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Abstract 

In this thesis, the focus is on studying BaZrO3-BaCeO3 based proton conductors due to that 

they represent very promising proton conductors to be used for Intermediate Temperature Solid 

Oxide Fuel Cells (ITSOFCs). Here, dense BaZr0.5Ce0.3Y0.2O3-δ (BZCY532) ceramics were 

selected as the major studied materials. These ceramics were prepared by different sintering 

methods and doping strategies. Based on achieved results, the thesis work can simply be divided 

into the following parts: 

1) An improved synthesis method, which included a water-based milling procedure 

followed by a freeze-drying post-processing, was presented. A lowered calcination and 

sintering temperature for a Hf0.7Y0.3O2-δ (YSH) compound was achieved. The value of the 

relative density in this work was higher than previously reported data. It is also concluded that 

this improved method can be used for mass-production of ceramics. 

2) As the solid-state reactive sintering (SSRS) represent a cost-effective sintering method, 

the sintering behaviors of proton conductors BaZrxCe0.8-xLn0.2O3-δ (x = 0.8, 0.5, 0.1; Ln = Y, 

Sm, Gd, Dy) during the SSRS process were investigated. According to the obtained results, it 

was found that the sintering temperature will decrease, when the Ce content increases from 0 

(BZCLn802) to 0.3 (BZCLn532) and 0.7 (BZCLn172). Moreover, the radii of the dopant ions 

similar to the radii of Zr4+ or Ce4+ ions show a better sinterability. This means that it is possible 

to obtain dense ceramics at a lower temperature. Moreover, the conductivities of dense 

BZCLn532 ceramics were determined. The conductivity data indicate that dense BZCY532 

ceramics are good candidates as either oxygen ion conductors or proton conductors used for 

ITSOFCs. 

3) The effect of NiO on the sintering behaviors, morphologies and conductivities of 

BZCY532 based electrolytes were systematically investigated. According to the achieved 

results, it can be concluded that the dense BZCY532B ceramics (NiO was added during ball-

milling before a powder mixture calcination) show an enhanced oxygen and proton conductivity. 

Also, that BZCY532A (NiO was added after a powder mixture calcination) and BZCY532N 

(No NiO was added in the whole preparation procedures) showed lower values. In addition, 

dense BZCY532B and BZCY532N ceramics showed only small electronic conductivities, 

when the testing temperature was lower than 800 ℃. However, the BZCY532A ceramics 

revealed an obvious electronic conduction, when they were tested in the range of 600 ℃ to 
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800 ℃. Therefore, it is preferable to add the NiO powder during the BZCY532 powder 

preparation, which can lower the sintering temperature and also increase the conductivity. 

4) Dense BZCY532 ceramics were successfully prepared by using the Spark Plasma 

Sintering (SPS) method at a temperature of 1350 ℃ with a holding time of 5 min. It was found 

that a lower sintering temperature (< 1400 ℃) and a very fast cooling rate (> 200 ℃/min) are 

two key parameters to prepare dense BZCY532 ceramics. These results confirm that the SPS 

technique represents a feasible and cost-effective sintering method to prepare dense Ce-

containing BaZrO3-BaCeO3 based proton conductors. 

5) Finally, a preliminary study for preparation of Ce0.8Sm0.2O2-δ (SDC) and BZCY532 based 

composite electrolytes was carried out. The novel SDC-BZCY532 based composite electrolytes 

were prepared by using the powder mixing and co-sintering method. The sintering behaviors, 

morphologies and ionic conductivities of the composite electrolytes were investigated. The 

obtained results show that the composite electrolyte with a composition of 60SDC-40BZCY532 

has the highest conductivity. In contrast, the composite electrolyte with a composition of 

40SDC-60BZCY532 shows the lowest conductivity. 

In summary, the results show that BaZrO3-BaCeO3 based proton-conducting ceramic materials 

represent very promising materials for future ITSOFCs electrolyte applications. 
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Chapter 1 Overview 

1.1 Introduction 

Solid oxide fuel cells (SOFCs) are electrochemical devices that convert the chemical energy of 

fuels into an electrical energy. They represent a clean energy devices that have a high 

conversion efficiency, an excellent fuel flexibility, and a low environmental impact compared 

to the traditional power generation technologies [1-4]. Normally, SOFCs are operated in a high 

temperature range (800 - 1100 ℃) in order to get the required conductivity and output power. 

However, the high operating temperatures brings some severe drawbacks, e.g. a need for 

expensive working materials, thermal stresses, long start-up and shut-down times, a reduced 

thermal cycling and fuel cell life. These factors have hindered a commercialization of SOFCs 

[5]. Therefore, studies that focused on lowering the operating temperature of the SOFCs have 

been carried out during the recent years [5-7]. Two main approaches have been adopted to solve 

this problem: (1) to decrease the thickness of the electrolyte membrane by new fabrication 

techniques and (2) to develop novel electrolyte materials which have higher ionic conductivities 

in the intermediate temperature range (400 - 700 ℃, 500 - 700 ℃ or 400 - 600 ℃. Note that this 

definition is a little bit different in different literatures) [8]. The focus in this thesis is the second 

approach. 

1.2 Electrolyte 

There are two kinds of electrolytes that are used for SOFCs applications. One is oxygen ion 

conductors and the other one is proton conductors. 

1.2.1 Oxygen ion conductors 

One of the typical oxygen ion conductors is an yttria stabilized zirconia (YSZ, typically 8YSZ 

8%Y2O3-92%ZrO2), which was invented by Nernst in the late 1890s [9, 10]. The doping of 

Y2O3 into the ZrO2 lattice can stabilize the cubic structure of ZrO2 (pure cubic ZrO2 is stable 

from 2370 ℃ until the melting point 2680 ℃) [11]. In addition, 8YSZ shows a good mechanical 

stability under operating conditions [12, 13]. However, 8YSZ-based SOFCs have to work at a 

temperature of 1000 ℃ to reach an efficient oxygen ionic conductivity (> 100 mS cm-1) and a 

reasonable energy conversion efficiency (> 40 %). This limit its success in mass-production of 

electricity. 
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Doped ceria based materials can be used as alternative materials, which operate at lower 

temperatures (600 - 800 ℃) with an equivalent or even a higher oxygen ion conductivity 

compared to 8YSZ electrolyte materials [14]. The maximum ionic conductivity of pure ceria is 

around 70 mS cm-1, when tested in an oxygen atmosphere and at a temperature of 1000 ℃ [15]. 

However, the ionic conductivities of doped ceria will be increased by several times under the 

same testing conditions. Ln2O3 (Ln = La, Nd, Sm, Eu, Gd, Y, Ho, Tm, Yb) doped ceria 

electrolytes were investigated by Yahiro et al. [16]. It was found that Ce0.8Sm0.2O2-δ had the 

highest conductivity value (94.5 mS cm-1) and Ce0.8La0.2O2-δ had the lowest conductivity value 

(41.6 mS cm-1) at a temperature of 800 ℃. Though the ionic conductivities of doped ceria were 

enhanced compared to those of pure ceria, part of Ce4+ will be reduced to Ce3+ in reducing 

environments where oxygen partial pressure (OPP or PO2) is always very low. This reduction 

reaction will inevitably lead to some electronic conductivity. This electronic conduction will 

lead to a decreased fuel cell performance. Thus, the doped ceria materials may not be suitable 

for large-scale applications [17, 18]. 

Sr- and Mg-doped LaGaO3 (LSGM) compounds are also very attractive oxygen ion conductor 

materials. These materials exhibit a relatively high oxygen ion conductivity at temperatures of 

around 800 ℃ [19, 20]. Among them, the La0.8Sr0.2Ga0.83Mg0.17O3-δ (LSGM2017) compound 

showed the highest conductivity value [21]. Its conductivity can reach a value of 166 mS cm-1 

at a temperature of 800 ℃ and a value of 79 mS cm-1 at a temperature of 700 ℃. However, they 

also have several drawbacks for large-scale applications, such as a high cost of gallium oxide 

or other gallium compounds, a relatively low mechanical strength [22, 23], and chemical 

stability problems under reducing atmospheres at high temperatures [24, 25]. 

So far, there is still no perfect oxygen ion conductors available for SOFC applications, which 

can operate at intermediate temperatures (400 - 700 ℃). 

1.2.1.1 Conducting mechanism of oxygen ion conductors 

It is well known that the ionic conduction in solid oxides occurs by doping with acceptor 

impurities. This leads to the appearance of oxygen vacancies in the anion sub-lattice. For the 

typical ion conductors, e.g. doped ZrO2 and CeO2 based materials, oxygen vacancies were 

always generated by trivalent dopants Ln2O3. This can be described by Eq. 1-1 and Eq. 1-2 

using the Kroger-Vink notation [26]: 

2𝑍𝑟𝑍𝑟
𝑋 + 𝑂𝑂

𝑋 + 𝐿𝑛2𝑂3  → 2𝐿𝑛𝑍𝑟
′ + 𝑉𝑂

∙∙ + 2𝑍𝑟𝑂2                                   (1-1) 
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2𝐶𝑒𝐶𝑒
𝑋 + 𝑂𝑂

𝑋 + 𝐿𝑛2𝑂3  → 2𝐿𝑛𝐶𝑒
′ + 𝑉𝑂

∙∙ + 2𝐶𝑒𝑂2                                   (1-2) 

The typical oxygen ion conducting mechanism can be interpreted by the schematic diagram 

shown in Fig. 1.1. Oxygen ions are created at the cathode side and hydrogen ions are created at 

the anode side. The created oxygen ions are transferred from the cathode side to the anode side. 

Then, the oxygen ions and hydrogen will react at the anode side. This reaction will lead to a 

formation of water. During this process, electron flows and electricity are produced. 

 

 

Fig. 1.1. Schematic diagram of the oxygen ion conducting mechanism. 

 

1.2.2 Proton conductors 

Besides the oxygen ion conduction, oxygen vacancies also play an important role for the proton 

conduction in solid oxides. Actually, oxygen vacancies can react with water molecules to 

generate proton defects in a moist atmosphere. In this case, the oxygen vacancies will be 

replaced by hydroxyl groups (Eq. 1-3). This can be described by the following equation: 

𝐻2𝑂 (𝑔𝑎𝑠) + 𝑉𝑜
∙∙ + 𝑂𝑂

𝑋 ↔ 2𝑂𝐻𝑂
∙                                                       (1-3) 

𝑂𝐻𝑂
∙  is the protons (H+) localized on the oxygen ion, and the protons can hop from one hydroxyl 

group to another. Based on this approach, two mechanisms were developed to describe the 

transport phenomenon of protons: the vehicle mechanism [27] and the Grotthuss mechanism 
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[28]. Nowadays, the Grotthuss mechanism is well recognized and used as the principle theory 

to illuminate the proton conducting mechanism. 

1.2.2.1 Conducting mechanism of proton conductors 

The Grotthuss mechanism can be simplified and interpreted by the schematic diagram shown 

in Fig. 1.2. In this figure, the proton conducting mechanism can simply be described as that the 

protons were transferred from the anode side to the cathode side. Thereby, water was formed 

and electricity was generated. Actually, the protons and oxygen ions are internally combined 

into a hydroxyl group (Eq. 1-3). Thereafter, the protons hop from one hydroxyl group to another, 

which causes a migration of protons through the electrolyte from the anode side to the cathode 

side. Hence, water is formed at the cathode side. Therefore, the real conducting charge carriers 

are protons (H+). Compared to the oxygen ion conducting mechanism, it can be seen that the 

ions transport direction for the proton conductor is totally opposite compared to the oxygen ion 

conductor. Moreover, water is formed at different sides of the electrodes in the two cases. 

 

 

Fig. 1.2. Schematic diagram of the Grotthuss conducting mechanism for proton-conducting electrolytes. 

 

For an ionic conductor, the conductivity can be described by the Arrhenius equation (Eq. 1-4): 

𝜎 =
𝐴

𝑇
 exp (−

𝐸𝑎

𝑘𝑇
)                                                            (1-4) 
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where σ is the conductivity, Ea is the activation energy, A is the pre-exponential factor, T is the 

Kelvin temperature and k is the Boltzmann constant, respectively. 

In reality, it is agreed that the proton transport includes not only a transport of protons (H+), but 

also a transport of any assembled carriers protons (H3O
+, OH-, et al.). By considering the 

difference between various charge carriers in different ionic conductors, the mass of the 

effective charge carrier, m, was introduced into Eq. 1-4. Then, the ionic conductivity can be 

expressed as follows (Eq. 1-5): 

𝜎 =
𝐴

𝑇
exp (−

𝐸𝑎

𝑘𝑇
) ∝  

1

√𝑚
exp (−

𝐸𝑎

𝑘𝑇
)                                              (1-5) 

It is rational to expect that the proton conduction will provide a higher ionic conductivity than 

the oxygen ion conduction, if the active oxygen vacancy sites remain the same for both kinds 

of the ionic conduction mechanisms. Based on this theory, various ionic conductors, including 

SrZr0.95Y0.05O3-δ and SrCe0.95Y0.05O3-δ [29], A2(B'1+xB''1-x)O6-δ (A = Sr2+, Ba2+; B' = Ga3+, Gd3+, 

Nd3+; B" = Nb5+, Ta5+; x = 0 - 0.2) [30], Sr0.995Ce0.95Y0.05O3-δ [31] and BaCe0.85Gd0.15O3-δ [32], 

were carefully investigated by using the isotope experiments. In these studies, H+ was replaced 

by D+ when the tested electrolytes were exposed to a D2O vapour (D: deuterium). This isotope 

substitution directly resulted in a reduced ionic conductivity by a factor of √2. These results 

proved that the ionic conductivity will be effectively enhanced due to the lighter mass of charge 

carriers. Therefore, it is rational to expect that an enhanced proton conduction can be achieved 

if all the oxygen ion conduction paths can be used as proton conduction paths. However, such 

a prerequisite is not fully possible when the charge carriers are changed. Even so, this might 

indicate that it is easier to reach a higher ionic conductivity for proton conduction. Thus, to 

develop excellent proton conductors is one of the most promising strategies to realize SOFCs 

running at intermediate temperatures. 

1.3 Main problems for BaZrO3-BaCeO3 based proton conductors 

Proton-conducting ceramic materials have attracted more and more interests in the development 

of ITSOFCs, due to their higher proton conductivity values (10-3 - 10-2 S cm-1 at a temperature 

of 600 ℃) and low activation energies for the transport process (0.3 - 0.7 eV) [32, 33]. Since 

Iwahara et al. [34, 35] first reported the proton conduction phenomenon in ABO3 perovskite 

compounds of doped strontium cerates and doped barium cerates, many doped perovskite-type 

cerates and zirconates compounds have been investigated. They can be divided into three main 
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types: (1) Y, Nd, Sm, Gd, Tb, Yb doped BaCeO3 [32, 36-45], (2) Y, Sm, Gd doped BaZrO3 

[46-59] and (3) Y, Nd, Sm, Gd, Dy, Yb, In doped BaZrxCe1-xO3-δ (BaZrxCeyLn1-x-yO3-δ) [33, 60-

70]. For these mentioned proton conductors, two main problems, chemical and mechanical 

stability as well as the high sintering temperature, should be solved to enable their final practical 

applications in the future. 

1.3.1 Chemical and mechanical stability 

Though doped BaCeO3 materials have a high proton conductivity in hydrogen or water vapor 

atmospheres [71, 72], they are not suitable to be used as electrolyte materials for SOFC 

applications. This is due to their poor chemical and mechanical stability in acidic gases, like 

CO2/SO2, and in moist atmospheres [33, 60, 73], see Eq. 1-6 and Eq.1-7. Doped BaZrO3 

materials show better chemical and mechanical stability, but possess lower proton 

conductivities compared to the doped BaCeO3 materials [33, 60, 74, 75]. Thus, the third type 

of materials, lanthanides doped BaZrO3-BaCeO3 solid solution materials (BaZrxCeyLn1-x-yO3-

δ), are considered to be good candidates for electrolyte materials that can meet both the chemical 

and mechanical stability requirements. Moreover, it was proven that if the Zr content is in the 

range of 0.5≤x≤0.8, those BaZrxCe0.8-xLn0.2O3-δ materials can maintain a good chemical and 

mechanical stability with an improved electrical conductivity and fuel cell performance [66]. 

𝐵𝑎𝐶𝑒𝑂3 + 𝐶𝑂2  →  𝐵𝑎𝐶𝑂3 + 𝐶𝑒𝑂2                                                (1-6) 

𝐵𝑎𝐶𝑒𝑂3 + 𝐻2𝑂 →  𝐵𝑎(𝑂𝐻)2 + 𝐶𝑒𝑂2                                              (1-7) 

1.3.2 High sintering temperature 

Despite these BaZrxCeyLn1-x-yO3-δ materials have a relative higher conductivity than YSZ based 

electrolytes, their sintering temperatures are always high up to a temperature of 1550 ℃ or even 

higher, which also is accompanied by a long sintering time in order to get densified ceramics 

[33, 60]. However, these severe sintering parameters, especially the high sintering temperature 

and the long sintering time, will unavoidably lead to several detrimental effects in the final 

ITSOFC applications. For example, the conductivities of these materials will be reduced due to 

a Barium (Ba) loss, when the sintering temperature is higher than 1500 ℃ [46, 53, 60, 67]. 

Furthermore, the porous structure of the electrodes will be collapsed and their catalytic 

performance will be reduced, if the electrodes and the electrolyte are co-fired [48, 76]. This is 

detrimental for the whole cell structure design and for practical mass production. Therefore, 

various efforts have been done in recent years to reduce the sintering temperatures and to 
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increase their relative densities as well as the proton conductivity properties [5, 7]. Among these 

studies, the addition of sintering aids and the introduction of wet-chemical synthesize methods 

to prepare ultra-fine powder represent two typical approaches [77, 78]. 

Definitely, the sintering temperature can be reduced when the ultra-fine powder through wet-

chemical synthesis was used, and this can result in an improved conductivity. However, some 

disadvantages still exist. The biggest disadvantage of most wet-chemical methods is the 

complex synthesis procedures and their long synthesis time compared to the widely used solid-

state reaction methods. In terms of this, the addition of sintering aids is considered as a much 

simpler way to realize the reduction of the sintering temperature as well as to increase the 

relative density. In previous studies, various transitional metal oxides were used as sintering 

aids in order to improve the sintering of BaZrxCeyLn1-x-yO3-δ based ceramics [48, 51, 76, 79-

83]. These results indicate that NiO and ZnO are two effective sintering aids to improve the 

densification of BaZrO3-BaCeO3 solid solution materials. Moreover, it was identified that a 

ZnO addition will not introduce an unfavorable electronic conduction [51]. However, there 

exists very few research works on the effect of NiO to the total conductivity and especially the 

electronic conduction. Furthermore, some controversial results with respect to the conductivity 

property have been reported when adding NiO [44, 84]. Therefore, it is necessary to conduct a 

systematic study to investigate the effect of NiO additions on the conductivities of 

BaZrxCeyLn1-x-yO3-δ based ceramics. Furthermore, it is necessary to explore the potential 

reaction mechanism between NiO and the main electrolyte components. 

1.4 Motivations 

As mentioned above, BaZrO3-BaCeO3 solid solution materials (BaZrxCeyLn1-x-yO3-δ) represent 

some of the most promising materials that can be used for ITSOFCs. Therefore, the BaZrO3-

BaCeO3 solid solution materials were selected in this work. In order to obtain dense ceramic 

samples, several processing procedures, mainly powder synthesis and sintering methods, were 

investigated. On this point, the motivations of this work are shown as follows: 

1.4.1 To improve the powder synthesis procedure 

For ceramic powder synthesis, the solid-state reaction method is the most widely used method 

for the preparation of ceramic materials. This is due to its low manufacturing cost and simplicity. 

Despite the advantage of its simplicity, it usually requires multiple repetitions of prolonged 
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thermal treatments and grindings to reach satisfactory results. As a consequence, an 

uncontrolled impurity contamination and grain growth can occur. This could induce chemical 

and particle-size non-uniformities. 

Normally, alcohol is used as the standard dispersant for most powder materials. However, it is 

clear that the low surface tension provided by alcohol is still not good enough to fulfil the 

demands of a homogeneous mixing. Therefore, it is necessary to provide extra mechanisms, 

such as electrostatic/electrosteric stabilization, to promise a good mixing state when a multi-

component system is studied. In addition, this can easily be realized by adjusting the pH value 

of the water-based milling medium. Therefore, a water-based milling combined with a freeze-

drying procedure was introduced to overcome the disadvantages of the traditional solid-state 

reaction method. 

1.4.2 Testify cost-effective solid-state reactive sintering method 

The ceramic powder synthesis and its sintering process can be combined into a single high 

temperature sintering process, when using the solid-state reactive sintering (SSRS) method. As 

it is simple and cost-effective, the SSRS method was developed by Tong et al. for preparation 

of dense BZCY802 ceramics [57, 85]. In this work, this SSRS method was applied for the 

preparation of BaZrxCe0.8-xLn0.2O3-δ (x = 0.8, 0.5, 0.1; Ln=Y, Sm, Gd, Dy) proton conductors. 

More important, their sintering behaviors during sintering process and their conductivity 

properties were studied. In view of 1 wt.% NiO was added during the SSRS process, how these 

small amounts of NiO will affect the total conductivity and electronic conductivity is a practical 

problem that needed to be solved. Therefore, the effect of NiO on the sintering behaviors, 

morphologies, conductivities of BZCY532 based ceramics were also systematically studied. 

1.4.3 Exploratory study of spark plasma sintering for preparation of dense BZCY532 ceramics 

Spark plasma sintering (SPS) is a novel field assisted sintering technique, where a pulsed DC 

current directly passes through the graphite die and the powder, to compact the powder. Then, 

the densification of the compacted powder was realized by using Joule's heating. This sintering 

technique results in nearly theoretical density values at lowered sintering temperatures, 

compared to the conventional sintering methods. 

Though SPS has been used for preparation of various ceramics, the majority of the SPS 

applications for proton conductor preparation is to prepare dense BaZrO3 based ceramics. So 

far, no Ce-containing BaZr0.8-xCexY0.2O3 (0 < x ≤ 0.8) or BaZr0.9-xCexY0.1O3 (0 < x ≤ 0.9) based 
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proton conductors have successfully been prepared by using the SPS method [65, 86-90]. Also, 

it is really a meaningful and tough work to realize a preparation of Ce-containing BaZrO3-

BaCeO3 based ceramics by using the SPS method. This is due to the Ce4+ reduction that takes 

place in a reducing atmosphere. According to our understanding, the SPS technique should be 

suitable for the preparation of these kinds of materials, if the proper operating parameters can 

be determined. From the results of previous studies, dense BZCY532 ceramics showed a 

promising proton conductivity in the intermediate temperature range [74, 91]. Thus, they 

represent one of the most promising proton conductor materials. Therefore, the SPS technique 

was selected to prepare the dense BZCY532 ceramic samples. 

1.4.4 Exploratory study of composite electrolyte 

In addition to the development of a novel single component electrolyte, composite electrolyte 

materials have also been demonstrated to have better ionic conductivities than the single 

composition electrolytes. These materials include Ce0.85Sm0.15O2-δ (SDC)-

La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM) composite electrolytes [92-94], Ce0.9Gd0.1O2-δ (GDC)-

La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM) composite electrolytes [95], BaCe0.8Y0.2O3-δ (BCY)-

Ce0.8Gd0.2O1.9 (GDC) composite electrolytes [96] and Ce0.8Nd0.2O1.9 (NDC)-

La0.95Sr0.05Ga0.9Mg0.1O3-δ (LSGM) composite electrolytes [97, 98]. However, there is still no 

clear mechanism to explain their conduction phenomena. Thus, it is necessary to use some 

standardized and also new characterization methods to determine the conduction mechanism, 

in order to explore novel and advanced composite electrolytes for ITSOFC applications. Thus, 

Ce0.8Sm0.2O2-δ (SDC) and BZCY532 composite electrolytes were prepared by using the 

powders mixing and co-sintering method. Their conductivities were tested in a dry air 

atmosphere, but in the future they will also be tested in wet N2 and wet H2 atmospheres. The 

conduction mechanism of the composite electrolytes will be analyzed based on the brick layer 

mode, response frequency of bode curves, and distribution of relaxation time (DRT) analysis. 

In summary, all of the motivations mentioned above can be summarized into one sentence: to 

explore alternative and cost-effective methods to prepare dense proton conductors and to realize 

a reduced sintering temperature as well as an improved conductivity. 
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1.5 Framework of the thesis 

The thesis consists of nine chapters. A brief introduction of each chapter content is shown as 

follows: 

a) Chapter 1 gives a brief overview of the solid oxide fuel cells (SOFCs), and presents 

the motivations of this thesis work. 

b) Chapter 2 describes the experimental details, including the powder synthesis, sintering 

and characterizations. 

c) Chapter 3 presents the modified solid-state reaction method for preparation of Y-doped 

hafnia (Hf0.7Y0.3O2-δ, YSH) ceramic powders and it introduces the novel SPS method 

for sintering of these powders. 

d) Chapter 4 is focused on using the novel solid-state reactive sintering (SSRS) method 

to prepare dense BaZrO3-BaCeO3 based proton conductors. In this chapter, the sintering 

behaviors of BaZrxCe0.8-xLn0.2O3-δ (x = 0.8, 0.5, 0.1; Ln = Y, Sm, Gd, Dy) compounds 

during the SSRS process was discussed. Also, the conductivities of BaZr0.5Ce0.3Ln0.2O3-

δ (BZCLn532, Ln = Y, Sm, Gd, Dy) based electrolytes were measured and discussed. 

e) Chapter 5 is focused on the investigation of the effect of NiO on the conductivity of 

BZCY532 based electrolytes. In this part, the effects of NiO on the sintering behaviors, 

morphologies and conductivities of BZCY532 based electrolytes were systematically 

investigated. Moreover, the effect of NiO on the electronic conduction was also 

determined in a broad oxygen partial pressure range (1 - 10-24 atm). Furthermore, a 

potential reaction mechanism between NiO and the main electrolyte component 

BZCY532 is proposed and discussed. 

f) Chapter 6 shows the tentative study on preparation of dense BZCY532 ceramics by 

SPS. In this section, the operating parameters were mainly discussed. The aim of this 

work is to explore alternative and cost-effective sintering methods to prepare dense Ce-

containing BaZrO3-BaCeO3 based proton conductors. 

g) Chapter 7 shows some on-going work about SDC-BZCY532 composite electrolyte. As 

this part is a preliminary study, only the sintering behaviors during the preparation of 

dense composite electrolytes and their conductivities that were tested in a dry air 

atmosphere are presented and discussed. 

h) Chapter 8 gives a conclusion of these mentioned work in this thesis. 
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i) Chapter 9 gives some suggestions on future work about studied system with respect to 

the sintering, conductivity and fuel cell performance. 
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Chapter 2 Experimental 

2.1 Powder synthesis 

2.1.1 Modified solid-state reaction method 

In this improved solid-state reaction method, the mixtures of deionized water, 0.5 wt.% 

polyvinyl alcohol (PVA), 1 wt.% polyethylene glycol (PEG), 1 wt.% polyacrylic acid (PAA) 

and ammonia were used as the milling additives (Note that the weight percent is calculated by 

the total mass of the water-based balling media). More specifically, the pH value of this powder 

slurry was adjusted to 10 by adding the ammonia. Also, 3Y-TZP (3 mol.% yttria-stabilized 

zirconia) milling beads with a diameter of 3 mm were used for ball-milling. In addition, the 

volume ratio of milling ball, powder and milling media is 2:1:1. After the ball-milling, the 

mixed powder slurry was dried in a freeze-drier. 

As for the synthesis work in this thesis, the detailed synthesis procedure can be described as 

follows: 

(1) For Chapter 3 focusing on Y-doped hafnia (Hf0.7Y0.3O2-δ, YSH) compound: 

Stoichiometric amounts of HfO2 and Y2O3 powders were mixed and milled in a planetary ball-

mill for 10 h. A traditional alcohol-based milling method and a water-based milling method 

were used. After ball-milling, the mixed powder slurry was dried in a normal oven at a 

temperature of 80 ℃ for the alcohol-based method and in a freeze-drier for the water-based 

milling method, respectively. In both cases, the dried powder mixtures were calcined at 

temperatures of 1300 - 1500 ℃ and during 10 h. 

(2) For Chapter 4 focusing on BaZrxCe0.8-xLn0.2O3-δ (x = 0.8, 0.5, 0.1; Ln = Y, Sm, Gd, Dy) 

compounds: Stoichiometric amounts of BaCO3, ZrO2, CeO2, Ln2O3 and 1.0 wt.% of NiO (based 

on the total weight of BaCO3, ZrO2, CeO2 and Ln2O3) were weighed. Thereafter, they were 

ball-milled for 5 h by using the water-based milling method. Then, the mixed powder slurry 

was dried by using a freeze-drier. 

(3) For Chapter 5 focusing on BZCY532 based compounds, the synthesis procedures is 

similar to the one used for Chapter 4, but the calcination time is 10 h instead of 5 h. 

2.1.2 Wet-chemical synthesis method 
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In this work, a co-precipitation synthesis method was used. Co-precipitation usually consists of 

two main stages. The first stage is to precipitate the metal-ions together with the help of 

precipitant. The other one is to calcinate the prepared precursor at a high temperature, in order 

to obtain a recrystallization and to obtain the desired compounds. There are several 

experimental parameters can influence the final quality of the prepared powder, such as the pH 

value, reaction temperature, precipitant and precipitant concentration [77]. 

The powders were synthesized by using NH4HCO3 solution as a precipitant. The synthesis 

details for BZCY532 and SDC compounds can be summarized as follows: 

(1) For the synthesis of BZCY532 compound, stoichiometric amounts of Ba(NO)2, 

ZrO(NO)2, Ce(NO)3•6H2O and Y(NO)3 chemicals were used as starting materials. First, these 

chemicals were dissolved into the deionized water (metal-ions solution, M solution). 

Meanwhile, NH4HCO3 was dissolved into the deionized water in another beaker (precipitate 

solution, P solution). Both of these two solutions were heated to a temperature of 75 ℃ and kept 

for 30 min, while being stirred by magnetic stirring. Then, the M solution was transferred into 

the P solution with a drip speed of 3 ml/min. After it was done, the mixed solutions were 

maintain at a temperature of 75 ℃ and kept for 3 h for aging. This was done in order to make 

sure that all the metal-ions can be precipitated and to get a good crystallization. Then, the 

precursor was washed alternatively by deionized water and isopropanol at least three times 

using a centrifugation method. The obtained precursor was then placed in an oven at a 

temperature of 70 ℃ and dried for 12 h. The dried precursor was first ground into a fine powder. 

Thereafter, the powder was calcinated at a temperature of 1050 ℃ and dwelled for 5 h. 

(2) For the synthesis of SDC powder, the synthetic process is similar to the BZCY532 

powder preparation, but the final calcination temperature is 700 ℃ instead of 1050 ℃. 

2.2 Sintering 

Sintering is a powder densification process, which transforms the powder into a dense body. In 

most of the sintering processes, the powder is firstly compacted and then heated to high 

temperatures (lower than the melting point). During this process, the relative density will 

increase and grain growth will happen simultaneously. Overall, three different sintering 

methods were involved in this thesis and they are discussed below. 

2.2.1 Conventional sintering 
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Conventional sintering (CS) is realized in a normal high temperature furnace (VMK1800, Linn 

High Therm GmbH, Germany) and using an air atmosphere. As to this thesis work, there are 

two parts involved this process and the detailed procedures are described as follows: 

(1) For Chapter 3 focusing on Y-doped hafnia (Hf0.7Y0.3O2-δ, YSH) compound: The green 

bodies of YSH compound were formed by using pressures ranging from 100 to 500 MPa and 

treatments during 5 min. Then, the pellets were firstly heated to a temperature of 600 ℃ with a 

heating rate of 1 ℃/min. Thereafter, they were held for 2 h, to remove the inside organic binders 

and moisture. After that, the pellets were sintered in an air atmosphere at a temperature of 1650 ℃ 

and using a sintering time of 10 h. 

(2) For Chapter 5 focusing on BZCY532 based compounds: The powders were firstly 

compacted using a uniaxial pressure of 20 MPa, to make sure that the green body became an 

integrated bulk pellet. Following that, the pellets were sealed in a plastic bag and then 

compacted at a high pressure of 250 MPa by using the cold-isostatic press and using a holding 

time of 10 min. Thereafter, the prepared green bodies were placed in boat-shaped alumina 

crucibles, which were surrounded by the powder with the same composition with respect to the 

buried pellets. After that, these green bodies were firstly heated to a temperature of 600 ℃ with 

a heating rate of 1 ℃/min and held for 2 h, to remove the inside organic binders and moisture. 

Following that, the temperature was increased up to higher sintering temperatures of 1300 - 

1600 ℃ and using a heating rate of 5 ℃/min. The sintering time was kept constant at a value of 

10 h for the preparation of the BZCY532B and BZCY532A ceramics. Furthermore, a constant 

sintering time of 24 h was applied during the sintering of the BZCY532N pellets. 

(3) For Chapter 7 focusing on SDC-BZCY532 composite electrolytes: Different weight 

ratios of SDC and BZCY532 powders were mixed and ball milled for at least 5 h. After that, 

the mixed powder slurry was dried using a freeze drying process. Thereafter, the dried powder 

was put in a mould and compacted at a pressure of 400 MPa and kept for 5 min. Finally, the 

obtained green bodies were also firstly heated to a temperature of 600 ℃ with a heating rate of 

1 ℃/min and kept for 2 h, to remove the inside organic binders and moisture. Finally, the pellets 

were sintered at a temperatures of 1400 - 1650 ℃ and using a sintering time of 5 h. 

2.2.2 Solid-state reactive sintering (SSRS) 

SSRS method is a combination of a solid-state reaction and a sintering process. Normally, a 

small amount of a sintering additive (e.g. 1 wt.% NiO) was added into the raw material powders. 
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For Chapter 4 focusing on BaZrxCe0.8-xLn0.2O3-δ (x = 0.8, 0.5, 0.1; Ln = Y, Sm, Gd, Dy) sintering, 

the compaction of their green bodies were done by using a pressure of 400 MPa and kept for 5 

min. Finally, these pellets were sintered at temperatures of 1300 - 1600 ℃ and during a time of 

5 h. 

2.2.3 Spark plasma sintering (SPS) 

Normally, the prepared powder was loaded into a graphite die and separated by a thin graphite 

fibre sheet, to avoid a direct contact between the powder and the graphite die. The sintering 

temperature was monitored using an infrared (IR) optical pyrometer, which was focused on a 

small hole in the middle of the graphite die. There are four stages during this sintering: (1) an 

initial stage, (2) a temperature and pressure increase stage, (3) a holding stage and (4) a cooling 

stage. During stage 1, the sintering temperature was set to a temperature of 600 ℃ and using a 

holding time of 3 min. At stage 2, the sintering temperature was automatically increased up to 

the designed sintering temperature by using a heating rate of approximately 100 ℃/min. 

Meanwhile, the sintering pressure was also automatically increased up to the planned value, 

such as 50 MPa and 100 MPa. 

As to this thesis work, there are two parts involved this process and the detailed procedures are 

described as follows: 

(1) For Y-doped hafnia (Hf0.7Y0.3O2-δ, YSH) compound: SPS sintering was done by using a 

Dr. Sinter 2050 equipment from Sumitomo Coal Mining Co., Tokyo, Japan. The YSH pellets 

were prepared at temperatures of 1500 - 1600 ℃ with a pressure of 100 MP and a holding time 

of 5 min. 

(2) For BZCY532 compound sintering: The BZCY532 powder was sintered using a 3rd 

generation SPS furnace (SPS-20T-10, Chenhua Furnace Company, Shanghai, China). Dense 

BZCY532 ceramics was prepared at a temperature of 1350 ℃ with a pressure of 50 MPa and 

using a holding time of 5 min. 

2.3 Characterizations 

2.3.1 X-ray diffraction (XRD) 

The phase purity and structure of the powders and pellets were characterized by XRD, using a 

Philips X’pert X-ray diffractometer. It was equipped with a graphite monochromatized Cu Kα 
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radiation (λ =1.540598 Å). A step size of 0.0263 ◦s−1 was used for 2θ values ranging from 20◦ 

to 90◦ or 145◦. The working voltage was 40 kV and the working current was 40 mA during all 

the tests. The unit cell parameters were refined by the Rietveld method [99] and using a Fullprof 

program. 

2.3.2 Scanning electron microscope (SEM) 

The morphologies and microstructural studies of the powders and pellets were done by using a 

JSM-7000F (JEOL Ltd., Japan) system. Moreover, a corresponding Energy-dispersive X-ray 

spectroscopy (EDS) analysis was done by using an Oxford Instruments combined with the 

INCA software. 

2.3.3 Relative density 

A Sartorius BSA224S electronic balance equipped with an YDK01-C accessory was used for 

relative density determination. In addition, it was carried out at room temperature using the 

deionized water as the testing medium. Furthermore, the density calculation was done 

automatically after the water density calibration. 

2.3.4 Conductivity measurement 

For Chapters 4 and 7, the conductivities were tested by using a Solartron 1260 Impedance/Gain-

Phase Analyzer and tested at temperatures of 700 - 200 ℃ with a frequency range of 0.1 Hz to 

100 kHz. Moreover, an excitation voltage of 100 mV was used under an open circuit voltage 

status. Also, an Au paste was brushed on both surfaces of the pellets. Therefore, it was annealed 

at a temperature of 800 ℃ for 30 min before carrying out the electrochemical impedance tests. 

For Chapters 5 and 6, the conductivities of the BZCY532 based electrolytes were determined 

by using a MinisTest6000S platform (Toyo Corporation, Japan). The conductivities in the 

atmospheres of dry air, wet N2 and H2 were tested at temperatures of 800 - 200 ℃. A frequencies 

range of 0.1 - 100 kHz and an excitation voltage of 100 mV were employed when operating in 

the open circuit mode. 

The settings of different oxygen partial pressures (OPPs) were controlled and realized 

automatically by using the gas mixtures of N2-O2 and N2-H2O-H2 to control the OPP in a range 

of 1 - 10-2 atm and 10-3 - 10-24 atm, respectively. 

2.3.5 X-ray photoelectron spectroscopy (XPS) 
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The XPS measurements were conducted by using an ESCALAB 250Xi X-ray Photoelectron 

Spectrometer System (Thermo Fisher Scientific Inc., United States). Also, a calibration of the 

binding energy was performed using the C1s peak at a binding energy of 284.8 eV. The 

measured spectrum was analyzed by using a XPS-peak-differenating method and using the 

XPSPEAK 4.1 software.  
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Chapter 3 Modified solid-state reaction method 

3.1 The effect of the powder mixing method on the phase development 

As shown in Fig. 3.1, it is clear that the milling method as well as the cooling rate influence the 

phase purity significantly. In the alcohol-based milling method, it is difficult to obtain the 

desired yttrium doped hafnia (Hf0.7Y0.3O2-δ, YSH) compound after one milling cycle, when the 

raw powder mixture was calcined at low temperatures of 1300 ℃ (Fig. 3.1 (a)) and 1400 ℃ 

(Fig. 3.1 (b)). Therefore, more milling and calcination cycles were used in order to obtain a 

pure phase. This can remarkably improve the quality of the prepared powder. However, some 

yttria still remained after several milling cycles. If the calcination temperature is further 

increased up to a temperature of 1500 ℃, a pure YSH phase was obtained and only 1 cycle was 

needed (Fig. 3.1 (c)). 

A pure YSH powder can be obtained after one milling cycle followed by a calcination at a 

temperature of 1300 ℃, when the water-based milling method is used (Fig. 3.1 (c)). Such a 

200 ℃ difference should be attributed to the improved homogeneity of the oxide powder 

mixture by using the water-based milling method. In addition, the cooling rate can also 

influence the phase structure (Fig. 3.1 (d)). The main composition of the obtained powder is 

HfO2 and Hf2Y2O7, when a lower cooling rate was used (5 ℃/min, same as heating process rate). 

In contrast, a pure YSH phase could be obtained when a fast cooling rate (higher than 25 ℃/min) 

was used. Thus, it is important to choose a fast cooling rate to get a pure YSH phase. Based on 

this, the water-based milling method and a fast cooling rate were chosen for the remaining work. 
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Fig. 3.1. XRD patterns of synthesized powders prepared by the alcohol-based milling method, followed by 

calcination at a temperature of (a) 1300 ℃, (b) 1400 ℃ and (c) 1500 ℃. Also, XRD data is shown for the 

samples prepared by the water-based milling method, followed by a calcination at a temperature of (d) 1300 ℃ 

and using different cooling rates (5 ℃/min and 25 ℃/min). 

3.2 Morphologies of the synthesized powders 

The size of the synthesized YSH powder can significantly be influenced by the choice of the 

synthesis method. The YSH particles, prepared by the alcohol-based milling method, are 

several micro-meters and have irregular shapes (Fig. 3.2 (a)). In contrast, the particle sizes can 

be lowered to a nano-scale (around 100 nm), when the water-based milling method was 

implemented (Fig. 3.2 (b)). It is proven that this water-based milling method can improve the 

quality of the synthesized powder significantly. Normally, a powder improvement can lead to 

an improvement on their sintering behaviors and properties. This was also confirmed in 

previous research for the preparation of other materials [100-106]. 
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Fig. 3.2. The morphologies of the powders synthesized by (a) the alcohol-based milling method and using a 

calcination temperature of 1500 ℃, and (b) the water-based milling method and using a calcination temperature 

of 1300 ℃. 

3.3 Sintering behavior of the YSH compound 

For Hafnia, zirconia and their compounds, it is difficult to get dense ceramics, unless high 

compact pressures and high sintering temperatures are used [107]. In order to investigate the 

sintering behavior of YSH compound, the SPS technique was used. The resulting sintering 

curves are shown in Fig. 3.3. From the shrinkage rate curves (curve 1), it can be seen that the 

starting point for a shrinkage is 975 ℃. This value is rather low, which indicates that the particle 

size of the powder is small. Also, the highest shrinkage rate is reached at a temperature of 

1273 ℃, as is shown by curve 2. This point is very close to the powder calcination temperature 

of 1300 ℃. The noticeable densification behavior can be extended to a temperature of 1500 ℃ 

(curve 3), where a relative density of 0.92 is obtained. This means that some pores still remain 

in the pellet. By further increasing the final sintering temperature to 1600 ℃ (curve 4), the 

relative density can reach a value of 0.96. From this sintering behavior test, it can be concluded 

that a temperature of at least 1600 ℃ is needed for this YSH compound sintering in order to 

obtain dense ceramic samples. 
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Fig. 3.3. Sintering behavior of YSH compound during the SPS process, when temperatures of 1500 ℃ and 

1600 ℃ were applied and when a 100 MPa pressure was used: (1) starting shift point curve, (2) the highest shift 

point curve, (3) shift curve at a temperature of 1500 ℃, and (4) shift curve at a temperature of 1600 ℃. 

Besides the novel sintering techniques, such as SPS used in this study, a conventional sintering 

will be more interesting to use due to the requirements of mass production. In SPS, a high 

heating rate and an extra hydraulic stress enhances the densification process. However, it is 

more rational to make a higher green body density to increase the final relative density in 

conventional sintering. An increased dry-press pressure is the simplest method to increase the 

green density. As shown in Fig. 3.4, it is clear that the increase of the compaction stress will 

lead to a tremendous increase of the final relative density. More specifically, the relative density 

was only 0.746, when a pressure of 100 MPa was used. It can reach a value of 0.807 for a 200 

MPa pressure and a value of 0.963 for a 400 MPa pressure. However, only a gentle increase in 

the relative density to a value of 0.975 is obtained, when the pressure is further increased up to 

500 MPa. Actually, the use of any pressure higher than 500 MPa start to result in crack 

formations in the green body. Therefore, all the samples used for microstructure and other 

property characterizations were prepared by using a powder compact stress of 500 MPa and 

using the conventional sintering method. 
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Fig. 3.4. Effect of the compaction stress on the final relative densities of YSH ceramics, which were sintered at a 

temperature of 1650 ℃ and dwelled for a time of 10 h using conventional sintering. 

3.4 Microstructure analysis 

Fig.3.5 (a) shows a SEM image of the prepared YSH pellet that is densified without open pores 

and has a size distribution of around 5 - 30 µm. The final composition of the obtained pellet is 

an important parameter to know in order to calculate the theoretical density and to evaluate the 

effect of the composition on the doped amount. Therefore, the Energy-dispersive X-ray 

spectroscopy (EDS) method was used to detect the elements and their amounts in the pellets 

(Fig. 3.5 (b)). The results show that the mean value of the Hf element is 0.69, while the mean 

value of the Y element is 0.31. Thus, it is confirmed that there is almost no element losses 

during the powder synthesis and ceramic processing procedures. Therefore, the modified solid-

state reaction method was trustable and selected for the preparation of other materials. 

 

Fig. 3.5. (a) SEM images of a densified YSH pellet sintered for 10 h at a temperature of 1650 ℃ and (b) EDS 

analysis of the sintered YSH pellet.  
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Chapter 4 BaZrxCe0.8-xLn0.2O3-δ (x = 0.8, 0.5, 0.1; Ln = Y, Sm, Gd, Dy) 

proton conductors 

4.1 Crystal structure of the sintered pellets 

The crystal structure of BaZr0.8Ln0.2O3-δ (BZCLn802), BaZr0.5Ce0.3Ln0.2O3-δ (BZCLn532) and 

BaZr0.1Ce0.7Ln0.2O3-δ (BZCLn172) pellets, which were sintered at 1500 ℃ for 5 h, have been 

studied (Fig. 4.1). The peaks of the BZCLn802 (Fig. 4.1 (a)), BZCLn532 (Fig. 4.1 (b)) and 

BZCLn172 (Fig. 4.1 (c)) systems can be indexed as follows: (110), (111), (200), (211), (220), 

(310), (222) and (321), respectively. In addition, there are some impurities in the obtained XRD 

patterns of the Sm-, Gd- and Dy-doped ceramics. The compositions of the impurities are 

BaSm2NiO5 for BaZrxCe0.8-xSm0.2O3-δ (x = 0.8, 0.5 and 0.1), BaGd2NiO5 for BaZrxCe0.8-

xGd0.2O3-δ (x = 0.8, 0.5 and 0.1) and BaDy2NiO5 for BaZrxCe0.8-xDy0.2O3-δ (x = 0.8, 0.5 and 0.1), 

respectively. This phenomena were already confirmed in Tong et al.’s research [36, 57, 85], in 

which dense BaZr0.8Y0.2O3-δ (BZCY802) and BaCe0.8Y0.2O3-δ (BZCY082) ceramics were 

prepared by the SSRS method and using an addition of NiO as a sintering aid. They found that 

BaLn2NiO5 compounds were formed, when the sintering temperature was more than 1000 ℃. 

These BaLn2NiO5 compounds are considered as intermediate phases during the SSRS process. 

In addition, these materials will be decomposed when the sintering temperature is high enough. 

For example, the BaY2NiO5 (BYN) compound starts to melt when the sintering temperature is 

higher than 1450 ℃ [57]. This can also be confirmed in the XRD patterns shown in Fig. 4.1. 

Though the amount of newly generated BaLn2NiO5 compounds is very small and limited, 

compared to the content of main electrolyte, they were considered as the “sintering center” or 

“sintering catalyst” and they could improve the densification significantly. Therefore, a lowered 

sintering temperature and a reduced sintering time can be realized for the preparation of dense 

BaZrxCe0.8-xLn0.2O3-δ ceramics. 
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Fig. 4.1. XRD patterns of (a) BZCLn802, (b) BZCLn532, (c) BZCLn172 ceramic pellets, which were sintered at 

a temperature of 1500 ℃ and using a constant sintering time of 5 h. 
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4.2 Morphologies of the sintered pellets 

The sintering temperature is an important parameter to control to obtain densified ceramic 

materials. In addition, the morphology can also be changed tremendously with changed 

sintering temperatures. In view of this, the cross-sectional morphologies of the prepared 

BZCLn802, BZCLn532 and BZCLn172 pellets, which were sintered at temperatures of 1300 - 

1600 ℃ and using a constant sintering time of 5 h, were studied (Fig. 4.2 - Fig. 4.4). 

At temperatures of 1300 ℃ (Fig. 4.2 A1, B1, C1 and D1) and 1400 ℃ (Fig. 4.2 A2, B2, C2 and 

D2), all the prepared BZCLn802 pellets were porous. In addition, all of the prepared BZCLn802 

pellets cracked into pieces after cooling from the sintering temperature down to the room 

temperature. Dense ceramic pellets could be obtained for BZCY802 and BZCD802 (Fig. 4.2 

A3 and D3) compounds, when the sintering temperature was increased up to 1500 ℃. However, 

the morphologies of the BZCS802 and BZCG802 ceramics were still porous (Fig. 4.2 B3 and 

C3) at this temperature. Finally, all of the BZCLn802 ceramics became dense, when a 

temperature of 1600 ℃ was applied (Fig. 4.2 A4, B4, C4 and D4). 

 

Fig. 4.2. The morphologies of the sintered BZCLn802 pellets, which were sintered at temperatures of 1300 - 

1600 ℃ and using a constant sintering time of 5 h. 
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For the BZCLn532 system, in which the Ce content is increased from 0 up to 0.3, a lowered 

sintering temperature can be realized to obtain dense BZCLn532 ceramics compared to the 

BZCLn802 system, see Fig. 4.3. More specifically, dense pellets of BZCS532 (Fig. 4.3 B2), 

BZCG532 (Fig. 4.3 C2) and BZCD532 (Fig. 4.3 D2) can be obtained, when a temperature of 

1400 ℃ was employed. When the sintering temperature continues to increase up to 1500 ℃ and 

1600 ℃, almost no open pores exist inside the pellets of BZCS532 (Fig. 4.3 B3-B4), BZCG532 

(Fig. 4.3 C3-C4) and BZCD532 (Fig. 4.3 D3-D4). 

 

Fig. 4.3. The morphologies of the sintered BZCLn532 pellets, which were sintered at temperatures of 1300 - 

1600 ℃ and using a constant sintering time of 5 h. 

When the content of the Ce element is further increased up to a value of 0.7 (BZCLn172 system, 

Fig. 4.4), the sintering temperature for the preparation of dense BZCS172, BZCG172 and 

BZCD172 ceramic pellets can be further lowered compared to the BZCLn532 system. More 

specifically, all of the BZCS172 (Fig. 4.4 B1), BZCG172 (Fig. 4.4 C1) and BZCD172 (Fig. 4.4 

D1) ceramic pellets are already dense when a lowered temperature of 1300 ℃ is used for 

sintering. 

Compared to Sm-, Gd- and Dy-doped barium zirconate-cerate BZCLn532 and BZCLn172 

systems (Ln = Sm, Gd, Dy), the BZCY532 and BZCY172 compounds always show worse 

sintering properties compared to other dopants. More specifically, the morphologies of the 
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BZCY532 pellets are porous when they were sintered at temperatures of 1300 - 1500 ℃ (Fig. 

4.3 A1-A3). A temperature of 1600 ℃ is still needed to obtain fully dense BZCY532 ceramics 

(Fig. 4.3 A4). For the BZCY172 compound, a sintering temperature of at least 1400 ℃ is 

required to obtain dense ceramic pellets (Fig. 4.4 A2). 

 

Fig. 4.4. The morphologies of the sintered BZCLn172 pellets, which were sintered at temperatures of 1300 - 

1600 ℃ and using a constant sintering time of 5 h. 

4.3 The effects of sintering temperatures and doping elements on the relative 

densities 

To obtain a reliable comparison between the various compounds and dopants, a relative-density 

investigation of the BZCLn802 (Fig. 4.5), BZCLn532 (Fig. 4.6) and BZCLn172 (Fig. 4.7) 

compounds under various sintering temperatures was performed. 

When a sintering temperature of 1300 ℃ was applied, the relative densities were 0.46 for 

BZCY802, 0.42 for BZCS802, 0.37 for BZCG802 and 0.43 for BZCD802 (Fig. 4.5). These 

relative-density values are even lower than the relative densities of the green bodies 

(approximately 0.5). The reason for this phenomena is most probably attributed to cracking of 

samples when they were cooled from the high sintering temperature down to room temperature. 

As the prepared BZCLn802 pellets that were sintered at a temperature of 1400 ℃ are still 
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cracked after sintering, their corresponding relative densities are only 0.81 for BZCY802, 0.60 

for BZCS802, 0.48 for BZCG802 and 0.81 for BZCD802. This value is much lower than those 

reported in Tong et al. [85] research of BaZr0.8Y0.2O3-δ (BZCY802) ceramics. Dense BZCY802, 

BZCS802 and BZCD802 pellets can be successfully prepared, when they were sintered at a 

temperature of 1500 ℃ (the relative densities are more than 0.95). Meanwhile, pores still exist 

inside the BZCG802 pellet and its relative density is only 0.84. When a sintering temperature 

of 1600 ℃ was applied, all of the BZCLn802 pellets are densified. For this BZCLn802 system, 

the Y- and Dy-doped BaZrO3 powders always show a better sintering ability than the Sm- and 

Gd-doped BaZrO3 powders. Moreover, their relative-density properties fit the corresponding 

morphological data. 

 

Fig. 4.5. The influence of the sintering temperatures on the relative densities of the BZCLn802 compounds. 

 

For the BZCLn532 system, the obtained data of the relative density shows that the increase of 

the Ce content leads to a remarkable improvement in the densification progress, especially at 

temperatures of 1300 ℃ and 1400 ℃. Thus, the relative densities of the BZCLn532 system are 

correspondingly higher than those for the BZCY802 system, when compared at an identical 

sintering temperature (Fig. 4.6). To be specific, the relative densities of BZCY532, BZCS532, 

BZCG532 and BZCD532 ceramics, which were sintered at a temperature of 1300 ℃, were only 
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0.56, 0.77, 0.79 and 0.72, respectively. In contrast, the relative densities of BZCY532, 

BZCS532, BZCG532 and BZCD532 ceramics can be increased to 0.83, 0.97, 0.96 and 0.98, 

when a temperature of 1400 ℃ was applied. A further increase of the sintering temperature, e.g. 

to 1500 ℃ or 1600 ℃, only result in a slight increase in the relative density. More specifically, 

a relative density of more than 0.98 can always be reached for the BZCS532, BZCG532 and 

BZCD532 ceramics when a sintering temperature of 1500 ℃ was applied. However, BZCY532 

compounds show a gradual increase of the relative density with increasing sintering 

temperatures, from 1300 ℃ to 1600 ℃. In addition, a sintering temperature of 1600 ℃ is needed 

to reach a relative density of 0.98. 

 

Fig. 4.6. The influence of the sintering temperatures on the relative densities of the BZCLn532 compounds. 

 

For the BZCLn172 system, dense BZCS172, BZCG172 and BZCD172 pellets can be prepared 

when they were sintered at a temperature of 1300 ℃ (Fig. 4.7). However, the relative density 

of the BZCY172 samples that were also sintered at this temperature is only 0.70. The relative 

densities of BZCY172 ceramics show a linear increase with an increased sintering temperature. 

In addition, the BZCY172, BZCS172 and BZCG172 ceramics have similar relative densities of 

0.975 at a temperature of 1600 ℃. However, the BZCD172 ceramics sintered at this temperature 

shows the highest relative density (0.99) among the studied ceramics in the BZCLn172 system. 
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Fig. 4.7. The influence of the sintering temperatures on the relative densities of the BZCLn172 compounds. 

4.4 The analysis of sintering behaviors 

According to the obtained results from morphologies and relative densities, it can be seen that 

different dopants show different contributions to the densification process. In addition, a higher 

Ce content in the compounds has a positive influence on the densification process. This can 

lead to a decreased sintering temperature. 

From Table 4.2, it can be seen that the radii of the dopant ions exhibit a larger difference with 

Zr4+ than with Ce4+. Therefore, the Zr-site is not easy to be substituted compared to the 

substitution at the Ce-site. In contrast, the Ce-site can easily be substituted by dopants with a 

lower activation energy in the BZCLn532 and BZCLn172 systems. That might be the reason 

why the order of the sintering temperatures is BZCLn802>BZCLn532>BZCLn172 in these 

systems. 

Table 4.1. 

The radii of cations [108] in the studied BZCLn802, BZCLn532 and BZCLn172 systems. 

Note: The number of 12 and 6 in brackets stands for the coordination number. 

Cations Ba2+(12) Zr4+(6) Ce4+(6) Y3+(6) Sm3+(6) Gd3+(6) Dy3+(6) 

Radii ( pm ) 161 72 87 90 95.8 93.8 91.2 
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In Sundell et al.’s [109] study for BZCLn802 compounds, the order of the solution energies, 

calculated based on atomistic simulation techniques, for the different dopants into BaZrO3 with 

a substitution at the Zr-site was found to be the following: Sm>Gd>Dy>Y. Considering the 

differences in the radii of the different dopant ions, the radii of Y3+ and Dy3+ are more similar 

to that of Zr4+ than to those of the Sm3+ and Gd3+ ions. This is the main reason why the Y- and 

Dy-doped BaZrO3 ceramics show a better sintering ability than the Sm- and Gd-doped BaZrO3 

ceramics. In addition, Sm3+ has a higher tendency to replace the Ba-site than Gd3+. This is due 

to its larger ionic radius and its smaller difference from Ba2+. Thus, the order of the final solution 

energies on both the Ba-site and Zr-site for these four dopants becomes Gd≫Sm>Dy≈Y. Finally, 

the Y and Dy dopants show a much better sintering ability than the Sm and Gd dopants in the 

BZCLn802 system. 

Similar to what was found for the BZCLn802 system, the BZCD532 and BZCD172 compounds 

can achieve a better sintering ability than the Sm- and Gd-doped BaZCLn532 and BZCLn172 

compounds. However, the BZCY532 and BZCY172 compounds always show the poorest 

sintering ability. The Gd and Sm dopants can potentially replace both the Ba-site and the Ce-

site [38, 110, 111] due to their larger ionic radii. As a result, the order of the solution energies 

for the different dopants into the BaZCLn532 and BZCLn172 systems becomes Gd≈Sm>Dy. 

Thereafter, the sintering ability of the doped BZCLn532 and BZCLn172 compounds can 

correspondingly be classified in the following order Dy>Sm≈Gd. Combined with XRD results 

of that the peak of the BaY2NiO5 compound at ~32 degrees is absent for the BZCY532 and 

BZCY172 compounds. Furthermore, the function of the BaY2NiO5 compound was equivalent 

to a “sintering catalyst”. Then, it is reasonable that the BZCY532 and BZCY172 compounds 

have poor sintering abilities. Therefore, the sintering ability of doped BZCLn532 and 

BZCLn172 compounds at a lower sintering temperature can be classified in the following order 

Dy>Sm≈Gd≫Y. However, it is not clear why this phenomenon only occurs in the Ce-

containing systems (BZCLn532 and BZCLn172) and not in a Ce-free system (BZCY802 

system). This needs to be studied more in-depth in the future. 

4.5 The influence of dopants and NiO on lattice parameters 

Fig. 4.8 shows the refined lattice parameters of the obtained BZCLn802, BZCLn532 and 

BZCLn172 compounds. It is noteworthy that there is almost no difference in the lattice 

parameters between the BZCLn802, BZCLn532 and BZCLn172 systems. Even if the lattice 
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parameter of the constant a shows an increased tendency with an increased Ce content, the rate 

of the lattice constant only changes by 3 % when the Ce content is increased from 0 up to 0.7. 

Tong et al. [85] carried out a systematic study on the influence of NiO on the lattice parameters 

of BZCY802. The value of a was found to be 4.212(2), when 1 wt.% NiO was used for the 

preparation of BZCY802 ceramics and using a sintering temperature of 1500 ℃ . In this work, 

the value of a is 4.217(1), which is similar to their data. Therefore, it is difficult to attribute the 

huge difference in the sintering behaviors to the changes in the crystal lattice. 

 

Fig. 4.8. The lattice parameters of the (a) BZCLn802, (b) BZCLn532 and (c) BZCLn172 compounds. 

4.6 The conductivities of the BZCLn532 system ceramics 

The conductivities of the BZCLn532 system ceramics were tested in a dry air atmosphere and 

in a wet air atmosphere. The total conductivities of the BZCY532, BZCS532, BZCG532 and 

BZCD532 ceramics, which were sintered at a temperature of 1500 ℃ and tested in a dry air 

atmosphere, were found to be 25 mS cm-1, 4.5 mS cm-1, 6.8 mS cm-1 and 43 mS cm-1 at a 

temperature of 600 ℃, respectively (Fig. 4.9 (a)). These conductivities are even higher than the 

reported value for BaZr0.45Ce0.45M0.1O3-δ (M = In, Y, Gd, Sm) [61] tested in a dry air atmosphere. 

More specifically, the total conductivities of BaZr0.45Ce0.45M0.1O3-δ (Ln = In, Y, Gd, Sm), which 

were tested in a dry air atmosphere at a temperature of 800 ℃, are 5 mS cm-1, 10.6 mS cm-1, 

8.2 mS cm-1 and 6.9 mS cm-1, respectively. Such a huge improvement in conductivity in this 

study should mainly be attributed to addition of NiO, which can substitute the B-site with a low 

solubility limit of 1 - 2 mol.%. 
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The conductivities of the BZCY532, BZCS532, BZCG532 and BZCD532 ceramics, tested in a 

wet air atmosphere at a temperature of 600 ℃, were found to be 2.1 mS cm-1, 1.1 mS cm-1, 1.5 

mS cm-1 and 3.2 mS cm-1 (Fig. 4.9 (b)), respectively. The proton conductivities achieved in this 

study are among the best reported values in the literature. More specifically, these data are 

always on the level of 10-3 - 10-2 S cm-1 for the tests in wet Air, wet N2, wet H2 or wet Ar 

atmospheres. This demonstrate that the studied BZCLn532 ceramics represent the promising 

proton conductors for future ITSOFC applications. 

As shown in Fig. 4.9 (a) and (b), the BZCY532 and BZCD532 ceramics had a higher total 

conductivities in both dry and wet air atmospheres. However, it is necessary to consider the 

grain size effect in order to figure out the best ionic conductor material among the studied 

BZCLn532 ceramics. From previous studies [112, 113], it is known that the grain size, in both 

oxygen ion conductors and proton conductors, can influence the total conductivity. For dense 

ceramic materials with grain sizes differing by a factor of 2, the total conductivities can differ 

by a factor of 2 - 3. Considering the difference in grain size and the total conductivities (in a 

dry air atmosphere and a wet air atmosphere) between BZCY532 and BZCD532 ceramics, it 

could be concluded that BZCY532 ceramics exhibited the best performance. Therefore, it has 

the highest chance to be used as an ionic conductor. 

In order to get reliable activation energies, two temperature regions were assigned to make the 

curve fitting more reliable. In this figure, a low temperature region (200 - 550 ℃) and a high 

temperature region (600 - 700 ℃) can easily be distinguished. The activation energies of the 

conductivities that were tested in dry and wet air atmospheres for the BZCLn532 ceramics are 

listed in Table 4.2. The activation energies for the conductivities of the BZCLn532 ceramics in 

a dry air atmosphere are always higher than those tested in a wet air atmosphere. This agreed 

well with the reported activation energy for the oxygen ion conduction and the proton 

conduction in an oxygen vacancy-rich perovskite. It was found that the oxygen ion conduction 

dominates the electric conductivity for BZCLn532 ceramics in a dry air atmosphere. In contrast, 

it was the proton conduction that dominated the electric conductivity for BZCLn532 

compounds in a wet air atmosphere. This was especially true for the high temperature data (> 

550 ℃). Also, there is no obvious change in the conduction mechanism among the BZCLn532 

ceramics, when the data of that were tested at the same temperature and using the same 

atmospheres. However, the lower activation energy in the high temperature region indicates 
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that either the oxygen ion conduction or the proton conduction in the BZCLn532 compounds 

possess a clear defect association/disassociation mechanism. 

The proton conductivity tests present lower activation energies than the oxygen ion conduction 

tests for all the BZCLn532 ceramics. However, the conductivities in a wet air atmosphere were 

lower than those in a dry air atmosphere. This discrepancy maybe ascribed to the fact that not 

all the oxygen vacancies will be effective in forming transportable hydroxyl molecules. 

Therefore, only a partial hydration can be achieved. Considering the reality that the activation 

energies are less than 0.6 eV, they should belong to the proton conduction. As this lowered 

activation energies can only be achieved in the high temperature region (> 550 ℃) for all the 

studied BZCLn532 ceramics, the efficient hydration needs to be further improved, if these 

ceramics are to be used for ITSOFC electrolytes in the future. 

 

Fig. 4.9. Arrhenius plots ln(T) versus 1000/T for the BZCLn532 ceramics tested in (a) a dry air and (b) a wet 

air atmosphere. 

Table 4.2. 

Activation energies of the BZCLn532 ceramics, which were tested in a dry air and a wet air atmosphere at 

temperatures of 200 - 700 ℃ (Unit: eV). 

  BZCY532 BZCS532 BZCG532 BZCD532 

Dry air 200 - 550 ℃ 0.91 0.98 0.93 0.88 

 600 - 700 ℃ 0.73 0.89 0.88 0.71 

      

Wet air 200 - 550 ℃ 0.78 0.81 0.79 0.77 

 600 - 700 ℃ 0.39 0.50 0.43 0.38 
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Chapter 5 The effect of NiO on the sintering behaviors and 

conductivities of BZCY532 based ceramics 

5.1 The crystal structure of the BZCY532 based powder and sintered pellets 

In order to check whether there are phase changes after a NiO addition to a BZCY532 based 

powder and dense ceramic pellets, XRD characterization was applied for the powders of 

BZCY532B (1 wt.% NiO was added during ball-milling before a powder mixture calcination) 

and BZCY532N (No NiO was added in the whole preparation procedures) compounds as well 

as the ceramic pellets of BZCY532B, BZCY532N and BZCY532A (1 wt.% NiO was added 

after a powder mixture calcination). 

As shown in Fig. 5.1 (a), the prepared BZCY532B and BZCY532N powders were well-

crystalized, had a cubic perovskite structure, and belonged to the P m-3m space group. However, 

small amounts of impurities in the BZCY532B powder could be detected in the XRD patterns. 

These presented impurities is connected to the addition of NiO. The component of this 

impurities most probably belong to the BaY2NiO5 (BYN) compound. This was confirmed by 

Tong et al. as well as in our previous study, when using the SSRS method to prepare Barium 

zirconate-cerate based proton conductors and using an addition of NiO as a sintering aid [36, 

57, 85, 91, 114]. As the XRD pattern of the BYN compound shows a typical peak at the 2θ 

diffraction angle of 32.5 ± 0.2, the XRD patterns in a 2θ angle range of 32.0 - 32.8 was 

magnified to determine this phase change (Fig. 5.1 (b)). 

 

Fig. 5.1. (a) represents the XRD patterns of the prepared BZCY532B and BZCY532N powders, and (b) shows 

the magnified parts in a 2θ angle range of 32.0 - 32.8. 
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From Fig. 5.2 (a)-(c), it can be seen that the BYN phase can be detected in the XRD patterns of 

the sintered BZCY532B and BZCY532A pellets, when they were sintered at temperatures of 

1300 - 1400 ℃. However, this phase still existed in the pellets when the sintering temperature 

was increased to 1500 ℃. This is different from the results of our previous study focusing on 

the preparation of dense BZCY532 ceramics by using the SSRS method. In that study, the BYN 

phase disappeared, when a 1500 ℃ sintering temperature was used. Though Tong et al. already 

identified that the BYN compound started to melt when the sintering temperature was higher 

than 1450 ℃. In this study, the BYN phase can still be detected at a temperature of 1500 ℃. 

This phenomenon indicates that the sintering mechanism and sintering kinetics are a little bit 

different between our work and Tong et al.’s research. When the sintering temperature 

continued to increase up to 1600 ℃, the BYN phase disappeared (Fig. 5.2 (d)). At this 

temperature, the BYN phase is most probably decomposed and merged into the main BZCY532 

lattice with a Ni substitution at B-site (B-site of the ABO3 perovskite, Zr-site or Ce-site). 

 

Fig. 5.2. XRD patterns of the sintered BZCY532B, BZCY532N and BZCY532A pellets when using the 

following sintering temperatures: (a) 1300 ℃, (b) 1400 ℃, (c) 1500 ℃ and (d) 1600 ℃. 
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5.2 Relative densities and microstructures of the sintered pellets 

As shown in Fig. 5.3, the relative densities of the sintered BZCY532N pellets show a linear 

increase with increased sintering temperatures. Even so, a sintering temperature of 1600 ℃ is 

still necessary to obtain dense BZCY532N ceramics, due to their intrinsic refractory properties. 

Instead, the BZCY532B and BZCY532A samples showed improved sintering abilities and they 

always had higher relative densities than the BZCY532N samples for the same sintering 

temperatures. Moreover, the relative densities of the sintered BZCY532B pellets always 

showed higher values compared to those of the sintered BZCY532A pellets. Furthermore, the 

changes of their relative densities show similar trends. First they increase and then they descend 

as increased sintering temperatures were applied. Also, their relative densities reached a 

maximum value at a temperature of 1400 ℃, but not at a temperature of 1600 ℃. 

 

Fig. 5.3. The relative densities of the sintered BZCY532B, BZCY532N and BZCY532A pellets, when using 

different sintering temperatures. 

In order to better explain this phenomenon in relative-density, the cross-sectional morphologies 

of these sintered pellets were investigated, as is shown in Fig. 5.4. From Fig. 5.4 (a1), it is clear 

that some pores existed in the sintered BZCY532B pellets, when the sintering temperature was 

1300 ℃. Thereafter, as the sintering temperature was increased to 1400 ℃, almost no pores 

could be found (Fig. 5.4 (a2)). It is interesting to note that there are some pores in the sintered 

BZCY532B pellets after they had been sintered at the higher temperatures of 1500 ℃ and 

1600 ℃ (Fig. 5.4 (a3) and (a4)). For sintered BZCY532N pellets, the cross-sectional 

morphologies show a porous structure, when sintering temperatures of 1300 - 1500 ℃ were 

applied (Fig. 5.4 (b1)-(b3)). Finally, the BZCY532N pellets turned into dense ceramics after a 

higher sintering temperature of 1600 ℃ performed (Fig. 5.4 (b4)). Compared to sintered 

BZCY532B pellets, the morphologies of sintered BZCY532A pellets show similar results (Fig. 
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5.4 (c1)-(c4)). The main difference between them is the grain size. More specifically, the mean 

grain size of the sintered BZCY532B pellets are 10 µm, when a 1600 ℃ sintering temperature 

was applied. Meanwhile, the mean grain size is only 1.5 µm for sintered BZCY532N pellets 

and 3 µm for sintered BZCY532A pellets. 

Combined with the lower XRD diffraction intensities for the 2θ angle range of 32.0 - 32.8 can 

confirm this point: not all of the added NiO were reacted to form the BYN phase in the sintered 

BZCY532A pellets. Ni should mainly be presented as NiO. At a temperature of 1600 ℃, the 

decomposition of the BYN compound might facilitate the densification and grain growth [57]. 

According to these results, it can preliminary be concluded that an addition of NiO during a 

powder preparation is more efficient compared to the addition after a powder calcination, with 

respect to a reduced sintering temperature and a faster grain growth. 

 

Fig. 5.4. The cross-sectional morphologies of sintered (a1-a4) BZCY532B, (b1-b4) BZCY532N and (c1-c4) 

BZCY532A pellets. 
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5.3 Conductivities at different atmospheres and different oxygen partial 

pressures 

Dense BZCY532B, BZCY532N and BZCY532A ceramic pellets, sintered at a temperature of 

1600 ℃, were selected for the conductivity investigation. The reason for choosing them is to 

exclude the potential effect of the BYN compound, even if the amount of BYN compound is 

very small and limited. These dense ceramic pellets were tested in dry air, wet N2 and wet H2 

atmospheres, respectively. Fig. 5.5 shows the typical electrochemical impedance spectra (EIS) 

of the BZCY532B, BZCY532N and BZCY532A ceramics, when they were tested at a 

temperature of 600 ℃. Compared to the BZCY532N ceramics, the BZCY532B and BZCY532A 

ceramics always show a reduced resistance, regardless of the testing atmospheres, in dry air, 

wet N2 or wet H2 atmospheres. An equivalent electric circuit of (R1CPE1)(R2CPE2)(R3CPE3) 

was applied for a detailed fitting. In this electric circuit, R1, R2 and R3 represent the bulk, grain-

boundary and electrode resistances, respectively. Moreover, CPE represents the constant phase 

element. Their conductivities were calculated using the following equation: 

σ =
𝐿

𝑆𝑅
                                                                         (5-1) 

where σ is the conductivity, L is the thickness of the electrolyte, S is the tested electrolyte area 

and R is the corresponding resistance of the electrolyte. 

 

Fig. 5.5. Typical impedance spectra of sintered (a) BZCY532B, (b) BZCY532N and BZCY532A ceramics, 

which were tested at a temperature of 600 ℃. 

Their total conductivities data are summarized in the form of Arrhenius plot in Fig. 5.6 (a)-(c). 

In addition, these data are summarized and compared at the same atmosphere in order to better 

illustrate the effect of NiO on their corresponding conductivities, see Fig. 5.6 (d)-(f). 

Furthermore, their conductivities at a temperature of 600 ℃ are summarized and listed in Table 

5.1, to enable a better comparison with previously reported data. 
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From Table 5.1, it can be seen that dense BZCY532 based ceramics (BZCY532B, BZCY532N 

and BZCY532A) have equivalent or even higher conductivities compared to the reported 

literature data. This is true regardless if they were tested in dry air, wet Air, wet N2 or wet H2 

atmospheres. These results further confirm that dense BZCY532 based ceramics are good 

electrolytes for ITSOFC applications. 

 

Fig. 5.6. (a), (b) and (c) represent the conductivities of the sintered BZCY532B, BZCY532N and BZCY532A 

ceramics in dry air, wet N2 and wet H2 atmospheres, respectively. Also, (d), (e) and (f) show a conductivity 

comparison for the different ceramics when they were tested in the same atmosphere. 
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Table 5.1 

A comparison of conductivity data including parts of the widely recognized literature data for 

BaCeO3-BaZrO3 based materials where NiO additions have been used. 

Composition Synthesis NiO addition  Sintering / Grain size R.D.a 

[ % ] 

Conductivity 

[mS cm-1] 

Electronic 

conduction 

Ref. 

BaCe0.9Gd0.1O3-δ 

(BZCG091) 

EDTA 
complexing 

No CS, 1400 ℃ for 4 h /  

1.2 μm 

100 18.4 (wet Air) 

16.5 (wet H2-Ar)  

Yes [81] 

BaCe0.9Gd0.1O3-δ 

(BZCG091) 

EDTA 
complexing 

2 mol.% after 
calcination 

CSb, 1200 ℃ for 10 h /  

0.5 μm 

90 8 (wet Air) 

6 (wet H2-Ar) 

Yes [81] 

BaCe0.9Y0.1O3-δ 

(BZCY091) 

Oxalate co-
preciptation 

4 mol.% after 
calcination 

CS, 1250 ℃ for 10 h /  

≈ 5 μm 

95 7 (wet H2, 500 ℃) 

n.r.c (600 ℃) 

n.r. [44] 

BaCe0.9Gd0.1O3-δ 

(BZCG091) 

Solid-state 

reaction 

No CS, 1600 ℃ for 3 h /  

1 - 3 μm 

86 ≈ 8 (wet air) 

≈ 5.6 (wet H2) 

n.r. [84] 

BaCe0.9Gd0.1O3-δ 

(BZCG091) 

Solid-state 
reaction 

1 mol.% before 
calcination 

CS, 1450 ℃ for 3 h /  

5 - 20 μm 

97 ≈ 10 (wet air) 

≈ 9.5 (wet H2) 

n.r. [84] 

BaZr0.5Ce0.3Y0.2O3-δ 
(BZCY532) 

 1 wt.% before 
calcination 

SSRSd, 1600 ℃ for 5 h 
/ 2 - 3 μm 

98 2.1 (total, wet Air) n.r. [91] 

BaZr0.5Ce0.3Y0.2O3-δ 

(BZCY532) 

Sol-gel No CS, 1550 ℃ for 8 h / 1 
- 5 μm 

n.r. 4.4 (wet H2) n.r. [74] 

BaZr0.1Ce0.7Y0.2O3-δ 
(BZCY172) 

Solid-state 
reaction 

No CS, 1550 ℃ for 10 h / 
n.r. 

n.r. 15 (wet H2/Air) n.r. [115] 

BaZr0.4Ce0.5Y0.1O3-δ 

(BZCY451) 

Co-

precipitatio

n 

No CS, 1650 ℃ for 4 h / 
n.r. 

≥95 8 (wet Air, 700℃) n.r. [116] 

BaZr0.7Ce0.2Y0.1O3-δ 

(BZCY721) 

Solid-state 

reaction 

No CS, 1700 ℃ for 6 h / 
0.5 - 5 μm 

90-

95 

1.89 (wet H2) n.r. [117] 

BaZr0.3Ce0.6Y0.1O3-δ 

(BZCY361) 

Solid-state 

reaction 

No CS, 1700 ℃ for 6 h / 

0.5 - 5 μm 

90-

95 

2.33 (wet H2) n.r. [117] 

BaZr0.6Ce0.3Y0.1O3-δ 

(BZCY631) 

Solid-state 

reaction 

1 wt.% before 

calcination 
SSRS, 1500 ℃ for 4 h / 
3.4 μm 

98.4 4.02 (wet H2/N2) n.r. [64] 

BaZr0.5Ce0.4Y0.1O3-δ 

(BZCY541) 

Solid-state 

reaction 

1 wt.% before 

calcination 
SSRS, 1500 ℃ for 4 h / 
3.3 μm 

98.2 6.08 (wet H2/N2) n.r. [64] 

BaZr0.5Ce0.3Y0.2O3-δ  

(BZCY532B) 

Solid-state 
reaction 

1 wt.% before 
calcination 

CS, 1600 ℃ for 10 h /  

2 - 20 μm (mean value:  
≥ 10 μm) 

97.0 3.4 (dry  air) 

13.8 (wet N2) 

44.6 (wet H2) 

Tiny (≥ 

800 ℃) 

No (≤ 

700 ℃) 

This 
work 

BaZr0.5Ce0.3Y0.2O3-δ  

(BZCY532N) 

Solid-state 
reaction 

No CS, 1600 ℃ for 24 h /  

0.5 - 3 μm (mean value: 
1.5 μm) 

96.4 0.5 (dry air) 

1.1 (wet N2) 

1.5 (wet H2) 

No This 
work 

BaZr0.5Ce0.3Y0.2O3-δ  

(BZCY532A) 

Solid-state 
reaction 

1 wt.% after 
calcination 

CS, 1600 ℃ for 10 h /  

1 - 5 μm (mean value: 
≥ 3 μm) 

96.4 0.9 (dry air) 

1.7 (wet N2) 

4.9 (wet H2) 

Yes This 
work 

a R.D.: relative density; b CS: conventional sintering; c n.r.: not reported; d SSRS: solid-state 

reactive sintering.  
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5.3.1 The analysis of the same sample that was tested in different atmospheres 

When the BZCY532B, BZCY532N and BZCY532A ceramics were tested in different 

atmospheres, the change of their conductivities is very similar. The conductivity data of the 

BZCY532 ceramics, for example, can simply be divided into three parts: (I) 200 - 400 ℃, (II) 

500 - 700 ℃ and (III) 800 ℃. This is valid regardless if they were measured in dry air, wet N2 

or wet H2 atmospheres. More specifically, the total conductivities of the BZCY532B ceramics, 

measured in a dry air atmosphere and in the temperature region (I), is higher than those 

measured in wet N2 and H2 atmospheres (Fig. 5.6 (a)). Moreover, the differences between their 

conductivities are very small. However, their conductivities in a wet H2 atmosphere is always 

higher than those in a wet N2 atmosphere, when the testing temperatures are in the region (II). 

Meanwhile, the conductivities measured in a dry air atmosphere are the lowest. This phenomena 

indicate that proton conductivities exist in wet N2 and H2 atmospheres. 

When the testing temperature continued to increase to region (III), the total conductivities of 

the BZCY532B ceramics in the wet N2 and H2 atmospheres decreased. Meanwhile, the 

conductivities measured in a dry air atmosphere were equal to or even higher than those 

measured in wet N2 and H2 atmospheres. The most probably reason for these decreased 

conductivities in the wet N2 and H2 atmospheres is the dehydration effect. When the testing 

temperature is high enough, e.g. 800 ℃ in this work, the reaction direction of Eq. 1-3 (Equation 

in Chapter 1) will be turned towards the left hand side. This reversed reaction will lead to a 

reduced number of protons and a reduced total conductivity value. For the BZCY532N and 

BZCY532A ceramics (Fig. 5.6 (b)-(c)), the temperature-dependent conductivity behave 

similarly to that of BZCY532B ceramics (Fig. 5.6 (a)). 

5.3.2 The analysis of different samples that were tested in the same atmosphere 

The studies of the proton conductivities were one of the main research interest in this work. 

Therefore, the conductivities of the BZCY532B, BZCY532N and BZCY532A ceramics that 

were tested in a wet H2 atmosphere are discussed to illustrate the effect of NiO on their 

conductivities (Fig. 5.6 (f)). 

In the temperature region of 200 - 700 ℃, the BZCY532B ceramics had the highest total 

conductivity values. The BZCY532A ceramics had the lower conductivity values and the 

lowest values belonged to the BZCY532N ceramics. Normally, a higher concentration of 

oxygen vacancies will lead to more hydroxyl groups or more protons. Therefore, the 



 

43 

conductivities will be increased due to the increased effective charge carriers. Based on this, 

we suppose that the increased conductivities for the BZCY532B and BZCY532A ceramics are 

attributed to an increased number of oxygen vacancies, which occurs after an addition of NiO 

to the ceramics (Eq. 5-2 and Eq. 5-3). It means that the Zr-site or Ce-site was substituted by Ni 

and that this substitution leads to an increased amount of effective proton conducting charge 

carriers. The increased conductivities for the BZCY532B and BZCY532A ceramics in a dry air 

atmosphere can further confirm this finding (Fig. 5.6 (d)). 

𝐵𝑎𝑌2𝑁𝑖𝑂5  
𝐵𝑎𝑍𝑟0.5𝐶𝑒0.3𝑌0.2𝑂3−𝛿
→                𝐵𝑎𝐵𝑎

𝑋 + 2𝑌𝑍𝑟
′ + 𝑁𝑖𝑍𝑟

′′ +  2𝑉𝑂
.. + 5𝑂𝑂

𝑋             (5-2) 

𝐵𝑎𝑌2𝑁𝑖𝑂5  
𝐵𝑎𝑍𝑟0.5𝐶𝑒0.3𝑌0.2𝑂3−𝛿
→                𝐵𝑎𝐵𝑎

𝑋 + 2𝑌𝐶𝑒
′ + 𝑁𝑖𝐶𝑒

′′ +  2𝑉𝑂
.. + 5𝑂𝑂

𝑋             (5-3) 

When the testing temperature is up to 800 ℃, the total conductivities of the BZCY532B 

ceramics decreased due to the dehydration effect. Even if the total conductivities of the 

BZCY532N and BZCY532A ceramics can still increase a little, the increase of their 

conductivities is decelerated due to the dehydration effect and the reduced number of proton 

charge carriers which are available at this temperature. 

5.3.3 The total conductivities at different oxygen partial pressures 

A NiO addition led to improved conductivities for BZCY532B and BZCY532A ceramics 

compared to pure BZCY532N ceramics, regardless if they were tested in dry air, wet N2 and 

wet H2 atmospheres. However, a potential electronic conduction should be determined before 

final applications as ITSOFC electrolytes. Therefore, the total conductivities of these three 

kinds of ceramics were tested in a broad range of oxygen partial pressures (OPPs), 1 - 10-24 atm. 

For BZCY532B ceramics (Fig. 5.7 (a)), the total conductivities showed a decreased tendency 

with a decreased oxygen partial pressure, when they were tested at temperatures of 600 - 700 ℃. 

This was induced by the reduced oxygen content in the decreasing oxygen partial pressures, 

which led to a reduced hole conduction (Eq. 5-4) and a reduced oxygen ion conduction. 

However, its total conductivity at 800 ℃ showed an increase, when the oxygen partial pressure 

was lower than 10-15 atm. This phenomenon indicate that there might be some electronic 

conduction inside, when the BZCY532 ceramics were exposed to a reducing atmosphere and 

the testing temperature was higher than 800 ℃. Ni2+ might be reduced to form Ni at this 

temperature in severe reducing atmosphere. 

1

2
𝑂2 + 𝑉𝑂

..  ↔ 2ℎ. + 𝑂𝑂
𝑋                                                             (5-4) 
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For pure BZCY532N ceramics (Fig. 5.7 (b)), the total conductivities showed a decreased 

tendency with decreased oxygen partial pressure, when they were tested at temperatures 

between 600 ℃ to 800 ℃. This indicate that the pure BZCY532N ceramics should be pure 

oxygen ion and proton conductors. In contrast to the BZCY532B and BZCY532N ceramics, 

the BZCY532A ceramics showed an obvious electronic conductivity, when they were exposed 

to a reducing atmosphere and when they were tested at temperatures between 600 ℃ to 800 ℃. 

Linked with XRD analysis, where sintered BZCY532A pellets were confirmed to have some 

NiO not incorporated into lattice through the BYN phase formation, it is very possible that those 

NiO reduced into Ni particles when the materials use in such a reducing atmosphere (600 - 

800 ℃, PO2 < 10-2 atm). 

 

Fig. 5.7. The total conductivities of the sintered (a) BZCY532B, (b) BZCY532N and (c) BZCY532A ceramics, 

when they were tested in oxygen partial pressures of 1 - 10-24 atm and at temperatures of 600 - 800 ℃. 

5.4 Possible reaction mechanism between NiO and the main BZCY532 phase 

As the addition of NiO is different during the preparation of dense ceramics, the final presence 

of Ni element in the BZCY532B and BZCY532A ceramics should show some differences. For 

BZCY532B ceramics, NiO was added during the ball-milling process before the calcination 

procedure, in which solid solution of BZCY532 was formed. Therefore, the Ni element might 

firstly form a BYN compound after the powder calcination. This BYN compound still existed, 

when the BZCY532B green bodies were sintered at temperatures between 1300 ℃ to 1500 ℃. 

When the sintering temperature is as high as 1600 ℃, the BYN compound will be decomposed 

totally and possibly all Ni element substituted part of the B-site element (Zr or Ce). In this case, 

more oxygen vacancies can be created. These extra oxygen vacancies will always lead to more 

effective charge transfer carriers as well as enhanced oxygen and proton conductivities. This 

phenomena should also apply for our previous study, in which the SSRS method was used to 
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prepare dense BZCY532 ceramics with an addition of 1 wt.% NiO [91]. As for the BZCY532A 

ceramics, the NiO will be more difficult to form a BYN phase when it was added into the pre-

existing lattice of pure BZCY532 compounds. Instead, its function should be more equivalent 

to that of sintering aids [79]. Even parts of NiO was transformed into a BYN compound at a 

high sintering temperature by the reaction with the BZCY532 phase. There is some NiO left 

after sintering. As the well-known catalytic effect, the NiO compound has a catalytic properties 

for H2 to be transferred to H+, especially at high temperatures. Therefore, it is still rational to 

obtain improved proton/oxygen conductivities for BZCY532A ceramics. However, these 

residue NiO will be easily reduced to Ni particles and thus lead to the increased electronic 

conduction in severe reducing atmospheres. 

Therefore, it is more preferable to add the NiO powder during the BZCY532 powder 

preparation compared to the addition of NiO after the BZCY532 powder preparation. In 

addition, the NiO addition after the BZCY532 powder preparation is detrimental for final 

ITSOFC applications.  
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Chapter 6 Dense BZCY532 ceramics prepared by spark plasma 

sintering 

6.1 Phase and microstructure analysis 

The oxygen partial pressure is very low during the SPS process, which is very much difference 

from the conventional sintering method where a normal air atmosphere is used. The XRD and 

EDS characterizations were firstly conducted to confirm whether there are phase changes and 

elemental losses during the preparation of ceramic pellets. Meanwhile, the morphologies and 

grain sizes of the prepared pellets was determined by using SEM. From Fig. 6.1 (a), it can be 

seen that the synthesized powder and sintered pellet of BZCY532 compound are pure and 

contain no other impurities. Moreover, the peaks of the XRD patterns are sharp, which indicates 

that both the powders and pellets are well crystallized. The small peak shift should be attributed 

to the smaller lattice parameter of BZCY532 at a condense state, compared to its loose powder 

state. The EDS result confirms that there is no element losses after sintering (Fig. 6.1 (b)). The 

relative densities of the BZCY532-1350-5 (BZCY532-1350-5 means that the BZCY532 pellets 

were prepared at a temperature of 1350 ℃ and using a holding time of 5 min) ceramics are 

0.995 and the grain sizes of them are in the range of 400 - 500 nm (Fig. 6.1 (c)). The relative 

densities of these samples are even higher than the results found in our previous study, which 

included an addition of 1 wt.% NiO [91]. Therefore, these results indicate that the SPS is a 

reliable method to prepare dense BZCY532 ceramics. 

 

Fig. 6.1. (a) XRD patterns of the BZCY532 powder and the BZCY532-1350-5 pellet, (b) EDS and elemental 

content analysis of the BZCY532-1350-5 pellet, and (c) the cross-sectional morphology of the BZCY532-1350-5 

pellet. 
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6.2 The effect of sintering temperatures and cooling rates on the preparation of 

dense BZCY532 ceramics 

Dense BZCY532 ceramics were only successfully prepared at a temperature of 1350 ℃. An 

excessive sintering temperature, e.g. sintering temperatures of 1400 - 1600 ℃ that were used in 

Chapters 3 - 5, is not favorable for BZCY532 sintering when SPS method is used. High sintering 

temperatures, 1400 - 1600 ℃, always lead to cracked samples after the SPS experiments. Here, 

we use the results of SPS sintering at 1550 ℃ to show some details. The prepared BZCY532-

1550-5 pellets were cracked and an obvious stratification phenomenon was detected (Fig. 6.2). 

Viewed from the side, the cracked pieces can be divided into two parts: a dark layer and an 

yellow layer (Fig. 6.2 (a)). Moreover, there is a clear fracture interface between the dark and 

the yellow layer. In addition, the cross-sectional morphologies of the dark and yellow layers 

are shown in Fig. 6.2 (b) and Fig. 6.2 (c), respectively. From the morphologies of dark layer 

and yellow layer, it can be seen that their morphologies showed a big difference with respect to 

the grain size. To be specific, the yellow layer showed a very large grain size, while the dark 

layer showed a relative smaller grain size. Moreover, the hardness of this sample is very low. 

More specifically, these cracked pieces can easily be changed from a bulk shape into a powder 

shape, even if only a low stress was applied. 

 

Fig. 6.2. (a) Cross-sectional morphologies of the BZCY532-1550-5 pellet, (b) represents magnified parts of the 

yellow circle, while (c) shows magnified parts of the black circle. 
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In Ricote et al.’s tentative study of BaZr0.7Ce0.2Y0.1O3-δ (BZCY721) and BaZr0.3Ce0.6Y0.1O3-δ 

(BZCY361) compounds by using the SPS method, the prepared BZCY721 and BZCY361 

pellets were totally disintegrated after a few days [89, 90]. Moreover, a color difference between 

the bulk and the superficial layer could also be seen. In their following work on a 

BaZr0.7Ce0.2Y0.1O3-δ/Sr0.95Ti0.9Nb0.1O3-δ (BZCY721-STN) preparation, the sintering 

temperature was lowered to 1350 ℃. Even so, the prepared BZCY721-STN pellets did also 

crack into pieces after a thermal treatment [65]. This phenomena was attributed to the presence 

of unfavorable Ce3+ ions, which were generated during the SPS process due to the reducing 

atmosphere. The radii of Ce3+ ion is larger than that of Ce4+ ion, this possibly can introduce 

extra mechanical stress during the SPS process if the reduction of Ce4+ happened. At 

temperatures of ≥ 1400 ℃, the Ce4+ ion show a faster reaction kinetics to be reduced to Ce3+ 

ion in SPS. This is due to the fact that the oxygen partial pressure in the furnace chamber is 

very low and thus it can be considered as a reducing atmosphere. In addition, the Ce segregation 

behavior will be more severe when the sintering temperature is higher than 1400 ℃, especially 

in the presence of Ce3+ ions [118, 119]. Therefore, an excessive sintering temperature (≥ 

1400 ℃) for Ce-containing BZCY532 compound is detrimental for obtaining dense ceramics. 

Besides choosing a lower sintering temperature (< 1400 ℃) for preparation of dense BZCY532 

ceramics, the cooling rate is another key parameter to control during sintering. In Ricote et al.’s 

research work [65, 89, 90], the cooling step was controlled with a cooling rate of 100 - 25 ℃/min. 

The results were found to be most consistent when using a heating rate of 25 ℃/min. Also, the 

punch die was removed when the chamber temperature was cooled down to 180 ℃. The cooling 

time in Ricote et al.’s work is too long, which will lead to an excessive generation of Ce3+ 

during this cooling process. More specifically, the cooling time during a BZCY721-STN 

preparation was around 47 min from 1350 ℃ down to 180 ℃, when choosing a cooling rate of 

25 ℃/min. In contrast to Ricote et al.’s work, the cooling time in current work is less than 5 

min, when the sintering temperature dropped from 1350 ℃ down to around 400 ℃. The cooling 

rate in this work is more than 200 ℃/min, especially during the initial 1 - 2 min when the heating 

was stopped. The achieved results show that the prepared BZCY532 ceramic pellets have better 

mechanical properties than those of Ricote et al.’s work. McLean et al. pointed out that the 

degrees of segregation under equilibrium conditions would be increased when the temperature 

was dropped [120]. Further, Waite et al. noted that a very fast cooling rate was required after 

an annealing treatment in order to freeze this high temperature "equilibrium" situation [121]. 

Based on these findings, it can be concluded that a lower sintering temperature (< 1400 ℃) and 
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a very fast cooling rate (> 200 ℃/min) are two critical parameters to control to successfully 

prepare dense BZCY532 ceramics by using the SPS technique. 

6.3 Conductivities at different atmospheres and at different oxygen partial 

pressures 

To enable a better comparison of our data with reported results and to further determine if this 

method is feasible and reliable, the total conductivities of the BZCY532-1350-5 pellets were 

determined in a dry air, a wet N2 and a wet H2 atmosphere, respectively. The total conductivities 

of the BZCY532-1350-5 samples were 0.7 mS cm-1, 1.4 mS cm-1 and 2.6 mS cm-1 when they 

were tested at a temperature of 600 ℃ in a dry air atmosphere, a wet N2 atmosphere and a wet 

H2 atmosphere (Fig. 6.3 (a)), respectively. The obtained conductivity data is lower than Fabbri 

et al.’s results for BZCY532 ceramics, which showed a total conductivity of 4.4 mS cm-1 when 

they were tested in a wet H2 atmosphere [74]. This should be attributed to the grain size effect 

[112]. More specifically, the grain size of BZCY532 ceramics in Fabbri et al.’s work was 1 - 5 

μm, while the grain size is only 400 - 500 nm in our work. The total conductivities of the 

BZCY532-1350-5 samples should increase by 2 to 3 times, if the grain size is similar to their 

data. Even so, the proton conductivities achieved in this study were also as high as previously 

reported results, which ranged from 10-3 S cm-1 to 10-2 S cm-1 in wet H2, wet Ar or wet N2 

atmospheres with grain sizes in a range of 0.5 - 10 μm [33, 60, 115-117, 122]. A further detailed 

comparison with previous studies is shown in Table 6.1. 

In view of that the oxygen partial pressure in the furnace chamber is as low as 10-3 Pa during 

sintering, part of Ce4+ in the BZCY532 compound may be reduced to Ce3+ after sintering. This 

Ce reduction will lead to an unfavorable electronic conduction. In order to determine the 

potential electronic conduction in these sintered pellets, the total conductivities of BZCY532-

1350-5 samples at different oxygen partial pressures (1 - 10-24 atm) were also measured and the 

results are shown in Fig. 6.3 (b). The total conductivities decrease as the oxygen partial pressure 

was dropped from 1 atm to 0.1 atm. This phenomena should be attributed to a lowering of the 

oxygen content in the testing atmosphere, which results in a lowered hole conduction for the 

high oxygen partial pressure condition (Eq. 6-1). However, the conductivities increase a lot 

when the oxygen partial pressure was set to a value of 0.01 atm. This phenomenon might be 

attributed to the newly generated oxygen vacancies, which is provided by the lattice oxygen in 



 

50 

the H2 and the water free atmospheres under low oxygen partial pressure conditions (Eq. 6-2). 

On the other hand, it might also be caused by a reduction of Ce4+. 

1

2
𝑂2 + 𝑉𝑂

..   ⇔ 𝑂𝑂
𝑋 + 2ℎ.                                                                (6-1) 

𝑂𝑂
𝑋  ⇔ 

1

2
𝑂2 + 𝐵𝑂

.. + 2𝑒′                                                                (6-2) 

Overall, the total conductivities increased slightly even if the oxygen partial pressure continued 

to decrease and was lowered to a value of 10-24 atm at a temperature of 600 ℃. Moreover, the 

changes of the total conductivity were very similar for the applied temperatures of 600 - 800 ℃. 

According to the previous studies of doped CeO2 and BaCeO3 ceramics about their potential 

electronic conduction, the total conductivity usually showed a dramatically increase when the 

oxygen partial pressure was lower than 10-15 atm and the electronic conduction was activated 

[123-128]. According to the above results, it can easily be seen that the conductivities of the 

BZCY532-1350-5 samples have a weak electronic conductivity contribution in a wide oxygen 

partial pressure range of 10-2 - 10-24 atm. This can be contributed to the fast cooling process and 

the thermal heating treatment, which can reduce the Ce3+ formation and reoxidize the Ce3+ back 

to Ce4+, respectively. 

 

Figure 6.3. The total conductivities of the BZCY532-1350-5 samples (a) in different testing atmospheres and (b) 

at different oxygen partial pressures.  
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Table 6.1 

A comparison of widely recognized literature results of BaCeO3-BaZrO3 based materials. 

Composition Synthesis Sintering / Grain size R.D.a) 

[ % ] 

Conductivity at 600 ℃ 

[mS cm-1] 

Ref. 

BaZr0.0Ce0.8Y0.2O3-δ (BZCY082) Sol-gel CSb), 1500 ℃ for 8 h / 3 - 10 μm 93 10 (total, wet H2) [74] 

BaZr0.3Ce0.5Y0.2O3-δ (BZCY352) Sol-gel CS, 1500 ℃ for 8 h / 2 - 8 μm n.r. c) 7.8 (total, wet H2) [74] 

BaZr0.5Ce0.3Y0.2O3-δ (BZCY532) Sol-gel CS, 1550 ℃ for 8 h / 1 - 5 μm n.r. 4.4 (total, wet H2) [74] 

BaZr0.5Ce0.3Y0.2O3-δ (BZCY532) Solid-state reaction SPSd), 1350 ℃ for 5 min / 400 - 

500 nm 

99.5 2.6 (total, wet H2) 
[this work] 

BaZr0.5Ce0.3Y0.2O3-δ (BZCY532) Solid-state reaction SPS, 1350 ℃ for 5 min / 400 - 

500 nm 

99.5 1.4 (total, wet N2) 
[this work] 

BaZr0.4Ce0.5Y0.1O3-δ (BZCY451) Solid-state reaction CS, 1700 ℃ for 10 h / n.r. 95 4.7 (total, wet H2) [33] 

BaZr0.6Ce0.3Y0.1O3-δ (BZCY631) Solid-state reaction CS, 1750 ℃ for 5 h / n.r. 95 2.1 (total, wet H2) [33] 

BaZr0.1Ce0.7Y0.2O3-δ (BZCY172) Solid-state reaction CS, 1550 ℃ for 10 h / n.r. n.r. 15 (total, wet H2/Air) [115] 

BaZr0.4Ce0.5Y0.1O3-δ (BZCY451) Co-precipitation CS, 1650 ℃ for 4 h / n.r. ≥95 8 (total, 700℃, wet Air) [116] 

BaZr0.4Ce0.4Sc0.2O3-δ (BZCS442) Solid-state reaction CS, 1600 ℃, time (n.r.) / n.r. 75 1.06 (total, wet H2/Air) [122] 

BaZr0.9Ce0.0Y0.1O3-δ (BZCY901) Solid-state reaction CS, 1700 ℃ for 6 h / 500 nm 90 1.66 (total, wet H2) [117] 

BaZr0.7Ce0.2Y0.1O3-δ (BZCY721) Solid-state reaction CS, 1700 ℃ for 6 h / 0.5 - 5 μm 90-95 1.89 (total, wet H2) [117] 

BaZr0.3Ce0.6Y0.1O3-δ (BZCY361) Solid-state reaction CS, 1700 ℃ for 6 h / 0.5 - 5 μm 90-95 2.33 (total, wet H2) [117] 

BaZr0.0Ce0.9Y0.1O3-δ (BZCY091) Solid-state reaction CS, 1700 ℃ for 6 h / 2 - 5 μm 95 11.71 (total, wet H2) [117] 

BaZr0.9Ce0.0Y0.1O3-δ (BZCY901)  SSRSe), 1500 ℃ for 4 h / 1.3 μm 98 1.53 (total, wet H2/N2) [64] 

BaZr0.8Ce0.1Y0.1O3-δ (BZCY811)  SSRS, 1500 ℃ for 4 h / 3.1 μm 98.2 1.78 (total, wet H2/N2) [64] 

BaZr0.7Ce0.2Y0.1O3-δ (BZCY721)  SSRS, 1500 ℃ for 4 h / 3.3 μm 98.1 2.08 (total, wet H2/N2) [64] 

BaZr0.6Ce0.3Y0.1O3-δ (BZCY631)  SSRS, 1500 ℃ for 4 h / 3.4 μm 98.4 4.02 (total, wet H2/N2) [64] 

BaZr0.5Ce0.4Y0.1O3-δ (BZCY541)  SSRS, 1500 ℃ for 4 h / 3.3 μm 98.2 6.08 (total, wet H2/N2) [64] 

BaZr0.5Ce0.3Y0.2O3-δ (BZCY532)  SSRS, 1600 ℃ for 5 h / 2 - 3 μm 98 2.1 (total, wet Air) [91] 

BaZr0.4Ce0.4Y0.2O3-δ (BZCY442) Sol-gel (4% ZnO) CS, 1450 ℃ for 5 h / 0.3 - 1 μm 95 5.31 (total, wet H2) [68] 

a) R.D.: relative density; b) CS: conventional sintering; c) n.r.: not reported; d) SPS: spark plasma 

sintering; e) SSRS: solid-state reactive sintering with an addition of 1 wt.% NiO. 
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6.4 X-ray photoelectron spectroscopy of BZCY532-1350-5 ceramics 

X-ray photoelectron spectroscopy (XPS) measurements were conducted to determine the Ce 

oxygen state of BZCY532-1350-5 ceramics (Fig. 6.4). According to the well-recognized study 

on XPS of Ce3+ and Ce4+, the peaks at binding energies of 917.14 eV, 902.04 eV, 899.12 eV, 

889.59 eV and 883.20 eV belong to the Ce4+ 3d state, while the peaks at binding energies of 

904.95 eV and 886.88 eV belong to the Ce3+ 3d state [129, 130]. Based on the data of an area 

integration, the concentration of Ce3+ in the dense BZCY532-1350-5 pellets is around 3.5 atm.% 

of the total Ce element. This can further alleviate the risk of electronic conduction that 

contributed to Ce3+. 

 

Fig. 6.4. Ce 3d XPS spectrum of the BZCY532-1350-5 sample. 
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Chapter 7 Preliminary study of the SDC-BZCY532 composite 

electrolytes 

7.1 The phases of the composite electrolytes 

According to the obtained XRD data, it can be determined that the synthesized Ce0.8Sm0.2O2-δ 

(SDC) compound has a fluorite structure (space group Fm-3m). From the XRD patterns of the 

SDC-BZCY532 composite electrolytes (Fig. 7.1), it is obvious that all the composite 

electrolytes can retain their own structures after being sintered at a temperature of 1650 ℃. In 

addition, no new phases can be detected. This indicates that no severe chemical reactions took 

place between these two compounds during the sintering process. 

 

Fig. 7.1. XRD patterns of the SDC-BZCY532 composite electrolytes after they were co-sintered at a temperature 

of 1650 ℃ during 5 h. 

7.2 The sintering behaviors of the composite electrolytes 

In order to get reliable and solid data to carry out a conductivity comparison as well as a 

conduction mechanism analysis, all the composite electrolytes were sintered at temperatures of 
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1400 - 1650 ℃ and using a constant holding time of 5 h. The results show that the higher 

sintering temperatures result in higher relative densities. More specifically, the pure SDC 

compound always shows a better sinterability at all temperatures and the corresponding relative 

densities are always higher than 0.94. However, the pure BZCY532 compound shows a poor 

sinterability, especially at the lower sintering temperatures of 1400 - 1500 ℃. At the same time, 

their composite electrolytes are also difficult to be sintered in this region. This phenomenon is 

more obviously reflected in the BZCY532-rich materials. Fortunately, the relative densities of 

all the composite electrolytes can reach a value of 0.94, when a sintering temperature of 1600 ℃ 

was applied. A further increase of the sintering temperature up to 1650 ℃ (the highest 

temperature that can be applied in our lab), the relative densities of all the composite electrolyte 

pellets can at least reach a value of 0.98. Combined with the XRD data above, all the composite 

electrolytes that were used for the conductivity comparisons and conduction mechanism 

analysis were sintered at a temperature of 1650 ℃. 

 

Fig. 7.2. The influence of sintering temperatures and the content of BZCY532 compound on the final relative 

densities of the composite electrolytes. 
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7.3 Morphologies of the composite electrolytes 

From Fig. 7.3, it can be seen that all the composite electrolytes have similar grain sizes (2 - 3 

μm). Thus, it is possible to exclude the effect of the grain size on the conductivity in the 

following comparison. 

 

Fig. 7.3. The morphologies of the SDC-BZCY532 composite electrolytes, which were sintered at a temperature 

of 1650 ℃ and using a time of 5 h. 

7.4 Conductivities of the composite electrolytes 

Fig. 7.4 shows the total conductivities of different weight ratios of SDC-BZCY532 composite 

electrolytes, when they were measured at temperatures between 400 ℃ and 700 ℃ in a dry air 

atmosphere. Overall, the 60SDC-40BZCY532 electrolyte shows the highest conductivity. In 
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contrast, the 40SDC-60BZCY532 electrolyte shows the lowest conductivity. In addition, the 

10SDC-90BZCY532 electrolyte has a higher conductivity than the pure BZCY532 electrolyte. 

 

Fig. 7.4. Conductivities of SDC-BZCY532 composite electrolytes as a function of temperature and BZCY532 

content tested in a dry air atmosphere. 
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Chapter 8 Conclusions 

The focus in this thesis was BaZr0.5Ce0.3Y0.2O3-δ (BZCY532) based ceramics. Their powders 

were synthesized by the modified solid-state reaction method and the co-precipitation method. 

After a powder preparation, these powders were first compacted by using an uniaxial press or 

a cold-isostatic press, to form strong bulk green bodies. After that, they were sintered by using 

a conventional sintering method and a solid-state reactive sintering (SSRS) method. In addition, 

the BZCY532 powder was for the first time sintered by a novel spark plasma sintering (SPS) 

method. The sintering behavior, microstructure development and the conductivities of the 

prepared ceramics were investigated in detail. Moreover, the effect of NiO on the sintering 

behaviors and conductivities was systematically studied. Based on the results, a reaction 

mechanism between the NiO compound and the main BZCY532 component was proposed. 

According to the obtained results, the main conclusions from this study can be summarized as 

follows: 

1) The water-based milling method can produce better powders than the traditional alcohol-

based milling method. In addition, this method lowered the calcination temperature compared 

to the traditional alcohol-based milling method. 

2) It has been proven that the SSRS method represent a cost-effective sintering method to 

prepare dense Barium zirconate-cerate ceramics, e.g. dense BZCY532 ceramics. In addition, it 

is proven that NiO can improve the sintering behaviors of the BZCLn802, BZCLn532 and 

BZCLn172 systems. This is due to the formation of BaLn2NiO5 compounds, which were 

considered to be “sintering catalyst” during the sintering process. Moreover, it is found that the 

sintering temperature will decrease when the Ce content is increased. Furthermore, the radii of 

the dopant ions similar to the radii of Zr4+ or Ce4+ show a better sintering ability, which makes 

it possible to obtain dense ceramics at lower temperatures. 

3) The achieved results identified that pure dense BZCY532 ceramics are good candidates 

for oxygen ion conductors as well as for proton conductors used for ITSOFC electrolytes. 

4) An addition of NiO powder before a powder calcination or after a powder calcination 

both lead to an improved sintering of BZCY532 compounds. In addition, it is more preferable 

to add the NiO powder before a powder calcination to obtain dense BZCY532 ceramics 

compared to adding NiO after a powder calcination. Moreover, the addition of NiO before a 

powder calcination can accelerate the grain growth, while the grain growth improvement is 
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limited when NiO addition is made after a powder calcination. Furthermore, the addition of 

NiO before a powder calcination will not introduce an electronic conduction, when the prepared 

BZCY532B ceramics are exposed to a severe reducing atmosphere (PO2 < 10-2 atm) and the 

testing temperature is lower than 800 ℃. However, there is an obvious electronic conduction 

(600 - 800 ℃, PO2 < 10-2 atm), when choosing an addition of NiO after a powder calcination. 

In short, it is beneficial to add the NiO powder before a powder calcination with respect to the 

improvement of densification and conductivity as well as to avoid the unfavorable electronic 

conduction. 

5) It is confirmed that the SPS method is an alternative sintering method to prepare dense 

Ce-containing BaZrO3-BaCeO3 based proton conductors, e.g. dense BZCY532 ceramics. It is 

found that a lower sintering temperature (< 1400 ℃) and a fast cooling rate (> 200 ℃/min) are 

two key parameters to control for a successful preparation of dense BZCY532 ceramics. 

6) Though the studies of the SDC-BZCY532 composite electrolytes just have started, the 

enhanced conductivities of the 60SDC-40BZCY532 composite electrolytes provide us with a 

new route to find better materials to be used for ITSOFC electrolytes. 

To summarize, BaZrO3-BaCeO3 based proton conductors represent promising materials that 

can be used for future ITSOFC electrolytes. 
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Chapter 9 Future work 

Based on current obtained results in this thesis, the following future work is suggested: 

1) The effect of NiO on the sintering behaviors, conductivities and their internal reaction 

mechanisms for other BaZrO3-BaZrCeO3 based proton conductors should be studied. 

2) As the dense BZCY532 ceramics were successfully prepared by the SPS method, it is 

necessary to carry out a systematic study with respect to the preparation of dense BaZrxCe0.8-

xY0.2O3-δ (0.7 ≥ x ≥0.5, BaZr0.6Ce0.2Y0.2O3-δ (BZCY622) and BaZr0.7Ce0.1Y0.2O3-δ (BZCY712) 

and BaZrxCe0.9-xY0.1O3-δ (0.8 ≥ x ≥0.5, BaZr0.5Ce0.4Y0.1O3-δ (BZCY541), BaZr0.6Ce0.3Y0.1O3-δ 

(BZCY631), BaZr0.7Ce0.2Y0.1O3-δ (BZCY721) and BaZr0.8Ce0.1Y0.1O3-δ (BZCY811)) ceramics 

by using the SPS method. During these future studies, the effects of the sintering temperatures, 

holding times and the Ce-contents on the final qualities of the prepared ceramics should be 

systematically studied. 

3) The conductivities of the SDC-BZCY532 composite electrolytes should be studied 

systematically. In addition, their reaction mechanism should be studied in-depth. 

4) It is necessary to perform some full cell performance measurements. In this thesis, the 

studies of the different electrolytes are focused on conductivity properties. Though some of 

them were tested in different atmospheres and at different oxygen partial pressures, no 

characterizations of a full cell performances has been carried out yet. It is an indispensable work 

to be done before a final practical application of the electrolytes can be accomplished. 
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