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ABSTRACT

Dense membranes made of palladium-gold alloys have previously been shown to

have desirable properties for hydrogen separations, including superior hydrogen

permeability compared to pure palladium, and stability under common hydrogen stream

contaminants such as carbon oxides and hydrogen sulfide. However, their composition

and fabrication technique have not been optimized for practical application. In this work,

self-supported Pd-Au membranes were studied in order to improve understanding of the

system and optimize its performance.

Three fabrication techniques were examined: sequential electroless plating, cold-

working, and magnetron sputtering. Electroless plating had been previously

demonstrated to produce composite membranes upon porous supports, but had not been

modified to produce self-supported films. A novel technique was developed to produce

palladiimi and Pd-alloy films by sequential electroless plating onto polished stainless

steel, followed by mechanical removal. This technique was demonstrated to produce

high-quality palladium alloy films with minimal defects, but necessarily produces

membranes with inhomogeneous composition distribution. In the case of Pd-Au alloys,

the surface gold phases produced are highly stable and have a depressive effect on

hydrogen permeability. While annealing for long periods at high temperatures can be

used to produce membranes with equivalent pure-gas permeability to homogeneous

materials, the resulting films have persistent amoxmts of gold on the surface, which may

alter performance under mixture gas conditions.

To study material properties without issues of initial inhomogeneity, sputtered and

cold-worked membranes with a variety of gold compositions were tested under pure-gas

conditions. They were additioneilly characterized by SEM/EDS, XRD, XPS, and XRF. It

was determined that the fabrication technique used to produce the membrane had a

significant effect on performance: sputtered membranes had generally higher hydrogen

permeability than cold-worked membranes of similar composition, but were more

sensitive to formation of the Pd-H p phase at low temperature, causing loss of selectivity

due to membrane swelling and embrittlement. Permeation experiments on the cold-
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worked membranes showed that there was no single optimal composition for pure-gas

hydrogen permeability. Pure Pd had the highest permeability of all alloys examined at

high temperatures (523 K and above), but other alloys surpassed it at lower temperature.

In addition, cold-worked membranes developed evidence of surface-limited transport at

473 K, producing fluxes at high pressures greater than the same membranes at higher

temperatures. This phenomenon was not observed for sputtered membranes.

A variety of differences are observable in the PdAu membranes which may accoimt

for their variations in pure-gas permeation properties. Preferential orientation is the most

prominent difference, with the 777 reflection dominating in sputtered membranes vs. the

200 reflection in cold-worked membranes. Preferential 111 orientation is more stable

than 200, but appears to promote formation of long-range ordered surface phases, altering

permeation properties. XRD analysis on both types of membranes showed peak shift

after testing, suggesting surface gold enrichment in the case of cold-worked membranes

and surface gold depletion in the case of sputtered membranes. However, these

segregation effects are subtle and not observable by XPS in the near-surface region.

Cold-worked and sputtered membranes were also tested under mixture gas

conditions simulating a methane water-gas shift stream and a methanol reformate stream.

Despite similar gold compositions, cold-worked and sputtered membranes had very

different performances, with the sputtered membrane having a much shorter lifetime

under WGS mixtures with hydrogen sulfide, and greater flux inhibition due to both sulftor

and carbon oxides. In addition, while sulfide formation was only observable on the cold-

worked membrane, the sputtered membrane lost 70% of its thickness during sulfur

testing. The sputtered membrane had a columnar structure, which may have allowed

sulfur to penetrate deeper into the bulk, and lower initial selectivity, which provided

routes for H2S to appear on the permeate side and attack the membrane there.
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CHAPTER 1

BACKGROUND

The goal of this chapter is to present an. overview of the current state of hydrogen

purification technology, the motivation and goals for the research, and the background

necessary to understand the experimental work conducted.

1.1 Hydrogen Today

Approximately 9 million metric tons of hydrogen are produced and consumed each

year in the US (1-3). The largest US market is the oil refining industry (41% of U.S. H2

consumption), which uses H2 for hydroconversion, a blanket term for several processes in

which a heavy oil is combined with hydrogen in a catalytic reactor to produce a more

desirable commercial product. The increasing demand for high-quality petroleum

products such as jet fuel, diesel, and higher-octane gasoline has made hydroconversion a

more widely-used process, and increased the demand for quality H2 stocks (4).

Worldwide, the largest use of hydrogen is for ammonia production. Ammonia, used

primarily to make fertilizer, is produced by the Haber-Bosch process (Equation 1.1):

N2 (g) + 3H2<r^2NH3+AH (1.1)

Because sulfur compounds found in natural gas deactivate the catalyst for the Haber-

Bosch process, the hydrogen used must be carefully purified. Typically this is done by

catalytic hydrogenation of the sulfur compounds and reaction with zinc oxide to produce

solid zinc sulfide. 1% of the energy consumed in the world goes to the production of

ammonia (5), and it is estimated that only 60% of the present global population could be

sustained v^thout the synthetic fertilizers it produces (6).

Argonne National Labs anticipates that domestically, the need for hydrogen for

ammonia and petrochemical purposes will increase by as much as 15% per year. Other



uses include methanol production, hydrogenation of edible fats, and the metals and

electronics industries.

1.2 PEM Fuel Cells and the Hydrogen Economy of the Future

In 2003, President George W. Bush announced the creation of a $1.2 billion

Hydrogen Fuel Initiative (7). The goal of this initiative is to encourage the development

of commercially viable hydrogen powered fuel cells, with the goal of reducing pollutant

emissions and American dependence on foreign oil sources. Hydrogen, both as a fuel

and as a means to transport energy, has many advantages over other materials. It is

clean-buming, can be produced from a variety of feedstocks including renewables, and it

has an extremely high energy content per unit weight.

PEM (proton exchange membrane) fuel cells show great promise for

commercialization. PEMFCs are lightweight, have a high power density, quick startup

time, and operate at low temperatures, typically less than 100°C, as liquid water is

necessary to conduct protons through the electrolyte (Figure 1).

PEM FUEL CELL
Eledricsl Carmnt

Excess
Fuel

Fuel In

W^terand
Heal Out

Air in

Anode I Cattode
Eledmljrts

Figure 1.1 Schematic of PEMFC, from DOE ('httD://www.eere.energv.gov').



This low temperature operation poses a problem since it requires a costly, highly-

sensitive platimun catalyst that can be poisoned by CO concentrations in the H2 as low as

10 ppm (8). Although research in fuel cells is ongoing to improve the catalysts, it is clear

that the demand for inexpensive, highly pure hydrogen will be greatly increased with the

advent of widespread fuel cell power.

1.3 Production

The most widely used method of hydrogen production is the steam reforming of

natural gas (methane) (Equation 1.2). In this reaction, desulfurized natural gas is mixed

with steam in tubular reactors coated with a catalyst, typically Ni-based (9). The water-

gas shift reaction (Equation 1.3) is then performed on an iron-based catalyst, improving

the ultimate yield of hydrogen and creating a mixture of synthesis gas, residual unreacted

components, carbon dioxide, and steam, with typical properties shown in table 1:

CH^ + H2O CO + 3/^2

CO "b H2O ̂  CO2 + H2

(1.2)

(1.3)

Table 1.1 NETL/DOE typical conditions and compositions downstream of WGS
reactors(lO).

Temperature (K) 523-773

Pressure (psia) 483-777

Compositions (vol. %)

H2 41-43

CO2 31-32

H2O 22-24

CO 0.5-1.0



The overall steam reforming reaction is strongly endothermic (AHr=206 kJ/mol) and

requires high temperatures (750-925°C), making it a costly process. Because of this,

substantial attention has been given to the CPOX (catalytic partial oxidation) process

(11).

The CPOX reaction (equation 1.4) is performed on a variety of catalysts, typically

Rh, Ru, Pt, and Ni.

CH4 +^02 CO + 2H2 (1.4)

The catalyst is heated electrically or with hot air to -250 ®C, and the reactor "lights

off' (begins reacting and heats up) as soon as the natural gas and oxygen/air mixture is

introduced. After this, no additional heat need be added. The reactor is run adiabatically

in order to reconvert the products of complete combustion into syngas by the water-gas

shift and steam reforming reactions. Commercialization of the CPOX process has been

limited by the cost of making oxygen, the difficulty in finding a catalyst that is both low

cost (nickel-based) and minimizes coking (costly Ru, Pt, or Re), and the fact that the

reactor must be run at vmdesirably low pressures in order to minimize side reactions (12,

13).

Another fossil-based route to hydrogen is coal gasification. In this process, coal

is heated to high temperature in the presence of steam and controlled amoimts of oxygen

(14). Because coal is a complex material with widely varying composition, the reaction

can be best described by the generic equation:

CHq q + O2 + H2O CO + CO2 + H2 + other species (1.5)

In currently operating Integrated Gasification Combined Cycle plants, these products

are combusted in a turbine and used to produce electricity. Research is ongoing in the

development of zero-emission plants which will produce both hydrogen and electricity

while sequestering carbon dioxide (15).

Other hydrogen production technologies are a diverse group. Biomass can be

made to make hydrogen either through thermochemical processes such as pyrolysis, or



through biological processes like fermentation (16). Huge amounts of research have been

dedicated to optimizing the water electrolysis reaction, in which an electrical current is

nm through water, forming gaseous oxygen at the anode and gaseous hydrogen at the

cathode. Proposals for the electricity for this reaction include nuclear-power (17), but

have been focused on fully renewable sources such as wind (18) and solar power (19).

Currently these technologies are not economically viable, but they may become so as

hydrocarbon fuels become more costly.

1.4 Hydrogen Purification

A wide variety of techniques to purify hydrogen, both membrane-based and

otherwise, have been studied. This section discusses some techniques which are current

competitors with palladium membranes.

1.4.1 Pressure Swing Adsorption

Currently, almost all commercial hydrogen is separated from other gaseous

components by pressure swing adsorption (PSA). The operating principle behind PSA is

the fact that different components in a gaseous stream will adsorb with different strengths

on to a given sorbent (20). The most typical sorbents used are zeolites, with type 5 A

having lately become more significant than the traditional Y-type (21). The gas stream is

passed through a packed bed adsorber at approximately 350 psia, and, when the sorbent is

saturated with CO, CO2, and other stream contaminants, the beds are purged at

approximately 2.5 psia (9). In order to have continuous operation, the beds are operated

in a cyclical manner. PSA produces highly p\xre hydrogen at high pressure, reducing

carbon oxides to 10 ppm or below. The disadvantages of PSA are that adsorbent loading

is reduced at the high temperatures typical of H2 production, that it is costly due to the

low purge pressures required, and that the CO2 and CO extracted are at low pressures and

would require compression for sequestration processes.



1.4.2 Dense Polymeric Membranes

Several membrane processes have been proposed as altematives or supplements

to PSA. Among these are dense polymeric membranes, microporous inorganic

membranes, and dense inorganic membranes. Dense polymeric membranes are low cost,

though suitable only for low temperatures (<523 K). As with palladium and the

superpermeable elements, the primary mechanism for separation is solution-diffusion, in

which the gas molecules are dissolved into the membrane and diffuse through it, driven

by the gradient in chemical potential between the feed and permeate sides (22).

The flux (J, amount of substance/length^/time) of component i in gas permeation can

be described as the permeability (P (amount of substance/length/time/Ap) multiplied by

the pressure drop (Ap) and divided by the membrane thickness 1. The permeability is in

itself the product of the diffusivity (D) and solubility (S) of component i in the

membrane.

0.6,

Pi = DiSi (1.7)

The above elaboration of Pick's law assumes a linear concentration profile across the

membrane thickness, 1-D transport only, and no effect of local concentration on

membrane permeability.

Hydrogen has two properties that are exploited for the solution-diffusion mechanism.

Due to its small size (kinetic diameter =2.89* 10'^® m), its diffusivity is large (23), but due

to its low critical temperature, its solubility tends to be lower than other molecules (24).

A hydrogen-selective membrane is therefore engineered to reduce the solubility

selectivity, which favors more condensable molecules, and take advantage of the high

diffusivity of the H2. Increases in hydrogen diffusivity may be accomplished by varying

the membrane structure or rigidity (25,26). However, increases in permeability

generally come at the cost of decreased selectivity. A literature review of 300

publications in 1991 established an upper bound in the relationship between permeability



and selectivity which polymeric membranes could not exceed (27). This upper bound

was only slightly shifted when the topic was revisited 17 years later (28).

1000

<M

z

1(»

Ha/Ng
Upper bound

1  10 100 1000 10»000 100,000

Hydrogen Permeation (Barrer)

Figure 1.2 Permeability for H2/N2 separations in polymeric membranes from with upper
bound established by Robeson (27) from a literature review of polymeric hydrogen-
selective membranes. 1 barrer=3.34 x 10"^^ mol/m/s/Pa.

For cases in which the hydrogen stream should be maintained at high pressures, such

as in cases where CO2 needs to be removed while the CO and H2 stream goes on to

further reaction, hydrogen-rejective membranes are employed. In this case, different

strategies may be employed. Rubbery membranes, with their greater polymer chain

mobility, increase the diffusivity of all compoimds, but have a more pronounced effect on

larger molecules than small molecules like H2. Incorporation of polar groups enhances

the solubility of polar compounds like CO2, while having little to no effect on nonpolar

molecules (29).

1.4.3 Microporous Inorganic Membranes

Microporous (mean pore diameter less than 2 nm) membranes can be fabricated of

silica, silicalite, or zeolite on porous supports. These separate by sorption and site-



hopping diffusion, with Knudsen diffusion, viscous flow, and molecular diffusion in the

support (30).
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Figure 1.3 Transport of small molecules by selective sorption and diffusion in a
microporous inorganic membrane (31).

High-quality microporous membranes can have permeances approaching 1x10"^

mol/m^/s/Pa, with H2/N2 selectivities over 100 (32). The difficulty in synthesizing

defect-free layers thin enough to have attractive fluxes has limited the commercial

application of these membranes.

1.4.4 Dense Inorganic Membranes

Dense, pinhole-free membranes made of palladium, nickel, platinum, and the

metallic elements in groups III-V of the periodic table are able to transport hydrogen in a

dissociated form, and are thus capable of theoretically infinite selectivity (33, 34). Pd

and Pd-alloys are discussed in detail beginning in section 1.5, but competitive dense

inorganic materials are: the superpermeable elements such as Nb, Ta, Zr, V and their

alloys; proton conducting ceramics; and cermets.



Proton conducting ceramics and cermets are based on five types of oxides: SrCeOs,

BaCeOs, SrZrOs, complex perovskites, and nitrate-oxide (35). Cermets consist of a

proton-conducting ceramic forming a matrix that contains 40-50 voI% of a H2 permeable

metal. At high temperatures (typically ~900°C), these membranes dissociate and conduct

hydrogen. It is difficult to make the brittle ceramic sufficiently thin to produce adequate

flux (36), the high temperatures necessary to produce H2 conduction make leak-tight

sealing a nontrivial consideration, and the large amounts of expensive metals in the

cermet make them costly.
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Figure 1.4 Flux as a function of 1/thickness for Pd/YSZ membrane at 900°C and
ambient pressure, from Baluchandran et al (36).

The superpermeable elements are so-called because they have extremely high H2

permeabilities (5.0* 10"' mol/m/s/Pa"^ in for vanadium with a palladium catalyst layer at

350° C(37)). Because of this, they can be made into thick, durable membranes. These

materials rapidly form oxides, carbides, and nitrides that poison the catalytic dissociation



reaction. To counteract this, both feed and permeate must generally be coated with noble

metals, which limits their operating temperature, as the coatings will tend to diffuse into

the base metal over time.

1.5 Palladium

Palladium transports hydrogen through a solution-diffusion mechanism. As in the

other metallic membranes, the H2 is transported in its dissociated form, rather than as the

diatomic molecule. The molecular hydrogen must dissociatively chemisorb onto the

surface, absorb into the bulk metal, diffuse using a site-hopping mechanism through the

bulk, desorb to the surface, and recombine into its original form. The particular

advantage of palladium over other dense inorganic materials is the fact that it is able to

self-catalyze the hydrogen dissociation reaction, and its high permeability over a wide

range of operating temperatures. Flux may be limited by any of the membrane mass

transfer steps, as well as transport through boundary layers in the gas phase and support

limitations in the case of composite membranes. As membranes become thinner, the

surface reaction rates, particularly desorption, become proportionally more important

(38). Because of this. Pick's law must be modified to take into account the dissociation

reaction, and therefore flux in this type of membrane has a nonlinear dependence upon

pressure (39).

, iPH,\ Ph,2^
I  (1.8)

"n" is typically 0.5, but this assumes low hydrogen concentrations, no flow through

defects, no support resistance, and bulk diffusion acting as the rate-limiting step. If

svuface reactions dominate, the n-value will rise.

In the case of thin membranes, therefore, it becomes especially important to promote

the dissociation and recombination reactions. One way in which this is done is to expose

the membrane to oxygen or air at temperatures above 350°C. This forms a thin layer of
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PdO, which upon reexposure to hydrogen gas forms palladium nanocrystallites. By this

process, the membrane is cleaned of organic contaminants and the surface area for the

dissociation reaction is increased (40), although previous research has indicated that these

two contributions are not always sufficient to explain the large improvement in flux that

typically results, suggesting that the oxidation may also alter bulk lattice properties and

surface-to-bulk transport rates (41).

Since the discovery of the hydrogen permeability of palladium in 1863, Pd and

Pd-alloy membranes for hydrogen separations have been the focus of substantial research

(42). Commercial systems for H2 purification by Pd membrane are available (43), but to

become a truly widespread technology, a membrane needs to be:

•  Thin. Palladium prices are typically high, and fluctuate widely (Figure 1.5). A

cost-effective membrane, therefore, will be thin, which maximizes the flux

(Equation 8) while minimizing the use of the expensive metal.
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Figure 1.5 Palladium price per troy ounce from 1991 to 2009, using data from
http://platinum.matthey.com. The large spike in 1999-2000 was due to international
speculation that palladium would replace platinum for use in automotive catalytic
converters.
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• As close to defect-free as possible. To produce a product stream with under 5

ppm CO for use in a PEM fuel cell, a membrane separating the water-gas shift

mixture in Table 1.1 must have H2/CO selectivity greater than > 4750. Even

slight defects will make this impossible.

• Durable under long-term operating conditions. A commercially viable membrane

must have a lifetime on the order of several years under operating conditions (44,

45). Pd-alloy membranes are sensitive to deactivation by carbon formation at

T>450°C (46-48), irreversible poisoning by sulfur compounds (49), and an

embrittling phase transition caused by lattice expansion when palladium is

exposed to H2 below 300°C (50, 51). In addition, an industrial membrane must be

supported to give it greater mechanical stability, and the support must be

developed to allow for long-term use and thermal cycling without the membrane

delaminating from or diffusing into the support (52). This support, in order to

take full advantage of a thin membrane's high flux must also be finely developed

to have these abilities while still maintaining with minimal resistance to flow (53).

Support resistance has caused membrane permeances to level off since 2005,

despite improvements in membrane fabrication and materials (54).

The U.S. Department of Energy has summarized these membrane requirements in a

set of goals for all membrane researchers, depicted in Table 1.2.

Table 1.2 NETL/DOE hydrogen purification system goals by year (10).

Criteria 2005 2010 2015

Flux (mol/m^'/s) at
Pfeed=690 kPa

0.37 0.74 1.12

Total module cost

($/ft^)
1500 1000 <500

AP operating
capability (kPa)

1461 2840 2840-

6978

Product H2 purity 99.9% 99.95% 99.99%

Stability/durability
(years)

1 3 >5

To make a membrane both thin and defect-free is a challenging process. While

commercial palladium alloys are often made by cold-rolling, it is difficult to use this
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process for defect-free films that are thinner than 25 pm but wider than one centimeter.

Other techniques that are used for making films are physical (PVD) or chemical (CVD)

vapor deposition, electrodeposition, and electroless plating. PVD involves evaporation of

a metal under vacuum and condensation upon the membrane surface. It can produce

dense films of easily controlled thickness, but requires costly clean room conditions,

vacuum chambers, and metal alloy targets, and different sputtering yields complicate the

deposition of alloys (55). In CVD, a Pd-compound is applied in the vapor phase to a

surface, and is then decomposed to form metallic Pd (56). CVD can be used to make

extremely thin membranes by preferential plating within the pores of a support, but the

palladium complexing agents are costly and difficult to synthesize (57).

Electrodeposition can be used to synthesize both freestanding and supported films

(58, 59). It requires a metallic or other conducting substrate, thus making ceramic

supports untenable for membranes of any significant size, and introducing the risk of

intermetallic diffusion between the support and the palladium. The electroless plating

reaction, in which chemicals are the source of both metal and electrons, has therefore

been more widely used. In the electroless plating reaction, shown below, the

decomposition of hydrazine (initiated by an activation layer of Pd crystallites) induces the

deposition of metallic palladium on the surface (60):

2Pd{NH, )r AOH- 2Pd' + +N^+ AH^O ^

Typical commercial plating baths contain ethylenediamenetetraacetic acid (EDTA)

as a stabilizer, but previous research at CSM has developed a stable plating bath without

it (61). The advantage of having no EDTA in the plating bath is that the Pd-complexed

EDTA is extremely stable, and difficult to remove from the film. The residual carbon

upon exposure to high temperature gases such as H2 or CO will form gaseous compounds

and leave defects in the film (60).
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1.5.1 Palladium-gold and other alloys

To improve sulfur tolerance or resistance to hydride formation under operating

conditions, palladium can be alloyed with many other elements, including silver (62),

gold, copper, iron (63), yttrium (64), ruthenium (53), nickel (65). The pioneering work of

McKinley drew particular attention to alloys of copper, silver, and gold (66, 67).

McKinley demonstrated that certain compositions of all three alloys had superior

permeability to pure palladium under pure gas conditions (figure 1.6), and demonstrated

that one gold alloy had superior sulfur tolerance compared to either PdCu or PdAg alloys

in mixtures of hydrogen with 4 ppm hydrogen sulfide (figure 1.7).
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In particular, McKinley found that the most sulfur-resistant alloy was 40 wt% Au,

with the maximum permeability under pure-gas conditions at approximately 5 wt% Au.

It is uncertain what the determining factor in this maximum hydrogen permeability may

be. The original hydrogen solubility measurements on the Pd-Au system were performed

in 1915 and 1925, and show a maximum of Hi solubility at 313 C of 27 wt% Au, shifting

slightly lower at 416 C (68) (Figure 1.8).
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Figure 1.8 Hydrogen solubility as a function of alloy mass composition at 1 atm partial
pressure for PdAu, PdAg, and PdPt, from Grashoff et al.(68).

Later research showed a maximum solubility of 30 wt% at 282 C, but the maximum

solubility at 427 C was at 10 wt% (Figure 1.9). Differences in solubility maxima may be

attributed to fabrication technique altering material properties, as will be discussed in

chapter 4. This tends to imply that hydrogen diffusivity in Pd-Au is also a function of

alloy content. Experimentally, the presence of gold in the palladium lattice has been

shown to retard hydrogen diffusivity, due to gold atoms acting as hydrogen "trap sites"

and slowing the site-hopping process (69). The extent of this process and its dependence

upon alloy content are unclear. Theoretically, DFT has suggested a local maximum in

diffusivity around 17 wt%, though this may be due to a limitation in the model causing

underestimation of diffusivity at low alloy contents, where structure is uncertain (70). In

the most permeable range of 0-20 wt%, the relative effects of solubility and diffusivity

are unclear.
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Figvire 1.9 Hydrogen solubility as a function of alloy mass composition at 1 atm partial
pressure, from data of Shamsuddin(71).

These maxima in solubility and diffusivity are not immediately explicable from

known properties of the PdAu system alone. In the PdCu system, permeability is a strong
function of alloy content, with a maximum occurring at the Pd6oCu4o (by weight) alloy.

Compositions with more palladium than 60 wt% are face centered cubic (FCC) in
structure, whereas compositions with less palladium are body centered cubic (BCC). The
improved permeability at the 60 wt% Pd composition is primarily due to the higher
diffusivity of hydrogen in the less closely-packed BCC phase (61).

Conversely, the PdAu system does not have any equivalent phase changes, being an
FCC solid solution across the great bulk of its range of compositions and temperatures

(Figure 1.10). Three long-range ordered phases (in which the palladium and gold are not
randomly distributed) are known to exist, but two of them are at temperatures above 873
K, higher than is generally used for palladium membrane applications, and the other is
below 373 K, where the membrane will embrittle imder hydrogen permeation conditions.

17



O  31
"  1000H

2  800
<B
a

E

H 600

AuPd rf'

40 60 60 70 90 100

<Q ASM Internationat 2006. Diagram No. 900239

Figure 1.10 Phase diagram for the Au-Pd system. Phases in which long-range ordering
occur are denoted by rt next to their names(72).

Apart from bulk properties of the alloy, surface effects must also be considered.

Surface segregation has been shown by Rousset et al (73) to produce gold-enriched

surfaces at temperatures greater than 773 K (Figure 1.11). As pure gold is in general a

poor catalyst for the H2 dissociation reaction and not hydrogen permeable, if surface gold

is present it may have a depressive effect upon overall hydrogen permeability. This must

be weighed against the fact that surface gold may have a beneficial effect in real world

applications, due to its ability to catalyze the water-gas shift reaction and oxidize carbon

monoxide (74).
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Figure 1.11 Predicted surface concentrations of Pd in the first three <100> surfaces of
PdAu at BOOK (73).

1.6 Goals of this thesis

In this thesis, the ultimate goal is to improve the understanding of the PdAu system,

which has been somewhat neglected compared to PdAg and PdCu. In order to do this,

the membrane was simplified to its most basic form: the self-supported foil. While these

are by necessity significantly thicker than supported membranes, they allow permeation

experiments to be conducted without concem for support effects, allowing fundamental

material properties such as permeability to be measured. Furthermore, flat foils are

amenable to a much wider range of analytical procedures than supported materials.

Three fabrication routes were studied. Electroless plating (chapters two and three)

must be done sequentially, producing an inhomogeneous initial composition, but is

extremely inexpensive compared to other techniques and is widely used for supported

membranes with little idea of the material properties of the plated part. Cold-working

and chemical vapor deposition produce homogeneous films, allowing fundamental

properties of the bulk alloy to be studied. In addition, the two fabrication techniques

produce membranes that can be very similar in composition but are significantly different

in other material properties such as material orientation, ductility, and stress/strain.

These properties and their effects on pure-gas behavior are discussed in chapter four.
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The concluding chapter, five, deals with cold-worked alloys in mixture gas situations that

a membrane might actually encovmter: a methane stream that has undergone steam

reforming and water-gas shift, and a methanol reformate mixture. The effects of

composition as well as structure can thus be examined in real-world situations.
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CHAPTER 2

FREESTANDING PALLADIUM FOILS FABRICATED BY ELECROLESS PLATING

This chapter discusses a method of producing self-supported, dense, high-quality

palladium films by electroless plating onto stainless steel. A modified form of this

chapter appeared in 2008 as "Unsupported palladium alloy foil membranes fabricated by

electroless plating," in the Journal of Membrane Science, Volume 316, pages 112-118.

2.1 Abstract

It is desirable to create thin (<25 micron), unsupported, defect-free palladium and

palladium alloy foils in a cost-effective manner in order to study intrinsic material

properties exclusive of support effects. We have developed a novel technique for

producing unsupported palladium films by electroless plating upon mirror-finished

stainless steel supports followed by mechanical removal. High quality pure palladium

films as thin as 7.2 microns were produced. Single gas steady state permeation

experiments were performed using hydrogen and nitrogen to examine permeability and

selectivity. The pure palladium membranes showed hydrogen permeabilities comparable

to cold-rolled unsupported foils, and high H2/N2 selectivity. Palladium-copper

membranes were prepared by sequential electroless plating of copper onto palladium foils

followed by in situ annealing. The annealing process produces films of desired

composition with permeabilities comparable to those in the literature. The annealing

process does not appear to produce defects in the film, and the membranes thus produced

have performed 15 days without increased leak rates.

2.2 Introduction

A variety of membrane configurations for permeation testing or operation are

possible. In one typical fabrication strategy, Pd-alloy membranes are supported on

porous media in order to combine the high flux of a thin film with the mechanical
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strength of the support. The most common support materials for these composite

membranes are porous ceramic (75-78) or sintered porous metal, the latter of which

typically uses an oxide layer between the support and the membrane to prevent

intermetallic diffusion (52,79-83). Membranes with thickness less than one micron can

be produced upon these porous supports (56, 84). However, in applications where the

material properties are not fully characterized, it may be desirable to study properties

such as permeability, composition, crystal structure, and gas sorption without having to

account for the influences of the support. In this case, self-supporting foils or films are

required.

Palladium alloys are traditionally produced by cold working (49, 85), allowing for

highly precise composition control but requiring costly equipment in order to produce

foils of less than 25 microns thickness. Therefore a great deal of research has been

dedicated to alternative methods of production such as electroless plating (61, 86),

electroplating (58, 59), physical vapor deposition (PVD) (55, 87, 88), and chemical vapor

deposition (CVD) (57, 89). Of these, electroless plating is the most heavily researched

since it requires minimal equipment, no exotic precursors, and can be performed on any

appropriately activated surface. Alloys can be either coplated (90) or sequentially plated

(91) and then alloyed by annealing. However, this method is most typically used to

produce composite membranes, and had not previously been extended to self-supporting

films.

In this chapter, a novel method for the production of thin (<25 micron) palladium

films by an electroless plating process on mirror-finished stainless steel is described.

Using this technique, pure Pd films as low as 7 pm in thickness have been produced, with

hydrogen permeabilities comparable to traditional cold-rolled foils and minimal leak

rates. Additionally, we demonstrate the potential to produce alloy materials by applying

copper to the films using electroless plating, and annealing to produce highly-selective

and hydrogen-permeable membranes.
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2.3 Material and Methods

This section discusses the materials and methods used to produce, test, and

characterize the self-supported foil membranes.

2.3.1 Membrane Fabrication

The palladium membranes were synthesized on commercial mirror-finished 316-

stainless steel supports (McMaster-Carr) of 0.003" thickness. The steel was cut into

pieces slightly larger in area than the desired final membrane size and thoroughly cleaned

with ethanol to remove trace contaminants. The unpolished side of the stainless steel was

then masked (with commercial "plating tape", and the polished side lightly airbrushed

with a solution of palladium acetate in chloroform. The support was then immersed in a

3 wt% solution of hydrogen peroxide for 30 minutes at room temperature to decompose

the organic ligand, followed by reduction in a dilute solution of hydrazine for 20 minutes

at 50°C. The surface of the stainless steel was thus seeded with metallic palladium

crystallites that can catalyze the electroless plating reaction.

EDTA (ethylenediaminetetraacetic acid) is a common stabilizing and complexing

agent in palladium plating baths. It has high affinity to metal cations, and suppresses

their catalytic activity, preventing homogeneous nucleation and growth of metal particles

in the plating bath, while allowing heterogeneous growth on the catalytically active

palladium crystallites applied during activation. However, the carbon-based EDTA tends

to remain in the membrane, producing carbon contamination and compromising

performance (46, 92). Therefore, a palladium plating bath has been developed that

contains no EDTA, enhancing the stability of the finished product (61). Activating,

reducing and plating bath recipes are presented in Table 2.1. The plating was done

batchwise, immersing the activated support in the plating solution at 50°C and adding 3.0

M hydrazine in a ICQ: 1 ratio of plating bath to hydrazine. Mechanical agitation of the

bath was used to prevent bubble adhesion and the resultant film defects. The palladium

foils were removed from the support by scoring the edges with a blade, after which they

could be readily separated from the stainless steel. Visual inspection for pinholes was
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performed, and any samples with flaws visible to the naked eye were not permeation

tested.

Table 2.1: Activating, reducing, and plating bath recipes.

Solution Component Quantity

Activating Palladium Acetate, 99% pure 33g/L

Chloroform, HPLC grade IL/L

Reducing Deionized H2O 650 mL/L

28-30 wt%NH40H 340 mL/L

Hydrazine (3M) 10 mL/L

Plating Deionized H2O 602 mL/L

28-30 wt%NH40H 392 mL/L

37 wt% HCl 6 mL/L

Palladium (93) Chloride, 99%

pure

5.5 g/L

To provide a proof of concept that the technique can be modified to produce alloy

materials, copper was plated onto palladium films via a commercial plating bath (Technic

CUPRO-T-Eco) after removal from the substrate and inspection for flaws. This technique

produced heterogeneous layers of palladium and copper, and the resultant foils required

annealing to produce homogeneous compositions.
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2.3.2 Testing

Membranes were mounted in stainless-steel permeation housings as described in

Appendix A. The membranes were heated slowly under nitrogen to 673 K in order to

prevent low-temperature hydrogen embrittlement. The permeate side was kept at

ambient pressure (approximately 82 kPa at Golden, Colorado altitude). Hydrogen and

nitrogen flow rates were measured by soap film meter, in which a film of surfactant

travels through a known volume over a measured amount of time, providing volumetric

flow rate. Membranes were purged with air to increase hydrogen permeability, repeating

as necessary xmtil no increase in flux was obtained by additional oxidation steps (41). All

gases used were industrial grade (99.9% purity) or higher, and no sweep gases were used

during permeation testing. All permeation experiments performed were single-gas, and

therefore permeabilities and selectivities do not account for real-world mixture effects

such as concentration polarization or competitive adsorption. When testing was

completed, the membranes were slowly cooled under nitrogen and characterized using

scanning electron microscopy with energy-dispersive X-ray spectroscopy (EDS). Phase

determination of PdCu membranes was performed by X-ray diffraction, using

monochromatic Cu-Ka X-rays with a wavelength of 1.54056 A, a step size of 0.05°, and

a count time of two seconds per step.

2.4 Results and discussion

Analytical work and pure-gas permeation testing results are presented in this

section.

2.4.1 Pure Palladium

A single 20 minute plating cycle deposited a palladium layer with an average

thickness of 1.25 microns, comparable to previous results using this bath to synthesize

composite membranes (61). Membranes which imderwent 8 or more cycles (equivalent

to 10+ microns in thickness) were free from visible pinholes 100% of the time, while
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membranes between 7-10 microns were visually defect free only 65% of the time. No

membranes less than seven microns in thickness were sufficiently defect-free and

mechanically strong to withstand pressure testing.

SEM analysis indicates that the films produced by this technique are very dense and

uniform in cross-section (Figure 2.1), with minimal porosity. Therefore, the average

thickness of a membrane was estimated by assuming a dense film, and extrapolating from

the weight and area of the sample. The membrane topology is strongly dependent on

which surface of the membrane is examined: the bath side of the membrane is roughly

textured, with many features larger than 10 microns in diameter (Figure 2.2), whereas the

surface adjacent to the support is smooth and has few features except for imprints of fine

scratches from the stainless steel (Figure 2.3). The high surface roughness of the bath

side of the films is one advantage of this method of preparation, as it provides increased

surface area on which the hydrogen dissociation reaction may take place. While testing,

however, the orientation of the membrane in the housing does not appear to produce a

significant effect on hydrogen permeability. Membranes discussed below were tested

with the rough, "bath" side as the feed side of the membrane.

Figure 2.1 Cross-sectional SEM micrograph of unsupported palladium membrane
produced by electroless plating with mean thickness 9.6 microns.
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Figure 2.2: SEM micrograph of membrane surface (9.6 micron thick pure Pd), showing
features of the surface exposed to the plating bath

■

1I ^■ll

Figure 2.3: SEM micrograph of membrane surface (9.6 micron thick pure Pd), showing
features of the surface nearest the support



Figure 2.4 summarizes the pure H2 fluxes through pure Pd membranes as a

function of inverse thickness at 673 K with a 220 kPa pressure gradient. After

permeability had stabilized, the steady-state fluxes were compared to those predicted by

literature (94), as well as to a commercial palladium foil of 25.4 microns in thickness

(Alfa Aesar). The electroless plated foils had equivalent permeabilities to membranes

made by more traditional methods. Table 2 shows the high selectivities obtained.
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Figure 2.4: Pure hydrogen flux as a function of inverse thickness for pure palladium
membranes at 673 K and 220 kPa feed pressure, both cold-rolled and electroless plated,
with predicted flux calculated from literature values by Morreale et al (94)

Table 2.2: Hydrogen permeances, permeabilities, and ideal selectivities for pure Pd
membranes at 673 K, 220 kPa feed pressure

Membrane Pure H2 Permeability Pure H2 Permeance Ideal H2/N2

Thickness (pm) X 10^ (mol/m/s/Pa°^) xlO^ (mol/mVs/Pa) Selectivity

7.2 1.22 ±0.18 24.8 ± 0.2 >40,000

9.6 1.34 ±0.18 16.9 ±0.2 >30,000

12.1 1.35 ±0.18 14.8 ± 0.2 172 ±6

14.6 0.96 ±0.18 8.8 ± 0.2 205 ± 14
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Figure 2.5 shows the pure H2 flux as a function of partial pressure gradient at 673

K through a typical electroless-plated membrane 12.1 microns thick.
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Figure 2.5: Pure hydrogen flux as a function of partial pressure gradient at 673 K for a
12.1 micron palladium membrane.

The n-value of 0.595 suggests that the rate limiting step is the diffusion of

dissociated hydrogen across the bulk of the film. The deviations from Sievert's law

may be due to transport through defects in the palladium foil or through gaps in the

graphite seals. As previous research on supported films has shown, in order to obtain
maximum values for hydrogen permeability, the membranes must be exposed to air or

other oxidizing atmospheres at operating temperature. These air purges appear to

increase flux by cleaning the membrane surface and increasing surface roughness,
although these two changes may not be sufficient to account for all the increase in flux
(41). The electrolessly plated free-standing foils also required air purging, despite their
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intrinsic surface roughness. In some cases, such as that shown in Figure 2.6, multiple air

exposures were necessary to maintain high hydrogen permeability.
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Figure 2.6: Pure hydrogen flux as a function of time for a 7.2 micron pure palladium
membrane at 673 K with a 220 kPa feed pressure.

2.4.2 Palladium-Copper

Copper was applied to the palladium membrane after it was removed from the

support. Because of this, both sides of the membrane were coated with copper and had

similar morphologies, with pronounced surface features created by the plating process

(Figure 2.7). Composition was estimated by weight gain upon copper plating. The

desired composition for PdCu membranes was 60% Pd by weight, and it was found that

by varying the copper plating time the composition could be controlled to within 2 wt%

of this value. EDS and XRD were used on a membrane shown to have 41 wt% copper by
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weight gain in order to confirm accuracy. The X-ray diffraction pattern shown in Figure

2.8 indicates the membrane is purely in the beta (BCC) crystal phase at ambient

temperature after complete annealing, as would be expected from the phase diagram for a

41% Cu film (61). Quantitative EDS analysis confirmed the 41 wt% copper, although

spot scans of the surface show as much as 3 wt% variation from location to location. The

membrane was annealed in situ, taking upwards of 200 hours at 673 K and under

hydrogen pressure to produce homogeneous alloys. As with the pure Pd membranes, the

PdCu alloys require high temperature air exposure in order to maximize hydrogen

permeability; however, the increase in permeability with air purge was slight in

comparison to the non-alloy films.

>0.0

Figure 2.7: SEM micrograph of the surface of PdsgCu^i electroless-plated unsupported
membrane 16.7 microns thick prior to testing.
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Figure 2.8: X-ray diffraction pattern for a fully annealed PdsgCuii membrane 16.7
microns thick showing the p (BCC) crystal phase. The source of the remaining peaks is
the aluminum XRD sample holder.

During a test of 360 hours duration including annealing and air exposure, the

nitrogen leak rate did not increase significantly, with the ideal H2/N2 selectivity of the

membrane being 105 ± 5 (Figure 2.9). This does not necessarily indicate that the T-Eco

plating bath with its probable carbon contaminants produces stable films, as the

membrane was not exposed to reformate or sulfur-containing streams (49). The fully

annealed membrane had a leak-corrected hydrogen permeability at 673 K of 1.33 x 10'^

mol-m''-s'^-Pa"®'^, in line with the literature for membranes of the predicted composition

(Table 2.3). The "n-value" for the flux versus pressure gradient plot is 0.583 (Figure

2.10), suggesting that there is minimal resistance to mass transfer by sorption, desorption,

dissociation or recombination.
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Table 2.3: Pure hydrogen permeabilities for unsupported PdCu films with compositions
between 58-60 wt% Pd, comparing electroless-plated films from this work and cold-
worked films from literature ((67,95)

Membrane Temperature (K) Weight %Pd Permeability *10*^

(mol/m/s/PaO.5)

McKinley 623 58 0.689

McKinley 623 60 1.85

McKinley 673 60 2.09

Edlund 673 60 1.95

This work 673 59 1.33 ±0.08

2.5 Conclusions

Palladium membranes can be produced by electroless plating, using an EDTA-free

bath on polished stainless steel supports. When removed from the supports, single-gas

testing of the unsupported foils produced hydrogen permeabilities equivalent to thicker

membranes produced by cold-rolling. Defect-free films as thin as 7.2 microns were

fabricated and tested, with ideal H2/N2 selectivities as high as 40,000. Copper was applied

to the foils using electroless plating and annealed in situ to produce homogeneous

compositions. Membrane composition was well-controlled, and the membranes

produced had permeabilities comparable to literature values. The membranes were

durable, being tested for as long as 360 hours without observed increases in leak rates or

decreases in permeability.
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CHAPTER 3

FREESTANDING PALLADIUM GOLD ALLOYS BY ELECTROLESS PLATING

This chapter expands on chapter 2 by modifying its methods in order to produce self-

supported Pd-Au membranes by electroless plating and examining the resulting films. A

version of this chapter appeared in 2009 as "The effects of fabrication and annealing on

the structure and hydrogen permeation of Pd-Au binary alloy membranes" in the Journal

ofMembrane Science, volume 340, pages 227-233.

3.1 Abstract

The addition of gold to palladium membranes produces many desirable effects for

hydrogen purification, including improved tolerance of sulfur compounds, reduction in

hydride phase formation, and, for certain compositions, improved hydrogen permeability.

The focus of this work is to determine if sequential plating can be used to produce self-

supported alloy membranes with equivalent properties to membranes produced by

conventional metallurgical techniques such as cold-working.

Sequential electro- and electroless plating was used to produce freestanding planar

Pd-Au membranes with Au contents ranging from 0-20 weight percent, consisting of Au

layers on both sides of a pure Pd core. Membranes were characterized by single-gas

permeation measurements, scanning electron microscopy with energy dispersive x-ray

spectroscopy (SEM/EDS), and high temperature, controlled-atmosphere XRD (HTXRD).

Sequentially plated foils tested without any prior annealing had significantly lower H2

permeabilities than either measured or literature values for homogeneous foils of

equivalent composition. This effect appears to be due to the formation of stable gold-

enriched surface layers. Pretreatment of membranes to 1023 K created membranes with

hydrogen permeabilities equivalent to literature values for cold-worked membranes of

similar composition, despite the fact that trace amounts of surface gold remained

detectable with XRD.
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3.2 Introduction

The increasing demand for highly pure hydrogen from a variety of feedstocks has

driven a significant amount of research in palladium membranes(96-98). The great bulk

of hydrogen currently produced comes from hydrocarbon sources such as coal, heavy oil,

and natural gas, with only 4-5% coming from water electrolysis(2,3). Hydrogen

produced from a hydrocarbon feedstock will contain hydrocarbon residuum, carbon

monoxide, and possibly sulfur compounds, all of which can damage sensitive catalysts

such as those used for PEM fuel cell applications(8). Therefore a successful hydrogen

membrane must be able to tolerate all of these compounds, while maintaining high flux

and selectivity.

As early as 1967, McKinley et al (66,67) demonstrated that alloying palladium with

gold minimizes the embrittling formation of palladium hydride phases at temperatures

below 573 K, promotes tolerance to thermal cycling, and improves resistance to

poisoning by sulfur compounds. Alloys of 0-20 weight percent Au also were shown to

have higher hydrogen permeabilities than pure Pd (Figures 1.6 and 1.7). The early

research into the permeation behavior of PdAu alloys was done using cold-worked foils.

While this fabrication technique produces homogeneous films with extremely precisely

controlled compositions, it requires substantial capital investment, the foils produced are

generally limited to greater than 25 pm in thickness, and the technique cannot be

modified to produce supported foils.

An alternate option is electroless plating. Films produced by plating processes can

be markedly thinner than cold-worked films, resulting in higher-flux membranes with

substantially reduced precious metal costs. Palladium can be successfully electroless

plated on any appropriately activated surface, alloys can be produced either by co-

plating(90, 91) or sequential plating(91), and equipment costs are very small. Sequential

plating obviates the issues of controlling composition intrinsic to co-plating, but creates a

material with a layered structure rather than a homogeneous composition. We have

previously demonstrated the ability to produce self-supported palladium films by

electroless plating onto stainless steel, as well as that the process of heating a self-

supported sequentially-plated palladium-copper membrane to operating temperatures and

performing gas permeation measurements is sufficient to produce a homogeneous alloy
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with equivalent permeability to cold-worked materials(99). The focus of this research

was to determine if is possible to use similar sequential plating techniques to produce a

self-supported palladium-gold membrane that is equivalent to commercially available

cold-worked materials.

3.3 Material and methods

Self-supported palladium membranes were produced by electroless plating on

mirror-finished 304 stainless steel sheeting (McMaster-Carr) cut slightly larger than the

desired membrane size. No EDTA or other carbon-based complexing agents were used

in the plating bath, minimizing the chance of carbon contamination of the finished film.

This plating technique is described in detail in chapter 2, and produces dense Pd films

with equivalent hydrogen permeabilities to cold-worked foils. A carbon-free electroless

plating bath based on gold (III) chloride was then used to apply gold after the foils were

removed from their substrates(54). This process produces heterogeneous foils, with gold

on both sides of a pure palladium core, as opposed to the nominally homogeneous foils

produced by PVD or cold-working. The gold electroless plating reaction proceeds well

on palladium surfaces, but not on gold surfaces, coming to a halt when a dense layer of

surface gold is achieved. This layer is consistently less than 0.5 microns in thickness,

though the thickness is not currently well-controlled. In cases where more gold was

required to produce desired composition, a commercial electroplating bath (Caswell Inc.)

was used to increase gold content. The weight percentage of gold in the membrane was

determined by measuring the film's mass with an analytical balance before and after gold

plating and dividing the mass of gold by the total mass. Membrane thickness was

measured with a micrometer.

Foils were movmted in modified Millipore stainless steel permeation cells with

graphite gaskets as described in Appendix A. The graphite gaskets are unstable at

temperatures above 773 K, off-gassing hydrocarbons which can deposit carbon

compounds on the membrane surface, reducing permeability. To avoid this issue, some

foils were preannealed ex situ in a separate, controlled-atmosphere furnace imder flowing

N2 in order to study higher-temperature effects without compromising the seals. Single-
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gas permeation experiments with industrial-grade (99.9+% purity) H2 and N2 were

performed at pressure gradients up to 137.9 kPa, with permeate flows measured by a soap

film meter. The permeate side was kept at local atmospheric pressure, approximately 82

kPa in Golden, Colorado. Brief exposures to flowing air (air purges) were used to

maximize permeability if necessary (41). No sweep gases were used during permeation

testing.

After testing was completed, membranes were cooled imder flowing N2. SEM was

used before and after testing to study surface morphology. Since sample thickness

ranged from 7-28 pm, EDS on either side of the foils studied local composition in the

outer 1-2 pm, rather than true bulk composition. To study intermetallic diffusion

behavior, HTXRD was performed using a Philips X'Pert Pro MPD diffractometer with

Cu-Ka x-rays with wavelength 1.54056 A and step size of 0.015° over the range of

20=20-100. The expected x-ray penetration depth for Pd-Au alloys is no greater than 4-5

pm, depending on composition, thus for membranes of the thickness studied, the

technique gives phase information about only part of the membrane (100,101).

3.4 Results & Discussion

This section discusses the permeation testing and analytical results for Pd-Au

membranes produced by sequential electroless plating.

3.4.1 Foils tested as-plated

The palladium plating process produces foils with distinctive surface morphologies:

a rough, pebbled surface on the side nearest the plating bath, and a smoother surface with

imprinted polishing marks from the stainless steel sheet on the other side. These different

surface types remain after gold plating and temperature testing, as shown in Figure 2.1.

Gold plated on both sides of the membrane, but appeared to preferentially plate on the

smoother side. We attribute this primarily to the orientation of the membrane in the

plating apparatus, which tends to provide the smooth side with more exposure to the

plating solution. Separate Pd and Au peaks were distinguishable on XRD (Figure 3).
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The rougher, "bath" side was the high-pressure upstream side in all experiments, except

when specified otherwise.

Figure 3.1: lOOOx magnification SEM surface micrographs of a 13 pm, PdgvAuis
sequentially plated foil showing: a) Bath side prior to high-temperature single-gas
permeation testing b) steel side prior to testing c) Bath side after testing d) steel side after
testing
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Figvire 3.2: Room temperature X-ray diffractogram for an as-plated Pd92.2Au7.8 (by
weight) foil showing preferential gold plating on the smoother, shiny surface.

Membranes with compositions ranging from 0-13 wt% Au were prepared and tested

at 673 K under single gas permeation conditions without any exposure to higher

temperatures either before or during testing. Hydrogen permeability was allowed to

stabilize before air purge was performed, and membranes with greater gold content took

longer to reach a stable permeability (Figure 2.3). Membranes were of high quality with

few defects, having ideal H2/N2 selectivities consistently greater than or equal to 700

(Table 2.1).
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Figure 3.3: Evolution of hydrogen flux at 673 K and 220 kPa feed pressure as a function
of time for membranes of varying gold content and thickness

Table 3.1: Hydrogen permeances and selectivities for pure Pd and Pd-Au binary alloy
membranes tested without preliminary heat treating

Thickness Weight % Au H2 Permeance *10^ Selectivity

(micron) (mol/mVs/Pa"'^) (H2/N2, idea!)

7.2 0 18.7 >40,000^

9.1 2.6 7.32 1200

5.4 4.1 20.5 2500

10.3 9.1 6.67 1670

13 11.5 3.48 700

13 13.2 3.17 1160

a)Our minimum detectable nitrogen leak rate is 0.001 SCCM. Thus selectivities for
undetectable leak rates may in fact be significantly higher than presented values.
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While pure Pd hydrogen permeabilities were similar to membranes produced by

other techniques, the alloy membranes had significantly lower permeabilities than cold-

worked materials of equivalent composition (Figure 2.4). This reduction in hydrogen

permeability was particularly pronounced in membranes of higher gold content.

Furthermore, for these higher-gold membranes, the relationship between flux and

pressure gradient is linear, rather than the square-root dependence predicted for a dense,

bulk-diffusion limited transport mechanism (Figure 2.5). This result suggests that surface

transport steps are the rate-limiting processes in hydrogen permeation in these

membranes, as opposed to the diffusion through the bulk that is believed to be the rate

limiting step for homogeneous membranes of thickness >1 pm(102).
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Figure 3.4: Steady state hydrogen permeability at 673 K and 220 kPa feed pressure as a
function of gold content as measured by EDS for Pd and Pd-Au alloy membranes
produced by cold-working (TKK (103) and Wilkinson) and sequential electroless plating
without any annealing (CSM).
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Figure 3.5: Thickness-normalized H2 flux as a function of pressure gradient for
sequentially-plated Pd-Au freestanding foils at 673 K.

3.4.2 Membrane structure analysis under typical operating conditions

HTXRD analysis was performed at Oak Ridge National Laboratory (ORNL) on an

as-plated 11 wt% Au membrane of 10 jxm in thickness. The membrane was heated at 50

degrees Kelvin per hour h to 673 K under N2, held under these conditions for 11.75

hours, and then switched to H2 for 4.25 hours. Scans were taken every thirty minutes

during heating. As the membrane was heated, the initial Au peaks shifted to higher

diffraction angles, corresponding to smaller lattice spacing. No equivalent shift was

observed in the Pd peaks, and all peaks remained stable upon changing the gas in the test
chamber to hydrogen (Figure 3.6).
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Figure 3.6: HTXRD scans of a 10 |nn, Pd89Auii (by weight) foil showing formation of a
gold-enriched Au-Pd layer over a pure Pd core.

From this, it appears that although the smaller Pd atoms do interdiffuse into the gold

lattice and form an Au-Pd alloy, an unalloyed layer of pure Pd remains below the gold. It

has been demonstrated in the literature that Vegard's law, a rule of thumb which states

that lattice size is directly proportional to atomic alloy composition for metallic solid

solutions, can be applied to the gold-palladium binary system(104). The lattice parameter

of the Au-Pd layer was calculated as 3.9741 Angstrom, corresponding to a composition

of 45 at% Au (62 wt%) in the gold-enriched layer (Figure 8). The presence of this low-

permeability phase accovmts for the diminished flux of the sequentially Au-plated

membranes.
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sequentially plated foil after heating to 673 K under N2 and H2.

A similar experiment was performed, lacking only the hydrogen atmosphere

measurements, on a 20 wt% Au alloy membrane. The steady-state composition of the

Au-Pd layer on this membrane was 58 at% (75 wt%). If the trend of larger overall gold

contents producing more gold-enriched surface layers holds true for all compositions, this
would help to explain why higher-Au membranes had more severely depressed
permeability, as discussed in the previous section.

3.4.3 Effects of orientation and preannealing on hydrogen permeability

Four identical membranes were cut from a 13 pm, 13 wt% Au sequentially plated

foil. One (Membrane 1-A) was preannealed by heating ex situ in flowing N2 at 673 K for
17 hours, while another (Membrane 1-U) underwent no pre-annealing. Both membranes
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were then tested simultaneously and luider identical conditions. In an attempt to improve

hydrogen permeability, a total of five additional in situ annealing cycles were performed

during testing. These annealing cycles were done under flowing N2 at a pressure gradient

of 137.9 kPa for 17 hours at 773 K. Similar permeation experiments were performed on

the two other samples cut from the foil, with the sole exception that the smooth, high

gold-content surface was placed on the high-pressure feed side. Standardless EDS was

performed on all foils before and after testing was completed, and the results are

summarized in Table 3.2.

Table 3.2: Hydrogen permeabilities at 673 K and membrane compositions as measured
by standardless EDS for 13 pm, PdgvAun (by weight) membranes showing the effects of
preannealing in nitrogen at 673 K prior to permeation testing.

Unannealed Preannealed

Pretesting
Wt% An (standardless EDS)

Rough Side 100 48.8

Shiny Side 100 54.5

Post testing

Standard orientation 27.5 34.4

Feed

Standard orientation 43.2 37.2

Permeate

Reversed orientation 36.6 40.4

Feed

Reversed orientation 30.3 34.0

Permeate

Hydrogen Permeability x

10®

1
0

a

Standard orientation 1.00 1.12

Reversed orientation 0.72 0.74
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All foils had detectable palladium in their outer layers after testing, indicating that

the palladium and gold did interdifhxse on both sides. The smooth sides, as previously

noted, had higher gold contents regardless of orientation or preannealing status.

However, preannealing appears to encourage Pd/Au homogenization to a greater extent

than more aggressive aimealing after hydrogen permeation has occurred. Clearly, the

initial arrangement of gold in the membrane when hydrogen permeation first begins has a

significant impact on the ultimate material configuration. Furthermore, hydrogen

permeation appears to encourage gold to remain on the low-pressure permeate side. In

the literature, both theory and experiment have consistently demonstrated that gold

preferentially segregates to the outer two to three atomic monolayers of Pd-Au binary

alloys upon heating(105-107), primarily due to the lower surface energy of gold. While

our results would appear to be somewhat contradictory, it must be noted that our

compositional analyses were performed using XRD and EDS, neither of which is surface-

sensitive enough to distinguish the composition of only the outer monolayers.

Furthermore, neither experiment nor theory accoimt for the effect of hydrogen

permeation in the film. Permeation-induced segregation has in fact been observed on a

smaller scale in the binary palladium-silver system (108). In that case, silver

preferentially segregated to the low-pressure permeate side, while palladium segregated

to the higher pressure feed side. Simple exposure to hydrogen without a pressure gradient

across the membrane thickness, on the other hand, caused the surface to become silver

depleted. Since the membranes used in this study were not initially homogeneous, it

cannot be definitively stated that segregation does occur, but a similar mechanism

promoting gold location on the permeate side during permeation experiments appears to

occur.

The steady-state Ha permeabilities for membranes with the high gold content on the

feed side were very similar to each other, whether the membrane was preannealed or not.

At 7.2 and 7.4 x 10'^mol-m"^ s'' Pa'®^, these "reversed orientation" membranes had

significantly lower hydrogen permeabilities than either cold-worked foils or sequentially

plated foils in the standard orientation. Membranes in the standard orientation, on the

other hand, were strongly affected by the preannealing step. This indicates that the

presence of gold affects hydrogen adsorption more strongly than it does desorption, as
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opposed to pure Pd membranes, where adsorption is typically only rate-limiting at low

temperatures and hydrogen partial pressures(38). Membrane 1-A developed an ultimate

H2 permeability of 1.12 x lO'^mol-m'^-s'^-Pa''' ̂  still less than the cold-worked foils

presented in Figure 4, but a factor of 2.7 higher than the 4.12 x 10"^mol-m"^-s'^-Pa'°^

permeability it had without annealing. It was also significantly less affected by the in-

situ annealing than the membrane 1-U. After a total of fifteen days at temperature,

membrane 1-U's Hi permeability stabilized at 11% less than that of 1-A. The

comparison of membrane fluxes for membranes in the standard configuration is shown in

figure 3.8. The ideal sequentially plated membrane is annealed prior to testing, with any

bulk gold-enhanced phases on the low-pressure side.
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Figure 3.8: Hydrogen flux at 673 K and 137.9 kPa pressure gradient as a function of time
for 13pm, PdgyAuis (by weight) foils. Dashed lines denote 2-minute exposures to
flowing air at 673 K, and gray rectangles denote 17-hour in situ annealing cycles at 773
K in flowing Ni



3.4.4 Alloying behavior in high-temperature pre-annealing conditions

Since annealing under typical operating temperatures is insufficient to produce a

homogenized, highly-permeable material, a fiirther experiment was conducted to see if

more aggressive pretreatment temperatures would accomplish the desired result. A 9.1

pm thick foil with a composition of 7.8 wt% Au was prepared and cut into separate

pieces. The pieces were then annealed at temperatures between 673 and 1023 K for 20

hours under flowing nitrogen prior to hydrogen permeation experiments. Ambient

temperature X-ray difffactograms were taken to examine the alloying behavior of the

foils under these more intensive annealing conditions. Examples of the results are shown

in Figure 3.9. At temperatures below 673 K, as previously observed, the gold peak shifts

to higher values of 20 while the palladium peak is largely unchanged, suggesting a pure

Pd phase in the center of the membrane. At higher temperatures, however, the behavior

is reversed: the gold peaks shift back to a lower-0, nearly pure phase, while the bulk

palladium also begins to shift to a lower-0 Pd-Au phase. Using Vegard's law, the

composition of this phase was found to be 7.9 wt% Au, well within experimental error of

the composition estimated by weight gain.
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Figure 3.9: Room temperature X-ray diffractograms of Pd92.2Au7.8 (by weight) foil
samples after annealing in flowing nitrogen at varying temperatures.
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At temperatures greater than 873 K, the fraction of the diffracted signal

originating from the gold rich phase is less than 3%. However, permeabilities are still

lower than cold-worked foils of equivalent composition for membranes preannealed at

temperatures less than 1023 K (Figure 3.10). Annealing to temperatures greater than

773 K caused the film to become severely warped and wrinkled (Figure 3.11), but did not

appear to cause defects in the membrane, as selectivity remained greater than 115,000. It

should be noted that this high selectivity might not be attainable for thinner, less

mechanically robust materials exposed to similar high temperatures. The best

dependence of flux on pressure was given by an n-value of 0.50 (Figure 3.12), suggesting

that bulk diffusion was the rate-limiting step in hydrogen permeability. The fact that

small amounts of gold remain on the surface even after annealing for 20 hours at 1023 K

suggests that this surface gold phase is very stable, regardless of whether true segregation

may be said to occur.
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Figure 3.10 Hydrogen permeability at 673 K and 220 kPa feed pressure for cold-worked
PdAu foils (TKK) and sequentially plated Pd-Au foils (CSM).
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Figure 3.11 Micrograph depicting the rough, low-gold sides of an as-plated membrane

(left) and a membrane annealed for 20 h in nitrogen at 923 K (right).
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Figure 3.12 Hydrogen flux at 673 K as a function of pressure gradient for a 9.1 pm thick,
Pd92.2Au7.8 (by weight) sequentially plated membrane that has been preannealed at 1023
K.



3.5 Conclusions

Self-supporting binary palladium-gold alloy films can be produced by sequential

electroless plating supplemented by electroplating. High temperature pretreatment is

necessary to produce equivalent permeability to membranes produced by cold working.

This can be attributed to the formation during heating to operating temperature of stable

gold-enriched phases remaining outside of a gold-depleted core layer. Hydrogen

permeability of sequentially plated foils can be improved by annealing either before or

during testing. Pre-annealing of the sequentially plated foils improves permeability to a

greater extent than more intensive treatment after hydrogen permeation has taken place,

and if an Au-enhanced phase exists, it is preferable to have it on the permeate side of the

membrane. Trace amounts of surface gold-enriched phases do not have a significantly

negative effect on permeability, and preannealing foils to temperatures greater than 1023

K can be used to produce foils of equivalent hydrogen permeability to cold-worked

techniques.
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CHAPTER 4

FUNDAMENTAL PROPERTIES OF PALLADIUM-GOLD

Having examined a new fabrication route for the production of self-supporting Pd-

Au membranes in chapters 2 and 3, this chapter departs into cold-worked and sputtered

membranes, which theoretically do not have the same surface gold phases, in order to

study basic material properties of the system.

4.1 Abstract

Two types of self-supported palladium-gold membranes were studied; membranes

produced by physical vapor deposition and membranes produced by cold-working.

Membrane permeability in the 0-20 wt Au% range was found to be a function of

synthesis technique as much as alloy content. The differences in membrane performance

are primarily attributed to preferential orientation effects, which are shown by XRD to

promote surface phase formation in sputtered films.

Cold-worked membranes with 0-40 wt% Au and nominal thicknesses of 25 micron

were single-gas permeation tested and characterized with XRD, XPS, XRF, and

SEM/EDS. No individual alloy had the highest H2 permeability throughout the range of

temperatures tested. For example, pure palladium had the highest permeability at

temperatures at or over 523 K, while other alloys surpassed it at lower temperatures.

Addition of up to 20 wt% Au produced a reduction in activation energy of permeability.

Membranes were fovmd to be stable under hydrogen permeation conditions for up to 100

hours at temperatures as low as 200°C, regardless of composition. At 200''C, cold-

worked membranes exhibited signs of surface-limited hydrogen transport suggestive of

hydride phase formation.

Sputtered membranes with compositions from 5-10 wt% Au and thickness between

10-31 microns were also tested under single-gas permeation conditions. Permeabilities

were generally higher than cold-worke materials of equivalent composition, although the

thicker membrane had reduced hydrogen permeability compared to its thinner

counterparts. These sputtered films displayed less influence of surface transport at low
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temperatures, but were more prone to low-temperature hydrogen embrittlement causing

membrane rupture.

4.2 Introduction

The focus of this research is to understand the basic properties of the Pd-Au alloy

system, and by doing so to optimize the fabrication technique and alloy composition for

membrane films. We have previously demonstrated the ability to produce self-supported

Pd-Au films by sequential electroless plating, a well-established and low-cost technique

for producing supported membranes (109). While these films have high permeability,

the fabrication technique by necessity produces an inhomogeneous composition profile

across the membrane thickness. Therefore, in this work, we examine two other

fabrication methods which produce homogeneous films, sputtering and cold working. By

comparing these fabrication techniques, more in-depth information about the desired

properties of the Pd-Au system can be found.

Cold working is a traditional metallurgical technique which is most typically used to

produce foils and sheeting. In it, an ingot of desired metallic composition is passed

through a series of rolling mills, each located more closely together, imtil the material has

reached the desired thickness (Figure 4.1). It is done below the crystallization

temperature of the metal, and often at room temperature, distinguishing it from hot

working, which is done above the crystallization temperature(l 10). As the membranes

tend to develop work hardening (a resistance to further plastic deformation due to an

increase in dislocations, or irregularities within the crystal structure) during this process,

they may be annealed between rolls(l 11).
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Figure 4.1 Schematic of cold-rolling of composite Pd-Ni membrane, from Tosti(85).

Magnetron sputtering is a more contemporary technique. It involves striking a Pd or

Pd-alloy target with energetic ions, which are attracted to the target by a permanent

magnet located behind it. These ions cause the target to eject atoms which then strike on

a substrate (Figure 4.2). The earliest use of sputtering to produce palladium membranes

involved applying extremely thin layers to porous supports(l 12). Some contradictory

conclusions have been drawn about the optimal properties of these thin layers, with

research in PdAg films showing an increase in permeability when grain size is increased

from 20 to 60 nm, and research in pure Pd showing permeability being depressed when

grain size is increased from six to 100 nm (113,114). These varying effects are

attributed to differences in transport properties along grain boundaries. However, as

noted for electrolessly plated films, the effects of the support can make it challenging to

extract pure material properties. Therefore more recently, self-supported films of Pd and

Pd-alloys have been produced. This is done by sputtering onto a silicon single-crystal

wafer, scoring the edges of the resulting film, and mechanically lifting it from the

support(l 15). Aimealing may be used during or after the sputtering process to reduce

residual stresses in the film.
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Figure 4.2 Magnetron sputtering apparatus from Xomeritakis and Lin(88)

The two fabrication methods each have different advantages. Cold-worked

membranes have precise composition control but are generally limited to >25 pm in

thickness for widths greater than 5 cm, resulting in low fluxes and high precious metal

costs. Sputtering has inferior compositional control, due to differences in sputtering rates

but can be more readily adapted to different applications or shapes, and can be used to

create extremely thin films.

4.3 Materials and Methods

Two types of self-supported membranes were examined: Sputtered films, produced

by Southwest Research Institute (SWRI), and cold-worked films, produced by Tanaka

Kikinzoku Kogya International (TKK) and Alfa Aesar (Alfa). They were tested in their

as-received conditions, without any preconditioning or preannealing apart from that

conducted by the manufacturers. Foils were mounted in modified Millipore stainless
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steel permeation cells with graphite gaskets, as described in appendix A. The membranes

were heated to 573 K at 60 K/h under flowing air, combining the heating and air

oxidation steps of permeation testing into one single process. Single-gas permeation

experiments with industrial-grade (99.9+% purity) H2 and N2 were performed at pressure

gradients up to 689.5 kPa, with permeate flows measured by a soap film meter.

Temperature was stepped up in 50 K increments until 773 K, then stepped down in 50 K

increments until the membrane reached 473 K or developed a detectable leak, whichever

came first. The permeate side was kept at local atmospheric pressure, approximately 82

kPa in Golden, Colorado.

After testing was completed, membranes were cooled under flowing N2. Four types

of characterization experiments were performed, each sampling a different depth into the

membrane, and each performed on membranes both before and after testing: XPS,

SEM/EDS, XRD, and XRF. The XPS instrument was a Kratos Analytical HSI, using an

Al-Ka incident x-ray source, with a chamber pressure between 5x10"' and 5 x lO"'" torr.

The XPS instrument can be expected to sample only the top 8 nm of the surface.

SEM/EDS was also used, which can be expected to penetrate the top 1-2 microns of the

surface. The x-ray diffractometer used Cu-Ka incident x-radiation (X,=l .54056 A), a step

size of 0.01°, and a cormt time of 2 seconds per degree. For alloys of gold and palladium,

99.9% of the diffracted signal can be expected to originate from the top 6 microns of the

film. Glancing-incidence XRD was also performed, in which the incident angle was

fixed at 4°, across the same range of 20 as in standard XRD. This allows the XRD to

focus on the top 0.6-0.8 microns of the film. Lastly, XRF was used to examine bulk

thickness and composition. A Fischerscope® X-Ray XLDM®-C4 device was used with

a 50 kV accelerating voltage and a timgsten filament.

4.4 Permeation Testing

Six cold-worked membranes were studied: a pure Pd membrane (Alfa) and 5,10,15,

20, and 40 wt% Au alloys (TKK). All cold-worked foils had nominal thicknesses of 25.4

microns (1 mil, the thinnest cold-worked material available at the time for samples with

width greater than 1 centimeter). Compositions as measured by ESEM were close to and
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within predicted instrumental error ranges of the nominal compositions (Table 4.1), as

were thicknesses when measured by micrometer.

Table 4.1 Cold-worked membrane thicknesses as measured by gravimetric analysis and
compositions as measured by EDS/XRF.

Alfa TKK TKK TKK TKK TKK

Pd 5% 10% 15% 20% 40%

Thickness 25 25 25 24 25 25

(pm)

Side A (wt% 0 5.0 11.5 13.4 20.6 37.5

An, EDS)

Side B (wt% 0 5.3 11.4 14.6 21.3 41.1

An, EDS)

Overall (wt% 0 5.5 10.2 14.9 19.0 38.5

An, XRF)

In addition, three membranes were produced at SWRI by magnetron sputtering. Two of

these membranes had nominal thicknesses of 10 microns while the third had a nominal

thickness of 25 microns. Membrane compositions were nominally 5 and 10 wt% gold,

however, the actual compositions varied from this nominal value in several respects. The

sputtering process is more difficult to control than cold-working, and membranes had

different compositions across their thicknesses, though measuring different spots on the

same side of a given membrane produced relatively consistent results, within 3-5 weight

percent. Average composition across membrane thickness was measured by XRF and is

reported in table 4.2, as are actual thicknesses and surface compositions.
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Table 4.2 Sputtered membrane thicknesses as measured by gravimetric analysis and
compositions as measured by EDS/XRF.

Membrane Nominal Thickness Side A SideB Overall

composition (pm) (wt% Au, (wt% Au, (wt% Au,

(wt% Au) EDS) EDS) XRF)

SWRI 44 5 8 8.8 7.5 7.0

SWRI 46 10 12 8.3 10.2 9.2

SWRI 126 10 31 13.2 8.9 10.1

The cold-worked membrane morphologies were all similar upon SEM inspection,

with no major surface features apart from parallel lines left by the cold-working process

(Figure 4.3). Membranes produced by CVD were smoother, having no detectable surface

features down to SOOOx magnification.

Figure 4.3 SOOOx magnification SEM image of an as-received 10 wt% Au Pd-Au cold-
worked foil.



All cold-worked membranes were stable and had zero detectable nitrogen

permeability (i.e. no flow through pinholes or seals) for temperatures of 473 K or greater

over the range of pressures tested. Optimum hydrogen permeability was a strong

function of the temperature examined (figure 4.4). The highest permeability was that of

pure palladium at temperatures of 723 K or higher, 20% for temperatures from 623-673

K, 15% from 523-573 K, and 5% at 473 K
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Figure 4.4 Hydrogen permeability for cold-worked foils as a function of temperature.

An unexpected phenomenon is noticeable in the above figure, in that at 473 K, the

permeability for all alloys except the 40 wt% Au is significantly larger than that at higher

temperatures. An Arrhenius plot (figure 4.5) shows that the same phenomenon is at work

even at lower feed pressures: temperatures >523 K show a linear dependence of the

natural log of hydrogen permeability vs. inverse temperature, whereas the permeability

diverges at lower temperatures.



0

-0.5

CN

E
^-1.5
E

% -2
X

1-
-3

-3.5

□ 220 kPa

♦ 772 kPa

□
□

□
□

□
□ □

-J 1 I L_ I  I I I I _J I I I 1 I I 1 I I L_

0.001 0.0012 0.0014 0.0016 0.0018 0.002 0.0022
1/T(K-1)

Figure 4.5 Arrhenius plot depicting the natural logarithm of hydrogen flux as a function
of inverse temperature at feed pressures of 220 and 770 kPa.

The membrane hydrogen fluxes also display a linear relationship to the pressure

gradient [VPfeed-VPpermeate] above 523 K, but have a squared dependence on this pressure
gradient at lower temperatures, being linearly related to AP (Figure 4.6). The "n-values"

relating flux to thickness at temperatures above 523 K are consistently in the range of

0.5-0.75, suggesting at these temperatures, the rate-limiting step in hydrogen transport is

diffusion through the bulk. This is similar to the literature for pure palladium membranes

>1 micron in thickness and temperatures greater than 573 K (38). At temperatures of 573

and lower, the n-values increase, implying that some surface process is proportionally

becoming more important.
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Figure 4.6 Hydrogen flux as a function of the square root of pressure gradient for a 25
pm, 10 vvt% Au cold-worked foil at temperatures from 472-773 K.

The most plausible explanation for both these phenomena is that the membranes are

becoming slightly hydrogen embrittled, forming a |3-hydride phase with a larger lattice

parameter than the Pd-Au metallic lattice. The presence of the hydride phase is known to

affect surface processes, producing a system with different activation energies at higher

and lower temperatures, as well as increasing hydrogen diffusivity (116,117). While the

hydride phase that forms at 473 K did affect permeability, it did not appear to damage the

membranes: they could be cycled back to higher temperatures without showing any

hysteresis effects of hydrogen permeability, and could be kept at 473 K for up to 72 hours

without developing detectable nitrogen permeability. However, the fact that the

membrane is leak-free at these conditions should not be taken as a statement of the

relative low-T stability of the Pd-Au system, but as a function of the thickness of the

membrane. At 423 K, where embrittlement was more extensive, the membranes failed

within three hours of exposure to hydrogen at 220 kPa feed pressure, and temperature

64



cycling showed significant permeability hysteresis. Thinner films of similar materials

could be expected to undergo destmctive embrittlement at higher temperatures.

The SWRI membranes were tested under similar operating conditions. Unlike the

thicker cold-worked materials, both SWRI-44 and SWRI-46 membranes developed trace

amounts of nitrogen permeability at 473 K, after being leak-free at all other temperatures

tested. SWRI-126 ruptured catastrophically at 473 K and 633 kPa pressure, unlike the

thinner cold-worked membranes, and, indeed, like any other self-supporting Pd-Au foil

studied in this work. Despite this strong evidence of hydrogen embrittlement at low

temperatures, the increase in n-value at 473 K is much smaller, with a square root

dependence on pressure gradient still fitting the data appropriately (Figure 4.7). In

addition to this, the SWRI membranes had a significant effect of thickness upon

permeability, despite their similar compositions, with the thick membrane SWRI 126

having much lower permeability than the two thinner foils (Figure 4.8). This suggests the

influence of a surface process may be relevant.
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Figure 4.7 Hydrogen flux as a function of the square root of pressure gradient for a 12
pm, 9.2 wt% Au (SWRI 46) sputtered foil at temperatures from 473-773 K.

65



2.5E-08

2.0E-08

-Q ̂
CO
OJ o
p ro 1.5E-08
^ Or

g, o 1.0E-08
P E

5.0E-09

O.OE+00

□ SWRIPd-44

■ SWRIPd-46

■ SWRIPd-126

573 623 673

Temperature (K)
723 773
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The membranes' hydrogen permeabilities were compared to literature values by

McKinley(66) and Tanaka(103) at 623 K and hydrogen pressures ranging from 618-653

kPa (Figure 4.9). While all values were within 10% of each other, there were some

significant differences: 5, 10, and 15 wt % membranes tested at CSM had slightly lower

hydrogen permeabilities than those in the literature, while 20 and 40 wt% alloys had the

opposite trend. This is particularly notable for the CSM and Tanaka data, since these are

for membranes produced by the same manufacturer in the same maimer. The SWRI

membranes are closer to literature values, but once again have larger differences in

permeability than would be accounted for by composition alone. Composition not being

the sole determining factor, some unknown structural factor must be at work.
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All membrane permeabilities were fit with Arrhenius relationships in a temperature

range from 523-773 K. These results are summarized in table 4.3. Multiple factors

appear to affect hydrogen permeation behavior. The alteration of the most-permeable

cold-worked alloy between 0-20 wt% Au as a function of temperature depicted in figure

4.4 is due to a general reduction of activation energy as gold is added, reducing

temperature dependence of permeability. A competitive decrease in preexponential

factor maintains all permeabilities in the same approximate range. Between 20 and 40

wt% Au, the activation energy begins to increase, suggesting that a different rate-limiting

process may be beginning to dominate as gold content rises. Literature values for the
activation energy of hydrogen transport through bulk palladium range from 12-20 kJ/mol,
somewhat higher than encoimtered in this work for Pd-Au alloys [94].
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Table 4.3 Activation energies and pre-exponential factors for Arrhenius fits of hydrogen
permeability and temperature. The fit is restricted to temperatures above 473 K and a
95% confidence interval is given.

Membrane Po X 10" (mol/m/s/Pa" Ea (J/mol)

Cold-worked

Pure Pd 13.5 ±3.0 12370 ± 80

5% Au 11.7± 1.9 11820 ±60

10% Au 9.2 ± 2.3 10580 ±90

15% Au 6.8 ± 1.6 8660 ± 90

20% Au 6.4 ± 3.0 7950±190

40% Au 3.5 ± 1.9 8780±100

Sputtered

Pd-44 16.4 ±2.6 12770 ± 60

Pd-46 18.5 ±0.6 13400 ±10

Pd-126 6.4 ±1.2 8990 ± 70

The thinner sputtered membranes had generally higher activation energies and

preexponential factors than their cold-worked coimterparts of similar composition,

producing markedly superior permeability at high temperature. The thicker membrane

Pd-126, however, had both a low activation energy and low preexponential factor,

causing it to behave more similarly to cold-worked materials. Potential causes for these

variations in behavior are discussed in the following section.

4.5 Structural and Compositional Analysis

X-ray diffractograms for standard scans on the cold-worked foils are presented in

figures 4.10 and 4.11 below. The membranes have strong preferential orientation. While

some preferential orientation is expected in all non-powdered samples, this is much more
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significant than that observed in electrolessly plated membranes (figure 3.9). A

powdered sample with completely randomly oriented grains would generally have its 111

peak (around 20=38-40) be the largest peak, with the 200 phase peak (around 20=46-47)

having between 40 and 50% of the 111 peak's intensity. Instead, the trend is reversed,

with the 200 peak being much larger. This is a well-documented condition known to

occur in cold-working, particularly of sheets and foils, and is caused by the tendency of

the grains to rotate during plastic deformation, and to be influenced both by the extemal

forces applied and by the motion of adjoining grains (101). However, preferential

orientation is known to effect properties diverse as magnetism and strength, and its

influence on diffusivity and solubility is not presently qualified for palladium. No

evidence of long-range ordering was found in the room-temperature diffractograms.

In addition to the preferential orientation, there is significant peak shift, as shown by

the stars depicting the predicted peak positions. Because of this, Vegard's law cannot be

used to quantify composition as was done for electroless-plated films. This behavior is

typically caused by residual stress in the foil causing the lattice to be slightly distorted.

The largest peak shift is in the 20 wt% Au alloy, which also had permeability higher than

predicted by literature throughout the range of temperatures tested, suggesting that

particular sample may have been inordinately strained when compared to other foils from

the same manufacturer.

During the membrane testing process, two distinct phenomena can be observed. The

first is that the 111 relative peak intensity increases, showing that the membrane is

rearranging to a more randomly orientated arrangement of grains. The second is a

shifting of the existing peaks. Of the ten PdAu 200 reflections, nine shifted to lower 20,

indicating a larger lattice parameter, which, according to Vegard's law, indicates a higher

gold content. This may represent a segregation of gold to the surface during permeation

testing. Theory predicts a surface segregation to the top few outer layers, but

measurement by XRD is a bulk technique, and the measured effect is greater than a

simple surface rearrangement (73).
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The pvire Pd membrane also underwent a peak shift, but it shifted to a higher 20, or

lower lattice parameter. As hydrogen embrittlement would have tended to swell the

lattice rather than shrink it, and the membrane contained no gold to segregate, this must

be due to an adjustment of the strain in the membrane. Since the peaks consistently move

further away from their literature values, indicating that strain becomes greater rather

than lesser when the membrane is tested, it seems that the membranes are being

constrained in their motions by the seals that moimt them into the test fixtures.

Glancing-incidence XRD reveals that a slightly different process is happening in the

top 0.6-0.8 microns of the membrane (Figure 4.12).
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Figure 4.12 Glancing-incidence and standard x-ray diffractograms for a 5 wt% Au, 25
pm thick membrane before and after hydrogen permeation testing

In the near-surface region, there is a proportionally larger 111 reflection than in the

bulk of the material before permeation testing. On the feed sides, after testing, this
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reflection begins to split into a doublet, forming a lower-20 point. The most common

reason for peak splitting is the formation of a superlattice. In a normal solid solution,

such as is typical of the Pd-Au system, the solute atoms are randomly placed within the

solvent atoms. In an ordered solid solution with a superlattice, the solute atoms have a

periodic arrangement, while maintaining the overall structure. As seen in figure 1.10, this

is not likely for any of the membranes unless they undergo extreme gold segregation to

the surface, producing a 60-69 wt% Au surface alloy. As will be discussed below, there is

no evidence of such strong alloy segregation.

A more plausible explanation is presented by the temary Pd-Au-H phase diagram

(Figure 4.13).

H 25''C (298K)

Au

20

at.% Pd Pd

(c) ASM International 2006, Diagram No, 1200941.

Figure 4.13 Temary alloy phase diagram for the Au-Pd-H system. The range of
compositions for Au is ftom 2.5 at% on the lower left hand side to 20 at% at the top (4.5-
31 wt%) (72).
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The ternary alloy diagram shows that, at room temperature, a secondary solid solution is

formed when hydrogen is present. This is not a true hydride (Pd-H) phase, which is

located at an even lower 20 value than the doublet peak and was not observed in any of

these membranes, it is a simple expansion of the lattice. A third potential cause of this

doublet is the straightforward formation of a gold-enriched near-surface phase, without

any additional hydrogen trapped in the lattice. Since this phase only occurs on the feed

side, where hydrogen partial pressure is larger, the hydrogen-swelled ordered solid

solution is the most probable cause of the doubling.

The SWRI sputtered foils have similar preferential orientation effects, with the

exception that they favor the 111 phase (Figure 4.15). This is a known phenomenon in

the palladium silver system for sputtered films produced on Si-100 substrates (84,118),

and is promoted when the substrate is heated during deposition(105). The resulting

orientation is more stable under permeation conditions than that seen in the cold-worked

membranes, as heating under permeation did not significantly increase the amount of the

200 reflection. The peak shift suggesting strain in the material is smaller than that in

cold-worked membranes, suggesting that the heating the membrane undergoes prior to

arrival at CSM is sufficient to relax the lattice.

As observed in the cold-worked materials, some peak shift does occur upon

permeation testing, except in this case the reflections generally shifted to a higher 20,

indicating gold depletion in the bulk phase. However, the shifts were slight in

comparison to those observed in the cold-worked membranes, and are more probably due

to relaxation of the membrane lattice with time at temperature. Also as with the cold-

worked membranes, a lower-20 doublet peak is formed. In the case of the sputtered

membranes, the doublet peak intensity relative to the initial Pd-Au peak is significantly

greater than in the cold-worked membranes, and it occurs on both sides of the film. This

implies that the sputtered membranes are taking more hydrogen into their lattices, which

may be accountable for the difference in hydrogen permeability, and may have promoted

the low-T failure of SWRI Pd-126.
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Figure 4.14 X-ray diffractograms showing the a) feed and b) permeate sides of Pd-Au
alloy sputtered membranes before and after single-gas permeation testing. Stars denote
theoretical peak positions from Vegard's law(104).
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Figure 4.15 Glancing-incidence and standard x-ray diffractograms for membrane SWRI
Pd-46 before and after hydrogen permeation testing.

Crystallite size can be estimated fi'om x-ray diffraction data using Scherrer's

formula.

_  0.9A
(4.1)

Bcos 6b

Where t is the crystallite diameter in angstrom, X is the incident x-ray wavelength in

same, B is the breadth of the peak at Vz the maximum height in radians, and 0b is the

centroid of the half-maximum breadth in radians. As the preferential orientation of the

two membrane fabrication techniques are different, the grain sizes derived from the 111

and 200 peaks must be averaged by the relative intensities of the relevant pheises. Doing

this gives a mean grain diameter for the sputtered membranes of 410 angstrom, and for

the cold-worked membranes of 397 angstrom. These two values are too close to consider

grain size as a determining factor in hydrogen permeability. This grain size is slightly
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larger than expected for a sputtered palladium film, but may be attributed to heating of

the substrate, which is known to increase grain size (63,113).

Membrane analysis by EDS generally shows a slight gold enrichment of the near-

surface region for all cold worked membranes, and a slight gold depletion for sputtered

membranes during permeation testing, consistent with the results obtained by XRD

(Table 4.3). The change in compositions was much less pronounced for the sputtered

films, suggesting that gold was less mobile in them.

Table 4.4 Membrane compositions by EDS before and after testing

Wt % Au A% Au

Feed Permeate

Pretesting Post

testing
Pretesting Post

testing
Feed Permeate

Alfa Pd 0% 0% 0% 0% 0% 0%

TKK 5% 5% 7% 5% 9% 2% 4%

TKK10% 11% 12% 11% 12% 1% 0%

TKK 15% 13% 20% 15% 21% 7% 6%

TKK 20% 21% 26% 21% 23% 5% 2%

TKK 40% 38% 43% 41% 46% 5% 5%

SWRIPd- 9% 7% 7% 7% -2% 0%

44

SWRI Pd- 8% 7% 10% 10 -1% 0%

46

SWRI Pd- 13% 14% 9% 9% 1% 0%

126

SWRI Pd-126, which developed a large leak at 473 K, did so due to a single large

crack, possibly along a grain boundary acting as a stress concentrator (Figure 4.17).

There are no signs of plastic deformation, indicating that the fi*acture was brittle in nature,

and pointing to hydrogen embrittlement as the ultimate cause of the failure. The reason

this membrane was so prone to embrittlement, however, remains unclear. As received,

the membrane was more brittle than either cold-worked or other sputtered membranes,

snapping when folded rather than forming a crease. Brittleness in metals can be

alleviated by decreasing dislocation density, which is often done by annealing to remove

internal stresses after fabrication, and thus might be a productive future experiment.
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2 mm

Figure 4.16 SEM micrographs of crack in sputtered membrane SWRI Pd-124 after
hydrogen permeation testing.

Cold-worked membranes were eharacterized by XPS before and after testing.

Compositions were quantified using the CasaXPS™ software program, which determines

atomic concentrations by fitting XPS peaks with curves of known area to calculate the

relative intensity, and then relating intensity to composition with equation 4.1(108).

VAu ^Au ̂ Au ̂ Au ̂ Au

VAu hd (^Pd ̂ pd Dpd

Where 1 is peak intensity, cj is the eross-seetion of the pbotoelectron, X is the mean free

path and D is the analyzer-detection efficiency for a given atom. The peaks investigated

were the Pd 3d3/2 and Au 4f7/2 peaks, chosen for their high intensities and relative distance

from other peaks in the wide scan. XPS on the membranes prior to testing shows a slight

segregation of gold to the surface, most pronounced for membranes with low gold

content. After hydrogen permeation testing, both sides of the membrane generally

became slightly gold-depleted (Figure 4.18). At gold contents of 20 wt% or below, the

feed side is preferentially depleted of gold, but this effect is reversed for the 40 wt% Au

alloy, suggesting that permeation-driven segregation does not occur as in the Pd-Ag



system(108). However, the trend of gold depletion from initial composition is consistent

across both surfaces.
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Figure 4.17 XPS measured alloy compositions as a function of nominal bulk composition
for cold-worked Pd-Au membranes

This is in direct opposition to theoretical predictions, which state that the top three

surface layers will become gold-enriched upon heating to 800 K, with the effect being

more pronoimced for membranes with higher gold (Table 4.4). From this, it becomes

clear that although permeation-driven segregation does not occur, the surface

composition is affected by the presence of high-temperature hydrogen, and may well also

be impacted by other components in the gas stream.
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Table 4.5 Composition of outer layers for membranes of given bulk gold content, from
Rousset et al(73).

Bulk composition (wt% Au) 5 10 15 20 40

Predicted averaged composition (top 3 layers,
wt% Au)

14.4 25.1 34.7 39.8 60.2

4.6 Conclusions

Self-supported sputtered and cold-worked palladium and palladium-gold alloys with

up to 40 wt% Au were studied imder single-gas hydrogen and nitrogen permeation test

conditions, and were found to be able to selectively permeate hydrogen at temperatures

between 473 and 773 K and gas partial pressures as great as 772 kPa. At moderate

pressures, a 15 wt% Au alloy had the highest hydrogen permeability of all tested alloys

and pure Pd, but at higher pressures the most permeable material depended upon the test

temperature. Fabrication technique also plays a role in membrane permeability, with

cold-worked alloys generally having lower hydrogen permeability than sputtered

materials of equivalent compositions.

The differences in gas permeation properties for different fabrication methods cannot

be attributed to grain boundary volume increasing membrane hydrogen solubility, as

grain sizes measured by XRD are the same for both types of film. However, the two

material types have different crystallite orientations. The 200-phase dominated cold-

worked membranes have a less stable orientation which promotes gold migration to the

membrane surface, while the 111-phase dominated sputtered membranes do not undergo

equivalent material shifts, and tend to form long-range ordered surface phases. The

shifting of the metal and formation of new phases does not appear to cause any changes

in hydrogen permeability, as membranes do not demonstrate hysteresis upon temperature

cycling.
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CHAPTER 5

PALLADIUM-GOLD MEMBRANES UNDER MIXTURE GAS ENVIRONMENTS

Major experimental work dealing with mixed gas permeation testing in this chapter

was conducted by Sarah DeVoss and Gokhan Alptekin of TDA Research at 12345 W.

52"^ Avenue, Wheat Ridge, Colorado, 80033.

5.1 Abstract

Two self-supporting Pd-Au membranes were tested under synthetic water-gas shift

and methanol reformate mixtures; a 10 wt% Au, 25 micron thick cold-worked membrane

and a 10 wt% Au, 11 micron thick magnetron sputtered membrane. The cold-worked

membrane was stable for a total of 800 hours under mixture conditions, while the

sputtered membrane failed rapidly as soon as sulfur was introduced into the feed stream.

In addition, the hydrogen flux of the sputtered membrane was more inhibited by both

carbon oxides and sulfur than its cold-worked counterpart. There is evidence that

methanation and reverse water-gas shift reactions occurred on the permeate side of the

membrane during testing, causing the formation of methane.

Post-mortem analysis revealed that surfaces exposed to sulfur were palladium-

enriched. This is hypothesized to be due to the formation of PdsS and Pd4S, which have

larger lattice parameters than either pure Pd or Au, causing swelling and microcracking,

which proceeds until the remaining imsulfided surface is gold-enriched enough that no

fiirther sulfide can form. There is evidence to suggest that depending on the membrane

structure and the initial presence of defects, this sulfide formation can be destructive to

the membrane, causing substantial precious metal loss.

5.2 Introduction

When choosing a palladium alloy for a hydrogen separation, the choice of alloy must

be tailored to the application in question. The highly hydrogen-permeable palladium

silver alloy is severely poisoned by even small amounts of sulfur, but due to its ability to
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resist hydrogen embrittlement may be optimal for low-temperature applications, such as

onsite purification of industrial hydrogen for use in a hydrogen fueling station or a

microelectronics plant (119). Palladium copper is used industrially in methanol

reforming emergency backup power systems due to its mechanical robustness which

allows for rapid heating in time-critical applications(120). Palladium gold is primarily

noted for its tolerance to sulfur, but its performance is incompletely characterized under

real-world conditions.

This chapter begins the characterization of membranes by examining palladium-gold

imder two different operating environments. The first environment would be typical of a

large-scale hydrogen production plant, with a feed stream consisting of a synthetic

methane steam reformate mixture, either with or without sulfur. The second is intended

to represent a smaller-scale application, the production of direct current power for

soldiers in the field, as a competitor to battery power. The feed stream is a methanol

reformate mixture, which has no sulfur, but a larger percentage of carbon monoxide. To

be successful in the steam reformate environment, the membrane must be stable for long

periods of time while resist coking and poisoning by sulfur. The methanol reformate

environment requires ability to tolerate multiple cycles of heating and cooling, while

maintaining high selectivity, particularly for CO, which would poison a PEM fuel cell

catalyst, while being part of a system lightweight enough to carry for up to 72 hours. It

does not, however, require sulfur tolerance, as the methanol fuel is free of this

contaminant.

5.3 Materials and Methods

Two membranes with nominal compositions of 10 wt% Au were tested: a sputtered

film, SWRI Pd-48 (nominally identical to SWRI Pd-46, but in fact with 7.0 wt% Au and

a thickness of 10.8 micron) and a cold-worked membrane, TKK 10% (a different sample

from the one characterized previously, but cut from the same large piece) were tested at

TDA Research in Wheat Ridge, Colorado. Foils were mounted in a 23 mm diameter

stainless steel permeation cells with graphite gaskets, as described in appendix A. As

these experiments are significantly more time-consuming than pure-gas measurements, a
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single test temperature of 673 K was chosen. The testing procedure used by TDA

research is slightly different than that discussed in previous chapters, and is described

below.

Membranes were first pressure tested to 40 psi at room temperature under nitrogen to

insure the films were intact. They were then heated to 573 K imder bottled air at 0.5

K/min using a Mellon furnace. The gas was metered into the system using Porter mass

flow controllers. At 573 K, the membranes were held at temperature for 16 hours to

promote surface oxidation and ensure any contaminants were removed. This lower-

temperature oxidation step has similar beneficial effects to high-T oxidation if carried out

over these lengthy time intervals, but is less likely to cause selectivity loss. The gas was

then switched to nitrogen and the temperature raised to 673 K, again at a ramp rate of 0.5

K/min.

Water was added using an HPLC pump. The water enters the system via a boiler and

the resulting vapor is mixed with the other gases before entering the membrane module.

Steam was always applied to the membrane before mixture gases were switched on in

order to reduce the likelihood of carbon compoimds forming on the membrane surface.

After the gases passed through the membrane module, the permeate stream was analyzed.

First the gases pass through a Porter mass flow meter, which measures the amoxmt of

flow through the membrane. Then some of the gas flow was directed through a

nondispersive infrared detector (California Analytical Instruments ZRE NDIR Analyzer);

which analyzes for ppmv level of CO, CO2 and CH4.

Gas mixtures were synthesized with compositions listed in table 5.1 using industrial

grade gases (99.9+%) or better. A total flow rate of 1 SLPM was fed to the membrane.

As the maximum flow measured through the membrane was approximately 0.14 SLPM,

this high flow rate prevented the membrane from becoming hydrogen starved and

artificially depressing the membrane permeability.
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Table 5.1 Mixture gas conditions for water-gas shift and methanol reformate mixtures

DOE 1 (WGS DOE 2A DOE 2b Methanol

Mixture) Reformate

Temperature (K) 673 673 673 673

Pressure (kPa) 1253 1253 1253 495/1253

H2S (ppm) 0 20/50 30 0

Feed Gas Compositions (At%)

Hz 50.0 51.0 33.3 65.7

CO2 30.0 29.0 40.3 15.7

H2O 19.0 19.0 25.0 9.3

CO 1.0 1.0 1.3 9.3

5.4 Permeation testing

The cold-worked membrane was tested for a total of 802 hours at temperature,

including three cycles down to room temperature and back up. Both methanol and

methane reformate mixtures were tested, and sulftir contents as high as 50 ppm were

used. A synopsis of the experiments conducted is presented in table 5.2.

Table 5.2 Order and timing of mixture gas experiments conducted on 10 wt% Au, 25 pm
thick cold-worked alloy

Time at Condition Time at Condition

temperature (h) temperature (h)

0-75 DOE lA 482-485 Methanol, 170 psi

75-191 Methanol, 170 psi Thermal cycle 2

191-274 DOE lA 485-518 Methanol, 60 psi

274-403 DOE 2A (50 ppm H2S) Thermal cycle 3

403-410 Methanol, 170 psi 518-549 Methanol, 60 psi

410-452 Methanol, 60 psi 549-579 DOE lA

Thermal cycle 1 579-697 D0E2B

452-482 Methanol, 60 psi 697-802 DOE2A(20ppmH2S)
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The membrane behavior under methane steam reforming conditions is shown in

figure 5.1. Mixture-gas flux of the membrane was approximately 0.21 mol/m /s under

sulfur-ffee conditions with a hydrogen partial pressure of 627 kPa. This is a factor of 5

less than the DOE 2015 goal of 1.12 mol/m^/s at 772 kPa. While this is an xmdesirably

low flux, it must be kept in mind that the membrane in question is comparatively thick, at

25 microns. Tanaka Kikinzoku Kogyo is currently beginning to bring large-area cold-

worked Pd-alloy foils as thin as 5 micron to market(103).
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Figure 5.1 Hydrogen flux and permeate contaminant concentrations as a function of time
for a cold-worked, 25 pm thick, 10 wt% Au membrane under DOE water-gas shift
mixtures at 673 K, 1253 kPa total feed pressure.

The membrane flux was slightly improved by exposure to the low-carbon methanol

reformate conditions. While the addition of sulfur to the feed stream did inhibit the

hydrogen permeability of the membrane by approximately 60%, this was not a permanent
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poisoning, as permeability recovered after being cycled down to room temperature and

back. Rapid recovery fi-om sulfur contamination has been previously observed for the

Pd-Cu system, where it was due to the oxidative effect of air on the membrane during the

heating process(41). While the membrane was not reexposed to air during the thermal

cycling process, steam was switched on before mixture gases were reapplied, which

would have a similar effect. In industrial applications, this could be done periodically to

regenerate the membrane surface.

The inhibition due to the presence of sulfur was nearly identical for 20 ppm and 50

ppm H2S streams, suggesting that sulfur-adsorbing sites are already saturated at 20 ppm,

and the membrane might be able to tolerate even higher sulfur contents without further

inhibition. However, another consideration when choosing operating conditions is the

fact that permeate contaminant concentration underwent a fivefold increase upon the

addition of 50 ppm H2S at 160 hours. The flux of CO2 under DOE condition 1 increased

from 2.3 X 10'^ mol/m^/s to 5.1 x 10"^ mol/mVs at this time, with the rest of the increase

in permeate concentration being caused by the inhibition of hydrogen flux. An even

greater increase in leak rate, to 2.3 x 10"^ mol/mVs of CO2 occurs when the membrane is

switched to DOE condition 2 at 310 hours. The source of these leak increases is

uncertain. If poisoning of the membrane is the issue, then the poisoning is a self-limiting

phenomenon, as the membrane reaches a certain leak rate and then stabilizes, rather than

becoming progressively worse. This may indicate that simple damage to the seals is the

problem during sulfur testing. Another option is that the sulfur causes leaks by

weakening the membrane enough that the needle-like structures that are on the surface of

the alumina paper diffusion barrier was able to puncture the material. Even at the

maximum sulfur leak rate (when the test ended), the hydrogen permeate purity was

99.82%.

A methane signal appears after a total of 485 hours of testing (around 300 hours on

figure 5.1 and 185 hours on figure 5.2). The fact that it did not occur previously is not

due to the fact that the membrane had begun methanating at this point, but rather to the

fact that methanation reactions had not been predicted under test conditions, and thus no

methane detectors were online prior to that point. Methane content was maximized under

the high pressure methanol reformate stream, then gradually declined, apart from a local
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maxima when the feed was switch to a high CO2 water-gas shift mixture. Drops in the

CH4 signal coincided with increases in the CO2 and CO signal. Under DOE condition

2B, at the time when the methane signal was the largest, the ratio of C02:C0 in the

permeate was 6:1, increasing to 21:1 as the methane signal vanished. Viscous flow

through defects would predict a ratio of 31:1 (the same as on the feed side) in the

permeate, while Knudsen-selective flow through smaller defects would predict a ratio of

25:1.

The fact that there is a significant reduction in CO2 in the permeate indicates that the

CO which reacts to produce CH4 by the methanation reaction:

CO + 3H2 -» C//4 + H2O (5.1)

is produced at least in part by the reverse water-gas shift reaction.

CO2 4" H2 CO + H2O (5.2)

Since the production of CH4 diminishes, it appears that either the methanation or

reverse WGS reaction is taking place on sites that are being cleared by steam during the

thermal cycling process and are then gradually deactivated by sulfur or carbon. Since

this deactivation proceeds slowly (over the course of more than 145 hours), this also

implies that the reaction is occurring on the permeate side, where concentrations of

compounds that can deactivate the sites are significantly lower than on the feed side,

lowering the rate of site-blocking reactions. The site of the reaction is unclear, but the

methanation reaction is known to proceed on a variety of metallic elements, and at the

temperatures studied, is known to take place on stainless steel, which is the material of

the membrane test cell. The relative contribution of the membrane and the test cell to

methane formation are presently unknown.
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Figure 5.2 Hydrogen flux and permeate contaminant concentrations as a function of
time for a cold-worked, 25 pm thick, 10 wtfo Au membrane under methanol reformate
mixtures at 673 K, 1253 kPa total feed pressure.

The thinner, sputtered membrane behaved very differently from the cold-worked

membrane (Figure 5.3). The membrane was first tested under DOE condition 1 (the

sulfur-free water-gas shift mixture), and maintained a reasonably stable flux of

approximately 0.47 mol/m^/s at a feed pressure of 1253 kPa for 178 hours. At 105 hours,

an instrumentation failure of unknovm origin interrupted the control of the gas flows to

the membrane. During the several minutes it took to reboot the system, no information is

known about the conditions the membrane was under, although no sulfur was present at

the time. Also during this period, the leak rate of CO2 noticeably spiked, although the

product stream was still 99.95% pure hydrogen at the end of the sulfur-free testing.

A WGS mixture with 50 ppm H2S (DOE condition 2A) was then applied to the

membrane. As with the cold-worked membrane, H2 flux was inhibited, but unlike that

membrane, the leak rates of CO2 and CO began to climb and did not level off. Within 55



hours, the CO2 detector was overloaded (permeate concentration >5000 ppmv), and after

a total of 275 hours, when the membrane was shut down, the CO concentration was

approaching overload as well. No thermal cycles or methanol reformate experiments

were performed.
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Figure 5.3 Hydrogen flux and permeate contaminant concentrations as a fimction of time
for a sputtered, 10 pm thick, 10 wt% Au membrane imder WGS mixtures at 673 K, 1253
kPa total feed pressure.

The methane detector was not used in the experiment on the sputtered membrane,

thus it is imcertain whether methanation or reverse water-gas shift may have occurred

during the testing process. The permeate ratio of C02:C0 was consistently around 41:1

before the instrumentation error at 105 h. Immediately thereafter it dropped off to 21:1,

then gradually crept up to stabilize at 28:1, until eventually the detector reached
saturation. The addition of sulfur to the stream did not make any difference in this

gradually increasing trend. As the C02:C0 ratio in the feed is 30:1, this suggests that,
initially, the water-gas shift reaction was removing CO from the permeate, but after the
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instrument glitch, the reaction switched to the reverse-WGS behavior observed for the

cold-worked foil.

Directly comparing permeation behavior shows that, although the permeability of the

cold-worked alloy is less under pure gas conditions, it had superior performance under

mixture conditions, being less inhibited by either carbon compounds or H2S (Figure 5.4).

The adsorption of both sulfur and hydrogen is known to be affected by the orientation of

the membrane surface (121), and as discussed in chapter 4, there are significant

orientational effects in these membranes. Because the sputtered membrane is less than

half the thickness of the cold-worked membrane, these surface effects can be expected to

have a proportionally larger effect upon it. However, thickness is unlikely to be the sole

determining factor, as the sputtered membrane exhibited a continuous poisoning effect

over many hours, rather than the rapid failure expected from mechanical damage, or the

sudden rise and stabilization that occurred in the cold-worked membrane. In the Pd-Cu

system, it has been shown that H2S preferentially attacks the grain boundary region, but

grain boundary volumes are similar for both material types(97)

□ Pure Gas ■ WGS ■ WGS+ 50 ppm H2S

0)
o- 60%
0)
re
G)
I

o

3 40%
Q.

TKK10%Au SWRI10%Au

Figure 5.4 Effect of water-gas shift mixtures and sulfur on hydrogen permeability at 673
K for cold-worked (TKK 10% Au) and sputtered (SWRI 10% Au) palladium-gold alloy
membranes.

92



5.5 Post-mortem analysis

After membrane testing was completed, the membranes were cooled under flowing

nitrogen and removed from their test housings. All analytical experiments performed

before and after testing were conducted at the Colorado School of Mines. To physical

inspection, the cold-worked membrane was not significantly changed, having a shiny

silver color and similar flexibility to before it was tested. The sputtered membrane, by

comparison, had become much more brittle, and the permeate side had turned a brilliant

peacock green. Blue hues are typical of heavily oxidized membranes, but the green

coloration was a novel result. Both membranes were then examined by XRD, XRF, and

SEM/EDS to study how they had been changed.

The cold-worked membrane underwent similar peak shift to lower 20 and formation

of the 111 reflection as was observed in pure gas testing (Figure 5.5). On the feed side of

the membrane, however, additional phases were found to exist, which had not been

previously observed.
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Figure 5.5 X-ray diffractogram depicting a 10 wt% Au cold-worked alloy before and
after 800 hours of testing at temperature under mixture gas conditions
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Three additional compoxmds were formed during mixture gas testing; two palladium

sulfides, PdtS and Pd2.8S, and palladium hydride, PdHo.706- The hydride phase is unstable

at temperatures above 568 K (Figure 5.6 a) and was therefore presumably formed while

the membrane was being cooled. The two sulfide phases do exist at higher temperatures

and thus may have been formed during testing, making them relevant for this

investigation (Figure 5.6 b).

Pd4S has a tetragonal crystal shape (meaning a cubic shape stretched along one of its

axes, but with all angles remaining 90°). Two of its sides are 5.1147 A in length, and the

third is 5.5903 A. In the palladium membrane literature it has been observed to form on

Pd and Pd-Cu(122). At standard temperature and pressure it is less thermodynamically

favored than PdS, which compound was not observed in our sample(123). Unlike PdtS,

Pd2.8S it has not been reported in the membrane literature, but PdaS has, and as Pd2.8S is

only known to exist when PdsS is rapidly quenched, it seems probable that this phase

indicates that PdsS was present at higher temperatures(124). PdsS has an orthorhombic

crystalline lattice (meaning that the length of each axis is different but all angles remain

90°) with lengths of 6.088, 5.374, and 7.453 A. Rapid cooling would also accovmt for the

presence of the hydride phase, which was not observed in room-temperature

difffactograms taken after CSM's slow cooling process.

Both the palladium sulfides have much larger lattice parameters than either

palladium (3.8896 A) or gold (4.0786 A). Their presence, therefore, would very possibly

swell the membrane and promote cracking and loss of selectivity, as was in fact observed

in both sputtered and cold-worked membranes when sulftir was added to the feed

streams. The expansion caused by sulfidation promoted a change in surface texture on

the feed side (Figure 5.7), creating a roughened surface. The size of the surface features

is greater than the crystallite size as measured by XRD, indicating that the entire surface

becomes sulfided, rather than only the grain boimdaries. The permeate side of the

membrane, which was exposed to negligible amounts of sulfur, retained its original

surface features and did not xmdergo any equivalent rearrangement.
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Figure 5.6 Phase diagrams depicting a)Palladium-hydrogen and b) Palladium-sulfur(72)
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Figure 5.7 lOOOx SEM micrograms depicting a) the feed side and b) the permeate side of
a 10 wt% Au, 25 pm cold-worked foil after 800 hours at temperature under mixture gas
conditions. The large surface feature at the center of b) is a fragment of alumina paper
diffusion barrier

EDS analysis on the feed surface detected less than 0.30 wt% sulfur, well within

experimental error of zero. This is not an unexpected result, as sulfur is a light element

and EDS has limited sensitivity to it. The feed surface was also gold-depleted, having a

mean concentration of 0.81 wt% Au. The permeate surface was not similarly affected,

having a mean gold concentration of 13.2 wt%. This change on the feed side is greater

than could be predicted by measurement error, and the clear implication is that either

sulfur or carbon caused the feed side to become palladium-enriched. No stable gold

sulfide phases are known to exist (Figure 5.8).

A plausible mechanism for the gold depletion therefore has the formation of

palladium sulfides expanding the lattice on the surface, promoting microcracking and

exposing new areas for sulfidation. In the mean time, the more unreactive gold remains

below the expanded palladium sulfide layers. Gold is known to minimize sulfide

formation in palladium by diluting palladium site concentration and promoting structures

unfavorable to reaction (125). With time, enough of the palladium has formed sulfides

that the remaining outermost Pd-Au layer is enriched in gold, and the formation of Pd4S

and PdsS cannot proceed further.
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Figure 5.8 Phase diagram for gold-sulfur (72).

In the sputtered membrane, significantly different behavior was observed. The

membrane's higher leak rate allowed both sides of the membrane to be exposed to

significant amounts of H2S, roughening both surfaces rather than only the feed side

(figure 5.9). As with the cold-worked membrane, the surfaces exposed to H2S were

palladium enriched on EDS inspection (Table 5.3). Unlike the cold-worked membrane,

however, the sputtered membrane underwent significant bulk changes. During the

mixture testing experiments, the membrane decreased in thickness by more than 70%,

and was reduced to less than 1 wt% gold content. This is an extremely anomalous result

unprecedented in the literature, and should ideally be duplicated experimentally before
definitive statements are made on the relative stability of the fabrication techniques. As

precious metal loss is a significant concern if the Pd-Au system is to be commercially
viable, however, the potential causes of failure must be examined.
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Figure 5.9 200x SEM micrographs depicting the a) the feed side and b) the permeate side
of a 10 pm, 10 wt% Au sputtered foil after 275 hours of mixture gas permeation testing

Table 5.3 Effect of mixture gas permeation testing on surface and bulk properties of cold-
worked and sputtered membranes

Pretesting

Surface EDS

measurements

(wt% Au)

TKK10% 11.5 11.4

SWRl Pd- 6.2 8.0

48

Post testing

Bulk XRF

measurements

Surface EDS

measurements

(wt% Au)

Bulk XRF

measurements

Thickness

(pm)

wt%

Au

Feed Permeate Thickness

(pm)
wt%

Au

25 10.2 0.81 13.2 25 10.2

11.0 7.0 0 0 3.3 0.83

The loss in thickness after permeation testing was confirmed by scanning electron

microscope images of the cross-sections (Figure 5.10). Post-testing thickness was

reasonably consistent across the entire width of the membrane, demonstrating that attack

took place across the entire membrane rather than at certain points of particular

weakness. It is noticeable that the alignment of the two types of membranes are different:

the sputtered membrane has columnar growth perpendicular to the surface, while the

cold-worked membrane structure runs partially parallel to the surface.
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There are three potential routes by which a membrane could lose some of its

material: formation of volatile species, decomposition, and mechanical destruction

causing the polycrystalline lattice to crumble. No known sulfides of palladium have

melting points below 996 K, thus suggesting that evaporation is unlikely at the

temperatures being studied. Likewise, the decomposition temperatures of the various

Pd-sulfides are greater than were encountered experimentally, assuming that the

alteration in gas flow did not produce any corresponding temperature spikes.

XRD examination of membrane SWRI Pd-48 shows that, unlike in the cold-worked

material, no sulfide phases are present (Figure 5.11). As it seems unlikely that this

membrane was entirely immune to sulfide formation, this suggests that they were formed,

and were mechanically removed, either by handling after testing or by the flow of heated

gas during testing. There is evidence of hydride formation, again presumably occuring

when the membrane was cooled after testing, and the aluminum signal is generated by the

sample holder used in the XRD apparatus. One possibility, therefore, is that hydride

formation caused the loss of sulfided material after testing was completed. This

hypothesis is plausible, as the hydrogen flux of the membranes was inhibited during both

water-gas shift and sulfiir mixture testing, rather than increasing, as would be expected

from a membrane made abruptly two-thirds thinner. However, hydride formation alone

would not account for this, as hydrided membranes generally crack but do not

disintegrate (Figure 4.17).

Returning to sulfur results, the fraction of sulfided phases in the cold-worked

membrane can be determined by the direct comparison method (101). In this, peak

intensity I is related to concentration of a given phase c by the equations:

'a
(5.3)

//? Rp cp

sr=i c, = 1 (5.4)

Where R is a property of the diffracted angle, the Miller indices, and the properties of

the material generating the reflection and is given by the equation:
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In equation 5.5, v is the unit cell volume of the material, F is the structure factor

describing how the material scatters incident radiation,/? is the multiplicity factor dealing

with the intrinsic relative intensity of the reflection, and e*^" is the temperature factor,

adjusting for the effects of thermal motion or disorder induced by quenching. In the cold-

worked material, the direct comparison method gives the result that 48 volume percent of

the feed side of the membrane had become one or another of the palladium sulfides.
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Figure 5.11 X-ray diffractogram depicting a 10 wt% Au sputtered alloy before and after
275 hours of testing at temperature under mixture gas conditions

Due to the large lattice parameter of the sulfides, 48 volume percent corresponds to

only 19 atomic percent of palladium atoms forming sulfide phases. While this is a

significant amount, it would not accoimt for a 70% loss of metal, even had it occurred on
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both sides of the membrane. More extensive sulfidation must therefore have occurred on

the sputtered membrane than on the cold-worked material. The columnar structure of

SWRI Pd-48 with its ordered arrangement of grains may have promoted sulfur diffusion

into the bulk metal. Another potential source for rapid failure is in the initial conditions

of the membrane. At the time the membranes were first exposed to H2S, the sputtered

film had a CO2 flux of 2.1 x 10'^ mol/m^/s, an order of magnitude greater than that of the

cold-worked material. A similar increase in H2S flux could be expected, causing a much

increased sulfur attack on the permeate side of the membrane. This might be alleviated

by a higher initial thickness, or by improving the membrane test cell to minimize damage

to thinner films.

5.6 Conclusions

Cold-worked and sputtered palladixam-gold alloy membranes were tested under

synthetic methanol reformate and water-gas shift mixtures with and without sulfior. The

hydrogen flux of the cold worked membrane was 80% of the pure-gas value under WGS

mixtures, and 38 % under WGS mixtures with H2S. The sputtered membrane was more

greatly inhibited by both carbon oxides and H2S, with fluxes of 67% and 30% of the

pure-gas values under the same conditions. Lifetime of the membranes imder H2S was

foimd to have a strong dependence on structure and initial amount of defects in the film.

Thiimer, sputtered membranes failed rapidly, within 55 hours of exposure to 50 ppm H2S,

while thicker cold-worked membranes maintained acceptable hydrogen selectivity for

upwards of 350 hours under WGS mixtures with sulfur.

Cold-worked membrane surfaces exposed to H2S formed palladium sulfides, which

has a larger lattice parameter than either palladium or gold, causing expansion and

allowing additional H2S to penetrate into the bulk material. In the case of cold-worked

membranes, this process was self-limiting, halting when the remaining metallic Pd-Au

was sufficiently gold enriched that sulfides could no longer form. In sputtered

membranes, no sulfides were detectable after testing, but the membrane lost 70% of its

thickness. The hypothesized mechanism for this is that the sulfide formation process was

not halted, due to the columnar structure of the film promoting sulfur transport into the
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bulk metal and larger initial leak rates allowing H2S to attack both sides of the film

simultaneously. The resulting sulfide layers were fragile in the sputtered film and may

have disintegrated during the process of cooling and removing the membrane from its

housing.
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CHAPTER 6

RECOMMENDATIONS

This concluding chapter discusses future avenues of research, both in the palladium-

gold binary system and in other alloys which might beneficially incorporate gold.

6.1 Continued work in binary alloys

Several issues with the palladium-gold binary system were brought to the forefront

during the experiments in the preceding chapters, and suggest future work. The most

critical experiment would be to attempt to reproduce the failure of the sputtered film in

gas mixtures with H2S. If, in fact, a membrane with fewer initial defects remained stable

over a longer period of time and did not lose material, then the sputtering process could

be maintained as a viable technique for producing commercial-quality films.

A number of ways of improving selectivity in a self-supported membrane are

possible. The most straightforward is to produce a thicker film, as was done with Pd-126

(Chapter 4). The thicker the membrane, the less likely it is to be punctured by the

alumina diffusion barrier paper or damaged during the handling necessary to mount it.

Another option is to improve the diffusion barrier itself. The present diffusion barrier is a

commercial alumina paper (Appendix A) with a fine needle-like structure which may act

to pierce the thin membranes.

One straightforward technique to produce an oxide diffusion barrier that has been

investigated is dipcoating. Using a yttria-stabilized zirconia slip (based off of

commercial 8-YSZ powder), a dipcoating procedure was developed to produce zirconia

layers with pore sizes less than 0.5 microns (Figure 6.1). The coating technique was

created to produce membranes suitable for electroless plating, and caused substantial flux

inhibition by closing pores, but produced stable coatings with high durability, and could

potentially be modified by applying fewer layers, functionally grading porosity, or

dipping in a more dilute solution if the prevention of intermetallic diffusion is all that is

necessary.
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Figure 6.1 Capillary flow porometry results for Mott 0.5 micron plates with and without
YSZ dipcoating

Apart from improved testing procedures, the membranes themselves could benefit

from some modification. If columnar structure does in fact promote sulfide formation

and/or metal loss, then either the sputtering technique must be modified or the membrane

must undergo additional treatment prior to testing. Columnar growth is typical of

magnetron sputtered films, but the behavior and packing of the columns can be

influenced by chamber pressure and substrate temperature (126). In Pd-Ag, heating of

the substrate to >623 K removed the columnar structure, though not without cost to

hydrogen permeability(127).

In terms of optimizing the system, the preferred gold content for sulfur resistance

needs to be determined, regardless of what fabrication technique is ultimately preferred.

The depletion of gold from the surface under H2S can be expected to be reduced with

increasing gold content, but this must be balanced with the general decrease in H2

permeability occurring with gold contents greater than 15 wt%. One other potential way
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to maximize sulfur tolerance would be to apply a thin layer of surface gold to a

homogeneous film. Small amoimts of surface gold do not necessarily act to depress

permeability (figure 3.10), and might act as a protective layer against sulfur attack. Thin

layers of gold can be added by electroless plating as described in chapter 3, applied as a

finishing step during sputtering, or even added to cold-worked membranes as shown in

figure 4.1

6.2 Ternary alloys of palladium and gold

Ternary alloys have the potential to combine beneficial properties of two alloying

elements. One application that has garnered interest is in the FCC Pd-Cu system. This

system has high mechanical stability and imdergoes minimal swelling when tested,

allowing for rapid heating and cooling. It has low hydrogen permeability, however, and

the addition of other metallic elements might be able to improve that.

Sputtered membranes produced by SWRI were tested under single-gas permeation

conditions in the test housing described in appendix A. Silver, gold, nickel, platinum,

and ruthenium were added to the base lattice (Table 6.1), and it was found that gold

produced the greatest increase in hydrogen permeability. Furthermore, the greater the

amount of gold in the lattice, the larger the increase in permeability (Figure 6.2). These

foils show promise in mixture applications if they maintain the sulfur tolerance of the

binary alloy.
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Table 6.1 Hydrogen permeabilities for PdCuX alloys, where X is silver, gold, nickel,
platinum, ruthenium, or copper.

Hydrogen Permeability x 10 at 220 kPa
feed, ambient permeate (mol/cm/s/Pa"^)

Composition 573 K 623 K 673 K 723 K 773 K

(wt%)
PdgeCuH 0.9 1.12 1.53 - -

Pd82Cui6Ag2 1.18 1.66 2.18 - -

Pd79CUi7AU4 2.11 3.03 3.95 4.92 6.00

Pd79Cui3Au8 1.79 2.79 3.78 4.25 6.00

Pd79Cui4Ni7 0.80 1.25 1.76 2.26 3.63

Pd77Cui2Ptii 2.27 3.04 4.19 5.41 6.92

Pd77Cui2Auii 3.09 4.13 5.44 7.01 8.76

Pd88CU4RU8 1.64 2.24 2.88 3.71 4.56

X 'P 8
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<i) E

□ PdgsCUsAUi
PdyyCU^sAU
PdygCU-isAU

H PdygCU^I^AU
■ Pd75CU25
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Temperature (K)
Figure 6.2 Hydrogen permeability as a function of temperature for PdCuAu alloys.
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APPENDIX A:

PERMEATION TEST APPARATUS

Permeation test housings are crafted from type 316 stainless steel, using a design

similar to Millipore™ pressure test housings (Figures A1-A4). Va inch tubing is welded

to the part to allow gas flow and from the membrane, and Swagelok ™ fittings are used

to connect the housing to any desired permeation apparatus. There are two sizes of test

cell: one 23 mm in diameter, and one 47 mm in diameter. The housings are bolted

together with stainless steel hex nuts and bolts.

Mechanical support for the membrane is provided by an 0.5 mm pore size stainless

steel disc, cut from sinter-metal sheeting. A listing of parts is foimd in Table A.l

Table A.l List of suppliers and part numbers for materials needed to perform hydrogen
permeation testing

Part Supplier Part#

Porous stainless steel Mott 1100-8.5-10-0.046-0.5-A

support Sheet316LSS

Alumina paper diffusion Zircar C4504

barrier

Graphite gasket John Crane CraneFoil 245

Bolts McMaster-Carr 93190A546

Nuts Mcmaster-Carr 94805A029
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Figure A.l Bottom side of 23 mm permeation test cell
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Figure A.2 Top side of 23 mm permeation test cell
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Figure A.3 Bottom side of a 47 mm permeation test cell
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Figure A.4 Top side of a 47 mm permeation test cell

Support for the membrane during testing is provided by 0.5 pm grade porosity

stainless steel discs, with alumina paper used as a barrier to prevent intermetallic

diffusion between the foil and support (Figure A5). This configuration has been
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demonstrated to provide negligible resistance to permeation (Figure A6), thus allowing

true membrane properties such as permeability to be calculated. Membranes are sealed

into the housing using graphite gaskets, which are tolerant of temperatures up to 773 K

before beginning to degrade. At temperatures greater than this, the gaskets will remail

leak-tight, but will begin to outgas carbon compounds which will reduce membrane

permeability.

Feed Reject

Stainless steel

pressure-test

housing

Membrane

0.5 pm porosity S.S. disc

Graphite Gasket

Ceramic paper

Stainless steel

pressure-test

housing

Sweep Permeate

Figure A.5 Permeation test cell configuration
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membranes mounted on same
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