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A B S T R A C T  

This dissertation focuses on the fabrication and characterization of BCZY for hydrogen-

separation applications. The structural and hydrogen-permeation properties of a series of proton-

conducting oxides based on the solid solution of BaZrO3-BaCeO3 as an emerging class of 

ceramic hydrogen-separation membranes were investigated. Yttrium was used as the specific 

dopant; the ceria and zirconia contents were varied from 0  x  0.4                     . 

Materials were prepared by solid-state reactive sintering from both BaCO3 and BaSO4 barium 

precursors. The cubic phase was observed over all ranges of the differing ceria to zirconia ratios.  

In an effort to decrease the thickness and increase the flux of hydrogen through these 

membranes,  two-phase membrane-support tubes were fabricated from 65 wt-% NiO / 35 wt-% 

BCZY27, and then spray coated with BCZY27 membranes; the active area of these thin 

BCZY27 membranes approached 75 cm
2
. Hydrogen-permeation measurements were executed 

utilizing two different measurement techniques. The first technique used mass spectroscopy to 

measure the flux of hydrogen through the membrane under a hydrogen partial-pressure 

difference. The second technique used a method of titration to indirectly calculate hydrogen flux 

across the membrane. Results from both techniques reveal that BCZY27 had thermally activated 

hydrogen transport at temperatures above 700 °C. This phenomenon is attributed to ambipolar 

diffusion of protons and electrons. A simple computational model and Arrhenius analysis were 

used to compare and understand the observed results. These thin BCZY27 membranes on tubular 

porous Ni-BCZY27 supports demonstrated in this dissertation are the first realization of this 

architecture in high-temperature proton-conducting ceramics. 
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C h a p t e r  1  

INTRODUCTION: PROTON-CONDUCTING OXIDES 

 Oxide-ion conductors based on ZrO2, CeO2, and LaGaO3 have been used as traditional 

electrolyte materials in solid oxide fuel cells (SOFCs) for decades [1], [2]. The high activation 

enthalpies of their conductivity require high operation temperature, in the case of YSZ 

(Zr1−xYxO2−δ) generally higher than 800 °C.  Although current SOFC technology based on oxide 

ion conductors is well established, there are still problems with material incompatibility, low 

tolerance with respect to variations of operating conditions and fuel efficiencies that are still 

significantly lower than theoretical predictions [3]. 

 The high conductivity of zirconia-based ceramics, which are the benchmark electrolytes for 

SOFC applications, was shown to be dominated by oxide ions (i.e., oxygen-ion vacancies) over 

100 years ago [4].  It was in the 1960s that protons were shown to exist in some oxides as 

minority charge carriers [5]. Careful investigations into acceptor-doped oxides such as LaAlO3, 

LaYO3, and SrZrO3 showed low proton conductivities in H2-containing atmospheres [6]. 

Continued investigations into related compounds SrCeO3 [7] and BaCeO3 [8]  with various 

electrochemical cell testing discovered high proton conductivities. Power densities up to 542 

mW cm
-2  

at 700 °C have been reported in laboratory fuel cells [9]. 

 In the past two decades, several solid-state electrochemical devices have been developed 

such as fuel cells, electrochemical sensors and high-energy batteries. Proton- conducting oxides, 

with relatively high hydrogen permeabilities and proton conduction, have enormous potential for 

many different energy-conversion, membrane reactor and gas-separation devices. These devices 

offer substantial energy and environmental savings. 
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     Certain embodiments of protonic ceramics have the potential to revolutionize a number of 

industries. One of the most-compelling features of ceramic proton conductors is the broad range 

of potential applications: 

 Protonic ceramic fuel cells (PCFCs): These devices produce electrical power from 

hydrogen fuel. The biggest advantages are relatively low operating temperatures (500 to 

700 °C) and higher fuel utilization because the water vapor is formed at the cathode then 

at the anode of the SOFC. 

 Direct reforming PCFCs (DrPCFCs): This is a variant on PCFCs that uses ambipolar 

steam permeation (CoorsTek patent: US 7,045,231) to reform hydrocarbon fuels 

internally with the potential to achieve unprecedented electrical efficiency. Also 

demonstrated by Yang et al. [10], the reactions are given below 

       ( )    ( )     ( )       (1) 

  ( )     ( )     ( )    ( )      (2) 

 Direct carbon conversion cell (DCCC): Ambipolar steam permeation may be used to 

reform carbon or coal directly (CoorsTek patent: US 7,332,237). Hydrogen is either 

captured as a gas or consumed to make electricity in the normal PCFC mode. This uses 

the same reactions as Eq. (1) and (2). 

 Protonic ceramic electrolysis cell (PCEC): This device is a PCFC operated in reverse. 

The approach is attractive as a way to make hydrogen and hydrogen-derivative liquid 

fuels when a source of high temperature waste steam is available, such as the outlet of 

steam turbines at a nuclear power plant. 

 Protonic ceramic steam permeable membrane (SPM): This is a non-galvanic device 

that selectively transports high temperature steam from one side of a membrane to the 
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other for a variety of industrial processes where it is undesirable to cool the process gas at 

the boiling point. 

 Protonic ceramic hydrogen separation membrane (HSM): This device can be used 

either galvanically or non-galvanically to separate high purity hydrogen from 

hydrocarbon waste streams or syngas. 

 Protonic ceramic membrane reactor (PCMR): The membrane reactor provides a 

means for either supplying hydrogen or extracting it from a chemical reaction. The 

principal advantage is the process involves non-oxidative coupling. For example, benzene 

can be made from methane by removing hydrogen by the process of methane 

dehydroarmatization (MDA). This may be accomplished either galvanically, non-

galvanically, or both at the same time. By removing the hydrogen in the reactions below, 

equilibrium shifts towards products and increases the     ( ) yield. 

     ( )
               
→               ( )     ( )      (3) 

 Protonic ceramic ammonia cell (AFC): This device is a variant of the PCFC that uses 

ammonia rather than hydrogen as the fuel source. 

 Solid state ammonia synthesis (SSAS): This process combines the operation of the 

PCEC and PCMR, whereby hydrogen produced by electrolysis is supplied to nitrogen on 

the other side of the membrane to synthesize ammonia (NH3)  

   ( )                 (4) 

   ( )              ( )       (5) 

 

 Each of these devices has received considerable study and some have been shown to have 

some merit based on limited testing. However,  working prototype has ever been demonstrated, 
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as a suitable test vehicle does not yet exist.  Each of these devices will require different 

electrodes and catalysts and system architectures, but they all have two essential features in 

common: thin, dense proton conducting ceramic membranes and sealed gas flow channels on 

either side.  

 This dissertation focuses on the solid solution of the barium zirconate-cerate class of 

ceramics. Fabrication methods and synthesis of different doped                      perovskite 

is discussed. A review of the relevant literature is provided in chapter 2. Characterization of 

these materials has been done using analytical techniques such as x-ray diffraction, scanning 

electron microscopy, transmission electron microscopy, and x-ray florescence as shown in 

chapter 4. Hydrogen flux experiments have been executed on BCZY27 membranes utilizing 2 

different quantitative measuring techniques. The first techniques measured hydrogen flux 

directly by mass spectroscopy. Whereas the second technique employed, stoichiometric titration, 

indirectly measures the H2 flux against a known flow rate of oxygen on one side of the 

membrane with a lambda oxygen sensor downstream. The measurements taken in these diffusion 

experiments show a thermally activated hydrogen flux above 700 °C. Conductivity values for the 

cerium polarons have been calculated using a one parameter model fit. 
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C h a p t e r  2  

LITERATURE REVIEW 

2.1 Materials 

     Iwahara et al., were among the first to study the ionic conductivities of ABO3 perovskites 

type oxides [6], [11].  Perovskite materials from the cerate and zirconate families are the most-

studied materials for proton conductivity, although many other materials with different structures 

have been examined. Fig. 1 presents an extensive list of calculated conductivities from 

thermodynamic data reported by Norby et al. [13]. 

 

 

Figure 1: Proton conductivities calculated from concentration and mobility [12]. Data sourced from Norby & 

Larring [13]. 
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. The corresponding charge carrier, referred to as protonic defect, is    . The creation of these 

defects is giving by this reaction: Water dissociates into an oxygen vacancy and an oxygen on an 

oxygen site to form two protonic defects. 

      
     

      
         (5) 

As seen in the equation (5) oxygen vacancies are necessary for the creation of protonic defects. 

They are not intrinsic to the ABO3 structure and are needed to be created extrinsically by doping 

with cations with a lower valency.   

Once the protons are introduced into the lattice, they diffuse via the Grotthuss mechanism which 

consists in two steps: reorientation of the proton around the oxygen and jump of the proton from 

one oxygen to the next one, as shown in figure 2. 

 

 

Figure 2. A simple schematic showing the Grotthuss hopping mechanism for proton conduction [12]. 
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Each of these materials has their weaknesses and strengths of conductivity vs. stability. 

Doped barium cerate-zirconate solid solutions show a viable path forward addressing the issues 

of conductivity and stability. 

2.1.1 Doped BaCeO3 Cerates 

     Iwahara et al., reported conductivities around 20 mS/cm at  temperatures around 800 °C for 

doped barium cerate perovskites [14]. Figure 3 shows conductivity measurements by several 

groups of Gd-doped BaCeO3 also reporting high conductivities in this temperature range [15]. 

Conductivities increased with Gd doping up to x = 0.15 in wet and dry air and up to x = 0.20 

under fuel cell condition. 

 

Figure 3: Conductivity measurements of BaCeO3 with increasing Gd dopant concentrations up to the 

solubility limit at 800 °C [14]. 
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Though doped cerates show high proton conductivity, one major drawback is chemical 

stability. It has been shown that at 1 atm of CO2 decomposition can occur [16]. TG 

measurements by Ricote et al [17] have confirmed these findings.  Figure 4 shows a 13% 

increase in weight upon heating and cooling BaCe0.9Y0.1O3-d in CO2 atmosphere, due to the 

formation of BaCO3. 

 

 

Figure 4. A TG measurement by Ricote confirming formation of BaCO3 upon heating and cooling of 

BaCe0.9Y0.1O3-d powders [17]. 

 

Although high protonic conductivities in the doped cerates have been observed, the chemical 

instability at the intermediate temperature range limits their capabilities for application where 

hydrocarbons fuel sources, because the production of CO2 and H2O can lead to phase 

transformation within the material. 
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Table 1: Onset temperatures for decomposition of carbonates or formation of cerates [15]. 

Sample   Atm.   Temp.   

(mol. %)   (1 atm)   (°C)   

SrCO3   CO2   1275   

    N2   845   

50% SrCO3, 50% CeO2 CO2   1190   

    N2   800   

BaCO3   CO2   1376 (DTA) 

    N2   930   

50% BaCO3, 50% CeO2 CO2   1185   

    N2   850   

 

2.1.2 Y-Doped BaZrO3 

     After careful investigation of cerates and understanding their chemical instabilities, recent 

attention has focused on Y-doped BaZrO3. Yttrium-doped barium zirconate combines both good 

proton conductivity with high stability [12]. Figure 5 shows a comparison of the bulk 

conductivities of a Y-doped BaZrO3 and Y-doped BaCeO3 compared to oxide-ion conductivities 

of the typical oxide-ion conductors. The large lattice constant for barium zirconate allows for a 

high solubility limit for protonic defects giving rise to high proton conductivity. Yttrium presents 

itself as a nearly perfect dopant in this case, since it  leaves the oxygen basicity almost 

unchanged [12]. A plot of the activation enthalpy of proton mobility as a function of dopant 

levels shows very little change up to 20% Y in Figure 6.  

 However, barium zirconate requires very high sintering temperatures (above 1600 °C) 

leading to barium evaporation. Very high grain boundary resistances are observed for Y:BaZrO3 

and have attributed to the space charge layer effect[18]. The process method leading to different 

grain sizes, Ba concentrations, and densities can explain the large discrepancy in the Y:BaZrO3 

literatrue reported until now Figure 7 [19].  
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Figure 5: Bulk conductivities of 20Y:BaZrO3 compared with proton conductivities of 10Y:BaCeO3 and oxide 

ion conductivities of the best ion conductors [12]. 

 

 

Figure 6. Hydration enthalpy and activation energy of proton mobility in Y-doped BaZrO3 as a function of 

dopant concentration [12]. 
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Figure 7. Comparison between literature data of bulk (B) and total (T) conductivity of Y-doped barium 

zirconate electrolytes fabricated using different conditions [19]. 

2.1.3 Doped Barium Cerate-Zirconate Solid Solution 

     The goal in finding a balance between the different critical properties has led to the 

investigation of solid solutions of BaCeO3-BaZrO3 in an attempt to combine the good stability of 

the zirconate and the high conductivity of the cerate. Figure 8 summarizes the conductivity data 

published on the BaCeO3-BaZrO3 solid solution with different dopants. 

 



 

12 

 

 

Figure 8: Protonic conductivity of acceptor doped compositions for the BaCeO3- BaZrO3 system at 100°C and 

600°C [20], [21]. 

 

Investigations of the conductivities and stabilities by adding small amounts BaCeO3 to Y: 

BaZrO3 has led to other research into this system [12]. Figure 9 shows the decrease in 

conductivities with increasing zirconia content [20]. It was found that stability can be achieved 

for x ≥ 0.3 Zr-content [22]. 
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Figure 9: Arrhenius plots of conductivities of BaCe0.9-xZrxY0.1O3-δ for increasing Zr-content [20]. 

 

The processing of this material plays an important role in the overall properties. Improved 

processing techniques to reduce sintering temperatures and increase grain-boundary contact have 

been demonstrated. Babilo et al. [23]  prepared 93% dense BaZr0.85Y0.15O(3-δ) (BZY15) at a 

sintering temperature of 1300 °C, by adding 4 mol% of ZnO to the pre-synthesized BZY15 

powder. Tao and Irvine [24], produced 96% dense samples of BaZr0.8Y0.2O(3-δ) (BZY20) by 

adding ZnO as a sintering add at 1325 °C. Ricote et al. [25] produced 99% dense samples over 

the full range of solid solutions at 1585 °C with the addition of 1 wt% NiO. With the 

improvement in these processing techniques, high-proton-conducting materials with increased 

chemical stability have been synthesized.  
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 According to these conclusions and taking into account the protonic conductivity and the 

stability, the work of this dissertation focuses on                     , referred to as BCZY27. 

2.2 Sintering 

     The sintering of materials to achieve dense bodies can be accomplished through different 

techniques including:  solid-state sintering, liquid-phase sintering, hot pressing, viscous sintering, 

and solid-state reactive sintering to name a few. During the sintering process three major changes 

occur (1) the initial stage, rapid inter-particle neck growth (2) the intermediate stage, equilibrium 

pore shape with continuous porosity and (3) the final stage, equilibrium pore shape with isolated 

porosity [26].  

There are five mechanisms that influence material transport; 1) evaporation-condensation, 2) 

viscous flow, 3) surface diffusion, 4) grain-boundary or lattice diffusion, and 5) plastic 

deformation [27]. Perovskite ceramics have been produced mainly through traditional processing 

of calcination and solid-state sintering, and more recently through a more economical route of 

solid-state reactive sintering [28]. 

2.2.1 Solid-State Sintering 

     Solid-state sintering involves the formation of a solid phase from reactant phases below the 

melting point of the products or reactants. This is traditionally the standard method in preparing 

perovskite ceramics for solid-state sintering. The transfer of material occurs due to the difference 

in chemical potential between the neck area and the surface of the particle [27]. At a given 

temperature, the phase with the lowest Gibbs free energy is preferred, but due to low ion 

mobility in solids even near there melting point, equilibrium may not be achieved in a reasonable 

time. In a solid-state reaction, rearrangement of the ions from the reactants to the products is 
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occurs by solid state diffusion. Increasing the reaction rate can be achieved to create short 

diffusion lengths with the use of very fine particles. Several methods can be used to obtain fine 

reactant powders including, attrition milling, sol-gel methods spray pyrolysis, or precipitation 

from salt solutions. One common method for making fine, single phase BCZY powder is by 

solid state reaction using carbonates and oxides; Equation 6 is an example of a solid state 

reaction for                     .  

            (     )                                          (6) 

2.2.2 Solid-State Reactive Sintering (SSRS) 

     In solid-state reactive sintering the solid-state synthesis and sintering reactions are combined 

into one step. For this process to take place, reactant powders must be well-mixed and 

homogenous. The solid-state reaction kinetics must be fast enough so that the product phase is 

formed prior to or simultaneously upon sintering. Babilo et al. [23] describe this fabrication 

method with the use of certain transition metal oxides, such as NiO, ZnO and CuO, whereas Tao 

and Irvine [24] used ZnO. It is important to note the metal oxides are not only acting as a 

sintering aid by increasing mass transport along the grain boundaries but also in the bulk crystal 

phase with possible substitutions on the B-sites of the ABO3 structure [29].  Most often during 

SSRS, a liquid phase forms between the transition and alkali metal oxide dissolving one another 

forming and liquid phase enhancing the sintering eventually creating the desired perovskite 

phase. SSRS with the addition of small amounts of NiO  has been shown to be an easy, low cost 

method for the preparation of                      with x = 0 – 0.4 [30]. 
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 2.3 Hydrogen Flux in Proton Conducting Oxides. 

 High-drain energy conversion devices based on ceramic proton conductors require dense 

membranes that are hermetic to molecular gas transport. Hydrogen can pass through a membrane 

by different mechanisms: 1) proton migration (chemical diffusion) [31], 2) neutral atomic 

hydrogen permeation through grain boundaries and interstitials [32], 3) as steam, by ambipolar 

diffusion with oxygen [33], by 4) viscous flow through macro leaks and flaws on the order of 

microns and 5) diffusive leaks through small nano defects. In addition an apparent flux of 

hydrogen can be produced by water splitting accompanied by the transport of electronic species 

and oxygen ions across the membrane. Determining which of these mechanisms is responsible 

for the apparent hydrogen flux is difficult. However, different transport mechanisms tend to have 

unique temperature dependencies. For proton-conducting membranes, selectivity is assumed to 

be the most important metric. So in applications where hydrogen is the only permeating species, 

then any of the mentioned transport mechanisms may be adequate for H2 separation. Small leaks 

may permit hydrogen to permeate while excluding larger molecules, but larger viscous leaks will 

allow unwanted species to permeate the membrane. Generally it is necessary to fabricate 

hermetic membranes without any cracks, pores or pin-holes, and this must be accomplished by 

cost effective manufacturing processes that can produce defect-free membrane surfaces. In any 

event, the purpose of this BCZY27 membrane is to maximize the flux of hydrogen while 

simultaneously minimizing the flux of everything else. 

 Hydrogen separation involves transporting hydrogen from a higher to a lower chemical 

potential. This is generally accomplished by reducing the H2 partial pressure in the gas from one 

side of a diffusion membrane to the other - that is, allowing hydrogen to transport “downhill” 
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with respect to its chemical potential gradient. Both protonic and electronic conduction are 

necessary in this case figure 10. 

 

Figure 10. Diagram of the transport mechanism for ambipolar H+ and e- through a membrane. 

 

 Selective separation based on pressure-driven transport through a porous membrane is 

virtually impossible especially if high purity H2 is required. Relying on molecular selectivity of a 

small molecule such as hydrogen is a challenging endeavor to say the least. On the other hand 

when gas diffusion occurs in solid materials, it does so on as an atomic species or ions, with 

almost perfect selectivity.  

 The Wagner transport theory [34] based on the Nernst-Planck equation below, has been 

widely accepted for species flux of the k
th

 species in a ceramic membrane when there is more 

than one mobile charge species present.  

   
   ( )

  
   

[   ( )       ( )]                                              (7)                  

In Eq. 7, jk is defined as the flux of the k
th

 species (in units of mol/cm
2
 s), conductivity, σk (in 

units of (𝛺.cm)
-1

), z is the species native charge, F is Faraday’s constant (in units of C/mol), k is 

the species chemical potential (in units of J/mol), and  is the electrical potential (in units of J/C 

= volts). 



 

18 

 

2.3.1 Current Technology 

 The most commonly used hydrogen diffusion membranes currently are thin, dense metal 

films, such as Pd or Pd-alloys on a porous support. Palladium metals tend to be the bench mark 

because of their high diffusivity and solubility for hydrogen [35], but commercialization is 

limited by their high cost. A comprehensive review of ceramic membrane diffusion technology 

may be found in Kang Li [36]. 

 The material discussed within this dissertation is the solid-solution of Y-doped barium 

cerate-zirconate perovskite oxide ceramic,                     , BCZY, and more specifically 

the composition for x=0.2 referred to as BCZY27. Fabrication of thin, dense membranes of this 

material by solid-state reactive sintering on porous Ni-BCZY support tubes has now been shown 

to be commercially feasible.  

2.3.2 Defect Chemistry in BCZY 

The bulk transport properties of                     , BCZY27, and protonic ceramics 

generally, are very complex because, in addition to just protonic defects, OHO

·
, oxygen ion 

vacancies   
  , electrons    and holes   , may also constitute majority defects. The hallmark of all 

ceramic proton conductors is the ability to undergo Stotz-Wagner hydration Eq. 8 by the reaction 

of water vapor with oxygen ion vacancies at the surface to generate protons as (in Kröger-Vink 

notation) 

      
     

      
                        (8) 

In oxidizing atmospheres, O2 dissolves into oxygen vacancies of the lattice as 

 

 
     

     
                           (9) 

In reducing atmospheres, protonic defects can be formed as described in equation 10 
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            (10) 

Finally for the recombination of electrons and holes can be expressed as 

                   (11)  

Electroneutrality, in the absence of an external electric field, is determined by the extrinsic 

acceptor dopant concentration of yttrium substituting for zirconium in the ABO3 lattice 

[   
 ]  [   

  ]  [   
 ]  [  ]                                               (  ) 

The concentration of each of these four defect species depends on temperature,    , and      . 

The total conductivity is the sum of the partial conductivities, 

σ    σ   
  σ  

   σ   σ                                         (  ) 

2.3.3 Quantitative Flux Measurements in BCZY27 

 BCZY is a mixed ionic and electronic conductor (MIEC) with up to 4 different charge 

carrying species active depending on temperature, oxygen pressure and water vapor pressures, 

making it extremely difficult to determine the active species from the measured transport 

properties. A detailed numerical model recently proposed by Kee et al. highlights these issues 

[37]. An expression for proton flux has been proposed by Norby et al. [38] for the proton flux in 

a mixed ionic and electronic conductor. 

  

    
   

   
[∫ σ            

 
   

   ∫ σ  
   

 

   
 (        )

   
 

   
       

]
 

 
   (14) 

In order to evaluate this expression, 𝜎 and the transference numbers, t, are generally assumed to 

be constant, or at least represent average values across the MIEC, so they can be pulled out of the 

integrals. This requires their values to be independent of gas pressure at the respective surfaces 

over the entire range of integration. The validity of this assumption improves as the integration 

limits get closer and closer together causing the magnitude of the flux to also get smaller and 
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smaller. Under controlled experimental conditions where the oxygen ion transference number 

may be neglected, Eq. 15 can be simplified to, 

   
 

    
  
   

   
[  

   
     

   
    ]        (15) 

Where the membrane thickness is defined by  . Eq. 15 is strictly valid only as the ratio of the 

hydrogen partial pressures at the membrane surfaces approaches unity – i.e. when J goes to zero. 

 Due to the nature of hydrogen gas molecule making partial pressure measurements in a gas 

stream already tedious, quantitatively measuring small changes in hydrogen partial pressure by 

standard analytical techniques such as gas chromatography or mass spectrometry has proven to 

be a formidable task. This dissertation has utilized two different analytical techniques to measure 

thermally activated H2 flux and determine proton conductivities and ceria polaron conductivities. 

These techniques are described in chapter 3.  
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C h a p t e r  3  

MATERIALS AND METHODS 

3.1 Solid State Reactive Sintering of                     ; 0  x  0.4 

 In this work, five BCZY compounds of varying dopant levels were prepared by solid-state 

reactive sintering. These are referred as                    (BCZY09),                      

(BCZY18),                      (BCZY27)                      (BCZY36) and 

                     (BCZY45). To prepare the five chemistries, precursors were weighed in 

stoichiometric proportions: BaCO3 (Alfa Aesar, 99.95% (metal basis), ZrO2 (Tosoh TZ-0), CeO2 

(Aldrich, 99.9%, trace of metal basis, < 5 μm), Y2O3 (Reacton, 99.99%). A sintering additive, 1 

wt% NiO (Alfa Aesar, 99% (metal basis), was added to each mixture.  

The first step in the preparation was a 24-hour wet blending of the reactant powders in 

acetone to create a uniform homogeneous starting powder. Formulations were batched in a 1% 

solution of the solvent-based PeOx (Poly(2-ethyl-2-oxazoline)), MW 5000 binder, with Kellox 

(fish oil) as the dispersant. After blending, the solutions were pan dried and the powders were 

screened to a 40-mesh and then an 80-mesh size. 20-mm diameter pellets were made by uniaxial 

pressing under a load of 60 MPa. The dimensions and weights were measured before and after 

sintering to quantify the shrinkage. The pellets were set on NiO-YSZ substrates covered by some 

calcined 8YSZ to avoid contamination and sintered in air at 1500 °C for 4 hours, the conditions 

required to obtain 98% dense homogenous and fully sintered compounds. The use of NiO leads 

to black samples, independent of the cerium content.  
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 BCZY27 pellets were also prepared using BaSO4 (99%, commercially available) as barium 

precursors. The procedure was similar, except that a higher sintering temperature (1585  °C) was 

necessary to decompose the sulfate. The decomposition temperature of BaCO3 and BaSO4 are 

1300 and 1600 °C respectively [39], [40].  

 The XRD patterns of the mentioned compounds were recorded on an X-ray diffractometer 

STOE 2theta using CuKα1 radiation and a PANalytical X’Pert powder diffractometer with an 

X’Celerator detector. The lattice parameters were determined using the software WinXPOW, 

with the space group Pm3m of the cubic symmetry. Even though there are some small 

rhombohedral distortions of the lattice from the cubic structure caused by the presence of cerium 

[41], the pseudocubic lattice parameter was used for comparison between the different samples 

as the distortions are very small. 

 Scanning Electron Micrographs (SEM) were taken on carbon-coated samples with a Zeiss 

EVO 60, with a voltage of 15kV for cross sections and 5 kV for surfaces. Pictures were recorded 

on thermally etched polished samples (30 min at 1355 °C). 

 To obtain the chemical compositions, XRF was performed on a Philips Magi-X Sequential 

model PW 2440, according to procedure ASTM C-1605-04. The samples were ground in 

tungsten carbide, and the powders were microwave-digested in nitric acid.  The samples were 

pulverized and then fused into a lithium borate glass. The accuracy of the XRF is within 20 ppm 

(0.002 wt%) of the measured oxide.  

After characterization of the five samples, BCZY27 was selected for further study. Two 

main factors influenced this: grain size and ionic conductivity. As will be shown, the Ce/[Ce+Zr] 

ratio of 0.2/0.7 exhibited a good combination of the two factors.  
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3.1.2 65NiO/35BCZY27 (65NiBCZY27) Slip-Cast Cermet-Support Preparation  

     Cermet support membranes were prepared from the barium sulfate formulation described 

above. Initially, a 4 kg master batch of premixed BaSO4, CeO2, ZrO2, Y2O3 was prepared by 

homogeneously ball mixing 2555 g of barium sulfate (Solvay N grade  BaSO4), 377 g of cerium 

oxide (Neo Performance Materials (AMR Ltd), ≥99.5%, Item# 4-02-13-01, CeO2), 944 g of 

zirconium oxide (Neo Performance Materials(AMR Ltd), ≥99.5%, Item# 2802004, ZrO2), 124 g 

of yttrium oxide (HJD Intl. 99.99+%, ultra-fine, Y2O3) reactant powders. The powders were 

mixed for 24 hrs. inside a 4 L polypropylene bottle containing 1 kg of 10 mm YTZ milling 

media with 1.3 kg deionized water and 20 g dispersant (Duramax ™ D-3005 Polymer). Once this 

process was completed, the slurry was dried in air and sieved through a 40-mesh screen. 

The resulting powder was processed into a slurry for slip casting of the tubular supports. A 

500-gram batch slip-casting slurry with the stoichiometry, 65 wt% NiO and 35 wt% 

                      (          ) was prepared by combining 205 g of the premixed 

reactant powders and 295 g nickel oxide (Novamet Black NiO grade F). The combined powders 

were mixed for two hours inside a 1000 ml polypropylene bottle containing 200 g of 10mm YTZ 

milling media with 190 g deionized water and 10 g dispersant. Once mixing was complete the 

slip was emptied through a plastic straining lid into a 400 ml plastic beaker and weighed.  The 

weighed slurry was then stirred with a (Lightnin® variable speed bench-top general mixer) set to 

its lowest speed and 13.5 g of slip casting binder was added based on 2 wt. % of the total slurry 

weight. 

After adding the binder and continuing to stir, the slip viscosity was then adjusted downward 

to 80 centipoise inside the targeted range of 75 ± 25 centipoise by adding small amounts of 

dispersant ( >0.2 g at a time) in five minute intervals until achieving the desired viscosity.  The 
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viscosity measurement was taken with a viscometer (Brookfield RVDV II pro) operating a LV1 

spindle at 60 rpm inside a 200 ml glass beaker and sampled after 30 seconds. 

Several green cast COE (closed one end) tubes with dimensions of 450 mm in length, 14 

mm OD ±0.05 and wall thicknesses of 650 µm ± 50 were then produced one at a time by slowly 

pouring the adjusted slip into the plaster molds and allowing a sufficient amount of time for the 

for the desired wall thickness. After less than a two-minute holding period, the molds were 

carefully emptied using a deliberate and continuous pouring motion then held at the highest 

angle not exceeding 45°. The emptied molds were then propped up and set to dry while 

maintaining the same angle. Once the tubes were observed to have started sliding out of the 

molds (typically 30 minutes to an hour), the molds were then held upright at a 90° angle and the 

slightly damp and fragile green COE tube was gently extracted. The tube was then placed on a 

wooden drying rack and allowed 24 hours to fully dry as shown in Figure 11.  

 

Figure 11. Slip cast mold and tube after 24 hour drying period.  

 

 Once the tubes have completely dried the outer surface preparation is applied to remove any 

gross defects or contamination from the slip-cast mold.  Each green tube goes through three 

sanding stages a rough, fine, and ultra-fine. The rough stage starts with a 220 grit clog-resistant 

silicon paper B-weight, followed by 320, and 400 grit. The next stage (fine) goes through a series 

of Microfinish sanding sheets, 800, 1200, 1500, and 2500. The final stage utilized nine-micron 
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and six-micron Microfinish diamond sanding sheets. Once this is completed the tubes are ready 

for membrane deposition. 

3.1.3 BCZY27 Membrane Preparation 

Many techniques such as screen printing, dip coating, or spray deposition can be used to 

deposit the membrane. For tubular supports only dip coating and spray deposition were 

investigated. The first demonstrations of co-fired membranes were done by dip coating small 

sections of the support tube. The dip-coating process consisted of precursor powders with 1 wt% 

NiO added to the slip, creating a single-phase dense BCZY27 membrane on a dense two-phase 

support structure. Although dip-coating was capable of producing functional tubes on small 

sections but was very difficult in maintaining a uniform membrane thickness on long tubular 

sections, for this reason spray deposition was considered. Although the spray system allows for 

more highly controlled membrane deposition, the creation of a fine aerosol of powder with NiO 

creates a very hazardous environment. To demonstrate a spray deposition process a hypothesis 

that at high sintering temperatures with the high percentage of NiO in the slip-cast support would 

be able to provide NiO to the membrane through grain boundary, bulk and vapor phase diffusion.    

The membranes were deposited utilizing a spray system composed of four independent 

components: air-supply system, spray head, liquid-delivery and substrate conveyor, as illustrated 

in Figure 12. The substrate conveyor is completely independent of the spray system. Its primary 

function is to rotate and traverse the tube through the spray. However once a pattern is set, the 

velocity can be adjusted to control the coating thickness. The spray-head system consists of two 

components: the spray gun and the mounting hardware. The gun has three air inputs, one liquid 

input, and a mounting screw.  The gun is mounted to a dual-axis rotary arm. 
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Figure 12. Semi-automated atomizing spray booth for deposition of BCZY27 membranes onto slip- cast 

substrates. 

 

The air supply, spray head and liquid-delivery system all work together in order to generate 

the proper spray pattern. The precursor powders for the BCZY27 membrane were spray-

deposited onto the unfired slip-cast tube described above. The spray mix were prepared by 

adding a 50% solids loading of stoichiometric ratios of reactant oxide and sulfate powders of 

BCZY27 to a vehicle made from an acrylic binder in a solvent system without NiO. An image of 

a green, a coated, and a fired tubes are presented in Figure 13.  

 

Figure 13. From top to bottom, an uncoated green tube, coated tube, and a fired tube. 
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3.1.4 Support and Membrane Co-Firing by Solid-State Reactive Sintering  

Following the spray coating process the tubes are carefully suspended for hang firing and 

sintered in an electric furnace (Deltek, USA) in air. The sintering schedule consisted of a binder 

burn out stage followed by a six hour soak at the sintering temperature of 1585 °C, with a long 

cool-down to room temperature (24 hours). The long cool down is necessary so that stresses 

generated from the CTE differences between the single phase membrane and two-phase support 

could be minimized. Fast cool down cycles caused membrane delamination.  The fired shrinkage 

was 30.9% ± 1.5%, giving fired dimensions of 6.96 mm OD and 1.00 mm wall thickness with 

lengths up to 25 cm, Figure 14. The sintered density using Archimedes method in water was 6.44 

g/cm
3
. The calculated theoretical density for the composite is 6.49 g/cm

3
, resulting in (>99%) 

sintered density for the tubes. SEM images in section 4.2.2 show that the membrane thickness is 

fairly consistent at 25 µm on top of a 1-mm-thick tubular 65 wt% NiO/35 wt% BCZY27 

substrate.  

 

Figure 14. Typical co-fired tubular membrane onto a slip casting closed-one-end tube. 

3.2  Hydrogen Flux Measurements through BCZY27 

Hydrogen flux measurements were carried out on the cermet-supported BCZY27 thin 

membranes. The hydrogen flux was measured from 600 °C to 900 °C using slip-cast closed-one-

end tubes with 30 μm membranes. Two sets of flux measurements were performed on 

membranes with active areas of 23 cm
2
, and 45 cm

2
.  All H2 flux measurements were executed in 

a tube-in-shell reactor. Hydrogen was flowed on the inside of the tube and the flux through the 
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membrane into the shell stream was quantified by two different analytical techniques. The first, 

mass spectroscopy (MS), is a well-established standard for quantitative gas analyses. The 

alternative technique referred to as, stoichiometric titration (ST), indirectly measures the H2 flux 

against a known flow rate of oxygen in the outer shell.  A lambda oxygen sensor (LS) 

downstream of the tube-in-shell reactor is used to regulate O2 flow rate with changes in H2 flux 

while maintaining a constant voltage on the sensor. This is the first time this technique has been 

used to characterize a high temperature proton ceramic. The H2 flux was calculated from a shift 

in the stoichiometric point of the sensor. Each technique had advantages and disadvantages but 

all methods of measurement were able to show thermally activated hydrogen transport through 

the membrane. A computational model was developed to explain the observed behavior, with 

reasonable agreement across experimental techniques. Using a two parameter fit to the pre-

exponential factor and the activation energy of the ceria polaron, conductivity values were 

quantified for the ceria polarons (Ceʹ). 

Calibration procedures were performed on both measuring devices. For MS calibrations, 

known concentrations were flowed into the device and calibration curves across a range of 

concentrations were made Tables 3 and 4. For stoichiometric titration a tube with a zero-flux 

condition was used to calibrate under operating conditions. Calibrations are discussed in more 

detail below. 

3.2.1 BCZY27 Membrane Tube-in-Shell 

 Two separate tube-in-shell test apparati were used for characterization of the flux 

performance under a concentration gradient across the membrane.  The tube-in-shell test stands 

were operated in the horizontal position with cold zone sealing and used the 3/8" OD x 10" long 

closed-one-end (COE) BCZY27 membrane tube described previously.   
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Figure 15 shows a SolidWorks rendering of the membrane tube-in-shell assembly. The 

membrane tube was then inserted into a 3/4" OD x 10" long quartz tube (shell) through an O-ring 

Tee (Ultra-Torr SS-8-UT-3) and adapter (Ultra-Torr SS-6-UT-A-6 w/Delrin bushing). A 

second 1/2" Tee was attached to the other end of the quartz tube. A type-K thermocouple 

(KMQSS-062U-12, Omega Engineering) was placed in the vicinity of the active area of the tube 

to record temperature. Sweep gas is feed into the annulus between the BCZY27 tube and the 

quartz shell through two ports. Assemblies were inserted into electric split-tube furnace (ATS 

series Applied Test Systems, Inc. Butler, PA).  

The flux measured using gas chromatography and stoichiometric titrations were conducted 

in the horizontal position Figure 16. The open end was inserted into a standard gas-tight stainless 

steel O-ring tee fitting (Ultra-Torr SS-6-UT-3). H2 gas was fed to the inside of this tube using  a 

1/8" OD x 12" long alumina feed tube inserted through an O-ring adapter (Ultra-Torr SS-2-UT-

A-6) extending to  the closed end of the tube.  

 

 

Figure 15. A Solid Works rendering of a BCZY27 membrane inserted into the tube-in-shell assembly. 
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 Experiments performed and measured by MS were conducted in the Colorado Fuel Cell 

Center (CFCC) on the Colorado School of Mines campus. The ST experiments were carried out 

in the R&D fuel cell laboratory located CoorsTek in Golden, CO. 

 

Figure 16. Tube-in-shell test stand located at the Colorado Fuel Cell Center. For the measurements in this 

dissertation the oxygen sensor pictured here was removed and the gas was directed to a MS. 

 

The tube and shell gases were controlled by mass flow controllers (Alicat Scientific) through 

a LabVIEW interface. Humidification for each gas feed was produced by either of two 

techniques. For the experiment utilizing the MS analyzers, water is injected into the flowing gas 

stream using a μL-flow pump (Global FIA Milligat) to inject deionized water through 0.1 mm ID 

capillary tubing co-annular with 1.6 mm stainless-steel tubing into a stainless steel cylinder. In 

the stoichiometric-titration test stand, water vapor is added by flowing dry gas through a water 

bubbler at ambient temperature and pressure to moisten gases to approximately 3% H2O. Figure 

17 shows the process flow diagram of the vertical tube-in-shell reactor. A gas-dryer line (Nafion 
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Perma Pure MD Series) is used to remove moisture from the exhaust gases prior to sampling by 

the MS. 

3.2.2 Mass Spectroscopy (MS) Calibrations 

 Calibration curves for both hydrogen and helium were measured using a Cirrus II mass 

spectrometer. The calibrations were performed by mixing “known” mole fractions of hydrogen 

and helium (balance UHP argon). The “known” gas mixtures were supplied by diluting UHP 

argon with mixtures of hydrogen or helium. A total flow rate of 500 sccm maintained throughout 

calibration. The flow rates and results are listed in Table 2. The actual vs. measured mole % of 

both hydrogen and helium are plotted in figures 17 and 19, with a linear fit to the data, over the 

calibration range spanning 0 to 0.02% H2/He (0 to 200 ppm). 

 
 
Table 2: Flow rates and results of calibration on Cirrus II MS. 

ppm               
He 

Flow Rate FG 
(sccm) 

Flow Rate UHP 
Ar (SLPM) 

ppm He    
measured 

0 0 500 2.04 
1500 20 500 442 
2208 30 500 669 
2889 40 500 884 
3545 50 500 1099 
6500 100 500 2074 
11143 200 500 3717 

 

ppm               
H2 

Flow Rate FG 
(sccm) 

Flow Rate UHP 
Ar (SLPM) 

ppm H2    
measured 

0 0 500 .02 
1538 20 500 254 
2264 30 500 379 
2962 40 500 524 
3636 50 500 635 
6666 100 500 1204 
11428 200 500 2210 
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Figure 17. Calibration curves for Helium (a) and Hydrogen (b) for the Cirrus II mass spectrometer. 

(a) 

(b) 
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3.2.3 Hydrogen Flux Measured by Mass Spectroscopy (MS)  

  H2 flux experiments were conducted using tubular                       (      )  high 

temperature proton conducting ceramic diffusion membranes. Hydrogen flux was obtained using 

a horizontal tube-in-shell test apparatus Figure 16. The membrane tested had an active area of 

23-cm
2
. H2 flux was quantified by measuring the outlet (permeate) shell gas composition with 

the use of a Cirrus II mass spectrometer. In order to explore the thermal activation of the H2 flux, 

reactor temperatures were varied from 600 °C to 900 °C at a rate of 1.0 °C/min under the test 

conditions listed in Table 3. Two measurements from 600 °C to 900 °C  and back to 600 °C were 

performed showing repeatable performance.  

Table 3. Hydrogen permeation test conditions 

Tube Composition 

(permeant) 
49.5% He 49.5% H2 1% H2O 

Shell Composition 

(permeate) 
99% Ar 1% H2O 

                    *Composition Held Constant at 200 nml·min
-1

 (MS) 

3.2.4 Lambda Sensor Calibration 

 LS calibration was carried out using a quartz “dummy” tube inserted into the membrane 

tube-in-shell stand through which H2 can be transported. Figure 18 shows a calibration curve for 

50/50 vol. % moist He/H2 tube gas and oxygen titration shell gas. The solid markers correspond 

to increasing    
 and the open markers correspond to decreasing    

at a change rate of 0.01 

sccm/min. The red curve is a plot of the model using Eq. 28, with parameters adjusted to fit the 

calibration data. The lambda point occurs when the oxygen flow equals exactly one half the 

hydrogen flow. In the chart, this occurs at 2.23 sccm O2, which corresponds to 4.46 sccm of H2. 

In order to adjust the model curve up or down to fit the calibration curves, it was necessary to set 

the tube gas composition to 35% H2, 35% He and 30% H2O. The departure at high    
 is mostly 
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due to the small amount of electronic conductivity in the ZDY4 O2 sensor material at high 

temperature. The lambda transition point is practically invariant to the hydrogen partial pressure 

in the tube gas – variations, in which, only shift the curve up and down. It is the hydrogen partial 

pressure in the shell gas that determines the horizontal position of the lambda transition - very 

small changes, in which, shift the curve to the left or right. The real advantage of the 

stoichiometric-titration method for precisely determining hydrogen content in the shell gas is 

found in this characteristic of the lambda titration curve. The transition takes place within a 

narrow range of oxygen pressures. The resolution of the MFC was 0.01 sccm, so H2 flux may be 

determined to 0.01±0.01 sccm. If the total shell gas flow rate is 100 sccm, then the hydrogen flux 

can, in principle, be measured to a precision of 200 ppm. The resulting resolution of the H2 flux 

measurement is ± 0.5 nmol/cm
2
 sec, depending on the active area under test. 

 Two additional features are observed in the titration curves. First, there was practically no 

difference in the transition point between the room temperature and high temperature 

experiments. This is important because the experiment depends on the assumption that the shell 

gas is at equilibrium. At room temperature in the membrane tube-in-shell stand there is no 

ignition source, so it is safe to assume that the oxygen and hydrogen enter the lambda sensor 

unreacted. It is necessary that the unreacted gases react quickly on the hot platinum electrodes of 

the lambda sensor in order for the interpretation to be valid. At high temperature in the 

membrane tube reactor, it is unknown what fraction of the oxygen and hydrogen reacts, if any at 

all. What the lambda curves show is that the Nernst voltage is essentially independent of the 

extent of pre-reaction of hydrogen and oxygen in the membrane tube. Secondly, there is some 

hysteresis in the titration curves between increasing and decreasing    
0.01 sccm change per 

minute change rate is slow enough to compensate for any latency in the system. The hysteresis is 
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a consequence of “memory” in the oxygen sensor due to finite oxygen diffusivity in the ZrO2 

material upon going from high to low    
. The best practice for this method is to operate at a 

fixed Nernst voltage near the lambda transition – either below 0.5 volts for reducing conditions 

or above 0.5 volts for oxidizing conditions. Large excursions in    
 introduce measurement error 

in the apparent hydrogen flux due to the relatively slow relaxation time constant of the lambda 

sensor itself.  

 With the calibration tube inserted into the membrane reactor it was possible to obtain 

lambda transition curves under the same operating conditions that would otherwise be 

experienced by an actual BCZY27 membrane tube, including temperature and pressure effects. 

Finally, there was a measureable increase in the He signal detected by the mass spectrometer 

between room temperature and 718 ºC. No corresponding increase in hydrogen was observed. 

The permeability of Helium at 700 ºC in fused quartz is not insignificant (2.1 x 10
-8

 

cc/sec./cm2/cm.Hg), but the hydrogen permeability is one order of magnitude less [42]. 

 

Figure 18. Lambda Sensor calibration for 50/50 vol.% moist He/H2 tube gas using a quartz “dummy” tube. 

Membrane furnace at room temperature (blue), 718 ºC (green) and Nernst voltage model (red) adjusted for 

the stoichiometric titration point to 2.23 sccm O2 and 4.46 sccm H2 in the shell gas. 
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3.2.5 Flux Measured by Stoichiometric Titration 

 Due to the relatively low flux of H2 through this material quantitative measurements of 

hydrogen flux in the permeate gas stream has long presented an experimental challenge. To 

characterize and differentiate transport mechanisms in proton conducting membranes has long 

presented a major challenge. Concentrations are at the ppm level, and small gas leaks can lead to 

highly variable results. The stoichiometric titration technique uses a reference oxygen gas sensor 

located downstream of the membrane reactor to measure the Nernst potential between the 

permeant and permeate gas streams. During titration oxygen is slowly added (titrated) into the 

well-mixed permeate gas mixture to react with excess hydrogen due to flux through the 

membrane. This technique has been employed in fundamental wet-chemistry experiments for 

determining the pH tipping point from an acidic to basic solution. Titration can also be found in 

engine-combustion control systems to adjust and optimize the fuel-to-air mixture for engine 

performance. 

 The utility of these methods relies on the characteristic feature that the electrochemical 

potential is proportional to the logarithm of the reactant activity, 

VN =
RT

4F
ln
pO2

samp

pO2

ref
                         (16) 

 and as such, changes very rapidly near the stoichiometric point for the chemical reaction. The 

resulting transition that occurs, referred to as the lambda transition, allows very- precise 

measurements of the reactant concentration at the transition. This is useful for measuring 

hydrogen flux because, if the hydrogen concentration is known at the transition where no proton-

conducting membrane is present, then any shift in the lambda transition when a membrane is 

present is due to the apparent hydrogen flux through the membrane. This method measures total 

hydrogen flux due to proton transport as well as leaks in the membrane and seals. It cannot 
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measure hydrogen selectivity of the membrane directly, but in combination with a mass 

spectrometer for leak detection, stoichiometric titration is a powerful analytical tool for 

evaluating proton conducting ceramic membrane performance.   

This work introduces a measurement technique based on stoichiometric titration that can 

detect small changes in hydrogen flux under small hydrogen pressure gradients. In this method, 

oxygen is controlled, or titrated, into to the test gas until the stoichiometric, lambda point, is 

reached. This occurs when the last bit of hydrogen is consumed to produce water vapor. This 

point may be resolved with high sensitivity using a narrow band, zirconia oxygen sensor, as a 

lambda probe. The temperature dependence of the hydrogen flux may be determined by 

measuring the shift in the lambda titration point with temperature under a constant hydrogen 

pressure gradient across the membrane. 

 In order to evaluate the hydrogen flux in Eq. 15, the gas pressures at the two membrane 

surfaces, which show up in the limits of integration, must be known for arbitrary gas 

composition. Homogeneous gas-phase equilibrium is assumed, so in the ideal gas approximation, 
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Where Kw is the equilibrium constant for Eq. 17, and              √     are the 

concentrations of the gas species. If m moles of H2 and n moles of O2 are introduced into a 

closed container, at equilibrium, x moles of H2O will be formed, and m-x moles of H2 and n-x/2 

moles of O2 will be left over. The total number of moles will be, 
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and, 
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Eq. 21 may be rearranged to give a third order polynomial in x, 
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Since Kw is on the order of 10
10

 at 1000 K,    
     

  giving, 

    (   )   (      )                                      (  ) 

the roots of which are }2,,{ nmmx  . From Eq. 19 it is observed that, since partial pressure cannot 

be negative, and x  2n. In the region where there is surplus hydrogen, m≥2n the root x = 2n 

pertains. The oxygen partial pressure is 
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 In the region of surplus oxygen, 2n≥m, the root x=m pertains, and the oxygen partial pressure is 

[45], 
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 The theoretical Nernst potential, VN, is defined by the electrochemical potential of 

electrons (Fermi level) in electrodes attached to the faces of a separating membrane – for 

example, a zirconia electrolyte, that is electrically insulating, but where equilibrium has been 

established between gas species on the respective surfaces by ionic conductivity. Alternatively, 



 

39 

 

some of the gas on each respective side could be analyzed in separate “ideal” ZrO2 oxygen 

sensors where the Nernst voltage in each is, 

   
  

  
  

   
    

   
   

                                                        (  ) 

If the two sensors are operated at the same temperature, then, 

                         
  

  
  

   
 

   
  

                                           (  ) 

In this way, the Nernst potential has been defined independently of the characteristics of the 

electrodes or intervening membrane as long as the flux of oxygen or hydrogen is small enough so 

as not to perturb the gas-equilibrium pressure on either side. It is also necessary to differentiate 

between VN and Vcell. VN is an abstraction based on the Gibbs free energy of reactant gases. Vcell 

is the voltage measured between two electrodes.  

Under certain conditions, when surface defect reactions involving the gas phases are 

microscopically reversible, so that charge exchange reactions do not polarize the interfaces, 

Vcell®VN . An ideal oxygen sensor has the characteristic that the oxygen-ion conductivity is 

independent of oxygen pressure. This is the case with ZrO2 oxygen sensors operated at modest 

temperatures between 500 and 800 ºC and     greater than about 10
-25

 atm. In practical oxygen 

sensors, Vcell <VNbecause the oxygen-ion transference number is not exactly unity, and at 

extremely high or low oxygen pressure, the departure of cell voltage from theoretical Nernst 

potential may be significant due to redox reactions. At intermediate     this is generally not a 

problem. 

 It may be observed in Eq. 24 and 25 that     becomes either infinity or zero at the 

stoichiometric point where m = 2n. This is defined as the lambda point, and there is a large and 
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sudden change in VN when the gas on one side of the sensor goes through this transition. Slightly 

to the left of the lambda point the gas mixture has surplus hydrogen, and the     is small. 

Slightly to the right, the mixture has surplus oxygen with correspondingly small    
. If the     

on the reference side of the membrane is precisely known, the composition of the test gas may be 

determined with high accuracy. 

 The same principle may be used in stoichiometric titration for determining the hydrogen 

content of the permeate (shell) gas stream of a hydrogen-diffusion membrane. By introducing 

(titrating) a known quantity of oxygen (n in Eq. 19), from a calibrated mass flow controller for 

example, into a flow of gas on one side of the O2 sensor, the hydrogen content may be 

determined by the lambda transition. The reference gas on the other side of the sensor is a matter 

of convenience, but the hydrogen and steam partial pressures must be known in advance. The 

Nernst potential of the sensor is, 

   
  

  
  [(

   
    

        
) (

       

   
   

)]                                                   (  ) 

 As the lambda transition is approached from reducing to oxidizing conditions, the hydrogen 

pressure in the shell gas approaches zero while the water vapor pressure approaches a value of 

1/2 the oxygen partial pressure at the lambda point. If the amount of oxygen in the shell gas is 

diluted by suitable addition of an inert sweep gas such as argon, then the titration point can be 

adjusted so the       on both sides of the membrane are equal at the titration point. In this case, 

the water vapor pressures cancel out in Eq. 28. At fixed Nernst voltage (0.3 volts, for example) 

   
 of the sample gas may, therefore, be determined. Even if the ratio of       is not exactly 

unity, the departure from unity will be negligible compared to the ratio of    
, which will be 
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many orders of magnitude at the transition. Therefore, when the reference     is known, the 

sample    
 is determined at fixed VN.  

Figure 19 shows a simulation of two stoichiometric titration curves. The blue curve 

represents a reference calibration curve for dry 3% H2 – balance Ar. The red curve models an 

unknown gas mixture containing more hydrogen. The reference gas for both curves was 97% H2 

and 3% H2O. It is observed that the O2 mole fraction at the base of the lambda point (0.3 volts) is 

0.015 – exactly 1/2 of the hydrogen mole fraction in the calibration gas. The corresponding point 

on the red curve occurs at 0.0214. The increase in hydrogen is 2 x (0.0214-0.0150) = 0.0128. The 

mole fraction of H2 in the test gas is, thus, 0.03 + 0.0128 = 0.0428. The value for n used in the 

simulation was 0.0432, so the resulting error was only about 1% 

 

Figure 19. Model simulation of shift in lambda titration point between 3% H2-bal Ar calibration gas (blue 

curve) to test sample gas with 4.32% H2 (red curve) as a function of increasing oxygen mole fraction. 
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 Stoichiometric titration requires two independent tube-in-shell reactors; one located 

upstream of test gas of interest with the cermet-supported BCZY27 membrane, and a second 

tube-in-shell downstream of the membrane for the lambda sensor, LS. The feed gas (permeant) 

of the membrane exhaust is connected to the tube side of the LS gas inlet and the sweep gas 

(permeate) exhaust is connected to the shell side of the LS inlet, as shown in Fig. 20b. The 

lambda sensor then measures the Nernst voltage of the ratio of feed and sweep gases across the 

membrane at a constant, fixed temperature.  This is done independently of the set-up and 

operating conditions of the membrane under test. 

 

 
Figure 20.  Photo of tube-in-shell reactor and lambda sensor test stand (a).  Schematic representation of 

lambda sensor and hydrogen diffusion membrane (b). 

 

(a) 

(b) 
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 This experiment used a 3/8" OD by 10" long closed-one-end (COE) stabilized zirconia 

oxygen sensor tube (CoorsTek, Inc. Golden, CO) as the lambda probe. Porous platinum (ESL 

5542, ElectroScience ESL, King of Prussia, PA) metallization was applied to the inside of the 

tube and patterned on the outside to form the electrodes as shown in Fig. 21. The platinum was 

fired in air at 1000 ºC for 15 minutes, with up to three coats of platinum applied as necessary to 

obtain conductor sheet resistance below 5 ohms. The outer electrode, consisting of a wide solid 

band near the closed end and intended for operation in the hot zone of the furnace, was 

connected to a narrower band near the open end by a Pt stripe for attachment of a Pt wire outside 

the furnace. The inside electrode was applied as a continuous band wrapping around the tube end 

and extending on the outside at the open end. The open end was inserted into a standard gas-tight 

stainless steel O-ring tee fitting (Ultra-Torr SS-6-UT-3), and a second Pt wire was attached on 

the outside of the tube to make contact to the inner electrode. 

 

Figure 21. 3/8" x 10" long ZDY4 oxygen sensor 

 

 The tube-side (or permeant) gas flows into the tube of the lambda sensor through a 1/8" 

OD x 12" long alumina feed tube inserted to the closed-end through an O-ring adapter (Ultra-
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Torr SS-2-UT-A-6). Alumina was used because it is inert in both oxidizing and reducing 

environments, which could otherwise alter the     inside the tube. This inlet tube extended to 

the closed end of the sensor tube to allow for preheating of the gas and to ensure that the gas 

composition near the hot zone electrode was representative of the test gas stream.  

 The lambda sensor assembly was inserted into a 1/2" OD x 10" long quartz tube (shell) 

through an O-ring Tee (Ultra-Torr SS-8-UT-3) and adapter (Ultra-Torr SS-6-UT-A-8). A second 

1/2" Tee was attached to the other end of the quartz tube as in the tube-in-shell reactor used for 

membrane testing. A 1/16" to 1/4" adapter (SS-1-UT-A-4) was inserted into the axial port 

through which a type-K thermocouple (KMQSS-062U-12, Omega Engineering) was inserted to 

measure the lambda probe temperature in the vicinity of the sensing electrodes. 1/4" to 1/8" 

adapters (SS-2-UT-A-4) were inserted into the two transverse ports of the Tee’s and fitted with 

3" long stainless steel tubes to serve as the shell gas inlet and outlet ports Figure 22. 

 

 

Figure 22. Solid Works rendering of the Lambda sensor in tube-in-shell assembly (b) 
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 The LS assembly was vacuum tested for gas tightness and placed in a 7" wide electric split-

tube furnace (ATS series 3210, model 1.00-6-3, Applied Test Systems, Inc. Butler, PA) with the 

outer electrode of the oxygen sensor positioned in the center of the hot zone. Gas supply lines 

consisted of slipping the end of 1/8" ID x 1/4" OD Tygon E-1000 tubing (Saint-Gobain 

Performance Plastics, Akron, OH) over the 1/8" tubes of the four ports. The use of Tygon tubing 

rather than rigid compression fittings enabled considerable flexibility in experiment set-up. Gas 

lines could be re-routed at will with minimal disruption, and leakage through the slip fit was 

minimal. Furthermore, since explosive mixtures of hydrogen and oxygen were often present, the 

use of these slip fits provided an added measure of safety since the tubes would simply pop off in 

the event of over-pressurization due to combustion. 

 The lambda sensor was operated isothermally at a temperature between 700 and 750 ºC – 

the exact temperature was not important as long as it remained constant during the titration run. 

Typically the shell gas was composed of some fraction of unreacted hydrogen and oxygen. The 

high temperature and platinum electrode ensured that these gases fully reacted in the lambda 

sensor to make water vapor at equilibrium, but depending on the extent of the reaction, some 

temperature rise was observed due to the exothermic nature of the reaction, making control to 

less than ± 5 °C difficult. 

 The tube gas composition on the inside of the O2 sensor was assumed to be constant 

throughout a titration run, and equal to the tube gas composition inside of the cermet-supported 

BCZY27 membrane tube. The composition was a 50/50 volume mixture of H2 and He. The tube 

gas was passed through a porous frit bubbler at ambient temperature and pressure to moisten it to 

approximately 3% H2O. Helium was used as a diluent to measure the extent of leaks. As no He is 

supplied to the permeate (shell) side of the membrane, any He detected in the permeate-side 
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exhaust can be attributed to undesirable leaks. The permeate-side exhaust gas composition was 

continuously monitored using a Cirrus II Mass Spectrometer (MKS Instruments Ltd. UK – 

Spectra Products) for species identification. Through detection of helium, flux of hydrogen 

through the undesirable leaks can be accounted for in the calculated flux measurements, assumed 

that He and H2 had about the same diffusivity through viscous and diffusive leaks. For proper 

interpretation of titration data it was necessary to keep the partial pressure of hydrogen constant 

in the tube gas. With pure hydrogen feed, this posed no problem, but when the hydrogen was 

diluted with He, it was necessary to account for any change in    
 at the given flow rate. 

BCZY27 is a mixed ionic/electronic conductor, as described in chapter 2 section 2.3.2. In 

addition to majority species, protons and oxygen-ion vacancies, the minority electronic species 

depend on     at the respective membrane surfaces. In non-galvanic mode, where there are no 

electrodes or electric potential to pump hydrogen through the membrane, proton transport is by 

ambipolar diffusion with one or more of the other species. That is, the proton flux is rate-limited 

by counter-diffusion with positively charged defects or co-diffusion with negatively charged 

defects. In flux measurements with ambipolar diffusion (at steady-state), it is either the counter-

ion or the electronic defect with next highest self-diffusivity to proton diffusivity that is rate-

determining. These subtleties are captured in Eq. 15 for the asymmetric case. Matters simplify 

considerably for the symmetric condition resulting in Eq. 16, where, in order to perform the 

integral, Norby [38] has assumed a constant effective value for the proton conductivity. This is 

exactly correct for the case where the hydrogen gradient goes to zero, and a good approximation 

for modest hydrogen gradients. This feature was exploited in stoichiometric titration by ensuring 

that the lambda transition point was always measured on the left side of the lambda transition, 

where the shell gas is still slightly reducing. The reference    
 on the tube side (permeant) was 
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assumed to be constant. The shell-side (permeate) was variable, but can be determined precisely 

at fixed Nernst potential from Eq. 30 (as long as the       gradient is small). 

   
         

       (
    

  
)                     (29) 

For example, in the present experiments, the tube-side permeant was a mixture of 50/50 vol. % 

H2/He moistened through a glass frit bubbler at ambient temperature and pressure, making    
 

approximately 0.49 atm. At -0.30 volts, and LS temperature of 725 °C, Eq. 29 evaluates to 4.6 x 

10
-4

 atm. – a relatively small, but well-defined, hydrogen partial pressure gradient. 

 From Eq. 15, the flux is proportional to the σT. By the Nernst-Einstein relationship, the 

effective conductivity is related to the ambipolar (or chemical) diffusivity as, 

σ    
     ̃  

      

       
 (

    
  

   
 

    
   

   
 )                   (30) 

It may be readily observed that the effective (or reference) conductivity is determined by the 

species with the smallest conductivity. 
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C h a p t e r  4  

RESULTS AND DISCUSSION 

Some of the results presented below have been published in the peer-reviewed International 

Journal of Hydrogen Energy [25], The results and discussion below look at structure, 

morphology, and properties for SSRS                      chemistries fabricated from disks 

and tubes.  

4.1 Chemical and Microstructural Analysis Performed on Discs made by SSRS 

 Results of a comparison in the chemical stoichiometry of disks prepared by SSRS from 

barium carbonate and barium sulfate for BCZY09 (known as BZY10), BCZY27, and BCZY45 

are presented. A comparison in the microstructure was also carried out and is presented below.      

4.1.1 Chemical Analysis and Stoichiometry 

 Chemical composition determined by x-ray florescence on samples made from BaCO3 and 

BaSO4 was conducted. Samples show good agreement within the uncertainty of the instrument. 

The motivation to work with barium sulfate was to start with a more inert oxide that would be 

easily controlled for large scale manufacturing. 

     Pellets prepared in the stoichiometric ratios for BCZY09, BCZY27, and BCZY45 by SSRS 

with 1wt. % NiO using BaCO3 and BaSO4 as the barium precursor, were analyzed by x-ray 

florescence. Table 4 summarizes the results for the three compounds for pellets made from 

barium carbonate. For all three compounds compositions were within 1% of the desired 

chemistry.  
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Table 4. Chemical compositions determined for BCZY09, BCZY27 and BCZY45 by XRF for BaCO3. The 

abbreviations ‘meas’ and ‘theo’ correspond to measured and theoretical respectively [30]. 
Weight 

% 

BCZY09(meas) BCZY09(theo) BCZY27(meas) BCZY27(theo) BCZY45(meas) BCZY45(theo) 

BaO 54.53 55.10 53.89 53.20 51.98 51.50 

ZrO2 40.27 39.80 29.15 29.92 20.22 20.70 

CeO2 <0.01 0 12.09 11.93 23.08 23.10 

Y2O3 4.10 4.10 3.92 3.95 3.78  3.70 

NiO 0.80 1.00 0.75 1.00 0.79 1.00 

HfO2 0.30 0 0.20 0 0.15 0 

 

Table 5 is a summary of the compositions for the three BCZY compounds from pellet made from 

BaSO4, these results imply that the desired composition can still be attained even at the higher 

sintering temperature, 1585 °C.  

Table 5. Chemical compositions determined for BCZY09, BCZY27 and BCZY45 by XRF for BaSO4. The 

abbreviations ‘meas’ and ‘theo’ correspond to measured and theoretical respectively [30]. 
Weight 

% 

BCZY09(meas) BCZY09(theo) BCZY27(meas) BCZY27(theo) BCZY45(meas) BCZY45(theo) 

BaO 54.3 55.10 52.2 53.20 51.2 51.50 

ZrO2 38.9 39.80 27.8 29.92 20.3 20.70 

CeO2 0.14 0 14.1 11.93 23.1 23.10 

Y2O3 4.39 4.10 3.92 3.95 3.61  3.70 

NiO 0.96 1.00 0.87 1.00 0.94 1.00 

HfO2 0.30 0 0.20 0 0.15 0 

 

It was previously demonstrated that up to 2 wt% NiO is soluble and can be used as a 

sintering additive required for producing the pure BCZY stoichiometric phases by solid-state 

reactive sintering [43]. Weight percent is based on oxides to give the calculated mol%. Also, 

some alumina and a trace of iron oxide were detected but minimal. The site fractions were 
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calculated assuming pure ABO3 perovskite with Ba only on A-sites and Ce, Zr and Y on B-sites. 

It should be noted that the NiO and BaO is lower for all the compositions, and that some these 

oxide are lost to evaporation during sintering. 

4.1.2 Structure and Morphology of BCZY 

 The perovskite structure of the BCZY system is discussed below. Materials made from both 

barium carbonate and barium sulfate are analyzed and compared. Structure and morphology 

were compared using pressed disks. Membrane tubes were analyzed to confirm stable co-

sintered structures.  

4.1.2.1 Structure of BCZY with BaCO3 

 The XRD patterns of BCZY pellets from BCZY09 to BCZY45 are displayed in Fig. 23a, 

with a zoom for 2θ between 28 and 35° in Fig. 23b. The small peak at 2θ=32.5° (dotted line) 

corresponds to the phase BaY2NiO5. A shift of the XRD patterns with the cerium content is also 

visible on figure 24b (peaks shifted to lower angle).   
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Figure 23: (a) XRD patterns of the complete solid solution prepared by SSRS, with BaCO3 (b) zoom in 

between 28 and 35° [30] 

 

The pseudocubic lattice parameters were determined and a linear dependence was found, as 

shown on Figure 24, between the pseudocubic lattice parameter and the occupancy of the B site 

[Ce]/([Zr]+[Ce]), meaning that the solid solutions of BCZY exist in the full range studied. 

 

Figure 24: Pseudocubic lattice parameter as a function of the degree of B-Site substitution from BaCO3 [30]. 
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4.1.2.2 Structure of BCZY with BaSO4  

 The XRD patterns of BCZY pellets from BCZY09 to BCZY45 are displayed in Figure 25. A 

shift of the XRD patterns with the cerium content is also visible (peaks shifted to lower angle).  

The pseudocubic lattice parameters were determined and a linear dependence is found, as shown 

on Figure 27, between the pseudocubic lattice parameter and the occupancy of the B site 

[Ce]/([Zr]+[Ce]) showing that the solid solutions of BCZY exist in the full range studied. The 

crystal structure remains virtually unchanged whether it is prepared with BaCO3 or BaSO4, 

which can be seen by comparing the slope values, 0.2038 and 0.2032 and the intercept values 

4.1989 and 4.1997 for the linear fits which are nearly identical.  

 

Figure 25: XRD patterns of the complete solid solution prepared by SSRS, with BaSO4 
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Figure 26: Pseudocubic lattice parameter as a function of the degree of B-Site substitution made from BaSO4. 

4.1.2.3. Morphology of BCZY27 Discs from BaCO3 

 The scanning electron micrographs of fractured surfaces are presented in Figure 27. The 

fracture mechanism shifts from grain boundary to intra-granular with increasing cerium content. 
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Figure 27. Scanning electron micrographs of fractured surfaces of BCZY compounds sintered at 1500 °C, 15 

kV [30] 

 The micrographs in Figure 28 are from polished thermally etched cross sections. There is 

only noticeable grain size difference, or increase, with the samples containing cerium. The 

average grain size and densities are listed in Table 6. 
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Figure 28. Scanning electron micrographs of thermally eteched surfaces of BCZY compounds sintered at 

1500 °C, 5kV [30]. 

  

 

 

Table 6. Average grain size (on 100 grains) and relative density for the BCZY samples prepared by solid state 

reactive sintering at 1500 °C using BaCO3 [30]. 

Compound BCZY09 BCZY18 BCZY27 BCZY36 

 

BCZY45 

Grain size (µm) 1.3 3.1 3.3 3.4 

 

3.3 

Relative Density (%) 98 98.2 98.1 98.4 

 

98.2 

4.2. Microstructural Analyses Conducted on a BCZY27 Membrane on a 65NiBCZY27 

Supported Prepared by Slip-Casting and Spray-Coating. 

 Microstructural characterization by x-ray diffraction, scanning electron microscopy, and 

transmission electron microscopy was performed on co-fired membrane and support tubes. All 
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three types of characterization helped confirm formation of the desired BCZY27 phase and a 

fully densified membrane structure.   

4.2.1 XRD 

Figure 29 show the x-ray pattern of the membrane and cermet support. The x-ray 

diffractograms show that the BCZY27 is phase pure in both the membrane and cermet tube and 

that the NiO only appears in the support tube.  A lattice parameter 4.1995 Å was calculated from 

the x-ray pattern, which is in good agreement with the lattice parameter already discussed. 

 

Figure 29. X-ray diffraction patterns of BCZY27 membrane, support tube, and NiO powder. Patterns 

confirm pure phase BCZY27 on a two phase support structure with a calculated lattice parameter of 4.1995 

Å. 

 

4.2.2 Morphology of Co-Fired Membrane and Cermet Support 

 Figure 30 shows a scanning electron micrograph of polished cross-section of a 25 micron 

thick, as-fired supported membrane of BaCe0.2Zr0.7Y0.1O3-d (BCZY27) on a 65 wt% NiO – 35 

wt% BCZY27 composite substrate. The dense polycrystalline microstructure in the membrane is 
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clearly seen, and the grain boundaries are well-formed across the interface between the BCZY 

phase in the electrolyte and in the substrate. The dark phase in the dense, unreduced substrate is 

NiO. Membrane quality is aided by the absence of pore-formers in the support, which can cause 

pin-holes in the electrolyte during binder burnout. Furthermore, pore-formers are not required for 

hydrogen membrane supports because the open porosity that comes about by the loss in volume 

during reduction of the NiO is sufficient for the hydrogen transport through the porous support 

required for the modest hydrogen fluxes through the membrane. Also, in the case of cermet’s of 

NiO and BCZY, it is not necessary to have any initial porosity because hydrogen and water 

vapor are transported through the protonic ceramic phase during reduction so that NiO reduction 

proceeds relatively quickly [28]. 

 

Figure 30: Polished cross section of as-fired (unreduced) 65NiBCZY27 with 20µm thick spray-coated 

BCZY27 membrane. Light regions are BCZY27 and dark regions are NiO (3000x) 

It is apparent from the SEM image in Figure 30 that both solid phases are independently 

contiguous except through the membrane region, which shows no evidence of penetration by 

NiO. It is also worth noticing that the sintered specimen is fully dense. Grain boundary analysis 

with TEM, Figure 31, shows clean fully sintered grain boundaries.  
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Figure 31. Bright field TEM image showing clean fully sintered BCZY27 grains from the membrane 

deposited on BCZY27-NiO support. 

 

Based on the measured density of the as-fired ceramic, the residual porosity was calculated 

to be 1%. To confirm that the pre-reduced specimen was fully dense and hermetic a tubular 

section was leak tested on a Leco Helium leak detector. No leaks were detected down to 10
-9

 

atm, the detection limit of the instrument, which confirms that all of the residual porosity was 

closed. One of the principle advantages of having NiO/BCZY as supports  is that thin high 

quality membranes are much easier to produce, as can be observed in Figure 32.  
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Figure 32. SEM image of an unreduced membrane tube with a very dense microstructure and no apparent 

lamination line between support structure and membrane. 

 

The lack of pore formers in the support results in the absence of exhaust gases generated by 

burning out of organic pore formers during sintering. Additionally the density of the support 

eliminates the requirement for the membrane coating to bridge open pores at the surface of the 

unsintered substrate. Most importantly, the critical ceramic phase and microstructure of the 

membrane may be fully developed at the peak sintering temperature. This is typically a challenge 

when the substrate must remain porous, since extended time at high temperatures tends to 

collapse the pores. The disadvantage is that the final volume percent of total porosity is almost 

exclusively limited to the volume change in going from NiO to Ni. This volume change is 

approximately 40 vol%, calculated as, 
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 As long as the cermet body does not shrink during reduction, the pore fraction will be 40% of 

the volume fraction of the NiO portion of the cermet. The volume fraction of NiO in 

65NiBCZY27 is 63.3%, so the maximum attainable porosity is 25.8%, plus 1% residual porosity 

for the specimen.  

Typically higher porosity is desired for SOFCs to maximize the three-phase boundary region 

between the ceramic, metal and gas phases to promote the charge-transfer reactions. Unlike 

SOFCs, where oxygen ions have negligible diffusivity in metal electrodes, the protons in PCFCs 

have high mobility in both nickel and the ceramic, so the three-phase boundary is not required. 

Furthermore, in an SOFC, water vapor is produced at the electrode/membrane interface, which 

must counter-diffuse against the hydrogen fuel in the porous anode. In a PCFC, water vapor is 

produced at the cathode, so the hydrogen is the primary diffusing gas species at the anode. Both 

of these factors mitigate the need for high porosity, which can otherwise result in a reduction of 

electrical conductivity and mechanical strength. 

  The microstructure of 65NiBCZY27 cermet, reduced for 24 hours at 700 ºC in 4% 

H2/balance Ar, is shown in Figure 33a. The most striking feature is the nickel particles, which 

exhibit very small pore size and high surface area. This is most likely due to the low reduction 

temperature employed, which retards sintering of the metallic nickel. The high surface area is 

due to the way oxygen diffuses out of the NiO core of the grain during reduction. Since the 

specific volume of Ni is less than the NiO core, as long as the nickel does not sinter to form a 

dense shell, oxygen is allowed to diffuse out more easily. Figure 33b shows separation of the 

nickel particles away from the BCZY grain boundary, leaving a channel gap of less than 100 nm. 
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Figure 33. Polished cross section of 65NiBCZY27 reduced for 24 hours at 700°C in 4% H2 balance argon (a), 

Hi resolution SEM image showing gap between Ni and BCZY phase after reduction (b)h. 

 

 The SEM image of the membrane in Figure 34(a) shows a dense fracture surface with 

evidence of both intergranular and transgranular fracture and possible evidence of twinning. The 

polished membrane cross section in Figure 34(b) shows well-sintered grain boundaries with 

grains from 3 µm to 5 µm. The polished section image in 34(b) highlights the individual 

BCZY27 grains and the completeness of the sintering. The color contrast between grains is due 

to the variation in lattice plane orientation, which causes a small shift in the backscatter electron 

intensity. 
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Figure 34: Back scatter images of BCZY27 fracture surface (a), polish section (b). (BSI, 5000x) 

4.3 Hydrogen Flux through Dense Thin BCZY27 Membrane Spray-Coated on BCZY27-

NiO Supports 

  The hydrogen flux results measured by two different analytical techniques are presented. 

Thermal activated hydrogen flux was observed in both sets of results. Comparisons using a 

computational model and Arrhenius analysis of the flux results show reasonable correlation. 

4.3.1 Effect of Temperature on Hydrogen Flux through Cermet-Supported BCZY27 

membrane 

 Hydrogen flux through the protonic ceramic membranes studied here is known to be 

thermally activated.  To explore this effect, hydrogen flux was measured over a temperature 

range from 600 – 900 ºC.  In the first series of tests, as described in Sec 3.2.3, the furnace 

temperature is continuously ramped at a rate of 1.0 ºC/min, while hydrogen flux is measured 

under a     
 = 0.5 atm across the membrane. Membranes were tested in the tube-in-shell with 
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permeate gas composition measured continuously with a mass spectrometer. Gas compositions 

are detailed in Table 3 in Section 3.2.3. Any viscous leaks in the tube were accounted for by 

subtracting any measured He signal in the shell stream from the hydrogen value. A maximum 

helium leak signal of 0.012 nmol/cm
2 sec was measured; this was well below the peak H2-flux 

measurement of approximately 1.1 nmol/cm
2 sec.  

Figure 35 illustrates the hydrogen flux as a function of temperature. Two temperature cycles 

were performed on the membrane tube; very good repeatability was exhibited. Some hysteresis 

can be seen in the ascending and descending curves which can be attributed to hydration and 

dehydration of the membrane during testing. Little hydrogen flux is observed at temperatures 

below 750 °C; however, flux increases with temperature between 750 °C and 900 °C due to the 

increasing proton diffusion with increasing temperature.  

 

 

Figure 35. Thermally activated hydrogen flux measured by mass spectrometry in a BCZY27 membrane 
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A substantial “knee” in the flux results is observed in the initial ascending experiment 

(Ascending 1) between 825 and 875 ºC.  The reason for this knee is unclear, but could be 

attributed to the initial conditioning of the membrane beginning at approximately 825 ºC. This 

Ascending 1 experiment is the first exposure of the membrane to hydration following the high-

temperature sintering and NiO-reduction processes. 

The flux cases represented above are under 1%-humidified conditions on 
both

 sides of the 

membrane. The conditions are also assuming a similar    
 at both membrane surfaces so that the 

oxide-ion transport can be assumed to be negligible. These conditions give rise to proton 

transport due to water incorporation into the membrane by Wagner hydration. These results 

confirm the ambipolar conductivity of BCZY27 co-diffusing with an electronic defect; this 

defect is assumed to be the ceria polaron. 

4.3.2 Flux measured by Stoichiometric titration 

 Figure 36 presents the results of the flux measurement taken by stoichiometric titration over 

the temperature range from 600 to 850 °C at a constant ramp rate of 1.0 °C/min. Gas conditions 

for the tube were equal concentrations of hydrogen and helium with ~3% steam. The shell is fed 

with 4% H2, 96% Ar. In addition, oxygen is titrated into the shell gas stream so that a constant 

potential is observed at the lambda sensor (0.3 V).  Although the shell stream gas was not 

hydrated directly, water was formed from the combustion of the titrated oxygen with any 

hydrogen in the shell, resulting in approximately 3% H2O in the shell stream. The H2-flux values 

observed in Figure 36 have been corrected for viscous leaks by subtracting a constant value of 

0.91 nmol/cm
2 sec from the measured H2 flux.  This leak rate of 0.91 nmol/cm

2 sec was 

measured using a mass spectrometer.   
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Figure 36. Thermally activated hydrogen flux measured by stoichiometric titration in a BCZY27 membrane. 

 

Like the mass spectrometry measurements, the flux measurements taken using stoichiometric 

titration have also been able to confirm thermally activated hydrogen transport between 700 °C 

and 850 °C, which can be attributed to ambipolar diffusion of H
+
 and e

-
.   

When comparing Figs. 35 and 36, it is evident that the flux measured by stoichiometric 

titration exceeds that measured using mass spectrometry by approximately a factor of five.  This 

higher flux in ST is unexpected when comparing the    
  gradients across the membrane for 

each of the experiments. In the stoichiometric-titration experiment the     
 = 4.6 x 10

-4
 atm 

while in the mass-spectrometry experiments, this value is     
= 2.6 x 10

-9
 atm. This indicates a 
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much higher driving force in the mass spectrometry experiment, counter to the observed increase 

in flux. The reason for this difference in flux is unclear but could be attributed to the following 

issues: 

 Under conditions where ambipolar diffusion is presumed the mechanism of transport the 

smaller     
 across the membrane may lead to a higher conductivity due to the 

membrane being in an overall more-reducing environment on both sides of the 

membrane. This in turn can lead to an increase in cerium polaron concentration and 

observed higher flux. 

 The      in the stoichiometric titration experiments is three-times higher than that of the 

mass-spectrometry experiments; this could lead to higher flux in the titration experiments 

due to greater protonation of the membrane and increased potential for water splitting; 

 The shell-side gas composition in the stoichiometric-titration experiments is not well 

defined.  The shell is fed with a 3% H2 / 94% Ar / 3% H2O mixture; O2 is also fed into 

the shell stream so that the lambda sensor maintains a constant potential over the range of 

the experiment.  It is possible that the shell composition has not reached equilibrium, and 

H2 and O2 co-exist in the shell stream.  In contrast, equilibrium can be assumed at the 

lambda sensor due to the presence of platinum on the surface of the sensor to move the 

H2 oxidation reaction towards equilibrium.  This ambiguity in the shell-gas composition 

during stoichiometric titration could result in higher hydrogen fluxes across the ST 

membrane in comparison to the membrane tested by mass spectroscopy. 

 There could be variability in the overall performance of the tested membranes.  

Quantification of this variability could be realized through an extensive series of tests on 

multiple membranes.  Such an experiment is beyond the scope of this research. 
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4.3.3 Arrhenius Analysis 

The flux results shown in figures 35 and 36 appear to display an Arrhenius form (flux J = 

Ae
(-Ea/kT)

). To explore this further, both sets of data are plotted in Arrhenius form in Figure 37. 

Linear regression fits are also shown in the figure for the purpose of calculating activation 

energies. The calculated activation energies are listed in Table 7. Due to the presence of the 

“knee” in the “Ascending 1” data, these data are not included in the Arrhenius analysis. 

 

Figure 37. Arrhenius analysis of the total flux as a function of inverse temperature measured by mass 

spectroscopy and stoichiometric titration. 
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Table 7. The activation energies calculated by Arrhenius analysis for the measured fluxes compared against 

the activation energies calculated from the model fit. 

 

 Different activation energies are observed for the ascending- and descending-temperature 

experiments, with a higher activation energy observed in the ascending case.  Excellent 

agreement in activation energy is observed for the MS and ST experiments (Ea = 1.79), both of 

which are executed under increasing-temperature conditions. A lower activation energy is 

calculated for the descending-temperature experiments conducted by mass spectroscopy (Ea = 

1.42).  This difference could be associated with dehydration processes that may have occurred at 

the peak temperature of 900 ºC when initiating the descending experiments. These activations 

energies are higher than reported for non-stoichiometric cerium dioxide of 0.6 eV [46] and 0.58 

eV by Tuller et al [47], but comparable to values reported Tschöpe et al  [48] for ceria single 

crystal (1.97 eV). Table 7 also lists values determined through an ambipolar diffusion model 

described in the next subsection. 

4.3.4 Computational model for comparison flux results 

 A computational model was developed to aid in the interpretation of the observed H2 flux 

measurements. The model is based on the ambipolar diffusion model of Norby et al [38] and 

assumes two charge carriers: protons (OH ) and cerium polarons (Ceʹ). In the equation stated 

below by Norby the flux is proportional to σT. 
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By the Nernst-Einstein relationship, the effective conductivity is related to the ambipolar (or 

chemical) diffusivity as, 
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It may be readily observed that the effective (or reference) conductivity is determined by the 

species with the lowest conductivity. The conductivity of the two charge carriers can be 

expressed in Arrhenius form as 
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In equations 34, and 35, Ai and Eai represent the pre-exponential factor and activation energy for 

the proton and cerium polaron, respectively. Protonic conductivity has been quantified 

previously by Sanders et al [44], where Ea(OH ) = 0.45 eV. The conductivity of the cerium 

polaron is comparatively unknown. Through fitting of the experimental data in Figure 37 to 

the computational model, the conductivity of the cerium polaron can be quantified. 

The reference conductivity can be expressed as 
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Combining Eq. 32 and Eq. 36 
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And finally by substituting in Eq. 34 and Eq. 35 into Eq. 37 we get the Eq. 39 below that we can 

use to evaluate the results from both experiments. 
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As mentioned earlier, the value of the shell    
 during the experiment can be very difficult to 

determine. During the experiment measuring flux with the MS there was a 0.5 atm    
 gradient 

from tube to shell. The value for hydrogen concentration of 2.6x10
-9

 atm on the shell side was 

calculated from the disassociation of H2O into H2 and O2 at 900 °C. In the case of stoichiometric 

titration the shell hydrogen pressure could be calculated according to Eq. 29 and was evaluated at 

4.6x10
-4

.  Table 8 is a list of values used to compare the measured flux to a calculated flux.  

Table 8. Parameters used for computational model. 

Equation variable Value Units 

   
      0.5 atm 

   
        

           (MS) 

          (ST) 

atm 

    
(                     ) 1.82 eV 

    
(             ) 1.83 eV 

    
(              ) 1.42 eV 

    
  0.45 

[44]
 eV 

ACe (stoichiometric titr.)           [σ cm-1] K 

ACe      (MS ascending.)           [σ cm-1] K 

ACe     (MS descending) 535 [σ cm-1] K 

AOH                        (proton) 610* [σ cm-1] K 
*
 Values taken from unpublished conductivity measurements taken at the CFCC. 

 Figure 38 presents the results of the calculated model values plotted against the actual 

measured values. For both cases the model was a very good fit to experimental data. The model 
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is able to quantify conductivities for the proton, and cerium polaron listed in Table 9. Although 

the calculated flux values from the model show correlation to the measured values, a more 

sophisticated model such as a Nernst-Planck-Poisson might better evaluate the fluxes. However, 

such a model requires detailed thermodynamic data, which are unknown. The higher observed 

flux values attained in stoichiometric titration can be attributed to the different    
 and       

conditions used which impact the conductivity of the material and highlight the importance of 

membrane hydration and relative level of reduction for ambipolar diffusion. 

 

 

Figure 38. Graphs showing the actual measured hydrogen flux with a plot of the model values calculated 

from the values shown in Table 8. Using the two-parameter fit to the pre-exponential and activation energy 

for the ceria polaron a good model fit was attained. 
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Table 9. Proton and cerium polaron conductivities from model calculations. 

 

4.3.5  Determination of D0 diffusion coefficients 

 The pre-exponential terms calculated with the model can be used to determine the respective 

diffusion coefficients knowing that  

   
(  )     

  
                                                                 (  ) 

Calculation of the diffusion coefficients based on the Arrhenius fits listed in Table 8 yield Do 

values of 3.46 x 10
-3

 cm
2
/s and 2.2 x 10

-6
 cm

2
/s in the ascending and descending conditions, 

respectively. These calculations assume a concentration of Yttria in the lattice of 2.17 x 10
6
 

moles / m
3
. These calculated diffusion coefficients are in keeping with accepted values between 

10
-2

 and 10
-4

 cm
2
 / sec from Sanders et al [44].  
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C h a p t e r 5  

CONCLUSIONS 

                       (with 0  x  0.4) was prepared by solid-state reactive sintering at 

1500 °C for 4 h using BaCO3 and 1585 °C for 6 h using BaSO4 as the barium precursor, with the 

addition of 1 wt% NiO. Crack-free samples greater than 98% densities were obtained. Analysis 

of the change in lattice parameter by XRD confirmed the solid solution of BCZY existed for 

materials made with both barium precursors. Co-fired membrane tubes consisting of a 25 µm 

membrane on a 1-cm-dia two-phase (NiO/BCZY27) support tube with lengths up to 25 cm have 

been prepared successfully using a cost-effective process. Analysis showed fully dense 

membranes on a stable support structure with no evidence of delamination between the 

membrane and support tube. Hydrogen-flux measurements were executed on these supported 

thin membranes. A thermally activated hydrogen flux was exhibited, confirming the importance 

of ambipolar diffusion or OH
•
 and Ce' in this material.  Flux measurements were conducted 

using mass spectrometry and stoichiometric titration, with higher flux observed in the 

stoichiometric-titration experiments. Several reasons for these higher fluxes are postulated.  A 

simple computational model based on ambipolar diffusion was developed and used to extract 

conductivity values for the ceria polaron.  These values ranged between 3x10
-6

 S/cm at 850 °C to 

7x10
-9

 S/cm at 700 °C. These thin BCZY27 membranes on tubular porous Ni-BCZY27 supports 

demonstrated in this dissertation are the first realization of this architecture in high-temperature 

proton-conducting ceramics.   
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C h a p t e r  6  

FUTURE WORK 

 Overall fabrication methods have demonstrated very-uniform dense membranes; however, 

complete hermeticity has yet to be attained. Chacterization of the green substrates that lead to 

defects such as pin-holes needs to be investigated.  

 Stoichiometric titration has shown to be a useful tool in evaluating permeation membranes. 

Flux results attained have shown that the polaron conductivity is the rate-limiting species and 

suggests future work on increasing this conductivity can lead to higher flux values when using 

these membranes in highly reducing applications.  

 Improvements in the experimental techniques can be incorporated. For example, in this 

work oxygen was titrated into the shell stream that is exposed to the membrane. Follow-on 

analyses assume that the shell gases are in equilibrium; this assumption may not be correct, and 

is not validated as part of this work. Improved results could be realized by titrating the oxygen at 

the lambda sensor, downstream of the membrane.  This would eliminate any ambiguity of the 

shell-gas composition, and enable a wider range of shell-gas compositions.  

 Other valuable work in understanding surface kinetics of these membranes should also be 

investigated. This could be evaluated by altering membrane thickness to understand if it is bulk-

diffusion limited or if it is the surface kinetics that limit the overall hydrogen permeation in this 

material.  
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