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ABSTRACT 

 A novel ceramic protonic/electronic conductor composite BaCe0.2Zr0.7Y0.1O3-δ / 

Sr0.95Ti0.9Nb0.1O3-δ (BCZY27/STN95: BS27) has been synthesized, and its electrical 

properties and hydrogen permeability have been investigated. The volume ratio of the 

STN95 phase was varied from 50 – 70 % to test the effects on conductivity and 

hydrogen permeability. BCZY27 and STN95 powders were prepared by solid state 

reaction, and membrane samples were fabricated through conventional and spark 

plasma sintering techniques. The phase composition, density, and microstructure were 

compared between the sintering methodologies. Total conductivities of 0.01 – 0.06 

S·cm-1 were obtained in wet (+1 % H2O) dilute H2/(N2, He, Ar) from 600 – 800 C for 50 

volume % STN95. With increasing STN content (60 and 70 volume %), conductivity 

generally increased, though remained lower than predicted by standard effective 

medium models, even at 70 volume % STN95. A new effective medium model was 

proposed, which accounted for an interfacial resistance term associated with the 

heterojunctions formed between the BCZY27 and STN95 phases. Better fits for the 

measured data were achieved with this new method, although some effects remain 

unexplained. Discrepancies between the model and experiment were attributed to 

space charge effects, grain boundary resistances, and insulating impurity phase 

formation during synthesis. Dense BS27 samples were tested for high-temperature 

hydrogen permeation and a measured flux of 0.006 µmol·cm-2·s-1 was recorded for a 50 

volume % STN95 sample at 700 C, using dry argon as a sweep gas. This value 

represents a modest improvement on other ceramic composite membranes, but 
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remains short of targets for commercialization. Persistent leaks in the flux experiments 

generated a shallower hydrogen gradient across the samples, although this p(H2) on the 

sweep side simultaneously decreased the oxygen partial pressure gradient across the 

sample and preserved the reduced state of the membrane. The addition of thin 

palladium layers (100 nm) to another 50 volume % STN95 sample increased the flux 

five-fold to 0.026 µmol·cm-2·s-1 at 700 °C. Experiments on 60 and 70 volume % STN95 

samples revealed no measurable hydrogen flux, which was attributed to the proton-

conducting BCZY27 phase being non-percolating for these compositions. 
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CHAPTER 1 

INTRODUCTION 

 Ceramic materials hold unique and attractive properties for energy conversion 

and storage applications. In general, while oxides lack the tensile strength and 

mechanical flexibility of metals and polymers, their refractory nature, chemical and 

thermal stabilities, and compressive strength give them advantages in high-

temperature, corrosive, and otherwise harsh environments, such as power plants, 

space-based systems, and geothermal wells. Additionally, the electrical properties of 

many ceramic materials can be tuned and tailored through chemistry and processing to 

produce a desired effect, from ferroelectric and dielectric characteristics to high 

electrical and ionic conductivities, including multi-species transport. This dissertation 

focuses on the application of ceramic materials to high-temperature gas separation 

applications—specifically hydrogen permeation—where optimizing multi-species 

transport is crucial. Ceramic-based hydrogen permeable membrane reactors are under 

consideration for a number of energy conversion and separation reactions, including 

new routes to replace conventional jet fuel production, if performance can be optimized 

[1]. 

 This dissertation is based on two publications generated during the project, one 

of which is published and the other ready for submission: 

1. J. S. Fish, S. Ricote, F. Lenrick, L. R. Wallenberg, T. C. Holgate, R. O’Hayre, N. 

Bonanos, “Synthesis by spark plasma sintering of a novel protonic/electronic 
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conductor composite: BaCe0.2Zr0.7Y0.1O3-δ/Sr0.95Ti0.9Nb0.1O3-δ (BCZY27/STN95),” 

Journal of Materials Science, 48, 2013, pp. 6177-6185 

2. J. S. Fish, S. Ricote, R. O’Hayre, N. Bonanos, “Hydrogen permeability and 

electrical properties of the protonic/electronic composite BaCe0.2Zr0.7Y0.1O3-

δ/Sr0.95Ti0.9Nb0.1O3-δ (BCZY27/STN95),” ready to submit (to Advanced Energy 

Materials), 2014 

This chapter gives a background on the specific ceramic materials of interest to the 

current work, in particular some history of mixed proton/electron-conducting oxides. The 

motivation for the research is presented, as well as a chapter outline for this 

dissertation. 

 

1.1 Perovskite Oxides 

 Perovskite-type oxides have been studied extensively in fuel cell and membrane 

research [2-14]. The simple-cubic perovskite structure of the formula ABO3, where A 

and B represent different cation species, is diagramed in Figure 1.1. Typically, the larger 

A-site cation has a +2 or +3 valence, while the smaller B-site cation has a +4 or +5 

valence. This difference in effective charge between the A and B cations allows for a 

wide variety of aliovalent doping and substitution to alter electrical and structural 

properties. For the simple cubic variety of perovskite oxides, like those studied in the 

current work, the configuration of the ions in the lattice presents opportunities to 

manipulate electrical, optical, and magnetic (e.g., LiNbO3 [15]) properties through ion 

substitution and doping. By inserting cations of higher valence than the host lattice 

(donor-doping), extrinsic electronic defects can be created through donated conduction 
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electrons or formation o\f electron holes, which enhance electrical conductivity. 

Conversely, by inserting cations of lower valence (acceptor-doping), ionic defects 

(oxygen vacancies) can be generated. In both cases, global electroneutrality is 

maintained in the material by these charge compensation mechanisms. 

 

 

Figure 1.1: Simple-cubic perovskite structure for BaZrO3 centered on the B-site Zr4+ 

cation. The ions are proportionally sized based on ionic radii data for their coordination 
numbers [16]. 
 

 For example, Sr-doped LaMnO3 (LSM) is a popular material for oxygen 

electrodes in oxide ion conducting solid oxide fuel cells (SOFC), since the substitution of 

Sr2+ for La3+ generates extrinsic oxygen vacancies. LSM is often paired with the long-

studied ceramic-metal composite (cermet) Ni/Y-stabilized ZrO2 (Ni/YSZ) hydrogen 

electrode [17, 18]. Nickel metal’s high electronic conductivity and strong catalytic ability 

to dissociate hydrogen make it an ideal anode (hydrogen electrode) for SOFCs. 

However, it has been reported that Ni/YSZ suffers from degradation issues under 

various operating conditions (e.g., redox cycling, use of hydrocarbon fuels) [19-22]. 

Thus, following the route of the LSM cathode material, many doped and composited 
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perovskite compositions have been pursued as alternative hydrogen electrodes [13, 23-

27]. Reviews by Atkinson et al. [28], Tao and Irvine [29], and Goodenough and Huang 

[30] are present thorough discussions of perovskite materials as competitors with 

Ni/YSZ. 

 Perovskite oxides for membranes and electrolytes and electrodes in proton 

conducting fuel cells (PCFC) have also been researched extensively [27, 31-35]. A 

concise summary of laboratory proton conducting fuel cell materials over the last 30 

years is given by Lin et al. [36] and references therein, including the authors’ own 

evaluation of a barium and strontium cobaltite acceptor-doped with iron (Fe:BaSrCoO3) 

as a proton conducting fuel cell electrode. Perovskite-based hydrogen separation 

membranes are also under intense study, a predominant focus on rare-earth doped 

alkaline cerates, zirconates, and titanates [37-44]. 

 

1.2 Electronic and Protonic Perovskites for Energy Conversion 

 The potential of electronic and mixed proton-electron conductivity in titanates, 

cerates, and zirconates are well-documented in reviews by Norby [45], Kreuer [46], and 

Fabbri et al. [47]. Mixed ionic-electronic conduction (MIEC) is an important property for 

fuel cell and membrane applications. Designing materials with simultaneously significant 

electronic and ionic conductivities allows for a simpler interface during electrochemical 

reactions. In SOFCs, an MIEC may be used as a porous electrode layered onto a dense 

ion-conducting electrolyte, such that electrons flow through an external circuit, while 

ions pass through to the electrolyte. In a gas separation membrane (current work), the 
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MIEC material would make up the entire device, since electrons and ions must be 

transported together across it (see Chapter 1.4). 

 Relevant to the current work, Nb-doped SrTiO3 (STN) has been investigated as a 

n-type electronic conductor to be used as an SOFC anode material [48-52]. Recently, 

Blennow et al. [53, 54] investigated STN and reported that when the material is 

prepared in a reducing environment, the primary defect compensation mechanism is 

reduction of Ti4+ to Ti3+, which resulted in a higher concentration of conduction-band 

electrons and thus, increased n-type electronic conductivity to order of 100 S·cm-1 at 

600 – 800 °C. Another important discovery out of this work was the need for a small A-

site (Sr) deficiency in STN to eliminate formation of TiO2 impurity phases during 

synthesis [53]. 

 As for proton conductors and mixed proton-electron conductors, acceptor (Sc, 

Tb, Y, and Yb)-doped SrCeO3, have shown favorable protonic conductivity, and are 

among the first compounds studied for this property [33, 38, 55-60]. Since the work of 

Iwahara et al. in the 1980s [55, 56, 61], substantial electronic (both p and n-type) and 

ionic conductivities have been generated in a number of compositions [29, 50, 62-67]. 

Subsequent efforts of Kreuer et al. [46, 68] and Norby et al. [69-72] provided detailed 

fundamental understanding of perovskite defect chemistry, and electrical and transport 

properties. 

 Again, relevant to this work, BaCeO3 and BaZrO3 acceptor-doped with rare-earth 

and transition metal species are two of the major systems studied for high temperature 

proton conductors [73, 74] and mixed proton-electron conductors [75-77]. The relative 

easy reducibility of the Ce4+ ion in (Sr,Ba)CeO3 make these compounds an attractive 
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choice for proton conductors, but they are typically vulnerable to degradation from 

exposure to CO2 and steam, forming insulating carbonate and hydroxide phases [72, 

76]. In contrast, zirconates such as BaZrO3, exhibit greater chemical stability, but the 

Zr4+ ion is not as easily reduced, requiring high processing temperatures, and making 

introduction of proton conductivity by acceptor-doping more difficult [46]. Ito et al. [78] 

achieved improved sinterability in BaZrO3 by doping In3+ onto the Zr4+ sites, in equal 

molar amounts with the Y3+ dopant ions, and observed minor detriment to the proton 

conductivity. However, sintering temperatures near 1700 °C were still required to 

produce a good sample by solid state reaction (SSR). Ricote et al. [79, 80] studied Y 

and Zr co-doped BaCeO3 (BZCY), also SSR synthesis. They observed proton 

conductivity in wet and dry atmospheres, but cited high temperatures required for 

processing (1700 °C for sintering). When nickel and cobalt were added as sintering aids 

to BZCY solid solutions, the sintering temperature was reduced to 1450 °C [81]. These 

samples showed chemical stability in acidic gas atmospheres, but also some 

vulnerability in steam. Guo et al. [82] used a sol-gel route to fabricate a BCY/BZCY 

dual-layer electrolyte proton conducting fuel cell, used ZnO as a sintering aid, and 

reduced the sintering temperature to 1450 °C as well. The authors reported power 

densities of the order of 100 mW·cm-2 at 700 °C in both humidified hydrogen and in 

CO2-containing atmospheres, and showed that the presence of Zn strengthened the 

chemical stability. 

The results from these works demonstrate promise for producing proton 

conducting fuel cell and membrane materials through various synthesis routes and with 

reduced processing demands that can perform well under a multitude of operating 
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conditions. Overall, the stabilities of the oxidation states of the B-site cations and dopant 

ions, ionic radii compatibility, and chemical stabilities in various atmospheres are 

important factors to consider when designing proton-electron conducting oxides. 

 

1.3 Proton Incorporation in Perovskites 

 Proton conduction takes on many forms in nature, from liquid water-based 

systems such as in Nafion™ polymer membranes, to atomistic transport in palladium 

metal, to solid state diffusion in ceramics by, e.g., the Grotthus hopping mechanism 

[83]. In this work, only the third case is considered. Proton conduction in acceptor-

doped perovskites such as BCZY is often attributed to hydration in wet atmospheres by 

Equation 1.1: 

 

  OO
x
O2 OH2vOO(g)H , (1.1) 

 

following the standard Kröger-Vink formalism, where v
O

 represents an oxygen vacancy 

generated in the bulk as compensation for the acceptor dopant yttrium. Equation 1.1 

describes the Wagner hydration process, wherein water molecules dissociate at the 

surface of BCZY into protons and hydroxide molecules. The protons form hydrogen 

bonds at surface oxygen sites, while the hydroxide molecules fill surface oxygen 

vacancies. Driven by chemical gradients and electric fields (if applicable), a proton-

oxygen bond reorients in the crystal lattice, bringing it closer to an adjacent oxygen 

lattice site, whereupon it will “hop” to the new site, breaking and re-forming the 

hydrogen bond in sequence. This reorientation and hopping process is known as the 
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Grotthuss mechanism, which has been extensively examined in literature for numerous 

oxide materials [46, 69, 83, 84]. Thus, protons in perovskites like BCZY transport by 

solid state diffusion. The crystal structure and cation electronegativities of the host 

material impact the proton mobility and overall hydrogen permeability [72]. 

  

1.4 Motivation for Research 

 During the development and execution of the current work, answers to the 

following questions were pursued: 

1. How will the microstructure of this composite be affected by different 

synthesis methods, i.e., conventional vs. spark plasma sintering? 

2. Can the electrical properties of a two-phase perovskite composite be 

accurately described by known theoretical treatments, or does a new 

approach need to be developed? 

3. a) Is simultaneous conduction of electrons and protons in separate 

phases possible, and to what extent, for this two-phase perovskite 

composite? b) How well do current models of hydrogen flux for 

ambipolar conductors describe the behavior? 

c) Can the rate-limiting process for the hydrogen flux be identified? 

The research cited in the above sections represents a fraction of a growing body of 

work experimenting with the chemistry and structure of ceramic oxide materials. An 

overarching goal in many of these studies, including the current work, is to find a 

chemistry that will boost hydrogen separation membrane performance while retaining 

durability and longevity, all the while lowering the cost of commercialization. This 
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dissertation describes efforts to develop and investigate a novel ceramic membrane 

material to surpass other ceramic membranes, and to compete with conventional 

metallic systems, such as palladium, which, while effective, are costly. 

Ceramic oxide materials for hydrogen separation have seen increased interest in 

this pursuit. State-of-the-art ceramic membranes are operated at intermediate to high 

temperatures (e.g., 600 – 800 °C) where the thermodynamics of gas conversion and ion 

(H+) mass transport are facilitated by the exothermic conditions [85, 86]. They are 

structurally robust and impervious to the dehydration effects of polymer-based proton 

conductors, since water does not form part of the structure [45]. However, the benefits 

of all-ceramic membrane separators are tempered by low conductivities and inferior 

catalytic properties compared to metallic systems. Thus, novel material compositions 

and more cost-effective processing methods are being explored [38, 59, 87-90]. 

Perovskite-type oxides continue to receive great attention in this respect, due to the 

defect-property relationships described in Chapter 1.1. 

 To accomplish this goal of a novel membrane material, Nb-doped SrTiO3 of the 

composition Sr0.95Ti0.9Nb0.1O3-δ (STN95) has been composited with a Y-doped solid 

solution of BaCeO3 and BaZrO3 of the composition BaCe0.2Zr0.7Y0.1O3-δ (BCZY27) to 

create a ceramic-ceramic (cercer) material, BCZY27/STN95, hereafter referred to as 

BS27. The 20 mol. %-Ce BCZY27 composition was chosen to limit unwanted oxide ion 

conductivity while simultaneously improving the sinterability of the solid solution, since 

BaZrO3 is refractory. A schematic diagram of a BS27 membrane is shown in Figure 1.2. 

Composites containing 50, 60, and 70 vol. % STN95, hereafter abbreviated 

BS27_5050, BS27_4060, and BS27_3070, respectively, have been prepared and 
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tested by various characterization methods to assess their value as candidates for 

hydrogen separation membranes. 

 

 

Figure 1.2: Schematic illustration of a cercer composite membrane for H2 separation. 

The proton-conducting (BCZY27) and electronic-conducting (STN95) phases are 
represented in grey and black, respectively. The surface reactions for splitting and re-
forming hydrogen gas are given. 
 

1.5 Explanation of Work 

 The current work was conducted jointly at CSM’s facilities and at the Technical 

University of Denmark’s Risø Campus (DTU). Approximately half of the time was spent 

at DTU, as a guest PhD student in the Department of Energy Conversion and Storage 

(ECS). At CSM, work was carried out in the Colorado Center for Advanced Ceramics 

(CCAC), under the auspices of the Renewable Energy Materials Research Science and 
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Engineering Center (REMRSEC), and in the Colorado Fuel Cell Center (CFCC). Table 

1.1 presents details on what phases and tasks of the project were completed in which 

location. In some cases work was done in parts at both CSM and DTU. A reference to 

the relevant chapter of the dissertation is also given for each task. 

 

Table 1.1: Details of the locations where the various research tasks in the current work 
were performed. A reference to the relevant chapter of the dissertation is also given. 

Project Phase Research Task Location Chapter 

Synthesis STN95, BCZY27 powders DTU 2.1 

 
Conventional sintering DTU 2.2 

Spark plasma sintering DTU 2.3 

Characterization Phase analysis (XRD) DTU 2.1, 2.4.1 

 
Microstructure 

(FIB-SEM cross-sections) 
CSM 2.4.3.1 

 
Microstructure 

(SEM polished surfaces) 
DTU 2.4.3.1 

 
Microstructure 

(TEM, SAED) 
Lunda 2.4.3.2 

Electrical Properties Baseline conductivities DTU 3.1, 3.2 

 
BS27 conductivities DTU/CSM 3.1, 3.2 

Model development DTU/CSM 3.3 

Hydrogen Flux BS27_5050 #1 DTU 4 

 
BS27_5050 #2 CSM 4 

BS27_4060, _3070 CSM 4.4 

a Collaborative work conducted by PhD student Filip Lenrick at the University of Lund, 
Lund, Sweden. 
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1.6 Dissertation Layout 

 The dissertation is organized in the following chapters: 

Chapter 1 gives a background on the research into perovskite materials for 

energy conversion and storage technologies, as well as the motivation 

for the work. 

Chapter 2 presents the synthesis of the composite material, the results of 

comparing synthesis routes, and describes the characterization 

techniques used to evaluate phase composition, microstructure, and 

thermal properties. Discussion of the results is included in each sub-

chapter. 

Chapter 3 presents the results of characterizing the conductivity of the 

composite. A new model for interpreting composite conductivity data 

is presented. Discussion of the results is included in each sub-

chapter. 

Chapter 4 presents the results of hydrogen permeability measurements 

conducted on BS27 samples. Discussion of the results is included in 

each sub-chapter. 

Chapter 5 presents conclusions and outlines directions for future work. 
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CHAPTER 2 

SYNTHESIS AND CHARACTERIZATION 

 This chapter describes the experimental techniques used to synthesize BS27 

composite materials. A general comparison between conventional (pressure-less) 

sintering and spark plasma sintering is given in terms of phase composition, density, 

and microstructure. Additionally, the characterization techniques for assessing the 

phase content, density, thermal properties, and microstructure are described, and the 

results of these techniques are presented. 

 

2.1 Synthesis of BCZY27 and STN95 Powders 

 Several methods were considered for creating these materials. One of the most 

popular is solid state reaction (SSR), whereby oxides and carbonates of the desired 

constituent ions are mixed together in a suspension (typically with ethanol or acetone), 

milled by rolling, shaking, or planetary grinding in containers with some form of milling 

media, e.g., small ZrO2 spheres or cylinders, and calcined to produce a powder with the 

targeted composition. During the milling process, the starter materials should be ground 

into fine-sized particles and thoroughly interspersed, such that during the calcination 

step, diffusion lengths for the cationic species are short enough to produce a 

homogeneous powder of pure phase. 

Another method for producing ceramic materials is a wet chemistry route, 

sometimes referred to as polymeric gelation. Typically, nitrates of the desired cations 

are mixed together into a chelating solution of water and citric and acetic acids, set 
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upon a hot plate under constant stirring (usually by magnetic rod). Ammonium 

hydroxide or nitric acid is used to balance the solution pH while the excess water 

evaporates. Eventually, the mixture and chelating solution form a viscous gel that is 

dried, ground, and subsequently calcined. Any remaining precursor byproducts are 

burned off during the final step, leaving behind a pure and homogenous powder of fine 

particle size [91, 92]. 

Wet chemistry routes provide the advantage of lower calcination temperatures 

and fast, thorough mixing, but the precursors are usually costly and often generate toxic 

byproducts during processing. SSR methods are cleaner and the precursors are often 

cheaper, but the weakness lies in processing the raw materials to small particle size to 

reduce calcination temperature and time, which are often high (>1200 °C) and long (>12 

h), respectively. A further distinction between these synthesis methods is final grain 

size. Re-milling and re-calcining SSR powders can reduce particle and grain size, but 

repeated processing steps diminish the advantages of SSR at a commercial level. As 

Blennow et al. observed while investigating STN [93], a wet chemistry route (modified 

glycine-nitrate process) produced nanoscale grains in the final material, whereas 

microscale grains were produced by SSR. Nano-sized morphologies can provide 

advantages in material systems where high grain boundary conductivity is observed, 

increasing the number of pathways for faster ion or electron transport. In systems such 

as SOFC electrodes, maximizing the triple-phase boundary points between reactants 

(gases) and electronic and ionic phases (solids) is crucial, and similar benefits can be 

attained through creating fine microstructures. 
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In this work, SSR was chosen to pursue the goal of investigating a cost-effective 

synthesis route to fabricate BS27 membranes. BCZY27 was prepared by mixing BaCO3 

(99.98 %, Sigma-Aldrich), CeO2 (99.9 %, Sigma-Aldrich), ZrO2 (TZ-0, TOSOH Corp.) 

and Y2O3 (99.9 %, Johnson-Matthey), ball-milling in ethanol or acetone for 24 h, and 

calcining at 1400 – 1480 °C for 24 – 72 h in air. STN95 was prepared by mixing SrCO3 

(99.9 %, Sigma-Aldrich), TiO2 (99.8 %, Sigma-Aldrich) and Nb2O5 (99.9 %, Sigma-

Aldrich), ball-milling for 24 h, and calcining at 1300 °C for 4 h in air. The impurities in 

these starting materials were not analyzed in the current work, and may have 

contributed to the difficulties in achieving phase purity for the composites (see Chapter 

2.4). 

For the first batches of STN95 and BCZY27 produced, the powders were ground 

by hand after calcination, but were not sieved. Subsequent batches were sieved 

through a 100 µm mesh after calcination and grinding, with the aid of ZrO2 milling media 

to achieve a finer particle size (see Chapter 2.1.2). The sieve was set on a shaker 

apparatus, shown in Figure 2.1. 

 

2.1.1 Phase Analysis of BCZY27 and STN95 Powders 

The phase composition of the powders was analyzed by X-ray diffraction (Bruker 

D8 θ-θ) using Cu Kα1 radiation (at DTU). Diffraction patterns were collected from 20 – 

80 ° 2θ in 0.05 ° steps with a dwell time of 3 s per step. The results for STN95 and 

BCZY27 are shown in Figure 2.2. Lattice parameters for BCZY27 and STN95 were 

indexed to the cubic structure (Pm3m space group): 4.250 ± 0.001 Å and 3.920 ± 0.003 

Å, respectively, using the Celref refinement software [94]. Silicon powder (Alfa-Aesar) 
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was used as an internal standard for the refinement. Powder samples from the same 

batches excluding the internal standard were subsequently examined in the XRD 

equipment to obtain the data for Figure 2.2. 

 

 

Figure 2.1: Photograph of STN95 calcined powder being sieved through a 100 µm 

mesh set on a shaker. ZrO2 milling media were added to the sieve to expedite the 
process. 
 

These lattice parameter values are in good agreement with those reported in 

literature [53, 80, 95]. Small amounts of Y2O3 were observed in the BCZY27, but the 

relative intensities for these peaks are small, ~0.5 – 1 % relative intensity. Nonetheless, 

precipitation of Y2O3 could not be ruled out as a cause for impurity phase formation in 

BS27 composites (cf. Chapter 2.4.1). No secondary phases were observed in STN95. 
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Figure 2.2: Indexed X-ray diffraction patterns for a BCZY27 and b STN95 calcined 
powders. Powders from the same batches as those used for lattice parameter fitting (i.e. 
samples with Si internal standard added) were run without Si to simplify the 
diffractograms. 
 

2.1.2 Particle Size Analysis 

 Scanning electron microscopy (SEM) was used to qualitatively estimate the 

particle size of the component powders. Slurries of the powders were made with ethanol 
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and placed in a sonic bath for 5 min to disperse them. Approximately 1 mL of a 

surfactant (Darvan) was added to the slurries to decrease agglomeration. While the 

slurries were still undergoing sonic treatment, small amounts were pipetted onto 

aluminum microscopy stubs coated with carbon tape. The depositions were dried, 

coated with gold, and then imaged with a field-emission SEM (FESEM, 7000F, JEOL). 

Typical micrographs of the calcined powder particles are shown in Figure 2.3. 

 

 

Figure 2.3: SEM images (SE mode) of a BCZY27 sieved powder and b STN95 sieved 

powder. Particle sizes from 30 – 500 nm were observed. 
 

The smallest particles were observed for STN95, around 30 nm. Measurements were 

done in the microscope software, though a statistical analysis was not conducted. Many 

particles were of the order of 100 nm, with some larger than 1 µm, which could be 

agglomerates. No particles over 5 µm were observed. The nanoscale size of the 

majority of the particles was surprising, given the use of SSR to produce them. If the 

particle sizes of the precursor powders were sufficiently small (> 1µm), it could explain 
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the calcined powder size; however, particle size analysis was not performed on the 

precursors. 

 

2.2 Conventional Sintering (CS) 

 Conventional, pressure-less sintering (CS) in chamber furnaces was the first 

choice for processing BS27 membrane samples, keeping in line with the goal of cost-

effective synthesis, and a 1:1 volume ratio (BS27_5050) was chosen as a starting point 

composition. Composite powder batches of BS27_5050 were prepared by mixing 

BCZY27 and STN95 calcined powders in ethanol or acetone and ball-milling them for 

24 h. NiO powder was added to the CS mixtures as a sintering aid in amounts of 0.55, 

1.1, and 2, and 2.75 wt. % before milling. A control batch without NiO was also made. 

NiO has been shown to lower the sintering temperature for pure BCZY27 to 1400 °C 

[81, 95], and it was hypothesized to have the same effectiveness for BS27_5050. 

Cylindrical pellets (12 mm , 1 – 2 mm thick) were uniaxially pressed from the 

mixtures (130 MPa, 30 s) and sintered in air at 1350 – 1500 C for 24 – 48 h (heating 

and cooling at 2 C·min-1). In the case of the samples sintered at 1350 °C, a hold time of 

103 h was used to investigate the effect of sintering time on density and phase 

formation. All samples were placed in alumina crucibles containing beds of the calcined 

powder mixture to prevent reaction between the samples and the crucible. 

 

2.3 Spark Plasma Sintering (SPS) 

Spark plasma sintering has become a popular processing technique for a variety 

of materials such as dielectrics, nanostructured functional materials, ferroelectrics, and 
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solid state electrolytes [96-99]. It has found particular success with materials that 

require very high temperatures (> 1600 °C) to achieve optimum density and phase 

formation by conventional techniques [100-102]. With SPS, sintering times can be 

reduced to the order of minutes and maximum temperatures can be lowered by 

hundreds of degrees. 

 

2.3.1 SPS Background and Process 

During SPS, electrical current (DC) is pulsed through a powder sample contained 

within a graphite die compacted under a constant uniaxial pressure to maintain uniform 

electrical contact. Typical pressures are between 50 – 150 MPa depending on the die’s 

compressive strength, although special die configurations incorporating tungsten 

carbide components allow pressures up to 1 GPa [103]. The die is usually lined with 

graphite foil (current work) or a lubricant (e.g., boron nitride powder) and the graphite 

punches are similarly separated from the sample powder by graphite foil spacers to 

prevent the sample from bonding to the die. SPS is carried out under a low vacuum or 

in an inert atmosphere to prevent oxidation of the graphite components. The voltage 

drop across the sample during sintering is of the order of 10 V·cm-1, and the applied 

current density is of the order of 102 – 103 A·cm-2. An optical pyrometer can be used 

(current work) to focus on a hole bored horizontally into the die, which serves a dual 

purpose as a measurement port for an in-situ thermocouple, or as a black-body target 

for a pyrometer to measure the die temperature and send feedback to the current 

control circuitry. The pyrometer was used in the current work, due to the need for high-
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temperature runs (> 1000 °C) where the thermocouple would have been damaged. 

Figure 2.4 displays a schematic of the SPS process. 

 

  

Figure 2.4: A schematic illustration of the SPS process is shown in the configuration 

used at DTU to produce BS27 samples. The DC pathways are color-coded to indicate 
the least-resistive path (green) to most-resistive path (red) during the initial heating 
stage. The hole in the die can be used for a thermocouple or as a black-body target for 
the pyrometer. 
 

In Figure 2.4 the colored DC pathways qualitatively indicate the resistance of the 

die/sample conglomerate during SPS. Initially, current bypasses the sample and flows 

through the conductive graphite die (green path) and through the graphite foil lining 

(yellow path), while very little or no current flows through the powder sample (red path). 

The resistivity of the powder determines what, if any, amount of current passes through 

it. As the die resistively heats, so does the sample, and eventually the resistivity of the 
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sample lowers, allowing more current to pass through it. Resistive, or Joule [104], 

heating, produces the rapid sintering effect of SPS. In CS, the same energy is 

transferred by radiative heating from elements not in contact with the samples, a less-

efficient process by comparison, which necessitates longer hold times at high 

temperature to complete sintering. 

The existence of an actual plasma during SPS, due to the rapidly pulsed nature 

of the applied low-voltage current, has been hypothesized since the technique’s 

invention, but direct evidence is lacking, and the matter is still under debate in the 

scientific community [103, 105, 106]. In general, SPS is classified as an electric field-

assisted sintering technique, of which there are several similar processes, including 

flash-sintering [107], that have the potential to greatly advance materials research. 

Taking advantage of the faster sintering time and lower maximum temperatures, 

the thermal and mechanical stress distributions during SPS have been investigated with 

a combination of experimental and simulation techniques [106, 108-110]. These studies 

show that the magnitude and nature of the thermal and mechanical stress distributions 

vary greatly depending on the sample’s electrical and morphological properties, as well 

as the overall size of the part being produced. Essentially, each material system 

presents a unique puzzle for investigating the mechanisms of SPS. 

 

2.3.2 SPS for BS27 Samples 

BS27 samples were fabricated by SPS from each composition using a Dr. Sinter 

Lab 515 system (Fuji Electronic Industrial Co., Ltd). Graphite die/punch sets of 13 mm 

and 15 mm inner  (Fuji) were used. The outer surface of each die was wrapped in 
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graphite felt to reduce temperature gradients in the die body during sintering. 

Thermography was used to monitor the die temperature by way of an infrared camera 

(pyrometer) focused on a 2 mm  hole bored horizontally into the die wall (10 mm 

deep). The camera’s output was also used as a feedback circuit to control the applied 

current during sintering. As observed by Liu et al. [109], during early phases of SPS the 

actual temperature at the junctions between neighboring particles is significantly higher 

than the value recorded by the pyrometer. The main drawback of using thermography is 

that no readings can be taken below 600 °C, making the early heating and later cooling 

stages of sintering essentially blind steps. 

A pseudo-optimum SPS profile for BS27_5050 that entailed heating to 950 °C, 

holding for 2 min, then heating to a maximum of 1350 °C, holding for 5 min, and finally 

cooling at a constant rate of 25 °C·min-1 was determined, and is presented in Figure 

2.5. The heating rates and hold times, as well as the inclusion of a lower-temperature 

hold step during heating were determined based on examination of sample density, 

phase content, and structural integrity between runs. Discussions with colleagues at 

DTU who worked with SPS on other ceramic materials also provided guidance for 

creating the profile. Specifically for the initial hold at 950 °C, at this temperature, under 

the baseline load of 3 kN (16 MPa), the sample began to contract, that is, the 

displacement of the ram in the SPS chamber switched from being pushed away from 

the sample to pushing inward on the sample. It was hypothesized that sintering was 

beginning to occur in the material at this temperature. By holding at this temperature 

under baseline load for a short time, it was thought mechanical stresses could be 

minimized during cooling later in the process. Best results, i.e., whole samples, were 
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achieved when the full load of 8.8 kN (50 MPa) was applied after 1 min into the 950 °C 

hold step, then reverting back to the baseline load after completion of the high 

temperature step, at the onset of cooling (cf. Figure 2.5). In applying and releasing the 

full load, the system was programmed for a rate of 5.8 kN·min-1. 

 

 

Figure 2.5: Heating and pressure profiles for SPS procedure to produce BS27_5050 

samples of high-density. Pressure values for the corresponding load levels are 
annotated. 

 

The sintering temperature (Tsint) and hold time at Tsint were the parameters most-

varied throughout the project, ranging from 1300 – 1350 °C and 30 s – 5 min, 

respectively. Some samples were produced with faster cooling rates (e.g., 40 °C·min-1) 

to reduce the total time needed for a single run, but 25 °C·min-1 yielded more consistent 

results. Both hold steps in the temperature profile were approached by stepping down 
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the rate from 100  50  25 °C·min-1 to prevent overshooting and minimize sharp 

changes in applied current. After completion of the initial hold at 950 °C, the heating rate 

was set to 50 °C·min-1 for 1 min, then increased to 100 °C·min-1 before reaching the 

step-down stage to approach Tsint. Near the end of the cooling stage, the die was 

removed from the SPS setup (~180 °C) and the sample extracted by a hydraulic press. 

The time when the die cooled to this temperature was determined by a sacrificial SPS 

run up to 1000 °C and then cooling to room temperature using the in-situ thermocouple 

instead of the pyrometer to observe the die temperature. By removing the sample at this 

moderately-warm temperature, the graphite die had not yet contracted to its cold-state 

dimensions, allowing easier extraction with less stress on the sample. 

During SPS, there was almost no manual control over the applied DC signal and 

associated voltage. These parameters were varied by the SPS control circuitry in 

conjunction with feedback from the temperature measurement device, either 

thermocouple or pyrometer. Since a pyrometer was used in the current work, the only 

manual control over applied DC was during the initial heating from room temperature to 

600 °C, the lower detectability limit of the pyrometer. Treated as a “blind” step in the 

procedure, it was found through trial and error that a fixed value of 14 % output current 

(~200 A) produced optimum results for the program following the prescribed heating 

rate during the “blind” step. Not regulating this so-called output power limit (OPL), or 

setting OPL > 14 %, caused the heating program to overshoot the desired rate. 

This profile translated well for producing BS27_4060 and BS27_3070 samples. 

While high-density (90 – 99 % theoretical) was achieved for all compositions, many of 

the samples cracked during cooling and during post-synthesis processing for 
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characterization. A success rate of ~1/10 producing dense, whole samples was 

achieved throughout the project, which hampered efforts to obtain repeatable hydrogen 

flux measurements (see Chapter 4). 

Initially, BS27 SPS samples removed from the graphite die were heated to 800 

C in air to remove layers of carbon embedded on the pellet surfaces and sides from the 

graphite foil lining. All but two of the samples treated in this manner cracked, often into 

many pieces, as shown in Figure 2.6. 

 

 

Figure 2.6: Photographs of various BS27 SPS samples after heat-treatment in air at 

800 °C to remove embedded graphite from the graphite foil spacers and lining. 
 

Subsequently, the carbon was removed from the flat surfaces using SiC paper, and was 

not removed on the edges. Volume changes during SPS (highly-reducing conditions) 

and the heat treatment in air (oxidizing conditions) are suspected as contributing causes 

of the cracking. Ricote et al. fabricated samples of pure BCZY27 by SPS and observed 

similar mechanical failure after removal, attributing the problems to the partial reduction 

of cerium in the lattice from the smaller Ce4+ to the larger Ce3+ [111]. Yet, a majority of 

the samples that were not subjected to oxidizing heat treatments cracked anyway, often 

immediately upon removal from the graphite die. Residual stresses in the samples could 

not be controlled during the project, resulting in a lack of depth in the reproducibility of 
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membrane characterization experiments. See Chapter 2.5 for data and discussion on 

the thermal expansion mismatch between STN95 and BCZY27. 

 

2.4 Comparing CS and SPS Samples 

BS27 CS and SPS samples examined with XRD, density measurements, and 

several SEM techniques to compare the effectiveness of each synthesis route to 

produce membrane-quality samples of the desired composition. The results for each of 

these analyses are presented in each sub-chapter. Table 2.1 summarizes all samples 

made by CS and SPS in the current work. Information on sintering details, whether 

cracking occurred, or not, relative density, and use (if applicable) for conductivity or 

hydrogen permeability experiments is given. Relative densities exceeding the 

theoretical calculation (see Table 2.2) are shown in red. 

 

Table 2.1: Summary of all samples produced in the current work. The sintering details, 
mechanical integrity, relative density, and use (if applicable) of each sample is given. 

Fabrication 

Route Name Composition Sintering Details 

Cracked? 

(Y/N) 

Relative 

Density 

(%) Use 

CS Ni0-p01 5050 1500 °C, 12 h, air N 57.9 -- 

CS Ni0-p02 5050 1500 °C, 12 h, air N 58.1 -- 

CS Ni0-p03 5050 1400 °C, 24 h, air N 58.9 -- 

CS Ni0-p04 5050 1400 °C, 24 h, air N 59.7 -- 

CS Ni0-p05-L 5050 1350 °C, 103 h, air N 58.2 -- 

CS Ni0.55-p01 5050 1500 °C, 12 h, air N 58.9 -- 

CS Ni0.55-p02 5050 1500 °C, 12 h, air N 58.3 -- 

CS Ni1.10-p01 5050 1425 °C, 12 h, air N 64.3 -- 

CS Ni1.10-p02 5050 1400 °C, 12 h, air N 65.6 -- 

CS Ni2-p01 5050 1400 °C, 12 h, air N 65.6 -- 

CS Ni2-p02 5050 1350 °C, 12 h, air N 65.2 -- 

CS Ni2.75-p01 5050 1400 °C, 12 h, air N 65.0 -- 

CS Ni2.75-p02 5050 1400 °C, 12 h, air N 66.3 -- 
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Fabrication 

Route Name Composition Sintering Details 

Cracked? 

(Y/N) 

Relative 

Density 

(%) Use 

SPS 5050-01 5050 1400 °C, 5 min Y 101.0 -- 

SPS 5050-02 5050 1300 °C, 10 min Y 98.9 -- 

SPS 5050-03 5050 1350 °C, 8 min Y 100.4 -- 

SPS 5050-04 5050 1320 °C, 5 min Y 99.2 -- 

SPS 5050-05 5050 1310 °C, 3 min Y 101.0 -- 

SPS 5050-06 5050 1340 °C, 3 min Y 99.5 -- 

SPS 5050-07 5050 1310 °C, 90 s Y NM
a
 -- 

SPS 5050-08 5050 1340 °C, 90 s Y NM -- 

SPS 5050-09 5050 1320 °C, 90 s Y NM -- 

SPS 5050-10 5050 1350 °C, 3 min Y 100.9 -- 

SPS 5050-11 5050 1350 °C, 3 min Y 99.1 -- 

SPS 5050-12 5050 1350 °C, 3 min Y NM -- 

SPS 5050-13 5050 1350 °C, 90 s Y 96.6 -- 

SPS 5050-14 5050 1350 °C, 5 min Y 98.1 -- 

SPS 5050-15 5050 1350 °C, 7 min Y 99.2 -- 

SPS 5050-16 5050 1350 °C, 1 min Y 98.9 Cond
b
 

SPS 5050-17 5050 1335 °C, 1 min Y 103.1 -- 

SPS 5050-18 5050 1325 °C, 1 min Y 97.2 -- 

SPS 5050-19 5050 1310 °C, 2 min Y NM -- 

SPS 5050-20 5050 1310 °C, 3 min Y 98.0 -- 

SPS 5050-21 5050 1310 °C, 5 min Y NM -- 

SPS 5050-22 5050 1300 °C, 10 min Y NM -- 

SPS 5050-23 5050 1350 °C, 3 min Y NM -- 

SPS 5050-24 5050 1300 °C, 10 min Y NM -- 

SPS 5050-25 5050 1300 °C, 10 min Y NM -- 

SPS 5050-26 5050 1300 °C, 5 min Y NM -- 

SPS 5050-27 5050 1300 °C, 5 min Y NM -- 

SPS 5050-28 5050 1300 °C, 4 min Y 99.2 Cond 

SPS 5050-29 5050 1300 °C, 4 min Y 99.4 Cond 

SPS 5050-30 5050 1300 °C, 4 min Y NM -- 

SPS 5050-31 5050 1300 °C, 4 min Y NM -- 

SPS 5050-32 5050 1300 °C, 5 min N 99.4 Flux 

SPS 5050-33 5050 1300 °C, 5 min Y NM Cond 

SPS 5050-34 5050 1300 °C, 5 min Y NM -- 

SPS 5050-35 5050 1300 °C, 5 min N 92.4 Flux (Pd) 

SPS 5050-36 5050 1300 °C, 7 min Y NM -- 

SPS 5050-37 5050 1315 °C, 3 min Y NM -- 

SPS 5050-38 5050 1315 °C, 5 min Y 98.1 -- 

SPS 5050-39 5050 1350 °C, 3 min Y 93.4 Cond 
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Fabrication 

Route Name Composition Sintering Details 

Cracked? 

(Y/N) 

Relative 

Density 

(%) Use 

SPS 5050-40 5050 1400 °C, 30 s Y NM -- 

SPS 5050-41 5050 1000 °C, no hold Y NM DTT
c
 

SPS 5050-42 5050 1340 °C, 90 s Y NM Cond 

SPS 4060-01 4060 1300 °C, 1 min N NM -- 

SPS 4060-02 4060 1310 °C, 1 min N 83.7 -- 

SPS 4060-03 4060 1325 °C, 1 min Y 92.2 -- 

SPS 4060-04 4060 1335 °C, 1 min N 92.6 Flux 

SPS 4060-05 4060 1350 °C, 1 min Y NM -- 

SPS 4060-06 4060 1348 °C, 1 min Y 94.1 -- 

SPS 4060-07 4060 1348 °C, 1 min Y NM -- 

SPS 4060-08 4060 1348 °C, 75 s N 90.7 -- 

SPS 4060-09 4060 1350 °C, 75 s N 97.4 Flux/Cond 

SPS 4060-10 4060 1350 °C, 90 s N 94.5 Flux 

SPS 4060-11 4060 1350 °C, 3 min Y 100.8 Cond 

SPS 4060-12 4060 1350 °C, 30 s Y 99.7 -- 

SPS 4060-13 4060 1350 °C, 1 min Y 100.1 Cond 

SPS 4060-14 4060 1350 °C, 1 min Y 101.1 Cond 

SPS 4060-15 4060 1340 °C, 90 s Y NM -- 

SPS 3070-01 3070 1350 °C, 90 s N NM -- 

SPS 3070-02 3070 1350 °C, 75 s Y 89.8 -- 

SPS 3070-03 3070 1350 °C, 90 s N 97.1 Flux 

SPS 3070-04 3070 1350 °C, 90 s N 96.7 Flux/Cond 

SPS 3070-05 3070 1350 °C, 2 min Y 90.6 Cond 

SPS 3070-06 3070 1350 °C, 90 s Y 100.9 -- 

SPS 3070-07 3070 1350 °C, 90 s Y 100.9 Cond 

SPS 3070-08 3070 1350 °C, 90 s Y 101.0 Cond 

SPS 3070-09 3070 1350 °C, 90 s Y 101.0 -- 

SPS 3070-10 3070 1350 °C, 90 s Y NM -- 

a NM = Not Measured 
b Cond = Conductivity Sample 
c DTT = Die Temperature Test. This run was a sacrificial sample run to determine the 

time during cooling when the die reached 200 °C and could be safely removed without 
damaging the graphite. See Chapter 2.3.2. 
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2.4.1 Phase Analysis of CS and SPS Samples 

XRD analysis was performed on the BS27 CS and SPS pellets after grinding 

their surfaces with SiC paper, shown in Figure 2.7. These diffractograms show the high 

extent of reaction between the STN95 and BCZY27 phases during sintering for the CS 

route. 

 

 

Figure 2.7: XRD patterns for the BS27_5050 CS samples at a 1500 °C (+ 0.55 wt. % 
NiO) for 12 h, b 1400 °C (no NiO) for 12 h, and c 1350 °C (no NiO) for 105 h. 

 

Studies of binary and ternary equilibrium phase diagrams involving the major 

cationic species in BS27 (SrO-TiO2-BaO, TiO2-BaO-ZrO2, SrO-ZrO2, and BaO-TiO2) 

showed that, for the molar ratios of BS27_5050 (and BS27_4060 and BS27_3070), at 

temperatures above 1300 °C, BaTiO3 and SrZrO3 phases readily form, and exist in solid 
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solutions with the desired SrTiO3 and BaZrO3 phases [112, 113]. The SrTiO3 and 

BaZrO3 perovskite peaks are absent in the 1500 °C sample, but are present at lower 

temperatures, suggesting decomposition of the these phases above 1400 °C. Even at 

1350 °C, the SrTiO3 peaks are barely discernible after CS for 100+ h. The 

thermodynamically-predicted reactions between SrTiO3 and BaZrO3 discourage 

thoughts of re-grinding sintered BS27 samples and re-sintering at higher temperatures 

(≥1600 °C). 

Reference patterns for niobate phases (SrNbO3 and BaNbO3) fit best with the 

peaks not corresponding to CeO2; however, the amount of Nb in the samples was not 

enough to dominate the phase composition. The peaks in Figure 2.7a are possibly 

mixtures of overlapping (Ba,Sr)TiO3 and (Ba,Sr)ZrO3 phases. Deconvolution of the CS 

XRD data by Rietveld refinement was not done in the current work, since the low 

density of the CS samples excluded them from conductivity and membrane testing (see 

next chapter). Overall, CS was considered an infeasible process for producing BS27 

composite samples. 

 The phase composition of SPS samples was much improved over CS samples, 

as shown in Figure 2.8 for an SPS sample sintered at 1310 °C for 3 min (98 % relative 

density), which represents a typical pattern for BS27 samples sintered at 1300 – 1400 

°C by SPS. The highest-intensity peaks in the above XRD pattern are referred to as the 

primary peaks and they are in good agreement with the main perovskite phases (SrTiO3 

and BaZrO3). 
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Figure 2.8: XRD pattern for a dense (98 % relative) BS27_5050 sample sintered at 

1310 °C for 3 min. The abscissa has been truncated to more clearly show the 
overlapping secondary phase peaks. 
 

Between each pair of BCZY27 and STN95 perovskite peaks, there are smaller sets of 

peaks (30 – 50 % relative intensity), dubbed the secondary peaks. Reference patterns 

for mixed perovskite phases of types BaxSr1-xTiO3 and Sr1-xBaxZr1-yTiyO3 fit well with the 

secondary peaks, also in agreement with the phase diagrams cited above. It should be 

noted the rapid sintering of SPS reduced the extent of the reactions between STN95 

and BCZY27, but did not eliminate them. BaxSr1-xTiO3 phases are known to be 

electrically-insulating, as they are the focus of advanced dielectric research [114-117], 

which could create blocking phases at the STN/BCZY boundaries. Similarly, SrZrO3, 

while a known proton conductor, has a lower protonic conductivity than BaCeO3 and 

BaZrO3 materials [46], i.e., BCZY27, and so would create more resistive pathways at 
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the interphase junctions. Based on the relative peak heights in Figure 2.8, ~30 volume 

% of the composite samples is composed of these secondary phases. Rietveld 

refinement was also not conducted on the SPS sample XRD data, which would be a 

good task for future work to clarify the phase composition of BS27. As a general 

takeaway, the greater intensity of the primary peaks over the secondary peaks is 

encouraging for the synthesis of this material by SPS versus CS. It should be noted the 

small Y2O3 precipitate phase observed in the BCZY27 powder XRD (cf. Figure 2.2) was 

not discernible in the XRD patterns for both CS and SPS samples, suggesting it was 

either reintegrated into the BCZY solid solution phase, or volatilized during sintering. 

The relative intensities of the secondary phases observed remained approximately 

constant across the sample population. 

 

2.4.2 Density of CS and SPS Samples 

 Sintered densities of CS and SPS samples were determined by the geometric 

and Archimedes methods. The Archimedes measurements were conducted in water 

and small amounts (~0.05 volume %) of a surfactant (Triton X-100, Sigma-Aldrich) were 

added to eliminate bubble formation. Samples made by CS exhibited low relative 

density and a high degree of reaction between the BCZY27 and STN95 phases due to 

cation interdiffusion. The addition of NiO powder as a sintering aid in various weight 

percentages proved ineffective, as illustrated in Figure 2.9. The geometric relative 

densities shown in Figure 2.9 are more useful for characterizing a membrane’s gas-tight 

quality, since the Archimedes densities exclude the open porosity. Theoretical densities 

for the composites were estimated from weighted averages of the component material 
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densities [53, 95, 111]. A summary of the estimated theoretical densities is given for 

each composition in Table 2.2. 

 

 

Figure 2.9: Comparison of density measurements for CS samples obtained by the 

geometric method (open symbols) and by the Archimedes method (filled symbols) for 
sintering temperatures of 1400 °C (circles) and 1500 °C (triangles). 
 

The existence of open porosity in the CS samples was confirmed during SEM 

analysis (see Chapter 2.4.3.1) and by weight increase upon immersion in water during 

the Archimedes measurements. Water uptake for CS samples was on the order of 10 

mg per sample (~1 weight %) and stable values of the density often took 30 – 60 min to 

obtain. 

BS27 SPS sample densities ranged from 90 – 99 % theoretical. There was no 

appreciable difference between the geometric and Archimedes densities, indicating little 

or no open porosity (see next chapter). 
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Table 2.2: Theoretical densities for STN95, BCZY27, and BS27 composites, which 
were calculated as weighted averages of STN95 and BCZY27 theoretical densities.  

Composition 

Theoretical Density 

(g·cm-3) 

STN95 5.10 

BS27_5050 5.64 

BS27_4060 5.53 

BS27_3070 5.42 

BCZY27 6.17 

 

SPS sample densities obtained by the Archimedes method were in excellent agreement 

with geometric measurements, typically within 1 – 3 %. In most cases for BS27 SPS, 

water uptake was <1 mg and stable values of density were obtained after 1 – 5 minutes. 

 

2.4.3 Microstructure of BS27 

 BS27 samples made by CS and SPS were examined with scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). In TEM mode, X-ray 

energy dispersive spectroscopy (XEDS) was used to assess the phase composition of 

BS27 SPS samples. Cross-sections of SPS samples were made for each BS27 

composition using a focused ion beam (FIB) and the microstructures subsequently 

analyzed with SEM in both secondary electron (SE) and backscatter electron (BSE) 

detector modes. Additionally, high-resolution TEM (HRTEM) and selective area electron 

diffraction (SAED) were used to investigate the interfaces between STN95 and 

BCZY27, seeking for evidence of lattice distortion or signs of secondary phases at these 

junctions. 
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2.4.3.1 SEM and FIB-SEM of BS27 

 Figure 2.10 compares the microstructures of CS and SPS samples. The 

micrographs were collected using a FESEM (Zeiss Supra-35) in SE mode by an In-Lens 

(a.k.a. through-lens) detector after polishing the samples to a 1 µm diamond finish. 

 

 

Figure 2.10: SEM images of a BS27 CS sample sintered at 1400 °C for 12 h (+ 0.55 wt. 
% NiO) and b a BS27 SPS sample sintered at 1300 °C for 5 min. 
 

Open and connected porosity are clearly visible for the CS sample in Figure 2.10a. 

Grain sizes in excess of 10 µm were observed in the CS samples studied by SEM. In 

contrast, the majority of SPS samples showed little porosity and virtually no long-range 

connected porosity. Grain sizes were dominantly in the 50 nm range, though microscale 

grains were observed in isolated areas. Grain size analysis between CS and SPS 

samples was qualitative throughout the study. 

 FIB cross-sections of SPS samples from each composition were also analyzed 

with SEM (FEI NanoLab 600i). Cross-sectional areas of 10 x 5 µm were made at 

several locations across each sample. Micrographs were collected by a through-lens 
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detector in secondary electron (SE) and backscatter electron (BSE) modes. A selection 

of FIB sections and magnified microstructures is given in Figure 2.11. 

 

 

Figure 2.11: Electron micrographs of FIB cross-sections for a BS27_5050, b 
BS27_4060, and c BS27_3070 samples. Images in the top row were taken in SE mode 

while those in the bottom row were taken in BSE mode. 
 

The grain size varied from 30 nm to 1 µm. Several cross-sections were made across 

each sample, and there appeared to be no spatial patterns in the grain size or phase 

distribution. The percolation of both phases is best represented by BS27_5050, 

whereas the BCZY27 phase appeared more isolated in the 60 and 70 volume % 

STN95. 

 FIB cross-section BSE images were analyzed with ImageJ software to estimate 

the interfacial length per area of composite between the two phases. The BSE images 

in Figure 2.11 (bottom row), and others at the same magnification of 40 kX, were used 

to calculate these values. First, a scale relationship between the image pixel length and 
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the micron bar was made. Next, the areas of contrast between STN95 and BCZY27 

were traced out and the lengths were summed to generate a total boundary length in 

µm. Finally, the sum length was divided by the area of the image (µm2). This quotient 

was fed into the proposed model for the electrical properties of the BS27 composite for 

each composition (see Chapter 3.3). 

 

2.4.3.2 TEM and SAED of BS27_5050 

Filip Lenrick, a PhD student at the University of Lund, in cooperation with his 

advisor, Prof. L. Reine Wallenberg, conducted detailed microstructural and phase 

analysis on BS27_5050 as collaborators in this phase of the project. This collaboration 

was initiated at the 16th International Meeting on Solid State Protonic Conductors 

(SSPC-16) in Grenoble, France, in September, 2012. The results were incorporated into 

the first publication for this dissertation [118]. 

Filip used scanning TEM (STEM) analysis in low-angle and high-angle annular 

dark field (LAADF, HAADF, respectively) imaging modes, and X-ray energy dispersive 

spectroscopy (XEDS) to collect phase information. LAADF is sensitive to grain 

orientation and was used to estimate grain size (in corroboration with SEM). HAADF, 

which is sensitive to atomic number, was used to determine the occurrence of the two 

phases through dark/light areas. Variation in HAADF intensity was used as a qualitative 

indicator of compositional changes from grain to grain. Because of multiple pathological 

overlaps between XEDS peaks for the cations in BS27, phase mapping (using phase 

composition rather than single element signals) was used to identify the elements 

present in different regions of the composite. A lamella (~100 nm thick) was prepared 
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from a BS27_5050 SPS sample using a FIB (FEI NanoLab 600) and in-situ attached 

onto a standard copper half grid. Here, a lamella is defined as the lifted-out slice of 

material machined by the FIB and prepared for TEM analysis. Filip also used HRTEM 

and SAED to look for evidence of secondary phases in both phase-pure BCZY27 and 

STN95 regions, and at interfaces between the two phases. SAED was used as a means 

of verifying and interpreting the XRD results. 

 Figure 2.12 shows the lamella in full, and highlights a portion at right where 

XEDS and SAED were performed. The lamella image was taken in LAADF mode, and 

the selected area image was taken in HAADF mode. It is clear from Figure 2.12a that 

the microstructure of BS27_5050 made by SPS is highly complex. Grain sizes between 

25 – 500 nm were observed during Filip’s analysis, including numerous regions where 

the smallest grains were clustered together (cf. Figure 2.12b). Moreover, it is difficult to 

say whether either phase, or both, form percolating pathways through the sample, 

although more exhaustive analysis could be undertaken to answer this question (see 

Chapter 5.2). 

Figure 2.13 displays results of a HRTEM study on a STN95/BCZY27 interface. In 

Figure 2.13a, the BCZY27 grain is the dark region and the STN95 grain is the light 

region. The observed lattice fringes were constant in spacing throughout the entire 

grain. A Fast Fourier Transform (FFT) of the BCZY27 grain is displayed in Figure 2.13b. 

Any change in lattice parameter near the boundary would be exhibited as splitting of the 

diffraction spots in the FFT, which was not observed. The measured diffraction spots in 

Figure 2.13b correspond well with expected distances for BCZY27 and STN95 (Pm3m 
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space group with lattice parameters of 4.25 Å and 3.92 Å, respectively), showing a good 

correlation between the HRTEM and primary XRD peaks for this sample (cf. Figure 2.8). 

 

 

Figure 2.12: STEM LAADF image of a FIB lamella from a SPS sample sintered at 1300 
°C for 5 min; b STEM HAADF image of the selected area in part a (white box); c the 
corresponding XEDS map of the same area in part b, showing Sr Lα (red) and Ba Lβ/Ce 

Lα (green) peak signals. 
 

Selective area electron diffraction (SAED) patterns were recorded from three 

types of areas in the lamella: a) phase-pure BCZY27-regions, b) phase-pure STN95-

regions and c) regions containing both BCZY27 grains and lighter-contrast STN95 

grains, so-called dual regions. 
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Figure 2.13: a HRTEM image of a grain boundary between a BCZY27 grain (dark) and 
a STN95 grain (light); b FFT of the BCZY27 grain in part a. The BCZY27 grain is 
oriented with a <110>-type zone axis parallel to the electron beam, while orientation of 
the STN95 grain was not identifiable. 
 

Results of this analysis are shown in Figure 2.14. The STEM HAADF image in 

Figure 2.14a displays the section of the lamella where SAED patterns were recorded 

from the three regions. The radial intensity profiles of the SAED patterns are displayed 

adjacent to the HAADF image as Figure 2.14b. The secondary peaks found in XRD 

scans (cf. Figure 2.8) could not be detected, possibly due to insufficient resolution. 

Since HRTEM coupled with SAED did not reveal convincing evidence of secondary 

phases in the BCZY27 bulk, STN95 bulk, or at grain boundaries between BCZY27 and 

STN95, it was hypothesized that they exist as separate regions where the degree of 

contrast is in between BCZY27 and STN95 (see HAADF images in Figure 2.12b). 

Because the reaction phases formed between the phases are similar to the 

component materials (see Chapter 2.4.1), a quantitative XEDS study would be required 

to determine their extent in the STEM micrographs. The impurity phases could still be at 

the grain boundary regions, since an exhaustive HRTEM/SAED study of the interfaces 
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was not done in the current work. Indeed, more HRTEM and SAED analysis of this 

BS27_5050 sample and other BS27 samples is required for reconciling the techniques 

with XRD; however, due to time constraints with Filip’s own PhD research, and 

availability of the equipment at the University of Lund, the data presented in this chapter 

represent the only TEM/XEDS analysis of BS27. 

 

Figure 2.14: STEM-HAADF image of BS27 lamella highlighting three areas where 
SAED patterns were recorded: a in a pure BCZY27 region, b in a pure STN95 region, 
and c in a dual region containing both BCZY27 and lighter-contrast STN95 grains. To 
the right are the corresponding radial intensity profiles of the SAED patterns for the 
three areas. The 110 peak for the STN95 region has been truncated due to saturation of 
the CCD detector. The red circles in the two-phase curve represent possible secondary 
phases. All other peaks in the two-phase pattern align with either BCZY27 or STN95. 
 

2.5 Thermal Expansion of BCZY27 and STN95 

To study the thermal expansion properties of the baseline materials, rectangular 

bars (8 x 6 x 35 mm) of BCZY27 and STN95 were uniaxially pressed at 53 MPa and 

cold-isostatically pressed at 250 MPa. The BCZY27 powder was mixed with 1 wt. % 

NiO before pressing, and then sintered at 1400 °C for 12 h in air. The STN95 bar was 

sintered at 1400 °C for 12 h in humidified (3 % H2O) 9 % H2/Ar. After sintering, the bars 



43 
 

were machined with diamond tools to final dimensions of 4 x 4 x 12 mm. Thermal 

expansion for each sample was measured with a differential pushrod dilatometer (DIL 

402 C, Netzsch) from RT – 1000 °C in dry air to simulate the post-SPS heat treatment, 

as well as in dry 9 % H2/N2 to approximate the reducing SPS environment. The former 

experiments were conducted to compare the thermal expansion of the component 

materials in an oxidizing environment with the behavior in a reducing environment. The 

relative densities of the bars were found to be > 97 % by the Archimedes method. 

Thermal expansion coefficients (TECs) were calculated over the range 200 – 920 

°C. The average TEC at a given temperature Ti was found by taking the difference of 

the linear expansion ratio (dL/L0 where dL is the differential change in length and L0 the 

initial length) across the temperature range ΔT = 160 °C. That is TECTi = (dL/L0Ti + 80°C – 

dL/L0Ti - 80°C)/ΔT. This procedure has been used in previous work with STN [53] to 

achieve confidence in the average TEC. The results for dry air are shown in Figure 

2.15. The average TEC of BCZY27 and STN95 in dry air are 8.76 ± 0.30 ppm·K-1 and 

12.05 ± 0.31 ppm·K-1 respectively as displayed in Figure 2.15. Under reducing 

conditions, the average TEC for BCZY27 did not change, while the value for STN95 

decreased to 11.38 ± 0.42 ppm·K-1. 

Regardless of atmosphere, the difference in differential expansion between the 

two materials is significant, over 30 % and 45 % of the STN95 and BCZY27 values at 

1000 °C, respectively. This disparity is likely the primary contributing factor to the 

cracking of most BS27 SPS samples, since this failure occurred for those samples 

treated in both reducing and oxidizing atmospheres. Estimates of the relative strains in 

the samples were not made in the current work. 
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Figure 2.15: Thermal expansion profiles for BCZY27 and STN95 samples heated in dry 

air from RT – 1000 °C. The dashed curves represent calculated average TEC values, 
while the solid curves display the linear expansion as a percentage of initial sample 
length. 
 

The difference in sintering profiles of the STN95 and BCZY27 samples (details in 

Chapter 3.1) suggests lattice strains occur in the composites, which can be attributed to 

the different temperatures and hold times needed to produce these materials. Such 

strains could explain the frequent cracking failure of SPS samples during cooling and 

subsequent heat treatments and testing, regardless of atmosphere. 
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CHAPTER 3 

ELECTRICAL PROPERTIES OF BS27 COMPOSITES 

 This chapter presents the results of electrical measurements on both pure 

BCZY27 and STN95 samples, and on BS27 composite samples. Models for composite 

electrical properties, as well as a new model developed in the current work, are 

presented and compared. Discussion of the results is included in each sub-chapter. 

 

3.1 Experimental Setup 

 For obtaining baseline conductivity values, BCZY27 and STN95 samples were 

made from the same powder batches used to make the composite mixtures. These 

samples were sintered conventionally in air, and reducing conditions for BCZY27 and 

STN95, respectively. For BCZY27, 1 weight % NiO was mixed with the calcined powder 

by ball-milling in ethanol for 24 h. After mixing, disc-shaped pellets of 12 mm  and 2 

mm thick were pressed and CS in air at 1400 °C for 12 h. Platinum paste was painted 

onto both sintered faces and a final heat treatment was done at 1000 C for 2 h in air to 

adhere the electrodes. STN95 samples were pressed as rectangular bars, CS for 12 h 

at 1400 °C in 9 % H2/N2 humidified by a room-temperature bubbler (+ 3 % H2O), and 

subsequently machined into to 4 x 4 x 18 mm dimensions using diamond tools. 

Platinum wires were wound around the ends of the bars and platinum paste was 

painted over them to ensure sufficient electrical contact. The electrode wires and paste 

were fired at 1000 °C for 2 h in dry 9 % H2/N2 to maintain the samples’ reduced state. 

BS27 composite samples (by SPS only) for conductivity testing were prepared as 
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square pellets ~5 – 7 mm on a side and 1 – 2 mm thick. Platinum and silver paste 

electrodes were used, and some samples were tested using gold wire for connection to 

the measurement leads. The variation in lead material was based on material 

availability at the time of testing, as well as that not all conductivity testing was done in 

the same rigs, or at the same lab (see Table 1.1). Painted samples were initially fired in 

air to adhere the electrodes, but the atmosphere was later switched to dry 9 % H2/N2 to 

maintain the reduced state of the samples, thereby shortening the time needed to reach 

equilibrium during testing. 

Photographs of the various conductivity rigs used to test pure STN95, pure 

BCZY27, and BS27 composite samples are shown in Figure 3.1. The 4-point probe DC 

method (Figure 3.1a) was used to collect the resistance data over time for STN95 bar 

samples. Because the resistance of STN95 drops significantly above room temperature 

(> 100 °C [53]), the 4-point probe method was required to correct for measurement lead 

resistance. DC conductivity measurements for the BCZY27 pellet samples were taken 

using the pseudo 4-point method, whereby the working and sense wires were 

connected to the same current collector electrode (platinum mesh), and the counter and 

sense wires were connected to the opposite current collector electrode (Figure 3.1b). In 

contrast to the STN95 measurements, the resistance of BCZY27 is sufficiently high 

across all testing temperatures, such that lead resistance correction was unnecessary. 

A micro-ohmmeter (Keithley Model 580) was used for the 4-point probe measurements. 

The pseudo-4-point DC measurements were carried out with the same micro-

ohmmeter, as well as with a Potentiostat/Galvanostat (Gamry Reference 600®) in 

single-point galvanostatic mode. Samples tested with the Gamry were suspended from 
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the platinum working and sense wires by gold wires connected to silver mesh current 

collectors adhered to silver paste electrodes on each side of the sample (Figure 3.1c). 

 

 

Figure 3.1: Photographs of conductivity measurement rigs: a STN95 bar in a 4-point 
DC configuration, b BS27_5050 sample in pseudo 4-point DC configuration (Keithley 
connection), and c BS27_4060 sample in pseudo 4-point DC configuration (Gamry 
connection). The light color of the BS27 sample edges in b is due to surface oxidation 
during electrode firing in air. 
 

In Figure 3.1b, the measurement wires were run inside the alumina tube supporting the 

current collector on the left side, while the measurement wires connected to the right 

side current collector were run along the back of the larger alumina tube. In Figure 3.1c, 

the gold lead wires attached to the sample were wrapped around the platinum 

measurement wires, which terminated as bare ends beyond the sample (out of the 

page). Small alumina beads covered the windings between the gold and platinum wires, 
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ensuring there were no electrical shorts during testing, but simultaneously giving the 

appearance in Figure 3.1c that the Pt leads do not contact the sample. 

The rigs shown in Figure 3.1 were inserted in sealed tube furnaces equipped with 

programmable temperature control and gas supply systems. All testing was done under 

a gas environment chosen to approximate hydrogen separation conditions, i.e., a 

diluted hydrogen atmosphere, typically 6 – 9 % H2 balanced with an inert gas (N2, Ar, or 

He). Refrigerated and room-temperature bubblers were used to supply moisture to the 

gas stream, between 1 – 3 % vol. H2O. Tests with the rigs in Figure 3.1a and 3.1b were 

conducted at DTU and tests with the rig in Figure 3.1c were conducted at CSM. The 

variation in the rig configurations and measurement equipment was not ideal for 

comparisons between them. One of the BS27 samples was tested in rigs at both DTU 

and CSM and the results were found to vary by less than 5 %, so discrepancies 

between rigs were ignored in the data analysis. 

 

3.2 DC Measurements 

 Figure 3.2 displays a summary of total conductivity data, labeled as the mixture 

conductivity, σm, gathered for pure STN95 (open crossed circles), pure BCZY27 

(crossed squares), and composite samples of BS27_5050 (open triangles), BS27_4060 

(open circles), and BS27_3070 (open diamonds) as a function of inverse temperature. 

The scatter in the conductivity data decreased with increasing STN95 content. This 

trend is likely due to the STN95 conductivity dominating the microstructure and a 

decrease in the number of junctions between the two phases, leading to less interphase 

reaction and fewer space charge effects (see Chapter 3.3). Despite the complex 
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microstructures and large grain size variations generated by the SPS process, their 

impact on total conductivity was not determined in the current work. 

 

 

Figure 3.2: Total conductivity data for pure STN95, BCZY27, and BS27 composite 

samples of the three compositions, labeled by percentage of STN95. Several samples 
of each BS27 composition were tested. The error bars indicate the standard deviation. 
 

It is possible the irregularities of the sample microstructures produced the overall low 

values of conductivity. This argument is considered in more detail at the end of the next 

chapter. 

 

3.3 Modeling Composite Conductivity 

As shown in Figure 3.2, the conductivities of the composite samples are on the 

order of mS·cm-1, which is similar to single-phase proton conductors [77, 119, 120], but 
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is far below electronic conductors [26, 49]. The temperature dependence of BS27 

resembles the semiconductor-type of the BCZY27 phase, despite the fact that the 

STN95 phase, which has a metallic-type temperature dependence, is present up to 70 

volume %. This result suggests that the BCZY27 phase is somehow limiting or “pinning” 

the overall conductivity of the composite mixture. To develop a mathematical description 

of the conductivity behavior for BS27, conventional approaches to composite 

conductivity modeling were first examined. 

Although many composite conductivity models have been proposed in the 

literature [118, 121-126], the effective medium treatment by Bruggeman [122], later 

expanded by Landauer [123] and others, serves as a common foundation for many 

approaches. The symmetric Bruggeman-Landauer (BL) effective medium model is one 

of the more-widely used descriptions for conduction in two-phase composites and can 

be expressed as: 
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where σ1 and σ2 are the conductivities of phases 1 and 2, x1 and x2 are the volume 

fractions of phases 1 and 2, and σm is the total conductivity of the composite. It is 

assumed x1 + x2 = 1. Because there are only two phases considered in Equation 3.1, it 

is quadratic with respect to σm and gives a single physical solution of the form: 
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where  

 

    2211 1313   xxq . (3.2b) 

 

Again, it is assumed that x1 + x2 = 1. Based on the XRD data in Chapter 2, this 

assumption is a first approximation at best. The model of Equation 3.1 is known as the 

symmetric BL model and it is best applied under the assumption that neither phase in 

the composite is blocked or restricted by the other [127]. This model shows a 

rudimentary form of percolation, with a percolation threshold of about 0.33.  

A more recent model developed by Wu and Liu [124], hereafter referred to as the 

WL model, builds on Equation 3.1, but assumes the boundaries between the two 

phases exhibit infinite impedance, when one phase is an ionic and the other an 

electronic conductor. This assumption results in the following expression for σm:  

 

        22221111 13131313
4

1
  xxxxm , (3.3)

 

 

where again, x1 + x2 = 1. Equation 3.3 is akin to solving Equation 3.1 twice, once for σ1 

= 0, once for σ2 = 0, and then summing the results. 

The WL model initially seems appropriate for a composite like BS27, since under 

hydrogen separation conditions there is no meaningful n-type conductivity in BCZY27, 

nor is there any meaningful protonic conductivity in STN95. Thus, there should be 

limited or negligible charge transfer between the phases. However, as shown in Figure 
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3.3, the WL (and BL) models do not satisfactorily fit the measured conductivity behavior 

of the BS27 composite system. 

 

 

Figure 3.3: Total conductivities predicted by the BL (solid curve) and WL (dashed 

curve) models plotted with BS27 experimental data as a function of STN95 volume 
fraction. Error bars are given for the BS27 data points showing the standard deviation in 
the measurements. 
 

The pure BCZY27 and STN95 conductivities were fed into the BL and WL models to set 

the end-member points at 0 and 100 volume % STN95, respectively, in Figure 3.3. 

While the trend of the experimental data follows the model curves, the difference 

of two orders of magnitude between them suggests that these theoretical approaches 

are of questionable direct utility for this study. Instead, a new effective medium model 

that allows for a finite non-zero value of the conductivity at the interfaces between the 
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two phases, σc, is needed to better explain the experimental data. Using Equation 3.1 

as a foundation, an expression that accounts for a finite interfacial impedance was 

recently developed in the context of two different ionic conductors [126]:
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 (3.4) 

 

A key difference between Equations 3.1 and 3.4 is the inclusion of multipliers to the 

volume fraction terms. That is, the volume fraction of phase 1 (STN95) is multiplied by 

itself to estimate the probability that a junction between STN95 and itself will occur. The 

probability of phase 2 homojunctions (BCZY27/BCZY27) is similarly estimated by 

squaring the BCZY27 volume fraction. Finally, in the important third term of Equation 

3.4, the volume fractions of phase 1 and 2 are multiplied to estimate the probability that 

a heterojunction will occur. This formula is hereafter called the interfacial effective 

medium (IEM) model. In Equation 3.4, the conductivities σ have the units of Scm-1. 

Note that this definition also holds for σc, defined by Equation 3.5: 
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where GAS (units of Scm-2) is the interfacial area-specific conductance, i.e., the inverse 

of the area-specific contact resistance (ASRc), and A' is the amount of contact length 

between STN95 and BCZY27 per unit area of composite (units of cmcm-2 or cm-1). The 

physical source of GAS can be attributed to several factors, including structural or 

chemical inhomogeneities at the interface, interfacial phase-segregation, or space 

charge effects. 

The TEM and FIB-SEM did not reveal conclusive evidence for interfacial phase 

segregation, and so, we propose the possibility of a depletion-type space charge layer 

formed between STN95 phase and BCZY27 phase as the potential origin of the 

interfacial impedance. Experimental data can be fitted with this model to extract values 

of σc, which can then be physically interpreted with the more meaningful terms GAS and 

A'. For experimental validation of this model, A' can be determined in a relatively 

straightforward manner through estimations of contact boundary length from electron 

micrographs. However, determining GAS experimentally requires careful impedance 

analysis of a geometrically well-defined interface, e.g., via a thin-film model-electrode or 

cone electrode experiment (see Chapter 5.2). 

In Figure 3.4, the IEM model (Equation 3.4) is added to the plot in Figure 3.3. For 

BS27_5050, σc was calculated to be 0.00927 S·cm-1, roughly three times greater than 

the bulk conductivity of BCZY27. This value of σc was then used to plot σm as a function 

of STN95 volume fraction, generating the dash-dot curve, which naturally intersects with 

the value for BS27_5050. However, as STN95 content increases, the data deviate 

significantly from Equation 3.4. The IEM model was also plotted for the WL condition (σc 
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= 0), generating the dotted curve, which underestimates the BS27_5050 data, but 

overestimates the BS27_4060 and BS27_3070 data.  

 

Figure 3.4: Conductivity of the BS27 composite as a function of STN95 volume fraction 

at 700 °C. The end-member points correspond to the pure BCZY27 and STN95 values 
(cf. Figure 3.2). The BL (solid) and WL (dashed) curves were generated from the 
experimental data at 700 °C. The error bars on the BS27 points represent the standard 
deviation in the experimental data, and are small enough to be obscured by the data 
points for BS27_4060 and BS27_3070. 
 

Perhaps resistive layers form at STN95 homojunctions during SPS, or during 

conductivity testing, which would bring down the overall conductivity. This suggested 

homojunction effect would likely occur in parallel with a space charge depletion effect at 

the heterojunctions, and would dominate at higher STN95 contents as the number of 

heterojunctions decreased. Additionally, insulating impurity phases from interphase 

reaction between STN95 and BCZY27 cannot be ignored. 



56 
 

Attempting to solve Equation 3.4 for σc using data for BS27_4060 and 

BS27_3070 generates non-physical values. Therefore, additional effects at the 

interfaces between STN95 and BCZY27 must be taken into account. Given the 

dissimilar charge carrier properties of STN95 and BCZY27, the formation of a space 

charge layer (SCL) at the contact points between the phases cannot be overlooked. 

SCL theory has been used to describe the electrical properties of junctions or contacts 

in many materials and devices, particularly in semiconductors [128] and in electrolytes 

or solid state ionic conductors  [129-134]. Depending on the type of charge carriers that 

contribute to the partial currents in a material, SCL can enhance (accumulation 

scenario) or inhibit (depletion scenario) charge transport in the vicinity of a junction. 

Since STN95 is an n-type electronic conductor and BCZY27 a protonic conductor 

(under hydrogen permeation conditions), the interfaces between the two materials can 

be analogized as a semiconductor p-n heterojunction (Schottky barrier), with an 

inherent built-in junction potential. This potential, the built-in voltage, at the interface 

between STN95 and BCZY27 is related to the work function difference between the two 

materials: 

 

STN95BCZY270 V . (3.6) 

 

The built-in voltage V0 arises at the STN95/BCZY27 interface due to the work function 

difference between the two materials. In order to equalize the Fermi level across the 

junction, a SCL forms, which has a characteristic width dependent on the dielectric 
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properties and charge carrier densities of the two materials [72]. The width of this SCL, 

wSCL or δ, may be approximated as: 
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where wH+ and we- represent the widths of the depletion zone on the protonic and 

electronic sides, respectively, q is the fundamental charge, ε0 the permittivity of free 

space, εi the relative dielectric constant of phase i, and Nj the charge carrier 

concentration of species j. These equations are based on the assumption that the 

potentials and electric fields are continuous at x = 0. A schematic of the interface is 

given in Figure 3.5. The work function mismatch at the STN95/BCZY27 interface 

causes the valence and conduction bands to bend. As a result, electronic carriers are 

depleted on the STN95 side, leading to a net positive charge within the SCL from –we- < 

x < 0. Concurrently, protonic defects (OHO


) are driven away from the interface, forming 

a net negative charge in the region 0 < x < +wH
+. 

Since mobile charge carrier densities simultaneously decrease as x  0, the 

local conductivity, σ(x), will decrease in the vicinity of the junction, based on the 

classical model of conductivity 
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where Z is the charge carried by species i, q is the fundamental charge, ni is the 

concentration of mobile charged species i, and μi represents the mobility of species i. 

The carrier concentrations are assumed to decrease exponentially with distance across 

the SCL, based on the Boltzmann approximation. 

 

Figure 3.5: A 2D schematic illustration of an interface between STN95 and BCZY27 
where a depletion-type space charge layer (SCL) forms at the junction. The symbols 
-we- and +wH+ indicate the width of the SCL into the STN95 and BCZY27 regions, 
respectively. 
 

Thus, the spatial variation of σ(x) across the SCL in Equation 3.7 can be approximated 

as 
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Inverting Equation 3.9 and integrating over the depletion width enables the calculation 

of an effective area-specific resistance (ASRc) for the interface region as: 
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Setting the above equal to GAS
-1 from Equation 3.5 links the interfacial conductance 

directly to the properties of the SCL. 

 Values of Φ, Ni, and εi for BCZY27 and STN95 to solve Equation 3.7 were 

difficult to locate in the literature. Approximations were made based on unpublished 

work with BCZY27 (ε) and microwave dielectric research (ε, Φ) involving SrTi1-xNbxO3 (x 

< 0.01) materials and donor-doped Sr1-xLaxTiO3 [135, 136]. The carrier concentration of 

electrons in STN95 was taken from the work of Blennow et al. [53], confirming the 

earlier study of Tomio et al. [137]. Table 3.1 presents a summary of values found and 

assumed for solving Equation 3.7. 

 

Table 3.1: Values of relative dielectric constant, electronic or protonic carrier 
concentration, and work function for STN95 and BCZY27. Literature-based values are 
in regular font, while approximated values are in italics. 

Material ε (relative) Ne-/H+ (cm-3) Φ (eV) 

STN95 300 1.8 x 1021 4 

BCZY27 36 9.7 x 1020 6 

 

Assuming a fully-protonated BCZY27 phase, NH+ = 9.7 x 1020 cm-3, based on lattice 

volume calculations. The work function of BCZY27 has not been reported in the 
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literature, but is suspected to be moderately large and was set to 6 eV for this 

calculation. The dielectric constant of a similar material to STN95, Sr0.94Ti0.9Nb0.1O3-δ 

(STN94), has been measured to be ~300 at low and ambient temperatures (-18 – 60 

°C), but is not known at higher temperatures, i.e., under conductivity or flux test 

conditions. Abrantes et al. [138] studied the dielectric properties of undoped SrTiO3 up 

to 600 °C and reported a value of ~900 for ε in N2. The applicability of these results to 

STN95 is uncertain at best, given the different electrical properties between undoped 

and Nb-doped SrTiO3. To accurately investigate the dielectric properties of STN95 

under testing conditions, a network analyzer, which could measure the impedance in 

the GHz range, would be required, and such equipment was not available for the 

current work. Since the conductivity of STN95 is of the order of 100 S·cm-1 at 700 °C, a 

lower value of ε was assumed. An approximate SCL width of 5 nm was calculated from 

the values in Table 3.1. With the SCL thickness, Equations 3.9 and 3.10 were solved to 

find an interfacial conductance (GAS) of 18.2 S·cm-2, which was combined with the 

estimated interfacial length per area of contact between STN95 and BCZY27 A' (cm-1) 

to calculate adjusted σc values, σc*, for each composition by Equation 3.5. See Chapter 

2.4.3.2 for the method of calculating A' from BS27 microstructure data. Values for A' 

and σc* are given in Table 3.2 for each BS27 composition. 
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Table 3.2: Estimated interfacial length/area values (cm-1) between STN95 and BCZY27 
in BS27 composites and the corresponding σc* values. 

Composition A' (cm-1) σc* (S·cm-1) 

BS27_5050 3.3 x 104 5.5 x 10-7 

BS27_4060 2.7 x 104 6.7 x 10-7 

BS27_3070 2.3 x 104 8.0 x 10-7 

 

The values for σc* were inserted into Equation 3.4, which was again solved for σm to 

produce adjusted composite conductivities, σm*. The results are plotted as Figure 3.6 on 

top of Figure 3.4 (without BL and WL models). 

 

 

Figure 3.6: BS27 total conductivity as a function of STN95 volume %. The IEM model is 

plotted as before in Figure 3.4 for σc = 0 (dotted curve) and σc = 0.0093 (dash-dot 
curve), as well as the experimental data for each composition. Additionally, adjusted 
values of predicted BS27 conductivity, σm*, are also shown (open diamonds), which 
were calculated using SCL theory. 
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Incorporating the effect of a depletion-type SCL at the STN95/BCZY27 heterojunctions, 

the IEM model predicts values of BS27 total conductivity that are in good agreement 

with the case for σc = 0, which is the WL case. The underestimation of total conductivity 

at 50 % STN95 and subsequent overestimation at 60 and 70 % STN95 indicates there 

are other resistances not accounted for in the model, possibly at the STN95 and 

BCZY27 homojunctions. 

A key assumption in the validity of applying the IEM model as-is to BS27 is that 

the component phases have similar conductivities to their bulk end-member 

counterparts. That is, the conductivity of STN95 must be the same in the SPS samples 

as it is in the baseline samples produced by CS (see Chapter 3.1).  If the STN95 phase 

is instead assumed to have a lower conductivity than the baseline value, a revised 

model can be produced, which is displayed in Figure 3.7. To obtain the gold-colored 

dashed curve in Figure 3.7, values of σSTN95 were found by parabolic minimization of 

arrays of σSTN95 and σc values across the STN95 compositional range. That is, the 

conductivity of STN95 was allowed to “float” until a minimum in Equation 3.4 could be 

found by these arrays. Values for σc satisfying these conditions were found to be on the 

order of 10-11 S·cm-1, approaching zero, which is in line with the WL approach. The 

resulting curve fits the experimental data much better, predicting a STN95 conductivity 

of ~0.3 S·cm-1, approximately 300 times lower than the baseline value. This result 

strongly suggests the baseline conductivity of STN95 cannot be used to predict BS27 

electrical behavior. 
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Figure 3.7: Total conductivities predicted by Equation 4.3 for BS27 composites at 700 

°C, with a revised value of STN95 used to calculate the total conductivity. This revised 
value was found by parabolic minimization. The IEM curve for σc = 0, assuming baseline 
STN95 conductivity, from Figures 3.4 and 3.6 is shown for reference. 
 

Perhaps measuring a STN95 sample with comparable grain size to the BS27 

samples would produce a result closer to the prediction in Figure 3.7. Adding barium 

and zirconium impurities to the STN95 powder before sintering to produce 

microstructures with the reaction phases predicted by phase equilibria (see Chapter 

2.4.1) could also help understand the conductivity behavior. 

Given the large range of grain sizes in the samples, coupled with the complexity 

of the various microstructures, any SCL effects between STN95 and BCZY27 are non-

trivial to simulate. Furthermore, the formation of resistive BaTiO3 and SrZrO3 impurity 

phases forming blocking regions at the boundaries between STN95 and BCZY27, 
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leading to diminished performance, cannot be overlooked; given the XRD results (cf. 

Figure 2.8). The most important takeaway from this study is that the conductivity of 

BS27, even at 70 volume % STN95, follows a temperature-dependence typical of a 

semiconductor, in contrast to the metallic-type behavior of pure STN95, suggesting the 

STN95 phase in BS27 does not behave like its baseline counterpart. Overall, the 

relatively low total conductivities discourage efforts to optimize BS27 as a hydrogen 

separation membrane. 
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CHAPTER 4 

HYDROGEN PERMEABILITY OF BS27 COMPOSITES 

 This chapter describes the experimental procedures used to test BS27 samples 

for hydrogen permeability. It also presents results for hydrogen flux through BS27 

samples produced by SPS at each composition. Discussion of the results is included in 

each sub-chapter. 

 

4.1 Experimental Setup 

Hydrogen flux across BS27 samples was measured in pure permeation mode by 

gas chromatography. Two types of test rigs and sealing methods were used in the 

measurements: 1) a horizontal configuration with a gold foil ring seal, held in place by a 

spring loaded alumina ring on the feed side of the sample, and 2) a vertical 

configuration with glass as the seal, covered by a short alumina tube ground to fit like a 

cap on top of the sample. Rig 1 was used at DTU, while rig 2 was used at CSM. 

Schematics of both rigs are given side by side in Figure 4.1. 

A gas chromatograph (CP-4900 MicroGC, Agilent) with argon carrier gas was 

connected to the outlet of the permeate (sweep) side. Dry argon, as well as dry 100 

ppm H2/Ar, were used as sweep gases to test the effect of a finite p(H2) gradient on 

membrane performance. A feed gas of dry and wet (3 % H2O) 9 % H2 balanced with 

helium was used. Higher H2 contents were not tested, although determining a 

relationship between the flux and the H2 driving force would be good for future work 

(see Chapter 5.4). 
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Figure 4.1: Schematic diagrams of hydrogen permeation test rigs used to study BS27 
samples: a rig 1, a horizontal configuration equipped with spring-loaded rods, and b rig 

2, a vertical configuration relying on gravity to help form the seal. Both schematics are 
shown in vertical format for easier viewing. 

 

The flow rates of the feed and sweep gases were kept equivalent during testing. 

Creating a gas-tight seal between the feed and permeate sides proved difficult, and 

several methods were used during the experiments, including gold foil rings, glass, and 

Thermiculite®. The best method involved a glass powder (CaO-BaO-SiO2, GA-13, 

Nippon Electric Glass, Ltd.) mixed with α-terpineol to form a paste that was applied 

between the alumina permeate tube and sample, and within the alumina collar cap (cf. 

Figure 4.1b). The glass seal was heated to 900 °C for 1h in the atmospheres used 

during testing, and then cooled to the testing temperatures. A heating rate of 90 ° Ch-1 

was used up to 600 °C, after which heating was slowed to 60 °Ch-1 to minimalize 
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thermal stress. After the 1 h hold at 900 °C, the system was cooled to 800 °C at 45 °Ch-

1. This rate was also used to cool and heat between 600 and 800 °C during flux testing. 

At the testing temperatures, a leak of 0.3 mL·min-1 (0.8 % by volume) was achieved with 

this method. In one case, a larger leak of 0.8 mL·min-1 (2 % by volume) was observed, 

and was attributed to insufficient application of glass to the seal zone. 

For the samples tested in the horizontal configuration (Figure 4.1a) rings of gold 

foil (0.2 mm thick, 10 mm inner ) were pressed between the sample and the permeate 

alumina tube supporting it. An alumina ring connected to the rig’s base by spring-loaded 

alumina rods held the sample and gold ring tight against the permeate tube while 

creating a well-defined exposed area of the sample on the feed side. The gold seal was 

heat-treated at 1030 C for 12 h in 9 % H2/N2, after which the rig was cooled to the first 

testing temperature at 90 °Ch-1 to minimize thermal stresses. While the SPS process 

generated sufficiently-dense BS27 samples of each composition for membrane testing, 

nearly all of them cracked after synthesis and were unusable for permeation 

experiments (cf. Figure 2.6). The few samples that survived synthesis and test 

preparation produced the results for the current work (see Chapter 4.4). 

 

4.2 Leak Correction for Flux Measurements 

Leaks in the hydrogen flux measurements were observed throughout the work. 

Binary gas mixture theory, developed by independently by Chapman and Enskog [125, 

139], was used to correct the data for these leaks. Their formula for calculating effective 

diffusion coefficients for such mixtures is given by:  
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where T is the temperature, M1 and M2 are the molecular weights of the gases, p is the 

pressure, σ12 is the Lennard-Jones (L-J) potential between the gases, and Ω is the 

collision integral. The L-J and Ω parameters for H2 and Ar were taken from [139], while 

values for He were acquired from a separate source [140]. 

Equation 4.1 was used to calculate Deff values for H2-Ar mixtures and He-Ar 

mixtures. The Deff for H2/Ar was divided by the Deff for He/Ar, generating a unitless factor 

which could be used to determine the magnitude of the H2 leak during flux testing. By 

this method, a ratio of 1.092 H2/He was calculated, meaning that approximately 10 % 

more H2 passed through the leak than existed in the feed ratio (9 % H2/He). The 

calculations were performed for each testing temperature, but the correction factors 

varied by less than 0.5 %, so the ratio of H2 to He in the leak was assumed to be 

constant during the tests. 

 

4.3 Effect of Sweep Gas Oxygen Activity on STN95 

Thermogravimetric analysis (TGA) and conductivity experiments were conducted 

to test a hypothesis that the p(O2) in the sweep gas can alter the conductivity of STN95 

during hydrogen flux measurements. A sintered sample of STN95 was tested for 

oxidation by TGA. The equipment consisted of a microbalance (Thermo Cahn D-200) 

capable of measuring a 150 mg weight change with a resolution of 0.1 µg. The sample 

was placed in an alumina crucible that hung from a NiCr wire attached to the 
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microbalance. Gas mixtures were supplied via three mass flow controllers (Alicat 

Scientific MC series), each with a maximum volumetric flow rate of 50 mLmin-1 (sccm). 

The sample was initially exposed to dry 3.5 % H2/N2 during heating to 700 °C (200 °Ch-

1). Once equilibrium was reached at 700 °C, the gas was changed to dry Ar. The mass 

change, mi, was divided by the initial mass, m0, to obtain a fractional weight change in 

the specimen. 

The total conductivity of a STN95 sample was tested under similar conditions, 

using the rig and analysis equipment from Figure 3.1c. The sample was heated to 600 

°C in wet (3 % H2O) 5 % H2/Ar, allowed to equilibrate, and then the atmosphere was 

switched to dry Ar. The results of the TGA and conductivity tests are displayed in Figure 

4.2. 

TGA showed a weight increase of 0.05 % at 700 °C, 13 h after the atmosphere 

was switched to dry Ar, indicating relatively little oxidation. The electronic conductivity of 

STN95 decreased ~500 times when the same atmosphere change was made at 600 

°C. The drop in conductivity for STN95 has been reported elsewhere for A-site 

stoichiometric 10 mol. % Nb-doped SrTiO3 [137]. In a reducing atmosphere, STN95 

shows metallic-type conductivity behavior with increasing temperature, but when p(O2) 

increases at high temperature, the compensating mechanism for the Nb donor-doping 

switches to Sr vacancies, decreasing the n-type conductivity. 
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Figure 4.2: a TGA data for a STN95 sample exposed to dry Ar for 13 h at 700 °C after 
equilibration in 3.5 % H2/N2, b total conductivity of STN95 sample in 5 % H2/Ar (green 
diamond) and in dry Ar (red circle). 
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The defect reaction for the transition between compensation mechanisms is given by 

Equation 4.2, which has been adapted from [53]: 
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Here, x is the molar fraction of Nb in A-site deficient Sr1-x/2Ti1-xNbxO3, and vSr
'' is a 

doubly-ionized strontium vacancy. Based on the results of these experiments and the 

supporting literature, a reducing sweep gas appears necessary to maintain the 

electronic conductivity of BS27 cercer membranes for hydrogen separation. 

 

4.4 Hydrogen Flux Results 

Hydrogen flux experiments were done without electrodes or catalysts to 

investigate the inherent hydrogen permeability of BS27 as a function of BCZY27 

content. When only dry argon was used as the sweep gas, hydrogen flux was 

measurable over a persistent leak, with a maximum value of 0.007 µmol·cm-2·s-1 at 800 

C for BS27_5050 (cf. Figure 4.3). No measureable flux was observed for BS27_4060 

or BS27_3070 samples, which is likely due to the proton-conducting BCZY27 phase 

being non-percolating in these samples (cf., Figure 2.11). Furthermore, the addition of 

water vapor to the feed gas composition had no impact on the hydrogen flux for any 

BS27 composition under any test condition. 

Since the conductivity data presented in Figure 3.2 hint at high interfacial 

impedance between the two phases, it was hypothesized that the protons and electrons 
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could not easily recombine when they reached the permeate side. That is, the following 

reaction, given by Equation 4.3, is limited at the sample surfaces. 

 

x
O2O 2O(g)He2OH2 

 (4.3) 

 

To test this hypothesis, a sample of BS27_5050 (90 % dense) was prepared with 

palladium electrodes deposited by room-temperature sputtering on both sides. The Pd 

layers were intended as current collectors to facilitate the recombination of protons and 

electrons at the permeate side of the membrane. The thickness of the layers was 

estimated to be 100 nm, based on calibration of the sputtering equipment by 

profilometry, which produced a deposition rate of 10.9 nm·min-1. The sputtering process 

was conducted for 9 min. A scanning electron micrograph (in BSE mode) of the Pd layer 

is provided in Figure 4.3 in a surface view orientation (i.e., not a cross-section). The 

sample holder clip in the sputtering chamber blocked a portion of the sample from being 

coated, which coincidentally provided a contrast boundary between the coated and bare 

surfaces (cf. inset of Figure 4.3). The bare portion of the sample was not within the 

active area during permeation testing. 

The hydrogen permeation of the Pd-coated BS27_5050 sample was tested in rig 

configuration 2 (cf. Figure 4.1b). The measured flux was corrected for a 2 % leak (0.8 

mL·min-1). The results were compared to the test on a plain BS27_5050 sample where 

a 0.8 % leak (0.3 mL·min-1) was observed, and are presented in Figure 4.4. The 

presence of the Pd layers, coupled with the addition of a small H2 flow to the sweep 
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gas, composition boosted the measured hydrogen flux by five-fold, a modest 

improvement. 

 

 

Figure 4.3: Electron micrograph taken in backscatter mode of the sputtered Pd layer on 

a BS27_5050 sample before flux testing. A photograph of the sample is inset at top 
right. The boundary between the coated and bare sample surfaces is shown in the 
micrograph to provide contrast for resolving the Pd layer. 
 

This enhancement is attributed to the Pd layers, rather than the addition of H2 to the 

sweep gas, since the persistent leaks throughout all tests provided a reducing 

atmosphere to the sweep side, coupled with a diminished chemical potential driving 

force.  
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Figure 4.4: Leak-corrected hydrogen permeation values for a BS27_5050 sample with 

Pd layers (squares) and a bare BS27_5050 sample (circles). The feed and permeate 
gas supply conditions are given in the legend. 
 

The performance of BS27_5050 can be examined in the context of a common 

model for hydrogen flux in an ambipolar electron + proton conducting membrane where 

protons are the majority defect [40]: 
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, (4.4) 

 

where R is the universal gas constant (J·mol-1·K-1), T is the test temperature (K), σH+ is 

the protonic conductivity (S·cm-1), F is Faraday’s constant (C·mol-1), L is the membrane 

thickness (cm), and pH2
 is the partial pressure of hydrogen. The expression has been 
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modified from [40] to include the terms φH+, the volume fraction of the proton-conducting 

BCZY27 phase, and α, a factor indicating the tortuosity of the BCZY27 phase in the 

composite. This formula is valid under the following conditions: 1) the electronic 

conductivity is high enough to make the transference number te- unity, 2) protons are 

the majority defect, and 3) acceptor-dopant ions are the compensating mechanism for 

the protons. For BS27_5050 φH+ = 0.5, and for this work, α was set to 1.5, an estimate 

based on theoretical treatments of composite fuel cell materials available in the 

literature [126, 127, 141]. Equation 4.4 is integrated over a known hydrogen chemical 

gradient, the driving force in the flux of hydrogen for this case, from pH2,I (high) to pH2,II 

(low), hence the need for the negative sign at the front to generate a positive value. For 

a protonic conductivity of 2.8 mS·cm-1 (corresponding to conductivity measured for the 

BCZY phase at 600 oC in Figure 3.2) and setting pH2,II to the value of the leak, Equation 

4.4 produces a value of 0.0172 µmol·cm-2·s-1, roughly 5 times greater than the 

measured value of 0.0035 µmol·cm-2·s-1 for BS27_5050 at 600 °C when dry argon was 

supplied as the sweep. Since leaks were observed in all flux experiments, values of 

pH2,II used in Equation 4.4 were set to the leak pH2
 in the sweep outlet flow. It should be 

noted that increasing α to 7 (all else the same) produces a predicted flux of 0.0036 

µmol·cm-2·s-1, which is in close agreement with the measured value, highlighting a 

strong dependence of the flux on the microstructure. 

A recent study on Ca-doped LaNbO4/LaNb3O9 composite membranes prepared 

by SPS produced hydrogen flux values an order of magnitude lower than BS27_5050 

(wihtout Pd)  under the same test conditions [142]. The pure permeative flux for 

BS27_5050 (no Pd) is also comparable to values reported for the single-phase Y-doped 
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SrCeO3 membrane [143], though it falls short of a number of ceramic-metal composites, 

such as Ni-BaZr0.1Ce0.7Y0.1Yb0.1O3-δ [44] or Ni-BaZr0.1Ce0.7Y0.2O3-δ [144]. The addition of 

the Pd layers to a BS27_5050 sample improved the hydrogen flux performance by 

~five-fold across the temperature range investigated. The flux reported for the Pd-

coated sample are ~four times better than for a perovskite cercer membrane tested with 

Pt surface catalysts under the same conditions [89]. However, even the best 

performance of BS27_5050 + Pd at 700 °C still falls roughly an order of magnitude short 

of the 1 mL·cm-2·min-1 (0.74 µmol·cm-2·s-1) benchmark desired for commercial 

applications [1]. 

TGA experiments suggest the STN95 does not oxidize significantly in the 

presence of a dry argon atmosphere at high temperature, bolstering the theory of a 

space charge depletion layer forming at STN95/BCZY27 interfaces. Since the 

conductivity of STN95 is diminished in the presence of dry argon at high temperature 

(p(O2) ~10-5 atm), it is likely the n-type conductivity generated by the Nb-substitution 

under reducing conditions is counteracted by an increasing Sr-vacancy compensation 

mechanism, which has been reported in the literature [53, 62]. Adding the 100 ppm H2 

to the sweep gas supply maintained the conductivity of STN95 in the 102 S·cm-1 range, 

which appears to have a significant impact on the permeation performance. It should be 

noted that the persistent leaks of the feed gas throughout all experiments provided a 

reducing atmosphere to the sweep side even when only dry argon was supplied, so the 

addition of H2 to the sweep gas was likely overshadowed by this leak. Overall, 

maintaining a minimal Δp(O2) across the BS27 membrane is of critical importance to 

achieving optimum hydrogen flux.  
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CHAPTER 5 

CONCLUSIONS AND OUTLOOK 

 In this chapter, concluding remarks are made on the project and potential 

directions for future work on BS27 are described. Additionally, responses to the 

scientific questions posed in Chapter 1.4 are given in the context of the current work. 

 

5.1 Preparation and Characterization of BS27 Composite 

A novel protonic and electronic conductor ceramic-ceramic (cercer) composite 

material of BaCe0.2Zr0.7Y0.1O3-δ (BCZY27) and Sr0.95Ti0.9Nb0.1O3-δ (STN95), dubbed 

BS27, was prepared with 50 volume % STN95 (BS27_5050) by conventional sintering 

(CS) and with 50 – 70 volume % STN95 (BS27_5050, _4060, and _3070) by spark 

plasma sintering (SPS). CS was ineffective for achieving either high density or low inter-

phase reaction between the constituent materials. In contrast, with SPS, the sintering 

temperature was lowered to 1300 – 1350 °C and the processing time reduced from 

days to the order of minutes. Highly-dense samples (up to 99 % relative) were produced 

by SPS and exhibited relatively low reactivity. Thermal expansion differences between 

STN95 and BCZY27 during SPS and subsequent heat treatments in air led to cracking 

failure of most samples, but a pseudo-optimum synthesis procedure was attained 

nonetheless. XRD indicated less impurity phase formation in SPS samples compared to 

CS samples, but still in significant quantities (~30 %). Combined HRTEM-XEDS and 

SAED analysis of a BS27_5050 SPS sample did not find conclusive evidence of 

impurity phase formation at the STN95/BCZY27 (heterojunction) boundaries, although 
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these studies were not comprehensive. Given the strong XRD evidence, it is 

hypothesized that these phases are indeed present at heterojunctions and at 

homojunctions within the STN95 and BCZY27 phases, limiting the conduction volumes 

for electrons and protons alike. 

 

5.2 Electrical Properties of BS27 

 The conductivities of BCZY27/STN95 (BS27) composite cercer compositions of 

50, 60, and 70 volume % STN95 were measured. The total conductivity for BS27 is 

significantly lower than the prediction given by standard effective medium theories for 

composite electrical properties. Thus, a modified effective medium model explicitly 

accounting for interfacial effects between the two phases was developed, dubbed the 

interfacial effective medium (IEM) model. The IEM model more accurately predicted the 

response of BS27_5050, but still overestimated total conductivity at 60 and 70 volume 

% STN95 by factors of 10 and 100, respectively. It is hypothesized that depletion-type 

space charge layers (SCL) formed at the heterojunctions between STN95 and BCZY27 

restrict charge transfer and diminish performance. SCL theory was used to estimate 

adjusted interfacial conductivities and thereby calculate adjusted mixture conductivities, 

but the new predictions still did not fit the data. As the IEM model does not account for 

resistive elements at the homojunctions within each phase, such junctions are likely an 

additional source for the low total conductivities of the BS27_4060 and BS27_3070 

composites. If given that the impurity phases observed in the XRD data for SPS 

samples correspond to dielectric-type resistive phases, and if these phases occur at the 

grain boundaries between STN95 and BCZY27, and at the grain boundaries within each 
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phase, the conductivity of the STN95 phase in BS27 cannot be presumed the same as 

for the baseline material experiments. Through a parabolic minimization procedure, 

values of σc and σ1 (σSTN95) in the IEM model (Equation 3.4) were calculated to be much 

lower than previously thought. Using these values, a revised prediction of the mixture 

conductivity was calculated to be in good agreement with the experimental data. The 

interplay of space charge effects and reaction phase electrical properties is likely the 

source of the overall low conductivity of BS27 materials. 

 

5.3 Hydrogen Permeability of BS27 

 The hydrogen permeability of BS27 membranes of compositions of 50, 60, and 

70 volume % STN95 were measured. Hydrogen flux was observed only for BS27_5050, 

and the performance is comparable to other cercer and single-phase ceramic 

membrane materials reported in the literature. The addition of thin palladium layers (100 

nm) to a BS27_5050 sample, improved the measured flux five-fold. Persistent leaks 

were observed in all experiments, and the data were corrected using binary gas mixture 

theory. 

A model for predicting the hydrogen flux for a mixed proton-electron (single-

phase) material was adapted to account for a two-phase case by including variables for 

the proton conductor volume fraction and tortuosity. Reasonable predictions of flux were 

made using this model, within a factor of five, although better fits were produced by 

increasing the tortuosity, a trend supported by the microstructural observations of BS27. 

Overall, there are a number of challenges to optimizing BS27 as a competitive hydrogen 

separation material, not the least an effective fabrication procedure, though the results 
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obtained for this novel material during the current work indicate promise compared to 

similar material systems. 

 

5.4 Answering the Questions 

 The current work is able to address the questions listed in Chapter 1.4 with 

varying degrees of success. First, the microstructure and phase composition of BS27 

were dramatically affected by SPS vs. CS fabrication routes. The finer grain structure 

and higher density of SPS samples provided both advantages and disadvantages for 

the electrical properties and hydrogen permeability of BS27. Secondly, known 

theoretical descriptions of composite ion/electron conductors did need to be modified 

and improved upon to accurately simulate BS27 experimental data. The importance of 

insulating impurity phases at grain boundaries, coupled with space charge effects were 

incorporated into the modeling effort and generated good agreement with the data. 

Finally, the hydrogen permeability of BS27 depended most on percolation of the proton-

conducting BCZY27 phase. Increasing the STN95 content of BS27 membranes to boost 

total conductivity nullified the proton conductivity and rendered the material worthless. 

Simultaneous electron and proton conduction through separate phases was achieved in 

BS27, but at low flux values compared to metallic and cermet systems. BS27 was 

competitive with and outperformed other cercer materials investigated in the literature, 

and did so in pure permeation mode without the aid of a surface catalyst. The 

improvement in hydrogen flux via the addition of palladium layers suggested the flux is 

limited by surface, rather than bulk, kinetics. Furthermore, TGA and conductivity studies 
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of STN95 in reducing and modestly-oxidizing atmospheres indicated a reducing sweep 

environment is required for BS27 to perform as a hydrogen separation membrane. 

 

5.5 Outlook 

 There are some promises borne out of the current work for cercer hydrogen 

separation membrane materials. The original goal of developing a cercer to compete 

with state-of-the-art hydrogen separation technologies was not achieved, but there are 

areas where further investigation and analysis could improve the understanding and 

performance of BS27. 

 First, a way to synthesize BS27 materials without using SPS would allow easier 

scalability for membrane size and configuration (e.g., tubular). Fabricating larger-area 

membranes would dramatically increase the ease of hydrogen flux experiments. While 

the CS methods explored in this project failed to produce dense, two-phase 

membranes, perhaps alternative sintering aids or a single-step solid state reactive 

sintering method could produce better results, as has been done for the proton-

conducting perovskite material Y-doped BaCeO3 [91]. Furthermore, hot-pressing (HP) 

could be used as an alternative to CS and SPS. While the reactions between STN95 

and BCZY27 are favorable at high temperature, HP could provide a balance between 

the long hold times of CS and the intense resistive heating of SPS. 

 Second, the electrical properties of BCZY27/STN95 heterojunctions could be 

explored in more detail through cone electrode experiments, which have been used to 

study interfacial effects for other energy conversion materials [48]. A schematic diagram 

of a cone electrode experiment is shown in Figure 5.1. 
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Figure 5.1: Schematic diagram of a cone electrode experiment that could be conducted 

to investigate the interfacial electrical properties for the BS27 composite. 
 

The cone electrode experiment provides a relatively well-defined contact area between 

the STN95 cone and the BCZY27 pellet. Analyzing the impedance of this controlled 

interface under hydrogen separation conditions would shed light on the nature of the 

ASRc of Equation 3.10 and provide an empirical check for the IEM model. 

 In conjunction with cone electrode tests, atom probe tomography (APT) could be 

used to investigate the charge properties of individual grain boundaries. Preparing a 

representative sample of boundaries would be a laborious task and represents an 

interesting research project on its own, as a result. APT could also confirm the XRD 
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results showing impurity phases forming at the heterojunctions between STN95 and 

BCZY27 during sintering of BS27 samples. 

 Investigating the dependency of the hydrogen flux on feed p(H2) would be a good 

objective for future studies on BS27. Critical needs for these experiments would be 

eliminating leaks to accurately determine this effect, as well as optimizing a catalyst to 

enhance surface kinetics for the dissociation and reforming of hydrogen. Additionally, 

testing various thicknesses of BS27 membranes would provide insight into how the bulk 

and surface kinetics of hydrogen flux impact the overall performance.  
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