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ABSTRACT 

 

 In this work, electroless plating (ELP) was used to fabricate thin metal films for hydrogen 

separation and purification applications. The first section focused on Pd-Au alloy composite 

membranes because pure Pd was susceptible to sulfur and carbon poisoning which adversely 

affected the throughput (H2 flux) and selectivity (H2 purity). Dense Pd-Au bilayer films 

fabricated by sequential ELP of Pd and Au were annealed at different temperatures and pressures 

of H2 gas to assist in the formation of a homogenous alloy. The highest temperature (550 °C) and 

pressure (3.0 MPa H2) reduced the annealing time from five days to nine hours because of a 

lower activation energy for inter-metallic diffusion. Additionally, there was a need to identify an 

in situ parameter to confirm annealing as ex situ analysis techniques were too time intensive. 

This was achieved by calculating the apparent activation energy for H2 permeation (Eact) which 

had a characteristic value depending on the Au composition. Alloys in the 0 – 41 wt% Au range 

were annealed and their calculated Eact values were found to agree well with literature data for 

cold-rolled foils. Eact initially decreased from 12.4 to 7.5 kJ mol-1 (0 to 21 wt% Au) before 

increasing to λ.0 kJ mol-1 (41 wt% Au).  

For the second section, it was desired to fabricate cheap and coking resistant anodes on 

protonic ceramic membranes for hydrogen separation from hydrocarbon-rich feeds. Cu is a good 

candidate because of its stability at high temperatures in reducing and hydrocarbon-containing 

gas environments. But Cu electrodes fabricated using commercial pastes are thick (≥10 m) and 

tend to delaminate from the ceramic. Cu ELP was shown to be a better alternative as thin 

(~1 m) and well-adhered electrodes were fabricated with Pd, Ru, and Cu as activation catalysts. 

Amongst them Pd/Cu and Ru/Cu had the lowest area specific resistances (two orders of 
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magnitude lower than the pastes). Furthermore, during galvanic hydrogen pumping, the 

membrane-electrode assemblies demonstrated high current efficiencies (>80 %). Pd/Cu and 

Ru/Cu also showed low power requirementsμ ≤ 34 mW/(NmL H2 min-1) in 10 % H2 in Ar. 

However, after testing Pd/Cu in the presence of CH4, the power requirement in 10 % H2 in Ar 

tripled and that change was irreversible.  
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CHAPTER 1  

GENERAL INTRODUCTION 

 

Modified from a book chapter to be published by World Scientific Publishing Company
1 

 

Sean-Thomas B. Lundin2, Neil S. Patki3, Thomas F. Fuerst4, Sandrine Ricote5, Colin A. Wolden6, 

J. Douglas Way7 

 

1.1  Introduction  

Hydrogen is not an energy source, it is an energy carrier or a secondary form of energy 

like electricity which needs to be produced [1,2]. Worldwide hydrogen production is estimated at 

around 50 million metric tons per year, with the majority being used on-site for ammonia 

synthesis and hydrotreatment [3–5]. It is estimated that about 50% of this hydrogen is produced 

via steam methane reformation (SMR), whereas water electrolysis accounts for only a minor 

fraction of production and the remaining fraction is a combination of partial oxidation and coal 

gasification [6,7]. It is estimated that by 2050 the hydrogen demand in the United States alone 

will be over 42 million metric tons [8]. Thus, hydrogen production will have to increase to meet 

the increasing demand.  

                                                 

1 Reprinted with permission from World Scientific Publishing Company. Original chapter entitled Dense Inorganic 
Membranes for Hydrogen Separation published in Membranes for Gas Separation (ISBNμ λ78-λ81-3207-70-7). 
2 Primary author, Ph.D., Department of Chemical and Biological Engineering, Colorado School of Mines. 
3 Co-author, Ph.D. candidate, Department of Chemical and Biological Engineering, Colorado School of Mines. 
4 Co-author, Ph.D. candidate, Department of Chemical and Biological Engineering, Colorado School of Mines. 
5 Co-author, Research Associate Professor, Department of Mechanical Engineering, Colorado School of Mines. 
6 Co-author, Professor, Department of Chemical and Biological Engineering, Colorado School of Mines. 
7 Author for correspondence, Professor, Department of Chemical and Biological Engineering, Colorado School of 
Mines. 
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Coal gasification is a process similar to partial oxidation in which the reaction of steam, 

oxygen, and coal at high temperature produces synthesis gas or syngas (H2 and CO) [λ]. Other 

components of syngas may include carbon dioxide, steam, methane, higher hydrocarbons, sulfur-

containing compounds and an inert carrier gas. Using hydrogen produced from gasoline or 

natural gas does not have a significant advantage over the direct utilization of those fuels, but its 

production from coal gasification has potential if it is coupled with CO2 capture and 

sequestration [10]. Thus, the U.S. Department of Energy has been actively funding those projects 

since 1λλ0 [2].  

Irrespective of the choice of the process for hydrogen production, the product stream 

needs to be purified. Purification can be achieved by pressure swing adsorption or implementing 

dense polymeric or inorganic membranes [11–13]. Pressure swing adsorption has the advantages 

of high purity, recovery and maintaining the purified hydrogen at high pressure, while some of 

the drawbacks are high capital costs, difficult process control, cost of cooling gas, to name a few 

[11,14]. Dense polymeric membranes have the advantage of reduced costs, ease of operation, 

and low energy consumption, while the drawbacks include limited industrial applicability (due to 

small temperature range of operation), low selectivity and throughput, poor mechanical strength, 

and so on [12,13]. Dense inorganic membranes like metallic or proton-conducting ceramic 

membranes are lucrative because they can be perfectly selective to hydrogen and are discussed 

below.  

1.1.1  Dense metallic membranes  

Transport through dense inorganic membranes occurs by the solution-diffusion 

mechanism which is based entirely on the solubility and diffusivity of certain gases within a 

solid material. Dense metallic membranes like Pd-based membranes are a sub-class of dense 
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inorganic membranes. The hydrogen transport mechanism through dense metallic membranes is 

based on atomic hydrogen and no other gas molecule or atom can partake; which is the reason 

they are theoretically perfectly selective to hydrogen. During transport, the feed hydrogen gas 

goes through several steps (Figure 1.1)μ (I) the hydrogen molecule adsorbs onto the metal surface, 

(II) dissociates into two adsorbed atoms, (III) each atom then absorbs into the metal and diffuses 

to the far side, (IV) the atoms recombine on the surface into an adsorbed hydrogen molecule, and 

(V) the hydrogen molecule finally desorbs into the purified hydrogen permeate [15–18].  

 
Figure 1.1 Schematic of membrane operation for a dense metal membrane compared to a porous 
membrane. Reprinted from Uemiya et al. [1λ] with permission of Springer.  

In general, the hydrogen permeability in metals can be described by Equation 1.1, which 

states that the permeability coefficient, πH, is the product of the solubility (SH) and diffusivity 

(DH).  

  Equation 1.1 

Assuming equilibrium at the gas/metal interfaces, the flux, J, of molecular hydrogen through Pd 

can be determined using Fick’s law. The solution to this being Equation 1.2, which is commonly 

known as Sieverts’ law [12,20].  

 ,  Equation 1.2
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In this equation, the flux, J, is determined by using the permeability of the metal, πH, along with 

its thickness, L, and the pressure gradient of hydrogen between the feed, PH2,F, and permeate, 

PH2,P, sides. The pressure exponent, n, also known as the Sieverts’ exponent, is known to vary 

between 0.5 and 1, depending on what portion of transport is rate limiting. Bulk diffusion 

limitations, for instance, will result in a square root dependence, whereas surface 

adsorption/desorption limitations will result in a dependence of unity [12,17]. For the work 

reported in this document, hydrogen transport through the membranes was found to be bulk 

diffusion limited. In the case of composite metal membranes, when the pressure drop across the 

film cannot be decoupled from the total pressure drop, permeance (PMH2
) is used as a unit to 

describe the flow (Equation 1.3) [12].  

  Equation 1.3

Because only hydrogen can be transported by the solution-diffusion mechanism, impurities are 

transported by Knudsen diffusion and/or viscous flow through the defects or pin-holes which are 

formed during plating or high temperature testing of these membranes [1,12].  

1.1.1.1 Pd and Pd-based alloy membranes  

Over 150 years ago, in 1863, the French group of Deville and Troost [21,22] first 

reported the diffusion of hydrogen through Group VIII metals such as iron and platinum. In 1866, 

while he was curator of the British Royal Mint, Thomas Graham [23] reported the transport of 

hydrogen through heated palladium. Graham’s initial diffusion research used palladium foils and, 

later, palladium tubes manufactured for him by George Matthey [24] which laid the very 

foundation for the development of dense metal membranes based on palladium. Nearly a century 

later, the interaction of hydrogen with palladium and palladium alloys was extensively 

investigated and reviewed by Lewis in 1λ67 [25]. The potential use of pure palladium as a 
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hydrogen separation membrane, however, was severely hampered by the extremely high 

solubility of hydrogen in palladium below 300 °C [25]. This extreme solubility leads to the 

formation of a separate palladium-hydride phase with a much larger lattice constant compared to 

pure Pd, causing subsequent distortion of the lattice and resulting in hydrogen embrittlement. 

Hydrogen embrittlement is particularly problematic when cooling down a pure Pd membrane 

without removal of the dissolved hydrogen, causing membrane cracking/failure. To combat this 

issue, alloys of palladium with other metals, particularly silver, were investigated by Hunter and 

coworkers at the Atlantic Refining Company in collaboration with J. Bishop and Company 

which later became Johnson-Matthey [26,27]. Other metals that can potentially lower the 

embrittlement temperature of Pd include Ag, Pt, Au, and Cu [1].  

Alloying Pd with Ag, Pt, and Au has other advantagesμ Ag improves the solubility of 

hydrogen in the membrane which in turn improves the permeability of the alloy [28,2λ], Pt 

enhances its high temperature stability [30], and Au greatly improves its resistance to sulfur 

poisoning [31]. Cu as an alloying metal has also been studied in the literature, but the 

composition range in which it would be beneficial is much smaller (Figure 1.2 on page 6) and 

composition control is difficult.  

Pd and Pd-based alloy membranes can be fabricated by cold-rolling, chemical vapor 

deposition, magnetron sputtering, electroplating and electroless plating (ELP) [12,32–37]. As the 

material costs scale with thickness, efforts over the last few decades have been to reduce the 

membrane thickness while still maintaining selectivity and mechanical integrity. Membranes as 

thin as ca. 1 m [38] are fabricated by depositing a metal film on a porous substrate. Such 

membranes are called composite membranes and the substrates can be porous ceramics (like 

yttria-stabilized zirconia) or porous metals (like stainless steel) with a diffusion barrier.  
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Figure 1.2 Hydrogen permeability as function of binary alloy composition for Pd-Cu, Pd-Ag, and 
Pd-Au systems at 350 °C adapted from McKinley [3λ].  

1.1.1.2 Pd-Au alloys  

A lot of groups have studied Pd-Au alloy thin films fabricated by ELP over the last 

decade. The two metals have the same crystal structure (FCC) and are known to form solid 

solutions at the temperatures (400 – 600 °C) and compositions (0 – 40 wt% Au) of our interest 

[40]. Gade et al. fabricated unsupported Pd-Au bilayer membranes (13 µm, ~13 wt% Au) by 

sequential ELP and reported that those membranes took up to 400 h to achieve a steady state flux 

at 400 °C [41]. They were surface enriched in Au despite annealing in N2 for 85 h at 500 °C. 

With the help of x-ray diffraction (XRD) Shi et al. observed that thin Pd-Au bilayer membranes 

(3 – 5 µm) fabricated using sequential ELP required 150 h to anneal at 600 °C in atmospheric H2 

[42]. Despite the long and aggressive annealing schedule the membrane was still found to 

surface enriched in Au. Chen and Ma made thicker Pd-Au bilayer films (7 – 10 µm and 8 – 11 

wt% Au) by sequential ELP and investigated several annealing schedules [43]. They used XRD 

to determine the extent of annealing and concluded that the Pd-Au films took λ6 h at 500 °C and 
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24 h at 550 °C to anneal in H2. But, the shoulders on their Pd-Au alloy peaks suggested 

incomplete annealing. They reported surface enrichment of Au on conducting energy dispersive 

x-ray spectroscopy (EDS) which also pointed to incomplete annealing.  

Tarditi et al. reported that a ~10 m Pd-Au composite membrane fabricated with a few 

alternating layers of Pd and Au can be annealed in 120 h at 500 °C in 10 kPa H2 [44]. They 

claimed that stability of the hydrogen flux on temperature cycling was an indication of annealing. 

Shi et al. showed that it was easier to anneal a Pd-Au alloy fabricated with multiple Au nano-

layers sandwiched between Pd layers than the Pd-Au bilayer fabrication technique [45]. They 

also found that sandwiching Au between Pd layers did not lead to surface enrichment of Au [45]. 

A 3 m film fabricated with several nano-layers of Au sandwiched between Pd layers could be 

annealed in a week at 500 °C, but a 3 m Pd-Au bilayer was not completely annealed even after 

3 weeks at 500 °C [42,45].  

Gade et al. [46] demonstrated that a 40 wt% Au membrane had better hydrogen 

permeability in a stream of 4 ppm hydrogen sulfide in hydrogen than pure Pd and select high 

permeability Pd-Cu, and Pd-Ag alloys. They also observed that increasing the Au content of the 

membranes tested in a synthetic water-gas shift mixture containing 20 ppm H2S resulted in better 

resistance to sulfur poisoning. Chen and Ma [43] observed that inhibition of a Pd-8Au due to 

sulfur species decreased with increasing temperatures which pointed towards an equilibrium 

adsorption nature of the inhibition, unlike the formation of bulk sulfides for a pure Pd membrane.  

Gade et al. observed that fabrication technique (cold-rolled vs. sputtered foils) and alloy 

content (7 – 20 wt% Au) affected the performance of unsupported Pd-Au alloys in the presence 

of carbon and sulfur-containing compounds [47]. Sputtered foils didn’t perform as well as the 

cold-rolled foils in the presence of H2S (0.03 – 0.06 kPa partial pressure or 20 – 50 ppm) and 



 8

degraded quicker too; both those results were attributed to brittle and porous structure resulting 

from the sputtering process.  

The Pd-Au alloy composite membranes discussed in this document were fabricated by 

ELP, which is a deposition technique where the plating bath supplies both the metal ions as well 

as the electrons [12]. Some of the advantages of ELP include equipment simplicity, ease of 

scale-up, and the ability to deposit metals on non-conductive substrates irrespective of their 

shape [12]. A Pd-ELP bath contains a Pd-amine complex and Pd is deposited on the activated 

support by the reaction given in Equation 1.4. Au plating occurs via a displacement reaction 

(Equation 1.5) because the standard reduction potential of Au (Au3+
(aq) + 3 e– → Au(s), E0 = 

+1.50 V [48,4λ]) is greater than that of Pd (Pd2+
(aq) + 2 e– → Pd(s), E0 = +0.λ15 V [4λ,50]). The 

two layers are then annealed to form a homogenous alloy.  

 →  Equation 1.4 

 →  Equation 1.5 

An unannealed or incompletely annealed Pd-Au membrane can have a region of low/no 

Au which would be prone to hydrogen embrittlement on start-up, shutdown or in case of a power 

failure during operation [51]. Those regions would also have increased susceptibility to 

poisoning by carbon and sulfur -containing species [51]. Thus, there was a need to expedite the 

annealing process as well as find a better in situ parameter to judge the extent of annealing.  

The apparent activation energy for H2 permeation (Eact) has contributions from the partial 

enthalpy of solution of H into the PdAu alloy (∆HH) and the activation energy for diffusion of H 

in the alloy (ED) [52,53]. The apparent Eact for H2 permeation can be calculated from an 

Arrhenius plot using experimental hydrogen permeation data i.e. a plot of the natural log of 



 λ

permeance or permeability versus inverse temperature. The absolute value of the slope 

multiplied by the universal gas constant (R) gives Eact, which has the units of R.  

Zeng et al. studied the annealing process for Pd-Ag bilayers using XRD and EDS 

analysis, while also measuring the H2 flux and monitoring the Eact for H2 permeation [2λ]. As 

alloying progressed, the pure Pd and pure Ag peaks combined to form single, symmetric Pd-Ag 

alloy peaks with no sign of any shoulders. On complete alloying, the XRD pattern for the feed 

and permeate side of the membrane aligned with each other. They also found that although the 

H2 flux reaches a steady value in ca. 100 – 200 h at 550 °C, it takes 4 – 5× longer for the Eact to 

reach a stable value. The final value of Eact was characteristic of the Ag composition and agreed 

well with literature data for cold-rolled foils. Post-annealing cross-sectional EDS analysis 

revealed a homogenous Ag composition throughout the film thickness confirming that the 

membranes were indeed annealed. Thus, they showed that Eact can be used as a non-destructive 

in situ parameter to judge the extent of annealing for Pd-Ag alloys. A similar study for the Pd-Au 

system would be extremely useful.  

1.1.1.3 Applications  

In general, hydrogen transport membranes can be used anywhere it is desired to 

selectively transfer hydrogen from one gas stream to another. The reformation of hydrocarbons, 

for instance, is the primary industrial source of hydrogen and significant work has been 

performed on the purification of hydrogen from such gas streams. Traditionally, the reforming 

occurs within a reactor before the gas stream flows into a separations process. This type of 

separation, however, results in direct competition with the existing pressure swing adsorption 

(PSA) technologies that have been developed over the last century. These PSA systems are 

highly refined and achieve both high energy efficiencies and hydrogen purities, making direct 
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substitution unlikely to be economical. Moreover, despite their complexity, PSA processes 

produce hydrogen at near feed pressure, reducing the need for recompression of the product 

hydrogen that reduces operating cost. For this reason, the primary future applications of 

hydrogen transport membranes should focus on areas in which PSA cannot compete. One such 

area is that of catalytic membrane reactors (CMRs). Utility of Pd-based CMRs for both 

hydrogenation and dehydrogenation reactions has been investigated by several groups, with more 

promising results obtained for the latter.  

CMRs combine reaction and separation into a single step [54–56]. The CMR design for 

dehydrogenation offers three major benefits over traditional reactor configurationsμ (1) 

conversions can exceed equilibrium limitations, (2) similar conversions can be attained at milder 

operating conditions, and (3) capital cost can be reduced by combining the reaction and 

separation stages into a single unit [54–56]. This is because the CMR removes hydrogen as it is 

produced, thus preventing the reaction from reaching its thermodynamic equilibrium [57–5λ]. 

Pd-based membranes can be used in SMR-CMRs or to replace water-gas shift (WGS) reactors. 

Hydrogen production from coal gasification coupled with CO2 sequestration is another 

application which is lucrative [10]. The difficulty is finding materials which reduce the losses in 

hydrogen flux and purity, due to surface active site deactivation and formation of bulk 

compounds, respectively. If Pd-based alloy composite membranes are to be commercially viable 

they would need to be thin, have high H2 fluxes and purities, thermal and chemical stability, and 

long lifetimes (~5 years) [12,60].  

The output stream from a coal gasifier has a high concentration of CO and low 

concentration of CO2. In the presence of a catalyst like Pd, those are favorable conditions for 

coking which adversely affects the hydrogen flux on account of reversible poisoning of the 
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surface sites by carbon [61–66]. The surface adsorbed carbon can dissolve into the bulk and form 

carbides (PdCx) causing formation of pinholes leading to irreversible losses in H2 purity [64–67]. 

To reduce the chance of coking, CO needs to be shifted to CO2 by means of the WGS reaction 

(CO + H2O → H2 + CO2) which has the added benefit of increasing the H2 concentration of the 

feed stream. For the WGS reaction to occur, excess steam must be fed to the gasifier which 

causes serious issues with its long and continuous operation. Thus, the fabrication of a coking 

resistant membrane would facilitate gasifier operation even if the WGS reaction failed to occur. 

A coking resistant membrane material would also enable the SMR-CMRs to be operated at lower 

steam-to-carbon ratios. As seen in Figure 1.3, carbon is most soluble in Pt followed by Pd, and 

has the lowest solubility in Au [68–70]. Thus, Au might provide good resistance to carbon 

poisoning.  

 
Figure 1.3 Carbon solubility in different metals. Plot generated from carbon solubility data for 
different metals as a function of temperature [68–70].  
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Accelerated failure tests for the Pd-Au alloy system, in the presence of CO and absence 

of steam, will enable us to identify an optimal Au composition for coking resistance. The well-

documented sulfur tolerance of the Pd-Au system is another benefit as syngas from coal 

gasification or SMR may also include sulfur-containing compounds.  

1.1.2  Dense ceramic membranes  

The previous section described dense metal membranes that require a hydrogen pressure 

gradient to be applied across the membrane to drive the hydrogen transport. Dense ceramic 

membranes, however, can either be used in non-galvanic mode or coated with electrodes and 

operated in galvanic mode. The latter of which utilizes an electrical potential gradient across the 

membrane to drive the hydrogen transport rather than the chemical potential gradient of non-

galvanic operation. As the Nernst equation shows (Equation 1.6 [71]), pressure and electricity 

are equivalent forms of energy, with RT/2F being equal to 0.042 V at 700 °C. Thus, applying a 

0.58 V electrical potential gradient (Δϕ) is equivalent to a hydrogen pressure gradient of one 

million times. Therefore, it is clearly easier to apply a potential gradient than to achieve an 

equivalent pressure gradient by compressing gases.  

 ∆ ∆  Equation 1.6  

In the case of ceramic proton conductors, hydrogen is transported purely as separate 

protons and electrons. Depending on the material used, the electrons can either pass through an 

external circuit (galvanic mode), or, in the case of mixed protonic/electronic ceramics, can 

transport through the membrane by co-diffusion (passive membranes/non galvanic mode similar 

to dense metallic membranes) [71], as shown in Figure 1.4 (page 13). For galvanic application, 

an electrode layer serves to dissociate the hydrogen gas on the upstream side and associate the H-

species into hydrogen gas on the downstream side. Metal wires, usually of the same metal as the 
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electrode to avoid inter-diffusion, are used to complete the external circuit and apply the 

potential gradient.  

 
Figure 1.4 Graphical illustration of galvanic mode (top) and non-galvanic mode (bottom) of 
operation. Reprinted from Lundin et al. [1] with permission of World Scientific Publishing 
Company.  

Proton conduction has been observed for ceramic materials with crystal structures of 

either the perovskite type or derivatives of the fluorite or pyrochlore structures [72]. Other types 

like acceptor-doped metal oxides, oxyacid salts and mixed protonic electronic conductors are 

some of the newer types of proton conducting ceramics that are being investigated [72]. 

Perovskite-based cerates and zirconates are the most studied proton-conducting systems with 

more than two decades of active research [73].  
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1.1.2.1 Perovskites  

Calcium titanate (CaTiO3) was the first perovskite discovered in the Ural Mountains in 

183λ. Today, compounds with a similar crystal structure and the chemical formula ABO3 are 

called perovskites. In the early 1λ80s pioneering research conducted by Iwahara et al. [74] 

revealed the proton-conducting nature of certain perovskites, creating a new field of proton 

conductors in which this property of simple perovskites is vital. The general perovskite structure, 

in regular cubic form (Figure 1.5 on page 15) contains two sites for cationsμ (i) site A for the 

large cation (red spheres) and (ii) site B for the smaller cation (grey sphere). Alkaline metals, 

alkaline earth metals, or rare earth metals, such as M+ (Na, K, etc.), M2+ (Ca, Sr, Ba, etc.), or M3+ 

(La, Fe, etc.), can occupy the A site while transition metals or rare earth elements like M5+ (Nb, 

W, etc.), M4+ (Ce, Ti, etc.), or M3+ (Mn, Fe, etc.) can occupy the B site. The following criteria 

need to be satisfied to form a stoichiometric perovskite oxide with the ion couple Am+ and Bn+μ  

1. Sum of m and n of the oxidation numbers of the cations should be 6,  

2. Radius of the cation must be compatible with the geometry of the site it occupies.  

In the structure shown in Figure 1.5 on page 15, the coordination number of Am+ is 12, 

whereas that of Bn+ and O2- is 6. The radius of the two cations must satisfy Equation 1.7.  

  Equation 1.7

Here ra is the radius of Am+, rb is radius of Bn+, ro is the radius of O2- and t is Goldschmidt 

tolerance factor [72]. The perovskite structure is inherently flexible as evidenced by the variety 

of distortions of the crystal lattice from the regular cubic structureμ cations displaced from the 

centers of their coordination polyhedral, tilting of the octahedra and Jahn-Teller distortions [72]. 

Hence, perovskites can adopt different crystal systems like cubic, hexagonal, rhombohedral, 

orthorhombic, totetragonal, or monoclinic [72].  
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Figure 1.5 Perovskite crystal structure (ABO3). Red spheresμ A cation, grey spheresμ B cation, 
and blue spheresμ oxygen ions. Reprinted from Fabbri et al. [75] with permission of The Royal 
Society of Chemistry.  

1.1.2.2 Proton transport through perovskites  

Protonics is a common term used which refers to the physics and chemistry of protons 

[76]. Although several compounds such as oxides, phosphates, borates and silicates may conduct 

protons at temperatures above 300 °C, protons are not considered structural components [72]. 

Instead, they appear as hydroxide defects, also referred to as protonic defects, with a positive 

charge denoted by •  in Kröger-Vink notation. The subscript O defines the site in the 

perovskite lattice (in this case the oxygen site) which is occupied by the specie OH and the 

superscript is the difference between the real charge of the specie OH and the charge of the 

specie O (x is null, � is positive and ' is negative). Thus, a vacancy in an oxygen site in Kröger-

Vink is given by ••. Protons from hydrogen and water vapor can be incorporated in the crystal 

structure when oxides are reduced via reactions given by Equation 1.8 (page 16) and Equation 
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1.λ (page 16), respectively [75]. The first reaction occurs when the gas is dry hydrogen, but 

examples in the literature proving this reaction to be important are scarce [77]. Instead, the 

second reaction, also known as the Stotz-Wagner equation [78], is considered the most important 

reaction for the formation of protonic defects – water vapor dissociates into a proton (which can 

form a covalent bond with the oxygen in the lattice) and a hydroxide ion (which fills an oxygen 

vacancy) [75].  

 ↔ •  Equation 1.8 

 •• ↔ •  Equation 1.λ 

Thus, oxygen vacancies are necessary for the formation of protonic defects. 

Consequently, undoped oxides of the perovskite type, like BaCeO3, show low proton 

conductivity. Extrinsic oxygen vacancies can be created in the A2+B4+O3 perovskite by 

substituting the B4+ cation with a trivalent cation M3+ (Y, Gd, Sc, In, etc.) [72,73,75]. Dopants 

which favor proton mobility in the oxide decrease in the orderμ Y > Gd > In > Sc [7λ]. The 

doping of B4+ with M3+ is given by Equation 1.10 in Kröger-Vink notation.  

 ↔ ••  Equation 1.10 

Thus, the general formula can be modified as AB1-xMxO3-δ; where δ is the oxygen deficiency per 

unit cell. The concentration of the oxygen vacancies can be related to the dopant concentration 

by Equation 1.11 [80,81]. If the A2+ cation is doped with a trivalent cation then oxygen vacancies 

are consumed instead of being formed.  

 ••  Equation 1.11

The transport of protons through the oxide occurs in two stepsμ rotational motion of the 

proton around the oxygen followed by hopping to a neighboring oxide ion. This mechanism of 

proton transport is termed as the Grotthuss mechanism [82] and is illustrated by quantum 
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molecular dynamics simulations in Figure 1.6. Experimental data as well as computer 

simulations have confirmed that the rotational motion of the proton is fast with a low activation 

energy barrier, and the proton transfer step is rate-limiting [83–λ1].  

 
Figure 1.6 The path of a proton (orange) in BaCeO3 during the two steps of the Grotthuss 
mechanism. Reprinted from Münch et al. [83], Copyright 1λλ6, with permission of Elsevier. 

1.1.2.3 Barium cerate-zirconate  

High temperature proton conductors have been extensively studied during the past three 

decades. Yttrium doped barium cerate (BaCe1-xYxO3-δ, BCY), and yttrium doped barium 

zirconate (BaZr1-xYxO3-δ, BZY) continue to be considered amongst the most promising ones. The 

cerates are among those with the highest proton conductivities (σ ≥ 10-2 S cm-1 at 650 °C [λ2–

100]). However, at higher temperatures, they begin to conduct oxygen ions as well which 

reduces their proton transference number (ratio of proton conductivity to total electrical 

conductivity) [λ2,100]. Additionally, highly basic oxides like barium cerates and strontium 

cerates react with acidic gases such as CO2 and water vapor to form carbonates and hydroxides 
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[λλ,λ7,101–106], resulting in a loss in mechanical integrity of dense pellets [107]. On the other 

hand, zirconates offer greater chemical stability in the presence of the previously mentioned 

acidic gases. Nevertheless, they exhibit much lower proton conductivity as compared to the 

cerates due to the resistive nature of the grain boundaries, explained by the presence of a space 

charge layer [7λ,λ5,λλ,108].  

The lesson learned from the early research was that BCY and BZY have properties that 

are complementary to each other. Thus, one approach to develop new electrolyte compositions 

was to use the properties of BZY and BCY in the same material. It was possible that a novel 

material consisting of some composition of BaZrxCeyY1-x-yO3-δ (BZCY) would benefit from the 

high chemical stability of BZY and the high proton conductivity of BCY, thereby offering a 

quality compromise between the two materials. BZCY has been recognized as the ideal proton 

conducting ceramic for the past few years [7λ,10λ], with several BZCY compositions having 

been investigated by different authors [λ5,λλ,110–116]. Yet, although a complete solid solution 

of barium cerate and barium zirconate can be fabricated for 0 ≤ x ≤ 1, increasing the 

concentration of Zr beyond 50 mol% made it very difficult to sinter the BZCY and a dense 

polycrystalline ceramic could not be formed using traditional sintering techniques [71].  

One issue was that the use of very high sintering temperatures required to form a dense 

ceramic lead to barium evaporation. Stoichiometric differences induced by the barium deficiency 

resulted in a lower protonic conductivity for both bulk and the grain boundary conduction. 

Sacrificial powder with excess Ba precursor was shown to be an effective way to limit the 

barium evaporation [117]. Alternatively, the problems were alleviated with the development of 

solid-state reactive sintering (SSRS) which simply combines all discrete steps of traditional 
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synthesis and sintering into one processing step [110,118,11λ]. Different geometries including 

rods, tubes, and pellets can be fabricated by SSRS [110,120,121].  

In most of the recent work on BZCY, 10 mol% of Y was used as a dopant [71,110,121–

123]. Ricote et al. [110] studied the effect of varying the cerium content (0 ≤ y ≤ 0.4) on the 

conductivity of the BZCY between 300 °C and 800 °C when fabricated by SSRS at 1500 °C 

using a mass fraction of 1% NiO as a sintering additive. The total ionic conductivity was found 

to increase with cerium content due to the higher basicity of the Ce-O bond [124,125]. They also 

investigated using the non-toxic precursor barium sulfate instead of barium carbonate to fabricate 

BZCY and reported similar properties [110].  

BaZr0.7Ce0.2Y0.1O3-δ (BZCY72) is a mixed ionic/electronic conductor (MIEC) which can 

have up to 4 different types of charge carriers depending on oxygen partial pressure and 

temperature [71]. Fortunately, electronic defects, which could result from oxidation of the 

ceramic, are not significant because most hydrogen separation membranes are operated at low 

oxygen partial pressures. When BZCY72 is in a reducing environment, protons (OH
�
O), oxygen 

ion vacancies (v ��
O) and reduced cerium ions (Ce'B) are the charged species present. However, 

under milder reducing environments, such as a small amount of steam in hydrogen, reduced 

cerium cations exist only in extremely low concentrations. Hence, for practical purposes 

BZCY72 may be regarded as a co-ionic conductor (CIC) in which protons and oxygen ion 

vacancies are considered the only charge carrying species present [126].  

A table summarizing the H2 fluxes for different proton conducting ceramics was 

compiled by Rosensteel et al., which also compared different ceramics to a palladium membrane 

doped with trace amounts of ruthenium [127]. Most proton conducting ceramic membranes are 

one to three orders of magnitude thicker than palladium-based membranes and their H2 
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permeabilities are two to three orders of magnitude lower. Work is ongoing to reduce the 

thickness and increase the proton conductivity, which would improve their H2 fluxes. Thin 

membranes (c.a. 25 µm) lack the mechanical integrity of their thicker counterparts, which 

requires them to be supported. Coors and Manerbino [120] developed a cermet (ceramic-metal 

composite) consisting of 65 wt% NiO- 35 wt% BaZr0.7Ce0.2Y0.1O3-δ (NiO-BZCY72) on which a 

30 µm layer of BZCY72 was deposited [120]. Reduction of NiO to Ni led to the formation of 

porosity (Figure 1.7). They also found that the Ni phase and the ceramic phase were 

interpenetrating and percolated throughout the cermet.  

 
Figure 1.7 Polished cross-sectional SEM image of reduced NiO-BaZr0.7Ce0.2Y0.1O3-δ cermet with 
a 30 µm BaZr0.7Ce0.2Y0.1O3-δ membrane. Light and dark grey regions are BaZr0.7Ce0.2Y0.1O3-δ and 
Ni, respectively, while the black regions are pores. Modified from Lundin et al. [1] with 
permission of World Scientific Publishing Company.  

 
1.1.2.4 Faradaic efficiency  

The theoretical value of H2 flux (JFaradaic) at a given current density (j, A cm-2), also 

known as the Faradaic H2 flux, can be calculated from Equation 1.12 [123] on page 21; where n 

is the number of electrons transferred per hydrogen molecule (n = 2) and F is Faraday’s constant 

(F = λ6485 C mol-1). Faradaic efficiency or current efficiency is the ratio of the measured H2 flux 

100 μm 
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to the Faradaic H2 flux. Robinson et al. reported a maximum Faradaic efficiency of λ8.6% at 

775 °C and 0.8 A cm-2 during the galvanic pumping of hydrogen through a 25 m BZCY72 

membrane on a reduced NiO-BZCY72 cermet fabricated by SSRS [123]. Under those conditions, 

the H2 flux was 0.04 mol m-2 s-1, which was one order of magnitude lower than the typical value 

obtained for thin (c.a. 5 µm) Pd composite membranes. A novel method called stoichiometric 

titration can be used to measure the H2 flux through BZCY72 [71] and that method can be 

applied to other ceramic proton conductors as well. 

  Equation 1.12

BZCY72 has found applications in CMRs for SMR, ammonia synthesis, and gas-to-

liquid fuels processing via methane dehydrogenation [123,128–130]. But, the membrane 

electrode assemblies (MEAs) have only been run for short periods at current densities up to 1 

A cm-2. At higher current densities, mechanical stress causes fractures in the BZCY that shorts 

the circuit. Thus, their performance as well as long-term stability at higher current densities 

needs to be investigated. It is believed that the current density can be increased to 2 A cm-2 

without compromising the mechanical integrity of the ceramic.  

1.1.2.5 Electrodes for methane dehydrogenation  

Natural gas constitutes a sizeable portion of the available hydrocarbon fossil fuels, but up 

to half of the natural gas reserves are considered “stranded” [131–133]. Because shipping gas 

phase hydrocarbons is expensive, the stranded reserves must be converted to a liquid for ease of 

transportation. A two-step gas-to-liquid conversion via syngas is cost intensive and a direct 

conversion would be more desirable. Methane – the main component of natural gas – can be 

converted to a liquid (benzene) in a single step via methane dehydroaromatization or MDA 

(6CH4 ↔ C6H6 + λH2). Low equilibrium conversion of methane (~12% at 700 °C) coupled with 
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catalyst deactivation due to coking have been the two major hindrances to the development of 

this process [134–137]. A CMR can improve the viability of the process by enhancing the 

aromatics yield and catalyst stability through the use of a co-ionic membrane which 

simultaneously removes hydrogen and adds oxygen to the reactant stream [138,13λ]. Morejudo 

et al. investigated an asymmetric co-ionic membrane composed of a 25 µm dense layer of 

BZCY72 electrolyte on a porous Ni-BZCY72 cermet [138,13λ], where Ni served as the cathode 

for the electrochemical cell.  

Bi et al. demonstrated that Pt as the anode material on BZCY resulted in an ASR of ~1.5 

Ω cm2 at 700 °C in moist 20% H2 in Ar [140]. At the same conditions, they also studied 50 wt% 

Ni- 50 wt% BaZr0.8Y0.2O3-δ as the anode and reported an ASR of ~0.15 Ω cm2. Chevallier et al. 

obtained an ASR of 0.6 Ω cm2 at 700 °C in moist 5% H2 in Ar with a Ni-BaCe0.λY0.1O3-δ cermet 

anode and BaCe0.λY0.1O3-δ electrolyte combination [141]. Mather et al. studied a 33 wt% Ni- 67 

wt% SrCe0.λYb0.1O3-δ cermet anode on SrCe0.λYb0.1O3-δ which gave an ASR of 5 Ω cm2 at 

700 °C in wet H2 [142]. As both Ni and Pt are susceptible to deactivation by coking, these 

electrodes would not survive the hydrocarbon-rich feeds present in an SMR- or MDA-CMR.  

Ding et al. studied a double-perovskite ceramic oxide BaFeMo2O6-δ as a fuel electrode on 

BZCY72 for potential MDA application and their lowest reported ASR was 102 Ω cm2 in moist 

5% H2 in Ar at 750 °C [143]. As opposed to Ni- or Pt-based electrodes, Cu appears to be an 

interesting fuel electrode material for proton-conducting ceramic electrolytes such as BZCY 

because it is stable at high temperatures in reducing and hydrocarbon-containing atmospheres. 

Morejudo et al. applied a Cu anode on their BZCY72 membrane by using Heraeus C7440 paste 

[13λ]. Cu electrodes fabricated using pastes are thick (typically 10 – 20 µm), show poor adhesion 

to the BZCY electrolyte, and exhibit an unstable microstructure on high temperature heat 
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treatment. Cu-based electrodes fabricated by alternative methods like ELP have the potential to 

overcome those problems.  

1.2  Thesis goal  

The aim of this thesis is two-fold – using ELP toμ fabricate robust Pd-Au alloy composite 

membranes resistant to carbon poisoning in CO-rich feeds, and develop high-performance Cu-

based electrodes for galvanic pumping of hydrogen through BZCY from hydrocarbon-rich feeds 

(mainly CH4, C2H6, and C2H4). For the former, the focus was on expediting the fabrication 

procedure of Pd-Au bilayer films by using high-pressure hydrogen to reduce the annealing time 

and developing an in situ parameter to judge the extent of annealing (Chapter 2). Additionally, 

the annealing schedule for ca. 5 μm, 10 wt% Au membranes was optimized by studying the 

effect of high-pressure annealing on the non-hydrogen gas leaks through Pd-Au alloy films 

(Chapter 3). For the latter, the primary aim was to fabricate thin (ca. 1 m) Cu-based electrodes 

showing good adhesion to the BZCY ceramic electrolyte and investigate alternative activation 

catalysts for the Cu-ELP process (Chapter 4). Subsequently, the electrode performance was 

evaluated on symmetric cells by electrochemical impedance spectroscopy, which was also used 

to identify potential avenues for further electrode development (Chapter 5). Finally, the hydrogen 

pumping performance of the electrodes under galvanic conditions was measured using 

stoichiometric titration in both reducing as well as hydrocarbon containing feeds (Chapter 6). 
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CHAPTER 2  

RAPID ANNEALING OF SEQUENTIALLY PLATED PD-AU COMPOSITE MEMBRANES 

USING HIGH PRESSURE HYDROGEN 

 

This chapter is modified from a paper published in  

Journal of Membrane Science
1 

Neil S. Patki2, Sean-Thomas B. Lundin3, J. Douglas Way4 

 

2.1  Abstract  

 In this work, the time-consuming process of annealing Pd-Au alloy composite 

membranes, fabricated by sequential electroless plating, has been revisited. Composite Pd-

Au/YSZ membranes approximately 5 µm thick with compositions ranging from 8 wt% to 10 

wt% Au were fabricated by the bi-layer fabrication technique. Using these membranes, we 

investigated the effect of changing the pressure of the annealing gas (H2) on annealing time at 

temperatures between 450 °C and 550 °C. X-ray diffraction (XRD) was used to study the 

progress of annealing, where it was observed that a ~10 wt% Au membrane could be annealed in 

λ h at 550 °C and 3 MPa H2 whereas it took 120 h to anneal a similar membrane at 550 °C and 

0.1 MPa H2. Another ~10 wt% Au membrane was annealed in less than 2 days at 450 °C and 3 

MPa H2. Complete annealing was confirmed using energy dispersive x-ray spectroscopy (EDS) 

with multiple spot scans throughout the thickness of the membrane indicating a uniform Au 

                                                 

1 Reprinted with permission of the Journal of Membrane Science, (2016), 513, 1λ7-205. 
2 Primary author and researcher, Department of Chemical and Biological Engineering, Colorado School of Mines. 
3 Co-author, Ph.D., Department of Chemical and Biological Engineering, Colorado School of Mines. 
4 Author for correspondence, Advisor, Department of Chemical and Biological Engineering, Colorado School of 
Mines. 
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composition. Additionally, it was found that the apparent activation energy for hydrogen 

permeation (Eact) could be used as an in situ parameter to judge the extent of annealing. In this 

technique, apparent Eact decreases as the membrane anneals, reaching a minimum value which is 

characteristic of its Au composition. Additional annealing time does not further change the 

apparent Eact for a membrane with a homogeneous Au distribution.  

2.2  Introduction  

Hydrogen is not an energy source but rather an energy carrier (i.e. a secondary form of 

energy like electricity) which must be generated [2]. Among the varied uses of hydrogen, it is 

predominantly used as a reactant in hydroprocessing of petroleum and in the manufacture of 

synthetic fertilizers, but can also be used as a fuel in proton-exchange membrane fuel cells 

[144,145]. The primary methods used to generate hydrogen (in the form of syngas) include coal 

gasification, methane steam reforming and catalytic partial oxidation [144]. However, hydrogen 

is only one component of syngas, which also contains CO, CO2, steam, methane, sulfides and 

higher hydrocarbons [146,147], making purification necessary.  

Pd-based membranes have been acknowledged as an alternative to separate and purify 

hydrogen because of their ability to produce ultra-pure hydrogen with high throughput and 

recovery [12,147,148]. The separator modules are more compact and contain fewer moving parts 

than other separation techniques [147]. Because sulfur poisoning of pure Pd membranes causes a 

loss in purity as well as throughput and recovery, Pd can be alloyed with Au to improve the 

sulfur tolerance of the membranes [31,41,43,47,146,14λ,150].  

The as-prepared membranes need to be alloyed/annealed before they can be used to 

separate and purify hydrogen. Annealing thick (c.a. 10 µm) bi-layer Pd-Au membranes took 

more than 4 days at 500 °C [43]. Although annealing at a higher temperature (550 °C) for 1 day 
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achieved a similar extent of annealing, the membrane still had a concentration gradient through 

its thickness [43]. Bi-layer membranes of similar thicknesses needed to be heated to 750 °C in 

order to bring the annealing time down to 20 h [41]. Thinner membranes (c.a. 4 m to 6 µm) 

annealed at 500 °C for 5 days [44], in addition to a 5 day pre-anneal at the same temperature, 

showed enrichment in Au in the top couple of microns [150]. 3 m to 5 µm thick membranes 

treated at 600 °C needed to be annealed for a week at that temperature in order to form a 

homogeneous alloy [42]. Thus, there is a need to reduce the annealing time to enable fast and 

simple fabrication of Pd-Au alloy composite membranes.  

One possible solution was to fabricate a membrane with multiple alternating nanolayers 

of Pd and Au, which was studied by Shi et al. (2011). They found that a membrane fabricated via 

alternating nanolayers could be annealed in less than a week at 500 °C [45]. However, this can 

still be considered a lengthy period of time, not to mention the complex and time-consuming 

nature of the fabrication process. Another solution was to increase the annealing temperature, 

which was shown to be effective by Gade et al. (200λ) when they annealed λ m to 10 µm thick 

membranes at 750 °C [41]. The issue is that such temperatures (750 °C), which are above the 

Tammann temperature of both Pd and Au, can be detrimental to the performance of thinner 

membranes [41]. Even temperatures as low as 550 °C were found to cause a decline in the 

integrity, and thus selectivity, of a thin membrane (c.a. 5 µm) when it was exposed to that 

temperature for close to two weeks [42].  

Extended exposure of composite membranes to temperatures of 500 °C and above results 

in rearrangement of the film, and formation and growth of grains; these two effects are termed as 

annealing of the film and sintering, respectively [151]. Surface smoothening (a consequence of 

sintering of the surface) leads to the reduction in the surface area for hydrogen dissociation [151] 
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and possibly also a reduction in the absorption rate of hydrogen into the film [152]. Bulk 

rearrangement of the film, which might include annealing out micro-cracks and reducing the 

concentration of grain boundaries - both of which are thought to be avenues for hydrogen 

permeation, causes a decrease in the hydrogen flux [151]. Another consequence of the high 

temperature testing of composite membranes is the increase in the nitrogen flux. This increase is 

attributed to the increased porosity of the film due to the formation of pinholes or micro-channels 

in the film resulting from the annealing process [151]. Thus, the challenge is to reduce the 

annealing time while limiting the increase in the annealing temperature.  

All of the previous annealing studies on Pd-Au were conducted either under N2 [41] or 

atmospheric H2 [42–46,150]. As for evidence that high hydrogen pressure may assist in the 

annealing process, Flanagan and Noh (1λλ5) found that hydrogen heat treatment (HHT) on Pd-

Ni alloys (c.a. 100 µm) at elevated temperatures (550 °C) and 5.5 MPa for 4 h resulted in 

elimination of the compositional variations in an initially inhomogeneous alloy [153]. Similar 

results were seen on HHT of initially inhomogeneous Pd-Pt alloys at 400 °C and 30.0 MPa for 

12.7 h [154,155].  

Finally, post-testing analysis techniques such as x-ray diffraction (XRD) and cross-

sectional scanning electron microscopy (SEM) coupled with energy dispersive x-ray 

spectroscopy (EDS) as the only tools to determine the extent of annealing are inconvenient and 

time-consuming because the membrane has to be cooled to room temperature and removed from 

the testing module before it can be analyzed; not to mention the destructive nature of both these 

techniques. Thus, an in situ parameter to judge the extent of annealing would be extremely useful. 

The apparent activation energy for hydrogen permeation (Eact) for a cold-rolled Pd-Ag foil of a 

given Ag composition can be easily computed and these values are available in the literature [2λ]. 
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Based on the Ag composition of a Pd-Ag composite membrane and a cold-rolled foil of similar 

Ag composition, it was shown that the apparent Eact can be used as an in situ parameter to judge 

the extent of annealing for sequentially plated bi-layer Pd-Ag composite membranes [2λ]. It was 

also shown that once a Pd-Ag membrane was annealed there was no further change in the 

apparent Eact.  

In this work, the effect of hydrogen pressure on annealing time was studied. An as-

fabricated Pd-Au bi-layer can be viewed as an extreme case of an inhomogeneous alloy in which 

there is one region of pure Au (or low Pd) and another region of pure Pd (or high Pd). For this 

study the highest hydrogen pressure investigated was 3.0 MPa, due to equipment limitations, and 

the highest annealing temperature was 550 °C. A recent study showed that annealing under 

permeating versus non-permeating hydrogen did not affect the alloying process [44]. Thus, the 

annealing experiments were conducted in non-permeating mode to reduce hydrogen gas 

consumption. In addition, the hypothesis that apparent Eact can be used as an in situ parameter to 

judge the extent of annealing for composite Pd-Au alloy membranes was also investigated. It is 

considered that the apparent Eact could be a valuable in situ analysis tool to judge the extent of 

annealing without the need for ex situ, and most commonly destructive, analyses. Analysis 

techniques including XRD and cross-sectional SEM/EDS were used to verify that the membrane 

was annealed and thus supports the aforementioned hypothesis.  

2.3  Experimental  

2.3.1  Substrates, their cleaning and characterization  

Porous, asymmetric, tubular yttria-stabilized zirconia (YSZ) substrates were obtained 

from our industrial collaborators at Praxair Surface Technologies, IN. The substrates were 

received as 20 cm long pieces with an outer diameter of 1 cm but can then be cut to any desired 
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length. For this study, each substrate was cut into two 10 cm long pieces and cleaned as 

described previously by Hawa et al. (2014) [156]. Finally, every piece was mounted and 

characterized by flow porometry to ensure consistent pore sizes. The size of the largest pore in 

the top layer of the substrate was obtained from the first bubble point (FBP) measurement as 

defined by the ASTM F-316-03 standard [157].  

2.3.2  Membrane synthesis  

Pd-Au alloy composite membranes described in this work were fabricated by sequential 

electroless plating (ELP) followed by annealing to obtain a homogeneous alloy. The activation, 

reduction, Pd and Au plating bath recipes are given in Table 2.1 [32,33,150,156] on page 30. 

First, the substrate must be activated because a layer of Pd nano-particles is required to serve as 

catalytic nucleation sites for the growth of the electroless film [151]. For activation, an air brush 

was used to spray the outside of the characterized substrate with a solution of palladium acetate 

in chloroform. The substrate was then calcined at 350 °C (which is above the decomposition 

temperature of palladium acetate [158]) for 5 h to give a layer of nanocrystalline palladium oxide 

on the surface. The palladium oxide was then reduced to metallic Pd in a basic dilute hydrazine 

solution (reduction solution) before the dense Pd layer was deposited by ELP.  

All Pd-Au composite membranes fabricated for this study were plated sequentially, 

meaning that first Pd was deposited followed by Au using separate plating baths. For multi-layer 

fabrication, this layering scheme was repeated until the desired thickness and composition was 

achieved. Plating was conducted in a 100 mL graduated cylinder using a heated water bath when 

necessary (reduction and Au plating steps). The ratio of plated surface area to plating solution 

volume was maintained at 0.5 cm2/cm3.  
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For fast plating kinetics, as is the case with Pd, the bubbles generated as a by-product of 

the plating reaction can potentially adhere to the surface leading to micro-porosities in the film. 

This micro-porosity has been suggested as a cause of leak growth once the film is heated to the 

operating temperature [12,15λ]. To alleviate this issue, the graduated cylinder was placed in an 

ultrasonic water bath to dislodge bubbles during the Pd plating cycles.  

The Au plating mechanism, on the other hand, does not require a reducing agent due to a 

displacement plating mechanism. Because Au has a more positive reduction potential than Pd, 

Au can displace Pd in the film, meaning that the Au plating reaction proceeds well on a Pd 

surface but is self-limiting and stops when a dense layer of surface Au is formed [41]. It was 

observed here that the Au plating thickness was limited to between 0.2 m and 0.3 m.  

 

Table 2.1 Bath recipes for activation, reduction, Pd and Au.  

Component  Activation  Reduction  Pd  Au  
Palladium (II) acetate, λλ% pure  35 g/L  
Chloroform, HPLC grade  1000 mL/L  
Deionized water  5λλ mL/L 5λλ mL/L 1000 mL/L 
Ammonium hydroxide, 28-30 wt%  3λ0 mL/L 3λ0 mL/L  
Palladium (II) chloride, λλ% pure  2.7 g/L  
Hydrazine, 1 M  10 mL/L 10 mL/L  
Sodium hydroxide   10 g/L 
Gold (III) chloride, λλ% pure   1 g/L 
Temperature  55 °C 20 °C  55 °C 
Plating time  2 h  20 h 
Plating thickness  1 µm  0.3 µm 

 

2.3.3  Membrane testing  

Membranes with a low leak at room temperature (N2 permeance ≤ 1.0E-0λ mol/m2/s/Pa) 

were mounted in Swagelok stainless steel compression fittings using graphite ferrules obtained 

from Chromtech, Australia. The mounted membrane was then installed in a stainless steel 
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cylindrical test housing (shell-and-tube configuration) and placed in a Lindberg MiniMite tube 

furnace. The test housing and setup have been described previously [41,156]. The membranes 

were heated and cooled at a rate of 3 °C/min under flowing N2. At temperatures below 300 °C, 

palladium undergoes a phase transition in the presence of hydrogen, which results in a larger 

lattice size as it absorbs hydrogen, ultimately causing warping and embrittlement of the film 

[12,160]. To avoid this, the atmosphere was changed to hydrogen only when the permeate stream 

temperature exceeded 350 °C.  

Permeation tests were conducted with industrial grade hydrogen (≥λλ.λ0 % purity) and 

industrial grade nitrogen (≥λλ.00 % purity), which were fed to the membrane one gas at a time 

on the shell side. The feed pressure to the membrane was controlled with a back-pressure 

regulator on the retentate stream. The pressure drop from the feed to the retentate was negligible 

and the retentate flow was maintained at a minimum. The permeate stream exited on the tube 

side at atmospheric pressure, which was about 83 kPa. The permeate stream flow rate was 

measured with a digital bubble flow meter. The membrane was cycled in temperature (350 °C – 

550 °C) as well as pressure (138 kPa – 6λ0 kPa) to calculate H2 permeance as function of 

temperature which was used to calculate the apparent Eact.  

2.3.4  Membrane characterization  

The composition and thickness of the Pd-Au alloy composite membranes were obtained 

from gravimetric measurements (GM) and x-ray fluorescence (XRF) analysis. Post-annealing 

analysis tools include inductively coupled plasma-atomic emission spectroscopy (ICP-AES), 

scanning electron microscopy (SEM) coupled with energy dispersive x-ray spectroscopy (EDS), 

and x-ray diffraction (XRD). A brief description of each analysis technique is given below. In 
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order to remove the film from the substrate, it was exposed to 6λ0 kPa H2 at room temperature 

followed by exposure to air. Such treatment causes hydrogen embrittlement of the film [12].  

2.3.4.1 X-Ray fluorescence (XRF)  

Fischerscope XDLM-C4 PCB spectrometer was used to measure the thickness as well as 

the bulk composition of the Pd-Au alloy composite membranes. A Ni filter with an accelerating 

voltage of 50.0 keV was used. Multiple line scans were conducted along the length of the 

membrane to obtain an average thickness and bulk composition. The sampling depth (RKO, µm) 

depends on initial beam energy (E0, keV), and atomic weight (A, g/mol), atomic number (Z) and 

density (ρ, g/cm3) of the sample; as given by the Kanaya-Okayama range equation (Equation 2.1) 

[161]. At 50.0 keV, the sampling depth in Pd is estimated to be 5.6 µm, which is greater than the 

thickness of membranes used in this study. Thus, XRF can be considered as a bulk analysis 

technique for the purposes of this study.  

 . ∙ ∙ .. ∙  Equation 2.1 

2.3.4.2 Scanning electron microscopy/energy dispersive x-ray spectroscopy (SEM/EDS)  

JEOL JSM-7000F FESEM was used to image the cross-section of the membranes. The 

Pd-Au alloy membrane was imaged after it was removed from the ceramic substrate in order to 

prevent charging of the sample. EDS scans were conducted at 25.0 keV to study the extent of 

annealing by analyzing the Au composition throughout the thickness of the membrane in 

addition to providing another estimate of the bulk Au composition. Using Equation 2.1 the 

sampling depth in Pd at 25.0 keV is estimated to be 1.8 µm.  

2.3.4.3 X-Ray diffraction (XRD)  

XRD was used to study the extent of annealing and to provide another estimate of the Au 

composition using Vegard’s law [40,41,162]. XRD analysis on the annealed Pd-Au alloy 
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composite membranes was performed using a Siemens Kristalloflex 810 instrument. X-rays were 

produced from a copper source at 25.0 mA and 30.0 keV. Scans were restricted to the relevant 

sections with a step size of 0.02° and a collection time of 3 seconds. The length of the sample 

was restricted to ≤ 5 cm due to equipment limitations. In most cases the samples were analyzed 

with the film still adhered to the tubular ceramic substrate. In one case the film was removed 

from the substrate in order to analyze the bottom side of the membrane. The peaks were analyzed 

using the Jade λ software from MDI.  

Liu et al (2010) derived an equation to calculate the effective penetration depth, z, in 

XRD (Equation 2.2), where N is the noise, S0 is the detected signal, µ is the linear absorption 

coefficient (product of the density ρ and the mass attenuation coefficient µ/ρ [163]), Ω is the 

incident angle and 2θ-Ω is the diffracted angle [164]. The x-ray attenuation length is defined as 

the depth into the material along the surface normal where the intensity of the x-rays falls to 1/e 

of its value at the surface (e is the base of the natural log). Hence, using N/S0+N = 1/e and Ω = θ, 

Equation 2.2 reduces to Equation 2.3. At 30.0 keV µPd = 416.6 cm-1, and for the Pd-111 peak 2θ 

= 40.12°; using those values in Equation 2.3 gives z = 4.1 µm. For Pd-311 peak 2θ = 82.1° and z 

= 7.λ µm. For a 10 wt% Au in Pd alloy, µ can be calculated from Equation 2.4 and Equation 2.5 

on page 34. Using that value of µ in Equation 2.3 gives z = 4.0 µm. On account of the low Au 

content in the alloy the value of z is essentially unchanged and >80% of thickness of the film is 

sampled even by the lowest Pd peak.  

  Equation 2.2 

  Equation 2.3 
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 ∑  Equation 2.4 

 ∑  Equation 2.5 

2.3.4.4 Inductively coupled plasma – atomic emission spectroscopy (ICP-AES)  

ICP-AES was used to confirm the composition obtained from the other analysis 

techniques (GM, XRF, XRD and EDS). A small piece of the Pd-Au alloy membrane was 

dissolved in aqua regia until there were no solids observed in the solution. The total dissolved 

solids (TDS) were less than 0.01% and the pH of the solution was adjusted to be about 1. ICP-

AES was performed using a Perkin Elmer Optima 5300 DV instrument in Prof. James Ranville’s 

laboratory in the chemistry department at the Colorado School of Mines (Golden, Colorado).  

2.4  Results and discussion  

2.4.1  XRD on tubular substrate  

In order to verify whether XRD analysis could be conducted on a film while it was still 

adhered to the substrate, a 3.1 m pure Pd membrane (λ061-4A-2) was analyzed by XRD while 

the film was still adhered to the tubular substrate. This membrane was tested for more than 100 h 

at 400 °C following which XRD analysis was conducted. From Figure 2.1 on page 35, it can be 

seen that the location of the Pd 111 peak is at 2 = 40.12 ° which is consistent with the value 

reported in the ICDD database (Pdμ card 46-1043, Auμ card 04-0784).  
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Figure 2.1 XRD pattern for membrane λ061-4A-2. This was a 3.1 m pure Pd membrane.  

2.4.2  High pressure annealing  

2.4.2.1 Membrane synthesis  

The bi-layer fabrication strategy is simple and fast; hence it may be preferred for large 

scale fabrication of membranes in the industry. Three 10 cm membranes, between 4 µm and 5 

µm thick ranging from 8 wt% to 10 wt % Au, were fabricated as bi-layers for this study. After 

fabrication, they were cut into 2 cm pieces to study the progress of annealing using XRD. The 

details of those membranes are given in Table 2.2 on page 36. The compositions calculated or 

measured from the different analysis techniques were consistent. The thickness estimate from 

SEM was slightly lower than that obtained from GM and XRF which is discussed below in 

section 2.4.2.2 on page 37.  
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Table 2.2 Summary of membranes synthesized for high hydrogen pressure annealing study.  

 Composition (Au wt%) Thickness (µm) 
Membrane ID GM XRF XRD EDS GM XRF SEM 
λ0λ3-1λB 8.λ λ.5 8.8 8.0 4.8 4.λ ± 0.3 4.3 ± 0.5  
λ081-5A-1 8.8 8.3 8.λ - 4.8 4.8 ± 0.3 - 
λ081-5A-2 λ.0 8.5 λ.0 - 4.8 4.λ ± 0.3 - 
 

2.4.2.2 Annealing study  

A piece of λ0λ3-1λB was annealed at 550 °C and 3.0 MPa H2. XRD analysis was 

conducted while the film was still adhered to the tubular substrate. The evolution of the XRD 

pattern for the 111 peak is shown in Figure 2.2 on page 37. Before any annealing, the 111 peaks 

for both Au and Pd were clearly visible. Within the first 30 minutes of annealing, the pure Au 

111 peak had disappeared and a shoulder had appeared on the slightly shifted Pd 111 peak. This 

suggests that there were two regions within the membrane having two different Au compositions.  

On further annealing, the shoulder was assimilated into the primary Pd-Au 111 peak after 

about 360 minutes. Additional annealing moved the Pd-Au 111 peak closer to the Pd 111 peak. 

The Au composition was estimated from the Pd-Au alloy peaks using Vegard’s law [40,41,162]. 

The final Au composition was calculated to be 8.8 ± 2.8 wt% Au (lattice constant = 3.8λλ0 Å) 

which is in good agreement with XRF and GM estimates. This estimate was obtained by 

averaging the compositions calculated for the 111, 200, 220, and 311 peaks, while the error was 

calculated using the student’s t-distribution with a confidence interval of λ5%.  
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Figure 2.2 Evolution of the XRD pattern of the 111 peak for an 8.8 wt% Au sample from 
membrane λ0λ3-1λB annealed at 550 °C and 3.0 MPa H2.  

In order to verify that a uniform alloy had been formed, another piece of the same 

membrane (λ0λ3-1λB) was annealed at the same conditions. The film from that piece was then 

removed from the substrate to facilitate analysis of both the top and bottom surface of the 

annealed film. Compositions from the XRD patterns of the top and bottom surface of the 

membrane agreed with each other, with the Au composition being calculated as 8.1 wt% (lattice 

constant = 3.8λ82 Å) for the top surface and 8.0 wt% (lattice constant = 3.8λ81 Å) for the bottom 

surface. This result is in good agreement with the composition measured by GM, XRF and EDS, 

further suggesting complete alloying of the bi-layer film (Figure 2.3 on page 38).  



 38

 
Figure 2.3 Top and bottom surface XRD pattern of the 111 peak for the 8.8 wt% Au piece 
annealed at 550 °C and 3.0 MPa H2.  

The cross-section of a piece of the removed film was analyzed with SEM (Figure 2.4 on 

page 3λ). Using five measurements (not shown) the thickness was estimated to be 4.3 ± 0.5 µm. 

On activating the substrate, some of the Pd seed layer penetrates into the pores of the support. 

This porous layer remains in the support upon delamination of the film which could explain the 

difference in the thickness estimates in Table 2.2. Within an 8% error, the estimates from GM, 

XRF, and SEM are equal. EDS analysis was also performed by doing spot scans throughout the 

thickness of the membrane. It was shown that the Au composition was very uniform throughout 

the thickness and agreed well with the other techniques used to estimate the composition of Au 

in the film. The results of the EDS line scan analysis are shown in Figure 2.4 (page 3λ).  



 3λ

 
Figure 2.4 SEM image and EDS of the cross-section of the film removed from the 8.8 wt% Au 
piece which was annealed at 550 °C and 3.0 MPa H2. The dashed line represents the average Au 
composition while the arrow points towards the ceramic substrate-film interface side.  

Similar to the sample just described, several other samples were exposed to a variety of 

temperatures and pressures. For each, the required time to anneal the film is given in Table 2.3 
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on page 40. The slowest three conditions, marked with an 'x', are not included because the 

annealing time was estimated to be greater than 400 h, which would simply be impractical to 

consider. The following indications were used to identify complete alloyingμ  

1. Formation of single and symmetrical Pd-Au alloy peaks for the 111, 200, 220 and 311 

peaks.  

2. Agreement of average Au composition from XRD with XRF and GM.  

3. Lack of movement of peaks upon additional annealing. This is also evidenced by no 

change in the average Au composition calculated using Vegard’s law for all four peaks.  

 

Table 2.3 Summary of the annealing times for approximately λ wt% Au samples at each 
annealing condition studied.  

 Annealing time (h) 
 550 °C 500 °C 450 °C 

3.0 MPa H2 8.5 18 36
1.5 MPa H2 18 72 336
0.1 MPa H2 120 >400 
Industrial N2 216  

 

2.4.2.3 Hypothesis for expedited annealing under high pressure H2  

H species are known to occupy octahedral sites in the Pd-Au fcc lattice [165]. The 

incorporation of hydrogen into the fcc lattice increases the lattice spacing as evidenced by a 20 

pm increase in the lattice spacing for both Pd0.4λ5Au0.005H0.500 and Pd0.48Au0.05H0.47 samples 

which were exposed to pH2 = 7.2 GPa for 24 h at 325 °C [166,167]. It then follows that one 

hypothesis for the observed reduction in annealing times at higher H2 pressures is that the 

expanded lattice facilitates solid state diffusion.  

The hydrogen content, r, is expressed as a ratio of hydrogen atoms to the metal atoms 

present in the lattice and can be calculated from Equation 2.6 [168] on page 41, where pH2 is the 
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hydrogen pressure in bar and a, b are constants that depend on the Au composition (Table 2.4) 

[166]. Similar values of r were obtained irrespective of the choice of the values for a, b.  

 

Table 2.4 Summary of the values of a, b used for calculating r.  

Alloy  T (°C) a·102 [bar-1/2] b·102 [bar] 
Pd 427 1.02 0.068
Pd0.λAu0.1 427 1.16 0.041

 

Once r is known the lattice constant can be interpolated from graphs relating hydrogen 

content to the lattice constant [16λ]. At pH2 = 3.0 MPa, r ≈ 7-8 at% and the relative change in the 

lattice constant was only 3 pm. Such a small change in lattice constant alone could not explain 

the drastically short annealing times.  

 ∙ ∙  Equation 2.6 

Fukai and Ōkuma (1λλ3) found that exposure of Ni and Pd to high pressure H2 caused 

copious vacancy formation in the crystal lattice [170]. The concentration of the vacancies in the 

Pd-H system was found to be as high as 18 ± 3 at% at 5 GPa [171]. Based on those findings, and 

their own results, Flanagan and Noh (1λλ5, 1λλ6) hypothesized that the dissolved hydrogen 

catalyzed the metal atom diffusion by way of increases in the vacancy concentration of the lattice 

[153,154].  

Pd and Au form a substitutional fcc solid solution which is continuous over the entire 

composition range [40,172]. The annealing process involves the inter-diffusion of the Pd and Au 

layers to form a homogeneous Pd-Au alloy, but the diffusivity of Au in Pd is one to two orders of 

magnitude smaller than the diffusivity of Pd in Au [173]. Thus, one can infer that alloying takes 

place primarily due to the dilution of the Au layer by Pd.  



 42

Neglecting the diffusion of Au into Pd, the process of alloying can be described by the 

semi-infinite slab, transient diffusion model given by Equation 2.7 [174] on page 42, where A 

stands for Pd and B stands for Au, DAB is the diffusion coefficient, and t is the annealing time 

required for the concentration, CA, at the end of the Au layer (i.e. at x = δ, thickness of Au layer) 

to become equal to the bulk concentration. Concentration can be written in terms of the weight 

fraction, w, and density, ρ, as CA = wA*ρAB and CA,S = wA,S*ρA . Equation 2.8 through Equation 

2.12 were derived by the authors.  

At t = 0, CA(x>0,0) = CA,0 = 0 because it is a pure Au layer. At x = 0, CA(0,t) = CA,S = ρA 

because wA,S = 1 for a pure Pd layer. Thus, Equation 2.7 is simplified to Equation 2.8, where ρAB 

is the density of the alloy given by Equation 2.λ. Combining Equation 2.8 and Equation 2.λ, and 

after some algebraic manipulation, we get Equation 2.10.  

 ,, ,  Equation 2.7 

 ∙  Equation 2.8 

  Equation 2.λ 

 ∙∙ ∙  Equation 2.10 

When x = δ Equation 2.10 can be rewritten as Equation 2.11. For wA = 0.λ, wB = 0.1, ρA = 

12.0 g/cm3 and ρB = 1λ.3 g/cm3, z = 0.06; which is obtained from the error function table. Thus, 

for known δ and DAB the annealing time can be predicted from Equation 2.11, or conversely, for 

known δ and t the inter-diffusion coefficient can be calculated.  

 ∙∙ ∙  Equation 2.11 
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  Equation 2.12 

The temperature dependence of the inter-diffusion coefficient is given by the Arrhenius 

relationship shown in Equation 2.13 on page 43, where D0 is the pre-exponential factor, Q is the 

activation energy for inter-diffusion, R is the universal gas constant and T is the absolute 

temperature [175]. For Pd diffusing into Au, D
0
 = 7.6·10-6 m2/s and Q = 1λ5.1 kJ/mol [175]. At T 

= 550 °C (823 K) a membrane with a 0.2 µm Au layer would take 267 h to anneal.  

 ∙  Equation 2.13 

In order to check the applicability of this simple model and eliminate any catalytic effects 

due to hydrogen, a piece of the membrane λ081-5A-1 was annealed for 216 h (λ days) at 550 °C 

in industrial N2 after which XRD analysis was performed. Single, symmetrical peaks were seen 

for the Pd-Au alloy 111, 200, 220 and 311 peaks, which yielded a composition of 8.λ ± 1.1 wt% 

Au. The overestimation of annealing time by the model might be explained by the fact that the 

model neglects the contribution of Au diffusing into Pd to the alloying process.  

Having determined that this approximate model produces reasonable estimates, the 

annealing time data in Table 2.3 (page 40) were used to predict the inter-diffusion coefficients 

for the different annealing conditions. The plot of Ln (D) versus 1/T was linear (Figure 2.5 on 

page 44), the slope of which was –Q/R. In this way, the activation energy for inter-diffusion was 

calculated for annealing at 1.5 MPa H2 and 3.0 MPa H2. Those results are shown in Figure 2.6 on 

page 45, with the activation energy for diffusion of Pd in Au included for comparison [175].  

Traditionally a catalyst is added to enhance the rate of a reaction, accomplishing this by 

reducing the activation energy barrier between reactants and products. Analogous to that, the 

dissolved hydrogen (c.a. 7-8 at% at pH2 = 3.0 MPa) reduced the activation energy for inter-

diffusion by more than half from the literature value. Even at 1.5 MPa H2, enhancement of the 
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inter-diffusion process by the catalytic activity of H2 was still seen. Shu et al (1λλ6) reported 

similar results for the Pd-Ag system [176]. They found that the activation energy of Pd-Ag inter-

diffusion was reduced from 183 kJ/mol in the absence of hydrogen to 72 kJ/mol in the presence 

of hydrogen, in the temperature range of 500 – 800 °C [176].  

 
Figure 2.5 Dependence of the inter-diffusion coefficient on temperature at different H2 pressures.  

 

A catalyst enhances the rates of both the forward as well as the reverse reaction - the 

reverse reaction here being the segregation of the Pd-Au alloy (i.e. changing from a 

homogeneous alloy to one with a Pd-rich and Pd-poor region). This was the observed result for 

the Pd-Ni and Pd-Pt systems [153–155]. For the Pd-Pt system, a homogeneous alloy treated with 

100 MPa H2 at 200 °C for 3 h resulted in a phase segregated, inhomogeneous alloy [154,155]. It 
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then follows that for the Pd-Au system there may be a limit to how high the hydrogen pressure 

can be increased in order to reduce annealing time. In other words, increasing the hydrogen 

pressure beyond a certain point could lead to the formation of a phase segregated alloy, rather 

than increasing the rate at which the homogenous alloy is formed. However, a study similar to 

the one performed on the Pd-Pt system by Flanagan and Noh (1λλ6) [154] needs to be performed 

for the Pd-Au system to determine if a similar result will occur.  

It is not lost on the authors that the effect of annealing under high pressure on the 

absolute values of both hydrogen and non-hydrogen gas permeances, as well as their stability 

under operating conditions, needs to be investigated. This will be the focus of future work.  

 
Figure 2.6 Effect of H2 pressure on the activation energy of inter-diffusion and its comparison to 
literature.  
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2.4.3  Apparent Eact as an in situ parameter to judge extent of annealing  

Membrane λ061-3A-1 was fabricated with 3 layers of Pd alternating with 3 layers of Au. 

A summary of the apparent Eact for this membrane at different stages during annealing is shown 

in Table 2.5 on page 46. It was initially annealed for 5 days at 500 °C, as suggested in the 

literature [43,44]. The calculated value of apparent Eact (17.4 ± 0.8 kJ/mol) was more than twice 

the value reported for a cold-rolled foil of similar Au composition (Table 2.5). This suggested 

that the membrane was not completely annealed. Additional evidence of incomplete annealing 

was observed using surface EDS scans which showed that the surface Au composition was 

almost twice that of the bulk.  

 

Table 2.5 Heat treatment and activation energies for membrane λ061-3A-1 and comparison to 
literature.  

Membrane ID/ 
Composition  

Fabrication  
technique 

Apparent Eact 
(kJ/mol) 

Temperature 
range (°C) 

Heat treatment 

15 wt% Au [46] Cold-rolled 8.6 ± 0.1 >200 -

λ061-3A-1  
(15 wt% Au)  ELP  

17.4 ± 0.8 400-600 5 days at 500 °C
λ.7 ± 0.1 350-550 + 1 day at 550 °C
8.6 ± 0.8 350-550 + 1 day at 550 °C 
8.6 ± 0.1 350-550 + λ days at 550 °C 

  

The annealing temperature was raised to 550 °C and within two days the apparent Eact 

had decreased to 8.6 ± 0.8 kJ/mol. The membrane was then annealed for λ additional days during 

which the apparent Eact remained unchanged, with the final value of the apparent Eact agreeing 

well with the literature [46]. The membrane was thus deemed annealed and subsequently 

analyzed by XRD and ICP-AES. The XRD pattern for membrane λ061-3A-1 is shown in Figure 

2.7 on page 47, and a summary of the bulk Au composition from the different analysis 

techniques is given in Table 2.6.  
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Table 2.6 Compositional analysis for membrane λ061-3A-1.  

  Au wt% 
Membrane ID Thickness ( m) XRF GM Apparent Eact ICP-AES XRD 
λ061-3A-1 3.1 16 15 15 13 17

 

 
Figure 2.7 XRD pattern for membrane λ061-3A-1 after annealing. The membrane was 3.1 µm 
thick and 15 wt% Au.  

Experimental data for the apparent Eact of cold-rolled foils, which were homogenous in 

composition, was published by Gade et al. (2010) [46]. In this study, additional membranes in 

the composition range 0 wt% to 21 wt% Au were also annealed and their apparent Eact calculated 

at the end of annealing. As can be seen in Figure 2.8 on page 48, good agreement was seen 

between these data and the literature. The trend is nearly linear in the 0 wt% to 21 wt% Au range, 

as indicated by a linear line regression. Thus, one can predict the apparent Eact for Au 
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compositions for which published data is unavailable and use that number to judge the extent of 

annealing.  

 
Figure 2.8 Comparison of the apparent Eact for Pd-Au alloy composite membranes from this 
study and Shi et al. (2011) [45] to the apparent Eact for cold-rolled foils in the literature (labeled 
points) [46].  

2.5  Conclusions  

Due to the rather lengthy annealing time required at temperatures below 550 °C, it was 

desired to reduce the annealing time required to synthesize a homogenous Pd-Au alloy 

composite membrane. We showed that it is possible to anneal a ~10 wt% Au membrane, 

fabricated as a bi-layer, at temperatures as low as 450 °C in less than 2 days simply by increasing 

the hydrogen pressure to 3.0 MPa. This is likely facilitated by the catalytic activity of the 

dissolved hydrogen due to formation of significant vacancies in the crystal lattice [153,154]. 

Thus, a fast and simple way of fabricating ~10 wt% Au membranes has been shown. 

Additionally, a simple semi-infinite slab, transient diffusion model was used to quantify the 

effect of hydrogen gas pressure on the activation energy of inter-diffusion.  

It was also shown that the apparent activation energy of H2 permeation (Eact) can be used 

as an in situ parameter to judge the extent of annealing. Over the course of annealing, the 
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apparent Eact decreases until it reaches a minimum, whereupon additional annealing does not 

change the apparent Eact of the annealed membrane. The final value of the apparent Eact for a 

given membrane was found to be characteristic of its Au composition.  
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CHAPTER 3  

RAPID ANNEALING OF SEQUENTIALLY PLATED PD-AU COMPOSITE MEMBRANES 

USING HIGH PRESSURE HYDROGENμ PART 2 

 

This chapter is modified from a paper submitted to  

Journal of Membrane Science  

Neil S. Patki1, Sean-Thomas B. Lundin2, J. Douglas Way3 

 

3.1  Abstract  

 In our last work of the same title, we found that the time required to anneal Pd-Au 

bilayers could be greatly reduced by annealing in high-pressure H2 and that the apparent 

activation energy (Eact) for H2 permeation could be used to judge the extent of annealing in situ. 

This work expands on our previous study in two important aspectsμ we have taken a critical look 

at the effect of the annealing conditions on the increase in non-hydrogen gas leaks through the 

films, and we have fabricated 27 wt% to 41 wt% Au membranes to expand the range of apparent 

Eact for H2 permeation of annealed membranes. Bilayer Pd-10Au/YSZ composite membranes (ca. 

5 µm thick) were annealed under 3.0 MPa H2 between 450 °C and 550 °C to identify the optimal 

annealing condition in terms of resultant film stability and H2 purity. The film was considered 

stable if under pure gas measurements both the non-hydrogen gas leak (e.g. nitrogen) and 

hydrogen permeance were stable at 500 °C. Generally, it was observed that annealing at high 

pressures of hydrogen enhanced the final membrane performance in terms of both hydrogen 
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purity and permeance stability. For instance, a 5 µm thick Pd-10Au film annealed for λ h in 3.0 

MPa H2 at 550 °C resulted in our highest observed H2 permeate purity (λλ.λ4%) while 

maintaining a steady H2 flux of 0.24 mol m-2 s-1 for more than 100 h in a 50μ50 H2μN2 feed for a 

feed pressure of 0.7 MPa. Interestingly, the pure gas H2 permeance was not observed to affect 

the H2 flux under mixed gas conditions for the range of values obtained in this work. Lastly, the 

apparent Eact for H2 permeation was found to have a minimum value of 7.5 kJ mol-1 at 21 wt% 

Au, after which it gradually increased to λ.0 kJ mol-1 at 41 wt% Au.  

3.2  Introduction  

Pd and its alloys have been studied for decades as a potential means of separating 

hydrogen from complex gas mixtures [12,63,147,177–182]. It is well known that performance of 

pure Pd membranes is adversely affected by contaminants like sulfur and carbon which can be 

incorporated into the Pd lattice as Pd4S and PdC, respectively, thereby compromising the quality 

of the thin films [183]. Fortunately, however, resistance to such poisoning can be obtained by 

alloying Pd with Au [31,41,43,47,146,14λ,150]. Yet, another problem with Pd-based membranes 

is the degradation in performance (ideal permselectivity and H2 permeance) when operated at 

elevated temperatures of 500 °C and above [156]. Guazzone and Ma [184] reported loss in 

permselectivity of their pure Pd membranes at temperatures of 450 °C and above due to the 

formation of pinhole defects caused by the self-diffusion of Pd. Again, alloying with Au has 

been reported to improve the thermal stability of Pd-based membranes [42,45].  

Multi-layer and bilayer fabrication are two strategies to prepare Pd-Au alloy membranes 

[45], but the bilayer strategy is less complicated and is preferred for scale-up in an industrial 

setting. The issue with the bilayer strategy arises from the time required to anneal the film into a 

homogenous Pd-Au layer. Many researchers have investigated the time required to anneal 
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bilayer films (ca. 5 µm to 10 µm thick) at temperatures from 500 °C to 600 °C [41–44,150]; even 

at 600 °C it took an entire week to anneal 3 µm to 5 µm thick films [42]. Annealing at a higher 

temperature (750 °C) reduced the annealing time to 20 h, however this came at the cost of 

reduced permselectivity [41]. Thus, it is necessary to explore alternative annealing strategies that 

reduce the time for annealing while maintaining good permselectivity.  

In our last work, we studied the effect of high-pressure hydrogen on the time required to 

anneal Pd-10Au/YSZ bilayer composite membranes fabricated by electroless plating (ELP) [185]. 

We investigated the effect of temperature (450 °C – 550 °C), type of annealing gas (H2 or N2), 

and the pressure of the hydrogen gas (0.1 MPa – 3.0 MPa) on the time required to anneal ca. 5 

µm thick membranes. Notably, annealing in high-pressure hydrogen was shown to drastically 

decrease the annealing time at each temperature. For instance, the time to anneal a Pd-λAu 

membrane at 550 °C was reduced from 120 h (at 0.1 MPa H2) to λ h (at 3.0 MPa H2). X-ray 

Diffraction (XRD) and energy dispersive spectroscopy (EDS) were used to study the progress of 

annealing. In addition, we modeled the annealing process using a simple, 1-D, semi-infinite slab, 

transient diffusion model given by Equation 3.1; where wPd and wAu are the weight fractions of 

Pd and Au in the alloy respectively, ρPd and ρAu are the densities of Pd and Au respectively, δ is 

the thickness of the Au layer, t is the annealing time, and DPd-Au is the inter-diffusion coefficient.  

 ∙∙ ∙  Equation 3.1 

The activation energy for inter-diffusion of Pd and Au, Q, was estimated by calculating 

DPd-Au from Equation 3.1 and the Arrhenius relationship [175] shown in Equation 3.2 on page 53; 

where D0 is the pre-exponential factor, R is the universal gas constant and T is the annealing 

temperature. We concluded that the shorter annealing time in high-pressure hydrogen was due to 

a much smaller value of Q, 71 kJ mol-1 in 3.0 MPa H2 as opposed to 1λ5 kJ mol-1 in a non-
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hydrogen (inert) gas. The lower activation energy was hypothesized to be due to the catalytic 

activity of the dissolved hydrogen which leads to the formation of significant vacancies in the 

crystal lattice [153,154]. Lastly, we suggested that the apparent activation energy for hydrogen 

permeation (Eact) can be used as an in situ parameter to study annealing of Pd-Au composite 

membranes. As annealing progresses the apparent Eact for H2 permeation decreases until it 

reaches a minimum/steady state, after which additional annealing time no longer changes the 

apparent Eact. Importantly, this steady state value was characteristic of the film’s Au composition. 

We found that apparent Eact for H2 permeation decreased with increasing Au composition and 

reported values for the 0 wt% – 21 wt% Au range [185].  

 ∙  Equation 3.2 

In this study we have expanded on our previous work [185] in two important aspectsμ we 

have taken a critical look at the effect of the annealing conditions on the increase in non-

hydrogen gas leaks through the films, and we have fabricated membranes that contain 27 wt% to 

41 wt% Au to expand the range for apparent Eact for H2 permeation of annealed membranes. We 

have identified the optimal annealing schedule for a ca. 5 µm thick Pd-10Au film (fabricated as a 

bilayer) using the following three criteriaμ change in the room temperature inert gas leak before 

and after annealing, stability of the N2 leak rate and H2 permeance at 500 °C, and the value of H2 

permeate purity at 500 °C under a 50μ50 H2μN2 gas mixture. For the annealing schedule to be 

considered optimized, there should be no change in the room temperature inert gas leak, the N2 

leak rate and H2 permeance should be stable at 500 °C, and the permeate purity must equal or 

exceed λλ.λ % under a 50μ50 H2μN2 feed. Lastly, values of apparent Eact for H2 permeation in the 

27 wt% – 41 wt% Au range were calculated and analysis techniques including XRD and EDS 

were used to verify that the annealed thin films were homogeneous alloys.  
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3.3  Experimental  

3.3.1  Membrane synthesis  

Pd-Au composite membranes are prepared by sequential deposition of Pd and Au, using 

electroless plating (ELP), followed by an annealing step [41,150]. The substrates used in this 

study were asymmetric porous tubes made from yttria-stabilized zirconia (YSZ) by Praxair 

Surface Technologies, IN, USA. The as-received substrates were cleaned as described by Hawa 

et al. [156], before being characterized and plated using the electroless and displacement plating 

techniques described previously [185]. Briefly, the substrates (average pore size ca. 300 nm) 

were cleaned in acetone and hydrogen peroxide solutions prior to plating. They were then 

activated with palladium acetate by spray coating using an airbrush. The acetate layer was 

calcined in an open-air furnace at 350 °C for 5 h and then reduced in a basic, dilute hydrazine 

solution followed by sequential deposition of alternating layers of Pd and Au. Multiple Pd and 

Au plating cycles were performed until the desired thickness and composition was achieved. 

Membranes fabricated in such a way had low values of N2 leak permeance at room temperature 

(<10-λ mol m-2 s-1 Pa-1).  

3.3.2  Membrane testing  

Once fabricated, the membranes (1.0 cm OD) were sealed using stainless steel 

compression fittings (Swagelok) and graphite ferrules (Chromalytic Technology) onto stainless 

steel pipes (0.25 inch OD) before being installed inside a stainless steel shell (1.0 inch OD). For 

temperature control, the shell-and-tube configuration was placed in a Lindberg MiniMite tube 

furnace. The testing module was similar to the one described by Collins and Way [186]. The 

shell side contained the feed gas while the permeated hydrogen was recovered from the tube side 

at the local atmospheric pressure (ca. 83 kPa). No sweep gas was used in this study.  
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For thermal stability tests using pure gas, H2 (≥λλ.λ % purity) and N2 (≥λλ.0 % purity) 

were supplied to the feed side by individual Porter Instruments mass flow controllers. Mass flow 

meters measured the retentate and permeate flow rates, which were recorded onto a computer by 

a Visual Basic code running in Microsoft Excel. The permeate temperature was measured at the 

center of the membrane by a type K thermocouple (Omega). Pure gas H2 fluxes were measured 

at different feed pressures (0.1 MPa – 0.7 MPa) and temperatures (350 °C – 550 °C) to obtain 

values of H2 permeance as a function of temperature (T). The slope of the graph of Ln (H2 

permeance) vs. 1/T gives -Eact/R and thus the apparent Eact for H2 permeation. For mixed gas 

tests, compositions of the permeate and retentate were measured by an SRI instruments 8610C 

GC equipped with a 10’ Hayesep D column and a thermal conductivity detector (TCD) using 

UHP H2 as the carrier gas. A dilute calibration gas was used to determine the lower detection 

limit (ca. 0.02 % nitrogen in hydrogen) of the TCD and Hayesep D column combination.  

3.3.3  Membrane characterization  

Membrane thicknesses and compositions were determined using both gravimetric 

measurements (GM) and X-ray fluorescence (XRF) analysis (Fischerscope XDLM-C4 PCB 

spectrometer operated at an accelerating voltage of 50.0 keV with a Ni filter). XRF is considered 

a bulk analysis technique because the sampling depth is greater than the membrane thickness 

[185]. Multiple line scans along the length of the membranes were used to give average values of 

thickness and bulk composition. Alloying of the Pd and Au layers was confirmed by X-ray 

diffraction (XRD) patterns recorded with a Philips PANalytical PW3040 X-ray diffractometer 

equipped with an X’Celerator detector utilizing Cu-Kα radiation produced at 45.0 keV. The 

peaks were analyzed using the HighScore Plus software by PANalytical. XRD is also a bulk 

technique [185], and it was used to estimate the Au composition by Vegard’s law [40,41,162]. 
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The near-surface Au composition was obtained by energy dispersive spectroscopy (EDS) at 20.0 

keV using a FEI Quanta 600 scanning electron microscope. The sampling depth in Pd and Au at 

that accelerating voltage is predicted to be 1.2 µm and 0.λ m, respectively, using the Kanaya-

Okayama depth penetration equation [161].  

3.4  Results and discussion  

3.4.1  High pressure annealing  

3.4.1.1 Membrane synthesis  

Previously, we measured the time required to anneal sequentially plated Pd-10Au 

bilayers using a variety of annealing conditions and found that using high-pressure hydrogen (3.0 

MPa) resulted in the shortest annealing time at each temperature [185]. As the membrane pieces 

used for that study were only 2 cm long and too short to seal using our techniques, non-hydrogen 

gas leaks and hydrogen fluxes through them were not measured. More recently, we have taken a 

critical look at the effect of high hydrogen pressure annealing conditions on the increase in non-

hydrogen gas leaks through the thin films. Five Pd-Au membranes between 4.5 µm and 5.0 µm 

thick ranging from 8 wt% to 10 wt % Au were fabricated as bilayers for this annealing study 

(Table 3.1 on page 57). For each membrane, there was very good agreement between the 

measured Au compositions from the three analytical techniques used and mass gain calculations. 

Finally, the N2 leak permeance values of the as-fabricated films were less than 10-λ mol m-2 s-1 

Pa-1 at room temperature (RT), which is considered an upper limit for acceptable film quality 

[187].  
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Table 3.1 Summary of Pd-10Au membranes synthesized for the high-pressure hydrogen 
annealing study.  

Membrane ID M1 M2 M3 M4 M5 
Active area (cm2) 20.5 17.7 1λ.5 20.8 20.5
Thickness (µm) GM 4.5 5.0 4.7 4.6 4.λ

XRF 4.4 ± 0.1 5.1 ± 0.4 4.8 ± 0.2 4.5 ± 0.1 4.7 ± 0.1
Au composition 
(wt %) 

GM λ 10 8 8 λ
XRF 8.8 ± 1.2 8.3 ± 1.0 8.λ ± 0.7 8.8 ± 0.λ 8.4 ± 0.7
EDS λ.5 ± 1.3 λ.8 ± 2.4 λ.3 ± 1.4 λ.7 ± 1.3 8.6 ± 2.2
XRD λ.8 ± 1.λ λ.7 ± 3.7 λ.6 ± 2.λ 8.1 ± 1.λ 10.1 ± 2.8

Initial N2 permeance  
at 20 °C (mol m-2 s-1 Pa-1) 2.λ×10-10 2.2×10-10 2.0×10-10 5.6×10-10 2.4×10-10

 

3.4.1.2 Annealing study  

To identify the optimal annealing schedule for a ca. 5 µm, Pd-10Au membrane the 

following criteria were usedμ change in the RT inert gas (nitrogen) leak before and after 

annealing, stability of N2 leak rate and H2 permeance at 500 °C, and the value of the H2 permeate 

purity at 500 °C under a 50μ50 H2μN2 gas mixture. An optimal annealing schedule should not 

cause a change in the RT N2 leak rate, the N2 leak rate and H2 permeance should be stable at 

500 °C, and the permeate purity must equal or exceed λλ.λ % under a 50μ50 H2μN2 feed. A 

summary of the annealing conditions investigated is given in Table 3.2.  

 

Table 3.2 Summary of the annealing conditions investigated.  

Membrane ID M1 M2 M3 M4 M5 
Temperature (°C) 450 500 550 550 550
Pressure (MPa)  3.0 3.0 3.0 3.0 0.1
Time (h)  36 18 λ 120 120

 

In all, five annealing conditions were investigated. Membranes M1, M2 and M3 were 

used to study how temperature affects the resultant membrane quality, wherein the time was 
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shortened to only the necessary length to obtain a homogenous alloy. M4 and M5, however, may 

be considered a set of control experiments and were used to better understand how the hydrogen 

pressure may affect the resultant film quality if time and temperature of annealing is kept 

constant. Note that the time of annealing in M5 was the shortest duration possible when the 

membrane was exposed to 0.1 MPa H2.  

Figure 3.1 on page 5λ shows how the final RT N2 leak permeance (of an annealed 

membrane) compared to the initial value (of an as-fabricated film) by plotting a ratio of the 

former over the latter for different annealing conditions. Notably, M3 was the only membrane 

that did not show any change in the RT N2 leak permeance on annealing. Additionally, both M1 

and M2 showed only a marginal increase, suggesting that all three optimized times for high 

pressure annealing were better than the controls (M4 and M5). Thus, except for the long-term, 

high-pressure control M4, annealing at 3.0 MPa H2 caused a negligible change in the RT N2 leak 

permeance.  

The dramatic increase in leak permeance of M4 seems to indicate that leaving the 

membrane under extreme conditions for an extended period was detrimental to the film quality – 

about twice as much as the extended low pressure anneal of M5. This could be explained by the 

enhanced solid-state diffusion (SSD) of the Pd-Au alloy due to the high-pressure hydrogen 

treatment [153–155,185]. Enhanced SSD for extended periods of time might cause significant 

restructuring of the film which could ultimately lead to the formation of defects. For the 

annealing condition utilizing low-pressure hydrogen (M5), SSD would be much slower, which 

could explain the smaller increase in the RT N2 leak permeance when compared to the increase 

seen for M4. It should be noted that due to the poor film quality of M4 post annealing, it was not 

tested further.  



 5λ

 
Figure 3.1 Ratios of the final RT N2 leak permeance of the annealed membranes over the initial 
RT N2 leak permeance of the as-fabricated films for the different annealing conditions.  

Next, the stability of the membranes was monitored at the operating temperature of 

500 °C under pure gas atmospheres (Figure 3.2 on page 60). We first look at the N2 leak 

permeance increase rates (slopes of the lines in Figure 3.2), which were used to get an idea of the 

rate of growth of defects in the films. Figure 3.2 shows that the membranes annealed at 

temperatures equal to or greater than the operating temperature (M2, M3, and M5) had slopes on 

the order of 10-13 mol m-2 s-1 Pa-1 h-1, whereas the membrane annealed at a temperature lower 

than the operating temperature (M1) had a slope of 10-12 mol m-2 s-1 Pa-1 h-1. Although M3 seems 

to have a negative slope, within instrumental error, one can consider the leak to be unchanged.  



 60

 
Figure 3.2 Stabilities of the N2 leak permeance at 500 °C for the different annealing conditions.  

 

Guazzone and Ma [184] also studied the rate of leak increase for pure Pd membranes of 

different thicknesses. They used helium as the non-hydrogen gas and found that thinner 

membranes had higher rates of increase and hence, were less stable. A comparison of their data 

with the current study is given in Table 3.3 on page 61. A membrane with an increase rate on the 

order of 10-12 mol m-2 s-1 Pa-1 h-1 or higher is considered unstable [156,184,188], which would be 

the case for M4, M-32b, M-34b, and M54. Interestingly, at a lower operating temperature of 

450 °C, M4 had a 2×10-13 mol m-2 s-1 Pa-1 h-1 slope (data not shown). Thus, M1, M2, and M3 

were considered stable at 500 °C, while M3 was only stable at 450 °C. These observations are 

consistent with those of Hawa et al. who reported that hydrogen heat treatment (HHT, also called 
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annealing treatment) above the operating temperature leads to improved thermal stability of Pd-

membranes at the operating temperature [188]. The least stable Pd-Au membrane (M1) was still 

better than a pure Pd membrane of similar thickness (M-54) which may suggest that addition of 

Au improved the thermal stability of Pd.  

 

Table 3.3 Comparison of N2 leak stability at 500 °C for membranes from this study with those in 
the literature.  

Membrane ID M1 M2 M3 M5 M-32b M-34b M-54 
N2 leak permeance 
increase rate (mol 
m-2 s-1 Pa-1 h-1) 

1×10-12 1×10-13 -3×10-13 3×10-13 4×10-12 7×10-12 2×10-11

Thickness (µm)  4.5 5.0 4.7 4.λ 10 8 4
Composition Pd-λAua Pd-10Aua Pd-8Aua Pd-λAua Pd Pd Pd 
Reference This 

study 
This 
study 

This 
study 

This 
study 

[184] [184] [184] 

aValues are from GM.  
Guazzone and Ma [184] used He to determine the leak rates. The leak permeance increase rates reported here were 
divided by 2.65 based on the assumption that N2 and He are transported through the film by the Knudsen diffusion 
mechanism.  

 

All four membranes (M1, M2, M3 and M5) had stable H2 permeances at 500 °C for over 

100 h and those values are plotted in Figure 3.3a on page 63. M1 had the highest permeance 

(2.5×10-3 mol m-2 s-1 Pa0.5) whereas M3 had the lowest value (1.8×10-3 mol m-2 s-1 Pa0.5). HHT of 

composite membranes causes sintering (i.e. formation and growth of grains), which leads to 

surface smoothening [151]. Smoothening of the surface reduces the surface area available for H2 

dissociation [151] and may even reduce the sorption rate of H2 into the membrane [152], 

ultimately causing a decrease in the H2 permeance [18λ]. This effect is exacerbated at higher 

temperatures [151,152], and can potentially explain why a membrane annealed at 450 °C (M1) 

had the highest H2 permeance, followed by M2 (Tanneal = 500 °C), and finally M5 and M3 (Tanneal 

= 550 °C). The difference between the H2 permeances of M3 and M5 may be explained by one 
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of two effects. It is possible that the high pressure annealing treatment causes a more rapid 

smoothening of the surface than low pressure hydrogen due to the increase in the solid-state 

diffusion rate. Yet, it is also possible that this difference was simply due to slight differences in 

the initial surface structures of M3 and M5. Mejdell et al. studied Pd-23Ag films down to 1.3 m 

thicknesses and showed that as-fabricated films had some inherent unpredictability in their flux 

[1λ0]. The flux of an as-fabricated film was only stabilized to a predictable value after oxidizing 

and reducing the surface, which causes significant roughening [1λ0,1λ1].  

To study how the pure gas H2 permeance affects the H2 flux in a mixed gas environment, 

a 50μ50 H2μN2 mixture was used as the feed. For membrane reactor experiments, a reactor gas 

hourly space velocity (GHSV), defined on the basis of the feed flow rate and the volume of 

catalyst used, is the metric used to describe reactor throughput [187]. As we did not pack any 

catalyst for our experiments, we needed to find a more relevant parameter. Membrane area is an 

important factor when it comes to mixed gas experiments and from Table 3.1 (page 57) it was 

seen that there was some deviation in the active area of the different membranes that were 

studied. For the mixed gas measurements to be comparable, membrane area normalized feed 

flow rates (also called membrane GHSVs) were used for those tests. Lundin et al. defined 

membrane GHSV by using membrane area instead of the volume of catalyst (Equation 3.3, 

where Qf is the feed flow rate and Am is the membrane area) [187].  

 	  Equation 3.3 
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Figure 3.3 a) H2 permeances at 500 °C for the different annealing conditions, and b) H2 fluxes at 
500 °C and 0.7 MPa feed pressure under a 50μ50 H2μN2 feed for different values of membrane 
GHSV.  
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H2 flux was measured for each membrane at different membrane GHSVs from 11 m h-1 

to 57 m h-1 and the results are plotted in Figure 3.3b on page 63. Interestingly, at a constant 

membrane GHSV, no clear trend was observed in the H2 flux despite a 40 % increase in the H2 

permeance. At the highest membrane GHSV (57 m h-1), the H2 flux was only 1/4th (M1) to 1/3rd 

(M3) of the expected H2 flux under pure gas at the same partial pressure of hydrogen. This result 

can be explained by the concentration polarization (CP) effect which manifests itself under 

mixed gas conditions. As hydrogen permeates through the membrane, the hydrogen partial 

pressure on the feed side drops along the length of the membrane, which leads to a smaller 

driving force for hydrogen transport. As membrane GHSV was increased, by increasing Qf, the 

H2 flux increased which led to increased purities. But, that came at the cost of lower H2 

recoveries. At the highest membrane GHSV (57 m h-1), the H2 recovery had an average value of 

ca. 70 %. On the other hand, at the lowest membrane GHSV (11 m h-1) the average H2 recovery 

was ca. λ0 %. This occurs because the CP effect is worse at higher feed flow rates as diffusion 

cannot prevent formation of radial concentration gradients. From Figure 3.3 (page 63) we can 

draw an important conclusion that, for the range of H2 permeances studied, the mixed gas H2 

fluxes for a membrane were unaffected by its pure gas measurements.  

The final part of the optimization study was to look at the purity of the H2 permeate for 

different annealing conditions. The permeate purity of the different membranes was plotted as a 

function of membrane GHSV in Figure 3.4 on page 65. Each membrane showed a similar trend 

of increasing purity with increasing membrane GHSV. This was due to the higher H2 fluxes at 

higher membrane GHSVs. Every membrane showed purities >λλ.1 %, but only M2 and M3 

achieved the goal of >λλ.λ % purity. In fact, three of the points for membrane M3 were ≥λλ.λ %.  
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Only one of the four annealing conditions investigated satisfied each criterion for success. 

Annealing a 5 µm thick 10 wt% Au bilayer film at 550 °C in 3.0 MPa H2 for λ h did not change 

the RT inert gas leak, the annealed film was stable at 500 °C, and it produced very pure hydrogen 

as the permeate stream (>λλ.λ % H2). Hence, that would be the optimized annealing schedule.  

 
Figure 3.4 Effect of varying membrane GHSV on the permeate purity at 500 °C and 0.7 MPa 
with a 50μ50 H2μN2 feed for different annealing conditions.  

3.4.2  Apparent Eact for H2 permeation of high Au compositions  

In our last work, we showed that the apparent Eact for H2 permeation of a Pd-Au 

composite membrane could be used as an in situ parameter to judge extent of annealing [185]. In 

that study, we fabricated and annealed several membranes in the 0 wt% to 21 wt % Au range. 

Here we have fabricated three Pd-Au membranes ranging from 27 wt% to 41 wt % Au using a 

multi-layer fabrication strategy similar to the one described by Shi et al. [45]. Each membrane 
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was annealed in 3.0 MPa H2 at 550 °C for up to 120 h to ensure the formation of a homogenous 

alloy. Their apparent Eact values reached a steady state within the first 24 – 48 h and additional 

annealing did not change the apparent Eact. The near surface Au composition of the annealed 

films was measured by EDS. A summary of the membranes is given in Table 3.4 and we found 

that the Au compositions obtained from the different analytical techniques agreed well with each 

other.  

 

Table 3.4 Summary of the high Au composition membranes used to measure the apparent Eact for 
H2 permeation.  

Membrane ID M6 M7 M8 
Active area (cm2) 14.0 13.4 16.8
Thickness (µm)  GM 5.4 4.6 3.8

XRF 5.1 ± 0.4 4.7 ± 0.1 3.λ ± 0.3
Au composition 
(wt %) 

GM 26 32 41
XRF 27.4 ± 1.8 30.4 ± 0.λ 40.5 ± 3.7
EDS 26.6 ± 3.2 32.4 ± 0.8 41.2 ± 0.6
XRD 27.1 ± 3.5 32.0 ± 1.3 41.5 ± 2.3

Initial N2 permeance  
at 20 °C (mol m-2 s-1 Pa-1) 1.8×10-10 5.λ×10-10 4.1×10-10

 

We have previously showed that XRD analysis on a tubular substrate was similar to that 

on a planar substrate [185]. Thus, we confirmed annealing of our high Au, tubular composite 

membranes by XRD analysis, which was also used to estimate the Au composition from 

Vegard’s law [40,41,162]. The XRD patterns for annealed membranes M6 (lattice 

constant=3.λ214 Å), M7 (lattice constant=3.λ281 Å), and M8 (lattice constant=3.λ422 Å) are 

shown in Figure 3.5 on page 67.  
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Figure 3.5 XRD patterns of membranes M3, M6, M7, and M8. Patterns for membranes M1, M2, 
M4, and M5 were similar to the one for M3. a) Complete pattern, b) Pd-Au 111 alloy peaks 
showing peak shift towards Au 111 as the Au composition increases.  
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As more Au is added to the Pd lattice its lattice constant increases because an Au atom is 

bigger than a Pd atom. As the Au composition increases the Pd-Au alloy peaks shift to the left 

(i.e. towards the Au 111 peak). This is seen more clearly in Figure 3.5b which shows a zoomed 

in view of the Pd-Au 111 alloy peaks, which are symmetric and lie between the peak locations of 

Au 111 (cardμ 00-004-0784) and Pd 111 (cardμ 00-005-0681). Also, included in Figure 3.5 is the 

XRD pattern of membrane M3 (lattice constant=3.8λλ7 Å) for comparison. Membranes M1, M2, 

M4, and M5 gave patterns similar to the one for membrane M3.  

Gade et al. reported experimental values for the apparent Eact for H2 permeation of cold-

rolled foils, but they only studied one composition greater than 20 wt% Au [46]. In this study, we 

tried to bridge the gap from 20 wt% Au to 40 wt% Au by fabricating membranes in the 27 wt% 

to 41 wt% Au range and annealing them. The values of apparent Eact were calculated periodically 

during the annealing process by cycling the Pd-Au membranes in temperature (350 °C – 550 °C) 

as well as pressure (0.1 MPa H2 – 0.7 MPa H2) to calculate the H2 permeance as a function of 

temperature. An Arrhenius plot (Figure 3.6 on page 6λ) of Ln (H2 permeance) vs. 1/T gives a 

slope of -Eact/R which can be used to calculate the apparent Eact. If one uses R = 8.314 J mol-1 K-

1, the value of Eact will be in kJ mol-1 because the x-axis is 1000/T instead of 1/T.  

Similar to the previous study, the apparent Eact for H2 permeation of each film reached a 

steady state value once it was annealed and these values have been reported in Figure 3.7 on 

page 70, which also includes results from our previous study [185]. Those values range from 7.5 

kJ mol-1 to λ.0 kJ mol-1 for 21 wt% Au to 41 wt% Au alloys. We found that the apparent Eact of a 

41 wt% Au composite membrane compared well with that for a 40 wt% Au cold-rolled foil (8.8 

kJ mol-1) [46]. As can be seen in Figure 3.7 (page 70), the trend appears to be linear in the 21 

wt% to 41 wt% Au range, as indicated by a linear line regression. Now, apparent Eact for H2 
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permeation may be predicted for Au compositions that don’t have published values and that 

number may be used to judge annealing.  

 
Figure 3.6 Example of an Arrhenius plot to calculate apparent Eact for H2 permeation of a 41 
wt% Au film.  

The apparent Eact for H2 permeation has contributions from the partial enthalpy of 

solution of H into the Pd-Au alloy (∆HH) and the activation energy for diffusion of H in the alloy 

(ED). Absorption of H into the fcc lattice is an exothermic process i.e. ∆HH is negative [52], but 

ED is positive [53]. Luo et al. reported that increasing the Au composition made ∆HH more 

negative [52]. Flanagan and Wang found that ED decreased with the addition of Au till about 20 

– 30 wt% Au [53]. Both these results indicate that the apparent Eact should initially decrease as 

we have reported previously [185]. Flanagan and Wang also showed that ED increased slowly 

from 30 wt% to 40 wt% Au, after which there was a sharp increase in ED till ca. 50 wt% Au [53]. 
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Thus, it seems that there might be three different regimes for the apparent Eact, two of which are 

shown in Figure 3.7 (page 70). As those two studies were performed in the 120 °C – 250 °C 

temperature range and at much lower partial pressures of hydrogen (ca. 0.05 MPa) [52,53] a 

quantitative comparison can’t be made, but the qualitative trends are similar.  

 
Figure 3.7 Summary of apparent Eact for H2 permeation of Pd-Au alloy composite membranes 
(up to 41 wt% Au) from this study, Patki et al. [185], Shi et al. [45], and cold-rolled foils (labeled 
points) [46].  

3.5  Conclusions  

In the current study, we have expanded on our last work by critically evaluating the effect 

of annealing conditions utilizing high-pressure hydrogen on the non-hydrogen gas leaks through 

the films, and by expanding the range of apparent Eact for H2 permeation of annealed membranes. 

Annealing 10 wt% Au films for short periods of time using high-pressure hydrogen was not 

observed to be detrimental to the film quality. On the other hand, long-term exposure was 

detrimental to the film quality because of the enhanced solid-state diffusion, which could lead to 

the formation and growth of defects. In accordance with the conclusions of Hawa et al. (for 

improving the thermal stability of Pd-membranes) [188], we recommend that Pd-Au membranes 

be annealed at temperatures above the desired operating temperature to ensure thermal stability 
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of the films with respect to the non-hydrogen gas leaks. Additionally, for the range of H2 

permeances studied, the H2 fluxes under mixed gas conditions were unaffected by differences in 

the pure gas H2 permeances.  

Only one of the four annealing conditions investigated satisfied each criterion for success. 

A ca. 5 µm thick bilayer Pd-10Au film was annealed at 550 °C in 3.0 MPa H2 for λ h and it did 

not show a change in the RT N2 leak before and after annealing, it had a stable N2 leak rate and 

H2 permeance at 500 °C, and it achieved the highest H2 permeate purity (λλ.λ4 %) in a 50μ50 

H2μN2 feed at 58 m h-1 membrane GHSV. Lastly, values of apparent Eact for H2 permeation in the 

27 wt% – 41 wt% Au range were calculated; it was found that the apparent Eact for H2 

permeation had a minimum value of 7.5 kJ mol-1 at ca. 21 wt% Au, and it increased gradually to 

λ.0 kJ mol-1 at ca. 41 wt% Au.  
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CHAPTER 4  

FABRICATION OF REDUCING ATMOSPHERE ELECTRODES (FUEL ELECTRODES) 

BY ELECTROLESS PLATING OF COPPER ON BAZR0.λ-XCEXY0.1O3-Δ – 

A PROTON-CONDUCTING CERAMIC 

 

This chapter is modified from a paper published in  

International Journal of Hydrogen Energy
1 

Neil S. Patki2, Sandrine Ricote3, J. Douglas Way4 

 

4.1  Abstract  

Copper appears to be an interesting fuel electrode material for proton-conducting ceramic 

electrolytes (such as BaZr0.λ-xCexY0.1O3-δ) because it is stable at high temperatures in reducing 

and hydrocarbon-containing atmospheres. However, when deposited using organometallic Cu 

pastes/inks, these electrodes suffer from poor performance due to delamination issues and 

coating thickness (10 – 20 µm). Alternatively, electroless plating (ELP) is a method of 

depositing metal films – without utilizing electric power – that can achieve much thinner 

coatings than with pastes. In this work ELP of Cu was shown to be an alternative to Cu pastes for 

electrode fabrication on the non-electrically conductive, proton-conducting ceramic 

BaZr0.8Ce0.1Y0.1O3-δ. Pd, Ru, and Cu were investigated as activation catalysts, on which Cu was 

then plated. All three were found to produce thin electrodes (~1 µm) with good 

                                                 

1 Reprinted with permission of the International Journal of Hydrogen Energy, (2017), 42, 16λ11-16λ1λ. 
2 Primary author and researcher, Department of Chemical and Biological Engineering, Colorado School of Mines. 
3 Co-author, Research Associate Professor, Department of Mechanical Engineering, Colorado School of Mines. 
4 Author for correspondence, Advisor, Department of Chemical and Biological Engineering, Colorado School of 
Mines. 
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electrode/electrolyte adhesion. Scanning electron microscopy coupled with energy dispersive x-

ray spectroscopy, x-ray fluorescence and x-ray diffraction were used to characterize the Cu-

based ELP electrodes. Additionally, the ELP process was shown to be transferable to tubular 

substrates without significant modification to the procedure.  

4.2  Introduction  

Natural gas is a large untapped fraction of hydrocarbon fossil fuels. However, 30-60% of 

those reserves are considered “stranded” [131–133]. Shipping gas phase hydrocarbons is not 

economical. Hence, the abundant but stranded reserves of natural gas need to be converted to a 

liquid via synthesis gas or syngas (CO and H2) for ease of transportation; that is cost intensive. A 

cheaper alternative is to convert natural gas directly to a liquid hydrocarbon, like benzene, which 

is valuable and can be easily transported.  

Methane is the main component of natural gas. A single step, non-oxidative route to 

produce liquid products from methane is via methane dehydroaromatization (MDA). As given in 

Equation 4.1 hydrogen and benzene are the products of MDA. The reaction is typically carried 

out at ~700 °C using a catalyst consisting of molybdenum carbide nanoparticles supported on 

shape selective zeolites like ZSM-5 and MCM-22 [1λ2]. Low equilibrium conversion of methane 

(~12% at 700 °C) and catalyst deactivation due to coking are the two major hurdles that have 

hindered the development of this process [134–137]. The viability of the MDA process can be 

improved with a catalytic membrane reactor (CMR) based on a co-ionic membrane. The 

membrane simultaneously removes hydrogen and adds oxygen to the reactant stream which leads 

to an increase in the aromatics yield as well as enhancing the catalyst stability [138,13λ].  

 6 ↔  Equation 4.1 
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The co-ionic membrane investigated by Morejudo et al. [13λ] was asymmetricμ a 20 – 30 

µm thick, dense layer of BaZr0.7Ce0.2Y0.1O3-δ (BZCY72) electrolyte on a porous BZCY72-Ni 

cermet. The Ni in the porous cermet also served as the cathode for the electrochemical cell. 

Copper was deposited using an organometallic Cu paste (Heraeus C7440) on the other side of the 

dense electrolyte to serve as the anode for the oxidation of H2 to protons. The choice of Cu as the 

anode is justified because of its resistance to coking, which is not the case for Ni- or Pt-based 

electrodes. Cu-based electrodes fabricated using an organometallic Cu paste/ink (Heraeus C7440 

or ESL 2312-G) suffer from two major drawbacksμ they are thick (10 – 20 µm) and prone to 

delamination. Figure 4.1 on page 75 shows an example of a Cu electrode (Heraeus C7440) which 

has delaminated from the BZCY72 electrolyte. To fabricate the Cu electrode shown in Figure 4.1, 

Heraeus C7440 paste was painted on a BZCY72 disc [1λ3] from Norwegian Electro Ceramics, 

AS (Oslo, Norway) and fired at 1000 °C for 30 min in forming gas. Alternatively, Ding et al. 

studied a double-perovskite ceramic oxide BaFeMo2O6-δ as a fuel electrode on proton-conducting 

ceramic membranes for potential methane dehydroaromatization application [143].  

Electroless plating (ELP), also known as chemical or auto-catalytic plating, is a method 

of depositing metal films from a solution containing the metal ions without the use of electric 

power. It finds great utility in depositing metal films on non-conductive substrates like ceramics. 

ELP has been utilized to fabricate hydrogen permeable Pd/Cu alloy composite membranes on 

supports like yttria-stabilized zirconia, alumina and zirconia modified porous stainless steel 

[1λ4–1λ7]. ELP gives good control on the thickness of the metal films (from 1 µm to 20 µm 

thick or more) and the films have been shown to have very good adhesion to the substrate 

[1λ4,1λ6,1λ8,1λλ]. Both these qualities make ELP a good candidate for fabricating Cu-based 
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electrodes on a protonic ceramic membrane like BaZr0.λ-xCexY0.1O3-δ. Other advantages of ELP 

include its simplicity, transferability to a variety of substrate geometries, and ease of scale-up.  

 
Figure 4.1 Painted Cu electrode (Heraeus C7440) which has delaminated from the BZCY72 
electrolyte.  

In this work, ELP has been used to fabricate thin (~1 µm) and well-adhered Cu-based 

electrodes on 1 mm thick BaZr0.8Ce0.1Y0.1O3-δ disks. Typically Pd has been employed as the 

activation catalyst for the ELP process [1λ4]. Ru and Cu have lower carbon solubility than Pd. 

Hence, they were investigated as alternatives to Pd. The ELP process was also shown to be 

transferable to tubular substrates.  
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4.3  Experimental  

4.3.1  Substrates and their cleaning  

Dense BaZr0.8Ce0.1Y0.1O3-δ (BZCY81) disks fabricated by solid-state reactive sintering 

(SSRS) [118,1λ3] were obtained from Norwegian Electro Ceramics, AS (Oslo, Norway). The 

disks were ~1 mm thick and ~20 mm in diameter. They were cleaned with acetone and dried in 

air at 130 °C before their weight was measured. Tubular substrates (BZCY81/BZCY81-Ni, 

prepared as described in [123,200]) were obtained from CoorsTek Inc., Golden, Colorado, USA 

and were cleaned in a similar manner.  

4.3.2  Electrode synthesis by electroless plating (ELP)  

Cu-based electrodes described in this work were fabricated by electroless plating (ELP). 

The steps in the ELP process (summarized in Figure 4.2 on page 77) were activation (spraying 

and calcination), reduction, plating, and annealing. First, the substrate was activated with a layer 

of metal particles because they serve as catalytic nucleation sites for the growth of the electroless 

film [151]. For the spraying step, a solution containing an organometallic compound (metal 

precursor) dissolved in a suitable solvent (high solubility and low flash point) was sprayed on the 

substrate with an airbrush. In this study Pd, Ru and Cu were investigated as activation catalysts. 

Chloroform (HPLC grade) was the solvent for palladium acetate (Pressure Chemical) and 

ruthenium acetylacetonate (Sigma Aldrich), while methanol (HPLC grade) was used to dissolve 

copper acetate (Sigma Aldrich). The substrate was then calcined in air at 400 °C (which was 

above the decomposition temperature of palladium acetate, ruthenium acetylacetonate and 

copper acetate [158,201,202]) for 3 h to give a layer of oxidized metal particles on the surface. 

Next, the oxidized particles were reduced to metal particles in a basic dilute hydrazine solution 

(reduction solution). After the reduction step the substrate was rinsed with de-ionized water and 
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subsequently placed in the Cu ELP solution, which resulted in the deposition of a porous Cu 

layer.  

 
Figure 4.2 Schematic showing the different steps of the electroless plating processμ activation, 
reduction, plating, and annealing. (Color version available online)  

The overall ELP reaction is given by Equation 4.2 [203], where E denotes EDTA. The 

copper (II) ions in the plating solution are stabilized by chelation with EDTA to reduce the rate 

of homogeneous nucleation or particle formation in solution [203].  

 →  Equation 4.2 

The plating reaction was conducted in a 100 mL graduated cylinder placed in a heated water bath 

maintained at 55 °C. The ratio of plated surface area to plating solution volume was maintained 

between 0.3 – 0.5 cm2/cm3. The recipes for activation, reduction, and Cu ELP solutions are given 
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in Table 4.1. After plating, the substrate was dried in air at 130 °C for a minimum of 3 hours 

before measuring its weight. Finally, the electrode was annealed at 750 °C for 4 hours in flowing 

H2 at atmospheric pressure (~82 kPa).  

 

Table 4.1 Recipes for activation, reduction, and Cu ELP solutions.  

Component Activation Reduction Cu ELP  
 Pd  Ru  Cu    
Palladium (II) acetate,  
λλ% pure (Pressure Chemical)  35 g/L – – – –

Ruthenium (III) acetylacetonate,  
λ7% pure (Sigma Aldrich)  – 31 g/L – – –

Copper (II) acetate,  
λλ.λλ% pure (Sigma Aldrich)  – – 14 g/L – –

Chloroform,  
HPLC grade (VWR)  

1000 
mL/L 

1000 
mL/L – – –

Methanol,  
HPLC grade  – – 1000 

mL/L – –

Deionized water  – – – 600 mL/L  1000 
mL/L

Ammonium hydroxide,  
28-30 wt% (VWR)  – – – 3λ0 mL/L  –

Hydrazine,  
1 M  – – – 10 mL/L  –

Copper (II) sulfate pentahydrate,  
λ8% pure (Sigma Aldrich)  – – – – 7.8 g/L 

Na2EDTA,  
ACS reagent grade (Sigma Aldrich)  – – – – 40 g/L 

Sodium hydroxide,  
ACS reagent grade (Fisher Scientific) – – – – 16 g/L 

Glycine,  
λλ.5% pure (Alfa Aesar)  – – – – 5 g/L 

Triton X-100  – – – – 50 mg/L 
Formaldehyde,  
37% w/w aq. soln. (Alfa Aesar)  – – – – 16 mL/L 

2,2’-Bipyridine,  
λ8% pure (Alfa Aesar)  – – – – 10 mg/L 

Bath temperature  – – – 55 °C  55 °C 
Time  – – – 20 min  60 min 
Plating thickness  – – – – 1.2 µm 
 



 7λ

4.3.3  Electrode characterization  

The thickness of the Cu electrode was obtained from gravimetric measurements (GM) 

using a weighing scale with a 0.1 mg least count. X-ray fluorescence (XRF) analysis confirmed 

the thickness obtained from GM. Other analysis tools employed to characterize the electrode 

included scanning electron microscopy (SEM) coupled with energy dispersive x-ray 

spectroscopy (EDS) and x-ray diffraction (XRD). A brief description of XRF, SEM/EDS and 

XRD is given below.  

The thickness of the Cu ELP layer was measured with a Fischerscope XDLM-C4 PCB 

spectrometer by applying an accelerating voltage of 50.0 keV with a nickel filter. Multiple spot 

scans were conducted to obtain an average thickness. The sampling depth (RKO, µm) depends on 

the initial beam energy (E0, keV), and atomic weight (A, g/mol), atomic number (Z) and density 

(ρ, g/cm3) of the sample; as given by the Kanaya-Okayama range equation (Equation 4.3) 

[161,185]. At 50.0 keV, the sampling depth in Cu is estimated to be 6.7 µm, which is much 

greater than the thickness of electrodes fabricated for this study (~1 µm).  

 . ∙ ∙ .. ∙  Equation 4.3 

The microstructure of the Cu-based electrodes was studied with a JEOL JSM-7000F and 

a FEI Helios Nanolab 600i instrument. EDS analysis was performed in an FEI Quanta 600i 

instrument with a 20.0 keV accelerating voltage to measure the composition of Pd and Ru in the 

Cu electrode. From Equation 4.3 the sampling depth in Cu at 20.0 keV is estimated to be 1.5 µm, 

which is greater than the thickness of the electrodes fabricated for this study (~1 µm). Thus, EDS 

can be considered as a bulk analysis technique. In order to confirm the phases present and 

identify any peak shift due to alloying of Cu with Pd or Ru, XRD patterns were recorded with a 

PANalytical X’Pert X-ray powder diffractometer equipped with an X’Celerator detector utilizing 
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Cu-Kα radiation. A carbon tape test was used as a physical test to study the electrode/electrolyte 

adhesionμ a piece of carbon tape (standard C tape for SEM) was placed on the electrode and 

subsequently pulled off the surface.  

4.4  Results and discussion  

4.4.1  Microstructure  

The three electrodes studied wereμ Cu ELP on Pd activation (Pd/Cu), Cu ELP on Ru 

activation (Ru/Cu), and Cu ELP on Cu activation (Cu/Cu). The microstructure of the 

electrode/electrolyte interface was imaged using scanning electron microscopy (SEM) at each 

stage of the ELP process for the Pd/Cu sample. Figure 4.3 on page 80 shows the activation layer 

(PdO) on a BZCY81 disk after calcination at 400 °C in air for 3 h. This activation layer did not 

come off even after wiping the surface with Kimwipes, which suggests good adhesion between 

the activation layer and the BZCY81 electrolyte. The PdO particles show good wetting 

characteristics with the BZCY81 surface which could explain the observation of good adhesion.  

 
Figure 4.3 SEM image of the activation layer (PdO) on the surface of BZCY81 post calcination.  
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Figure 4.4 on page 81 is an SEM image of the electrode/electrolyte interface after Cu 

ELP (60 min at 55 °C) on the Pd activation layer. The thickness is quite uniform and appears to 

be in the range of 1.0 – 1.5 µm. The cross-section was prepared for imaging by ion milling with 

a focused ion beam, which is the cause for the striations in the SEM image. It can be seen that 

the Cu ELP layer grew outwards from the Pd particle. The porous nature of the deposited Cu 

film is also visible in Figure 4.4 (page 81). Unlike traditional polishing techniques, ion-milling 

has the benefit of not smearing the metal film, thus enabling us to observe the very small pores 

present in the Cu ELP film.  

 
Figure 4.4 SEM image of the Cu ELP film that grew around a Pd particle on BZCY81. The 
image was taken prior to the annealing step. The striations are a result of ion milling which was 
used to prepare the cross-section for imaging.  

The cross-sectional image of the Pd/Cu sample after annealing at 750 °C for 4 hours in 

flowing H2 at atmospheric pressure (~82 kPa) is shown in Figure 4.5 on page 82. The individual 

Pd and Cu phases consolidated to form a 12.3 wt% Pd in Cu alloy. The thickness of the Pd/Cu 
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alloy electrode was uniform (1.1 µm) and agreed well with the thickness analysis, which is 

discussed later in section 4.4.2.  

 
Figure 4.5 SEM image of the Pd/Cu alloy electrode after the annealing step. Individual Pd and 
Cu phases consolidated to form a 12.3 wt% Pd in Cu alloy.  

SEM was also used to image the electrode surface for each of the three activation 

catalysts. From Figure 4.6 (page 83) it can be seen that the microstructure is very similar 

irrespective of the activation catalyst. Nanosized pores appear to be present both here and 

previously in Figure 4.4 (page 81). A possible hypothesis for the origin of the nano-porosity 

could be the H2 gas evolution (a by-product of the plating reaction, as given in Equation 4.2 on 

page 77) during Cu ELP. From Figure 4.6 (page 83) it appears like the bigger grains are made up 

of smaller ones. This is consistent with observations of Sharma et al. who saw nucleation and 

growth of new copper particles on the surface of larger particles during Cu ELP [204]. This is 

common for films deposited by ELP and is known as the cauliflower morphology.  
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Figure 4.6 SEM images of the surfaces of the Cu-based electrodesμ a) Pd activation with Cu ELP 
(Pd/Cu), b) Ru activation with Cu ELP (Ru/Cu), and c) Cu activation with Cu ELP (Cu/Cu). 
Column 1 and 2 show images taken prior to the annealing treatment at 5k× and 20k× 
magnifications, respectively.  
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4.4.2  Thickness and composition analysis  

The thickness of the activation layer and Cu plating was calculated from the weight 

change of the disk, or gravimetric measurements (GM). The Cu plating thickness was then 

verified using XRF analysis. A summary of the thickness measurements is given in Table 4.2. 

The thickness of the Pd activation was much greater than the Ru activation, whereas a similar 

thickness of Cu was deposited on both Pd and Ru. This means that the wt% of Pd in Cu was 

larger than the wt% of Ru in Cu. There is no estimate for the thickness of the Cu activation 

because the change in weight of the disk after Cu activation was below the detection limit of the 

weighing scale. The slightly lower electrode thickness for copper activation could be attributed 

to a slower plating rate on account of the lower catalytic activity of Cu as compared to Pd or Ru.  

 

Table 4.2 Summary of Cu-based electrodes fabricated by ELP. GM, XRF and EDS stand for 
gravimetric measurements, x-ray fluorescence, and energy dispersive x-ray spectroscopy, 
respectively.  

 Activation 
thickness 

(µm) 

Cu plating 
thickness  

(µm)  

Composition 
from GM  
(Wt %) 

Composition  
from EDS  

(Wt %)  
Electrode  GM GM XRF Cu Cu  Ru  Pd  
Pd/Cu  0.10  1.2 1.2 ± 0.2 8λ.7 87.5 ± 1.7 0.2 ± 0.2  12.3 ± 0.7 
Ru/Cu  0.01  1.1 1.1 ± 0.2 λ8.8 λ8.0 ± 0.5 1.1 ± 0.3  1.0 ± 0.2 
Cu/Cu  –*  0.λ 1.0 ± 0.3 100.0  λ8.6 ± 0.5 0.6 ± 0.1  0.8 ± 0.5 
*Negligible weight change.  

 

Table 4.2 also gives a summary of the EDS analyses. The instrument detected Ru and Pd 

even in a pure Cu electrode (Cu/Cu), suggesting a lower detection limit of the instrument. 12.3 

wt % of Pd was present in the Pd/Cu sample, which agreed with the estimate from GM. 

Composition of Ru in the Ru/Cu sample was above the detection limit and showed good 

agreement with the estimate from GM. As seen in Figure 4.7 on page 85, Ba and Zr peaks were 
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also observed in the EDS spectrum which suggests that the BZCY81 electrolyte was being 

sampled in addition to the entire thickness of the Cu-based electrode.  

 
Figure 4.7 EDS spectrum for the Cu-based electrode fabricated by ELP on Pd activation. Ba and 
Zr peaks suggest that both the electrode and electrolyte were being sampled.  

4.4.3  XRD analysis and carbon tape test  

XRD patterns were collected on all three samples after the annealing treatment (Figure 

4.8 on page 86). As expected, the BZCY81 peaks were unchanged for the three samples and the 

peak locations agreed well with published values [118]. The Cu peaks for the Cu/Cu sample 

aligned well with the JCPDS data for copper (file no.μ 04-0836). The alloy peaks for the Pd/Cu 

sample were shifted slightly to the left of the respective pure Cu peaks, which confirmed alloying 

of Pd with Cu. On the other hand, the Cu peaks for the Ru/Cu sample were not shifted and 

aligned well with the JCPDS data for copper (file no.μ 04-0836). The Cu-Ru binary phase 

diagram shows extremely limited solubility of Ru in Cu and vice-versa[205], which could 

explain the lack of a peak shift. Additionally, the concentration of Ru is only 1.2 wt% (as 
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reported in Table 4.2 on page 84), which might be below the detection limit of the instrument. 

This could also be the reason why Ru was not seen in the XRD pattern.  

 
Figure 4.8 XRD patterns for the Pd/Cu, Ru/Cu and Cu/Cu electrodes after the annealing 
treatmentμ (a) complete pattern, (b) closer look at 2θ = 40° – 56°. Figure 8 (b) shows the peak 
shift for the Cu 111 and 200 peaks due to alloying of Cu with Pd.  
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All the samples survived the carbon tape test. The electrode stayed adhered to the 

BZCY81 electrolyte when carbon tape, stuck to the electrode, was forcibly removed. This 

supports the claim of good adhesion between the Cu-based ELP electrodes and the BZCY81 

electrolyte.  

4.4.4  Transferability to tubular substrates and future work  

Cu-based electrodes were also fabricated on tubular substrates by ELP. These electrodes 

also survived the carbon tape test, thus showing good electrode/electrolyte adhesion even for the 

tubular substrates. Some of the steps of the ELP process on tubular substrates are shown in 

Figure 4.λ. Thus, the ease of transferring the process from disks to tubes was demonstrated. 

Another utility of Cu ELP is to fabricate multiple electrodes on the same substrate. Figure 4.10 

on page 88 shows Cu electrodes of different thicknesses (0.4 – 1.λ µm, from left to right, 

thickness measured by XRF) fabricated on the same substrate by ELP. The thickness was 

controlled by varying the plating time between 15 – 120 min.  

 
Figure 4.λ Steps of the ELP processμ after Ru activation (top), after calcination (middle), and 
after Cu ELP (bottom).  
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Figure 4.10 Example of multiple electrodes fabricated on the same substrate. The thickness 
ranges from 0.4 µm to 1.λ µm, from left to right, as measured by XRF analysis.  

Electrochemical impedance spectroscopy will be conducted on symmetric cells to 

measure the area specific resistance (ASR) of the Cu-based ELP electrodes. Their ASR values 

will be compared to those for painted Cu electrodes. Following which, Cu-based ELP electrodes 

fabricated on tubular substrates will be used for galvanic pumping of hydrogen through the 

BZCY81 electrolyte to assess the quality and durability of ELP Cu electrodes on tubular 

substrates. Both of these tests will help to assess the viability of the ELP process for hydrogen 

purification and membrane reactor applications.  

4.5  Conclusions  

Cu-based electrodes were successfully fabricated on BaZr0.8Ce0.1Y0.1O3-δ disks by ELP. 

The electrodes were 1.2 μm thick, which is an order of magnitude thinner than those fabricated 

using organometallic Cu pastes/inks (Heraeus C7440 or ESL 2312-G). Novel Ru and Cu 

activation layers as catalysts for Cu ELP have been studied. Pd, Ru and Cu were found to be 

viable activation catalysts because the thin Cu-based electrodes fabricated on them did not 

delaminate on performing the carbon tape test (i.e. the Cu-based ELP electrodes showed good 
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adhesion to the BZCY81 electrolyte). Additionally, the Cu ELP process was shown to be 

transferable to tubular substrates for potential applications in hydrogen purification and 

membrane reactors. Thus, Cu-based ELP electrodes have been shown to be an alternative to 

painted Cu electrodes.  
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CHAPTER 5  

HIGH PERFORMANCE FUEL ELECTRODES FABRICATED BY ELECTROLESS 

PLATING OF COPPER ON BAZR0.8CE0.1Y0.1O3-Δ 

PROTON-CONDUCTING CERAMIC 

 

This chapter is modified from a paper submitted to  

Journal of Power Sources  

Neil S. Patki1, J. Douglas Way2, Sandrine Ricote3 

 

5.1  Abstract  

The stability of copper at high temperatures in reducing and hydrocarbon-containing 

atmospheres makes it a good candidate for fabricating fuel electrodes on proton-conducting 

ceramics, such as BaZr0.λ-xCexY0.1O3-δ (BZCY). In this work, the electrochemical performance of 

Cu-based electrodes fabricated by electroless plating (ELP) on BaZr0.8Ce0.1Y0.1O3-δ is studied 

with impedance spectroscopy. Three activation catalysts (Pd, Ru, and Cu) are investigated and 

ELP is compared to a commercial Cu paste (ESL-2312-G) for electrode fabrication. The area 

specific resistances (ASR) for Pd, Ru, and Cu activations at 700 °C in moist 5 % H2 in Ar are 2.1, 

3.2, and 13.4 Ω cm2, respectively. That is a 1–2 orders of magnitude improvement over the 

commercial Cu paste (1λ2 Ω cm2). Furthermore, the ASR has contributions from electrode 

processes and charge transfer at the electrode/electrolyte interface. Additionally, the morphology 

of the as-fabricated electrode is unaffected by the activation catalyst. However, heat treatment at 
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750 °C in H2 for 24 h leads to sintering and large reorganization of the electrode fabricated with 

Cu activation (micron sized pores seen in the tested sample), while Pd and Ru activations are 

immune to such reorganization. Thus, Pd and Ru are identified as candidates for future work 

with improvements to charge transfer required for the former, and better electrode processes 

required for the latter.  

5.2  Introduction  

Over the last 30 years, extensive research has been conducted on high temperature proton 

conducting ceramics. Yttrium doped barium cerate and barium zirconate are still considered to 

be amongst the most promising proton conducting ceramics. The cerates exhibit high proton 

conductivities (σ ≥ 10-2 S cm-1 at 650 °C [λ2–100]), but are chemically unstable in the presence 

of acidic gases due to the highly basic nature of the oxides. They react with acidic gases like 

carbon dioxide and water vapor to form carbonates and hydroxides, respectively [λλ,λ7,101–

106]. Such chemical instability causes a loss in the mechanical integrity of dense pellets [107]. In 

contrast, the zirconates offer greater chemical stability in the presence of carbon dioxide and 

water vapor, but their proton conductivity is one order of magnitude lower than that of the 

cerates [7λ,λ5,λλ,108].  

Because of their complementary properties, a solid solution of yttrium doped barium 

cerate and zirconate (BaZr1-x-yCexYyO3-δ) has been considered as the ideal proton-conducting 

ceramic [7λ,10λ], with a variety of compositions investigated by several authors [λ5,λλ,110–

116]. 10 mol% of Y as a dopant (BaZr0.λ-xCexY0.1O3-δ, BZCY) has been used in most of the 

recent studies [71,110,121–123]. Several compositions of BZCY (0<x<0.λ) have been fabricated 

by solid-state reactive sintering (SSRS), which is an effective method to fabricate a dense 
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polycrystalline ceramic in a single heating step [110,118,11λ]. One of the applications of BZCY 

is for hydrogen extraction in membrane reactors [138,13λ].  

Although, natural gas constitutes a sizeable portion of the available hydrocarbon fossil 

fuels, almost half of the natural gas reserves are considered “stranded” [131–133]. Because 

shipping gas phase hydrocarbons is expensive, the stranded natural gas must be converted to a 

liquid for ease of transportation. A two-step gas-to-liquid conversion via synthesis gas or syngas 

(CO and H2) is cost intensive and a direct conversion would be more desirable. Methane – the 

main component of natural gas – can be converted to a liquid (benzene) in a single step via 

methane dehydroaromatization or MDA (6CH4 ↔ C6H6 + λH2). Low equilibrium conversion of 

methane (~12% at 700 °C) coupled with catalyst deactivation due to coking have been the two 

major hindrances to the development of this process [134–137]. A catalytic membrane reactor 

can improve the viability of the process by enhancing the aromatics yield and catalyst stability 

through the use of a co-ionic membrane which simultaneously removes hydrogen and adds 

oxygen to the reactant stream [138,13λ].  

Morejudo et al. investigated an asymmetric co-ionic membrane composed of a 25 µm 

dense layer of BaZr0.7Ce0.2Y0.1O3-δ (BZCY72) electrolyte on a porous BZCY72-Ni cermet 

[138,13λ], where Ni served as the cathode for the electrochemical cell. A copper anode was 

deposited on the dense BZCY72 by using a Cu paste (Heraeus C7440). Because of the stability 

of Cu at high temperatures in reducing and hydrocarbon containing atmospheres, it is a good 

choice for the anode material as opposed to Ni- or Pt-based electrodes which are susceptible to 

coking. Cu electrodes fabricated using pastes are thick (typically 10 – 20 µm), show poor 

adhesion to the BZCY electrolyte, and exhibit an unstable microstructure on high temperature 

heat treatment. We previously showed that Cu electroless plating (ELP) was better than 
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organometallic Cu pastes/inks because ELP Cu electrodes were thinner and well-adhered to the 

BZCY electrolyte [206].  

In this work, the electrochemical performance of Cu-based electrodes fabricated by ELP 

on 1 mm thick BaZr0.8Ce0.1Y0.1O3-δ (BZCY81) disks has been studied using impedance 

spectroscopy. The effect of three different activation catalysts (Pd, Ru and Cu) on the area 

specific resistance (ASR) of the electrodes was evaluatedμ Pd has been widely used as an 

activation catalyst for ELP, Ru was chosen because of its ability to stabilize grains during high 

temperature heat treatment [207], and Cu was selected as a control. The electrode 

microstructures were compared before and after heat treatment at 750 °C in dry 5 % H2 in Ar for 

24 h, as well as after EIS measurements.  

5.3  Experimental  

5.3.1  Electrode synthesis  

The electrodes investigated in this work were fabricated by Cu ELP on dense BZCY81 

disks (~1 mm thick, ~20 mm diameter) obtained from Norwegian Electro Ceramics, AS (Oslo, 

Norway). Electrodes of similar thickness and composition were deposited on both surfaces of a 

BZCY81 disk. 1 cm x 1 cm square pieces were cut from the circular disks and those were used as 

the symmetric cells for EIS measurements. The remaining pieces were used to study the effect of 

heat treatment at 750 °C in H2 on the electrode microstructure.  

The ELP process has been previously described in detail [206]. Briefly, the substrate was 

activated by spray-coating the ceramic with a solution containing the precursors of Pd, Ru, and 

Cu, followed by calcination in air at 400 °C to give a layer of oxidized metal particles which 

were reduced in a dilute, basic hydrazine solution to give metal particles. Those metal particles 

served as catalytic nucleation sites for the growth of the electroless film [151]. After the 
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reduction step, the substrate was rinsed with de-ionized water and placed in the Cu ELP solution, 

resulting in the deposition of a porous Cu layer which was dried in air at 130 °C [206]. The ELP 

reaction was carried out in a 100 mL graduated cylinder placed in a heated water bath maintained 

at 55 °C.  

5.3.2  Electrode characterization  

The Cu electrodes were characterized by gravimetric measurements (GM), x-ray 

fluorescence (XRF), scanning electron microscopy (SEM), and electrochemical impedance 

spectroscopy (EIS). A brief description of the analysis techniques is given below.  

The thickness of the Cu electrode was estimated from GM (weigh scale with 0.1 mg 

sensitivity) and XRF (Fischerscope XDLM-C4 PCB spectrometer). XRF analyses were carried 

out at an accelerating voltage of 50 keV. The sampling depth in Cu, at 50 keV, was estimated to 

be 6.7 µm (Kanaya-Okayama range equation [161,185]), which was much greater than the 

thickness of electrodes fabricated in this work (~1 µm). Thus, the entire thickness of the 

electrode was being sampled by the XRF instrument. A summary of the thickness and 

composition analysis has been previously reported [206]. The thicknesses of the electrodes were 

~1.1 µm for all three samples. The Pd activated electrode contained ~10 wt% Pd in the Cu film, 

while the Ru activated one had ~1 wt% Ru in the Cu film. The microstructure of the Cu-based 

electrodes was studied with a JEOL JSM-7000F scanning electron microscope.  

Symmetric cells were set into a testing rig with Cu wire leads. The gas (5 % H2 in Ar) 

was either dried through a drierite container (ca. 100 ppm H2O) or humidified by passing through 

a bubbler kept at 25 °C (3% humidification). The measurements were performed at 50 °C 

increments from 600 to 750 °C with a slow heating rate (1 °C/min) and long equilibration times 

(>5 h) to ensure equilibrium between the sample and the surrounding atmosphere. Impedance 
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spectra were recorded with an Ivium CompactStat impedance analyzer, in the frequency range 10 

mHz – 1 MHz, with 12 points per decade and an amplitude of 100 mV. The spectra were 

analyzed with the Zsimpwin software. Morejudo et al. [13λ] used a moist sweep gas in their 

experiments and showed that under the MDA reactor conditions, the BZCY72 membrane 

behaved as a co-ionic conductor which transported both protons and oxygen ions. The oxygen 

ions transported from the sweep side (cathode) would react with hydrogen on the reaction side 

(anode) to form steam which suppressed the deactivation of the catalyst by coking. Furthermore, 

they reported that steam generation by controlled and distributed oxygen injection was better at 

improving the stability of the catalyst than external steam addition to the reaction side. Thus, it 

was important to study the electrode performance in moist conditions.  

5.4  Results and discussion  

5.4.1  Electrochemical impedance spectroscopy  

The electrochemical performance of Pd, Ru, and Cu as activation catalysts is studied by 

EIS. Consequently, the electrodes are named Pd/Cu (Cu ELP on Pd activation), Ru/Cu (Cu ELP 

on Ru activation), and Cu/Cu (Cu ELP on Cu activation). Figure 5.1 (page λ6) is an example of 

the complete EIS spectra for the Pd/Cu sample collected at 700 °C, under both dry and moist gas 

environments. All spectra are fitted with LR(RQ)(RQ) equivalent circuit for moist conditions 

and L(RQ)(RQ)(RQ) for dry conditions, and these models give the best fit. When additional 

(RQ) circuits are used for the fit, they are found to be redundant as their resistance values 

approach 0. The first resistance, R, corresponds to the BZCY81 electrolyte (called Rohmic) and the 

(RQ) circuits in series are assigned to the electrode contributions. It is necessary to add an 

inductance in series to correct for the inductance of the testing rig.  
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Figure 5.1 EIS spectra for the Pd/Cu sample at 700 °C in dry and moist forming gas (5 % H2 in 
Ar). The frequency is 10x Hz where x corresponds to the numbers in italic font. For the low 
frequencies, the data points are so close to each other that it is not possible to indicate the 
frequency from 101 Hz to 10-2 Hz.  

The conductivity of the BZCY81 electrolyte, calculated from Rohmic, is plotted as a 

function of temperature in Figure 5.2 on page λ7. The scatter seen in the data is within 

experimental error. In the investigated temperature range, the conductivity of the electrolyte does 

not change significantly in the dry conditions, while it increases slowly with temperature in the 

moist conditions. Zhu et al. reported that the conductivity of BaZr0.λY0.1O3-δ (BZY10) in a dry 

gas (10 ppm H2O) was stable in the 600 – 800 °C range and it had a small temperature 

dependence (increasing slightly with temperature) in a moist gas (3.8% H2O) in the same 

temperature range [208]. Although that discussion was for BZY10, similar trends are expected 

for BZCY81. The average electrolyte conductivities at 700 °C are 0.64 mS•cm-1 and 3.47 
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mS•cm-1 under dry and moist 5% H2 in Ar, respectively, showing good agreement with literature 

[λ5,110,1λ3].  

 
Figure 5.2 Plot showing the BZCY81 conductivity as a function of temperature for all three 
samples in dry (open symbols) and moist (filled symbols) forming gas (5 % H2 in Ar). 
Conductivity values agree well with the literature [λ5,110,1λ3].  

The ASR of the electrodes is calculated by Rpolarization×A/2, where Rpolarization is 

polarization resistance, A is the total electrode area and the factor of 2 is required for symmetric 

cells (two similar electrodes on either side). The ASRs of the three electrodes (Pd/Cu, Ru/Cu and 

Cu/Cu) are plotted as a function of temperature in Figure 5.3 on page λ8, along with the ASR 

values of a Cu electrode fabricated using ESL 2312-G paste (Cu ESL) for comparison. The 

Cu/Cu ASR values are an order of magnitude smaller than Cu ESL, but almost an order of 

magnitude larger than those of the Ru/Cu and Pd/Cu electrodes in both dry and moist conditions. 
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For instance, under moist gas conditions at 700 °C, the ASRs for Pd/Cu, Ru/Cu, Cu/Cu, and Cu 

ESL are 2.1, 3.2, 13.4, and 1λ2 Ω cm2, respectively. The other important finding is that these 

ELP electrodes represent a major improvement over the Cu ESL ones; as illustrated in Figure 5.3 

(page λ8) the ASR values are decreased by 1 to 2 orders of magnitudes by using ELP. The poor 

performance of the painted Cu electrodes (ESL paste) was a result ofμ  

1. the thickness ~10 µm (Figure 5.4 on page λλ) as compared ~1 µm for ELP Cu, and  

2. the poor electrode/electrolyte adhesion (i.e. delamination on heat treatment, as seen in 

Figure 5.5 on page λλ).  

 
Figure 5.3 Plot of the ASR as a function of temperature for the three ELP electrodes and the ESL 
paste under dry (open symbols) and moist (filled symbols) forming gas (5 % H2 in Ar).  

 



 λλ

 
Figure 5.4 Cross-sectional image of a Cu ESL electrode seen to be ca. 10 µm thick. The 
electrode was sintered for 15 min in dry N2 at λ50 °C.  

 
Figure 5.5 Cross-sectional image of a Cu ESL electrode which has delaminated from the surface 
of the BZCY81 electrolyte. The electrode was sintered for 15 min in dry N2 at λ50 °C.  

Ding et al. studied a double-perovskite ceramic oxide BaFeMo2O6-δ (BFMO) as a fuel 

electrode on proton-conducting ceramic membranes for potential methane dehydroaromatization 

application, but their lowest reported ASR was 102 Ω cm2 in moist 5% H2 in Ar at 750 °C [143]. 

That was also two orders of magnitude higher than Pd/Cu and Ru/Cu electrodes (1.7 and 2.1 Ω 

cm2 respectively) under similar test conditions. Bi et al. demonstrated that Pt as the anode 

material on BZCY resulted in an ASR of ~1.5 Ω cm2 at 700 °C in moist 20% H2 in Ar [140]. In 

the same study, they investigated a BZY-Ni50 anode (a 50 wt% Ni in BaZr0.8Y0.2O3-δ) and 
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measured an ASR of ~0.15 Ω cm2 at 700 °C in moist 20% H2 in Ar [140]. Chevallier et al. 

obtained an ASR of 0.6 Ω cm2 at 700 °C in moist 5% H2 in Ar with a Ni-BaCe0.λY0.1O3-δ (Ni-

BCY10) cermet and BCY10 electrolyte combination [141]. Mather et al. used an SrCe0.λYb0.1O3-

δ (SCYb) electrolyte and investigated a 33 wt% Ni in SCYb cermet anode material which gave 

an ASR of 5 Ω cm2 at 700 °C in wet H2 [142]. As both Ni and Pt are susceptible to deactivation 

by coking, these electrodes would not survive the harsh MDA reactor conditions.  

The mechanism of hydrogen transport from the gas phase to the electrolyte can be 

divided into three partsμ (1) gas phase mass transport, (2) electrode processes, and (3) charge 

transfer at the electrode/electrolyte interface. The electrode processes are divided into (2a) 

dissociative adsorption and (2b) diffusion. Hydrogen reaches the surface of the electrode by gas 

phase mass transport. It is adsorbed on the surface and subsequently dissociates into hydrogen 

radicals, followed by diffusion through the electrode. It is well-known that transport of hydrogen 

through dense and metallic membranes occurs by the solution-diffusion mechanism [13]. For 

porous metal membranes, hydrogen diffusion can also occur by a combination of Knudsen and 

surface diffusion mechanisms [13,20λ]. In the case of solution-diffusion, atomic hydrogen is 

absorbed into the electrode and diffuses through the bulk to the electrode/electrolyte interface, 

while the electron passes through an external circuit. For the second case, hydrogen permeation 

occurs by the surface diffusion of spillover hydrogen along the porosities in the film to reach the 

electrode/electrolyte interface. Atomic hydrogen is then transferred to the electrolyte and the 

electron passes through the external circuit. A schematic of the mechanism is shown in Figure 

5.6 (page 101).  
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Figure 5.6 Schematic of one half of the symmetric cell depicting hydrogen transport from the gas 
phase to the electrolyte. The steps involved areμ (1) gas phase mass transport, (2) electrode 
processes, and (3) charge transfer. The electrode processes consist of (2a) dissociative adsorption 
and (2b) diffusion. H* denotes a hydrogen radical. Hydrogen diffusion can occur by solution-
diffusion and/or a combination of Knudsen and surface diffusion mechanisms. Charge transfer 
occurs at the electrode/electrolyte interface during which atomic hydrogen is transferred to the 
electrolyte. Subsequently the hydrogen (denoted as OH●

O based on the Kroger-Vink notation) 
diffuses through the electrolyte to the electrode on the opposite side. At equilibrium, the 
movement of hydrogen in both directions should be equal. (Color version in web article)  

The area-corrected pseudocapacitances of the constant phase elements (Q) are calculated 

to assign each contribution of the polarization resistance to one of the processes described in 

Figure 5.6. As mentioned earlier, all spectra for each ELP Cu electrode are fitted with 

LR(RQ)(RQ) equivalent circuit for moist gases and L(RQ)(RQ)(RQ) for dry gases. The 

pseudocapacitances are 2×10-6 and 2-λ×10-4 F cm-2, which are typical values for charge transfer 
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(CT) and electrode processes (EL), respectively, as reported in the references [210,211]. Ding et 

al. [143] reported similar values (4 – 8×10-6 and 4×10-4 F cm-2) for their BFMO electrode.  

Examples of spectrum fitting in moist gas at 600 °C are shown in Figure 5.7a (Cu/Cu), 

Figure 5.7b (Pd/Cu), and Figure 5.7c (Ru/Cu) on page 103. EL and CT have almost proportional 

contributions to the ASR of Cu/Cu and the ASREL/ASRCT ratio is 0.56, but the total ASR is an 

order of magnitude greater than Pd/Cu and Ru/Cu. Hence, both EL and CT should be improved 

for Cu/Cu. For Pd/Cu, the same ratio is 0.25, which suggests that future work must explore ways 

to improve the charge transfer at the electrode/electrolyte interface. The hydrogen permeability 

of pure Pd and pure Cu at 600 °C was estimated to be ~1×10-7 mol m-1 s-1 Pa-0.5 and ~2×10-11 mol 

m-1 s-1 Pa-0.5, respectively [212]. Doping Cu with ~10 wt% Pd may enhance the hydrogen 

permeability of Cu which could in turn improve the diffusion of hydrogen through the Pd/Cu 

electrode. This would explain the lower contribution of EL to the total ASR of the Pd/Cu sample. 

In stark contrast, the ASREL/ASRCT ratio for Ru/Cu is 7.20 which indicates that electrode 

processes need improvement.  

A comparison of the contributions of EL and CT to the total ASR of the three electrodes, 

in moist gas at 600 °C and 700 °C, is given in Figure 5.8 on page 104. The temperature of the 

data in Figure 5.8b is similar to the operating temperature (~700 °C) of an MDA membrane 

reactor which could utilize such an electrode [13λ]. At this higher temperature, the ratio of 

ASREL/ASRCT for Cu/Cu (0.55) is unchanged, while that for Pd/Cu (0.42) has changed slightly 

and that for Ru/Cu (1.60) has changed significantly. Qualitatively, the observations are 

unchanged.  
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Figure 5.7 Model LR(RQ)(RQ) (solid line) shows good agreement with experimental data 
(circles) at 600 °C in moist forming gas (5 % H2 in Ar) for a) Cu/Cu, b) Pd/Cu, and c) Ru/Cu. 
The frequency is 10x Hz where x corresponds to the numbers in italic font. For the low 
frequencies, the data points are so close to each other that it is not possible to indicate the 
frequency from 101 Hz to 10-2 Hz.  
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Figure 5.8 Contributions of charge transfer and electrode processes to the ASR of the three 
electrodes under moist forming gas (5 % H2 in Ar) at a) 600 °C and b) 700 °C.  

The activation energies (Eact) for the charge transfer and electrode processes in moist 

gases, determined from the Arrhenius plots of the ASR, are summarized in Table 5.1 (page 106). 

The Eact, EL of Cu/Cu (0.7λ eV) agrees well with the activation energy for H2 permeation through 
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pure Cuμ 0.82 eV [212,213] and 0.λ6 eV [214,215]. A much smaller activation energy for H2 

permeation through pure Pd has been reported (0.14 eV [18λ]). The addition of ~10 wt% of Pd to 

Cu appears to have lowered the Eact, EL of Pd/Cu to 0.50 eV. Furthermore, Gao et al. [1λ5] 

reported that the addition of 5λ and λ0 wt% Pd to Cu reduced the activation energy for H2 

permeation of the Pd-Cu alloys to 0.16 and 0.15 eV, respectively. These data suggest that the 

relationship between Eact and Pd-Cu alloy composition is not linear.  

In the solution-diffusion mechanism, the hydrogen atoms dissolved in Cu transport either 

via the interstitial lattice sites or by trapping [215]. The latter involves the atoms being bound to 

specific centers or “traps” (such as dislocations, grain boundaries, etc.). As Ru has negligible 

solubility in Cu [205], we hypothesize that Ru is present along the grain boundaries and this 

phenomenon is known as Zener pinning [216]. McLellan and Oates [217] reported that the 

solubility of hydrogen in Ru is small (atom fraction of H in the metal is less than 5×10-4). If Ru 

were indeed present along the grain boundaries, that would adversely affect the hydrogen 

transport through Ru/Cu, which might explain the slightly higher Eact, EL of Ru/Cu (1.03 eV). Ru 

also has negligible solubility in Pd at the temperatures of our interest [218] and Cabrera et al. 

[21λ] observed that doping Pd with 5 % Ru resulted in an 11 % increase in the activation energy 

for H2 permeation over that of a pure Pd foil. Their result is similar to the increase in Eact, EL of 

Ru/Cu over that of Cu/Cu.  

Malagoli et al. [220] used density functional theory calculations to model the charge 

transfer at metal/ceramic interfaces using Ni and Pd electrodes on a barium zirconate electrolyte. 

They studied the energetics of protons transferring from the metal to the ceramic and reported 

Eact values on the order of 1 eV. The Eact, CT values of Pd/Cu and Cu/Cu from this work are 0.88 

and 0.λ0 eV, respectively, which compare well with the calculations of Malagoli et al. [220]. In 



 106

contrast, Eact, CT of Ru/Cu is the lowest (0.6λ eV) which suggests that Ru may be a better charge 

transfer catalyst than Pd or Cu. That could be true as Ru particles might still be present at the 

electrode/electrolyte interface (from the spray-coating step) because of their negligible solubility 

in Cu.  

Table 5.1 Activation energies for the electrode processes (EL) and charge transfer (CT) 
contributions in moist 5 % H2 in Ar.  

Pd/Cu Ru/Cu Cu/Cu 
Eact, EL (eV) 0.50±0.10 1.03±0.16 0.7λ±0.06
Eact, CT (eV) 0.88±0.01 0.6λ±0.01 0.λ0±0.10

 

It appears that Pd/Cu and Ru/Cu have complementary properties, much like the barium 

cerates and barium zirconates. Taking inspiration from the development of the BZCY ceramic, 

one might envision a similar strategy for improving the Cu electrode performance by fabricating 

a ternary Ru/Pd/Cu electrode which would benefit from the better electrode processes of Pd/Cu 

as well as the better charge transfer of Ru/Cu. This might be achieved in a few different waysμ a) 

activate with Ru and Pd, either by sequential spraying or co-spraying as precursors of both 

metals are soluble in the same solvent (chloroform), followed by a Cu ELP layer, or b) activate 

with Ru followed by a Pd ELP layer and a subsequent Cu ELP layer. For part a) the composition 

of Ru and Pd in the Cu electrode can be controlled by the concentrations of their precursors in 

the activation solution. For part b) the Ru composition can be similarly adjusted. Additionally, 

the thickness of the Pd ELP layer can also be varied to study different compositions.  

5.4.2  Microstructure  

The surface microstructure of each electrode is imaged with SEM at 3 different stepsμ as-

fabricated (after the final drying step), after heat treatment at 750 °C in H2 for 24 h, and after the 

EIS measurements (several days at high temperatures). The microstructure of the as-plated Cu 
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layers is shown in column 1 of Figure 5.λ (low magnifications) and Figure 5.10 (high 

magnifications). There is no significant difference despite the change in the activation catalyst, 

and the resulting electrode is found to be porous. During Cu ELP, new particles grow on the 

surface of bigger particles [204], which is consistent with the observed microstructure (column 1 

of Figure 5.10 on page 108) – also known as the cauliflower morphology. For the as-fabricated 

images, only the Cu ELP layer is visible because the activation particles are at the 

electrode/electrolyte interface. Additionally, the images in column 1 of Figure 5.10 on page 108 

show the presence of nano-pores.  

 
Figure 5.λ SEM images of the surfaces of the Cu-based electrodes at 5k× magnification. Column 
1μ as-fabricated, column 2μ after 24 h at 750 °C in H2, and column 3μ after EIS measurements; 
row a) Cu activation with Cu ELP (Cu/Cu), row b) Pd activation with Cu ELP (Pd/Cu), and row 
c) Ru activation with Cu ELP (Ru/Cu).  
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Figure 5.10 SEM images of the surfaces of the Cu-based electrodes at 20k× magnificationμ 
column 1μ as-fabricated, column 2μ after 24 h at 750 °C in H2, and column 3μ after EIS 
measurements; row a) Cu activation with Cu ELP (Cu/Cu), row b) Pd activation with Cu ELP 
(Pd/Cu), and row c) Ru activation with Cu ELP (Ru/Cu).  

After 24 h at 750 °C in H2, the Pd/Cu and Ru/Cu electrodes appear to have densified as 

the nano-porosity is no longer visible (column 2 of Figure 5.10). This might suggest that the 

hydrogen transport through those electrodes occurs predominantly via the solution-diffusion 

mechanism (Figure 5.6 on page 101). The Pd and Ru particles could not be seen even after 

annealing, because of their low concentration in the Cu layer. After the initial densification, there 

was no change in the microstructure of the Pd/Cu and Ru/Cu samples on further heat treatment. 

On the other hand, sintering and large reorganization are observed in Cu/Cu with the appearance 

of pores on the order of microns (2-a Figure 5.λ on page 107 and 2-a Figure 5.10). The melting 

point of Cu is 1085 °C and the Tammann temperature (approximately half to two-thirds of the 
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melting point in Kelvin [221,222]) is 406 – 632 °C. Because the operating temperature is above 

the Tamman temperature and approaching the melting point, the high mobility of the Cu atoms 

could explain the large reorganization. Such reorganization of the Cu/Cu electrode at high 

temperatures could be one explanation for the larger ASR and similar reorganization was 

observed for Cu ESL electrode (micrographs not shown). Comparing columns 2 and 3 (Figure 

5.10 on page 108) shows that the electrode microstructure after heat treatment and after the EIS 

measurements is similar.  

The addition of Pd and Ru prevents copper from reorganizing significantly. Hawa et al. 

reported that doping Pd membranes (fabricated by ELP) with higher melting point elements, 

such as Ru and Pt, significantly improved their thermal stability [156]. The melting point of Pd 

(1555 °C) is higher than that of Cu. Thus, alloying Cu with ~10 wt% Pd could explain the 

improved thermal stability of Pd/Cu. There is potential to increase the composition of Pd in Cu 

as they form a complete solid solution over the entire concentration range at the temperatures of 

our interest [223]. Ru has negligible solubility in Pt [224] and it has been reported that Ru 

stabilizes grains of Pt during high temperature heat treatment [207]. Similarly, because Ru does 

not alloy with Cu [205], Ru might stabilize the microstructure of Cu by Zener pinning [216]. 

Thus, doping Cu with ~1 wt% Ru might be the reason for the enhanced thermal stability of 

Ru/Cu.  

5.5  Conclusions  

The electrochemical performance of three Cu-based electrodes was successfully 

measured by impedance spectroscopy. Based on the total ASR, Pd and Ru were found to be 

better activation catalysts than Cu. Despite having the largest ASR of the ELP electrodes, Cu/Cu 

performed better than Cu ESL 2312-G.  
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The total ASR of the electrode can be divided into contributions from the electrode 

processes and the charge transfer at the electrode/electrolyte interface. Such an analysis was 

useful for identifying potential areas for electrode development. In the case of Cu/Cu, ASR 

values for both the charge transfer, and the electrode processes were large. To improve the Pd/Cu 

electrode, there needs to be better charge transfer at the interface of the electrode and 

BaZr0.8Ce0.1Y0.1O3-δ, while reducing the resistance due to electrode processes was identified as 

the area of future work for Ru/Cu. A ternary Ru/Pd/Cu electrode should be investigated as it 

might benefit from the complementary properties of Pd/Cu and Ru/Cu.  

The activation catalyst did not affect the morphology of the as-fabricated Cu-layer, but 

sintering and large reorganization (pores ≥ 1 µm) was seen in the Cu/Cu sample after heat 

treatment for 24 h at 750 °C in H2 and after EIS testing. Pd/Cu and Ru/Cu were immune to such 

reorganization. That combined with the low ASR makes them prime candidates for further 

electrode development. For future work, Cu-based ELP electrodes will be fabricated on tubular 

substrates with Pd and Ru as the activation catalysts, and the galvanic pumping of hydrogen 

through the BZCY81 electrolyte will be studied under various mixed gas compositions. This will 

help assess the viability of the ELP process for applications in hydrogen purification and 

membrane reactors.  
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CHAPTER 6  

PERFORMANCE OF COPPER ELECTRODES FABRICATED BY ELECTROLESS 

PLATING ON BAZR0.λ-XCEXY0.1O3-Δ PROTON-CONDUCTING CERAMIC 

DURING THE GALVANIC PUMPING OF HYDROGEN 

 

This chapter is a paper to be submitted to  

Separation and Purification Technology  

Neil S. Patki1, Anthony Manerbino2, J. Douglas Way3, Sandrine Ricote4 

 

6.1  Abstract  

Candidate materials for fuel electrodes on proton-conducting ceramics, such as 

BaZr0.λ-xCexY0.1O3-δ (BZCY), must be stable at high temperatures in reducing and 

hydrocarbon-containing gases; which is the case for copper. This work investigated thin Cu-

based electrodes (~1 m) deposited by electroless plating (ELP) on tubular BZCY substrates. Ru, 

Cu, and Pd were studied as activation catalysts and the performance of those electrodes (Ru/Cu, 

Cu/Cu, and Pd/Cu) was evaluated during the galvanic hydrogen pumping at 700 °C in reducing 

and hydrocarbon-containing feeds. The hydrogen flux was measured with a stoichiometric 

titration experiment and the highest flux of 3.1 NmL cm-2 min-1 was obtained with Ru/Cu at 400 

mA cm-2 and λ6 % Faradaic efficiency (F.E.) or current efficiency. Additionally, each membrane 

electrode assembly demonstrated F.E. greater than 80 % in reducing feeds. Another metric to 
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compare the electrodes was the power required to pump 1 NmL of H2 per min at 40 mA cm-2. 

Those numbers for Pd/Cu, Ru/Cu, and Cu/Cu electrodes in a 10 % H2 in Ar feed were 22, 34, and 

268 mW/(NmL H2 min-1). Thus, a pure Cu electrode is not recommended because of its order of 

magnitude higher power requirement. The performance of Pd/Cu degraded in the presence of 

methane and partially recovered on returning to a reducing feed, which suggested susceptibility 

to coking of the Pd/Cu alloy tested in this work.  

6.2  Introduction  

Natural gas, which consists mostly of methane, is a major portion of the world’s 

unutilized reserves of hydrocarbon fossil fuels; 30 – 60 % of which are “stranded” [131–133]. 

These stranded reserves are expensive to ship and must be converted to a liquid. But, a two-step 

conversion via syngas (CO+H2) is economically feasible only on very large scales. At smaller 

scales, a direct conversion via some dehydrogenation reaction would be desirable. Methane 

dehydroaromatization or MDA (6CH4↔C6H6 + λH2) is such a reaction and it gives two valuable 

productsμ hydrogen and benzene. MDA reactors are operated around 700 °C and utilize a Mo2C 

catalyst supported on shape-selective zeolites such as ZSM-5 or MCM-22 [1λ2]. But, the process 

suffers from two major stumbling blocks which have prevented its developmentμ low equilibrium 

conversion (12 % at 700 °C) and catalyst coking [134–137].  

The catalyst deactivation problem can be solved by implementing a catalytic membrane 

reactor (CMR). A co-ionic membrane, such as the one investigated by Morejudo et al. [13λ], 

simultaneously removes hydrogen and adds oxygen to the reactant stream. This strategy was 

found to increase the aromatics yield while also improving the stability of the catalyst [138,13λ]. 

The co-ionic, asymmetric membrane studied by Morejudo et al. [13λ] consisted of a 25 µm 

dense BaZr0.7Ce0.2Y0.1O3-δ (BZCY72) membrane on a porous, tubular Ni-BZCY72 cermet. The 
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Ni not only provided mechanical support, but also served as the cathode. The electrochemical 

cell was completed with a Cu anode painted on the dense BZCY72 electrolyte using a 

commercial Cu paste (Heraeus C7440).  

Cu is a good anode material because of its coking resistance, but the same cannot be said 

for Ni or Pt. The literature on coking resistant anodes for protonic ceramics is scarce, with a 

double-perovskite ceramic oxide BaFeMo2O6-δ (BFMO) being the only alternative material 

explored by Ding et al. [143]. BFMO had an area specific resistance (ASR) of 102 Ω cm2 in 

moist 5 % H2 in Ar at 750 °C [143], which was on the same order of magnitude as a painted Cu 

electrode (ESL 2312-G) tested at the same conditions [225]. On the other hand, electroless 

plating (ELP) of Cu has been shown to be an improvement over painted electrodes with the 

lowest reported ASR of 1.7 Ω cm2 in moist 5 % H2 in Ar at 750 °C [225].  

In this work, ELP has been used to fabricate thin (~1 µm) Cu-based electrodes on a 25 

m BaZr0.8Ce0.1Y0.1O3-δ (BZCY81) electrolyte which was supported on a porous, tubular Ni-

BZCY72 cermet. Based on our previous work, Pd, Ru and Cu were studied as the activation 

catalysts because of their low ASRs (2.1, 3.2, and 13.4 Ω cm2, respectively) in moist 5 % H2 in 

Ar at 700 °C [225]. The performance of those Cu-based electrodes was studied by galvanic H2 

pumping experiments using a variety of reducing and hydrocarbon-containing feed mixtures.  

6.3  Experimental  

6.3.1  Electrode synthesis  

The electrodes investigated in this work were fabricated by Cu electroless plating (ELP) 

on tubular substrates (BZCY81/Ni-BZCY72, prepared as described in [123,200]) obtained from 

CoorsTek Inc., Golden, Colorado, USA. The tubes were 1 cm OD and 30 cm in length with one 
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open and one closed end. They were cleaned with acetone and any loose particles on the surface 

were removed using a piece of tack cloth.  

We have previously described the Cu ELP process in detail [206]. Briefly, the substrate 

was spray activated and then calcined in air at 400 °C to deposit oxidized Pd, Ru, or Cu particles 

which were reduced to metal particles in a dilute, basic hydrazine solution. Subsequently, the 

substrate was rinsed with de-ionized water and immediately placed in the Cu plating solution 

contained in a 100 mL graduated cylinder. The cylinder was maintained at 55 °C by a heated 

water bath and the resulting Cu layer was dried in air at 130 °C. Lastly, the electrodes were 

annealed at 750 °C for 4 h in flowing H2 prior to testing. 2.5 cm long electrodes were fabricated 

using this technique on the outside of the tubes near the closed end.  

6.3.2  Electrode characterization  

The thickness, t, of the Cu electrodes (Table 6.1) was estimated from gravimetric 

measurements or GM (weigh scale with 0.1 mg sensitivity) and x-ray fluorescence or XRF 

(Fischerscope XDLM-C4 PCB spectrometer). XRF measurements were performed at 50 keV and 

the sampling depth in Cu at that accelerating voltage was determined to be 6.7 µm (Kanaya-

Okayama range equation [161,185]). As the electrodes fabricated in this work were much thinner 

(~1 µm), the entire electrode was being sampled by the XRF instrument. The Pd activated 

electrode contained ~10 wt% Pd in the Cu film, while the Ru activated one had ~1 wt% Ru.  

Table 6.1 Summary of the thickness, t, of the tested electrodes estimated by gravimetric 
measurements (GM) and x-ray fluorescence (XRF).  

Electrode  t (GM, m)  t (XRF, m)  
Ru/Cu  1.06 0.λ5 ± 0.27
Cu/Cu  1.01 0.λ6 ± 0.03
Pd/Cu  1.08 1.03 ± 0.04
Ru/Cu II  1.25 1.10 ± 0.12
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6.3.3  Electrode testing  

H2 flux through the dense BZCY81 membrane during galvanic pumping was measured 

using a stoichiometric titration experiment (STE) similar to the one described by Dr. Coors [71]. 

A schematic of the STE setup is shown in Figure 6.1 on page 116 and a brief description is as 

follows. The tube-in-shell reactors were comprised of quartz tubes (1.λ cm OD and 23.5 cm 

length) as shells with a hydrogen transport membrane (HTM) in one and a lambda sensor (LS) or 

oxygen sensor in the other. The reactors were in series and independently maintained at 

approximately 700 °C by placing them inside two separate electric split-tube furnaces (ATS 

series 3210, Applied Test Systems, Inc. Butler, PA). Temperature of the HTM was measured by 

a type K thermocouple (SCASS-062G, Omega Engineering) centered on the electrode and 

placed in the tube side (permeate side) of the HTM. The reference (ref.) gas was a pre-mixed 

3.5 % H2 in Ar mixture which was humidified with 3 % H2O by passing it through a bubbler kept 

at ambient temperature. The ref. gas also acted as a sweep gas for the permeated H2. The 

performance of the electrodes was studied using different feed gas compositions (Table 6.2 on 

page 116). Except for the model gas which was pre-mixed, the other feed mixtures were 

prepared by mixing pure gases of industrial grade using precision mass flow controllers or MFCs 

(MC-series, Alicat Scientific, Inc. Tucson, AZ). The total flow rate was set to 100 sccm for both 

the feed and ref. gas. An MFC calibrated for oxygen from 1 to 50 sccm was utilized to deliver 

the titrant (ultra-high purity O2). The permeate and titrant streams were mixed in the presence of 

a Pt catalyst to react the H2 and O2 before reaching the oxygen sensor.  
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Figure 6.1 Schematic of the stoichiometric titration experiment (STE).  

  

Table 6.2 Summary of the feed gas mixtures used.  

Mixture ID Ar H2 CH4 C2H6 C2H4 CO He 
100H2 - 100% - - - - - 
50H2 50% 50% - - - - - 
10H2 λ0% 10% - - - - - 
λ0CH4 - 10% λ0% - - - - 
Model Gas (M.G.) - 10% 83.8% 0.1% 0.1% 1% 5% 

 

A Cu wire fed through a two-bore ¼ inch alumina tube, which exited the reactor on the 

other side, was wrapped around an expanded Cu mesh (product 1CU8-031F, Dexmet 

Corporation, Wallingford, CT) placed on the electrode. An external voltage (VPS) and current 

(JPS) were applied to the HTM by an Agilent E3644A programmable power supply (PS). To 

avoid degradation of the ceramic the voltage was capped at 3 V, and the current was limited to 3 

A for the 100H2 and 50H2 feed mixtures, while for all other feeds it was limited to 1 A which 



 117

resulted in a maximum H2 recovery of 71 %. The cell voltage (Vcell) was measured by an Agilent 

34401A multimeter with the help of another Cu wire (sense wire) wrapped around the edge of 

the electrode and passed through the second bore of the two-bore alumina tube. An independent 

Agilent 34401A multimeter measured the Nernst potential in the LS and feedback control was 

used to adjust the O2 MFC setting to maintain a constant Nernst potential. For the galvanic 

pumping experiments, the current was ramped at 0.01 A min-1 for minimal lag in the feedback 

loop. The experiments were monitored in LabView with continuous data collection.  

6.4  Results and discussion  

Faradaic efficiency (F.E.) or current efficiency is the ratio of the measured H2 flux to the 

Faradaic H2 flux. The latter is obtained from j/nF [123], where j is the current density (A cm-2), n 

is the number of electrons transferred per H2 molecule (n = 2) and F is Faraday’s constant (F = 

λ6485 C mol-1). The error in the F.E. and H2 flux curves, throughout this work, was due to the 

oscillations of the Nernst potential in the LS generated by the lag in the feedback loop.  

6.4.1  Ru/Cu  

The membrane-electrode assembly (MEA) with a Ru/Cu anode was characterized with 

100H2 (Figure 6.2a on page 118) and 50H2 (Figure 6.2b on page 118) feed gases. The F.E. was 

>λ0 % for both tests. Although the H2 flux seemed to be unaffected by the change in the feed 

composition, a higher potential gradient was required for 50H2 (VPS = 2.1λ V at jPS = 400 mA 

cm-2) as compared to 100H2 (VPS = 1.76 V at jPS = 400 mA cm-2). This might be explained by the 

concentration polarization effect [226,227] which could be present for 50H2 but not 100H2, 

because the latter does not contain Ar. As more H2 is withdrawn from the 50H2 feed, a 

concentration boundary layer predominantly consisting of Ar may form near the electrode 

surface. Thus, a higher driving force would be required, which was achieved by a higher VPS.  
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Figure 6.2 Performance of the Ru/Cu electrode inμ a) pure H2 and b) 50μ50 H2μAr. H2 flux 
(black), power supply voltage or VPS (blue), power supply current density or jPS (red), and 
Faradaic efficiency (green).  
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The Ru/Cu electrode was also characterized with 10H2 (Figure 6.3) as this mixture was 

most representative of the H2 composition in the feed of an MDA reactor. Despite the low H2 

partial pressure in the feed, the average F.E. of the MEA was >λ0 %. There were two distinct 

slopes for VPS and the slope changed after a 40 – 50 % H2 recovery. The concentration 

polarization effect mentioned previously could explain this unique trend as well. In addition to 

F.E., the power requirement for pumping 1 NmL of H2 per min at a given current density was 

chosen as another metric to compare the different electrodes. Power requirement values were 

reported at 40 mA cm-2 because the MDA-CMR was operated at that current density [13λ]. For 

Ru/Cu, the power requirement was 34 mW/(NmL H2 min-1) at jPS = 40 mA cm-2 and λ6 % F.E.  

 
Figure 6.3 Performance of the Ru/Cu electrode in 10μλ0 H2μAr. H2 flux (black), power supply 
voltage or VPS (blue), power supply current density or jPS (red), and Faradaic efficiency (green).  
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6.4.2  Cu/Cu  

For the Cu/Cu electrode, a sense wire was added to measure Vcell to eliminate the 

possible losses between the power supply and the cell. From Figure 6.4 on page 121, those losses 

were only 5 – 7 % for the Cu/Cu electrode.  

First, the MEA with Cu/Cu as the anode was tested in 100H2 and 50H2 feeds (Figure 6.4 

on page 121). For both tests VPS reached the 3 V limit which meant the Cu/Cu electrode had a 

higher power requirement than the Ru/Cu electrode. Indeed, power scales with resistance (P = 

J2R) and the ASR of a pure Cu sample in moist 5 % H2 in Ar at 700 °C was much higher than a 

Ru/Cu sample [225]. Furthermore, the current density (and H2 flux) seemed to change with the 

feed composition during the first week of testing (data not shown). As significant reorganization 

was observed for a pure Cu sample on heat treatment at 750 °C [225], the Cu/Cu electrode may 

still be re-arranging. After an additional week of testing, the H2 flux was unaffected by changes 

to the feed composition and those data are reported in Figure 6.4 (page 121). Like the MEA with 

the Ru/Cu anode, the one with the Cu/Cu anode also demonstrated a high average F.E. (>λ0 %) 

in both 100H2 and 50H2 feeds.  

The MEA with the Cu/Cu anode was also tested in 10H2 (Figure 6.5 on page 122) and it 

continued to operate at a high average F.E. (>λ0 %). Again, the voltage reached the 3 V limit and 

the power required to pump H2 was much higher than that for the Ru/Cu anodeμ 268 mW/(NmL 

H2 min-1) at jPS = 40 mA cm-2 and λ6 % F.E. One reason for the higher power requirement would 

be the differences in ASR. Losses due to Joule heating and better catalytic properties of Ru at the 

electrode/electrolyte interface might be some other reasons.  
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Figure 6.4 Performance of the Cu/Cu electrode inμ a) pure H2 and b) 50μ50 H2μAr. H2 flux 
(black), power supply voltage or VPS (blue), power supply current density or jPS (red), cell 
voltage or Vcell (brown), and Faradaic efficiency (green).  
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Figure 6.5 Performance of the Cu/Cu electrode in 10μλ0 H2μAr. H2 flux (black), power supply 
voltage or VPS (blue), power supply current density or jPS (red), cell voltage or Vcell (brown), and 
Faradaic efficiency (green).  

6.4.3  Pd/Cu  

The performance of the Pd/Cu electrode in 100H2 and 50H2 feeds is reported in Figure 

6.6a (page 123) and Figure 6.6b (page 123), respectively. Like the Ru/Cu electrode, the Pd/Cu 

electrode also required a higher Vcell (or VPS) in 50H2 than 100H2, which might be due to the 

previously mentioned concentration polarization effect. Although the MEA with Pd/Cu as the 

anode had a lower average F.E., it was still high (80 – λ0 %). Furthermore, there appeared to be a 

step change in the Vcell and VPS curves around 600 – 800 mV, which became more pronounced 

as the partial pressure of H2 in the feed was reduced. The slopes did not seem to be altered by the 

step change, but there was a drop in the F.E. with increasing jPS which can be seen more clearly 

in Figure 6.6b (page 123). These observations could be explained by electronic leakage through 

the ceramic electrolyte, which is discussed later in this section on pages 124-125.  
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Figure 6.6 Performance of the Pd/Cu electrode inμ a) pure H2 and b) 50μ50 H2μAr. H2 flux 
(black), power supply voltage or VPS (blue), power supply current density or jPS (red), cell 
voltage or Vcell (brown), and Faradaic efficiency (green).  
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The Pd/Cu electrode compared well with the Ru/Cu one at the highest current density of 

400 mA cm-2 (Table 6.3), which was consistent with the similar ASRs observed for Pd/Cu and 

Ru/Cu [225]. Additionally, the voltage losses for the Pd/Cu electrode between the power supply 

and the cell were as high as 50 % for 100H2 and 40 % for 50H2. One might expect similar losses 

for the Ru/Cu electrode as well, because the tests with Ru/Cu did not incorporate a sense wire.  

 

Table 6.3 Comparison of electrodes Pd/Cu and Ru/Cu at jPS = 400 mA cm-2 in high H2 feeds.  

Feed Electrode Pd/Cu Ru/Cu

100H2 

VPS (V) 1.67 1.76
Vcell (V) 0.87 -
H2 flux (NmL cm-2 min-1) 2.8 3.0
F.E. 87% λ4%

50H2 

VPS (V) 2.22 2.1λ
Vcell (V) 1.35 -
H2 flux (NmL cm-2 min-1) 2.6 3.1
F.E. 81% λ6%

 

The Pd/Cu electrode was also characterized with 10H2 (Figure 6.7 on page 125) and the 

trends were markedly different from the other two electrodes. The F.E. curve showed a unique 

V-shape at jPS >λ0 mA cm-2. F.E. dropped from 82 % to 62 % and this decline was reversible as 

F.E. increased to the original value when jPS was lowered below λ0 mA cm-2. That suggested 

there was no permanent damage to the MEA. The average F.E. for the MEA with the Pd/Cu 

anode in 10H2 was 77 % which was considerably lower than the MEAs with Ru/Cu and Cu/Cu 

anodes. Despite that Pd/Cu had the lowest power requirementμ 22 mW/(NmL H2 min-1) at jPS = 

40 mA cm-2 and 84 % F.E.  
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Figure 6.7 Performance of the Pd/Cu electrode in 10μλ0 H2μAr. H2 flux (black), power supply 
voltage or VPS (blue), power supply current density or jPS (red), cell voltage or Vcell (brown), and 
Faradaic efficiency (green).  

Babiniec et al. [121] observed a similar trend in F.E. during the galvanic operation of a 

BZCY72 membrane. They hypothesized that Ce cations were being electrochemically reduced 

from 4+ to 3+ at the fuel electrode under an applied DC bias which created negatively charged 

Ce polarons that could hop across Ce sites in the direction of the applied field. That phenomenon 

is called electronic leakage and it results in lower hydrogen transference numbers (ratio of the 

proton conductivity to the total conductivity), thus lower F.E. They reported that a critical 

voltage was required for the reduction of the Ce cations. For the Pd/Cu electrode, this critical 

voltage was approximately 350 and 600 mV in 10H2 and 50H2, respectively. This phenomenon 
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was also found to dominate as the applied potential/current were increased, as was the case for 

the Pd/Cu electrode.  

Dippon et al. [122] reported that the electronic leakage effect worsened as the Ce content 

in BZCY increased. BZCY72 had significant leakage while that effect was minimal for BZCY81. 

Although the membrane on which Pd/Cu was deposited was BZCY81, the cermet was composed 

of BZCY72. The green tubular half cells (BZCY81/NiO-BZCY72) were fired once at 1600 °C. 

If defects (pin holes) were detected on the BZCY81 membrane, a ceramic fix was applied on the 

defects and the tube was fired one more time at 1600 °C. Tubes fired only once did not exhibit a 

decrease in Faradaic efficiency (Ru/Cu and Cu/Cu), but an additional heat treatment at 1600 °C 

may lead to an increase in the Ce content of the dense BZCY81 layer by Ce diffusion from the 

BZCY72. This would explain the poor F.E. at higher current densities of the MEA with Pd/Cu as 

the anode.  

Next, the performance of the MEA with Pd/Cu as the anode was examined in λ0CH4 

(Figure 6.8 on page 127). This test was conducted to judge whether the performance of the MEA 

was inhibited by methane because an MDA-CMR would contain mostly methane (>80 %). The 

peculiar shape of the F.E. curve was still seen and both the F.E. and voltage curves had widened, 

which indicated that the performance had degraded. Not only did the F.E. decrease from 62 % to 

41 % (at jPS = 133 mA cm-2) which resulted in lower H2 fluxes, but the power requirement had 

also increased from 22 to 100 mW/(NmL H2 min-1) at jPS = 40 mA cm-2 and 86 % F.E. The 

performance losses could be either due to coking on the surface of the electrode (thereby 

blocking the active sites for H2 dissociation) or at the electrode/electrolyte interface. Despite 

those results, the F.E. was still high at low current densities.  
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Figure 6.8 Performance of the Pd/Cu electrode in 10μλ0 H2μCH4. H2 flux (black), power supply 
voltage or VPS (blue), power supply current density or jPS (red), cell voltage or Vcell (brown), and 
Faradaic efficiency (green).  

To determine if the inhibition was reversible, the Pd/Cu electrode was subsequently 

tested in 10H2 (Figure 6.λ on page 128). The shape of the F.E. curve had recovered but the 

voltage curves continued to be wider than before the methane exposure. The power requirement 

was also higherμ 67 mW/(NmL H2 min-1) at jPS = 40 mA cm-2 and 86 % F.E. These results 

suggested that only part of the inhibition was reversible. The electrode surface and the 

electrode/electrolyte interface need to be studied by scanning electron microscopy to discern the 

cause of the irreversible performance loss. Table 6.4 (on page 128) compares the performance of 

the Pd/Cu electrode at 40 mA cm-2 before, during, and after the methane exposure.  
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Figure 6.λ Performance of the Pd/Cu electrode in 10μλ0 H2μAr after exposure to methane. H2 flux 
(black), power supply voltage or VPS (blue), power supply current density or jPS (red), cell 
voltage or Vcell (brown), and Faradaic efficiency (green).  

 

Table 6.4 Comparison of the performance of the Pd/Cu electrode at 40 mA cm-2 before, during, 
and after the methane exposure.  

Feed 10H2 λ0CH4 10H2 
VPS (V) 0.23 0.78 0.56
Vcell (V) 0.15 0.6λ 0.47
H2 flux (NmL cm-2 min-1) 0.27 0.28 0.28
F.E. 84% 86% 86%

 

Due to a power failure, the MEA was cooled in stagnant gases from 700 °C to around 

400 °C before power was restored. As a result, the BZCY electrolyte was quenched while still 
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hydrated. Hudish et al. [228] reported that, in humid atmospheres, slow cooling/heating rates 

were required to prevent cracking of the BZCY ceramic. Thus, the ceramic membrane and 

support may have suffered from chemical expansion during the power outage. To identify if the 

performance of the MEA had been affected it was tested in 10H2 again. The power requirement 

had increased to λ3 mW/(NmL H2 min-1) at 40 mA cm-2 and 87% F.E., which suggested that 

quenching the MEA in such a way was detrimental to its performance.  

The next test was in a pre-mixed model gas or M.G. (Figure 6.10 on page 130) to mimic 

the feed in an MDA-CMR. The model gas composition can be found in Table 6.2 (page 116). 

The trends were similar to the test in λ0CH4 (Figure 6.8 on page 127), but both the F.E. and 

voltage curves had widened further. Additionally, F.E. decreased to 37 % (at jPS = 133 mA cm-2) 

and the power requirement had increased from λ3 to 176 mW/(NmL H2 min-1) at jPS = 40 mA 

cm-2 and 71 % F.E. These results indicated that the electrode performance had degraded, 

possibly due to coking of the electrode surface and/or the electrode/electrolyte interface.  

Again, to identify whether any irreversible damage had been done to the MEA, it was 

tested in 10H2 (Figure 6.11 on page 131). The kink in the VPS and Vcell curves around 30 min 

was due to a connectivity issue that was resolved. The F.E. at 133 mA cm-2 had recovered from 

37 % to 58 % and so had the power requirementμ λ8 mW/(NmL H2 min-1) at jPS = 40 mA cm-2 

and 87 % F.E. These results suggest that the inhibition in M.G. was reversible. Thus, the 

components in M.G., other than H2 and CH4, did not cause further irreversible degradation of the 

MEA. Table 6.5 (page 130) compares the performance of the Pd/Cu electrode at 40 mA cm-2 

before (i.e. after the power outage), during, and after the model gas exposure.  
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Figure 6.10 Performance of the Pd/Cu electrode in model gas. H2 flux (black), power supply 
voltage or VPS (blue), power supply current density or jPS (red), cell voltage or Vcell (brown), and 
Faradaic efficiency (green).  

 

Table 6.5 Comparison of the performance of the Pd/Cu electrode at 40 mA cm-2 before (i.e. after 
the power outage), during, and after the model gas exposure.  

Feed 10H2 M.G. 10H2 
VPS (V) 0.74 1.10 0.73
Vcell (V) 0.65 1.01 0.65
H2 flux (NmL cm-2 min-1) 0.28 0.23 0.28
F.E. 87% 71% 87%
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Figure 6.11 Performance of the Pd/Cu electrode in 10μλ0 H2μAr after model gas. H2 flux (black), 
power supply voltage or VPS (blue), power supply current density or jPS (red), cell voltage or Vcell 
(brown), and Faradaic efficiency (green).  

6.4.4  Ru/Cu II  

A second Ru/Cu electrode (Ru/Cu II) was fabricated to study its performance in a 

hydrocarbon-rich feed. The performance of the MEA with Ru/Cu II as the anode in 100H2 and 

50H2 feeds is reported in Figure 6.12a (page 132) and Figure 6.12b (page 132), respectively. 

Like the Ru/Cu and Pd/Cu electrodes, Ru/Cu II also required a higher Vcell (or VPS) in 50H2 than 

100H2, potentially because of concentration polarization. Additionally, this MEA had a lower 

average F.E., but it was still high (80 – λ0 %). The BZCY81/Ni-BZCY72 tube used here had 

been fired twice, which may lead to an increase in the Ce content of the BZCY81 membrane. 
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Consequently, the drop in the F.E. with increasing jPS (seen more clearly in Figure 6.12b) could 

be due to the electronic leakage phenomenon explained previously on pages 124-125.  

 
Figure 6.12 Performance of the Ru/Cu II electrode inμ a) pure H2 and b) 50μ50 H2μAr. H2 flux 
(black), power supply voltage or VPS (blue), power supply current density or jPS (red), cell 
voltage or Vcell (brown), and Faradaic efficiency (green).  

 



 133

The Ru/Cu II electrode was then characterized with 10H2 (Figure 6.13) and it showed the 

V-shape of the F.E. curve due to electronic leakage. Like the Pd/Cu anode, the average F.E. for 

the MEA with the Ru/Cu II anode in 10H2 was 7λ % and the power requirement was 51 

mW/(NmL H2 min-1) at jPS = 40 mA cm-2 and 85 % F.E. The higher power requirement as 

compared to the other Ru/Cu electrode (34 mW/(NmL H2 min-1), see section 6.4.1) could also be 

explained by the electronic leakage phenomenon which decreases the F.E. of the MEA.  

 
Figure 6.13 Performance of the Ru/Cu II electrode in 10μλ0 H2μAr. H2 flux (black), power supply 
voltage or VPS (blue), power supply current density or jPS (red), cell voltage or Vcell (brown), and 
Faradaic efficiency (green).  

The next test was conducted with λ0CH4 as the feed (Figure 6.14 on page 133). The 

average F.E. of the MEA was unchanged, but the power requirement had increased from 51 to 

117 mW/(NmL H2 min-1) at jPS = 40 mA cm-2 and 83 % F.E. This increase (125 %) was lesser 
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than that for the MEA with Pd/Cu as the anode in λ0CH4 (355 %), which might indicate a higher 

resistance of Ru to coking. Additionally, like the Pd/Cu electrode, the V-shape of the F.E. curve 

was still seen and both the F.E. and voltage curves had widened. All these observations indicated 

that the performance had degraded and the losses could be due to coking on the electrode surface 

and/or at the electrode/electrolyte interface. Lastly, the F.E. at jPS = 133 mA cm-2 increased from 

65 % to 73 %, which was interesting because the F.E. for the MEA with the Pd/Cu anode 

decreased from 62 % to 41 % under the same operating conditions. That might well be an artifact 

of the changes occurring within the BZCY electrolyte rather than the electrode itself.  

 
Figure 6.14 Performance of the Ru/Cu II electrode in 10μλ0 H2μCH4. H2 flux (black), power 
supply voltage or VPS (blue), power supply current density or jPS (red), cell voltage or Vcell 
(brown), and Faradaic efficiency (green).  
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Next, the MEA with the Ru/Cu II electrode was tested in 10H2 (Figure 6.14 on page 134). 

Similar to the Pd/Cu electrode, the shape of the F.E. curve was the same as before the methane 

exposure but the voltage curves continued to be wider. The F.E. at jPS = 133 mA cm-2 was 65 %, 

and the average F.E. was 77 %, all of which were very close to the values before the methane 

exposure. But, the power requirement had reduced only marginally to 10λ mW/(NmL H2 min-1) 

at jPS = 40 mA cm-2 and 84 % F.E. Thus, most of the inhibition was irreversible. Imaging the 

electrode surface and the electrode/electrolyte interface by scanning electron microscopy would 

help determine the cause of the irreversible losses in performance.  

 
Figure 6.15 Performance of the Ru/Cu II electrode in 10μλ0 H2μAr after exposure to methane. H2 
flux (black), power supply voltage or VPS (blue), power supply current density or jPS (red), cell 
voltage or Vcell (brown), and Faradaic efficiency (green).  
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Figure 6.16 on page 136 gives the performance of the MEA in model gas, the 

composition of which can be found in Table 6.2 (page 116). The F.E. at jPS = 133 mA cm-2 had 

decreased from 65 to 44 % and the power requirement had increased from 10λ to 13λ mW/(NmL 

H2 min-1) at jPS = 40 mA cm-2 and 83 % F.E. These results indicate a degradation in the 

performance of the MEA, possibly due to coking of the electrode surface and/or the 

electrode/electrolyte interface. Despite that the Ru/Cu II electrode appears to perform better in 

model gas than the Pd/Cu electrode.  

 
Figure 6.16 Performance of the Ru/Cu II electrode in model gas. H2 flux (black), power supply 
voltage or VPS (blue), power supply current density or jPS (red), cell voltage or Vcell (brown), and 
Faradaic efficiency (green).  

To identify the nature of the damage done to the MEA, it was tested in 10H2 (Figure 6.17 

on page 137). The F.E. at 133 mA cm-2 had recovered from 44 % to 68 % and so had the power 
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requirementμ 104 mW/(NmL H2 min-1) at jPS = 40 mA cm-2 and 82 % F.E. Thus, like the Pd/Cu 

electrode, the degradation in performance of the MEA with Ru/Cu II as the anode in M.G. as the 

feed was reversible. Table 6.6 compares the performance of the Ru/Cu II electrode at 40 mA cm-2 

during the various tests. At the end of testing, both Pd/Cu and Ru/Cu II electrodes had very 

similar performances.  

 
Figure 6.17 Performance of the Ru/Cu II electrode in 10μλ0 H2μAr after model gas. H2 flux 
(black), power supply voltage or VPS (blue), power supply current density or jPS (red), cell 
voltage or Vcell (brown), and Faradaic efficiency (green).  
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Table 6.6 Comparison of the performance of the Ru/Cu II electrode at 40 mA cm-2 during the 
various tests.  

Feed 10H2 λ0CH4 10H2 M.G. 10H2 
VPS (V) 0.42 0.85 0.80 1.00 0.76
Vcell (V) 0.35 0.78 0.73 0.λ3 0.68
H2 flux (NmL cm-2 min-1) 0.28 0.27 0.27 0.27 0.26
F.E. 85% 83% 83% 83% 82%

  

6.5  Conclusions  

Galvanic H2 pumping experiments were performed on Cu-based electrodes fabricated by 

electroless plating on BaZr0.8Ce0.1Y0.1O3-δ proton-conducting ceramic. The H2 flux was measured 

with a stoichiometric titration experiment in reducing and hydrocarbon-containing feeds. 

Membrane-electrode assemblies (MEAs) with Ru/Cu and Cu/Cu as the anodes demonstrated 

>λ0 % Faradaic efficiency (or current efficiency) in reducing feeds. The Faradaic efficiency of 

the MEA with Pd/Cu as the anode was a little lower (80 – λ0 %), potentially due to electronic 

leakage through the ceramic membrane (resulting from a slightly different membrane sintering 

procedure). Additionally, the power required to pump H2 at 40 mA cm-2 through Pd/Cu, Ru/Cu, 

and Cu/Cu electrodes in a 10 % H2 in Ar feed was calculated to be 22, 34, 268 mW/(NmL H2 

min-1), respectively. Thus, pure Cu as an electrode material is not advisable because of the order 

of magnitude higher power requirement when compared to Ru/Cu and Pd/Cu.  

When the MEA with the Pd/Cu anode was exposed to methane, its performance 

deteriorated. The degradation in Faradaic efficiency was reversible, but the increase in the power 

requirement was not. On exposing it to model gas, there was a similar loss in electrode 

performance. But, both Faradaic efficiency and power requirement values recovered on 

switching back to a reducing feed. The MEA with a second Ru/Cu electrode showed similar 

qualitative trends but performed better in model gas. Further analysis of the surface of the 
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electrodes as well as the electrode/electrolyte interfaces by scanning electron microscopy is 

required to discern the cause of the performance losses mentioned above.  

Lastly, a power outage occurred while MEA with Pd/Cu as the anode was at temperature 

which caused it to be quenched in stagnant gases while still hydrated, resulting in degradation of 

the performance of the MEA. If MDA-CMRs go into large-scale production, safety measures 

would need to be developed to avoid such conditions, which could also arise during start-up and 

shut-down.  
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CHAPTER 7  

GENERAL CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

 
 Throughout this document, the utility of electroless plating (ELP) to fabricate thin metal 

films either as membranes or electrodes for hydrogen separation and purification applications has 

been discussed. The following highlights the scientific contributions of this work, summarizes 

the conclusions, and provides recommendations for future work.  

7.1  Pd-Au alloy composite membranes  

Because Pd and Au are deposited sequentially, annealing is essential to form a 

homogenous alloy. The annealing process used to be time-consuming, primarily due to the 

annealing schedules which lasted for several days and to a lesser extent because of the time 

intensive ex situ analysis techniques as there was no way to judge alloying/homogenization in 

situ. After investigating both in detail, the general conclusions are that the annealing process can 

be expedited by implementing high-pressure H2 and the extent of alloying can be monitored 

using in situ H2 permeation measurements to calculate the apparent activation energy for H2 

permeation (Eact). Both of those represent significant advances in our understanding of the 

alloying process and provide tools to assist in the fabrication of Pd-Au alloy composite 

membranes in a fast and effective way.  

Improvements to the annealing process were explored in Chapter 2. The process of 

homogenization (i.e. the inter-metallic diffusion process) was known to be thermally activated. 

The novel use of high-pressure H2 turned out to be instrumental in reducing annealing time by an 

order of magnitude. To describe the process of homogenization, a 1-D semi-infinite slab, 

transient diffusion model was developed and its validity was checked with experimental data. 

Using that model, the inter-metallic diffusion co-efficient was determined from the experimental 
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data, following which the activation energy barrier for inter-metallic diffusion (Q) was estimated 

from an Arrhenius plot of the diffusion co-efficient. Q was found to decrease with increasing 

pressure of H2 and that decrease could be explained by literature data on analogous Pd-based 

binary alloy systems which reported the formation of vacancies in the Pd-lattice at high-

pressures of H2. Thus, it was hypothesized that the shorter annealing times resulted from the 

formation of vacancies in the Pd-lattice at high-pressures of H2.  

The effect of annealing in high-pressure H2 on membrane stability with regards to the 

non-hydrogen gas leaks was investigated in Chapter 3. Subjecting the thin-films to high-pressure 

H2 for the time periods of our interest was not detrimental to the film quality, however, longer 

times resulted in losses to the membrane selectivity probably due to significant rearrangement of 

the film because of the enhanced diffusivity of the metals at high-pressures of H2.  

The concept of using the apparent Eact as an in situ parameter to judge homogenization 

was introduced in Chapter 2 and expanded on in Chapter 3. It was based on the hypothesis that 

the apparent Eact had a characteristic value depending on the Au composition of the film as ∆ , where ∆  is the partial enthalpy of solution of H into the PdAu alloy and 

is the activation energy for diffusion of H in the alloy. That hypothesis was verified using x-

ray diffraction and energy dispersive spectroscopy to ensure complete homogenization. 

Furthermore, the apparent Eact was found to be independent of the fabrication process and 

thickness of the alloy film.  

With the improved understanding of the alloying process and the ability to fabricate 

homogenous Pd-Au films of high quality in a fast and easy manner, the following are some 

recommendations for future workμ  
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1. Catalytic Membrane Reactorsμ To build on this work, focus must be shifted to application of 

the high-quality Pd-Au films to separate H2 from real gas mixtures. It would be valuable to 

investigate how the Au composition affects the long-term performance of the membranes 

under catalytic membrane reactor configurations utilizing water-gas shift or steam methane 

reforming reactions.  

2. High Temperature Stabilityμ Addition of Au has been shown to improve the chemical 

tolerance of Pd. Furthermore, preliminary data suggests improved thermal stability of the Pd-

Au alloy system up to 500 °C. It would be worthwhile to investigate the effect of Au 

composition on thermal stability in the 550 – 750 °C temperature range for high-temperature 

applications such as catalytic membrane reactors utilizing dry reforming reactions.  

3. Pd-Au-M Ternary Alloysμ Although not discussed in this document, there is potential to 

reduce membrane cost by using cheap metals (M=Ag or Cu) to partly replace the Pd 

inventory. Another potential benefit would be the higher permeance of the PdAg and PdCu 

alloys. As both Ag and Cu are more mobile than Au, the annealing schedules developed here 

could be applied to the ternary alloys as well.  

Lastly, majority of the research in the past decade has focused on improving the 

electroless plating and annealing processes. However, the porous supports have largely been 

neglected and the biggest challenge arises from the quality of those supports. It is known that 

rougher top layers (larger pores and non-uniform pore sizes) lead to less selective films for 

similar thicknesses. Thus, thicker films need to be fabricated which results in lower H2 fluxes. 

Alternative research should aim to improve the quality of the supports, by optimizing the pore 

size of the top layer and improving the pore uniformity, which would enable fabrication of 

thinner films with higher H2 fluxes and permselectivities.  
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7.2  Cu-based electrodes  

As the methane dehydroaromatization catalytic membrane reactor (MDA-CMR) 

environment is conducive to carbon formation it was desired to fabricate cheap and coking 

resistant anodes on BaZr0.λ-xCexY0.1O3-δ (BZCY) proton conducting ceramic membranes for H2 

separation from hydrocarbon-rich feeds. In addition to its low cost, Cu is a good fuel electrode 

candidate because of its stability at high temperatures in reducing and hydrocarbon-containing 

gas environments. But, Cu electrodes fabricated using commercial pastes have two drawbacksμ 

they are thick (≥10 m) and tend to delaminate from the ceramic. Both of those factors lead to 

low Faradaic efficiencies or current efficiencies and high power requirements during the galvanic 

pumping of H2. This work demonstrated that ELP was a powerful technique to deposit thin (~1 

m) and well-adhered Cu electrodes on BZCY substrates. The area specific resistances of these 

electrodes were 1 to 2 orders of magnitude lower than those reported previously in the literature 

on commercial pastes. Furthermore, the Cu-ELP process developed in this work was successfully 

transferred to our industrial collaborators at CoorsTek Membrane Science, Oslo, Norway.  

The application of ELP to fabricate novel, thin Cu-based electrodes was investigated in 

Chapter 4. It was hypothesized that ELP was a better alternative to commercial pastes because 

well-adhered thin-films could be fabricated on a variety of substrates. That hypothesis was 

verified with the help of scanning electron microscopy (good wetting of the BaZr0.8Ce0.1Y0.1O3-δ 

(BZCY81) ceramic by the activation particles), the carbon-tape test (good electrode/electrolyte 

adhesion), and successful fabrication of Cu electrodes on different substrate geometries (discs as 

well as tubes).  

The electrochemical performance of the Cu-based electrodes was discussed in Chapter 5. 

Pd and Ru were hypothesized to be better activation catalysts than Cu because Pd could improve 
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the hydrogen permeability of Cu while Ru had good catalytic properties and exhibited a 

tolerance to coking. Additionally, both had the potential to improve the high-temperature 

stability of the Cu thin-films. Impedance spectroscopy (low area specific resistance (ASR) 

values) and scanning electron microscopy (lack of large-scale reorganization of the 

microstructure) were used to verify those hypotheses. Furthermore, the ASR appeared to have 

contributions from electrode processes and charge transfer at the electrode/electrolyte interfaceμ 

charge transfer was the limiting process for Pd/Cu, while electrode processes were limiting for 

Ru/Cu. Doping Cu with Pd reduced the activation energy for H2 permeation potentially due to an 

increase in the H2 permeability of the alloy which could explain the smaller contribution of the 

electrode processes to the ASR of Pd/Cu. Ru might be a better proton-transfer catalyst because 

the activation energy for charge-transfer was lowered by doping Cu with Ru, thus explaining the 

smaller contribution of the charge-transfer to the ASR of Ru/Cu.  

It was hypothesized that ELP could improve performance of the membrane-electrode 

assembly (MEA) by increasing the Faradaic efficiency. That was confirmed by the galvanic 

hydrogen pumping experiments reported in Chapter 6. High Faradaic efficiencies (≥84 %) in 

10μλ0 H2μAr at 40 mA cm-2 were obtained with all the Cu-based ELP electrodes fabricated on the 

tubular BZCY81 membranes, which was a significant improvement over Cu electrodes painted 

on BZCY81 using commercial pastes (~23 % Faradaic efficiency under the same conditions). 

Out of the electrodes studied, Pd/Cu and Ru/Cu had the lowest power requirementsμ 22 and 34 

mW/(NmL H2 min-1), respectively, in 10μλ0 H2μAr at 40 mA cm-2. But, both degraded in a 10μλ0 

H2μCH4 feed and the performance losses could be due to coking at the surface or at the 

electrode/electrolyte interface or both. Only part of the degradation was reversible, potentially 

due to surface coking, and the irreversible losses might be due to coking at the 
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electrode/electrolyte interface. The electrode performance also deteriorated in model gas (10 % 

H2, 0.1 % C2H6, 0.1% C2H4, 1 % CO, 5 % He, balance CH4), but those losses were recovered on 

returning to a 10μλ0 H2μAr feed which suggested that the coking was on the electrode surface and 

the additional carbon containing components of model gas (other than CH4) did not appear to 

cause any irreversible damage to the electrodes. All those claims need to be confirmed by 

imaging the surface and interface with scanning electron microscopy.  

Based on the aforementioned results, some recommendations for future work are as 

followsμ  

1. Electrode Thicknessμ To identify an optimal thickness for the Cu electrodes, a study 

exploring the effect of thickness on ASR would be valuable. At thicknesses above 2 m, one 

would expect hydrogen diffusion through the electrode to become rate controlling. Thus, 

such a study could also investigate how the contributions to ASR from charge transfer and 

electrode processes change with thickness.  

2. Electrode Compositionμ Electrochemical impedance spectroscopy suggested avenues for 

further electrode development. The Pd/Cu electrode needed improved charge transfer while 

the Ru/Cu electrode needed better electrode processes. As those two seem to have 

complementary properties, it would be worthwhile to try a Ru/Pd/Cu electrode. To fabricate 

such an electrode, one could begin with Ru activation, followed by a thin Pd-ELP layer, and 

then a Cu-ELP layer. Additionally, doping Cu with Rh or Au should be investigated as both 

have the potential to stabilize the microstructure as well as improve coking tolerance of Cu.  

Lastly, the low Faradaic efficiency of the MEAs with Pd/Cu and Ru/Cu as the anodes 

was explained by the presence of an electronic leakage through the BZCY membrane. This 

phenomenon is known to worsen with an increasing cerium content of the BZCY ceramic. The 
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cerium content in the dense BZCY81 layer increases due to cerium diffusion from the 

BaZr0.7Ce0.2Y0.1O3-δ (BZCY72) present in the cermet backbone, if the tubes were fired more than 

once at 1600 °C. To avoid that, the cermet should be prepared with BZCY81. Another problem 

arises during the solid-state reactive sintering process to fabricate the tubular BZCY81/Ni-

BZCY72 supports as some Ni-nanoparticles diffuse into the dense BZCY81 top layer and 

transport all the way to the surface. These particles become nucleation sites for coke formation at 

the electrode/electrolyte interface and affect the performance of the MEA. Thus, there is a need 

to effectively remove all Ni-nanoparticles on the surface which may require changes to the 

fabrication process or identifying a way to leach them out of the electrolyte post-fabrication. 

These improvements outlined for the ceramic processing step would result in better 

performances at higher current densities in both reducing and hydrocarbon-containing feeds. 



 147

REFERENCES 

[1] S.-T.B. Lundin, N.S. Patki, T.F. Fuerst, S. Ricote, C.A. Wolden, J.D. Way, Dense 
Inorganic Membranes for Hydrogen Separation, inμ Membr. Gas Sep., World Scientific 
Publishing Company, 2017μ p. 300. 

[2] P. Hoffmann, Tomorrow’s Energyμ Hydrogen, Fuel Cells, and the Prospects for a Cleaner 
Planet, MIT Press, 2012. 

[3] G.Q. Lu, J.C. Diniz da Costa, M. Duke, S. Giessler, R. Socolow, R.H. Williams, T. 
Kreutz, Inorganic membranes for hydrogen production and purificationμ A critical review 
and perspective, J. Colloid Interface Sci. 314 (2007) 58λ–603. 
doiμ10.1016/j.jcis.2007.05.067. 

[4] J.R. Rostrup-Nielsen, T. Rostrup-Nielsen, Large-scale hydrogen production, Cattech. 6 
(2002) 150–15λ. doiμ10.1023/aμ1020163012266. 

[5] Report of the hydrogen production expert panelμ A subcommittee of the hydrogen and 
fuel cell technical advisory committee, Department of Energy, 2013. 
httpμ//www.hydrogen.energy.gov/pdfs/hpep_report_2013.pdf. 

[6] S. Yun, S. Ted Oyama, Correlations in palladium membranes for hydrogen separationμ A 
review, J. Membr. Sci. 375 (2011) 28–45. doiμ10.1016/j.memsci.2011.03.057. 

[7] K. Schoots, F. Ferioli, G. Kramer, B. Vanderzwaan, Learning curves for hydrogen 
production technologyμ An assessment of observed cost reductions, Int. J. Hydrog. 
Energy. 33 (2008) 2630–2645. doiμ10.1016/j.ijhydene.2008.03.011. 

[8] K. Mazloomi, C. Gomes, Hydrogen as an energy carrierμ Prospects and challenges, 
Renew. Sustain. Energy Rev. 16 (2012) 3024–3033. doiμ10.1016/j.rser.2012.02.028. 

[λ] A.C. Bose, Inorganic Membranes for Energy and Environmental Applications, Springer, 
2008. 

[10] N. Armaroli, V. Balzani, The Hydrogen Issue, ChemSusChem. 4 (2011) 21–36. 
doiμ10.1002/cssc.201000182. 

[11] S. Sircar, T.C. Golden, Purification of Hydrogen by Pressure Swing Adsorption, Sep. Sci. 
Technol. 35 (2000) 667–687. doiμ10.1081/SS-100100183. 

[12] S.N. Paglieri, J.D. Way, Innovations in Palladium Membrane Research, Sep. Amp Purif. 
Rev. 31 (2002) 1–16λ. doiμ10.1081/SPM-120006115. 

[13] S. Adhikari, S. Fernando, Hydrogen Membrane Separation Techniques, Ind. Eng. Chem. 
Res. 45 (2006) 875–881. doiμ10.1021/ie050644l. 



 148

[14] S. Peramanu, B.G. Cox, B.B. Pruden, Economics of hydrogen recovery processes for the 
purification of hydroprocessor purge and off-gases, Int. J. Hydrog. Energy. 24 (1λλλ) 
405–424. doiμ10.1016/S0360-31λλ(λ8)00105-0. 

[15] R.W. Baker, Membrane Technology, inμ Encycl. Polym. Sci. Technol., John Wiley & 
Sons, Inc., 2002. httpμ//onlinelibrary.wiley.com/doi/10.1002/0471440264.pst1λ4/abstract 
(accessed August 18, 2014). 

[16] D.S. Sholl, Using density functional theory to study hydrogen diffusion in metalsμ A brief 
overview, J. Alloys Compd. 446–447 (2007) 462–468. doiμ10.1016/j.jallcom.2006.10.136. 

[17] T.L. Ward, T. Dao, Model of hydrogen permeation behavior in palladium membranes, J. 
Membr. Sci. 153 (1λλλ) 211–231. doiμ10.1016/S0376-7388(λ8)00256-7. 

[18] C.G. Sonwane, J. Wilcox, Y.H. Ma, Solubility of Hydrogen in PdAg and PdAu Binary 
Alloys Using Density Functional Theory, J. Phys. Chem. B. 110 (2006) 2454λ–24558. 
doiμ10.1021/jp064507t. 

[1λ] S. Uemiya, Brief Review of Steam Reforming Using a Metal Membrane Reactor, Top. 
Catal. 2λ (2004) 7λ–84. doiμ10.1023/BμTOCA.0000024λ30.45680.c7. 

[20] A.L. Athayde, R.W. Baker, P. Nguyen, Metal composite membranes for hydrogen 
separation, J. Membr. Sci. λ4 (1λλ4) 2λλ–311. doiμ10.1016/0376-7388(λ4)00042-5. 

[21] H.S.-C. Deville, L. Troost, Sur la perméabilité du fer à haute température, Comptes 
Rendus. 57 (1863) λ65. 

[22] H.S.-C. Deville, Sur le passage des gaz à travers des corps solides homogènes, Comptes 
Rendus. 5λ (1864) 102. 

[23] T. Graham, On the Absorption and Dialytic Separation of Gases by Colloid Septa, Philos. 
Trans. R. Soc. Lond. 156 (1866) 3λλ–43λ. doiμ10.10λ8/rstl.1866.0018. 

[24] Grashoff, Pilkington, Corti, The Purification of Hydrogenμ A Review of the Technology 
Emphasising the Current Status of Palladium Membrane Diffusion, Platin. Met. Rev. 27 
(1λ83) 157. 

[25] F.A. Lewis, The Palladium-Hydrogen System, Academic Press, London, 1λ67. 

[26] J.B. Hunter, Silver-palladium film for separation and purification of hydrogen, 
US2773561 A, 1λ56. 

[27] J.B. Hunter, A New Hydrogen Purification Processμ Commercial Development Of 
Palladium Alloy Diffusion Cells, Platin. Met. Rev. 4 (1λ60) 130. 

[28] J.B. Hunter, Silver-palladium film for separation and purification of hydrogen, 
US2773561 A, 1λ56. 



 14λ

[2λ] G. Zeng, A. Goldbach, L. Shi, H. Xu, On alloying and low-temperature stability of thin, 
supported PdAg membranes, Int. J. Hydrog. Energy. 37 (2012) 6012–601λ. 
doiμ10.1016/j.ijhydene.2011.12.126. 

[30] A.E. Lewis, D.C. Kershner, S.N. Paglieri, M.J. Slepicka, J.D. Way, Pd–Pt/YSZ 
composite membranes for hydrogen separation from synthetic water–gas shift streams, J. 
Membr. Sci. 437 (2013) 257–264. doiμ10.1016/j.memsci.2013.02.056. 

[31] K.E. Coulter, J.D. Way, S.K. Gade, S. Chaudhari, G.O. Alptekin, S.J. DeVoss, S.N. 
Paglieri, B. Pledger, Sulfur tolerant PdAu and PdAuPt alloy hydrogen separation 
membranes, J. Membr. Sci. 405–406 (2012) 11–1λ. doiμ10.1016/j.memsci.2012.02.018. 

[32] S.K. Gade, P.M. Thoen, J.D. Way, Unsupported palladium alloy foil membranes 
fabricated by electroless plating, J. Membr. Sci. 316 (2008) 112–118. 
doiμ10.1016/j.memsci.2007.08.022. 

[33] P.M. Thoen, F. Roa, J.D. Way, High flux palladium–copper composite membranes for 
hydrogen separations, Desalination. 1λ3 (2006) 224–22λ. 
doiμ10.1016/j.desal.2005.0λ.025. 

[34] N. Itoh, T. Akiha, T. Sato, Preparation of thin palladium composite membrane tube by a 
CVD technique and its hydrogen permselectivity, Catal. Today. 104 (2005) 231–237. 
doiμ10.1016/j.cattod.2005.03.048. 

[35] S. Tosti, L. Bettinali, V. Violante, Rolled thin Pd and Pd–Ag membranes for hydrogen 
separation and production, Int. J. Hydrog. Energy. 25 (2000) 31λ–325. 
doiμ10.1016/S0360-31λλ(λλ)00044-0. 

[36] J.A. Abys, I. Boguslavsky, H.K. Straschil, Composition for electroplating palladium 
alloys and electroplating process using that composition, US5λ76344 A, 1λλλ. 
httpμ//www.google.com/patents/US5λ76344 (accessed August 18, 2014). 

[37] H.-B. Zhao, G.-X. Xiong, G.V. Baron, Preparation and characterization of palladium-
based composite membranes by electroless plating and magnetron sputtering, Catal. 
Today. 56 (2000) 8λ–λ6. doiμ10.1016/S0λ20-5861(λλ)00266-7. 

[38] Y. Huang, R. Dittmeyer, Preparation of thin palladium membranes on a porous support 
with rough surface, J. Membr. Sci. 302 (2007) 160–170. 
doiμ10.1016/j.memsci.2007.06.040. 

[3λ] D.L. McKinley, Metal alloy for hydrogen separation and purification, 3350845, 1λ67. 
httpμ//www.freepatentsonline.com/3350845.html. 

[40] H. Okamoto, T.B. Massalski, The Au−Pd (Gold-Palladium) system, Bull. Alloy Phase 
Diagr. 6 (1λ85) 22λ–235. doiμ10.1007/BF02880404. 



 150

[41] S.K. Gade, E.A. Payzant, H.J. Park, P.M. Thoen, J.D. Way, The effects of fabrication and 
annealing on the structure and hydrogen permeation of Pd–Au binary alloy membranes, J. 
Membr. Sci. 340 (200λ) 227–233. doiμ10.1016/j.memsci.200λ.05.034. 

[42] L. Shi, A. Goldbach, G. Zeng, H. Xu, Preparation and performance of thin-layered 
PdAu/ceramic composite membranes, Int. J. Hydrog. Energy. 35 (2010) 4201–4208. 
doiμ10.1016/j.ijhydene.2010.02.048. 

[43] C.-H. Chen, Y.H. Ma, The effect of H2S on the performance of Pd and Pd/Au composite 
membrane, J. Membr. Sci. 362 (2010) 535–544. doiμ10.1016/j.memsci.2010.07.002. 

[44] A. Tarditi, C. Gerboni, L. Cornaglia, PdAu membranes supported on top of vacuum-
assisted ZrO2-modified porous stainless steel substrates, J. Membr. Sci. 428 (2013) 1–10. 
doiμ10.1016/j.memsci.2012.10.02λ. 

[45] L. Shi, A. Goldbach, H. Xu, High-flux H2 separation membranes from (Pd/Au)n 
nanolayers, Int. J. Hydrog. Energy. 36 (2011) 2281–2284. 
doiμ10.1016/j.ijhydene.2010.11.056. 

[46] S.K. Gade, K.E. Coulter, J.D. Way, Effects of fabrication technique upon material 
properties and permeation characteristics of palladium-gold alloy membranes for 
hydrogen separations, Gold Bull. 43 (2010) 287–2λ7. doiμ10.1007/BF03214λλ8. 

[47] S.K. Gade, S.J. DeVoss, K.E. Coulter, S.N. Paglieri, G.O. Alptekin, J.D. Way, 
Palladium–gold membranes in mixed gas streams with hydrogen sulfideμ Effect of alloy 
content and fabrication technique, J. Membr. Sci. 378 (2011) 35–41. 
doiμ10.1016/j.memsci.2010.11.044. 

[48] A.J. Bard, L.R. Faulkner, Electrochemical methodsμ fundamentals and applications, 2nd 
ed, Wiley, New York, 2001. 

[4λ] S.G. Bratsch, Standard Electrode Potentials and Temperature Coefficients in Water at 
2λ8.15 K, J. Phys. Chem. Ref. Data. 18 (1λ8λ) 1–21. doiμ10.1063/1.55583λ. 

[50] A.J. Bard, R. Parsons, J. Jordan, Standard Potentials in Aqueous Solution, CRC Press, 
1λ85. 

[51] A.E. Lewis, Amanda Lewis Thesis, Doctorate, Colorado School of Mines, 2011. 

[52] S. Luo, D. Wang, T.B. Flanagan, Thermodynamics of Hydrogen in fcc Pd−Au Alloys, J. 
Phys. Chem. B. 114 (2010) 6117–6125. doiμ10.1021/jp100858r. 

[53] T.B. Flanagan, D. Wang, Hydrogen Permeation through fcc Pd–Au Alloy Membranes, J. 
Phys. Chem. C. 115 (2011) 11618–11623. doiμ10.1021/jp201λ88u. 

[54] D. Mendes, A. Mendes, L.M. Madeira, A. Iulianelli, J.M. Sousa, A. Basile, The water-
gas shift reactionμ from conventional catalytic systems to Pd-based membrane reactors-a 
review, Asia-Pac. J. Chem. Eng. 5 (2010) 111–137. doiμ10.1002/apj.364. 



 151

[55] G. Saracco, H.W.J.P. Neomagus, G.F. Versteeg, W.P.M. va. Swaaij, High-temperature 
membrane reactorsμ potential and problems, Chem. Eng. Sci. 54 (1λλλ) 1λλ7–2017. 
doiμ10.1016/S000λ-250λ(λλ)0000λ-3. 

[56] M. De Falco, G. Iaquaniello, E. Palo, B. Cucchiella, V. Palma, P. Ciambelli, Palladium-
based membranes for hydrogen separationμ preparation, economic analysis and coupling 
with a water gas shift reactor, inμ A. Basile (Ed.), Handb. Membr. React., Woodhead 
Publishing, 2013μ pp. 456–486. doiμ10.1533/λ7808570λ7347.2.456. 

[57] S. Uemiya, Brief Review of Steam Reforming Using a Metal Membrane Reactor, Top. 
Catal. 2λ (2004) 7λ–84. doiμ10.1023/BμTOCA.0000024λ30.45680.c7. 

[58] F. Gallucci, E. Fernandez, P. Corengia, M. van Sint Annaland, Recent advances on 
membranes and membrane reactors for hydrogen production, Chem. Eng. Sci. λ2 (2013) 
40–66. doiμ10.1016/j.ces.2013.01.008. 

[5λ] K. Babita, S. Sridhar, K.V. Raghavan, Membrane reactors for fuel cell quality hydrogen 
through WGSR – Review of their status, challenges and opportunities, Int. J. Hydrog. 
Energy. 36 (2011) 6671–6688. doiμ10.1016/j.ijhydene.2011.02.107. 

[60] D. Driscoll, B.D. Morreale, L. Headley, NETL Test Protocol - Testing of Hydrogen  
Separation Membranes, DOE/ NETL, 2008. 

[61] H. Li, A. Goldbach, W. Li, H. Xu, PdC formation in ultra-thin Pd membranes during 
separation of H2/CO mixtures, J. Membr. Sci. 2λλ (2007) 130–137. 
doiμ10.1016/j.memsci.2007.04.034. 

[62] F.C. Gielens, R.J.J. Knibbeler, P.F.J. Duysinx, H.D. Tong, M.A.G. Vorstman, J.T.F. 
Keurentjes, Influence of steam and carbon dioxide on the hydrogen flux through thin 
Pd/Ag and Pd membranes, J. Membr. Sci. 27λ (2006) 176–185. 
doiμ10.1016/j.memsci.2005.12.002. 

[63] H. Li, A. Goldbach, W. Li, H. Xu, On CH4 decomposition during separation from H2 
mixtures with thin Pd membranes, J. Membr. Sci. 324 (2008) λ5–101. 
doiμ10.1016/j.memsci.2008.06.056. 

[64] S.H. Jung, K. Kusakabe, S. Morooka, S.-D. Kim, Effects of co-existing hydrocarbons on 
hydrogen permeation through a palladium membrane, J. Membr. Sci. 170 (2000) 53–60. 
doiμ10.1016/S0376-7388(λλ)00357-λ. 

[65] S.B. Ziemecki, G.A. Jones, D.G. Swartzfager, R.L. Harlow, J. Faber, Formation of 
interstitial palladium-carbon phase by interaction of ethylene, acetylene, and carbon 
monoxide with palladium, J. Am. Chem. Soc. 107 (1λ85) 4547–4548. 
doiμ10.1021/ja00301a031. 

[66] J. Catalano, M. Giacinti Baschetti, G.C. Sarti, Hydrogen permeation in palladium-based 
membranes in the presence of carbon monoxide, J. Membr. Sci. 362 (2010) 221–233. 
doiμ10.1016/j.memsci.2010.06.055. 



 152

[67] O. Balmes, A. Resta, D. Wermeille, R. Felici, M.E. Messing, K. Deppert, Z. Liu, M.E. 
Grass, H. Bluhm, R. van Rijn, J.W.M. Frenken, R. Westerström, S. Blomberg, J. 
Gustafson, J.N. Andersen, E. Lundgren, Reversible formation of a PdCx phase in Pd 
nanoparticles upon CO and O2 exposure, Phys. Chem. Chem. Phys. 14 (2012) 47λ6–4801. 
doiμ10.103λ/C2CP22873D. 

[68] R.H. Siller, W.A. Oates, R.B. McLellan, The solubility of carbon in palladium and 
platinum, J. Common Met. 16 (1λ68) 71–73. doiμ10.1016/0022-5088(68)λ0158-6. 

[6λ] R.B. McLellan, The solubility of carbon in solid gold, copper, and silver, Scr. Metall. 3 
(1λ6λ) 38λ–3λ1. doiμ10.1016/0036-λ748(6λ)λ0262-2. 

[70] H. Yokoyama, H. Numakura, M. Koiwa, The solubility and diffusion of carbon in 
palladium, Acta Mater. 46 (1λλ8) 2823–2830. doiμ10.1016/S135λ-6454(λ7)00458-8. 

[71] W. Grover Coors, A stoichiometric titration method for measuring galvanic hydrogen 
flux in ceramic hydrogen separation membranes, J. Membr. Sci. 458 (2014) 245–253. 
doiμ10.1016/j.memsci.2014.01.071. 

[72] Mathieu Marrony, Proton-Conducting Ceramicsμ From Fundamentals to Applied 
Research, CRC Press. (2015). 

[73] L. Malavasi, C.A.J. Fisher, M.S. Islam, Oxide-ion and proton conducting electrolyte 
materials for clean energy applicationsμ structural and mechanistic features, Chem. Soc. 
Rev. 3λ (2010) 4370. doiμ10.103λ/bλ15141a. 

[74] H. Iwahara, T. Esaka, H. Uchida, N. Maeda, Proton conduction in sintered oxides and its 
application to steam electrolysis for hydrogen production, Solid State Ion. 3–4 (1λ81) 
35λ–363. doiμ10.1016/0167-2738(81)λ0113-2. 

[75] E. Fabbri, D. Pergolesi, E. Traversa, Materials challenges toward proton-conducting 
oxide fuel cellsμ a critical review, Chem. Soc. Rev. 3λ (2010) 4355–436λ. 
doiμ10.103λ/bλ02343g. 

[76] Philippe Colomban, Proton Conductorsμ Solids, Membranes and Gels - Materials and 
Devices, Camb. Univ. Press. (1λλ2). 

[77] Marius Wideroe, Nadezhda Kochetova, Truls Norby, Transport numbers from hydrogen 
concentration cells over different oxides under oxidising and reducing conditions, Dalton 
Trans. (2004) 3147–3151. doiμ10.103λ/B402824D. 

[78] S. Stotz, C. Wagner, Die Löslichkeit von Wasserdampf und Wasserstoff in festen Oxiden, 
Berichte Bunsenges. Für Phys. Chem. 70 (1λ66) 781–788. 
doiμ10.1002/bbpc.1λ660700804. 

[7λ] K.D. Kreuer, Proton-Conducting Oxides, Annu. Rev. Mater. Res. 33 (2003) 333–35λ. 
doiμ10.1146/annurev.matsci.33.022802.0λ1825. 



 153

[80] J. Wu, R.A. Davies, M.S. Islam, S.M. Haile, Atomistic Study of Doped BaCeO3 μ Dopant 
Site-Selectivity and Cation Nonstoichiometry, Chem. Mater. 17 (2005) 846–851. 
doiμ10.1021/cm048763z. 

[81] R.V. Kumar, Electrical conducting properties of rare earth doped perovskites, J. Alloys 
Compd. 408–412 (2006) 463–467. doiμ10.1016/j.jallcom.2004.12.081. 

[82] N. Agmon, The Grotthuss mechanism, Chem. Phys. Lett. 244 (1λλ5) 456–462. 
doiμ10.1016/000λ-2614(λ5)00λ05-J. 

[83] W. Münch, G. Seifert, K.D. Kreuer, J. Maier, A quantum molecular dynamics study of 
proton conduction phenomena in BaCeO3, Solid State Ion. 86–88, Part 1 (1λλ6) 647–652. 
doiμ10.1016/0167-2738(λ6)0022λ-λ. 

[84] F. Shimojo, K. Hoshino, H. Okazaki, First-Principles Molecular-Dynamics Simulation of 
Proton Diffusion in Sc-Doped SrTiO3, J. Phys. Soc. Jpn. 66 (1λλ7) 8–10. 
doiμ10.1143/JPSJ.66.8. 

[85] F. Shimojo, K. Hoshino, Microscopic mechanism of proton conduction in perovskite 
oxides from ab initio molecular dynamics simulations, Solid State Ion. 145 (2001) 421–
427. doiμ10.1016/S0167-2738(01)00λ3λ-0. 

[86] M. Pionke, T. Mono, W. Schweika, T. Springer, H. Schober, Investigation of the 
hydrogen mobility in a mixed perovskiteμ Ba[Ca(1+x)/3Nb(2−x)/3]O3−x/2 by quasielastic 
neutron scattering, Solid State Ion. λ7 (1λλ7) 4λ7–504. doiμ10.1016/S0167-
2738(λ7)00077-5. 

[87] T. Matzke, U. Stimming, C. Karmonik, M. Soetratmo, R. Hempelmann, F. Güthoff, 
Quasielastic thermal neutron scattering experiment on the proton conductor 
SrCe0.λ5Yb0.05H0.02O2.λ85, Solid State Ion. 86–88, Part 1 (1λλ6) 621–628. 
doiμ10.1016/0167-2738(λ6)00223-8. 

[88] R. Hempelmann, M. Soetratmo, O. Hartmann, R. Wäppling, Muon diffusion and trapping 
in proton conducting oxides, Solid State Ion. 107 (1λλ8) 26λ–280. doiμ10.1016/S0167-
2738(λ7)00543-2. 

[8λ] G.C. Mather, M.S. Islam, Defect and Dopant Properties of the SrCeO3-Based Proton 
Conductor, Chem. Mater. 17 (2005) 1736–1744. doiμ10.1021/cm047λ76l. 

[λ0] M.S. Islam, P.R. Slater, J.R. Tolchard, T. Dinges, Doping and defect association in 
AZrO3 (A = Ca, Ba) and LaMO3 (M = Sc, Ga) perovskite-type ionic conductors, Dalton 
Trans. (2004) 3061–3066. doiμ10.103λ/B40266λC. 

[λ1] M. Cherry, M.S. Islam, J.D. Gale, C.R.A. Catlow, Computational studies of proton 
migration in perovskite oxides, Solid State Ion. 77 (1λλ5) 207–20λ. doiμ10.1016/0167-
2738(λ4)00234-J. 



 154

[λ2] H. Iwahara, T. Yajima, T. Hibino, H. Ushida, Performance of Solid Oxide Fuel Cell 
Using Proton and Oxide Ion Mixed Conductors Based on BaCe1 − xSmxO3 − α, J. 
Electrochem. Soc. 140 (1λλ3) 1687–16λ1. doiμ10.114λ/1.2221624. 

[λ3] D.A. Stevenson, N. Jiang, R.M. Buchanan, F.E.G. Henn, Characterization of Gd, Yb and 
Nd doped barium cerates as proton conductors, Solid State Ion. 62 (1λλ3) 27λ–285. 
doiμ10.1016/0167-2738(λ3)λ0383-E. 

[λ4] A. Li, W. Liang, R. Hughes, Characterisation and permeation of palladium/stainless steel 
composite membranes, J. Membr. Sci. 14λ (1λλ8) 25λ–268. doiμ10.1016/S0376-
7388(λ8)001λ2-6. 

[λ5] K. Katahira, Y. Kohchi, T. Shimura, H. Iwahara, Protonic conduction in Zr-substituted 
BaCeO3, Solid State Ion. 138 (2000) λ1–λ8. doiμ10.1016/S0167-2738(00)00777-3. 

[λ6] T. Hibino, A. Hashimoto, M. Suzuki, M. Sano, Proton Conduction at the Surface of Y-
Doped BaCeO3, J. Phys. Chem. B. 105 (2001) 113λλ–11401. doiμ10.1021/jp0124342. 

[λ7] H. Matsumoto, Y. Kawasaki, N. Ito, M. Enoki, T. Ishihara, Relation Between Electrical 
Conductivity and Chemical Stability of BaCeO3-Based Proton Conductors with Different 
Trivalent Dopants, Electrochem. Solid-State Lett. 10 (2007) B77–B80. 
doiμ10.114λ/1.2458743. 

[λ8] J. Melnik, J. Luo, K.T. Chuang, A.R. Sanger, Stability and electric conductivity of 
barium cerate perovskites co-doped with praseodymium, Open Fuels Energy Sci. J. 1 
(2008). 

[λλ] E. Fabbri, A. D’Epifanio, E. Di Bartolomeo, S. Licoccia, E. Traversa, Tailoring the 
chemical stability of Ba(Ce0.8 − xZrx)Y0.2O3 − δ protonic conductors for Intermediate 
Temperature Solid Oxide Fuel Cells (IT-SOFCs), Solid State Ion. 17λ (2008) 558–564. 
doiμ10.1016/j.ssi.2008.04.002. 

[100] M. Oishi, S. Akoshima, K. Yashiro, K. Sato, J. Mizusaki, T. Kawada, Defect structure 
analysis of B-site doped perovskite-type proton conducting oxide BaCeO3μ Part 2μ The 
electrical conductivity and diffusion coefficient of BaCe0.λY0.1O3 − δ, Solid State Ion. 17λ 
(2008) 2240–2247. doiμ10.1016/j.ssi.2008.08.005. 

[101] M.J. Scholten, J. Schoonman, J.C. van Miltenburg, H.A.J. Oonk, Synthesis of strontium 
and barium cerate and their reaction with carbon dioxide, Solid State Ion. 61 (1λλ3) 83–
λ1. doiμ10.1016/0167-2738(λ3)λ0338-4. 

[102] F. Chen, O.T. Sørensen, G. Meng, D. Peng, Chemical stability study of BaCe0.λNd0.1O 3-α 
high-temperature proton-conducting ceramic, J. Mater. Chem. 7 (1λλ7) 481–485. 

[103] S.V. Bhide, A.V. Virkar, Stability of BaCeO3‐Based Proton Conductors in 
Water‐Containing Atmospheres, J. Electrochem. Soc. 146 (1λλλ) 2038–2044. 
doiμ10.114λ/1.13λ1888. 



 155

[104] S.M. Haile, G. Staneff, K.H. Ryu, Non-stoichiometry, grain boundary transport and 
chemical stability of proton conducting perovskites, J. Mater. Sci. 36 (2001) 114λ–1160. 
doiμ10.1023/Aμ1004877708871. 

[105] N. Zakowsky, S. Williamson, J.T.S. Irvine, Elaboration of CO2 tolerance limits of 
BaCe0.λY0.1O3–δ electrolytes for fuel cells and other applications, Solid State Ion. 176 
(2005) 301λ–3026. doiμ10.1016/j.ssi.2005.0λ.040. 

[106] N. Taniguchi, C. Nishimura, J. Kato, Endurance against moisture for protonic conductors 
of perovskite-type ceramics and preparation of practical conductors, Solid State Ion. 145 
(2001) 34λ–355. doiμ10.1016/S0167-2738(01)00λ30-4. 

[107] D. Shima, S.M. Haile, The influence of cation non-stoichiometry on the properties of 
undoped and gadolinia-doped barium cerate, Solid State Ion. λ7 (1λλ7) 443–455. 
doiμ10.1016/S0167-2738(λ7)0002λ-5. 

[108] F.M.M. Snijkers, A. Buekenhoudt, J. Cooymans, J.J. Luyten, Proton conductivity and 
phase composition in BaZr0.λY0.1O3−δ, Scr. Mater. 50 (2004) 655–65λ. 
doiμ10.1016/j.scriptamat.2003.11.028. 

[10λ] K.-D. Kreuer, S.J. Paddison, E. Spohr, M. Schuster, Transport in Proton Conductors for 
Fuel-Cell Applicationsμ  Simulations, Elementary Reactions, and Phenomenology, Chem. 
Rev. 104 (2004) 4637–4678. doiμ10.1021/cr020715f. 

[110] S. Ricote, N. Bonanos, A. Manerbino, W.G. Coors, Conductivity study of dense 
BaCexZr(0.λ−x)Y0.1O(3−δ) prepared by solid state reactive sintering at 1500 °C, Int. J. 
Hydrog. Energy. 37 (2012) 7λ54–7λ61. doiμ10.1016/j.ijhydene.2011.08.118. 

[111] C. Zuo, S. Zha, M. Liu, M. Hatano, M. Uchiyama, Ba(Zr0.1Ce0.7Y0.2)O3–δ as an 
Electrolyte for Low-Temperature Solid-Oxide Fuel Cells, Adv. Mater. 18 (2006) 3318–
3320. doiμ10.1002/adma.200601366. 

[112] P. Sawant, S. Varma, B.N. Wani, S.R. Bharadwaj, Synthesis, stability and conductivity of 
BaCe0.8-xZrxY0.2O3−δ as electrolyte for proton conducting SOFC, Int. J. Hydrog. Energy. 
37 (2012) 3848–3856. doiμ10.1016/j.ijhydene.2011.04.106. 

[113] Y. Guo, Y. Lin, R. Ran, Z. Shao, Zirconium doping effect on the performance of proton-
conducting BaZryCe0.8-yY0.2O3−δ (0.0 ≤ y ≤ 0.8) for fuel cell applications, J. Power 
Sources. 1λ3 (200λ) 400–407. doiμ10.1016/j.jpowsour.200λ.03.044. 

[114] S. Ricote, N. Bonanos, G. Caboche, Water vapour solubility and conductivity study of 
the proton conductor BaCe(0.λ − x)ZrxY0.1O(3 − δ), Solid State Ion. 180 (200λ) λλ0–λλ7. 
doiμ10.1016/j.ssi.200λ.03.016. 

[115] S. Barison, M. Battagliarin, T. Cavallin, L. Doubova, M. Fabrizio, C. Mortalò, S. 
Boldrini, L. Malavasi, R. Gerbasi, High conductivity and chemical stability of 
BaCe1−x−yZrxYyO3−δ proton conductors prepared by a sol–gel method, J. Mater. Chem. 18 
(2008) 5120–5128. doiμ10.103λ/B808344D. 



 156

[116] N. Nasani, P.A.N. Dias, J.A. Saraiva, D.P. Fagg, Synthesis and conductivity of 
Ba(Ce,Zr,Y)O3−δ electrolytes for PCFCs by new nitrate-free combustion method, Int. J. 
Hydrog. Energy. 38 (2013) 8461–8470. doiμ10.1016/j.ijhydene.2013.04.078. 

[117] P. Babilo, T. Uda, S.M. Haile, Processing of yttrium-doped barium zirconate for high 
proton conductivity, J. Mater. Res. 22 (2007) 1322–1330. doiμ10.1557/jmr.2007.0163. 

[118] W.G. Coors, Co-Ionic Conduction in Protonic Ceramics of the Solid Solution, 
BaCe(x)Zr(y-x)Y(1-y)O3-δ Part Iμ Fabrication and Microstructure, Adv. Ceram. Synth. 
Charact. Process. Specif. Appl. InTech Croat. (2011). doiμ10.5772/22546. 

[11λ] J. Tong, D. Clark, M. Hoban, R. O’Hayre, Cost-effective solid-state reactive sintering 
method for high conductivity proton conducting yttrium-doped barium zirconium 
ceramics, Solid State Ion. 181 (2010) 4λ6–503. doiμ10.1016/j.ssi.2010.02.008. 

[120] W.G. Coors, A. Manerbino, Characterization of composite cermet with 68 wt.% NiO and 
BaCe0.2Zr0.6Y0.2O3−δ, J. Membr. Sci. 376 (2011) 50–55. 
doiμ10.1016/j.memsci.2011.03.062. 

[121] S.M. Babiniec, S. Ricote, N.P. Sullivan, Characterization of ionic transport through 
BaCe0.2Zr0.7Y0.1O3−δ membranes in galvanic and electrolytic operation, Int. J. Hydrog. 
Energy. 40 (2015) λ278–λ286. doiμ10.1016/j.ijhydene.2015.05.162. 

[122] M. Dippon, S.M. Babiniec, H. Ding, S. Ricote, N.P. Sullivan, Exploring electronic 
conduction through BaCexZr0.λ−xY0.1O3−d proton-conducting ceramics, Solid State Ion. 
286 (2016) 117–121. doiμ10.1016/j.ssi.2016.01.02λ. 

[123] S. Robinson, A. Manerbino, W. Grover Coors, Galvanic hydrogen pumping in the 
protonic ceramic perovskite, J. Membr. Sci. 446 (2013) λλ–105. 
doiμ10.1016/j.memsci.2013.06.026. 

[124] S.-J. Song, E.D. Wachsman, S.E. Dorris, U. Balachandran, Defect chemistry modeling of 
high-temperature proton-conducting cerates, Solid State Ion. 14λ (2002) 1–10. 
doiμ10.1016/S0167-2738(02)00147-λ. 

[125] T. Norby, M. Widerøe, R. Glöckner, Y. Larring, Hydrogen in oxides, Dalton Trans. 
(2004) 3012–3018. doiμ10.103λ/B403011G. 

[126] W.G. Coors, Co-Ionic Conduction in Protonic Ceramics of the Solid Solution, 
BaCe(x)Zr(y-x)Y(1-y)O3-δ Part IIμ Co-Ionic Conduction, Adv. Ceram. Synth. Charact. 
Process. Specif. Appl. InTech Croat. (2011). 

[127] W.A. Rosensteel, S. Ricote, N.P. Sullivan, Hydrogen permeation through dense 
BaCe0.8Y0.2O3−δ – Ce0.8Y0.2O2−δ composite-ceramic hydrogen separation membranes, Int. 
J. Hydrog. Energy. 41 (2016) 25λ8–2606. doiμ10.1016/j.ijhydene.2015.11.053. 

[128] E. Vasileiou, V. Kyriakou, I. Garagounis, A. Vourros, A. Manerbino, W.G. Coors, M. 
Stoukides, Reaction Rate Enhancement During the Electrocatalytic Synthesis of 



 157

Ammonia in a BaZr0.7Ce0.2Y0.1O2.λ Solid Electrolyte Cell, Top. Catal. 58 (2015) 11λ3–
1201. doiμ10.1007/s11244-015-04λ1-λ. 

[12λ] E. Vasileiou, V. Kyriakou, I. Garagounis, A. Vourros, A. Manerbino, W.G. Coors, M. 
Stoukides, Electrochemical enhancement of ammonia synthesis in a BaZr0.7Ce0.2Y0.1O2.λ 
solid electrolyte cell, Solid State Ion. 288 (2016) 357–362. doiμ10.1016/j.ssi.2015.12.022. 

[130] V. Kyriakou, I. Garagounis, A. Vourros, E. Vasileiou, A. Manerbino, W.G. Coors, M. 
Stoukides, Methane steam reforming at low temperatures in a BaZr0.7Ce0.2Y0.1O2.λ proton 
conducting membrane reactor, Appl. Catal. B Environ. 186 (2016) 1–λ. 
doiμ10.1016/j.apcatb.2015.12.03λ. 

[131] J.H. Lunsford, Catalytic conversion of methane to more useful chemicals and fuelsμ a 
challenge for the 21st century, Catal. Today. 63 (2000) 165–174. doiμ10.1016/S0λ20-
5861(00)00456-λ. 

[132] E. McFarland, Unconventional Chemistry for Unconventional Natural Gas, Science. 338 
(2012) 340–342. doiμ10.1126/science.1226840. 

[133] R. Khalilpour, I.A. Karimi, Evaluation of utilization alternatives for stranded natural gas, 
Energy. 40 (2012) 317–328. doiμ10.1016/j.energy.2012.01.068. 

[134] D. Ma, D. Wang, L. Su, Y. Shu, Y. Xu, X. Bao, Carbonaceous Deposition on 
Mo/HMCM-22 Catalysts for Methane Aromatizationμ A TP Technique Investigation, J. 
Catal. 208 (2002) 260–26λ. doiμ10.1006/jcat.2002.3540. 

[135] Y. Xu, X. Bao, L. Lin, Direct conversion of methane under nonoxidative conditions, J. 
Catal. 216 (2003) 386–3λ5. doiμ10.1016/S0021-λ517(02)00124-0. 

[136] J.J. Spivey, G. Hutchings, Catalytic aromatization of methane, Chem Soc Rev. 43 (2014) 
7λ2–803. doiμ10.103λ/C3CS6025λA. 

[137] Y. Liu, D. Li, T. Wang, Y. Liu, T. Xu, Y. Zhang, Efficient Conversion of Methane to 
Aromatics by Coupling Methylation Reaction, ACS Catal. 6 (2016) 5366–5370. 
doiμ10.1021/acscatal.6b01362. 

[138] C. Karakaya, S.H. Morejudo, H. Zhu, R.J. Kee, Catalytic Chemistry for Methane 
Dehydroaromatization (MDA) on a Bifunctional Mo/HZSM-5 Catalyst in a Packed Bed, 
Ind. Eng. Chem. Res. 55 (2016) λ8λ5–λλ06. doiμ10.1021/acs.iecr.6b02701. 

[13λ] S.H. Morejudo, R. Zanón, S. Escolástico, I. Yuste-Tirados, H. Malerød-Fjeld, P.K. Vestre, 
W.G. Coors, A. Martínez, T. Norby, J.M. Serra, others, Direct conversion of methane to 
aromatics in a catalytic co-ionic membrane reactor, Science. 353 (2016) 563–566. 

[140] L. Bi, E. Fabbri, Z. Sun, E. Traversa, BaZr0.8Y0.2O3- δ-NiO composite anodic powders for 
proton-conducting SOFCs prepared by a combustion method, J. Electrochem. Soc. 158 
(2011) B7λ7–B803. 



 158

[141] L. Chevallier, M. Zunic, V. Esposito, E. Di Bartolomeo, E. Traversa, A wet-chemical 
route for the preparation of Ni–BaCe0.λY0.1O3 − δ cermet anodes for IT-SOFCs, Solid State 
Ion. 180 (200λ) 715–720. doiμ10.1016/j.ssi.200λ.03.005. 

[142] G.C. Mather, F.M. Figueiredo, D.P. Fagg, T. Norby, J.R. Jurado, J.R. Frade, Synthesis 
and characterisation of Ni–SrCe0.λYb0.1O3−δ cermet anodes for protonic ceramic fuel cells, 
Solid State Ion. 158 (2003) 333–342. doiμ10.1016/S0167-2738(02)00λ04-λ. 

[143] H. Ding, N.P. Sullivan, S. Ricote, Double perovskite Ba2FeMoO6−δ as fuel electrode for 
protonic-ceramic membranes, Solid State Ion. (2017). doiμ10.1016/j.ssi.2017.04.007. 

[144] R. Ramachandran, R.K. Menon, An overview of industrial uses of hydrogen, Int. J. 
Hydrog. Energy. 23 (1λλ8) 5λ3–5λ8. doiμ10.1016/S0360-31λλ(λ7)00112-2. 

[145] W. Lubitz, W. Tumas, Hydrogenμ  An Overview, Chem. Rev. 107 (2007) 3λ00–3λ03. 
doiμ10.1021/cr050200z. 

[146] F. Guazzone, J. Catalano, I.P. Mardilovich, J. Kniep, S. Pande, T. Wu, R.C. Lambrecht, S. 
Datta, N.K. Kazantzis, Y.H. Ma, Gas permeation field tests of composite Pd and Pd–Au 
membranes in actual coal derived syngas atmosphere, Int. J. Hydrog. Energy. 37 (2012) 
14557–14568. doiμ10.1016/j.ijhydene.2012.06.053. 

[147] I.P. Mardilovich, B. Castro-Dominguez, N.K. Kazantzis, T. Wu, Y.H. Ma, A 
comprehensive performance assessment study of pilot-scale Pd and Pd/alloy membranes 
under extended coal-derived syngas atmosphere testing, Int. J. Hydrog. Energy. 40 (2015) 
6107–6117. doiμ10.1016/j.ijhydene.2015.03.001. 

[148] Ø. Hatlevik, S.K. Gade, M.K. Keeling, P.M. Thoen, A.P. Davidson, J.D. Way, Palladium 
and palladium alloy membranes for hydrogen separation and productionμ History, 
fabrication strategies, and current performance, Sep. Purif. Technol. 73 (2010) 5λ–64. 
doiμ10.1016/j.seppur.200λ.10.020. 

[14λ] T.A. Peters, T. Kaleta, M. Stange, R. Bredesen, Hydrogen transport through a selection of 
thin Pd-alloy membranesμ Membrane stability, H2S inhibition, and flux recovery in 
hydrogen and simulated WGS mixtures, Catal. Today. 1λ3 (2012) 8–1λ. 
doiμ10.1016/j.cattod.2011.12.028. 

[150] A.E. Lewis, H. Zhao, H. Syed, C.A. Wolden, J.D. Way, PdAu and PdAuAg composite 
membranes for hydrogen separation from synthetic water-gas shift streams containing 
hydrogen sulfide, J. Membr. Sci. 465 (2014) 167–176. doiμ10.1016/j.memsci.2014.04.022. 

[151] S.N. Paglieri, K.Y. Foo, J.D. Way, J.P. Collins, D.L. Harper-Nixon, A new preparation 
technique for Pd alumina membranes with enhanced high-temperature stability, Ind. Eng. 
Chem. Res. 38 (1λλλ) 1λ25–1λ36. doiμ10.1021/ieλ801λλc. 

[152] K. Zhang, S.K. Gade, Ø. Hatlevik, J.D. Way, A sorption rate hypothesis for the increase 
in H2 permeability of palladium-silver (Pd–Ag) membranes caused by air oxidation, Int. J. 
Hydrog. Energy. 37 (2012) 583–5λ3. doiμ10.1016/j.ijhydene.2011.0λ.078. 



 15λ

[153] T.B. Flanagan, H. Noh, A possible role for hydrogen-induced lattice migration in alloy 
materials processing, J. Alloys Compd. 231 (1λλ5) 1–λ. doiμ10.1016/0λ25-
8388(λ6)80003-X. 

[154] H. Noh, J.D. Clewley, T.B. Flanagan, Hydrogen-induced lattice migration in Pd-Pt alloys, 
Scr. Mater. 34 (1λλ6) 665–668. doiμ10.1016/135λ-6462(λ5)005λ2-7. 

[155] T.B. Flanagan, J.D. Clewley, H. Noh, J. Barker, Y. Sakamoto, Hydrogen-induced lattice 
migration in Pd–Pt alloys, Acta Mater. 46 (1λλ8) 2173–2183. doiμ10.1016/S135λ-
6454(λ7)00433-3. 

[156] H.W. Abu El Hawa, S.N. Paglieri, C.C. Morris, A. Harale, J. Douglas Way, Identification 
of thermally stable Pd-alloy composite membranes for high temperature applications, J. 
Membr. Sci. 466 (2014) 151–160. doiμ10.1016/j.memsci.2014.04.02λ. 

[157] Subcommittee D1λ.08, Test Methods for Pore Size Characteristics of Membrane Filters 
by Bubble Point and Mean Flow Pore Test, ASTM International, 2011. 
httpμ//www.astm.org/cgi-bin/resolver.cgi?F316-03(2011). 

[158] P.K. Gallagher, M.E. Gross, The thermal decomposition of palladium acetate, J. Therm. 
Anal. 31 (1λ86) 1231–1241. doiμ10.1007/BF01λ14636. 

[15λ] J. Shu, B.P.A. Grandjean, E. Ghali, S. Kaliaguine, Simultaneous deposition of Pd and Ag 
on porous stainless steel by electroless plating, J. Membr. Sci. 77 (1λλ3) 181–1λ5. 
doiμ10.1016/0376-7388(λ3)85068-8. 

[160] F.D. Manchester, A. San-Martin, J.M. Pitre, The H-Pd (hydrogen-palladium) System, J. 
Phase Equilibria. 15 (1λλ4) 62–83. doiμ10.1007/BF02667685. 

[161] J.I. Goldstein, D.E. Newbury, P. Echlin, D.C. Joy, C. Fiori, E. Lifshin, Scanning electron 
microscopy and X-ray microanalysis. A text for biologists, materials scientists, and 
geologists., (1λ81) 673 pp. 

[162] A.R. Denton, N.W. Ashcroft, Vegard’s law, Phys. Rev. A. 43 (1λλ1) 3161–3164. 
doiμ10.1103/PhysRevA.43.3161. 

[163] NIST US Department of Commerce, NISTμ X-Ray Mass Attenuation Coefficients, (n.d.). 
httpμ//www.nist.gov/pml/data/xraycoef/index.cfm. 

[164] J. Liu, R.E. Saw, Y.-H. Kiang, Calculation of Effective Penetration Depth in X-Ray 
Diffraction for Pharmaceutical Solids, J. Pharm. Sci. λλ (2010) 3807–3814. 
doiμ10.1002/jps.22202. 

[165] A.J. Maeland, A neutron-diffraction study of the α phase in the palladium–gold–
hydrogen and palladium–gold–deuterium systems - Canadian Journal of Physics, (1λ68). 
httpμ//www.nrcresearchpress.com/doi/abs/10.113λ/p68-017#.VuYoQn0rKλI. 



 160

[166] Materials Science International Team MSIT®, Au-H-Pd (Gold - Hydrogen - Palladium), 
inμ G. Effenberg, S. Ilyenko (Eds.), Noble Met. Syst. Sel. Syst. Ag-Al-Zn Rh-Ru-Sc, 
Springer Berlin Heidelberg, 2006μ pp. 1–8. 
httpμ//materials.springer.com/lb/docs/sm_lbs_λ78-3-540-46λλ4-0_26. 

[167] M. Baier, M. Karger, R. Ostermayer, F.E. Wagner, I. Dugandzic, H. J. Bauer, V. E. 
Antonov, T. E. Antonova, V. I. Rashupkin, S. M. Filipek, A. Stroka, Hydrogen Uptake of 
Palladium-Gold Alloys Studied by 1λ7Au Mössbauer Spectroscopy*, Z. Für Phys. Chem. 
17λ (1λλ3) 30λ–316. 

[168] A. Weiss, S. Ramaprabhu, N. Rajalakshmi, Hydrogen Solubility and Thermodynamics of 
Hydrogen Absorption in Palladium-rich Binary Pd1−xZx and Ternary Pd1−x−yZxZ′y 
Solid Solution Alloys, Z. Für Phys. Chem. 1λλ (1λλ7) 165–212. 
doiμ10.1524/zpch.1λλ7.1λλ.Part_2.165. 

[16λ] A.J. Maeland, T.B. Flanagan, X-Ray and Thermodynamic Studies of the Absorption of 
Hydrogen by Gold-Palladium Alloys, J. Phys. Chem. 6λ (1λ65) 3575–3581. 
doiμ10.1021/j1008λ4a054. 

[170] Y. Fukai, N. Ōkuma, Evidence of Copious Vacancy Formation in Ni and Pd under a High 
Hydrogen Pressure, Jpn. J. Appl. Phys. 32 (1λλ3) L1256–L125λ. 
doiμ10.1143/JJAP.32.L1256. 

[171] Y. Fukai, N. Ōkuma, Formation of Superabundant Vacancies in Pd Hydride under High 
Hydrogen Pressures, Phys. Rev. Lett. 73 (1λλ4) 1640–1643. 
doiμ10.1103/PhysRevLett.73.1640. 

[172] S.-M. Lee, T.B. Flanagan, G.-H. Kim, Hydrogen-induced ordering in a Pd0.81Au0.1λ 
alloy, Scr. Metall. Mater. 32 (1λλ5) 827–832. doiμ10.1016/0λ56-716X(λ5)λ320λ-M. 

[173] J.M. Poate, P.A. Turner, W.J. DeBonte, J. Yahalom, Thin‐film interdiffusion. I. Au‐Pd, 
Pd‐Au, Ti‐Pd, Ti‐Au, Ti‐Pd‐Au, and Ti‐Au‐Pd, J. Appl. Phys. 46 (1λ75) 4275–4283. 
doiμ10.1063/1.321411. 

[174] J. Crank, The Mathematics of Diffusion, Clarendon Press, 1λ7λ. 

[175] G. Neumann, C. Tuijn, Self-diffusion and Impurity Diffusion in Pure Metalsμ Handbook 
of Experimental Data, Elsevier, 2011. 

[176] J. Shu, A. Adnot, B.P.A. Grandjean, S. Kaliaguine, Structurally stable composite Pd-Ag 
alloy membranesμ Introduction of a diffusion barrier, Thin Solid Films. 286 (1λλ6) 72–7λ. 
doiμ10.1016/S0040-60λ0(λ6)08544-6. 

[177] J. Boon, J.A.Z. Pieterse, F.P.F. van Berkel, Y.C. van Delft, M. van Sint Annaland, 
Hydrogen permeation through palladium membranes and inhibition by carbon monoxide, 
carbon dioxide, and steam, J. Membr. Sci. 4λ6 (2015) 344–358. 
doiμ10.1016/j.memsci.2015.08.061. 



 161

[178] N.W. Ockwig, T.M. Nenoff, Membranes for Hydrogen Separation, Chem. Rev. 107 
(2007) 4078–4110. doiμ10.1021/cr05017λ2. 

[17λ] M. Gazzani, D.M. Turi, G. Manzolini, Techno-economic assessment of hydrogen 
selective membranes for CO2 capture in integrated gasification combined cycle, Int. J. 
Greenh. Gas Control. 20 (2014) 2λ3–30λ. doiμ10.1016/j.ijggc.2013.11.006. 

[180] A. Goldbach, F. Bao, C. Qi, C. Bao, L. Zhao, C. Hao, C. Jiang, H. Xu, Evaluation of Pd 
composite membrane for pre-combustion CO2 capture, Int. J. Greenh. Gas Control. 33 
(2015) 6λ–76. doiμ10.1016/j.ijggc.2014.12.003. 

[181] F. Braun, J.B. Miller, A.J. Gellman, A.M. Tarditi, B. Fleutot, P. Kondratyuk, L.M. 
Cornaglia, PdAgAu alloy with high resistance to corrosion by H2S, Int. J. Hydrog. 
Energy. 37 (2012) 18547–18555. doiμ10.1016/j.ijhydene.2012.0λ.040. 

[182] F. Braun, A.M. Tarditi, J.B. Miller, L.M. Cornaglia, Pd-based binary and ternary alloy 
membranesμ Morphological and perm-selective characterization in the presence of H2S, J. 
Membr. Sci. 450 (2014) 2λλ–307. doiμ10.1016/j.memsci.2013.0λ.026. 

[183] B. Zhu, C.H. Tang, H.Y. Xu, D.S. Su, J. Zhang, H. Li, Surface activation inspires high 
performance of ultra-thin Pd membrane for hydrogen separation, J. Membr. Sci. 526 
(2017) 138–146. doiμ10.1016/j.memsci.2016.12.025. 

[184] F. Guazzone, Y.H. Ma, Leak growth mechanism in composite Pd membranes prepared 
by the electroless deposition method, AIChE J. 54 (2008) 487–4λ4. 
doiμ10.1002/aic.113λ7. 

[185] N.S. Patki, S.-T. Lundin, J.D. Way, Rapid annealing of sequentially plated Pd-Au 
composite membranes using high pressure hydrogen, J. Membr. Sci. 513 (2016) 1λ7–205. 
doiμ10.1016/j.memsci.2016.04.034. 

[186] J.P. Collins, J.D. Way, Preparation and characterization of a composite palladium-
ceramic membrane, Ind. Eng. Chem. Res. 32 (1λλ3) 3006–3013. 
doiμ10.1021/ie00024a008. 

[187] S.-T.B. Lundin, J.O. Law, N.S. Patki, C.A. Wolden, J.D. Way, Glass frit sealing method 
for macroscopic defects in Pd-based composite membranes with application in catalytic 
membrane reactors, Sep. Purif. Technol. 172 (2017) 68–75. 
doiμ10.1016/j.seppur.2016.07.041. 

[188] H.W. Abu El Hawa, S.-T.B. Lundin, S.N. Paglieri, A. Harale, J. Douglas Way, The 
influence of heat treatment on the thermal stability of Pd composite membranes, J. 
Membr. Sci. 4λ4 (2015) 113–120. doiμ10.1016/j.memsci.2015.07.021. 

[18λ] S.-T.B. Lundin, N.S. Patki, T.F. Fuerst, C.A. Wolden, J. Douglas Way, Inhibition of 
hydrogen flux in palladium membranes by pressure–induced restructuring of the 
membrane surface, J. Membr. Sci. (n.d.). doiμ10.1016/j.memsci.2017.04.025. 



 162

[1λ0] A.L. Mejdell, H. Klette, A. Ramachandran, A. Borg, R. Bredesen, Hydrogen permeation 
of thin, free-standing Pd/Ag23% membranes before and after heat treatment in air, J. 
Membr. Sci. 307 (2008) λ6–104. doiμ10.1016/j.memsci.2007.0λ.024. 

[1λ1] F. Roa, J.D. Way, The effect of air exposure on palladium–copper composite membranes, 
Appl. Surf. Sci. 240 (2005) 85–104. doiμ10.1016/j.apsusc.2004.06.023. 

[1λ2] J. Gao, Y. Zheng, J.-M. Jehng, Y. Tang, I.E. Wachs, S.G. Podkolzin, Identification of 
molybdenum oxide nanostructures on zeolites for natural gas conversion, Science. 348 
(2015) 686–6λ0. doiμ10.1126/science.aaa7048. 

[1λ3] W.G. Coors, A. Manerbino, D. Martinefski, S. Ricote, Fabrication of Yttrium-Doped 
Barium Zirconate for High Performance Protonic Ceramic Membranes, inμ L. Pan (Ed.), 
Perovskite Mater. - Synth. Characterisation Prop. Appl., InTech, 2016. DOIμ 
10.5772/61660. Available fromμ httpμ//www.intechopen.com/books/perovskite-materials-
synthesis-characterisation-properties-and-applications/fabrication-of-yttrium-doped-
barium-zirconate-for-high-performance-protonic-ceramic-membranes. 

[1λ4] F. Roa, J.D. Way, R.L. McCormick, S.N. Paglieri, Preparation and characterization of 
Pd–Cu composite membranes for hydrogen separation, Chem. Eng. J. λ3 (2003) 11–22. 
doiμ10.1016/S1385-8λ47(02)00106-7. 

[1λ5] H. Gao, J.Y. S. Lin, Y. Li, B. Zhang, Electroless plating synthesis, characterization and 
permeation properties of Pd–Cu membranes supported on ZrO2 modified porous stainless 
steel, J. Membr. Sci. 265 (2005) 142–152. doiμ10.1016/j.memsci.2005.04.050. 

[1λ6] E. Acha, Y.C. van Delft, J. Overbeek, P.L. Arias, J.F. Cambra, Copper deposition on Pd 
membranes by electroless plating, Int. J. Hydrog. Energy. 36 (2011) 13114–13121. 
doiμ10.1016/j.ijhydene.2011.07.068. 

[1λ7] H. Lim, S.T. Oyama, Hydrogen selective thin palladium–copper composite membranes 
on alumina supports, J. Membr. Sci. 378 (2011) 17λ–185. 
doiμ10.1016/j.memsci.2011.04.054. 

[1λ8] F. Roa, J.D. Way, Influence of Alloy Composition and Membrane Fabrication on the 
Pressure Dependence of the Hydrogen Flux of Palladium−Copper Membranes, Ind. Eng. 
Chem. Res. 42 (2003) 5827–5835. doiμ10.1021/ie030426x. 

[1λλ] F. Roa, M.J. Block, J.D. Way, The influence of alloy composition on the H2 flux of 
composite Pd-Cu membranes, Desalination. 147 (2002) 411–416. doiμ10.1016/S0011-
λ164(02)00636-7. 

[200] A.R. Manerbino, Fabrication, characterization and hydrogen permeation in BaCexZr0.λ-

xY0.1O3-δ prepared by solid state reactive sintering., Colorado School of Mines, 2013. 

[201] S. Musić, S. Popović, M. Maljković, K. Furić, A. Gajović, Formation of RuO2 and Ru by 
thermal decomposition of ruthenium(III)-acetylacetonate, J. Mater. Sci. Lett. 21 (2002) 
1131–1134. doiμ10.1023/Aμ1016574λ20311. 



 163

[202] Z. Lin, D. Han, S. Li, Study on thermal decomposition of copper(II) acetate monohydrate 
in air, J. Therm. Anal. Calorim. 107 (2011) 471–475. doiμ10.1007/s10λ73-011-1454-4. 

[203] T. Ogura, M. Malcomson, Q. Fernando, Mechanism of copper deposition in electroless 
plating, Langmuir. 6 (1λλ0) 170λ–1710. doiμ10.1021/la00101a016. 

[204] T. Sharma, R. Brüning, T.C.L. Nguyen, T. Bernhard, F. Brüning, Properties of electroless 
Cu films optimized for horizontal plating as a function of deposit thickness, 
Microelectron. Eng. 140 (2015) 38–46. doiμ10.1016/j.mee.2015.05.003. 

[205] Cu-Ru Binary Phase Diagram Evaluation - Springer Materials, (n.d.). 
httpμ//materials.springer.com/msi/docs/sm_msi_r_20_035126_01. 

[206] N.S. Patki, S. Ricote, J.D. Way, Fabrication of reducing atmosphere electrodes (fuel 
electrodes) by electroless plating of copper on BaZr 0.λ − x Ce x Y 0.1 O 3 − δ – A 
proton-conducting ceramic, Int. J. Hydrog. Energy. 42 (2017) 16λ11–16λ1λ. 
doiμ10.1016/j.ijhydene.2017.06.02λ. 

[207] Streicher Johann S, Grain stabilizing metals and alloys, US263681λ A, 1λ53. 
httpμ//www.google.com/patents/US263681λ. 

[208] H. Zhu, S. Ricote, W.G. Coors, R.J. Kee, Interpreting equilibrium-conductivity and 
conductivity-relaxation measurements to establish thermodynamic and transport 
properties for multiple charged defect conducting ceramics, Faraday Discuss. 182 (2015) 
4λ–74. doiμ10.103λ/C5FD00012B. 

[20λ] E. Kikuchi, Membrane reactor application to hydrogen production, Catal. Today. 56 
(2000) λ7–101. doiμ10.1016/S0λ20-5861(λλ)00256-4. 

[210] J.T.S. Irvine, D.C. Sinclair, A.R. West, Electroceramicsμ Characterization by Impedance 
Spectroscopy, Adv. Mater. 2 (1λλ0) 132–138. doiμ10.1002/adma.1λλ00020304. 

[211] E. Barsoukov, J.R. Macdonald, Impedance Spectroscopyμ Theory, Experiment, and 
Applications, John Wiley & Sons, 2005. 

[212] S.A. Steward, Review of hydrogen isotope permeability through materials, Lawrence 
Livermore National Lab., CA (USA), 1λ83. httpμ//www.osti.gov/servlets/purl/52776λ3-
O8OUBl/native/ (accessed April 17, 2016). 

[213] W. Eichenauer, W. Loser, H. Witte, Loslichkeit und diffusionsgeschwindigkeit von 
wasserstoff und deuterium in einkristallen aus nickel und kupfer, Z. Met. 56 (1λ65) 287. 

[214] F. Reiter, K.S. Forcey, G. Gervasini, A Compilation of Tritium-Material Interaction 
Parameters in Fusion Reactor Materials, 1λλ3. 

[215] I. Peñalva, G. Alberro, F. Legarda, G.A. Esteban, B. Riccardi, Interaction of copper 
alloys with hydrogen, inμ Dr. Luca Collini (Ed.), Copp. Alloys-Early Appl. Curr. 



 164

Perform.-Enhancing Process., InTech, 2012. 
httpsμ//www.intechopen.com/download/pdf/30473 (accessed July 13, 2017). 

[216] K. Huang, R.E. Logé, Zener Pinning, inμ Ref. Module Mater. Sci. Mater. Eng., Elsevier, 
2016. doiμ10.1016/Bλ78-0-12-803581-8.03211-2. 

[217] R.B. McLellan, W.A. Oates, The solubility of hydrogen in rhodium, ruthenium, iridium 
and nickel, Acta Metall. 21 (1λ73) 181–185. doiμ10.1016/0001-6160(73)λ0001-1. 

[218] A.S. Darling, J.M. Yorke, The ruthenium-palladium system, Platin. Met. Rev. 4 (1λ60) 
104–110. 

[21λ] A.L. Cabrera, E. Morales, J.N. Armor, Kinetics of hydrogen desorption from palladium 
and ruthenium-palladium foils, J. Mater. Res. 10 (1λλ5) 77λ–785. 
doiμ10.1557/JMR.1λλ5.077λ. 

[220] M. Malagoli, M.L. Liu, H.C. Park, A. Bongiorno, Protons crossing triple phase 
boundaries based on a metal catalyst, Pd or Ni, and barium zirconate, Phys. Chem. Chem. 
Phys. 15 (2013) 12525. doiμ10.103λ/c3cp51863a. 

[221] Gustav Tammann, Lehrbuch der Metallkunde, 4th ed., Verlag Voss, Berlin, 1λ2λ. 
httpμ//archive.org/details/LehrbuchDerMetallkunde. 

[222] D.J.M. Bevan, J.P. Shelton, J.S. Anderson, 351. Properties of some simple oxides and 
spinels at high temperatures, J. Chem. Soc. Resumed. 0 (1λ48) 172λ–1741. 
doiμ10.103λ/JRλ48000172λ. 

[223] P.R. Subramanian, D.E. Laughlin, Cu-Pd (copper-palladium), J. Phase Equilibria. 12 
(1λλ1) 231–243. 

[224] Thaddeus B. Massalski, Hiroaki Okamoto, P. R. Subramanian, Linda Kacprzak, Binary 
alloy phase diagrams, 2nd ed., ASM International, 1λλ0. 

[225] N.S. Patki, J.D. Way, S. Ricote, High performance reducing atmosphere electrodes 
fabricated by electroless plating of copper on BaZr0.λ-xCexY0.1O3-δ proton-conducting 
ceramic, J. Power Sources. (2017). doiμunder review. 

[226] K. Sundmacher, L.K. Rihko-Struckmann, V. Galvita, Solid electrolyte membrane 
reactorsμ Status and trends, Catal. Today. 104 (2005) 185–1λλ. 
doiμ10.1016/j.cattod.2005.03.074. 

[227] T.A. Peters, M. Stange, H. Klette, R. Bredesen, High pressure performance of thin Pd–
23%Ag/stainless steel composite membranes in water gas shift gas mixtures; influence of 
dilution, mass transfer and surface effects on the hydrogen flux, J. Membr. Sci. 316 
(2008) 11λ–127. doiμ10.1016/j.memsci.2007.08.056. 



 165

[228] G. Hudish, A. Manerbino, W.G. Coors, S. Ricote, Chemical expansion in BaZr0.λ-

xCexY0.1O3-δ (x=0 and 0.2) upon hydration determined by high temperature X-ray 
diffraction, J. Am. Ceram. Soc. (2017). doiμUnder review. 

[22λ] A.J. Maeland, T.B. Flanagan, Lattice Spacings of Gold–Palladium Alloys, Can. J. Phys. 
42 (1λ64) 2364–2366. doiμ10.113λ/p64-213. 

 

  



 166

APPENDIX A 
 
 This appendix contains sample calculations to determine Au composition from XRD 

analysis and pore size from first bubble point measurements.  

A.1  Pd-Au alloy composition from XRD using Vegard’s law  
 

One can use the following steps to calculate the Au composition from the Pd-Au alloy 

peak locationsμ  

 Find 2θ, hence θ for a given alloy peak with indices h,k,l.  

 Calculate lattice spacing, dμ 2dsinθ= Cu, Kα  

 Calculate lattice parameter, aμ a2 = (h2+k2+l2)/d2  

 Calculate Au at%μ a = 0.001λ×(Au at %) + 3.88λ6 [22λ]  

 Convert At at% to Au wt%  

By using Pd-Au 200 peak from Figure 2.7 the alloy composition of λ061-3A-1 was estimated at 

17 wt% Au, which was close to the value estimated from GM analysis. A sample calculation is 

as followsμ  

 2θ200 = 46.46°  
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A.2  Pore size estimate using bubble point measurements  
 

Knowing the surface tension of the wetting liquid, one can use the Young-Laplace 

equation to determine the pore size for a given pressure differential. A sample calculation with 

water as the wetting liquid is as followsμ  
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