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Three cobalt-based oxides operating at the Co(III)/Co(II) redox couple have been 

investigated as potential cathode materials for the intermediate-temperature solid oxide 

fuel cells (IT-SOFCs). X-ray absorption spectroscopy measurements confirmed that both 

the oxygen-deficient perovskite Sr0.7Y0.3CoO2.65-δ (SYCO) and the double-perovskite 

Ba2[Co][BixSc0.2Co1.8-x]O6-δ (x = 0.1 and 0.2) (BBSC) contain high-spin Co(III) in the 

bulk at room temperature and thus avoid the thermally driven spin-state crossover of the 

Co(III) ions usually observed in other cobalt-containing perovskite oxides. 

Electrochemical characterizations demonstrated that both cobalt oxides operating on the 

Co(III)/Co(II) redox couple are equally catalytically active for the oxygen reduction 

reaction as those operating on the Co(IV)/Co(III) redox couple. With an LSGM 

electrolyte-supported single test cell and NiO+GDC as anode, the maximum power 

densities Pmax at 800 ºC reach 927 and 1180 mW·cm-2 for SYCO and BBSC cathodes, 

respectively. The oxygen-deficient perovskites Sr1-xRxCoO3-δ (R = Eu-Ho, Y, x ≈ 0.3) are 

identified as a new class of cathode materials for IT-SOFCs in this dissertation. On the 
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other hand, the layered Ba2Co9O14 (BCO) containing the low-spin Co(III) at room 

temperature undergoes a thermally driven spin-state crossover, which has prevented it 

from being evaluated as the cathode of IT-SOFCs. This problem was overcome by 

fabrication of a 50–50 wt.% BCO + SDC (Sm0.2Ce0.8O1.9) composite cathode. The 

addition of SDC not only improved the adhesion to the electrolyte, but also enhanced the 

electrocatalytic activity for the oxygen reduction reaction. The composite cathode 

delivers a nearly stable Pmax of ~450 mW·cm-2 at 800 °C in an LSGM electrolyte-

supported single test cell.  

 

In addition, the electrochemical lithium intercalation process in the monoclinic 

Nb12O29 was studied with a Li/Nb12O29 half-cell, and the results showed that it can 

reversibly incorporate a relatively large amount of Li-ions in the voltage window of 2.5-

1.0 V at a slow discharge/charge rate while retaining structural integrity. Compared with 

that of the bare Nb12O29, samples with carbon coating show an improved rate capability. 

The lithium insertion mechanism into Nb12O29 has also been discussed in terms of sites 

available to the lithium ions.  
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Chapter 1  Introduction 

 

 

1.1 FUEL CELLS 

The world’s increasing energy demand and the limitations in availability of fossil 

resources make it imperative to find alternatives to maintain sustainable development 

while significantly reducing the level of green-house gas emissions. Fuel cells are one of 

the best examples of “green technologies” that can provide such alternatives. In general, a 

fuel cell is an energy conversion system that produces electricity by electrochemical 

reaction of fuel and oxidant gases. Different types of fuel cells cover a great range of 

operation temperatures. Fuel cells are attractive as energy sources because they have high 

efficiency and fuel adaptability, they are clean, reliable, and almost entirely 

nonpolluting.1 They do not have moving components and their performance is free of 

noise and vibration, so minimal maintenance is required. Their modularity makes their 

power output easily scalable by connecting fuel cells in series. 

 

1.2 SOLID OXIDE FUEL CELLS 

Much development has been focused on solid oxide fuel cells (SOFCs) because 

they offer important advantages over other types of fuel cells. A SOFC can be defined as a 

ceramic multilayer electrochemical system working at high temperatures (700-1000 ºC) 

and employing gaseous fuel and oxidant. Owing to their high-temperature operation, 

SOFCs allow the use of a variety of fuels, ranging from hydrogen to hydrocarbons. 

Moreover, this high operating temperature promotes rapid electrocatalysis with non-



 2

precious metals and is beneficial for co-generation of both electricity and high-grade heat 

at user sites, thus increasing total system efficiency to about 85%.  

 

1.2.1 SOFC operation principle 

Solid oxide fuel cells are complex electrochemical devices with a solid oxide-ion 

conductor as the electrolyte separating two porous electrodes, an anode and a cathode. A 

schematic representation of an electrolyte-supported solid oxide fuel cell is shown in 

Figure 1.1.  

 

 

Figure 1.1:  A schematic representation of an electrolyte-supported solid oxide fuel cell. 

 

The cathode is typically an oxide that catalyzes the oxygen reduction reaction:  

                   ½ O2 (g) + 2 e-  O2- (s)                     (1.1) 

O2 reduction 
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The anode catalyzes the oxidation of fuel, either hydrogen or reformed hydrocarbons:2 

                         H2 (g) + O2-  H2O + 2 e-                               (1.2) 

                         CO(g) + O2-  CO2 + 2 e-                       (1.3) 

The function of the electrolyte is to separate the air and fuel compartments, to transport 

the O2− ions from the cathode to the anode, and to force the electrons of the chemical 

reaction into an external circuit. In operation, oxygen from air is supplied on one side of 

the cell and fuels such as hydrogen on the other side. When an oxygen molecule contacts 

the cathode/electrolyte interface, it catalytically acquires four electrons from the cathode 

and splits into two oxide ions. The oxide ions diffuse into the electrolyte material and 

migrate to the anode where they encounter the fuel and react catalytically to give off 

water, carbon dioxide, heat, and -- most importantly -- electrons. The electrons transport 

through the anode to the external circuit where they perform work on their way back to 

the cathode. 
 

1.2.2 SOFC thermodynamics 

The maximum electrical energy available from a fuel cell is determined by the 

Gibbs free energy difference across the electrolyte membrane, G: 

                                 0
0 nFEG                         (1.4) 

where ΔG
0 
is the Gibbs free energy change for the reaction at the standard state, n is the 

number of electrons involved in the reaction, and F is the Faraday constant (96485 

C/mol). If the reactants and products are all in their standard conditions, the reversible 

standard potential, E0, of the electrochemical reaction can be calculated. If the reaction of 

the solid oxide fuel cell is: 
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                             gOHgOgH 222 )(
2

1
 ,                  (1.5) 

then, the standard potential:
 
    V

molC

molJ
E 229.1

964852
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. 

Beyond the standard condition, the theoretical reversible potential, E, can be 

expressed by the Nernst equation: 

                           
OH

H
O P

P

F

RT
P

F

RT
EE

2

2

2
ln

2
ln

40                  (1.6) 

where R is the gas constant, T is the absolute temperature, p refers to the partial pressure 

of each gas. 

1.2.3 SOFC electrode losses 

The cell potential is simply the work that can be accomplished by the electrons 

produced in the SOFC, and this actual cell potential is smaller than the theoretical 

potential value because of losses in the electrodes and the electrolyte.3 The cell voltage 

(V) is given by:  
                     CAiREV   0                        (1.7) 

where i is the current passing through the cell, R is the total electrical resistance of the 

cell, A  and C  are the polarization voltage losses associated with the cathode and 

anode, respectively.  

 

The loss, which is termed polarization or over-potential η, is defined as the 

deviation of the actual cell potential E from the theoretical potential. There are three 
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types of polarization contribution to the voltage drop: (1) activation polarization (2) 

ohmic polarization, and (3) concentration polarization. 

(1) Activation polarization   

The activation polarization is the result of the kinetics involved with the 

electrochemical reactions. Each reaction has a certain activation-energy barrier that must 

be overcome in order to proceed, and this barrier contributes to the polarization. For a 

SOFC operating on hydrogen and oxygen, the activation polarization is dominated by the 

kinetics of the reaction at the cathode because the hydrogen oxidation at the anode is very 

fast. Cathodic activation polarization can be affected by the microstructure of the 

cathode, number of active sites, temperature, atmosphere, and current density. For 

example, the Triple Phase Boundary (TPB) length, which is where the gaseous reactants, 

the O2--conducting electrolyte, and the electronicially conducting electrode all meet, 

directly relates to the electrochemically active region in the cell. The longer the TPB 

length, the greater the density of reaction sites and thus the smaller the activation 

polarization. Optimization of TPB length can be done by processing conditions to affect 

microstructure or by materials selection to use a mixed ionic/electronic conductor 

(MIEC) to increase the effective are along the TPB length. 

 

(2) Ohmic polarization   

The ohmic polarization is the resistance for conduction of ions and electrons, 

including the contact resistance at the interfaces. The ohmic polarization can be 

expressed as: Riohm  , where i is the current density and R is the total cell resistance 

including ionic, electronic, and any contact resistances. In a SOFC, the resistances of the 

SOFC components are commonly expressed in terms of area specific resistance (ASR). 
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ASR is the resistance per unit area. If one targets a power density of 1 Wcm-2, each of 

the individual impedances needs to be less than approximately 0.1 cm2. 

 

(3) Concentration polarization   

Concentration polarization is also known as diffusion polarization. It is caused by 

mass transport difficulties within the cell due to differences in the concentration of the 

reactant products across the electrode/electrolyte and electrode/gas interfaces. When the 

mass-transfer limitation causes a decrease in the availability of reactant sites, part of the 

available reaction energy is used to drive mass transfer, resulting in a loss of output 

voltage. The concentration or diffusion polarization can be expressed as 

                              









li

i

nF

RT
1ln                        (1.8) 

where i
l 
is the limiting current density at which the electrode reaction is completely 

governed by mass transfer.  
 

A characteristic current-voltage (I-V) curve for a SOFC is shown in Figure 1.2. 

The voltage output at zero current density is known as the open circuit voltage (OCV). 

The I-V curve can be divided into three regions corresponding to different polarization 

losses. The activation polarization loss is dominant at low current density (region I). In 

region II where the cell voltage decreases linearly with increasing current density, the 

ohmic polarization loss plays the most important role. The significant cell voltage drop at 

high current density in the region III is due to the concentration polarization loss.  
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Figure 1.2:  A characteristic current-voltage (I-V) curve for SOFC. 

                                                                                       

1.3 MATERIALS FOR THE SOFC  
 

Although the operating principle of SOFCs is rather simple, the selection of 

materials for each component presents enormous challenges.4 The SOFC needs to run at 

high temperatures in order to lower the polarizations and achieve sufficiently high current 

densities and maximum power output. Therefore, the materials must have enough 

chemical and structural stability to endure fabrication, thermal cycling, and operation for 

long times at high temperatures. Reactivity and interdiffusion between the cell 

components must be as low as possible. The thermal expansion coefficients of the 

individual components must be close to one another to minimize mechanical stresses that 

can lead to cracking and mechanical failure. Besides these, a different atmosphere exists 

at both sides of the cell, which imposes an additional sealing requirement. In summary, 

the temperature, power, and atmosphere requirements drive the materials selection for all 

cell components. 
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1.3.1 Anode 

For the anode materials, there are five basic requirements: 

(1) Catalytic activity: The anode must facilitate the electrochemical 

oxidation of whatever fuel is to be used; and the catalytic activity must 

remain high over a long life along maximum TPB lengths.  

(2) High electronic conductivity. 

(3) Thermal compatibility with the orther components, particularly the 

electrolyte. 

(4) Chemical stability: The anode needs to be chemically stable in the 

reducing atmosphere and stable in contact with the electrolyte.  

(5) Porosity: the anode layer must be very porous to allow the fuel to flow 

over the largest possible concentrion of effective reaction sites per unit 

electrode area. 

 

The reducing conditions combined with electrical conductivity requirements make 

metals attractive candidate anode materials. Most development has focused on nickel 

owing to its catalytic activity and affordability. But connected nickel particles tend to 

agglomerate and close off the conductive path at operation temperatures. A composite 

anode made up of NiO and the electrolyte is used; in the reducing atomosphere at the 

anode, the NiO is reduced creating a percolating porous structure with metallic nickel on 

the pore surface. The electrolyte provides structural support for interconnected Ni 

particles, preventing them from sintering together, and the thermal expansions of the 

porous electrode and dense electrolyte are matched. The Ni/YSZ cermet anode was 

initially used for SOFCs; these SOFCs operate at a TOP ≥ 800 ºC in pure H2. The 

performance of a Ni/YSZ cermet anode depends critically on the microstructure of the 
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porous YSZ framework and the distribution of the nickel on the surface of the percolating 

inner space.5  

 

Although Ni/YSZ is the anode material of choice, nickel still has disadvantages: a 

low tolerance to sulphur impurities in the fuel, the tendency of nickel to agglomerate, and 

most importantly nickel catalyzes the formation of graphite from hydrocarbons, which 

prevents direct use of natural gas. The deposition of graphite residues on the interior 

surfaces of the anode reduces its usefulness by destroying the ability of the SOFC to use 

unreformed fuel sources.  

 

Other anode materials are under investigation. Ceramics based on CeO2 exhibit 

mixed ionic and electronic conductivity in a reducing atmosphere due to the reduction of 

Ce4+ to Ce3+. In addition, CeO2-based materials show excellent catalytic activity, which 

stems from the oxygen-vacancy formation and migration associated with reduction of 

Ce(IV) to Ce(III). It has been reported that ceria-based oxide-ion conductors have a high 

resistance to carbon deposition, which permits the direct use of a hydrocarbon as fuel. To 

develop alternative anodes that can withstand sulfur contamination and carbon deposition 

with hydrocarbon fuels, some perovskite or perovskite-related oxide materials have also 

been explored as anodes. For example, Tao et al.6 reported that an oxygen-deficient 

perovskite La0.75Sr0.25Cr0.5Mn0.5O3-δ showed comparable electrochemical performance to 

that of Ni/YSZ cermets and with good catalytic activity for the electro-oxidation of CH4 

at high temperatures. Goodenough et al.7, 8 also identified the double perovskite 

Sr2Mg1−xMnxMoO6−δ that can be used with natural gas as the fuel under operating 

temperatures 650 C < T < 1000 C with long-term stability and tolerance to sulfur. This 

material is oxygen deficient and is stable in a reducing atmosphere.9,10 Oxides with the 
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tungsten bronze structure of general formula A2BM5O15 (with A or B = Ba, Na, etc., M = 

Nb, Ta, Mo, W) or pyrochlore-type oxides A2B2O7 have also been studied as potential 

anode materials for SOFCs. 

 

1.3.2 Electrolyte 

The essential requirement of the electrolyte is a high oxide-ion conductivity σO 

that is much larger than any electronic conductivity, i.e. tO ≡ σO/ σtotal near unity at the 

operating temperature. This requirement forces a high operating temperature, which 

dicates the following additional constraints:  

(1)      Chemical constraint: stable with respect to electrode materials, stable 

σO under oxidation and reducing atmospheres.  

(2)      Thermal constraint: phase stability and matched thermal expansion 

         coefficient with the two electrodes.  

(3)      Mechanical constraint: fracture toughness and gas tightness. 

 

These limitations have restricted the choice to oxide-based ceramics in which 

oxygen vacancies—created by doping—make the migration of O2- possible. Popular 

electrolyte materials include yittria-stablized zirconia (YSZ, often the 8 % form Y8SZ), 

doped cerium oxide, and the LSGM family of perovskites based on oxides of lanthanum 

and gallium, LaGaO3 (ABO3), doped at both A- and B-sites.  

 

Yttria doped zirconia is the commonly used electrolyte material in SOFCs. Yttria 

serves two functions; it stabilizes zirconia into the cubic structure at high temperatures 

and provides oxygen vacancies at the rate of one vacancy per mole of dopant. It exhibits 
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purely oxide-ion conduction (with no electronic conduction) and high strength and 

toughness.  

 

CeO2 has the advantage of a relatively high ionic conductivity at lower 

temperatures (under 700 C);11 this temperature range significantly broadens the choice 

of materials for the other components, which can be made of much less expensive and 

more readily available materials.12 However, CeO2-δ is also an electronic conductor.  

 

LaGaO3 doped at the A-site with strontium, Sr, and at the B-site with magnesium, 

Mg, (LSGM) has exhibited a higher O2- conductivity with a tO ≈ 1.13-15 Bismuth oxides 

have also been considered, but they do not offer enough crystalline stability. Among 

these materials, the ionic conductivities of ceria-based electrolytes and lanthanum gallate-

based electrolytes are much higher than that of YSZ. Figure 1.3 shows typical electrolyte 

conductivities. 

 

Figure 1.3:  Electrical conductivity of typical electrolyte materials for the SOFC.16 
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Table 1.1:  Thermal expansion coefficient (TEC) of typical electrolyte materials. 

Material composition T(C) TEC(10-6 K-1) Ref. 
Zr0.92Y0.08O2-δ 30-1000 10.0 17 
Zr0.85Y0.15O1.91 30-1000 10.9 18 
Zr0.85Sc0.15O1.93 30-1000 10.4 19 
Ce0.9Gd0.1O2-δ 550 12.5 20 
Ce0.8Gd0.2O2-δ 30-900 12.7 21 
Ce0.8Sm0.2O2-δ 800 12.2 21 

La0.8Sr0.2Ga0.9Mg0.1O3-δ 30-1000 10.8 22 
La0.9Sr0.1Ga0.8Mg0.2O3-x 30-1100 11.9 13 

Gd2Ti2O7±δ 30-900 10.8 23 

 

1.3.3 Cathode 

Cathode materials for SOFCs must satisfy the following conditions at high 

temperatures (between 500 and 1000 C):24-28 

(1) High electronic conductivity, preferably more than 100 Scm-1 under 

oxidizing atmosphere;  

(2) Adequate surface ionic conductivity or, if an MIEC, also bulk 

conductivity; 

(3) High catalytic activity for the oxygen reduction reaction (ORR); 

(4) Chemical and dimensional stability during cell operation; 

(5) High compatibility with other adjacent cell components, e.g. current 

collector. 

(6) Sufficiently porous to facilitate diffusion of oxygen to a large area of 

active cathode sites.  

(7) Stability under an oxidizing atmosphere during fabrication and operation; 

(8) Low cost. 
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During the early stage of SOFC development, platinum and some other noble 

metals were used as the cathode materials. However, platinum is expensive and its 

compatibility with the electrolyte is not so good.  

 

Less expensive perovskites that possess the required properties attracted much 

interest. The perovskite La1-xSrxMnO3-δ (LSM) is the state-of-the-art cathode material 

because it has excellent electronic conductivity (200–300 Scm-1 at 900 C) and good 

catalytic activity for the ORR. However, it shows low ionic conductivity (10-7 Scm-1 at 

900 C) and poor electrocatalytic activity below 800 C,29 which prevents the application 

of LSM at lower temperatures (< 800 C).  

 

By contrast, perovskites containing iron and cobalt, La1−xSrxCo1−yFeyO3-δ (LSCF), 

provide electronic and O2- conduction, which makes them a promising candidate for the 

SOFC cathode.30-33 LSCF has a total conductivity of 230 Scm-1 at 900 C, similar to 

LSM, but it also has an O2- conductivity of approximately 0.2 Scm-1. However, LSCF 

cathodes have a higher thermal expansion coefficient (TEC) than that of the electrolyte, 

which can result in cell cracking and degradation of cell performance.34, 35  

 

Strontium-doped samarium cobaltite with composition Sm0.5Sr0.5CoO3 (SSC) has 

been studied recently.36, 37 Its conductivity is much higher than LSCF and LSM at lower 

temperatures (500–800 C). But, just as for LSCF, the TEC of SSC is too large, which 

affects its compatibility with the electrolyte.38, 39 Therefore, many alternative materials 

have been studied with the aim of increasing the ionic conductivity and catalytic activity 

for the ORR while obtaining a TEC close to the TEC of the electrolyte.40-42 For example, 
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Fe-substituted lanthanum strontium cuprate (La0.7Sr0.3Cu0.4Fe0.6O3−δ) was reported to 

present a high conductivity and a good thermal-expansion match to SDC. 

  

Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) is another attractive cathode material for IT-

SOFCs. It was reported that this material showed outstanding performace with a single 

cell based on a 20-m-thick SDC electrolyte film; the maximum power density reached 

1010 mW/cm2 at 600 C.43 Now it has become one of the most studied cathode materials 

for IT-SOFCs.44, 45 The influence of A-site or B-site doping level in this compound 

(BaxSr1-xCoyFe1-yO3-δ ) has been explored in detail to find the optimal composition.46 

Several other elements including La, Pr, Sm, Nd, Er, Eu, Gd, Dy have also been studied 

as potential A-site substituents in the perovskite A0.68Sr0.3Fe0.8Co0.2O3-δ system.47 But 

studies also prove that the presence of carbonates is detrimental to electrocatalysis of the 

BSCF cathode. The decrease of the cell performance and increase of the polarization 

resistance were observed when CO2 was supplied to the cathode.48 Another concern is 

that the cubic BSCF structure transforms to a hexagonal perovskite at low temperature, 

which result in a problem with long-term stability.49 

 

1.4 INTERMEDIATE TEMPERATURE SOLID OXIDE FUEL CELL  

Reducing the operating temperature of solid oxide fuel cells to about 700–800 C 

is one of the main goals in current SOFC research. Such a reduction in operating 

temperature has several advantages; it reduces the rate of degradation, lessens sealing 

problems, and offers the choice of low-cost current collectors. However, lowering the 

temperatures also leads to a significient increase in electrochemical resistance because 

the electrochemical processes are thermally activated and become considerably slower at 

reduced temperatures. Due to the relatively high activation energy (often >1.5 eV) of the 
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oxygen reduction reaction, the largest contribution to the increase in cell resistance comes 

from the cathode side. Therefore, identification of the factors that govern the oxygen 

reduction reaction on the SOFC cathodes would make it possible to develop and optimize 

the cathode material to achieve reasonable electrochemical performance at temperatures 

noticeably below 900 C.  

 

The oxygen reduction reaction (ORR) on the cathode surface can be described as 

follows:  

            ½ O2 (gas) + 2e-(cahode)  O2-(electrolyte)              (1.9) 

Although the molecular species involved in the electrochemical reactions is a single 

diatomic species (O2), this reaction is actually quite complex and comprises a number of 

elemental steps to convert the oxygen molecule to some “electroactive” intermediate 

form. The elementary reactions steps are considered to be as follows: 

 (1) Oxygen molecules are adsorbed somewhere on the electrode surface or at a 

TPB where they undergo electrocatalytic reduction in steps, e.g. first dissociative 

reduction to the peroxide ion (O2)
2-. 

(2) Ionic/atomic species are transported along surfaces, interfaces, and/or inside 

the bulk of the electrode material toward the electrolyte;  

(3) Transfer of O2- into the electrolyte lattice. Among these three elementary 

reaction steps, several could be rate-limiting for the oxygen reduction process. 

 

Different mechanisms are thought to govern the ORR in SOFC cathodes.50 S. B. 

Alder summarizes those mechanisms that are either known or theorized in the literature 

to be the rate-limiting steps of the ORR. 
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Figure1.4:  Possible mechanisms thought to govern the oxygen reduction rate in SOFC 
cathodes.51 

 

In this figure, S. B. Alder51 pointed out that phases , , and  refer to cathode 

phase, gas phase, and electrolyte phase, respectively. The possible rate-limiting 

mechanisms are: (a) incorporation of oxygen into the bulk of the cathode phase if the 

cathode is a mixed conductor; (b) adsorption and/or partial reduction of oxygen on the 

surface of the cathode phase; (c) bulk or (d) surface transport of oxygen species to the 

 /  interface; (e) electrochemical charge transfer of O2- or (f) a combination of O2- and 

e-, respectively, across or at the  /  interface; (g) rates of one or more of these 

mechanisms wherein the electrolyte itself is active for generation and transport of 

electroactive oxygen species. 

 

Among these mechanisms, no single mechanism has been found to explain all 

cathodic reactions. Furthermore, which steps are rate limiting and thus which one is the 

most important factor governing the cathode performance are still not very clear since the 

cell performance is influenced strongly by the material, its microstructure, and the 

processing method of the electrode as well as the conditions under which the electrode is 

tested, including temperature, atmosphere, polarization, time, or other factors, some of 

which may not be known.52 Besides these, it should also be mentioned that these 
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mechanisms can affect each other; for example, the incorporation rate into the cathode 

(bulk path) depends on the surface concentration of adsorbed oxygen and thus can be 

influenced by surface diffusion profiles occurring for the electrode surface path. 

 

For a traditional porous, electron-conducting electrode material such as 

(La,Sr)MnO3 (LSM), the surface path is the only possible mechanism. Figure 1.5 shows 

the surface reaction path. The electrode surface path includes oxygen gas diffusion, 

adsorption of oxygen on the electrode surface, diffusion of (possibly dissociated and 

partly ionized) oxygen species along the surface toward the TPB where electrolyte, 

electrode and gas phase meet, followed by complete ionization and ionic transfer into the 

electrolyte.53 If there is a breakdown in connectivity in any one of the three phases, the 

reaction cannot occur.54 Furthermore, a hindrance of access for ions, gasses, or electrons 

to the reaction site renders it inactive. Microstructure and composite composition clearly 

affect the size and distribution of the TPBs. 

 

If the electrode material is a mixed electronic and oxygen-ion conductor (MIEC), 

electrochemical oxygen reduction occurring at the electrode surface may be followed by 

both oxide-ion conduction within the bulk electrode and oxygen species on the surface. 

By introducing bulk ionic transport, oxygen can be reduced to O2- over a significant 

portion of the electrode surface, thereby extending the size of the active region and 

improving the kinetics at reduced temperatures.55, 56 The cathodic oxygen-reduction 

reaction on a mixed conducting electrode material can be summarized as follows: 

(1)  Diffusion of O2 molecules in the gas phase to the electrode; 

(2)  Adsorption of O2 on the surface of the electrode; 

(3)  Charge transfer from the electrode to the oxygen molecule;  
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(4)  Dissociation with/without charge transfer to the partially reduced oxygen 

species on the surface; 

(5)  Incorporation of oxide ions into vacancies in the crystal lattice of the   

cathode; 

(6)  Bulk transport of O2- ions through the electrode to the electrode/electrolyte  

interface and surface oxygen to a TPB; 

(7)  Transfer of O2- ions across the electrode/electrolyte interface. 

 

The electrolyte surface path includes oxygen adsorption, partial reduction, 

dissociation, and diffusion to the TPB where it is reduced further by electron transfer 

from the electrode followed by a direct incorporation into the electrolyte. The very low 

electronic conductivity of most relevant electrolytes can be expected to restrict the active 

zone to an electrode region very close to the TPB. Hence, this path is similar to the 

electrode surface path discussed above from a geometrical point of view. This 

mechanism is suitable for the cases of a porous composite material consisting of an 

electronic conducting cathode material and an appropriate amount of ionic conducting 

electrolyte material, e.g., LSM-YSZ. 

 

 

Figure 1.5:  Sketches of three possible reaztion paths.53 
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1.5 OBJECTIVES 

Unitl now, most of the electrochemically active SOFC cathode materials has been 

focused on cobalt-containing oxide phases with ABO3 perovskite-related structures.57-60 

Compared to other compositional families, porous cathodes made of perovskite-related 

cobaltites exhibit minimum overpotentials and area specific polarization resistances.61-63 

Despite the poor thermomechanical compatibility with other cell materials owing to a 

large thermal expansion coefficient (TEC), perovskite-type cobaltites are being widely 

evaluated for the IT SOFC cathodes.The large TEC is the result of a low-spin to higher–

spin transition of Co(III) ions. If cobalt oxides containing only high-spin Co(III) at room 

temperature can be shown to be equally catalytically active, the problem with a large 

TEC can be eliminated. 

  

Cobalt oxides operating on the Co(IV)/Co(III) redox couple in perovskite-related 

structures have exhibited the highest ORR activities for the IT-SOFC because (1) they are 

MIECs, which extends the ORR area from the electrolyte-electrode-air triple-phase 

boundary to the entire electrode surface, (2) the Co(IV)/Co(III) couple is pinned at the 

top of the O-2p bands to retain good electronic conductivity under the oxidizing cathode 

atmosphere, (3) the surface Co(III) are in an intermediate-spin state, which provides a 

particularly active catalytic reaction for the reduction of adsorbed gaseous O2 to surface 

2O2- ions, and (4) they are chemically stable in the oxidizing cathodic atomosphere. We 

inquire in this dissertation whether cobalt oxides operating on the Co(III)/Co(II) redox 

couple can be equally catalytically active for the ORR and contain only high-spin Co(III) 

in the bulk at room temperature.  
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Chapter 2  Experimental Techniques 

This chapter contains the experimental techniques used in this dissertation to 

synthesize and characterize the samples. 

 

2.1 MATERIALS SYNTHESIS 

2.1.1 Electrode materials 

All electrode materials in this dissertation are polycrystalline samples synthesized 

with either the conventional solid-state reaction or a wet-chemical procedure. The 

synthesis method and conditions varied with the system. Details will be given in the 

relevant chapters. 

 

2.1.2 Electrolyte La0.8Sr0.2Ga0.83Mg0.17O2.815 

The electrochemical performance measurements were performed with electrodes 

supported by the La0.8Sr0.2Ga0.83Mg0.17O2.815 (LSGM) electrolyte. The LSGM electrolyte 

was prepared by conventional solid-state reaction. La2O3 and MgO powders were first 

dried at 1000 °C overnight before using. A stoichiometric mixture of La2O3, SrCO3, 

MgO, and Ga2O3 powders was thoroughly ground and pressed into pellets and then 

sintered at 1000 °C for 20 h. After cooling down, the pellets were reground, re-pelletized, 

and calcined again at 1200 °C for 20 h in air. The obtained precursor was ball-milled into 

very fine powder, mixed with 1 wt.% polyvinyl butyral (PVB), and then pelletized 

carefully into disks with a diameter of 20 mm. The disks were finally sintered at 1450 °C 

for 20 h to achieve a pure cubic perovskite phase with space group Pm-3m (No. 221). The 
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dense ceramic disks were polished with an automatic grinder machine to 300 to 600 μm 

thickness to be used as the electrolyte.  

 

2.1.3 Buffer layer La0.4Ce0.6O2-δ 

An La0.4Ce0.6O2-δ (LDC) buffer layer was used in between the electrode and the 

LSGM electrolyte in order to prevent chemical reaction and ion interdiffusion. The LDC 

was obtained by the EDTA complex sol-gel method with La2O3 and CeO2 as the starting 

chemicals. Final sintering was carried out at 1450 °C for 24 h in air. The XRD pattern 

shows cubic symmetry with Fm-3m (No. 225) space group.  

 

2.2 STRUCTRUAL ANALYSIS  

2.2.1 Powder X-ray diffraction 

The phase purity of the obtained samples was first examined by powder X-ray 

diffraction (XRD) at room temperature with a Philips X’pert diffractometer equipped 

with a pyrolytic graphite monochromator and Cu K radiation (λ = 1.5418 Å) in Bragg-

Brentano reflection geometry. Samples were ground into fine powder and coated onto a 

glass slide with amyl acetate. For a routine scan, the XRD pattern was measured from 15 

to 80° in 2θ with a step of 0.04° and a dwell time of 2 seconds; for the purpose of 

structural refinement, the XRD data were collected from 10 to 120° in 2θ with a step of 

0.02° and a dwell time of 10 seconds.  

 

2.2.2 Neutron powder diffraction 

In order to determine the crystal structure for some samples, room-temperature 

neutron powder diffraction (NPD) data were collected by José Antonio Alonso of Spain 
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in the diffractometer D2B at the Institut Laue-Langevin (ILL), Grenoble, with a neutron 

wavelength λ = 1.594 Å. Normally, a sample of 1-2 g was used for the NPD. For the 

purpose of evaluation of the strcutral evolution as a function of temperature, high-

temperature NPD patterns have been collected at the HRPT high-resolution 

diffractometer ( = 1.494 Å) in the Paul Scherrer Institut (PSI, Switzerland). The sample 

was loaded into a steel tube open at ambient atmosphere and placed in the isothermal 

zone of a furnace with a vanadium resistor operating under vacuum (PO2 ≈ 10-6 Torr). The 

counting time was typically 3 h per pattern. 

 

The XRD data were analyzed with the program JADE and/or FullProf. The 

obtained NPD profiles were analyzed by the Rietveld method with the FullProf program 

and the use of its internal tables for scattering lengths. The line shape of the diffraction 

peaks was generated by a pseudo-Voigt function. In the final run, the following 

parameters were refined: background points, zero shift, half-width, pseudo-Voigt, and 

asymmetry parameters for the peak shape, scale factor, unit-cell parameters, positional 

and occupancy factors and isotropic thermal factors.  

 

2.3 OXYGEN CONTENT ANALYSIS 

The oxygen stoichiometry of the obtained samples was usually determined by 

iodometric titration and/or thermogravimetric analysis (TGA). For the purpose of 

iodometric titration, the powder samples were dissolved in 15 ml of 10 % KI solution by 

adding 10 ml of 3.5N HCl and stirring until the samples were completely dissolved. The 

clear solution was then titrated against 0.03 N sodium thiosulfate (Na2S2O3) solution with 

starch as an indicator. The TGA measurements were performed with a Perkin-Elmer 

TGA 7 apparatus. 
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2.4 X-RAY ABSORPTION SPECTROSCOPY 

Since the octahedral-site crystal-field splitting cf and the Hund’s intraatomic-

exchange energy JH for the octahedral-site Co3+ ion are close in energy, their competition 

together with the perturbation from thermal energy can result in low-spin (LS) t6e0 to 

higher-spin states t5e1 or t4e2 with increasing temperature. A lower oxygen coordination at 

the surface stabilizes the intermediate-spin (IS) t5e1 state to lowest temperatures.64 It has 

been shown that the spin state of Co3+ ions plays an important role in governing the 

elelctrochemcial performance of electrode materials, such as the electrocatalytic activity 

for the oxygen reduction reaction and the thermal expansion coefficient. Although it has 

been argued generally that the IS state should be stabilized for the surface Co3+ ions, as 

has been demonstrated for LaCoO3, few direct measurements of the spin state of Co3+ 

ions for most cathode materials of IT-SOFCs have been made. For the cathode materials 

of IT-SOFCs containing a significant number of oxygen vacancies, the crystal-field 

environment of Co3+ ions is also modified dramatically. The XAS measurements at the 

Co-L2,3 and O-K absorption edges have been shown to be a sensitive probe of the valence 

and spin states of the Co ions. The Co (2p3d) transitions at the Co-L2,3 edge involve 

directly the relevant valence shell and are extremely sensitive to the charge and spin 

states. On the other hand, the O-K edge involves transitions from the O 1s core level to 

the O 2p orbitals that are mixed into the unoccupied Co 3d states. To deomonstrate the 

sensitivity of the XAS technique, Figure 2.1 displays the room-temperature Co-L2,3 XAS 

spectrum of several cobalte oxides with different valence and spin states, i.e. Sr2CoO3Cl, 

LiCoO2, YBaCo3AlO7, and CoO, containing the pyramidal-site HS-Co3+, the octahedral-

site LS-Co3+, the tetrahedral-site HS-Co2+, and the octahedral-site HS-Co2+, respectively. 

Some characteristics of these XAS spectra can serve as references to distinguish the 

valence and spin states of Co ions. For example, the Co2+ spectra of CoO and 
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YBaCo3AlO7 contain peaks that are located at least 2 eV below the main peak of the Co3+ 

spectra. While the main peaks for both Co2+ ions lie at around 779 eV, the main peaks for 

both Co3+ ions lie at 780.5 eV. This shift is consistent with the generally accepted notion 

that an increase of the valence state from Co2+ to Co3+, for example, typically results in a 

shift of the L2,3 XAS spectra to higher energies by 1 eV or more. In addition, compared to 

the HS Sr2CoO3Cl, the LS LiCoO2 has a higher intensity at the L2 edge with a rather 

sharp peak at 795 eV.    
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Figure 2.1:  The Co-L2,3 XAS spectra of (a) Sr2CoO3Cl, (b) LiCoO2, (c) YBaCo3AlO7 
and (d) CoO all taken at 300 K.  
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In this dissertation, we have used the XAS technique to probe directly the valence 

and spin states of the Co ions. The XAS spectra at both the Co-L2,3 and O-K edges were 

measured at the BL11A beamline of the National Synchrotron Radiation Research Center 

(NSRRC) in Taiwan by Zhiwei Hu. The Co-L2,3 spectra were taken in the total electron 

yield (TEY) mode and the O-K in the fluorescence yield (FY) mode with a photon energy 

resolution of 0.3 and 0.2 eV, respectively. The pellet samples were cleaved in situ in an 

ultrahigh-vacuum chamber with pressure in the 10-10 mbar range. NiO and CoO single 

crystals were also measured simultaneously to serve as an energy reference for the O-K 

and Co-L2,3 edges, respectively. 

 
 

2.5 ELECTRICAL CONDUCTIVITY  

The electrical conductivity measurements were performed on a cylindrical rod 6.5 

mm in diameter and ca. 10 mm in length with a standard dc four-probe method from 800 

to 200 C. The configuration is shown in Figure 2.2; platinum wires encircling the bar 

near both ends were used to measure the voltage when a current, I, is passed down the 

bar. This method eliminates lead and contact resistance. A K-type thermocouple was 

placed near the sample in order to measure temperature. At each temperature, an I-V scan 

from -100 mA to 100 mA with a step of 10 mA was performed and the electrical 

conductivity was calculated from the slope of the obtained straight line.  
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Figure 2.2:  The four-probe configuration for electrical conductivity measurement. 

 

2.6 ELECTROCHMECAL IMPEDANCE SPECTROSCOPY 

The electrocatalytic activity for the oxygen reduction reaction (ORR) of the 

cathode materials was evaluated by ac impedance-spectroscopy (EIS) measurements.65 

Analysis of the EIS data can provide critical information about the charge-transfer 

processes in the ORR, including the ion-transfer process occurring at the 

electrode/electrolyte interfaces, electron-transfer from the electrode to the adsorded O2 

and oxygen dissociation, oxygen diffusion at the gas-cathode interface, and surface/bulk 

diffusion of intermediate oxygen species.  

 

EIS measurements in this dissertation were carried out with an ac impedance 

spectroscope (Solartron 1260 FRA) in the temperature range 500 - 800 °C in air. A 

symmetrical-cell configuration Cathode|LSGM|Cathode was used for EIS measurements. 

For this purose, the cathode material with an area of 0.25 cm2 was screen-printed onto 

both sides of a dense LSGM electrolyte pellet of 600 μm thickness. After drying, the 

cathode was sintered at a certain temperature for 1 h in air. The frequency range from 

0.01 Hz to 1 MHz was applied with a signal amplitude of 10 mV under open-cell voltage. 
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2.7 FABRICATION AND TESTING OF A SINGLE FEUL CELL 

Single test cells were fabricated by an electrolyte-supported technique. A dense 

LSGM pellet with 20 mm diameter and 300 μm thickness was used as the electrolyte. 

The synthesized electrode materials were pulverized for 1 h in ethanol by using a high-

energy shaker mill before using them to fabricate the cells. NiO-GDC (Gd-doped ceria) 

anode material was purchased from Fuel-Cell Materials. The various cathodes, NiO-GDC 

cermet anode, and the buffer-layer materials were separately mixed with an organic 

binder (Heraeus V006) to form slurries and then applied onto the electrolyte by screen 

printing. LDC ink was first screen-printed onto both sides of the LSGM disk followed by 

firing at 1300 °C in air for 1 h. NiO-GDC was subsequently screen-printed onto the LDC 

layer on one side and baked at 1300 °C in air for 0.5 h. Then, the cathode was finally 

screen-printed onto the other side of the LSGM disk and sintered at the final sintering 

temperautre in air for 1 h. The area of the working electrode is 0.24 cm2 (0.6 cm × 0.4 

cm). Pt gauze (Alfa Aesar, 52 mesh woven from 0.1 mm-diameter wire, 99.9% metal 

basis) with a small amount of Pt paste (Heraeus) in separate dots was used as a current 

collector at both the anode and cathode sides for ensuring contact.  

 

A double-layer sealing design was applied in all single-cell tests. A schematic 

view of the set-up is shown in Figure 2.3. For the internal sealing, a Pyrex glass ring was 

placed between the cell and a supporting Al2O3 tube. A slurry that was made by mixing 

Duco cement and Pyrex glass powder with acetone was pasted on the outside of the 

Pyrex glass ring to serve as the external sealing. The applied glasses are expected to 

soften at about 750 °C so as to seal the whole cell in situ. The assembled test cell was 

placed in the hot zone of a vertical furnace with air directly supplied to the cathode 

surface at a rate of 50 mL/min and dry H2 fuel to the anode surface at a flow rate of 30 
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mL/min. The test cells were normally purged with hydrogen gas for 1 h before the 

temperature was ramped up. The performance measurements were usually carried out in 

the temperature range 600 °C < T < 800 °C at intervals of 50 °C with an EG&G 

potentiostat/galvanostat running on a homemade LabView program. During a typical 

measurement, the cell voltage was varied from open-circuit voltage (OCV), usually 1.2V 

at 800 °C, to 0.4 V and back to OCV in a total of 30 steps and holding 10 seconds at each 

point.  

 

 

Figure 2.3:  A schematic configuration of the single-cell test set-up.  

 

2.8 MICROSTRCUTRE ANALYSIS  

Microstructural characterizations of the cathodes and the interfacial reaction 

analysis were carried out with a JEOL JSM-5610 scanning electron microscope (SEM) 

equipped with an OXFORD Instruments INCA Energy 200 X-ray detector for elemental 

analysis by energy dispersive spectroscopy (EDS). 
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2.9 MAGNETIC MEASUREMENT  

Measurements of magnetic properties were performed with a commercial 

Superconducting Quantum Interference Device (SQUID) magnetometer from Quantum 
Design. 
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Chapter 3  Oxygen-Deficient Perovskite Sr0.7Y0.3CoO2.65-δ as a Cathode 
for IT-SOFCs 

 

3.1 INTRODUCTION 

Sr0.7Y0.3CoO2.63 (SYCO) has recently been reported to crystallize with a novel 

ordering of the oxygen vacancies that gives a tetragonal structure, space group I4/mmm, 

with unit-cell parameters a ≈ 2ap, c ≈ 4ap, where ap is the parameter of the cubic 

perovskite unit cell.66, 67 As is illustrated in Figure 3.1, the oxygen vacancies of SYCO 

are ordered into alternate Co1O1.15-δ (001) planes of the perovskite structure as occurs in 

the brownmillerite structure of CaFeO2.5;
68 the Co2O3 planes contain corner-shared 

Co2O6/2 octahedra as in the perovskite structure. In SYCO, the additional 0.13 O4 per 

formula unit enter the Co1O1.15-δ planes to create five-coordinated Co1 in addition to the 

four-coordinated Co1 of the brownmillerite structure. A Co1-O4 bond length of 2.156(7) 

Å is significantly longer than that of the Co1-O2, 1.850(3) Å, and of the Co1-O3, 

1.928(1) Å,66 signaling a relatively weak Co1-O4 bond and a mobile (O4)2- ion. However, 

a combined electron-diffraction and synchrotron XRD study69 at room temperature has 

indicated an oxygen vacancy ordering within the Co1O1.15- layers associated with 

ordering of the Sr2+ and Y3+ ions, and a recent high-temperature synchrotron XRD 

study70 has shown that the oxygen vacancies undergo an order-disorder transition at Ts ≈ 

550 K in Sr0.67Y0.33CoO3-δ. Therefore, we can anticipate a high O2--ion mobility above 

600 C within the Co1O1.15- planes, which would be adequate for the cathode of an IT-

SOFC. Thermogravimetric (TGA) analysis of SYCO samples appears to confirm this 

conjecture,66 but the electrochemical performance of SYCO as the cathode of an IT-
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SOFC has not been studied, and little is known about the electronic transport properties 

of SYCO above room temperature. 

 

To investigate SYCO as a potential cathode for an IT-SOFC, a polycrystalline 

SYCO sample was prepared by solid-state reaction and its crystal structure, oxygen 

evolution, valence and spin states of the Co ions, and electronic transport properties were 

characterized in detial with X-ray and neutron powder diffraction, TGA, X-ray 

absorption spectroscopy, and electrical conductivity and thermopower measurements 

over a wide temperature range. The polarization resistance and electrochemical 

performance of a SYCO cathode supported on an LSGM electrolyte were then tested in 

the intermediate temperature range 700 - 800 °C. A maximum power density of 927 

mW/cm2 at 800 °C demonstrated that SYCO is a promising cathode material for IT-

SOFCs. 

 

Figure 3.1:  Crystal structure of the oxygen-deficient perovskite Sr0.7Y0.3CoO2.65-δ. Note 
that only about ¼ of the O4 atoms are occupied. 
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3.2 EXPERIMENTAL DETAILS 

Polycrystalline SYCO samples were prepared by solid-state reaction according to 

Ref. 66. Stoichiometric mixtures of analytical grade SrCO3, Y2O3, and Co3O4 powders 

were thoroughly mixed in an agate mortar, pressed into pellets, and then sintered in air at 

1000-1100 °C for 4 days with several intermediate grindings. During the last sintering, 

the furnace was switched off and the sample was allowed to cool gradually in the 

furnace; we denoted this sample hereafter as “furnace-cooled”. A quenched sample was 

also obtained by plunging the sample from 1100 °C into liquid N2. The initial oxygen 

content of the obtained SYCO samples was chemically determined by iodometric 

titration. As determined by iodometric titration, the oxygen concentration of the furnace-

cooled sample was similar to that of the quenched one, i.e. O2.63 vs O2.62. However, rather 

than an ordered arrangement of the oxygen vacancy in the furnace-cooled sample, the 

oxygen vacancies should remain disordered at room temperature in the quenched sample. 

The evolution of the oxygen concentration during thermal cycling in air was determined 

by TGA with a Perkin-Elmer TGA 7 thermal analysis system in the temperature range 30 

- 900 °C with a heating/cooling rate of 2 °C/min. About 50 mg of the SYCO sample was 

used in the TGA experiment. 
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3.3 RESULTS AND DISCUSSIONS 

3.3.1 Structural characterizations  
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Figure 3.2: X-ray powder diffraction pattern of the oxygen-deficient perovskite 
Sr0.7Y0.3CoO2.65-δ indexed in a tetragonal unit cell with a ≈ 7.627 Å and c ≈ 
15.31 Å. A small amount of impurity Y2O3 was observed. 

The obtained products were first characterized by powder XRD for phase 

identification and to assess phase purity with a Philips X’pert diffractometer (Cu K 

radiation, λ = 1.5418 Å). Displayed in Figure 3.2 is the room-temperature XRD pattern of 

the obtained SYCO sample, which can be indexed on the basis of a tetragonal unit cell 

with a ≈ 7.627 Å and c ≈ 15.31 Å. Thus, the cell is related to the cell parameter of a cubic 

perovskite ap by a ≈ 2  ap and c ≈ 4  ap.
66 As indicated by the asterisk (*), the obtained 

sample contains a small amount of Y2O3 impurity, probably due to the evaporation of 

Co3O4 at high temperatures. A similar situation has also been reported in the literature.66 

The oxygen content was determined by iodometric titration to be Sr0.7Y0.3CoO2.63(1), 

yielding a formal Co oxidation state of +2.96.  
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Figure 3.3:  Observed (crosses), calculated (solid line), and difference (bottom line) 
neutron powder diffraction profiles of the oxygen-deficient perovskite 
Sr0.7Y0.3CoO2.65-δ at room temperature. The two lines of vertical markers 
correspond to the allowed Bragg reflections for Sr0.7Y0.3CoO2.65-δ (top) and 
Y2O3 (bottom), respectively. 

In order to extract accurate structural information for this oxygen-deficient 

perovskite, a room-temperature NPD pattern were then collected in the diffractometer 

D2B at the Institut Laue-Langevin, Grenoble, with a neutron wavelength λ = 1.594 Å 

within the 2θ range from 9 to 157 °. The NPD pattern was refined in the tetragonal 

I4/mmm space group (No. 139) with three kinds of Sr/Y atoms at 4e (0,0,z) and 8g 

(0,0.5,z), two kinds of Co atoms placed at 8h (x,x,0) and 8f (0.25,0.75,0.25), and four 

oxygen positions, O1 at 16n (0,y,z), O2 at 16m (x,x,z), O3 at 8i (0,y,0), and O4 at 8j 

(x,0.5,0). The O4 position is partially occupied. A secondary phase Y2O3 defined in the 

space group Ia-3 was introduced in the refinement. The refinement converged very well 

with discrepancy factors of Rp = 2.30 %, RBragg = 3.02 %, and χ2 = 3.88; the goodness of 
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fit is illustrated in Figure 3.3. The structural parameters and selected bond lengths and 

bond angles after the Rietveld refinements are given in Table 3.1. The unit-cell 

parameters, a = 7.6258(1) Å and c = 15.3110(4) Å, for our sample are in excellent 

agreement with those reported in the literature, e.g. a = 7.6193(8) and c = 15.313(2) Å in 

Ref. 66. From the scaling factors, the Y2O3 impurity was estimated to be ~ 1.4(2) wt.%. 

NPD also allowed us to examine the occupancy factors of the oxygen atoms. The 

refinement of the occupancy factors for the O1, O2, and O3 converged to values very 

close to 1 (Table 3.1), while that of the O4 position, 0.37, is a little larger than the 

reported 0.25 for all Co(III).66 Based on the obtained occupancy factors for oxygen 

positions, the chemical formula was estimated to be Sr0.7Y0.3CoO2.66(2), in accordance 

with the result obtained from the iodometric titration. Therefore, the valence state of the 

Co ions in SYCO should be mainly 3+. 

 

Table 3.1:  Atomic coordinates, isotropic thermal factors, and selected bond length and 
angles for Sr0.7Y0.3CoO3-δ from neutron powder diffraction dataa at 295 K. 
Space group I4/mmm (No. 139), a = 7.6258(1) Å, c = 15.3110(4) Å, V = 
890.38(3) Å3, Z = 16 

a Rp = 2.28%, Rwp = 3.00%, Rexp = 1.53%, χ2 = 3.83, RBragg = 3.17%. 

Atom Site x y z Biso (Å
2) Occ. 

Sr1/Y1 4e 0 0 0.8786(4) 1.66(9) 0.7/0.3 
Sr2/Y2 8g 0 0.5 0.8677(2) 0.94(5) 0.7/0.3 
Sr3/Y3 4e 0 0 0.3505(3) 0.56(8) 0.7/0.3 

Co1 8h 0.7478(5) 0.7478(5) 0 1.20(12) 1 
Co2 8f 0.25 0.75 0.25 -0.004(9) 1 
O1 16n 0 0.2451(3) 0.2401(2) 0.58(4) 0.985 
O2 16m 0.2877(2) 0.2877(2) 0.1167(2) 1.67(5) 1.008 
O3 8i 0 0.7233(5) 0 1.26(8) 0.980 
O4 8j 0.3833(17) 0.5) 0 5.2(4) 0.370 

Bond length (Å)  Bond angle (°) 
Co1-O2 (2) 1.827(3)  Co2-O1-Co2 170.664(9) 
Co1-O3 (2) 1.932(4)  Co1-O2-Co2 156.63(12) 
Co1-O4 (1) 2.138(9)  Co1-O3-Co1 168.9(4) 
Co2-O1 (4) 1.913(2)    

Co2-O2 (2) 2.082(3)    
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The obtained Co-O bond lengths of our SYCO sample, given in Table 3.1, are 

highly consistent with those reported previously.66 In the octahedral layers, the Co2O6/2 

octahedra exhibit a significant axial distortion with four shorter equatorial distances Co2-

O1 = 1.913(2) Å and two longer axial distances Co2-O2 = 2.079(3) Å to give a c/a ≈ 

1.09. Such a tetragonal local site symmetry of Co2 would tend to stabilize an IS Co3+. 

Corresponding to the axial elongation of the Co2O6/2 octahedra, the Co1O4 tetrahedra in 

the oxygen-deficient layers are compressed along the c axis with a much shorter Co1-O2 

= 1.830(3) Å distance than the Co1-O3 = 1.930(4) Å lying in the ab plane. Similar to the 

previous report,66 the presence of additional oxygen atoms distributed over the O4 

positions within the oxygen-deficient layers result in some five-coordinated Co1 sites 

forming an irregular trigonal bipyramid. However, the extremely long Co1-O4 bond 

length of 2.147(9) Å signals a much weaker bonding strength, and the unusually high 

thermal factor 5.2(4) Å for the O4 atoms, Table 3.1, signals that it is the O4 atoms that 

become mobile and disordered above 320 °C. The exolution and diffusion of these 

oxygen atoms within the oxygen-deficient layers plays an important role for both the 

electronic transport (see Section 3.3.3) and the O2--ion conduction at elevated 

temperatures, which are essential ingredients for high-performance MIEC cathode 

materials of IT-SOFCs. 

 

In order to reveal the thermal evolution of the loosely-bonded O4 atoms within 

the oxygen-deficient layers, we measured the TGA curves of the SYCO sample upon 

thermal cycling between 30 and 900 °C in air with a heating/cooling rate of 2 °C/min. 

The TGA data are displayed in Figure 3.4. Up to 800 °C, the highest temperature for 

electrochemical performance measurements in the present study, the SYCO sample 

experiences a slight weight loss of ~0.25 %, corresponding to only ~ 1.1 % of total 
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oxygen content or 25 % of the O4 atoms, which means that most of the weakly-bonded 

O4 atoms are still present up to 800 °C. These data are consistent with the TGA results of 

Istomin et al.66, where a complete removal of O4 atoms was only realized at 1000 °C in 

helium. As shown in Figure 3.4, the SYCO sample starts to lose weight immediately 

upon heating from room temperature; the oxygen exolution increases at temperatures 

above 325 °C and 800 °C. Since the TGA curve during cooling completely restored the 

one upon heating, the weight change between 30 and 320 °C is not likely due to the 

absorption of moisture, but rather due to the exolution of weakly-bonded O4 atoms in the 

SYCO samples. 
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Figure 3.4:  TGA curves and the corresponding oxygen content of oxygen-deficient 
perovskite Sr0.7Y0.3CoO2.65-δ measured upon heating up and cooling down 
between room temperature and 900 °C in air. 
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High-temperature NPD patterns collected up to 800 °C further confirmed that the 

crystal structure remains unchanged. Due to the strong reflections from the steel 

container, only the unit-cell parameters were refined in the first run from the HT-NPD 

data. As shown in Figure 3.5, the lattice parameters expand with increasing temperature. 

Based on the unit-cell volume at 25 and 800 °C, the linear TEC can be estimated as 19.6 

 10-6 K-1, which is comparable to other cobalt-containing perovskites.44, 71 With all other 

parameters fixed in the second refinements, the occupancy factors of the O4 atom have 

been tentatively opened and the obtained ~30 % decrease in this temperature interval is 

consistent with the above TGA results.  

 

7.80

7.76

7.72

7.68

7.64

a,
 c

/2
 (

Å
)

930

920

910

900

890

V
 (

Å
3 )

1000800600400
T (K)

 a
 c/2

 

Figure 3.5:  Thermal variation of the unit-cell parameters and volume of 
Sr0.7Y0.3CoO2.65-δ from in situ NPD data. 
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3.3.2 X-ray absorption spectroscopy  

Figure 3.6 shows the O1s spectrum of SYCO together with that of EuCoO3 as a 

LS Co3+ reference and Sr2CoO3Cl as a high spin Co3+ reference taken from Hu et al.72 

The reference spectra demonstrate the high sensitivity of the O-K edge to the spin state. 

The pre-edge peak of SYCO lies 1 eV lower in energy than that of the LS Co3+ EuCoO3 

and is close to that of the Co3+ in Sr2CoO3Cl indicating that the Co3+ in SYCO can 

definitely not be LS. Yet, whether all the Co3+ ions are in the HS or IS state is not clear at 

the moment and is in fact also not relevant for the present study.  
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Figure 3.6:  O K-edge X-ray absorption spectroscopy of the oxygen-deficient perovskite 
Sr0.7Y0.3CoO2.65-δ together with EuCoO3 (black line) and Sr2CoO3Cl (blue 
line) for comparison. 
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Figure 3.7 shows the experimental Co-L2,3 XAS spectra of SYCO (black line) 

together with EuCoO3 (blue line) and Sr2CoO3Cl (magenta line) for comparison. One can 

see that the overall spectral shape and L3/L2 intensity ratio of SYCO are very different 

from those of a LS Co3+ EuCoO3 and rather similar to those of the Co3+ in Sr2CoO3Cl. It 

is known that the L3/L2 intensity ratio is very sensitive to the spin state of the ion,73-75 so 

this demonstrates once again that the Co3+ ions in SYCO cannot be LS. Whether they are 

HS or LS will need further investigations since the different local environments of the 

Co3+ ions may affect further details of the lineshape. As far as the Co2+ ions are 

concerned, it is known from previous studies that they are in the very stable HS state.72, 76  
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Figure 3.7:  Experimental Co-L2,3 XAS spectra of Sr0.7Y0.3CoO2.65-δ (black line) together 
with  EuCoO3 (blue line) and Sr2CoO3Cl (magenta line). 
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3.3.3 Electrical transport properties  

Figure 3.8(a) shows the temperature dependence of the electrical resistivity ρ(T) 

in a logarithmic scale (left) and the conductivity σ(T) =1/ρ(T) in a linear scale (right) 

measured on a sintered SYCO pellet over a wide temperature range from 100 to 1073 K. 

The SYCO sample shows a semiconducting behavior at low temperature; the resistance 

becomes too large for us to measure below 100 K. With increasing temperature, ρ(T) first 

decreases sharply by six orders from 104 to 10-2 Ω cm up to 400 K, then it exhibits a 

much weaker temperature dependence and even becomes metallic above 900 K; σ(T) 

exceeds 700 S cm-1 for T > 500 °C with a broad maximum of 735 S cm-1 near 650 °C. 

Such a high electrical conductivity satisfies the general requirement for the cathode 

materials of a SOFC, i.e. > 100 S cm-1. In order to understand the mechanism for the 

electrical conduction in SYCO, we have replotted the σ(T) data in the form of ln(σT) vs 

1000/T in Figure 3.8(b). As can bee seen, the Arrhenius plot does not produce a straight 

line in the whole temperature range, indicating a variation of the conduction mechanism 

with temperature. Similar non-linear behavior of conductivity has also been reported by 

Istomin et al.77, and was attributed to the gradual change of oxygen concentration rather 

than of O4 disorder with increasing temperature. As shown by the solid line in Figure 

3.8(b), linear fitting to the Arrhenius plot below 200 K yields an activation energy of ~ 

128 meV.   
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Figure 3.8:  (a) Temperature dependence of the electrical resistivity ρ(T) in a semi-log 
scale (left) and the conductivity (T) in a linear scale (right) and (b) the 
Arrhenius plot, ln(T) vs 1000/T, for the oxygen-deficient perovskite 
Sr0.7Y0.3CoO2.65-δ measured in air in a wide temperature range 100-1073 K. 

 

In order to reveal the nature of the charge carries, especially above 400 K, we 

resorted to measurements of thermopower S(T) of the SYCO sample in a wide 
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temperature range from 100 up to 773 K. Figure 3.9 presents the S(T) data for the two 

SYCO samples, the furnace-cooled and the quenched one. In a previous study78, S(T) 

data for various SYCO samples treated under different conditions were measured below 

room temperature and it was noted that the S(T) of a furnace-cooled SYCO sample 

undergoes a sign crossover near RT and exhibits completely different behavior compared 

to the quenched sample. The same result is also shown in Figure 3.9. More interestingly, 

the S(T) of these two SYCO samples approach the same constant value of ca. +25 μV/K 

above 450 K, indicating p-type charge carriers in the high-T conductive phase. Such a 

variation of S(T) is consistent with the weak temperature dependence and highly 

conductive behavior in ρ(T). Although the iodometric titration showed that the quenched 

sample is slightly oxygen deficient relative to the furnace-cooled one at room-

temperature, the S(T) behavior clearly indicates that the transport properties of their final 

states are identical and the variation of the S(T) data is more likely to be correlated with 

the order-disorder transition of the oxygen vacancies within the oxygen-deficient layers 

than with the oxygen concentration; high-temperature synchrotron XRD measurements 

have shown that oxygen vacancies undergo an order-disorder transition at Ts ~ 550 K for 

Sr0.67Y0.33CoO3-δ.
70 The oxygen vacancies remain disordered in the quenched sample. 

Previous S(T) for oxygen-deficient perovskites Sr1-xRxCoO3-δ (R = Rare earth) have been 

made only below room temperature.78, 79 Our present results show that SYCO with such a 

small S(T) value at high temperatures is not suitable for high-temperature thermoelectric 

applications. However, the high electronic conductivity and the large amount of 

disordered oxygen vacancies as well as the presence of loosely-bound O4 atoms 

motivated us to evaluate the electrochemical performance of SYCO as a potential cathode 

material for IT-SOFCs.  
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Figure 3.9:  Temperature dependence of the thermopower S(T) of the oxygen-deficient 
perovskite Sr0.7Y0.3CoO2.65-δ prepared via furnace-cooling and quenching to 
room temperature. 

3.3.4 Electrochemical performance 

The electrode performance of SYCO was first evaluated by electrochemical 

impedance spectroscopy (EIS) on a symmetrical cell SYCO|LSGM|SYCO over the 

temperature range 500-800 °C in air. A SYCO cathode with an area of 0.25 cm2 was 

screen-printed onto both sides of a dense LSGM electrolyte pellet of 600 μm thickness. 

Figure 3.10(a) displays typical impedance spectra obtained at 700, 750, and 800 °C in air. 

The impedance response for oxygen reduction on SYCO is characterized as a depressed 

arc. The high-frequency intercept of the electrode impedance on the real axis is the total 

resistance of the electrolyte. The difference between the low-frequency and the high-
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frequency intercepts on the real axis corresponds to the area specific resistance (ASR) of 

the two interfaces. The ASR is the overall resistance related to the oxygen reduction, 

oxygen surface/bulk diffusion, and the gas-phase oxygen diffusion. As can be seen, the 

ASR value reduces significantly with increasing temperature and reaches 0.11 Ω cm2 at 

800 °C, which indicates that SYCO has high electrocatalytic activity for the ORR at 

intermediate temperatures. The corresponding activation energy calculated from the slope 

of Figure 3.10(b) is 1.46 eV.  
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Figure 3.10: (a) Typical impedance spectra of the oxygen-deficient perovskite 
Sr0.7Y0.3CoO2.65-δ cathode on an LSGM electrolyte measured at 700-800°C 
in air and (b) Arrhenius plot of the ASR for SYCO cathode. 
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The performance of the SYCO cathode was then tested in a single cell. Figure 

3.11 depicts the cell voltage and power density as a function of current density for the 

single fuel cell NiO-GDC|LSGM|SYCO operating at different temperatures with dry 

hydrogen as fuel and ambient air as oxidant. The maximum power densities Pmax reach 

359, 626, and 927 mW/cm2 at 700, 750, and 800 °C, respectively, nearly double the 

practical requirements of 500 mW/cm2 at 800 °C for a single cell. Such an excellent cell 

performance demonstrates that SYCO is a promising cathode material for IT-SOFCs.   
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Figure 3.11: Cell voltage (left) and power density (right) as a function of the current 
density for the SYCO|LSGM|NiO-GDC test cell at different temperatures. 
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3.4 DISCUSSION  

Like all the best MIEC cathodes known for a SOFC, SYCO is a good MIEC 

containing Co(III) cations in an oxygen-deficient perovskite structure at operating 

temperature Top > 600 C. However, the change from n-type polaronic conduction to p-

type itinerant-electron conduction on disordering the O4 atoms in the Co1O1.15- planes 

despite an accompanying small O2- ion loss is remarkable. The n-type polaronic 

conduction at room temperature is consistent with a small concentration of Co (II) in 

accordance with the oxygen stoichiometry Sr0.7Y0.3CoO2.65- ( = 0.02). 

 

To understand the electronic transition to p-type itinerant-electron behavior, we 

consider the spin-state transitions that occur on an octahedral-site Co(III) ion in an 

oxoperovskite and the relative site-preference energy of the Co(II) versus Co(III) for 

tetrahedral or trigonal bypyramidal sites. In LaCoO3, at low temperature, the bulk Co (III) 

are in their low-spin state Co(III): t6e0 , but the surface Co(III) are in the higher spin state 

Co(III): t5e1 or t4e2. With increasing temperature, the bulk low-spin Co(III) ions transform 

progressively to a higher spin state.80 Above about 600 C, the σ-bonding 3d electrons on 

the bulk Co(III) change from localized to itinerant-electron σ* orbitals. We note that the 

spinel Co3O4 contains high-spin Co(II): e4t3 on the tetrahedral site and low-spin Co(III) 

on the octahedral sites. Therefore, we conclude that the Co(II) of SYCO have a 

preference for the Co1 of the Co1O1.15- planes. Ordering of the O4 atoms apparently 

traps the minority-spin Co1 e2 electrons on Co(II) in a local site deformation that render 

them polaronic. A transition to itinerant minority-spin electrons in the Co1O1.15- planes 

with disordering of the O4 atoms in those planes would result in a minority-spin band 

more than half-filled, even with loss of oxygen, to give p-type itinerant electron behavior. 
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Finally, we turn to the activity of SYCO for the ORR. The higher room 

temperature activity in alkaline solution for the ORR on oxoperovskites with surface 

cations containing an e1 configuration has been noted and rationalized as due to the 

displacement of a surface OH- species by an adsorbed (O2)
- ion as the rate-determining 

step.81, 82 At high temperature, the bound water is lost; but surface intermediate-spin 

Co(III) can accommodate to the lower oxygen coordination at the surface without the 

need for a surface reconstruction since the higher spin Co(III) is stable in 4-, 5-, and 6-

fold coordination. Indeed, it is this ability that is responsible for the surface 

ferromagnetism of low-temperature LaCoO3.
80 An adsorbed O2 molecule is able to 

transform, in a step not involving surface reconstruction, both a 4- and a 5-coordinate 

surface Co(III):t5e1 or t4e2 site to a 6-coordinated Co(IV) site by becoming (O2)
-; the 

initial removal of Li from layered LiCoO2 introduces high-spin Co(IV): t3e2, while 

subsequent Li removal creates low-spin Co(IV):π*5σ*0. Since SYCO is a MIEC, the 

adsorbed (O2)
¯ can be rapidly reduced to 2O2- that are transported to the O2--ion 

electrolyte.  

 

3.5 CONCLUSION 

The oxygen-deficient perovskite Sr0.7Y0.3CoO2.65-δ (SYCO) contains alternate 

(001) planes of Co2O6/2 octahedra and Co1O1.15- planes containing 4- and 5- coordinated 

cobalt; the room-temperature oxygen stoichiometry  ≈ 0.02 signals mostly Co(III) with 

2 ≈ 0.04 Co(II)/formula unit. The coordinations of the Co1 sites are favorable for 

occupancy by high-spin or intermediate-spin Co(III) and high-spin Co(II). A small 

oxygen loss with increasing temperature to 800 C signals some increase in the Co(II) 

concentration, but full oxygen loss of O4 from the Co1O1.15- planes to Co1O1 only 

occurs at 1000 C in Helium where the brownmillerite structure is realized. Below 300 
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C, the O4 atoms of the Co1O1.15- planes are ordered and the Co(II) give n-type 

polaronic conduction. Above 600 C, the O4 are disordered and mobile, while the 

minority-spin electrons in the Co1O1.15- planes become itinerant to give a p-type 

itinerant-hole behavior. Above 600 C, SYCO is a MIEC exhibiting good activity for the 

ORR, which makes it a competitive cathode material for an IT-SOFC. 
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Chapter 4  Characterization of the double-perovskite Ba2BixSc0.2Co1.8-

xO6-δ (x = 0.1, 0.2) cathodes for IT-SOFCs 

 

4.1 INTRODUCTION 

The ABO3 perovskite structure consists of a 3D network of corner-shared BO6/2 

octahedra with larger A cations within each BO6/2 cage. The BO6/2 framework is flexible; 

cooperative rotations of the octahedra can accommodate A and B cations of different 

sizes where the geometric tolerance factor is t ≡ (A-O)/[√2(B-O)] < 1 with A-O and B-O 

the equilibrium bond lengths. The cubic phase with t ≥ 1 can accommodate a more 

limited (t-1) before the structure transforms to a hexagonal polytype.83 The ABO3-δ 

MIECs have oxygen vacancies; the perovskite structure can also accommodate A-cation 

as well as anion vacancies. In addition to these structural flexibilities, transition-metal B 

cations may exhibit either localized or itinerant d electron behavior, and intriguing 

physical properties are found at the crossover from localized to itinerant d electrons.84 

Perovskites containing mixed-valent Co4+/Co3+ ions may contain itinerant σ-bonding d 

electrons; those containing Co3+/Co2+ ions exhibit polaronic conduction. 

 

Oxygen-stoichiometric BaCoO3 has a tolerance factor t > 1 and crystallizes in the 

2H hexagonal polytype having hexagonal rather than cubic stacking of the close-packed 

BaO3 planes.85 In the 2H structure, the CoO6/2 octahedra form isolated 1D columns of 

face-shared octahedra. Moreover, oxygen-vacancies are easily incorporated into BaCoO3-

δ to give different hexagonal polytypes, e.g. 12H BaCoO2.61 
86 and 5H  BaCoO2.8,

87 

containing mixed octahedral and tetrahedral Co coordinations. Introduction of a larger 

HS Co2+ for LS Co3+ increases the mean value of the Co-O bond length, which lowers the 
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tolerance factor t to stabilize more cubic stacking of the BaO3 planes. Substitution of 

larger B cations for Co3+, particularly those of higher valence so as to create additional 

Co2+ without a further increase in the concentration of oxygen vacancies, can stabilize a 

cubic oxygen-deficient perovskite with Co3+/Co2+ mixed valence as in Ba2BixSc0.2Co1.8-

xO6-δ (BBSC). 

 

Recently, BBSC with x = 0.1 has been reported to crystallize in the double-

perovskite structure Ba2BB′O6-δ with distinguishable, alternating B an B′ sites, which may 

signal an ordering of Co2+ and Co3+ ions into B and B′ sites at room temperature.88 

Moreover, this compound was shown to be an MIEC having the following superior 

properties at 750 ºC as the cathode of an intermediate-temperature solid oxide fuel cell 

(IT-SOFC):89 (1) a low area-specific resistance (ASR) of 0.22-0.038 Ω cm2 at 600-700 °C 

measured on a symmetrical BBSC|Sm0.2Ce0.8O1.9(SDC)|BBSC cell, (2) a high oxygen-

reduction rate reflected from large values of the oxygen-vacancy diffusion coefficient Dv 

≈ 6.8 10-5 cm2 S-1 and surface exchange coefficient K ≈ 2.6 10-5 cm S-1 measured at 

650 °C, (3) a high electrical conductivity of ~100 S cm-1 between 400 and 750 °C, and (4) 

a relatively low average TEC of 17.910-6 K-1 between room temperature and 1000 °C. 

As a result, a Ni-YSZ anode-supported single test cell with BBSC as cathode and an 

SDC|YSZ composite electrolyte delivered a maximum power density (Pmax) of 1016 

mW/cm2 at 750 °C. Such an excellent electrochemical performance of the BBSC cathode 

has been attributed to the cubic crystal structure containing a high cobalt content and a 

significant amount of oxygen vacancies, e.g. δ ≈ 1.24 at room temperature. Although a 

following high-temperature structural study90 revealed the formation of several hexagonal 

phases during heating up to 800 °C, the cathode performance did not appear to be 
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affected. Moreover, application of a cathodic polarization was shown to suppress the 

formation of hexagonal phases.  

 

Several key questions concerning this excellent cathode material remain to be 

answered. For example, (1) why does this compound incorporate so easily oxygen 

vacancies in the presence of Ba2+? (2) How and why does this compound adopt a double-

perovskite ordering of the three different B-site atoms: Bi, Sc, and Co? (3) What are the 

precise differences in the mean B-O and B′-O bond lengths, a determination difficult to 

obtain with powder X-ray diffraction? (4) What are the valence and spin states of the 

cobalt? (5) What is the compatibility of BBSC with other O2- electrolytes? To address 

these questions, we prepared single-phase Ba2BixSc0.2Co1.8-xO6-δ (x = 0.1 and 0.2), 

denoted Bi10 and Bi20 hereafter, with a wet-chemical method. Then, we studied the 

room-temperature structure with both powder X-ray and neutron diffraction as well as the 

valence of the Co atoms by determination of the oxygen-vacancy concentration δ; with 

synchrotron X-ray absorption spectroscopy and magnetic susceptibility measurements, 

we showed that the Co3+ are in a higher-spin state. Finally, we evaluated their 

electrochemical performances as cathode materials with ac impedance spectroscopy and 

I-V curves with LSGM electrolyte-supported single cells.  

 

4.2 EXPERIMENTAL DETAILS 

Polycrystalline BBSC samples were prepared by EDTA-citrate complexing 

according to Ref. 89. The starting materials Ba(NO3)2, Bi(NO3)3·5H2O, Sc(NO3)3 and 

Co(NO3)2·6H2O of analytical grade in stoichiometric amount were dissolved under 

stirring in deionized water. The EDTA and citric acid were then added as the complexing 

agents; the molar ratio of total metal nitrates, EDTA, and citric acid in the solution was 
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1:1:2. The solution was slowly evaporated, leading to an organic resin that was dried at 

120 °C and then decomposed at temperatures up to 600 °C for 10 hours. The resultant 

powder was subjected to heat treatment at 1000 °C for 5 h and then 1050 °C for 10 h with 

one intermediate grinding. After the thermal treatments, the samples were cooled in the 

furnace at a rate of 3 °C/min.  

 

4.3 RESULTS AND DISCUSSIONS 

4.3.1 Structural characterizations  

The room-temperature powder XRD patterns of the Bi10 and Bi20 samples 

shown in Figure 4.1 confirmed that both samples are single-phase with an identical 

crystal structure. Their XRD patterns resemble that reported in Ref. 89. As shown in 

Figure 4.1, both XRD patterns can be indexed with a primitive-cubic Pm-3m (No. 221) 

perovskite structure with unit-cell parameters ap = 4.1101(8) Å and 4.1177(6) Å for the 

Bi10 and Bi20 samples, respectively. The slight expansion of ap for the Bi20 sample 

indicates that Bi ions are indeed doped into the lattice. Aided by electron-diffraction 

patterns, however, Zhou et al.89 have indexed their XRD pattern of the Bi10 sample with 

a cubic Fm-3m (No. 225) double-perovskite structure with the lattice parameter a = 2ap. 

Although we can apply a similar indexation to our XRD patterns in Figure 4.1, the 

absence of obvious superlattice reflections does not allow us to distinguish 

unambiguously the Pm-3m from the Fm-3m space group based solely on the XRD data. 

In addition, the Rietveld refinements on the XRD data as done in Ref. 89 are not very 

helpful in justifying the B- and B′-site cation distributions within a double-perovskite 

structure or determining the oxygen position and concentration in the presence of heavy 

atoms like Ba and Bi as well as a considerable amount of oxygen vacancies. Moreover, it 
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remains unclear why the BBSC samples would adopt a B-site-ordered double-perovskite 

structure in the presence of three kinds of B-site cations. In general, the B-site-ordered 

double-perovskite structure is found in oxides having the general formula A2BB′O6 with 

a large charge difference between the 1:1 B and B′ cations, e.g. Ba2Mg2+W6+O6.
91  
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Figure 4.1:  Powder X-ray diffraction patterns of the Bi10 and Bi20 samples at room 
temperature. These patterns have been indexed in the primitive cubic Pm-
3m perovskite structure. 

 

In order to shed more light on the crystal structure of the BBSC compounds, we 

resorted to a high-resolution NPD measurement because it permits us not only to examine 

the B- and B′-site cation distribution due to their distinct neutron scattering lengths of 

0.2490 (Co), 0.8532 (Bi), and 1.2290 (Sc), but also to refine precisely the oxygen 
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position and concentration. We chose the Bi20 sample with higher Bi concentration for 

the NPD measurement. Figure 4.2 displays its room-temperature NPD pattern in the 2θ 

range 10-150 measured in the diffractometer D2B at the Institut Laue-Langevin, 

Grenoble, with a neutron wavelength λ = 1.594 Å. We found that some of the NPD 

peaks, e.g. at 19.3 and 37.5, cannot be accounted for by a simple Pm-3m cubic 

perovskite structure as shown in Figure 4.2(a). Magnetic susceptibility measurements 

shown in Figure 4.4 confirmed that the BBSC samples are paramagnetic at room 

temperature, thus excluding the presence of magnetic reflections in the RT-NPD pattern. 

Instead, all peaks of the NPD pattern in Figure 4.2 can be described excellently with a 

cubic Fm-3m double-perovskite structure, which is in accordance with the result in Ref. 

89. The absence in the XRD pattern in Figure 4.1 of the superlattice reflections at 19.3 

and 37.5 presented in the NPD data can be attributed to the inability of XRD either to 

distinguish between Co2+ and Co3+ or to provide precise positions of the lighter O2- ions. 

After establishing the correct space group, we then examined the cation distribution by 

refining the NPD data with a cubic double-perovskite A2BB′O6 structure model with the 

A atom placed at the 8c (0.25, 0.25, 0.25) site, B at 4a (0, 0, 0), B′ at 4b (0.5, 0.5, 0.5), 

and O at 24e (x, 0, 0) positions. Starting from the chemical formula Ba2[BivScuCo1-v-

u][Bi0.2-vSc0.2-uCo0.6+u+v]O6-δ, we found that both v and u converged to values very close to 

zero from the Rietveld refinement of the NPD pattern, which indicates that one site (B) is 

occupied solely by Co ions while mixed Bi, Sc, and Co ions are distributed randomly 

over the other site (B′). To demonstrate such an ordered arrangement, we have simulated 

the NPD pattern by intentionally introducing the antisite disorder, i.e. placing some Bi 

and Sc ions at the B site. It turns out that such an antisite disorder has a dramatic effect on 

the intensity of the Bragg reflections at 19.3 and 37.5, but can hardly modify the other 

peaks. As shown in Figure 4.2(a), by increasing the amount of antisite disorder, the 
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intensity of the (111) peak decreases dramatically whereas that of the (100) in Pm-3m or 

(200) in Fm-3m space group remains unchanged. In comparison with the (200) peak 

where the simulation curve can perfectly reproduce the measured profile, the simulated 

(111) peak is lower and narrower than the measured one even without the antisite 

disorder. The (111) peak appears to be superimposed on a broad hump-like background. 

The origin of such a diffusive scattering peak remains unclear at present, but it might be 

correlated with short-range oxygen-vacancy ordering associated with the B-site-cation 

ordering.  
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Figure 4.2:  (a) Experimental NPD data (open circle) of the Bi20 sample in the 2θ range 
16-25 and the simulated profiles with the cubic Pm-3m simple perovskite 
structure and the cubic Fm-3m double-perovskite structure. For the latter 
case, different anti-site disorders have been considered in the simulation. (b) 
Rietveld refinement of the powder NPD pattern of the Bi20 sample with the 
B-site-ordered double perovskite structure Ba2[Co][Bi0.2Sc0.2Co0.6]O6-δ.  
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Finally, we performed a Rietveld refinement on the NPD data with a B-site-

ordered double-perovskite structure model Ba2[Co][Bi0.2Sc0.2Co0.6]O6-δ. In the final run, 

the following parameters were refined: background points, zero shift, half-width, pseudo-

Voigt, and asymmetry parameters for the peak shape, scale factor, unit-cell parameters, 

positional and occupancy factors and isotropic thermal factors. The refinement converged 

excellently with discrepancy factors: Rp = 1.52 %, RBragg = 1.97 %, and χ2 = 1.71. The 

goodness of fitting is illustrated in Figure 4.2(b) and the refinement results are given in 

Table 4.1. The obtained unit-cell parameter a = 8.2221(3) Å from NPD is close to that 

obtained from XRD for the Bi20 sample. The obtained occupancy factors for the B- and 

B′-site cations also match the starting composition excellently within the statistical error. 

The occupancy factor for oxygen converged to a value of 0.77(2), corresponding to an 

amount of oxygen vacancies of δ = 1.38. This δ value is slightly larger than the reported δ 

= 1.24 for the Bi10 sample in Ref. 89. On the other hand, no matter the initial value for 

the oxygen positional parameter x, it always converged to a value > 0.25, indicating a 

longer B-O than the B′-O bond length. As shown in Table 4.1, the average Co1-O and 

Co2/Bi/Sc-O distances are 2.111(4) Å and 2.000(4) Å, respectively. The different sizes of 

the B and B′ octahedra can explain why the BBSC samples adopt a double-perovskite 

structure rather than a primitive perovskite structure. The unusually large isotropic 

thermal factor of 7.7(4) 10-2 Å2 for the B′-site should arise from the random distribution 

of three kinds of cations with different ionic radii.   
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Table 4.1:   Atomic coordinates, isotropic thermal factors, occupancy, and selected 
bond lengths for the B-site-ordered double perovskite 
Ba2[Co][Bi0.2Sc0.2Co0.6]O6-δ from powder NPD dataa at 295 K. Space group 
Fm-3m (No. 225), a = 8.2221(3) Å, Z = 4. 

a Rp = 1.52 %, Rwp = 1.99 %, Rexp = 1.49 %, χ2 = 1.78, RBragg = 1.97 %. 
 

4.3.2 X-ray photoelectron spectroscopy   

In the previous report89,  Bi3+ has been taken for granted in the BBSC sample. 

However, Bi3+ is usually too large to occupy the B-site of a perovskite oxide. To probe 

the valence state of the Bi ions, we measured at room temperature the Bi 4f core-level 

XPS spectra of the Bi20 sample and compared it to a reference compound, BaBiO3, in 

which the Bi ions undergo a well-known charge disproportionation reaction: 2Bi4+ = Bi3+ 

+ Bi5+ at temperatures far above room temperature. As expected, the double-peak 

structure of the Bi 4f lines of BaBiO3 in Figure 4.3 confirms the presence of two distinct 

Bi valence states, i.e. the formal trivalent Bi3+ and the pentavalent Bi5+. The component 

of Bi5+ is at higher binding energy than that of Bi3+ because of the reduced kinetic energy 

of outcoming photoelectrons from Bi5+ ions due to the larger coulomb attraction. On the 

other hand, the symmetric Bi 4f spectrum of the Bi20 sample indicates the presence of a 

single valence state close to Bi5+. 

To confirm the Bi valence state of the Bi20 sample, we have analysized the XPS 

spectra in Figure 4.3 with the fitting program XPS PEAK 4.1 and corrected the obtained 

Atom Site x y z 
Biso  

(10-2Å2) 
Occ. 

Ba 8c 0.25 0.25 0.25 2.2(1) 1 

Co1 4a 0 0 0 0.4(2) 1.05(3) 
Bi/Sc/Co2 4b 0.5 0.5 0.5 7.7(4) 0.22(3)/0.22(3)/0.55(4)

O 24e 0.2567(5) 0 0 2.1(1) 0.77(2) 

Bond length (Å) 
Ba-O (12)  2.907(3)   
Co1-O (6) 2.111(4)   

Bi/Sc/Co2-O (6) 2.000(4)   



 60

binding energies with the carbon 1s peak as an internal standard. The fitting curves are 

shown as solid lines in Figure 4.3 and the carbon-corrected binding energies are given in 

Table 4.2. For BaBiO3, the separation of 1.2 eV between the Bi3+ and Bi5+ 4f lines is 

smaller than the 2.2 eV observed in the Tl,Bi-1212 superconductor 92, presumably due to 

the strong covalency in BaBiO3 that changes the formal valences to Bi3+δ and Bi5-δ, 

respectively. As shown in Table 4.2, the positions of the Bi 4f lines in Bi20 are about 0.7 

eV higher than those of the Bi5-δ, which indicates that the valence state of Bi in the Bi20 

sample is closer to Bi5+. Therefore, our XPS results confirmed that in the BBSC samples 

the bismuth ions are present in the single pentavalent state rather than the trivalent state. 
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Figure 4.3:  Bi 4f XPS spectra of the Bi20 and BaBiO3 samples together with the fitting 
curves. The spectrum of BaBiO3 can be decomposed into two components 
corresponding to the formal “Bi3+” and “Bi5+” valence states, while the 
spectrum of the Bi20 sample consists of a single valence close to Bi5+.   
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Table 4.2:  Carbon corrected binding energies (eV) of Bi 4f lines in the Bi20 and 
BaBiO3 samples.  

Samples 4f7/2 4f5/2

Bi20 159.60 164.81
BaBiO3 157.57 158.79 162.89 164.10

 

4.3.3 X-ray absorption spectroscopy  

We employed the more sensitive X-ray absorption spectroscopy (XAS) 

measurements at both the Co-L2,3 and O-K absorption edges to probe directly both the 

valence and spin states of the Co ions in the Bi10 sample. Figure 4.4(a) displays the 

room-temperature Co-L2,3 XAS spectrum of the Bi10 sample together with those of 

Sr2CoO3Cl, EuCoO3, and YBaCo3AlO7 that serve as the references for HS-Co3+, LS-

Co3+, and HS-Co2+, respectively.72 The Co spectra of the different valence and spin 

configurations show quite different multiplet structures. Compared to the HS Sr2CoO3Cl, 

the LS EuCoO3 has a higher intensity at the L2 edge with a rather sharp peak at 795 eV. 

As for the Bi10 spectrum, the overall spectral shape and L3/L2 intensity ratio are very 

different from those of the LS Co3+ EuCoO3, but resemble those of the HS Co3+ in 

Sr2CoO3Cl. In addition, the profile contains a small feature at 777.5 eV, indicating the 

presence of octahedral-site HS Co2+ ions. Comparison of the O-K XAS spectrum of the 

Bi10 sample with that of HS Sr2CoO3Cl and LS EuCoO3 in Figure 4.4(b) further verifies 

the absence of low-spin Co3+ ions in the Bi10 sample. The difference between the HS 

Sr2CoO3Cl and Bi10 spectra are the result of a lower oxygen coordination of the cobalt in 

Bi10 as well as the probability that the Co3+ ions are in an IS state. The Bi10 spectrum 

shows some evidence for tetrahedrally coordinated Co2+, but it is difficult to obtain a 

reliable Co2+/Co ratio from these data. Nevertheless the data are unequivocal that at room 

temperature there are no low-spin Co3+ in our samples, which is consistent with the 
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relatively low TEC of 17.9  10-6 K-1. A more reliable Co2+/Co ratio is obtained from a 

measured value of δ and the recognition that bismuth is present as Bi5+ in an octahedral 

site. 
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Figure 4.4:  XAS spectra at the (a) Co-L2,3 and (b) O-K edges of the Bi10 sample 
measured with total electron yield mode and fluorescence yield mode at 
room temperature. For each case, the XAS spectra of Sr2CoClO3, EuCoO3 
and CoO have been used as references for high-spin Co3+, low-spin Co2+, 
and high-spin Co2+, respectively.  



 63

4.3.4 Magnetic measurements 

Given the presence of high-spin Co3+ and Co2+ to lowest temperatures, we can 

anticipate long-range magnetic ordering below room temperature. Moreover, given a 

double-perovskite structure, we can anticipate a ferrimagnetic moment if the coupling 

between B and B′ cobalt is antiferromagnetic. If this is the case, a collinear spin order 

would allow an assessment of whether the Co2+ ions occupy the B sites and IS Co3+ 

occupy the B′ sites. Figure 4.5 shows that there is long-range magnetic order below a Tc ≈ 

35 K in Bi10, but a giant magneto-crystalline anisotropy shows that saturation of a 

ferrimagnetic moment is not achieved at 5 T. The magnetization data in the inset of 

Figure 4.5 indicate a non-collinear spin configuration with a strong site anisotropy 

associated with randomly ordered oxygen vacancies neighboring a Co3+ and/or frustration 

of the interatomic spin-spin interactions. Moreover, determination of the Co2+/Co ratio 

from χ-1 (T) below 300 K is not reliable. 
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Figure 4.5:  Temperature dependence of the magnetic susceptibility χ(T) of the Bi10 
sample measured after field cooling from 5 to 300 K under an external 
magnetic field H = 5000 Oe. The inset shows the magnetization loop M(H) 
between +5 and -5 T measured at 5 K.  

4.3.5 Electrical conductivity  

Figure 4.6(a) shows the temperature dependence of the electrical resistivity ρ(T) 

(left) and conductivity σ(T) = 1/ρ(T) (right) of the Bi10 and Bi20 samples measured in air 

over a wide temperature range from 200 to 800 C. No temperature dependence of ρ(T) 

has been given in Ref. 89. As can be seen, both of our samples show similar 

semiconductive behavior over the whole temperature interval and the Bi20 sample has a 

higher conductivity than the Bi10 sample. In addition, the ρ(T) data exhibit a pronounced 

slope change at ca. 350-400 C, which coincides with the onset temperature for a weight 

loss as shown by the thermogravimetric measurements in Ref. 89. The σ(T) values of our 
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samples are about one order lower than those reported in Ref. 89. Such a discrepancy can 

be attributed to the polycrystalline nature of our samples. Linear fitting to the Arrhenius 

plot in Figure 4.6(b) yields the same activation energies of Ea = 0.38(1) eV for T < 400 

C and Ea = 0.24(1) eV for T > 400 C in both samples, which indicates small-polaron 

conduction with a larger concentration of charge carries at high temperatures.  
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Figure 4.6:  (a) Temperature dependence of the electrical resistivity ρ(T) in a semi-log 
scale (left) and the conductivity (T) = 1/ ρ(T)  in a linear scale (right) and 
(b) the Arrhenius plot, ln(T) vs 1000/T, for the Bi10 and Bi20 samples 
measured in air in the temperature range 200-800 C. Linear fittings to the 
Arrhenius plots are shown by the solid lines in (b) together with the 
activation energies Ea. 
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4.3.6 Electrochemical performance 

 

      

Figure 4.7:  Electrochemical impedance spectra (EIS) of the Bi10 (left) and Bi20 (right) 
cathodes measured with a symmetrical cell Bi10/Bi20|LSGM|Bi10/Bi20 
configuration in the temperature range 500-800 °C in air. The red solid lines 
are fitting curves with the equivalent circuit shown in the inset of Figure 4.7. 

The presence of a large concentration of oxygen vacancies in the BBSC samples 

is beneficial for O2--ion conduction in an MIEC cathode material for IT-SOFCs. The 

electrochemical performances for our Bi10 and Bi20 samples were investigated by ac 
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impedance spectroscopy (EIS) measurements made on a symmetrical cell 

BBSC|LSGM|BBSC, where LSGM is the electrolyte. Figure 4.7 displays the EIS data of 

(a) Bi10 and (b) Bi20 cathodes measured in the temperature range 500-800 °C in air 

under open-circuit condition. As can be seen, the EIS spectra for both cathodes exhibit a 

similar temperature evolution, i.e. the EIS at 500 and 550 C consist of two obvious 

semi-arc contributions that are merged into one depressed semi-arc in the temperature 

interval 600-700 C; above 700 C, the EIS spectra are split again into two components. 

The EIS data thus suggest that the ORR in these cathode materials is limited by at least 

two different electrode processes. In order to separate these two processes, we have fitted 

the EIS data to an equivalent circuit schematically shown in the inset of Figure 4.8(a), 

where Rohm is the overall ohmic resistance, R1 and R2 represent the resistance of the high-

frequency and low-frequency semi-arcs, and the CPE1 and CPE2 are the corresponding 

constant-phase elements. We associate the resistance R1 at high frequency (left semi-arc) 

with the charge-transfer of electrons to adsorbed O2 to create surface O2
2- ions;  we 

associate the resistance R2 at low frequency (right semi-arc) with the oxygen dissociation 

reaction O2
2- + 2e- = 2O2- followed by oxygen diffusion either from the surface into the 

bulk or from the surface to a TPB. The high-frequency intercept of the electrode 

impedance on the real axis is related to the total ohmic resistance Rohm, while the 

difference between the low-frequency and the high-frequency intercepts on the real axis 

corresponds to the total electrode polarization resistance Rp = R1 + R2 at the two cathode-

electrolyte interfaces. As illustrated in Figure 4.7, the experimental EIS data shown by 

the open symbol can be described excellently with the fitting curves, thus validating the 

choice of the equivalent circuit. The fitting parameters from the above equivalent-circuit 

analysis are plotted as a function of temperature in Figure 4.8. As can be seen, the Rohm, 

R1, and R2 values for both cathodes all decrease quickly with increasing temperature. In 
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general, the values of the Bi10 sample are slightly smaller than those of the Bi20 sample 

over the whole temperature range. In addition, for both cathodes the R1 is higher than R2 

in the whole temperature range, suggesting that the charge-transfer process is the rate-

determining step. However, the difference R1-R2 reaches a maximum at around 625 C, 

which indicates that the oxygen diffusion process also becomes rate-limiting at 800 C. 

The area specific resistance ASR = Rp/2 = (R1 + R2)/2 for both materials reduces 

significantly with increasing temperature and reaches ~ 0.042 and 0.012 Ω cm2 at 700 and 

800 C, respectively. The value at 700 C is very close to the reported 0.038 Ω cm2 in 

Ref. 89. These small ASR values suggest that BBSC cathodes have a high 

electrocatalytic activity for the ORR at intermediate temperatures. From the slope of the 

Arrhenius plot ln(ASR) versus 1000/T in Figure 4.9, the activation energies for both 

cathodes were calculated to be ~ 0.52 eV.  
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Figure 4.8:  Temperature dependence of the fitting parameters to the EIS spectra in 
Figure 4.6: (a) Rohm and (b) R1 and R2, for the Bi10 and Bi20 samples. The 
inset shows the equivalent circuit diagram used in the fitting in Figure 4.6.  
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Figure 4.9:  The Arrhenius plots of the area specific resistance (ASR) and the linear 
fittings for the Bi10 and Bi20 cathodes.  
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Figure 4.10:  Cell voltage (left) and power density (right) as a function of the current 
density for the single test cell Bi20|LDC|LSGM|LDC|NiO-GDC measured at 
700, 750, and 800C.  

 

Finally, the performances of the Bi10 and Bi20 cathodes were tested in a single 

cell. Within experimental uncertainty, their performances are nearly the same in the 

intermediate-temperature range. In Figure 4.10, we present the cell voltage (left) and 

power density (right) as a function of current density for the single fuel cell NiO-

GDC|LDC|LSGM|LDC|Bi20 operating at 700-800 C with dry hydrogen as fuel and 

ambient air as oxidant. A high open-circuit voltage (OCV) of ~ 1.3 V was obtained at 

these temperatures. The maximum power densities Pmax reached 527, 819, and 1180 

mW/cm2 at 700, 750, and 800 °C, respectively. In comparison with the reported Pmax 

~1016 mW/cm2 at 750 °C in Ref. 89, the Pmax value of our single cell measured at the 

same temperature is about 20 % lower. The lower Pmax is caused mainly by the fact that 
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the electrolyte in our LSGM electrolyte-supported single fuel cell is much thicker than 

that in the anode-supported fuel cell, i.e. 300 μm versus 15 μm. In addition, the O2--ion 

conductivity of the LSGM electrolyte is optimized at 800 °C. The large Pmax ~ 1.2 W/cm2 

at 800 C demonstrates once again that the B-site-ordered double-perovskite BBSC are 

excellent cathode materials for IT-SOFCs.   

 

4.4 DISCUSSIONS 

 Given the stability of Ba2+ in 12-fold oxygen coordination, why does BaCoO3 

incorporate oxygen vacancies so easily?  

To answer this question, we note that hexagonal stacking of the BaO3 close-

packed planes in the hexagonal polytypes introduces face-sharing CoO6/2 octahedra in 

order to reduce the mismatch between the Ba-O and Co-O equilibrium bond lengths with 

cubic stacking, which would give a tolerance factor t > 1. However, hexagonal stacking is 

at the expense of an added coulomb repulsion between the Co3+ across a shared 

octahedral-site face. BaTiO3 illustrates the higher energy of hexagonal BaO3 planes. The 

6H BaTiO3 polytype has one third hexagonal and two-third cubic BaO3 stacking, but all 

cubic stacking with a t = 1.06 is tolerated in order to avoid face-shared TiO6/2 octahedra. 

However, stretching of the Ti-O-Ti bonds leads to a double-well potential for the Ti-O 

bond and ferroelectric behavior as occurs with the double-well potential in the 

asymmetric hydrogen bond. In BaCoO3-δ, each oxygen vacancy introduces two larger 

Co2+ ions at relatively little energy cost since the Co2+: e4t3 tetrahedral-site configuration 

is stable and corner-shared tetrahedral sites can be accommodated within a cubic stacking 

of two BaO3 planes, as is demonstrated by the brownmillerite structure. Moreover, a Co3+ 

with a near-neighbor vacancy is stabilized in the IS state, which has a larger equilibrium 
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Co-O bond length. Increasing the equilibrium Co-O bond length lowers the tolerance 

factor, which favors a greater fraction of BaO3 cubic stacking where t-1 is not too large. 

Nevertheless, stabilization of all-cubic BaO3 stacking cannot be accomplished by only the 

introduction of oxygen vacancies, which is why substitution of some larger cations, e.g. 

Bi5+ and Sc3+, for cobalt is required to achieve all-cubic BaO3 stacking. The role of the 

Bi5+ is to add to the concentration of the larger Co2+ ions since each Bi5+ converts two 

Co3+ to Co2+. 

 

 What are the valence and spin state of the cobalt? 

The XAS data establish that none of the cobalt are in a LS state in cubic BBSC 

and the neutron diffraction data give a δ ≈ 1.3 with an ordering of the Sc3+ and Bi5+ into 

the B′ sites, which corresponds to Ba2[Co2+][(Bi5+)0.2(Sc3+)0.2(Co3+)0.6]O4.7. It is 

remarkable that BBSC does not absorb water at room temperature in this oxygen-

deficient perovskite containing A-site Ba2+ ions. The electronic conductivity indicates 

that there is an order-disorder transition at 350-400 ºC. Zhou et al.90 have indicated some 

oxygen loss and hexagonal polytype formation above 400 ºC, which is analogous to the 

cubic to 6H polytype transformation in paraelectric BaTiO3. 

 

 How and why is the double-perovskite structure established? 

The neutron-diffraction data show a larger mean Co2+-O bond length than mean 

B′-O bond length (B′ = Bi0.2Sc0.2Co0.6). A t > 1 remains to stretch the B-O-B′ bond length 

from their equilibrium values, thereby favoring a double-well potential for the oxide ions 

as in ferroelectric BaTiO3. The stronger covalent component in a B′-O bond compared to 

a Co2+-O bond favors an oxide-ion displacement toward the B′ cation in a B-O-B′ 
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interaction. The elastic energy would be minimized by an ordering of shorter and longer 

bond lengths, and this stabilization would favor all B-site cations becoming Co2+. 

Formation of a double-perovskite structure to minimize the energy associated with a t > 1 

in a mixed-valent system is a novel finding. 

 

 Can BSSC be used as an IT-SOFC cathode with other electrolytes? 

Although some oxygen loss accompanies the order-disorder transition at 350-400 

ºC, nevertheless the lack of a spin-state transition on the B-site cations keeps the TEC 

reasonably matched to that of most oxide-ion electrolytes. Interdiffusion of cations across 

a fluorite/perovskite interface, as with yttria-stabilized zironia (YSZ), need not be a 

problem. To avoid a perovskite/perovskite interface, we have used a thin layer of Sm-

doped ceria between our LSGM electrolyte and the BBSC cathode. With this 

arrangement, we find the BBSC cathode provides superior performance with the LSGM 

as well as with the YSZ electrolyte. 

 

 Why is cobalt so active for the ORR? Whether it operates on the Co3+/Co2+or 

the Co4+/Co3+ redox couple? 

The fact that the Co4+/Co3+ and Co3+/Co2+ couples are both active for the ORR 

points to a special role of IS Co3+ on the surface of mixed-valent cobalt-perovskite 

MIECs. The occupied (3z2-r2) orbital on Co3+ would be oriented toward a surface oxygen 

vacancy that also attracts an absorbed O2 molecule. As has been emphasized by Suntivich 

et al.,81, 82 the single σ-bonding d orbital is optimally oriented for donation of its electron 

to the adsorbed O2 molecule. Location of the Co4+/Co3+ redox couple at the top of the O-

2p bands lowers the rate-limiting activation energy for the electron transfer.  
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4.5 CONCLUSION 

We have confirmed that Ba2BixSc0.2Co1.8-xO6-δ with x = 0.1 or 0.2 has a double-

perovskite structure Ba2BB′O6-δ at room temperature and is an excellent cathode material 

for an IT-SOFC. From neutron diffraction, we have shown that the x = 0.2 compound has 

a δ ≈ 1.3 oxygen-vacancy concentration at room temperature with no evidence for 

adsorbed water and that the Bi and Sc are ordered into the B′ sublattice having the 

smaller B′-O bond length, which signals a room-temperature phase Ba2Co2+B′O4.7 with B′ 

= (Bi5+)0.2(Sc3+)0.2(Co3+)0.6. The presence of Bi5+ is confirmed by comparing the XPS 

spectra of the Bi20 sample with that of BaBiO3. From the temperature dependence of the 

electrical conductivity, we have provided evidence for an order-disorder transition in the 

interval 350–400 ºC, in which the double-perovskite order transforms to a cubic BaBO3-δ 

perovskite with the possible formation of some hexagonal stacking of the BaO3 close-

packed planes. From XAS measurements, we have shown that the BBSC compounds 

contain no LS Co3+ at room temperature. From magnetic-susceptibility measurements, we 

have shown the onset of long-range magnetic order below a Tc ≈ 35K, but the weak 

ferromagnetism exhibits a huge magnetocrystalline anisotropy and evidence of frustrated 

spin-spin interactions with non-collinear spin order. From electrochemical measurements 

with LSGM rather than YSZ as the electrolyte, we have shown that the rate-limiting step 

for the ORR is electron transfer from BBSC to an adsorbed O2 molecule, but that oxygen 

diffusion becomes increasingly competitive as rate-limiting as temperature increases 

above 600 ºC. From these observations, we also deduce the following: (1) the ORR 

probably occurs at a surface IS Co3+ site and (2) the driving force for both the facile 

incorporation of oxygen vacancies and the ordering into a double-perovskite structure is a 

geometric tolerance factor t > 1 favoring polytype hexagonal stacking of BaO3 planes. 

Coulomb repulsions between B-site cations that resist hexagonal stacking allow 
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stabilization of a cubic perovskite with stretched B-O-B′ bonds having a duole-well 

poetnetial for an asymmetric oxygen bond.    
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Chapter 5  Electrochemical performance of Ba2Co9O14 + SDC 
composite cathode for IT-SOFCs 

 

5.1 INTRODUCTION 

Ba2Co9O14 (BCO) is the n = 1 member of the Ban+1ConO3n+3(Co8O8) family of 

intergrowth compounds.93, 94 As shown in the inset of Figure 5.1, the Ba-containing 

layers in BCO alternate with the 4CoO6/3 = Co4O8 sheets of edge-shared octahedral sites 

containing high-spin Co(II) coordinated by six low-spin Co(III) in the ratio Co(II)/Co(III) 

= 1/3. The Ba2Co5O6 layers of a unit cell accommodate the two large Ba2+ ions with 

pillars of three face-sharing octahedral sites containing low-spin Co(III) ions. Two high-

spin Co(II) in tetrahedral sites also occupy the Ba-containing layers; the tetrahedra share 

three corners with pillars of octahedral sites and one corner with three octahedra of the 

Co4O8 sheets. BCO has a relatively high electronic conductivity of e > 100 S·cm-1 for T 

> 430 °C and exhibits a weak yet reversible oxygen loss/gain upon thermal cycling in 

air,94 thus making it a possible MIEC. In addition, BCO can retain its crystal structure up 

to 1000 °C in air. These properties have motivated Rolle et al.95 to investigate BCO as a 

potential cathode material for IT-SOFCs. They found that BCO has a good chemical 

compatibility with the classical electrolytes, YSZ (Y2O3-stablized ZrO2) and GDC (Gd-

doped CeO2), but the cathode adhesion on both electrolytes is rather bad due to the 

mismatch of their thermal expansion coefficients, i.e. 20×10-6 K-1 for BCO versus 10-

12×10-6 K-1 for both electrolytes. The large thermal expansion of BCO is the result not 

only of oxygen loss, but also of a low-spin to a higher-spin state transition on the Co(III) 

ions.96 Rolle et al.95 overcame this problem by making composite cathodes of 70 wt.% 
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BCO + 30 wt.% electrolyte; they characterized their electrochemical performances with 

impedance spectroscopy. With the screen-printed 70 wt.% BCO + 30 wt.% GDC 

composite, they obtained the lowest polarization resistance Rp(750 °C) = 0.5 Ω·cm2 and 

an activation energy of ~ 1.1 eV. Unfortunately, the single-cell performance, including 

the I-V curves and the maximum power density based on the BCO composite cathode, 

were not available in Ref. 95. In addition, the 70:30 weight ratio may not be an optimal 

one for making the composite cathode as indicated from the relatively high Rp value. 

Previous studies34, 97, 98 on various composite cathodes have shown that the 50:50 wt.% 

composite gives the best electrochemical performance. In this chapter, we have prepared 

a composite 50 wt.% BCO + 50 wt.% SDC (Sm-doped CeO2) and evaluated its 

polarization resistance and electrochemical performance as a SOFC cathode via 

measurements of impedance spectroscopy and I-V curves at various temperatures; the 

composite was supported on an LSGM electrolyte. The Rp values are reduced to 0.133 

and 0.068 Ω·cm2 at 750 and 800 °C, respectively. A nearly stable maximum power 

density of ~ 450 mW·cm-2 at 800 °C further indicated that BCO can be a potential 

cathode material for IT-SOFCs. 

 

5.2 EXPERIMENTAL DETAILS 

Single-phase BCO polycrystalline samples were prepared by a conventional solid-

state reaction of a stoichiometric mixture of BaCO3 and Co3O4 in air at 900 °C for 5 days 

with several intermediate grindings. Sm-doped ceria, Sm0.2Ce0.8O1.9 or SDC, was 

obtained via a sol-gel route. The gel formed from the Sm(NO3)3·6H2O and 

Ce(NO3)3·6H2O solution was first calcined at 400 °C for 10 h and then sintered at 800 °C 

and 1200 °C for 24 h each in air. The phase purity of the obtained products was examined 

by powder XRD with a Philips X’pert diffractometer in Bragg-Brentano reflection 
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geometry. The 50 wt.% BCO + 50 wt.% SDC (denoted as BCO+SDC hereafter) 

composite cathode was prepared by mixing thoroughly fine powders of BCO and SDC 

obtained by ball-milling in ethanol for 40 min. The particle size of the BCO+SDC 

powder was in the range of 1-5 μm as seen from scanning electronic microscopy. The 

chemical compatibility between BCO and SDC was examined by sintering the composite 

cathode at 850 and 900 °C in air for 10 hrs.  

 

 

5.3 RESULTS AND DISCUSSIONS 

5.3.1 Structrual characterization 

Figure 5.1 shows the powder XRD pattern of the as-prepared BCO sample refined 

in the rhombohedral R-3m (No. 166) space group with one Ba atom at 6c (1/3, 2/3, z), 

five kinds of Co atoms placed at 3a (1/3, 2/3, 2/3), 3b (0, 0, 1/2), 6c, and 9e (5/6, 1/6, 2/3) 

positions, and three oxygen positions, O1 and O3 at 18h (x, y, z) and O2 at 6c. The 

goodness of refinement illustrated in Figure 5.1 confirmed that the obtained BCO sample 

is single-phase with high quality. The obtained lattice parameters a = 5.6954(1) Å and c = 

28.9027(7) Å for our sample are in excellent agreement with those reported previously, 

i.e. a = 5.6963(8) Å and c = 28.924(6) Å for a polycrystalline sample 94 or a = 5.6958(4) 

Å and c = 28.909(4) Å for a single crystal 93.  
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Figure 5.1:  Rietveld refinement of the powder XRD pattern of the as-prepared BCO 
sample. Inset displays the crystal structure of BCO. 

 

5.3.2 Electrical conductivity 

Displayed in Figure 5.2 are the temperature dependence of the electronic 

conductivity e(T) and its Arrhenius plot, ln(eT) versus 1000/T, for the as-obtained 

BCO sample measured from 200 to 800 °C in air. In the measured temperature range, 

BCO exhibited a thermally-activated semiconducting behavior with a slope change at T  

350 °C associated with a low-to-higher spin state transition of the Co3+ ions.96 As 

previously reported,94 the e(T) values exceed 100 S·cm-1 for T > 450°C and reach 250 

S·cm-1 at 800 °C, signaling a good electronic conductivity. As can be seen in Figure 5.2, 
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a linear fitting to the Arrhenius plot above 400 °C yields an activation energy of Ea = 

0.29(1) eV, in agreement with the 0.27 eV reported by Ehora et al.94   
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Figure 5.2:  Temperature dependence of the electronic conductivity e(T) and its 
Arrhenius plot   Ln(eT) vs 1000/T. The solid line is the linear fitting to 
the Arrhenius plot above 450°C. 

 

5.3.3 Chemical compatibility with electrolytes 

We examined the chemical compatibility of BCO with SDC and LSGM by 

sintering their mixtures in a 1:1 weight ratio at different temperatures up to 900 °C for 10 

h in air. Figure 5.3 compared the XRD pattern of the mixtures after sintering together 

against those of pure BCO, SDC and LSGM. As can be seen, no reaction is evidenced 

between BCO and SDC up to at least 900 °C, signaling an excellent chemical stability of 

the BCO+SDC composite cathode in air. On the other hand, the mixture of BCO+LSGM 
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starts to react above 850 °C; a significant amount of impurity phase can be clearly 

observed in the XRD pattern of BCO+LSGM sintered at 900 °C for 10h, as is shown by 

the solid circles in Figure 5.3. This fact has thus forced us (1) to choose SDC instead of 

LSGM as the composite component, (2) to limit the EIS measurements up to 800 °C, and 

(3) to add an LDC layer in between the BCO+SDC cathode and LSGM electrolyte to 

prevent an interdiffusion reaction in the electrolyte-supported test fuel cell.  
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Figure 5.3:  The XRD patterns of BCO+SDC and BCO+LSGM mixtures sintered at 
800-900°C for 10 h in air together with those of starting materials BCO, 
SDC and LSGM. The solid circles represent an impurity phase. 
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5.3.4 Electrochemical impendance spectroscopy 

As reported by Rolle et al.95, we found that the pure BCO cathode screen-printed 

on the LSGM electrolyte also became detached after sintering at 800 °C for 1 h, 

presumably as a result of the mismatch of their thermal expansion coefficients. After 

trying several times, we managed only one time to attach a pure BCO cathode on the 

LSGM electrolyte for EIS measurement. On the other hand, the cathode adhesion on the 

electrolyte was improved greatly with the BCO+SDC composite. Figure 5.4(a) and (b) 

display typical EIS data at 700, 750, and 800 °C in air for pure BCO and the BCO+SDC 

composite as cathodes. For both cases, the impedance response for oxygen reduction is 

characterized by one semi-arc at different temperatures. The ohmic loss, i.e., the high-

frequency intercept of the arc on the real axis, for the BCO+SDC composite cathode is 

about 1.5 times smaller than that of pure BCO, e.g. 1.6 versus 2.4 Ω·cm2 at 800 °C, 

suggesting an improved adhesion on the electrolyte in the presence of SDC. But, the 

obtained ohmic resistivity for BCO+SDC is about 3 times larger than the theoretical 

value of the 600-µm thick LSGM electrolyte, presumably due to imperfect interface 

contact and/or partial delamination during the EIS measurements. From the difference 

between the low-frequency and high-frequency intercepts of the arc on the real axis, we 

can obtain the area specific resistance (ASR) of the two interfaces as a result of the 

oxygen reduction reaction, the oxygen surface/bulk diffusion, and the gas-phase oxygen 

diffusion. As can be seen, the ASR value reduces significantly with increasing 

temperature for both cases, but the ASR values of the BCO+SDC composite cathode are 

nearly one order of magnitude lower than those of pure BCO at the same temperatures. 

Therefore, the above observation demonstrated the dual function of the SDC: it not only 

improves the cathode adhesion on the electrolyte, but also enhances the electrocatalytic 

activity for the ORR. For our 50:50 wt.% BCO+SDC composite cathode, the polarization 
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resistance Rp reaches 0.133 and 0.068 Ω·cm2 at 750 and 800 °C, respectively, lower than 

those reported by Rolle et al.95 for the 70:30 wt.% BCO+GDC cathode. From the slope of 

the Arrhenius plot lnRp versus 1000/T in Figure 5.4(c), the activation energies were 

calculated to be 1.41 and 1.31 eV for the pure BCO and BCO+SDC composite cathode, 

respectively. 



 84

4

2

0

-2

ln
R

p 
(

 c
m

2 )

1.301.201.101.000.90
1000/T (K

-1
)

 BCO
Ea = 1.41 eV

  BCO+SDC
     Ea = 1.31 eV

(c)

0.25

0.20

0.15

0.10

0.05

0.00

-I
m

 Z
 (


 c
m

2 )

2.32.22.12.01.91.81.71.61.5
ReZ ( cm

2
)

10
-1

10
0

10
1

10
2

10
3

10
-110

0

10
1

10
2

10
3

10
-1 10

010
3

10
2

10
1

 700°C
 750°C
 800°C

           (b) 
BCO+SDC

2.5

2.0

1.5

1.0

0.5

0.0

-I
m

 Z
 (


 c
m

2 )

98765432
ReZ ( cm

2
)

10
-1

10
0

10
1

10
2

10
3

10
4 10

-1
10

0

10
1

10
2

10
-1

10
1

10
2

10
3

10
4 10

0

 700°C
 750°C
 800°C

   (a) 
BCO

 

Figure 5.4:  Typical electrochemical impedance spectra of (a) pure BCO cathode and (b) 
BCO+SDC composite cathode on an LSGM electrolyte measured at 700-
800°C in air. (c) The Arrhenius plots of the polarization resistance Rp for 
both cathodes and their linear fitting curves. 
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5.3.5 Electrochemcial performance 
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Figure 5.5: (a) Cell voltage (left) and power density (right) as a function of the current 
density and (b) the maximum powder density Pmax as a function of cycle 
number for the single fuel cell BCO+SDC|LDC|LSGM|LDC|NiO+GDC at 
800 and 850°C.  

 

Finally, the performance of the BCO+SDC composite cathode was tested in a 

single cell. Figure 5.5(a) depicts the cell voltage (left) and power density (right) as a 

function of current density for the BCO+SDC|LDC|LSGM|LDC|NiO+GDC single fuel 

cell operating at 800 and 850 °C with dry hydrogen as fuel and ambient air as oxidant. A 
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high open-circuit voltage (OCV) of ~ 1.25 V was obtained at both temperatures. The 

maximum power densities Pmax reach 520 and 770 mW·cm-2 at 800 and 850 °C, 

respectively. At 800 °C, the Pmax was reached at 0.7 V. Figure 5.5(b) gives the Pmax as a 

function of redox cycle number. As can be seen, the Pmax at 800 °C decreases gradually 

and reaches a constant value of ca. 450 mW·cm-2 after five cycles. On the other hand, the 

Pmax at 850 °C roughly keeps constant at 770±10 mW·cm-2. Since the Pmax is close to the 

practical requirement of 500 mW·cm-2 at 800°C for a single cell with a 300-μm-thick 

electrolyte,99 the 1:1 BCO+SDC composite can be considered as a potential cathode 

material for IT-SOFCs.   

 

5.4 CONCLUSIONS 

We have synthesized single-phase polycrystalline Ba2Co9O14 (BCO) by solid-

state reaction and then prepared a composite cathode consisting of 50 wt.% BCO + 50 

wt.% SDC, which was found to have an excellent chemical stability up to at least 900 °C 

in air. The electrochemical performance of this composite cathode was evaluated in an 

LSGM electrolyte-supported test cell. With a symmetric BCO+SDC|LSGM|BCO+SDC 

cell for EIS measurements, we obtained a polarization resistance Rp as low as 0.068 

Ω·cm2 at 800 °C in air. The maximum power density reaches a nearly stable value of ~ 

450 mW·cm-2 at 800 °C for a single fuel cell consisting of 

BCO+SDC|LDC|LSGM|LDC|NiO+GDC with dry hydrogen as fuel, ambient air as 

oxidant, and a 300-μm-thick LSGM electrolyte. In comparison with a pure BCO cathode, 

the addition of SDC has two functions: it not only improves cathode adhesion to the 

electrolyte, but also enhances the electrocatalytic activity for the oxygen reduction 

reaction. These results demonstrate that the BCO+SDC composite can be a potential 

cathode material for IT-SOFCs. 



 87

Chapter 6  Electrochemical Lithium Intercalation in Monoclinic 
Nb12O29 

 

6.1 INTRODUCTION 

The cubic ReO3 structure of corner-shared ReO6/2 octahedra can be considered a 

perovskite ABO3 structure without the A-site cation. These A-site vacancies make the 

ReO3 structure a potential host for lithium ions.100, 101 Upon lithium insertion into ReO3, 

however, it was found that the lattice undergoes significant reconstruction from a cubic 

close-packed to a hexagonal close-packed anion array; the original 12-coordinated 

perovskite A-site cavity is changed into two face-shared octahedral sites in order to 

provide more favorable Re-Re bonding.101 Although a maximum of two lithium atoms 

can be incorporated into ReO3, the structural transformation severely impedes the 

diffusion of lithium, resulting in a slow kinetics and a large activation energy of the 

insertion reaction. Cava et al. 102, 103 have shown that the problem of structural 

reconstruction could be avoided in the shear ReO3 structures, known as Wadsley-Roth 

phases.104 In the Wadsley-Roth phases, the basic structural unit is composed of corner-

sharing octahedra forming n×m×∞ ReO3-type blocks that are joined to the adjacent 

blocks either through edge-sharing or a combination of edge-sharing and tetrahedrally 

coordinated metal atoms at the block corner. The introduction of edge-sharing into the 

corner-shared ReO3 framework stabilizes the host structures against structural distortion 

during lithium insertion into one-dimensional open tunnels generally bound by regions of 

extensive edge-sharing.102, 103 Until now, most Wadsley-Roth phases are based on Nb2O5-

based ternary systems such as WO3-Nb2O5, TiO2-Nb2O5, PO2-Nb2O5 with Nb in its 

highest oxidation state, which presents the possibility of a facile reduction of the metal 
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ions to facilitate the insertion of lithium. The initial work by Cava et al.103 has 

demonstrated topochemical lithium reaction into tens of Nb2O5-based Wadsley-Roth 

phases with an overall uptake of 0.4−1.4 Li per host metal; these authors discussed the 

insertion mechanisms based on five types of cavities. Recently, detailed studies of the 

electrochemical lithium intercalation process have been carried out in the following 

compounds: WNb12O33,
105 W3Nb14O44,

106 W4Nb26O77,
107 PNb9O25,

108 P4W14O50,
109 

P4W16O56,
109 and P8W12O52.

110  

 

Upon reduction of Nb2O5 (NbO2.5), a series of crystallographic-shear compounds 

with long-range ordered structures have been found, e.g., Nb53O132 (NbO2.49), Nb25O62 

(NbO2.48), Nb47O116 (NbO2.47), Nb22O54 (NbO2.45), Nb12O29 (NbO2.42).
111 Among these 

compounds, Nb12O29 is the most reduced phase and the only member that is metallic 

down to the lowest temperatures.111, 112 As shown in Figure 6.1, the crystal structure of 

Nb12O29 is composed of columns of 43 corner-shared NbO6/2 octahedra that extend 

infinitely along the b axis. These columns are connected to adjacent ones through edge-

sharing, forming a crystallographic-shear structure. In a localized-charge picture, the 

formula Nb12O29 can be written as Nb2
4+Nb10

5+O29, where the electrons from the two 

Nb4+(4d1) per block of 12 NbO6/2 octahedra are responsible for the electrical and 

magnetic properties. The open framework structure of Nb12O29 with metallic conductivity 

is very interesting for studying lithium intercalation. According to the work of Cava et al. 

103, there are three cavity types: II (red), IV (blue), and V (green), available for lithium 

insertion as shown in different colors in Figure 6.1. The circles represent the available 

lithium sites that are shared by two unit cells on the cell edge (pink dotted line). 

Therefore, a total of 12 + 24/2 = 24 sites per unit cell (Z = 2) or 12 sites per formula unit 

are available for lithium insertion. It has been shown that a small amount of 0.02-0.08 Na 
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per Nb can be incorporated into Nb12O29 during a high-temperature chemical vapor 

transport with NaCl as a transporting agent, leading to the formation of niobium bronzes. 

113 In this chapter, we studied the electrochemical lithium intercalation process in 

Nb12O29 for the first time with a Li/Nb12O29 half-cell.  

 

 

 

Figure 6.1:  A schematic representation of the crystal structure of monoclinic Nb12O29. 
The open octahedra are half-octahedra lower than the solid ones. The three 
cavity types II (red), IV (blue), and V (green) of available sites for lithium 
insertion are shown in different colors according to the work of Cava et 
al.103 The circles represent the available lithium sites, which are shared by 
two unit cells on the cell edge (pink dotted line). Therefore, a total of 12 + 
24/2 = 24 sites per unit cell (Z = 2) or 12 sites per formula unit are available 
for lithium insertion. 
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6.2 EXPERIMENTAL DETAILS 

6.2.1 Sample synthesis and characterizations 

Depending on the synthesis temperature, Nb12O29 can form two polymorphs with 

monoclinic and orthorhombic symmetry, respectively.114, 115 They have the same basic 

structural unit, i.e. columns of 43 corner-shared NbO6/2 octahedra, but exhibit 

different arrangements of these columns. Since phase-pure orthorhombic Nb12O29 is 

difficult to obtain and it is less conductive than the monoclinic phase,114, 115 we focus on 

the monoclinic Nb12O29 in our study. Monoclinic Nb12O29 samples were prepared from a 

stoichiometric mixture of H-Nb2O5 and Nb metal with the method reported by Cheng et 

al.115 H-Nb2O5 was first obtained by firing the commercially available Nb2O5 at 1100 °C 

for 24 h in air. The mixture of H-Nb2O5 and Nb metal was thoroughly ground in an agate 

mortar and then cold-pressed into pellets of ca. 3 mm in diameter under a 20 T loading 

force. These pellets were wrapped in molybdenum foil and heated at 1200 °C for 60 h in 

a vacuum furnace with pressures below 10-6 Torr. The Nb12O29 material was coated with 

carbon by dispersing the ground powder into a sucrose aqueous solution; the amount of 

carbon was about 5 wt.% of Nb12O29. The powder was calcined at 700 ºC for 10 hrs in 

high vacuum with pressure below 10-6 Torr.   

 

Powder XRD data were collected in the 2θ range 10 − 90° with a step size of 

0.02° and a dwell time 10 seconds with a Philips X’pert difrractometer with Bragg-

Brentano geometry and Cu Kα radiation (λ = 1.54056 Å). The XRD pattern was refined 

with the Rietveld method and the FullProf program. The sample morphology was 

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

Thermogravimetric analysis (TGA) on a ca. 30 mg powder sample was performed with a 

Perkin-Elmer Series 7 Thermal Analyzer at a heating rate of 1 ºC/min from 20 to 850 ºC 
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in air. Before ex-situ XRD measurement; the reacted electrode was taken out from the 

cell in a glove box and washed by anhydrous DMC. The electrode sheet was pasted on a 

sample holder and covered by a layer of Mylar film.  

 

6.2.2 Electrode fabrication and electrochemical tests  

The electrodes were fabricated by mixing 75 wt.% Nb12O29 powder with 20 wt.% 

acetylene black as a current conductor and 5 wt.% polytetrafluoroethylene (PTFE) as a 

binder. The mixture was rolled into thin sheets and punched into circular disks 7.8 mm in 

diameter as electrodes. The typical electrode mass and thickness were 5-10 mg and 0.03-

0.08 mm, respectively. Electrochemical performances were evaluated with a standard CR 

2032 coin cell assembled in an argon-filled glove box. Lithium-metal foil was used as the 

counter and reference electrodes. 1 M LiPF6 in 1:1 ethylene carbonate (EC) and diethyl 

carbonate (DEC) was used as the electrolyte. The sealed cells were aged for 12 hrs before 

discharge/charge to ensure full absorption of the electrolyte into the electrode. 

Galvanostatic cycling studies were carried out with a battery-testing system (Arbin BTS-

2043). 

 

6.3 RESULTS AND DISCUSSIONS 

6.3.1 Sample characterizations 

The powder XRD pattern of the as-obtained Nb12O29 sample was refined in the 

monoclinic space group A2/m with two formula units per unit cell (Z = 2). The observed, 

calculated, and difference profiles together with the allowed Bragg reflections are 

displayed in Figure 6.2. As can be seen, the refinement converged excellently, thus 

confirming that the obtained Nb12O29 sample is single-phase. The obtained lattice 
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parameters a = 15.686(1) Å, b = 3.8306(2) Å, c = 20.708(1) Å, and  = 113.105(4) are 

in good agreement with those reported in the literature.114 The sharp XRD peaks also 

indicate that the samples were well-crystallized. This deduction has been confirmed 

separately by a typical SEM image of the as-obtained sample.  
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Figure 6.2:  Observed (open circle) and calculated (solid line) XRD patterns of 
monoclinic Nb12O29 after Rietveld refinement in the monoclinic space group 
A2/m with lattice parameters a = 15.686(1) Å, b = 3.8306(2) Å, c = 
20.708(1) Å and  = 113.105(4). The vertical marks below the pattern give 
the positions of the allowed Bragg reflections and the difference profile is 
shown at the bottom. 

 

As shown in Figure 6.3, the Nb12O29 sample obtained via cold-pressing and then 

high-temperature sintering is very dense with melt-connected grains percolating through 
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the mass. The ratio of Nb to O was determined by measuring the weight gain of the 

sample oxidized to Nb2O5 in air via the following equation (6.1),  

                     Nb2O5-x + 0.5x O2 = Nb2O5                   (6.1) 

According to the TGA data shown in Figure 6.4, the ratio of Nb to O was determined to 

be 1:2.42(1), which is in excellent agreement with the expected value 1: 2.417 for 

Nb12O29 within the instrumental resolution.   

 

 

 

Figure 6.3:  SEM image of the as-obtained Nb12O29 sample. 
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Figure 6.4:  TGA data of Nb12O29 measured in air up to 850°C. 

 

6.3.2 Electrochemical lithium initercalation 

 The electrochemical lithium intercalation process in monoclinic Nb12O29 was 

studied by galvanostatic discharge/charge in the voltage range of 1.0 to 2.5 V at different 

current rates from 6.6 mA g-1 to 660 mA g-1 and then back to 6.6 mA g-1. Figures 6.5 and 

6.6 show charge/discharge curves of the first 20 cycles for the monoclinic Nb12O29 

without and with carbon coating. For both cases, the curves are characterized by a 

discharge plateau located at about 1.7 V vs. Li+/Li followed by a slope with a reversible 

capacity depending on the discharge/charge currents. This plateau corresponds to the 

broad peaks near 1.7 V in the dQ/dV plots. The feature peak at ca. 1.7 V vs. Li+/Li is in 

line with those of other Nb2O5-based crystallographic-shear compounds, which can be 

attributed to the position of the Nb(V)/Nb(IV) redox couple below the Fermi energy of 
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lithium. The discharge plateau becomes shorter at higher currents. From Figures 6.5(b) 

and 6.6(b), it can be seen clearly that the first discharge/charge cycle at 6.6 mA g-1 

contains three more plateaus at around 1.18, 1.33, 1.45 V vs. Li+/Li, which correspond to 

the sharp peaks in the dQ/dV plots. However, these three peaks broaden as the discharge 

rate is increased. Figure 6.7 shows the charge/discharge capacities at different current 

rates and cycling performances of the monoclinic Nb12O29 samples without and with 

carbon coating. As can be seen, the reversible capacity drops dramatically with increasing 

currents from 6.6 to 660 mA g-1. Although fewer lithium-ions are inserted into Nb12O29 at 

a high current of 660 mA g-1, a stable reversible capacity of about 160 mAh g-1 is 

recovered after returning to 6.6 mA g-1; this value corresponds to an overall uptake of 9.5 

Li per formula unit of Nb12O29. 
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Figure 6.5:  (a) Charge-discharge curves of monoclinic Nb12O29 without carbon coating 
for the first 20 cycles between 2.5 and 1.0 V cycled at different current rates 
from 6.6 to 26.4, 132, 660 and then back to 6.6 mA/g; (b) Differential 
capacity plots derived from the charge-discharge curves of the 1st, 5th, 10th 
and 20th cycles at corresponding currents except 660 mA/g.   
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Figure 6.6:  (a) Charge-discharge curves of monoclinic Nb12O29 with carbon coating for 
the first 20 cycles between 2.5 and 1.0 V cycled at different current rates 
from 26.6 to 133, and 665 mA/g, and then back to 6.6 mA/g; (b) Differential 
capacity plots derived from the charge-discharge curves of the 1st, 5th, 10th 
and 20th cycles at corresponding currents. 
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Figure 6.7:  Charge/discharge capacities at different current rates and cycling 
performances of the monoclinic Nb12O29 samples without and with carbon 
coating. 

 

6.3.3 Discussion 

As pointed out by Cava et al.103 for isostructural monoclinic Ti2Nb10O29, there are 

three different cavity types for Li in Nb12O29; they are shown in Figure 6.8. There are 8 

square-pyramidal Type II, 3 Type IV, and 1 type V octahedral sites per formula unit. 

However, during the first discharge to 1 V at a small current of 6.6 mA g-1, the 

Nb12O29/Li cell shows a high reversible capacity of 243 mAh g-1, which corresponds to a 

reaction of 14.3 Li per formula unit of Nb12O29, equivalent to 1.2 Li per Nb metal atom. 
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Since only 12 Cava sites per formula unit are available for Li, we look for the location of 

the additional 2.3 Li. The type IV sites contain an octahedral site flanked by two empty 

square-pyramidal sites. Displacement of the octahedral-site Li to one square-pyramidal 

site would allow accommodation of another Li in the other square-pyramidal site. With 3 

type-IV sites per formula unit, up to an additional 3 Li per formula unit can be 

accommodated in the structure.  

 

 

Figure 6.8:  Cavity types of available sites present in monoclinic Nb12O29 described by 
Cava et al.103 

The Nb12O29 electrode shows a capacity loss taking place during discharge/charge 

cycling; the capacity decreases to 190 mAh g-1 after 20 cycles, corresponding to a 

reaction of about 11.5 Li per formula unit. As shown in Figures 6.5 and 6.7, the 

reversible capacity drops dramatically from 190 mAh g-1 to ca. 150, 60, and 4 mAh g-1 

with increasing currents from 6.6 to 26.4, 132 and then to 660 mA g-1, respectively. 

Although fewer lithium-ions are inserted into Nb12O29 at a high current of 660 mA g-1, a 

stable reversible capacity of about 160 mAh g-1 is recovered after returning to 6.6 mA g-1; 

this value corresponds to an overall uptake of 9.5 Li per formula unit of Nb12O29. The ex-

situ XRD patterns of the sample after Li insertion shown in Figure 6.9 indicate that the 
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degradation of electrode performance at high rate was not due to an irreversible structural 

change, but to a diffusion-limited end-of-life polarization. 
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Figure 6.9:  Ex-situ XRD patterns of Nb12O29: (a) before discharge, (b) discharge to 1.75 
V, and (c) discharge to 1.6 V during the 5th cycle at 6.6 mA/g. 

Of the 14.3 Li observed in the first discharge, 10 Li can be attributed to the 

reduction of ten of Nb(V) to Nb(IV); the remaining 4.3 lithium per formula unit reduce 

Nb(IV) to Nb(III). Upon the current returning to 6.6 mA g-1, only about 9.5 Li per 

formula unit can be inserted/extracted reversibly into/from Nb12O29. From Figure 6.1, it 

would appear that the Li do not traverse the 34 blocks; their motion is confined to the 

interfaces where neighboring blocks share octahedral-site edges. These pathways require 

Li diffusion through inequivalent lattice sites by displacement of an octahedral-site Li in 

a type IV and a type V site, thus reducing the rate of Li diffusion in the bulk. However, 
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Figure 6.7 shows that carbon coating improves the rate capability even though Nb12O29 is 

a good electronic conductor at room temperature, which indicates that the carbon coating 

improves the rate of Li transfer between the particle and the electrolyte. Whether bulk Li 

diffusion or particle-electrolyte Li transfer is rate-limiting remains unresolved.  

 

We note that Cava et al.103 were only able to insert 0.5 Li/metal in Ti2Nb10O29 as 

compared to our 1.2Li/Nb in Nb12O29. We believe this difference is due to the lithiation 

methods employed. Cava et al. inserted lithium chemically with n-BuLi in hexane while 

we inserted it electrochemically. Actually, a similar case has been observed in WNb12O33. 

In a recent work by Saritha et al.105, they found that 10 lithium can be inserted chemically 

into WNb12O33, close to the value reported originally by Cava et al._ENREF_103103, 

whereas 15.6 Li per WNb12O33 can be inserted electrochemically. 

 

6.4 CONCLUSION 

In summary, single-phase, monoclinic Nb12O29 samples were synthesized by 

reducing Nb2O5 with Nb metal at 1200 °C under high vacuum. Electrochemical Li 

intercalation studies show that Nb12O29 can reversibly incorporate a relatively large 

amount of Li-ions in the voltage window of 2.5-1.0 V at a slow discharge/charge rate 

while retaining structural integrity. Compared with that of the bare Nb12O29, samples with 

carbon coating show an improved rate capability even though Nb12O29 is metallic.  
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Chapter 7  Summary 

 

In this dissertation, three cobalt oxides operating on the Co(III)/Co(II) redox 

couple have been investigated as potential cathodes for an intermediate-temperature solid 

oxide fuel cell (IT-SOFC) and a Nb oxide as a possible anode for a Li-ion rechargeable 

battery.  

 

The oxygen-deficient perovskite Sr0.7Y0.3CoO2.65-δ (SYCO) represents a famialy 

of materials Sr1-xRxCoO3-δ (R = Eu-Ho, Y, x ≈ 0.3) with a novel type of oxygen-vacancy 

ordering, i.e. the Co2O6/2 octahedral layers are stacked alternatively with the oxygen-

deficient Co1O1.15- planes containing 4- and 5- coordinated cobalt along the c axis of the 

tetragonal unit cell with space group I4/mmm. The room-temperature oxygen 

stoichiometry  ≈ 0.02 signals mostly Co(III) with 2 ≈ 0.04 Co(II)/formula unit. The 

coordinations of the Co1 sites are favorable for occupancy by high-spin or intermediate-

spin Co(III) and high-spin Co(II). A small oxygen loss with increasing temperature to 

800 C signals some increase in the Co(II) concentration, but full oxygen loss of O4 from 

the Co1O1.15- planes to Co1O1 only occurs at 1000 C in Helium where the 

brownmillerite structure is realized. Below 300 C, the O4 atoms of the Co1O1.15- planes 

are ordered and the Co(II) give n-type polaronic conduction. Above 600 C, the O4 are 

disordered and mobile, while the minority-spin electrons in the Co1O1.15- planes become 

itinerant to give a p-type itinerant-hole behavior. Above 600 C, SYCO is a MIEC 

exhibiting good activity for the ORR, which makes it a competitive cathode material for 

an IT-SOFC.  
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Our investigations on the recently discovered excellent cathode materials 

Ba2BixSc0.2Co1.8-xO6-δ with x = 0.1 or 0.2 provide important information in understanding 

their superior electrochemical properties. Neutron powder diffraction showed that the x = 

0.2 compound has a δ ≈ 1.3 oxygen-vacancy concentration at room temperature with no 

evidence for adsorbed water and that the compound has a double-perovsktie structure 

with the Bi and Sc ordered into the B′ sublattice having the smaller B′-O bond length, 

which signals a room-temperature phase Ba2Co2+B′O4.7 with B′ = 

(Bi5+)0.2(Sc3+)0.2(Co3+)0.6. The temperature dependence of the electrical conductivity 

provides evidence for an order-disorder transition in the interval 350–400 ºC, in which 

the double-perovskite order transforms to a cubic BaBO3-δ perovskite with the possible 

formation of some hexagonal stacking of the BaO3 close-packed planes. XAS 

measurements confirmed that the BBSC compounds contain no LS Co3+ at room 

temperature. The magnetic-susceptibility measurements show the onset of long-range 

magnetic order below a Tc ≈ 35 K, but the weak ferromagnetism exhibits a huge 

magneto-crystalline anisotropy and evidence of frustrated spin-spin interactions with 

non-collinear spin order. Electrochemical measurements with LSGM rather than YSZ as 

the electrolyte showed that the rate-limiting step for the ORR is electron transfer from 

BBSC to an adsorbed O2 molecule, but that oxygen diffusion becomes increasingly 

competitive as rate-limiting as temperature increases above 600 ºC. From these 

observations, we also deduce the following: (1) the ORR probably occurs at a surface IS 

Co3+ site and (2) the driving force for both the facile incorporation of oxygen vacancies 

and the ordering into a double-perovskite structure is a geometric tolerance factor t > 1 

favoring polytype hexagonal stacking of BaO3 planes; coulomb repulsions between B-site 

cations that resist hexagonal stacking give a cubic phase with a stretched B-O- B′ bond 

containing oxygen in a double-well potential.  
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In contrast to the above two cobalt oxides containing mainly high-spin Co(III) at 

room temperature, the layered Ba2Co9O14 (BCO) experiences a temperature-driven spin-

state crossover of Co(III) ions, which prevents the evaluation of its electrochemical 

performance due to a cracking problem. We have overcome this problem by making a 

composite cathode consisting of 50 wt.% BCO + 50 wt.% SDC, which was found to have 

an excellent chemical stability up to at least 900 °C in air. By doing this, the 

electrochemical performance of this composite cathode was successfully evaluated in an 

LSGM electrolyte-supported test cell. With a symmetric BCO+SDC|LSGM|BCO+SDC 

cell for EIS measurements, we obtained a polarization resistance Rp as low as 0.068 

Ω·cm2 at 800 °C in air. The maximum power density reaches a nearly stable value of ~ 

450 mW·cm-2 at 800 °C for a single fuel cell consisting of 

BCO+SDC|LDC|LSGM|LDC|NiO+GDC with dry hydrogen as fuel, ambient air as 

oxidant, and a 300-μm-thick LSGM electrolyte. In comparison with a pure BCO cathode, 

the addition of SDC has two functions: it not only improves cathode adhesion to the 

electrolyte, but also enhances the electrocatalytic activity for the oxygen reduction 

reaction by introducing TPBs. These results demonstrate that the BCO+SDC composite 

can be a potential cathode material for IT-SOFCs 

 

Moreover, monoclinic Nb12O29 with metallic conductivity and an open framework 

structure has also been studied as a good anode candidate for a Li-ion rechargeable 

battery.  Electrochemical Li intercalation studies show that Nb12O29 can reversibly 

incorporate a relatively large amount of Li-ions in the voltage window of 2.5-1.0 V at a 

slow discharge/charge rate while retaining structural integrity. Compared with that of the 
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bare Nb12O29, samples with carbon coating show an improved rate capability even though 

Nb12O29 is metallic. 
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