with CO2 and H2O and form BaCO3 

and Ba(OH)2 at low temperatures. Therefore, protonic ceramic electrochemical cells with 

high CO2 and H2O tolerance and high efficiency should be firstly developed. In addition, the 

yield rate of target products can likely be controlled by tuning the charging current density, 

gas composition, and modifying the surface chemistry of the support and the type of catalysts 

used in the device. Future work should be also focused on the investigation of tuning the 

interface properties of metal/oxide support to enhance the yield of specific target products 

(e.g. CH4, CH3OH, C2H4)[136]. 
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