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ABSTRACT

A COMBINATORIAL STUDY ON
HYDROGEN SEPARATION MEMBRANES

Piskin, Fatih
Ph.D., Department of Metallurgical and Materials Engineering
Supervisor : Prof. Dr. Tayfur Oztirk

April 2018, 128 pages

Metallic membranes among the hydrogen separation membranes are quite attractive
due to their very high hydrogen selectivity and hydrogen permeability. The efforts in
metallic membranes generally concentrate on to identify membrane compositions
which have a high hydrogen permeability with a reduced cost. Among the metallic
membranes, Pd and Pd alloys, i.e. f.c.c. membranes are quite common as separation
membranes. However, the high cost of Pd limits its widespread use in industrial
applications. The efforts to address such problems have concentrated on two main
approaches. One is reducing the Pd content of the membranes by alloying and
producing membranes in the form of thin films. Another approach is to develop new

alternative membrane compositions which are Pd-free.

Of the Pd-free membranes, Nb, V, Ta and their alloys, i.e. b.c.c. membranes are
particularly attractive due to their orders of magnitude higher hydrogen permeability
as compared to Pd-based membranes. However, the b.c.c. membranes have an
insufficient catalytic activity to dissociate hydrogen molecules into its atomic form,
which is essential for hydrogen separation. The excessive hydrogen solubility

resulting in embrittlement is another drawback for b.c.c. membranes. For this reason,



the efforts on b.c.c. membranes have focused on identifying the alloying elements
that would reduce the level of hydrogen solubility while maintaining a reasonable

hydrogen permeability.

However, developing alternative alloy compositions by alloying or finding
completely new membrane compositions via traditional methods such as
synthesizing one membrane composition at a time and testing it for the purpose are
not always successful. These also require extended coordinated efforts that are time-
consuming as well. Therefore, a combinatorial method that would allow the
production of multiple material compositions in a single experiment and which may
then be evaluated by an effective screening technique is a highly useful approach to

develop new membrane compositions.

The present work is an outcome of an effort to develop low-cost hydrogen separation
membranes on the basis of combinatorial materials science. For this purpose, a total
of three ternary systems, i.e. Nb-Pd-Ti, Pd-Ag-Ti, and Pd-Ag-Ni were investigated
by a combinatorial method. Nb-Pd-Ti was selected aiming to produce dominantly
b.c.c. membranes, while the Pd-Ag-Ti and the Pd-Ag-Ni ternary alloys were chosen
to yield f.c.c. membranes. A total of 21 thin films, each with a different composition,
covering a large compositional field in the ternary diagram were deposited in a single
experiment via magnetron sputtering. The thin films were then screened by a four-
probe resistivity measurement in terms of a reactivity index. The compositions
identified as candidates as a hydrogen separation membrane were fabricated in the

form of foils and then tested for the hydrogen permeability.

The present work demonstrates that the adopted approach is a quite effective way of

finding the suitable compositions for low-cost hydrogen separation membranes.

Keywords: Hydrogen separation membrane; combinatorial approach; resistivity-
based screening; Pd-based membranes; Nb-based membranes.
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COGULCU YAKLASIMLA
HIDROJEN AYIRICI MEMBRANLARIN GELISTIiRILMESI

Piskin, Fatih
Doktora, Metalurji ve Malzeme Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. Tayfur Oztiirk

Nisan 2018, 128 sayfa

Hidrojen ayirma membranlar1 arasindan metalik membranlar sahip olduklar1 ¢ok
yuksek hidrojen secicilikleri ve hidrojen gecirgenlikleri nedeniyle oldukca ilgi
cekicidirler. Metalik membranlar tizerindeki galismalar, genellikle bu membranlar
icin miimkiin oldugunca diisiik maliyetli ve yliksek gegirgenlige sahip bilesimlerin
belirlenmesi iizerine yogunlasmaktadir. Metalik membranlar arasindan, Pd ve Pd
alagimlari, yani f.c.c. membranlar, bir ayirma membranm olarak olduk¢a yaygin
olarak kullanilmaktadir. Fakat Pd'nin yiiksek maliyeti, endiistriyel uygulamalardaki
genis kullanimini siirlandirmaktadir. Bu tarz sorunlarin agilmasina yonelik ¢abalar
iki yaklasimda odaklanmistir. Bunlardan biri membranlarin Pd icerigini, alagimlama
veya ince film membran iiretimiyle azaltmaya yoneliktir. Diger bir yaklasim da Pd

icermeyen alternatif yeni membranlarin gelistirilmesidir.

Pd-icermeyen membranlar arasindan Nb, V, Ta ve bunlarin alasimlari, yani b.c.c.
membranlar, Pd esasli membranlarla karsilastirildiginda daha yiiksek hidrojen
gecirgenligine sahip olduklar icin ilgi cekicidirler. Bununla birlikte, b.c.c.
membranlar hidrojen gecirgenligi i¢in kritik olan hidrojen molekiillerini
ayristirtlmasi noktasinda yetersiz bir katalitik 6zellige sahiptirler. Bir diger 6nemli

problem de, kirilganlikla sonug¢lanan agir1 hidrojen ¢oziiniirliigiine sahip olmalaridir.

vii



Bu nedenle, b.c.c. membranlar o6zelindeki c¢alismalar, makul bir hidrojen
gecirgenligini muhafaza ederken, yiiksek hidrojen ¢oziintirliigiiniin seviyesini

diisiirecek alasim elementlerinin belirlenmesi lizerine yogunlagmustir.

Fakat alasimlama ile alternatif kompozisyonlarin gelistirilmesi veya tamamen yeni
membran kompozisyonlarinin bulunmasi, tek seferde bir kompozisyonun iiretilmesi
ve amag icin test edilmesi gibi gelencksel yontemlerle her zaman basarili
olmamaktadir. Ayrica, bu tarz yaklasimlar zaman alict kapsamli caligmalar
gerektirmektedir. Bu nedenle, tek bir deneyde ¢oklu malzeme kompozisyonlarinin
iiretilmesine ve daha sonra etkin bir tarama teknigi ile bu kompozisyonlarin
degerlendirilmesine imkan saglayacak c¢ogulcu bir yaklagim, yeni membran

bilesimleri gelistirmek i¢in son derece yararli bir yontem olarak 6ne ¢ikmaktadir.

Mevcut c¢alisma, benimsenen c¢ogulcu bir yaklagim temelinde diisiik maliyetli
hidrojen ayirma membranlarinin gelistirilmesine yonelik yiiriitiillen bir ¢aligmayi
kapsamaktadir. Bu kapsamda Nb-Pd-Ti, Pd-Ag-Ti ve Pd-Ag-Ni igli alagim
sistemleri kombinatoryal bir yontem ile tiretilmistir. Nb-Pd-Ti alasim1 agirlikli olarak
b.c.c., Pd-Ag-Ti ve Pd-Ag-Ni Ucli alasimlart da ¢ogunlukla f.c.c. membranlar
iiretebilmek icin tercih edilmistir. Segilen her bir sistem i¢in {i¢lii diyagramda genis
bir kompozisyon alanini kapsayan, her biri farkli kompozisyona sahip toplam 21
membran manyetik sigratma yontemiyle tek bir deneyde liretilmistir. Membranlar
daha sonra dort uclu direng yontemi ile reaktivite indeksleri agisindan taranmustir.
Hidrojen ayirma membrani i¢in aday olarak saptanan bilesimlerden uygun olan
alasimlar folyo halinde iiretilmis ve takiben hidrojen gegirgenligi agisindan test

edilmistir.

Mevcut ¢aligma, benimsenen yaklagimin, diisiik maliyetli hidrojen ayirma
membranlar1 i¢in uygun bilesimlerin belirlenmesinde oldukca etkili bir yontem

oldugunu gostermektedir.

Anahtar Kelimeler: Hidrojen ayirma membrani; ¢ogulcu yaklasim; direng esasl

tarama; Pd esasli membranlar; Nb esasli membranlar.
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CHAPTER 1

INTRODUCTION

Hydrogen can be produced from a variety of resources such as fossil fuels, biomass,
and water. However, a very large share of the current hydrogen production is only
based on the fossil fuels. Two major hydrogen production methods rely on the fossil
fuels are coal gasification and steam reforming of hydrocarbons. Currently, the
dominant technology for hydrogen production is the steam reforming of
hydrocarbons, e.g. natural gas or methane, with a share of 90%. However, any of the
hydrogen production method involved yields hydrogen in a gas mixture with a
variety of other species such as CO, CO., and H>S instead of pure Hz. Therefore,
there is a need to separate the hydrogen from these gas mixtures in order to obtain it
in a pure form. This is especially critical for the applications that require high purity

hydrogen such as proton exchange membrane fuel cells.

Hydrogen separation membranes allow extraction of hydrogen from the mixed gases.
This mixture could be a syngas generated from the reformation of hydrocarbons or
coal gasification or biomass gasification. Currently, gas-grid is based on pure
methane but there are signs that hydrogen, as well as other combustible gases, might
be injected into this system. Thus the sources from which hydrogen could be
separated might include gas-network as well. Hydrogen separated in this way could
be used in fuel cells to generate electricity. All these require the use of efficient

separation membranes with a low cost.

Among the hydrogen separation membranes, metallic membranes are quite attractive

due to their very high hydrogen selectivity (theoretically infinite), and high hydrogen



permeability. Efforts in metallic membranes have concentrated on to identify
compositions with as high permeability as possible with reduced cost. Of the metallic
membranes, Pd and Pd alloys, i.e. f.c.c. membranes are quite common as a separation
membrane and they are commercially available. However, the hydrogen
embrittlement and the high cost of Pd restricts their wide range use in industrial
applications. The efforts to address these problems are concentrated on two
approaches. One is reducing the Pd content of the membranes by alloying, which
would also improve the embrittlement resistance. This can also be achieved by
producing the membranes in the form of thin film. Second is to find new alternatives

which are free of Pd.

Hydrogen embrittlement of Pd membranes is a result of a-f phase transformation
which results in pronounced volume change in the lattice. This simply leads the
formation of microcracks resulting in the membrane failure. This structural
transformation can be avoided with alloying. One of the well-known alloy systems
is Pd-Ag. The addition of 20-30 at.% Ag is quite effective in avoiding this phase
transition. Alloying with Ag also improves the hydrogen permeability by a factor of
1.7-2.0 compared to pure Pd. Alloying with Ag also help reduce the cost of the
membrane and there are Pd-Ag commercial alloys, e.g. Pd77Ag23. Similar results

could also be obtained with different alloying elements such as Cu, Y, Au, and Ni.

Nb, V, Ta and their alloys, i.e. b.c.c. membranes are particularly attractive due to
their orders of magnitude faster hydrogen permeability compared to Pd-based
membranes. However, b.c.c. membranes have an insufficient catalytic activity to
split hydrogen molecules into atomic form in order to initiate hydrogen permeation.
Thus, b.c.c. based membranes require a secondary catalytic layer, e.g. Pd, to address
this problem. The major drawback of b.c.c. membranes is the excessive hydrogen
solubility which results in embrittlement. To produce mechanically durable

membranes, the studies have concentrated on identifying alloying elements that



would reduce the level of hydrogen solubility in b.c.c. membranes, while maintaining

the reasonable hydrogen permeability.

Another alternative approach in membranes is to aim for amorphous alloys. They
usually have an open crystal structure that provides higher hydrogen solubility. Due
to this open structure, hydrogen permeation occurs with a lower risk of
embrittlement. These alloys are usually composed of multi-component elements and
Ni-Nb-Zr is the most common alloy system for such membranes. However, the
metastable nature of amorphous alloys and their tendency to crystallization, causing
lower permeability, still are the main concerns. Additionally, the membrane surface
is not as active as the f.c.c. membranes, so they also require a secondary catalytic

layer, as in b.c.c. membranes.

Different membrane types summarized above all concentrate on identifying
compositions having a reasonable hydrogen permeability, especially with a reduced
cost. There are mainly two approaches so as to produce membranes with a low cost.
The first one is the alloying of the precious metals with less expensive counterparts
as explained above. The second one is the fabrication of the membranes in the form
of thin film, which reduces the use of elements. Thus, thin film production methods

have been taking growing attention in recent years.

However, finding an alternative composition by alloying or developing a new
membrane composition is not always successful via traditional production methods
such as synthesizing one membrane composition at a time and testing it for the
purpose. This also requires extended coordinated efforts that are time-consuming as
well. Therefore, a combinatorial method that would allow the synthesis of multiple
material compositions in a single experiment and which may then be evaluated by a
screening technique is a highly useful approach to develop new membrane

compositions.



The current work is an outcome of an effort to develop low-cost hydrogen separation
membranes on the basis of combinatorial materials science. The method described
was applied to Nb-Pd-Ti, Pd-Ag-Ti, and Pd-Ag-Ni ternary alloys. Nb-Pd-Ti alloy
was chosen aiming to yield dominantly b.c.c. membranes, while the Pd-Ag-Ti and
the Pd-Ag-Ni ternary alloys were chosen to yield f.c.c. membranes. A magnetron
sputtering unit was used to create a thin film material library for each ternary alloy.
A total of 21 membranes, each with a different composition, covering a wide
compositional field in the ternary diagram were deposited in a single experiment. The
membranes were then screened by a four probe resistivity measurement in terms of
a reactivity index, defined as the ratio of resistivity under hydrogen to that under
argon in the same conditions. The compositions were also screened due to their lattice
volume as well, as a requirement for b.c.c. membranes. The compositions determined
as a candidate for hydrogen separation membrane were fabricated in the form of a
foil. The foils were then tested for the hydrogen permeability so as to identify the

alloys best suited as a separation membrane.

The thesis comprises eight chapters and starts with a general introduction. The brief
description of the production and the purification of hydrogen is given in Chapter 2.
The dense metallic membranes are emphasized in Chapter 3 as a main scope of the
thesis. The detailed explanation for the adopted combinatorial approach is given in
Chapter 4. The production and the characterization of selected ternary alloys Nb-Pd-
Ti, Pd-Ag-Ti, and Pd-Ag-Ni are discussed in Chapter 5, Chapter 6, and Chapter 7,
respectively. The dissertation is finalized in Chapter 8, where the general conclusions

and recommendations are given.



CHAPTER 2

HYDROGEN PRODUCTION AND PURIFICATION

2.1 Hydrogen Production Methods

Currently, fossil fuels have the highest share in the hydrogen production with a value
of more than 90%. The major production routes based on fossil fuels are coal
gasification and steam reformation of hydrocarbons such as natural gas and methane.
More than 90% of the hydrogen in the United States is produced by steam reforming
of natural gas, while it is globally between 45-50% [1]. The global share of the oil
and the coal in the hydrogen production is 30% and 18%, respectively [2]. Although
there are other routes to produce hydrogen, such as electrolysis of water and biomass
gasification, they have a very limited share in the total hydrogen production [3].
Thus, hydrocarbons can be considered as a main feedstock for the present and the

near future production of hydrogen.

2.1.1 Steam reforming of natural gas

Steam reforming of natural gas is the most widely used and the least expensive
process for the industrial production of hydrogen. The technology is well developed
and commercially available at a rate ranging from 1 t/h to 100 t/h H> [2]. The
principal component of natural gas is methane (CH4). However, the composition
varies depending on the region with CH4 content varies in the range 44% to 92% [4].
In the process of reformation, CH4 reacts with steam to yield a syngas, i.e. a mixture
of CO and Hz. The reaction composed of two steps; reforming of natural gas and
water-gas shift reaction. The reaction in the first step can be written as;



CH4(g) + H20 (g9) = CO (9) + 3 H2(9) AHP208= +205.9 kJ/mol
Equation. 2.1

This reaction takes place in the range of 500-900 °C. Although the stoichiometry in
Equation 2.1 shows that 1 mol of H20 is enough to react with 1 mol of CHa, generally
the ratio of H2O to carbon is higher than 1, typically between 2.5-3.0. This is for the
purpose of preventing carbon deposition on the catalyst surface. The outgas typically
consists of 53% Hz, 19% H>0, 13% CHai, 9% CO,, and 6% CO [5].

As seen above, the syngas generated by steam reforming of natural gas yields a
mixture which is poor in its hydrogen content. Therefore, a second stage, the so-
called water-gas shift reaction, is introduced into the process so as to increase the

hydrogen content;

CO(g) + H20 (g) > CO2 (9) + H2 (9) AH®298= -41.0 kj/mol
Equation. 2.2

Equilibrium considerations are such that this reaction favors the products at low
temperatures. However, the high temperature is generally preferred to provide a
practical reaction rate. This problem is addressed through the use of two-stage gas
shift reactor. In the first stage, the reaction occurs between 340-450 °C with faster
kinetics [6] followed by the second stage with a temperature range between 190-210
°C to increase the equilibrium H> concentration [7]. The gas produced as a result has
typically 74% Ha with some CH4, and CO- as well as CO which is typically ~0.1%.
Additionally, a low amount of HS is generally present in the resulting gas despite

the integration of several sulfur removal steps during the processing.

The temperatures used in two-stage gas shift reactions are quite important since it

sets the working temperatures for the purification processes. These are 340-450 °C



for the first stage water-gas shift reactions and 190-210 °C for the second stage water-

gas shift reaction.

2.1.2 Other hydrogen production methods

The coal gasification and biomass gasification are the other common production
methods for hydrogen. Coal gasification is a well-established process to convert the
coal into its basic chemical components by reacting it with a controlled amount of
oxygen and steam at high temperatures and pressures. The syngas generated in the
coal gasification generally comprises CO, Hz, CO», and CHs with some impurities
such as H>S and NHs. Gasification process requires further purification step to
remove the pollutants from the gas mixture. The resulting gas is generally composed
of 39-41% Ha, 18-20% CO, 10-12% CHj4, 28-30% CO> with some impurities such as
0.5-1% H,S and 0.5-1% NHa. [8,9]. Depending on the type of the gasifier, the syngas
leaves the reactor at very high temperatures between 1300-1500 °C. The syngas is
typically cooled down to ~600 °C by a heat exchanger for the heat recovery. Further,
it is cooled down to 350-400 °C by a convective coolant to lower the steam pressure
and the further heat recovery [10]. Thus, coal gasification sets two different
temperature regime, i.e. 350-400 °C and ~600 °C, for the further purifications

processes.

The biomass gasification is a similar process with the coal gasification, except for
the resources used. It has become the subject of increasing attention in the last decade
since it is a renewable source and is an alternative to fossil fuels. There are several
sources as a gasifiable biomass such as municipal solid waste, agriculture waste,
livestock waste, industrial residue, and energy crops. The typical temperature range
in biomass gasification is 800-1100 °C [11]. The syngas generated in this method
significantly varies in composition depending on the feedstock used and the type of
reactor. The syngas generated in this process typically contains 30-45% H», 20-25%
CO, 6-12% CHa, 20-25% CO,, 0-1% NH3z and HS [12]. After leaving the reactors,



the syngas is subjected to several purification steps via physical separation devices
such as scrubbers, cyclone separators, and filters. Each step requires different process

temperature which typically varies between 60-350 °C [13].

Fermentation-based biomass conversion is another method to produce hydrogen.
Agricultural and food wastes are used as substrates for the conversion of their sugar-
rich content to Hz, CO2 and some organic acids via anaerobic bacteria [14]. H>
content of the gas mixture produced in this way varies between 35-55% [15].
Depending on the type of the bacteria used the process involves temperature 25-100
°C.

As discussed above each production method yields the gas mixture at a different
temperature with a different Hx content. These temperatures are important for on-site
purification of hydrogen.

In addition to these, hydrogen produced can be stored, following the production, as
a syngas or as pure Hy in underground facilities such as caverns and salt domes [16].
Since fuel cells in particular PEM fuel cell require extremely pure hydrogen, gas
stored in the caverns may be purified further before they are fed to the cells. Though
at the trial stage, hydrogen may be injected into the current natural gas grid to
facilitate hydrogen transportation [17,18]. If this is commonly adopted similar low-
temperature membrane would be needed to separate hydrogen from the gas-network.

Thus the separation membranes are needed to meet different process temperatures.
These vary from ~600 °C in the coal gasification to as low temperature as possible,
down to room temperature. Of these, the current volume production of hydrogen
centers on the steam reformation of natural gas followed by water-gas shift reactions.
Thus, in terms of volume production, there is a need for separation membranes that

operate in the temperature interval of 350-450 ° C.



2.2 Hydrogen Purification Methods

There are several commercially available purification methods to separate H, out of
the gas mixtures produced through a variety of ways. The common purification
methods are pressure swing adsorption, cryogenic distillation and the separation
based on hydrogen-selective membranes. Each process provides various advantages
over each other and involves different problems. A brief description of each method
is given in the following section. Hydrogen separation membranes are explained in a
greater detail since the separation based on dense metallic membranes is the main
interest of this thesis.

2.2.1 Pressure swing adsorption

Pressure swing adsorption (PSA) is the state-of-the-art technology in the chemical
and petrochemical industries for the production of high purity hydrogen from a
syngas containing 60-90 % H> [19]. Globally, more than 85% of the current hydrogen
production units use PSA technology for hydrogen purification. The basic concept
of a PSA process is relatively simple. This method relies on the adsorption of
impurity molecules at high partial pressures and subsequent desorption of these
impurities at lower partial pressures. Thus, the gas mixture to be refined is fed
through micro and mesoporous adsorbents, typically a zeolite. The impurities in Ho
rich feed gas are selectively adsorbed on the surface of adsorbents at a relatively high
pressure [19]. Pure H> permeates through, while the undesired gases are adsorbed.
During the process, the surface of adsorbents gets saturated by impurity gases with
time. That is why the impurities are then desorbed from the absorbent by lowering
their partial pressure. In this respect, PSA operates on a cyclic basis to provide
hydrogen flow. In the conventional steam reformation process, PSA unit can be
integrated into the production line following the high-temperature water-gas shift

reactions.



Although the PSA has a widespread use for hydrogen separation and produces a high-
purity hydrogen, ~99.9% in an efficient way, there are several limitations in the
process. The recovery of hydrogen is relatively low in PSA. That is why outgas has
a considerable amount of unreacted CH4 and unrecovered H> as well. It is known that
the PSA becomes an economical purification process only when it scales up for large
stationary applications (e.g. petroleum refining, petrochemical production or coal

gasification) [20].

2.2.2 Cryogenic Distillation

Cryogenic distillation is a low-temperature process and its working principle for the
separation relies on the differences in the boiling points of the feed gas ingredients.
Cryogenic separation is often used for separating H> from hydrocarbons [6]. The
boiling point of Hz is -252.9 °C and it is less than the boiling point of any known
gases, except He, -268.9 °C [21]. Thus, the process seems very effective in separating
H> among the other ingredients in the syngas. However, H purity could be only
obtained between 90-98% in this method [22]. The purity and the recovery of H> are
dependent on feed gas composition, separation pressure, and operating temperature.
The typical Hz recovery is around 95% in the most commercial applications [23].
Similar to PSA, cryogenic separation is quite energy intensive and it is suitable only

for a large-scale production [24].

2.2.3 Hydrogen Separation Membranes

Membrane separation process is an economical alternative to pressure swing
adsorption and cryogenic distillation. In typical membrane process, a gas mixture is
fed through the sealed selective membrane and it is allowed to build up a gas pressure
at the inlet. In principle, the membrane selectively allows the permeation of H, while
the undesired impurities are rejected. H partial pressure across the permeable
membrane is the driving force for the hydrogen flow. Thus, hydrogen separation
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based on membranes are pressure-driven processes and unlike PSA, they provide
typically continuous hydrogen throughput [20]. H2 selective membranes require
much less energy and relatively easier to operate. In membrane processes, only
parameters that would be considered are partial pressure of H» at inlet/outlet and the
process temperature [20]. Unlike the others separation methods, membrane processes
are suitable for small-scale and portable applications. Membranes also can be
operated at a various range of temperature and pressure. One of the key points of the
separation membranes is that they can be used in membrane reactors, which allow
simultaneous hydrogen production and purification [25]. Also, hydrogen membranes
are very convenient to use at intermediate temperatures, 350-450 °C. This range
meets the temperature requirement of high-temperature water-gas shift reactions in
the steam reformation of natural gas, which is the dominant hydrogen production

method.

Table 2.1 Comparison of hydrogen separation membranes [20].

Membrane Types
POrous Polymeric Ceramic lon Dense
Conducting Metal
Stlhica, 5 imide
Typical alumina, Ce?llulose’ Strontium cerate, Palladium
example zeolites, Barium cerate alloys
acetate
carbon
D|ffu5|_on Slze_ S_olutlpn- Solution-diffusion Sglutl_on-
mechanism exclusion diffusion diffusion
Driving force Pressure Pressure lonic aradient Pressure
g gradient gradient g gradient
Operating — _ 55500 <1j9°C 700-1000°C  150-700 °C
temperature
. Moderate- Moderate-
Permeability high high Moderate Moderate
Typical Low- . .
selectivity moderate Moderate Very high Very high
Relative cost Low Low Low Moderate

In fact, hydrogen separation membranes can yield various level of purity depending

on the type of the separation membrane. Membranes are structurally classified in two
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main groups; porous and dense [26]. Porous membranes may be produced based on
polymer including carbon, ceramics and metals. Dense membranes comprise
polymeric membranes, ion-conductive ceramics and dense metallic membranes,

Table 2.1. A brief description for these separation membranes is given below.

2.2.3.1 Porous separation membranes

Porous separation membranes can be made from a variety of materials such as
carbon, polymers, ceramics, and metals. These membranes can be used at very
different operating conditions since each material type addresses different process
temperature and pressure. There are many commercialized examples of porous
membranes such as zeolites, porous alumina, Vycor glass and porous metals [27].
Porous separation membranes make use of the differences in the molecular size and
diffusion kinetics of ingredients in the gas mixture.

Figure 2.1 Possible transport mechanisms through a porous membrane, (a)
Knudsen diffusion, (b) surface diffusion, (c) capillary condensation and (d)
molecular sieving [28].



The separation mechanism in porous membranes varies depending on the pore size
of the membrane. The pore size of the membrane should be comparable to the mean
free path of the gas molecules in order for separation to take place [27]. There are
mainly four different separation mechanisms in porous membranes, Figure 2.1. In
the case of a pore diameter which is much smaller than the mean free path of the gas
molecule, they collide with the pore walls much more than they collide with each
other. This type of separation mechanism is called Knudsen diffusion, Figure 2.1 (a).
In Knudsen diffusion, the permeability of the gas species is inversely proportional to
the square root of their molecular weight and the membrane thickness [29]. Knudsen
diffusion generally takes places when the pore diameter of the membranes is in the
range of 2-10 nm [30]. Since Hz has a low molecular weight (~2.015 g/mol [31]), it
flows faster through the pores in Knudsen regime than the other gas molecules [21].
However, the selectivity of Knudsen diffusion is quite low, i.e. H2 to CO> selectivity
can only reach up to 4.69, which is not sufficient to yield a high purity H>.

Surface diffusion, Figure 2.1 (b), is another type of separation mechanism and it
occurs when one of the gas species in the gas mixture would be absorbed by pore
walls and then it is capable of diffusion through this adsorption layer [27,32]. Surface
diffusion might simultaneously occur with the Knudsen diffusion and increase the
selectivity. However, this decreases the permeability of the gases since the effective
pore diameter would be smaller [27]. This type of diffusion generally occurs within
a certain pore diameter at a specific temperature due to the type of interaction

between gas species and the membrane material.

Another diffusion mechanism is capillary condensation, Figure 2.1 (c), which takes
place when one of the gas species condenses within the pores due to capillary forces
[33]. The condensed gas occupies the pore and impedes the permeation of other
gases. If the pore is completely filled with the condensed gas, only gas molecules that

are soluble in this phase can permeate through the pores. Thus, the selectivity in this
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type of separation is typically higher than the other mechanism. However, it is highly

dependent on the gas composition and the pore size uniformity [27].

Molecular sieving is another type of separation mechanism for the porous
membranes, Figure 2.1 (d). It takes place when the pore size is smaller than the most
of the gas species in the gas mixture. Thus, it only allows the permeation of certain
molecules having smaller molecular size. The pore size of the membranes, exhibiting
molecular sieving, generally in the range of 0.3-1 nm [27]. The common examples
for this type membranes are generally based on carbon [34,35], silica [36,37] and
zeolites [38,39]. Although the molecular sieving mechanism provides relatively
higher selectivity for small size molecules, the overall flow rate is generally limited

due to the formation of high flow resistances caused by fine pores [40].

2.2.3.2 Polymeric separation membranes

Dense polymeric membranes can be used to separate hydrogen from gas mixtures at
relatively lower temperature ranges, typically <110 °C. The polymeric membranes
are divided into two major categories; glassy and rubbery polymeric membranes. The
glassy membranes generally yield a relatively higher selectivity with a lower
hydrogen flux. Typical hydrogen permeability of common polymeric membranes is
given in Table 2.2. The main advantage of polymeric membranes is their low cost
[41]. However, the hydrogen permeability and selectivity of the polymeric
membranes are much lower compared to dense metallic membranes. They are also
vulnerable to contamination in the presence of H.S, HCI, and CO, [26]. Therefore,

the polymeric membranes are less attractive compared to other dense membranes.
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Table 2.2 Hydrogen permeability and selectivity of various dense polymeric
membranes at 25 °C [40].

Hydrogen permeability Selectivity

Polymertype (41016 mol.mi.stPal) HiJNz HoCHs HaCO;

Polysulfone 40.5 15.1 30.3 2.0

Polystyrene 79.6 39.7 29.8 2.3

Polymethy| 8.0 2.0 4.0 4.0

methacrylate ' ' ' '
Polyvinylidene

fluoride 8.0 3.4 1.8 2.0

2.2.3.3 Ceramic ion transport membranes

In dense ceramic membranes, hydrogen permeation occurs in the form of ionic
(protonic) transport. The transfer mechanism in this type membranes begins with the
dissociation of hydrogen to its protons and electrons at the surface of the membrane.
The protons and electrons then migrate through the dense membrane and re-associate
at the surface of the membrane at the permeate side [42]. Thus, the ceramic
membranes must have the capability of proton and electron transfer. This can be
achieved with the membrane intrinsic nature or with an external catalytic layer to
facilitate H> dissociation and re-association reactions. The schematic illustration of
hydrogen transport in a typical ceramic ion transport membrane is given in Figure
2.2.

Of the ceramic materials perovskite-type oxides, with a general formula of ABOs,
are quite attractive due to their mixed ionic and electronic conductivity. Doping of
perovskite oxides with aliovalent metals is a quite common approach so as to improve
their electrical conductivity and increase the number of oxygen vacancies in the
structure. Barium cerates (BaCeO3) [43,44] and strontium cerates (SrCeO3) [45,46]
are the most attractive perovskite materials with dopants such as Y, Yb, and Gd
[6,42,47].
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H: + N2 .H\z

Figure 2.2 A typical hydrogen transport in ion transport membranes [48].

The Ha selectivity in dense ceramic membranes is quite high and quite comparable
to dense metallic membranes [48]. However, they yield a relatively lower hydrogen
permeation compared to dense metallic membranes [49]. To improve permeability
they require quite high temperatures such as 700-1000 °C [6] since proton
conductivity is high at elevated temperatures. This temperature range is higher than
those used in hydrogen production processes. Thus, it is necessary to heat up the
syngas which brings an additional cost to the process. Therefore, there is a large
number of studies [50-52] in order to reduce the operating temperature of ceramic
membranes. Another concern of perovskites oxides is that the chemical instability at
high temperatures in the presence of major syngas components such as CO2 and H-O.
They easily form carbonates or secondary oxides, which inhibit the surface reactions
[53].

2.2.3.4 Dense metallic membranes and their fabrication
Dense metallic membranes are quite attractive due to their superior hydrogen

selectivity and permeability compared to other separation membranes. The

comparison of the membrane types is given in Figure 2.3.
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The dense metallic membranes can yield hydrogen with up to 6N purity [40,50].
Additionally, they offer very high hydrogen recovery ratio of >95% under certain
conditions [50]. They often exhibit reasonable H, permeation over a wide range of
temperature between 300-700 °C. As discussed in Section 2.1, this covers the most
of the temperature ranges set by the major production methods such as the steam
reformation of natural gas and the coal gasification. Therefore, dense metallic
membranes have been the subject of considerable attention. Since the current study
centers on dense metallic membranes, this section will be dealt with in more detail
and form the subject of the following chapter. For this reason, this section will give
a brief overview followed by common methods used in the fabrication of dense

metallic membranes.
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Figure 2.3 Hydrogen selectivity versus permeability of different separation
membranes, reproduced from [54]. Lines represent the highest performance of
the polymeric membranes for hydrogen separation from certain gas species.

Dense metallic membranes, as reviewed in Chapter 3, could be classified according

to their structures into three categories. These are; amorphous, b.c.c. and f.c.c.
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membranes. The last category is essentially based on Pd alloyed by a number of
different elements. The b.c.c. membranes typically make use of Nb or V, i.e. Group
V elements. Amorphous membranes are multi-component compositions based on
Group IV and V elements. These membranes are produced via a number of methods,
namely melting and casting followed by cold-rolling into foils, melt-spinning,

electroplating, electroless plating and more recently via magnetron sputtering.

The earliest production method for metallic membranes is rolling of metal or alloy
so as to obtain it in the form of a foil. Typically, the selected metal or alloy is melted
and cold-rolled to the desired thickness. It is often around 20 pum or larger in thickness
to maintain pin-hole free membrane. Traditionally, separation membranes produced
by rolling can be used in the form of free-standing foils [55-57] or welded-tubes [58—
60]. Due to the nature of the rolling process, the membrane should have sufficient
ductility.

Cold rolling was used as a fabrication method for Pd and Pd alloys as well as b.c.c.
separation membranes. Tosti et al. [61] produced Pd-Ag membranes via cold-rolling
with a thickness of 50-70 um. Guerreiro et al. [55] produced Pd-Cu-Au membranes
using mechanical alloying, subsequent sintering and rolling procedures. Typically,
300-350 um thick membranes were subjected to post heat treatment at 400 °C for 5h.
The membranes were tested at ~450 °C and exhibited comparable permeability to
pure Pd.

Li et al. [62] investigated the hydrogen permeability of as-cast, cold-rolled and
annealed Nb40Ti30C030 alloy membranes. They prepared the ingots with
dimensions of Smmx3mmx1mm by arc melting in an argon atmosphere. They were
typically subjected to 50% cold reduction and some also annealed at 1000 °C. All the
sample surfaces were coated with 190 nm Pd by magnetron sputtering. The hydrogen
permeability tests between 350-450 °C indicated that cold-rolled membranes

exhibited much lower permeability compared to as-cast membranes due to the defect
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formation during the cold-rolling. Following the annealing at 1000 °C for one week,
the structure of membranes was recovered and they then exhibited higher
permeability with a value of 2.43x10® mol.m.s1.Pa®> compared to the as-cast

membranes.

Melt-spinning is a very common technique in order to produce amorphous alloys.
The desired alloy is melted with induction heating and then injected by an applied
gas pressure on a cold rotating copper wheel. The molten alloy is cooled at a rate
ranging from 10* to 10° °C/sec [63]. This rapid cooling results in an amorphous
structure. The membranes in this method are typically obtained in the form of a

ribbon with a thickness ranging from 20 to 100 pm.

Nb-Zr alloys with substantial addition of Ni are quite common as amorphous
membranes. Paglieri et al. [64] produced Ni-Nb-Zr and Ni-Nb-Ta-Zr alloys with 50-
90 um thickness by melt-spinning technique. (NiosNbo4)70Zr30 membrane
exhibited the highest hydrogen permeability, 1.4 x 108 mol.m™.s*.Pa®®, at 450 °C.
In a similar study, Shimpo et al. [65] produced Ni-Nb-Zr-Co amorphous membranes
of ~50 pm in thickness with a width of 20 mm by melt-spinning.
(Nio.sNbo.4)45Zr50C05 membrane exhibited a hydrogen permeability of ~2x1078
mol.m*.s.Pa®5 at 400 °C which is slightly higher than that of the commercial
Pd77Ag23 membrane.

Electroplating is another common fabrication method for membranes and has the
advantage of reducing the precious metal content. Thin film membranes produced by
electroplating require a porous substrate so as to attain mechanical support. In
electroplating, deposition takes place in an electrolyte solution containing the desired
elements making up the membrane. The process involves reduction of the cations in

the electrolyte depositing them onto the conductive substrate.
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Examples of membranes produced by electroplating include Pd, Pd-Ad, and Pd- Ni.
Chen et al. [66] coated Pd membranes on porous stainless steel tubes using an
electrolyte composed of PdClz, (NH4)2.SO4, and HNO». The membranes produced
had a thickness of 20 um tested with a feed gas of 75% H>-CO> mixture yielding a
hydrogen gas of 99.98% purity. Uemiya et al. [67] fabricated Pd72Ag28 membranes
on Ag substrates with an improved electroplating technique. They controlled the
composition of the alloy by adjusting pH with H3BO3z and C2HsNO; addition into the
electrolyte containing PdCl,, AgNOs, HBr, and HNO. at 50 °C. They have
successfully produce Pd-Ag alloy without any composition gradient. Similarly, Nam
et al. [68] produced 1 um thick Pd-Ni membranes on porous stainless steel substrates
by a vacuum-assisted electroplating. The electroplating was carried out in an
electrolyte containing PdClz, NiSO4.6H20, (NH4)2SO4, and NHsz at 25 °C. The
membranes were tested with Hz and N2 between 350-550 °C and exhibited an order
of magnitude lower hydrogen permeability compared to pure Pd. The selectivity ratio
of H2 over N2 was 4700 at 550 °C.

Electroless plating is very similar to electroplating which involves the use of reducing
agents rather than the electrical current in the deposition process. Therefore, it is
possible to extend the choice of substrates with non-conductive materials such as
porous Al>O3 [69,70]. Chen et al. [66] compared Pd membranes produced via both
electroplating and electroless deposition. They reported that electroplated
membranes were resistant to embrittlement up to 300 °C, while the membrane

produced by electroless plating encountered cracking in the same temperature range.

Sputtering is a common physical vapor deposition technique for thin film deposition.
The thickness of the films could be in the range from angstroms to several microns.
The thickness can be effectively controlled by parameters such as power applied, gas
pressure and sputtering time. Sputtering provides a precise control on the film

composition and the structure [71].
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Typically, two type of power source can be utilized in the sputtering, direct current
(DC) and radio frequency (RF) based on alternating current. In DC sputtering,
positive ions produced within the plasma typically accumulate on the surface of the
target. If the target material is an insulator, charged ions cannot flow and the electric
circuit is interrupted. Thus, the potential at the cathode drops and the positive ions
could not be accelerated towards the target, which ends the process. Therefore, only
conductive materials can be used in DC sputtering. In the case of RF sputtering, it is
possible to discharge the positive ions on the surface of targets. An integrated
impedance matching network alternates the electrical potential of the current at
certain radio frequencies, typically 13.56 MHz, and avoid the charge build-up on
non-conductive targets. Thus, dielectric and insulator materials can be used as a

target material with RF sputtering.

Examples of dense metallic membranes produced by magnetron stuttering cover Pd-
Ag, V-Pd, Zr-Ni, Zr-Cu, and Zr-Cu-Y. In an early study, Xomeritakis et al. [72]
produced Pd-Ag membranes with thicknesses of 0.1-1.5 um on alumina substrates
using Pd75Ag25 target. They found that increasing DC power yielded higher Pd
content in Pd-Ag membranes and yielded larger grain size. They also investigated
the effect of deposition temperatures and found that 400 °C was an ideal temperature
so as to obtain dense and stress-free thin films. The selectivity ratio measured with
H>/He varied from 20 to 80 depending on the conditions of deposition. Vicinanza et
al. [73] produced Pd77Ag23 thin films of 2 um to 11 pm thickness on polished
silicon wafers which were then peeled-off and transferred to porous stainless steel
substrates. They reported that the solubility of hydrogen increased as the membrane
thickness decreased from ~11 pm to 2 pm. In a similar study, Pereira et al. [74]
deposited Pd-Ag membranes of 0.7-1.4 um on alumina substrates via co-sputtering
of Pd and Ag targets. The membranes had a columnar structure but had apparently

pin-holes since the selectivity measured with Hz/N2 was quite low, typically 10.
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A multi-layer thin film membrane was investigated by Fasolin et al. [75] where V
and Pd were deposited as alternate layers. Films were typically 2-7 um thick with
both surfaces also coated with Pd as a catalytic layer. The study showed that the
membranes thicker than ~4 um exhibited comparable H> selectivity and permeability
to pure Pd. However, the H> flux decreased dramatically after exposure to syngas at
375 °C.

Magnetron sputtering could also be used to deposit amorphous thin films. Thus
Nayebossadri et al. [76] deposited Zr-Ni, Zr-Cu, and Zr-Cu-Y membranes using very
low target currents, < 1.5 A, so as to avoid crystallization. They achieved pin-hole
free thin membranes which were thermally more stable compared to similar
membranes produced by melt-spinning. In a similar study, Xiong et al. [77] produced
6-12 pum thick NbaoTizoNiz membranes on Ni substrates at a deposition pressure of
5 mTorr argon. They stated that the lower temperatures yield a large number of
defects in the membrane, which was attributed to insufficient diffusion during
deposition. Permeability tests indicated that the amorphous structure exhibited higher
H, permeability with a value of 1.4x10® mol/m.s.Pa compared to crystalline
counterparts at 400 °C.

Tosti et al. [61] have carried out a comparative study based on Pd-Ag in which
membranes were produced via cold-rolling, electroless plating, and sputtering. The
thickness of the membranes was 50-70 pum, 2.5-20 um, 0.5-5 um in the respective
order. The selectivity tested at 400 °C with Ha/Ar was 50 with electroless plating. In
the case of sputtered films, the value was much less, i.e. 4.47, over Ar. Only, foils
prepared via cold-rolling successfully exhibited reliable selectivity (N2 or Ar gas flow
could not be detected). The foils also exhibited a quite high permeability and
withstood up to 16 bar H> pressure at 400 °C.
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CHAPTER 3

DENSE METALLIC MEMBRANES

Dense metal membranes can be used for the hydrogen separation at temperatures
between 300-700 °C which forms a suitable interval for most hydrogen production
processes [42]. The hydrogen separation process which takes place in the dense metal
membranes offers very high (theoretically infinite) hydrogen selectivity with a high

hydrogen permeability [78].

3.1 Solution-Diffusion Mechanism.

The separation mechanism in dense metallic membranes is based on solution-

diffusion mechanism. It involves mainly five steps as illustrated in Figure 3.1.
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Figure 3.1. Schematic representations of hydrogen permeating through the dense
metallic membranes.
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H> molecules first adsorbed by the metal surface. Molecules then dissociate into the
atomic form due to the catalytic activity of the membrane. Thereafter, hydrogen
atoms dissolve into the membrane lattice and diffuse through the membrane under
the driving force resulting from the concentration gradient. This concentration
gradient is created by applying a high hydrogen partial pressure into the feed side
while maintaining a relatively lower hydrogen partial pressure at the permeate side
[27]. After passing through the dense membrane, the hydrogen atoms re-associate

into H2 molecules at the membrane surface on the permeate side.

The hydrogen flux in the bulk membrane can be described by integration of Fick’s

First Law;

dc
J=-D a = T (CnHz,feed - CnHz,permeate)

Equation 3.1

Here, J is the hydrogen flux (mol/m2.s), D is the diffusivity of hydrogen in the
membrane (m?/s) at a given temperature, | is the thickness of the membrane (m),
C"y, and C"y, are the hydrogen concentrations, (mol/m?®), at the feed and the
permeate side, respectively. The hydrogen concentration can be expressed by the
equation of C= Ky, where K is the constant for hydrogen concentration (mol/m?) and
n is the H/metal atomic ratio. # is linearly dependent on the square root of the partial
pressure of hydrogen at dilute concentrations. Therefore; P%°= Ks., where Ksis the

Sievert’s constant. The integration of these into the previous equation results in;

D (K/Ks)
= f(PnHz,feed - PnHz,permeate)

Equation 3.2
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K/Ks term normally represented by S with a unit of (mol/m3.Pa®?) is referred to as
hydrogen solubility. The hydrogen permeability then become the product of
diffusivity and the solubility of hydrogen;

k=D.S
Equation 3.3
The integration of equation of permeability into Equation 3.2 results in;
] = T (PnHz,feed - PnHz,permeate )
Equation 3.4

The permeability is an intrinsic property and is independent from the membrane
thickness. On the other hand, the hydrogen permeability through the dense metallic
membrane is temperature dependent and it follows the Arrhenius relation [79],

namely;

k =ky.exp [— ﬁ]

Equation 3.5

Here, Eais the activation energy for hydrogen permeation (J/mol), R is the universal

gas constant (J/mol.K) and T is the temperature (K).

It should be noted that the Equation 3.2 is based on Sievert’s constant that is valid
for dilute concentrations of hydrogen. Indeed, the exponent of partial pressure, n,
varies between 0.5-1.0 depending on the conditions. In the case when the hydrogen
diffusion is the rate-limiting step, n takes the value of 0.5. If the rate limiting step is

a surface reaction, n then tends to take up values close to 1.0.
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In relatively thick membranes, the rate-limiting step is often hydrogen diffusion
across the membrane. Hurlbert et al. [80] reported when the thickness exceeds 20 um
in Pd membranes, the exponent is n=0.5. Vicinanza et al. [73], as well as Athayde et
al. [81], reported critical thickness values which are much less than 20 microns. The
temperature also plays a critical role in the reactions kinetic. Ward et al. [81]
investigated the effect of temperature in Pd membranes. They reported that the
hydrogen diffusion through the Pd membrane is the limiting step above 300 °C,

regardless of the membrane thickness.

The surface reactions also become critical when the membrane is poisoned by gas
species. This is especially valid in the presence of surface contaminants such as H.S
or CO in the gas mixture. Melendez et al. [82] reported that permeation characteristic
of Pd-Ag-Au membranes varied in the presence of H>S and the exponent becomes
n=0.6 for alloys having ~3 at.% Au. In another study, Jia et al. [83] investigated Pd-
Cu-Au membranes and found that the membranes having less than ~8 at.% Au
content exhibited surface limited behavior yielding n values up to 0.76 between 300-
650 °C.

3.2 Type of the Dense Metallic Membranes

Hydrogen permeability of some pure metals is given in Figure 3.2 [84]. The plot
shows that the temperature dependence of permeability differs from metal to metal.
For Pd and Ni, the permeability increases with increase in temperature. In the case
of Nb, V and Ta, the case is reverse, i.e. permeability decreases with increase in
temperature [84]. This reverse relationship is often attributed to a decrease in
hydrogen solubility which occurs at elevated temperatures [27].

Dense metallic membranes could be classified according to their structures into three

categories. These are; amorphous membranes based on Group V-V multi-

component compositions, b.c.c. membranes based on Group V elements and f.c.c.
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membranes based on Pd and Pd alloys. Typical membrane compositions together

with their permeability values are summarized in Table 3.1.

Permeability (mol/m.s.Pa’®)
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Figure 3.2 Hydrogen permeability of selected pure metals between 300 and 700
°C [84].

Table 3.1. Hydrogen permeability of selected membranes.

Membranes Permeability Temperature
(mol/m.s.Pa%%) (°C) [ref.]
2 NisoNb20Zr20 1.9 x 10° 400 [85]
E Zr3Nies 1.2x 107 350 [86]
— NbgsPds 1.3x 107 300 [26]
= NbaoTiz1Nizo 0.3-2x 108 250-400 [87]
< VoAl 2.7 x 107 400 [88]
o Nb 1.6 x 10 500 [84]
s 5 NbaoHf30C030 4.9x1078 400 [89]
S B V 1.9 x 107 500 [84]
<5 VesNiss 1.5x 107 550 [90]
Ta 1.3x 107 500 [84]
. Pd 1.9x 108 500 [84]
s 5 Pd77-Ag2s 3.29 x 10°® 350 [91]
S B Pdgo-Cuao 2.02 x 10°® 350 [91]
= Pdgo-Y 10 7.15x 108 350 [91]
Pdgs-Aus 2.02x 108 350 [91]
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3.2.1 Amorphous membranes

Amorphous membranes have a more open crystal structure leading a higher hydrogen
solubility in the structure [26]. Also, defects in amorphous membranes facilitate the
hydrogen permeation with a lower hydrogen embrittlement risk due to different

energy binding sites in the lattice [92].

The amorphous alloys commonly consist of multi-components that also combine
inexpensive elements. Therefore, they are quite attractive in terms of producing low-
cost separation membranes. Amorphous membranes are often produced by melt-
spinning or splat quenching. Ni-Nb-Zr and Cu-Zr are the most common alloy systems

studied as separation membranes [93,94].

One such composition making use of Ni-Nb-Zr was studied by Lai et al. [95] where
Zr was also replaced by elements Sn and Ti. The membranes were in the form of a
45 um thick discs produced by splat quenching with 20 mm diameter. The
membranes were then coated with Pd as a catalytic layer by sputtering. They
measured hydrogen permeability which was two orders of magnitude lower as
compared to Pd77Ag23 at 400 °C. They also observed that the permeability of
membranes reduces over time which is attributed to a decrease in free volume due to
stable hydride formation. In a similar study, Fe-Ni-Si-B-C multi-component alloys
were produced via melt-spinning [96]. The membranes showed no permeability in
bare form, i.e. without the use of a catalytic coating layer. Paglieri et al. [64] produced
NisoNb20Zr20, (Nio.sNbo.4)100-xZrx and (Nio.sNbo3Tao.1)100-xZrx (x=0, 10, 20 or 30)
membranes by melt-spinning. The membranes were coated with a 500 nm Pd layer
by RF sputtering. Of these, only (Nio.sNbo.4)70Zr30 performed hydrogen permeability
(1.4x10°® mol.mt.st.Pa %% comparable to the Pd75Ag25 alloy. However, the
permeability value reduced down to ~6.1x10™° mol.m 1.s™%.Pa %° after 60h operation
at 450 °C.
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Dolan et al. [85] used a planar flow casting technique to produce NigoNbao-xZrx
amorphous 50 pum thick ribbons with a width of 30 mm. The membranes were then
coated with 500 nm Pd layer by a magnetron sputtering yielding permeability values
that were almost an order of magnitude less than that of Pd membrane at 425 °C. The

membranes tended to crystallize above 500 °C.

Nayebossadri et al. [76] obtained Zr-Ni, Zr-Cu, Zr-Cu-Y and Zr-Cu-Ti amorphous
membranes via magnetron sputtering. For this purpose, they employed very low
target currents and made use of 18 runs of sequential depositions. They reported that
the structure remained amorphous up to a 400 °C.

From the review given above, it may be stated that the amorphous membranes tend
to crystallize at elevated temperatures because of their metastable nature, a concern
common to all amorphous membranes. Also, the exothermic nature of hydrogen
absorption often results in local changes in the structure and tend to crystallize the
membrane [97]. Although efforts still continue, because of their potential to reduce
the membrane cost as well as the superior resistance to hydrogen embrittlement,
amorphous membranes have lower hydrogen permeability compared to their

crystalline counterparts.

3.2.2 b.c.c. based membranes

The b.c.c. membranes based on Group V transition metals, particularly Nb, V, and
Ta, have been the subject of considerable interest. This is due to their low cost and
the orders of magnitude faster hydrogen permeability compared to Pd, which has
been one of the most successful membrane material [98-100]. The high permeability
of these metals is attributed to their b.c.c. structure yielding higher hydrogen
solubility and diffusivity [101]. The smaller hopping distance in b.c.c. lattice
(tetrahedral sites) leads faster hydrogen diffusion, while the less packed crystal
structure enables the very high solubility. On the other hand, this excessive hydrogen
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solubility often leads to the embrittlement in the membranes [87]. Therefore, the
efforts in b.c.c. membranes have concentrated on reducing the embrittlement in
which attempts [97,98] were made to reduce hydrogen solubility while maintaining

reasonably high permeability.

There are mainly two approaches to address the embrittlement in the b.c.c.
membranes. The first approach aims to produce a dual phase b.c.c.-cP2 alloys [102—
105]. This class of separation membranes generally consist of a Nb/V/Ta-rich b.c.c.
phase in a matrix of a eutectic mixture of the same b.c.c. phase and cP2 phase. Here,
b.c.c. phase is the responsible for the hydrogen permeability, while the cP2 phase

imparts the embrittlement resistance.

Li et al. [106] investigated the alloy systems of Nb2gTis-xHfxNis (x=0-40) and
NbaoTiz0-xHfxNi30 (x=0-30) where the structure was also two-phase. The membranes
were coated with 190 nm Pd with RF sputtering so as to obtain catalytically active
surface. They found that the permeability was improved by an increase in Hf content
but when Hf amount was close to or higher than that of Ti in the alloy, the ductile
eutectic phase, cP2-(Ti, Hf)Ni, starts to transform into brittle orthorhombic-(Hf,
Ti)Ni phase. Of the alloys in this study, NbaoTizoHf10Nizo exhibited the highest
permeability with a value of 2.96x10® mol.m™.s1.Pa®® at 400 °C, which also

exhibited promising embrittlement resistance.

Luo et al. [107] studying of Nb-rich Nb-Ti-Co alloys reported 38 vol.% as critical
value to suppress the hydrogen embrittlement. They pointed out that for acceptable
resistance to hydrogen embrittlement, the presence of a eutectic phase of at least 38
vol.% was necessary. They found the highest permeability in an alloy with
NbeoTi21C019 composition which had a value of 3.99x10® mol.m.s.Pa®® at 400

°C. This value is by a factor of 2.6 higher than that of pure Pd.
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In arecent study, Li et al. [108] investigated VV-Cr-Cu dual phase alloys as separation
membranes. V-Cr-Cu alloys, composed of V-rich b.c.c. phase and Cu-rich f.c.c.
phase were offered as a new type of hydrogen separation membrane in this study.
Alloys (V100-xCrx)70Cuso (X=0, 5, 10) were produced by arc-melting and then cold
rolled to obtain ~100 pm thick membranes. Both sides of the membranes were coated
with Pd via RF sputtering. They stated that the addition of Cr in V alloys effectively
modify the hydrogen solubility, while the addition of Cu introduces the formation of
a Cu-rich f.c.c. phase and improves the ductility. They tested the membranes between
350 and 450 °C in demanding conditions of hydrogen feed pressure of up to 8 bar.
They identified (V9sCrs)70Cuszo as the best composition, where the permeability was
~3 times that of Pd, namely 3.98x10® mol.m*.s2.Pa®%, at 400 °C. They concluded
that dual-phase structure ensures a favorable ductility with an acceptable hydrogen
permeability. However, the long-term stability of the dual phase structure is not
known since the permeability tests were carried out for only 4h.

The second approach in order to improve the embrittlement resistance in b.c.c. alloys
is to have a single phase solid solution with a controlled hydrogen solubility. In this
context, there are a number of studies covering highly permeable metals such as Nb
[109-111], V [112-114], or Ta [115]. Here, the aim is to reduce the lattice volume
in order to restrict the hydrogen solubility, while maintaining the reasonable

hydrogen permeability.

In an extensive study, Paglieri investigated more than 250 compositions based on Nb
and V [116]. The most of the membranes especially those based on Nb failed due to
the hydrogen embrittlement. V-based alloys exhibited a ductile behavior but had a
very low hydrogen permeability. Tsuchimoto et al. [117] investigated the effects of
W and Mo on the hydrogen solubility in Nb. The membranes based on Nb-W, Nb-
Mo, and Nb-W-Mo, all in the form of solid solutions with b.c.c. structure, were
surface coated with 200 nm Pd by RF sputtering. They assessed the alloys by
measuring hydrogen pressure-composition-isotherms (PCT) so as to determine the
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equilibrium hydrogen pressure. They found that hydrogen concentration was directly
proportional to the amount of W and Mo in the alloys. Furthermore, they found that
the hydrogen concentration of 0.2 (H/M) was the critical value for the embrittlement.
They identified Nb84W8Mo8 as the most suitable composition which was resistant

to embrittlement and also exhibited relatively high hydrogen permeability.

In a similar study, Suzuki et al. [118] studied the effect of Ru, W, Mo as an alloying
addition on the hydrogen solubility and permeability of Nb. All the alloys were
composed of single solid solution phase with a b.c.c. structure. The membranes were
coated with 200 nm Pd by RF sputtering and then tested between 400-500 °C. They
found that the addition of Ru, W, and Mo into the Nb not only decreases the hydrogen

solubility but at the same time enhances the hydrogen diffusivity.

Alimov et al. [119] investigating V-Pd alloys found that Pd effectively decreases the
hydrogen solubility. The solubility of this alloy system at temperatures between 300
and 550 °C was much lower than the critical level, 0.2 (H/M). They identified V-8-

12.3 at.% Pd alloys as the compositions with improved permeability.

The b.c.c. alloys are the most promising class for hydrogen separation membranes of
low cost provided that embrittlement could be avoided with a suitable strategy.
However, the b.c.c. membranes are often vulnerable to surface oxidation which
hinders hydrogen dissociation processes at the surface. Therefore, b.c.c. membranes
almost always require an external catalytic layer, e.g. Pd, so as for them to function

effectively as separation membranes.
3.2.3 Pd and Pd-based f.c.c. membranes
Pd has unique properties for the purpose of hydrogen separation membrane. It has an

electron configuration of 1s? 2s?p® 3s2p®d'® 4s2p®d'® 5s° and there is an overlapping
energy between the 4d and 5s bands. The low energy 5s band could easily fill over
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the high energy 4d band. Thus, Pd has a high affinity for donor electrons from other
atoms. This electronic configuration is responsible for its ability to dissociate
molecular Hz into atomic form [27], which is essential to initiate the hydrogen
absorption in the membrane. Moreover, Pd is capable of absorbing hydrogen up to
600 times of its own volume [120] and it is also resistant to surface oxidation at
elevated temperatures [121]. Thus, Pd has been the most popular metal for the
hydrogen separation membranes. Since the ability of Pd to allow hydrogen
permeation was discovered by Sainte-Claire Deville in 1863 [100], the element has

been the focus of a significant number of studies [26,27,91].

Pd, as in other metallic membranes, exhibits extremely high hydrogen selectivity and
the impurity level may be expressed in the level of parts per billion (ppb) [99]. These
properties make Pd particularly attractive for hydrogen separation membranes.
However, the high cost of Pd restricts the widespread use in industrial applications.
The efforts, therefore, have concentrated on reducing the cost of Pd based
membranes. Two approaches may be employed for this purpose; one is reducing the
Pd content of the membranes via alloying and the second is reducing the quantity of
Pd with the use of thin film membranes.

Pd-H phase diagram, studied in 1936 by Gillespie and Galstaun [122], is given in
Figure 3.3. The diagram comprises an interstitial solid solution, a phase, and a Pd
hydride, B phase. Below 295 °C, there are three regions in the phase diagram. These
are a single phase a region, a miscibility gap, between hydrogen content of 0.02-0.58
wt.%, where a and  phases coexist and a single phase 3 region. The temperature of

295 °C is critical for the B phase, above which this phase does not occur.

The o and B phases each has f.c.c. structure. The lattice parameter of pure Pd is
3.889A, while a and P phases have a lattice parameter of 3.895 and 4.025A,
respectively [123]. Thus, cycling of Pd membrane in the miscibility gap region due

to the change in temperature or hydrogen pressure leads to approximately 10%
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volume change in the lattice [124]. This volume change is the cause of hydrogen
embrittlement in Pd based membranes [125]. The change leads to the formation of

micro-cracks which severely affects the durability of the membrane.
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Figure 3.3. Pd-H binary phase diagram, adapted from the study of Huang et al.
[126].

There are mainly two approaches in order to avoid the embrittlement in Pd based
membranes. The first one relies on controlling the process parameters, i.e.
temperature, and the hydrogen pressure, during the operation to keep the membrane
in the single-phase region. The second approach is to alloy Pd in order to avoid the
transformation into the o+p region. This is the common approach by which the onset

of the a+p region is depressed to temperatures much lower than those depicted in
Figure 3.3.

Of the Pd-based alloys, Pd-Ag system is quite attractive due to its superior properties.
The addition of 10-30 at.% Ag brings a significant reduction in the critical
temperature for o+f phase transformation [127]. This enables the use of Pd-Ag alloys

as durable hydrogen separation membranes. The effect of Ag content on the hydrogen
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permeability of Pd is given in Figure 3.4. As seen in the figure with 20-30 at.% Ag
addition, the permeability is higher than that of pure Pd. In fact, Gryaznov [128] and
Holleck [129] reports permeability which is higher by a factor of 1.7 with Ag content
of 25-30%. Among these alloys, the Pd77Ag23 composition is particularly attractive
in terms of both mechanical durability and high hydrogen permeability that it offers.
Therefore, there has been a great interest in Pd77Ag23 which is commercially
produced for many membrane applications. Since the Ag is about 60 times less
expensive compared to Pd, the cost of these membranes was much less than their

pure counterparts.
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Figure 3.4 The change in hydrogen permeability of Pd binary alloys at 350 °C
due to the content of alloying elements of Ag, Cu, and Au, reproduced from [127].

Cu is another common alloying element for Pd membranes. It has been shown that
alloying of Pd with Cu initially reduce the permeability and it recovers back and
increases with further addition, see Figure 3.4. The permeability reaches its

maximum at ~40 wt.% Cu concentration with a value 1.4 times higher than pure Pd.
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The crystal structure is normally f.c.c. but it changes to b.c.c. with 40 %Cu. This is
considered to be the cause of increased permeability. The alloying with Cu also
improves the resistance to sulfur compounds such as H2S. This is the main advantage
of Pd-Cu membranes which is important for applications in coal gasification where
H>S is always present [130,131].

Pd-Au is another binary alloy system that has been extensively studied especially due
to its better HS resistance. It was shown that addition of Au into Pd up to 15 wt.%
or 20 wt.% enhances the H»S tolerance and also increases the hydrogen permeability,
Figure 3.4 [132,133]. According to Gryaznov [128] the permeability of Pd-10 wt.%
Au is higher by a factor of 2.2 as compared to pure Pd at 500 °C. It should be noted
that alloying with Au does not provide any advantage for cost reduction due to the
high cost of Au. Therefore, Pd-Au alloys should be considered for specific
applications, especially where H»S is a risk factor.

Table 3.2. The effect of alloying elements on hydrogen permeability of Pd.

Alloying element  wt.% of the alloying element Permgla%rirl]iqt?/“azfgSO oC

- - 1.0
Au 5 11
Ag 23 1.7
B 0.5 0.9
Ce 7.7 1.6
Cu 40 1.4
Y 10 3.8
Ag, Rh 19,1 2.6
Ag, Ru 30, 2 2.2
Ru, In 0.5, 0.6 2.8

Other elements that have been considered for alloying include B, Ce, In, Rh, Ru, Y.
The maximum permeability and the corresponding alloy compositions as reviewed
by Knapton [91] and Gryaznov [128] are tabulated in Table 3.2.
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Another approach in reducing the cost of the Pd-based membranes is to reduce the
material quantity with the use of thin film membranes. Since the hydrogen flux and
the membrane thickness is inversely proportional, thin film membranes allow higher
hydrogen permeation as well. Therefore, there has been a great interest in thin film
separation membranes in recent years [134-140].

The thin film membranes can be produced with a variety of techniques such as
electroplating, electroless plating, and magnetron sputtering as reviewed in section
2.3. They often require a porous substrate so as to attain a mechanical support. For
this purpose, many types of materials such as porous stainless steel [134-136],
porous Al>O3 [137,138], and Vycor glass [139,140] can be employed.

In similar studies, Ryi et al. [135] and Zahedi et al. [136] investigated thin film Pd
membranes on porous stainless steel substrates. They produced membranes with a
thickness ranging from 7-12 um and measured the permeability as high as 2.06x10®
mol.m.s2.Pa®% at 450 °C. However, the membranes exhibited Ha selectivity (over
N2) which had a value of only up to 685. Long-term stability tests at 600 °C also
revealed the formation of pinholes in the thin films.

In another work, Li et al. [137] produced 5 um thick Pd membranes on Al20s
substrates via electroless plating. Although, Pd membranes exhibited a permeability
very close to its pinhole-free foil form, i.e. thicker than 20 um, H: selectivity over N>
was achieved around 2100 at temperatures ranging from 350 °C to 450 °C. Uemiya
et al. [141] differently studied porous glass tubes as substrates and produced
relatively thick, i.e.18-20 um, Pd membranes via electroless deposition. However,
the complete selectivity also could not be achieved in this study.

Although thin film deposition techniques are effective in reducing the material

quantity to lower the membrane cost, the thickness reduction brings some problems.

These are; crack formation under temperature cycles due to thermal expansion
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mismatch between the film and substrate and the formation of pinholes in the
membranes causing lower H. selectivity. There is, therefore, a great effort on
improving the substrate surface conditions so as to fabricate thin film membranes

with a defect-free structure.
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CHAPTER 4

COMBINATORIAL DEPOSITION OF THIN FILM MEMBRANES FOR
HYDROGEN SEPARATION AND THEIR CHARACTERIZATION

This chapter consists of five sections. The magnetron sputtering system which was
developed for the combinatorial study is described in the first section. A brief
information on the thin film deposition of membranes via magnetron sputtering is
also included in this section. This is followed by a section on material
characterization techniques used in the current study. The third section deals with
four-probe resistivity measurement used as a screening method to identify candidate
compositions for the separation membranes. This is followed by a section which
describes the methods used in fabricating selected membranes in the form of foils.

The last section comprises a custom-made setup for permeability measurement.

4.1 Combinatorial Thin Film Deposition

A magnetron sputtering system was designed and constructed for the combinatorial
thin film deposition. The system had a vacuum chamber of 458 mm diameter and
400 mm height, Figure 4.1. The system comprises three sputter guns in a triangular
geometry with the center to center distance of 200 mm. The guns with dedicated
shutters are installed in the chamber with high vacuum O-ring based feedthroughs
which would allow vertical adjustments. The gun head could also be adjusted by

tilting.

The chamber was connected to a turbomolecular pump backed by a rotary pump
which can provide a base pressure down to 5x10® Torr. The chamber had quartz
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thickness sensors, with a sensitivity of 0.1 A, mounted next to each gun. All
connections types in the chamber are conflate (CF), except the sputter guns and the

main door.

(b)

Figure 4.1 The view of the magnetron sputtering system and (b) a view from a
typical simultaneous deposition.

The chamber had a gas inlet which allows an individual or simultaneous feeding of
argon, oxygen, and nitrogen gases for ordinary or reactive sputtering. Each gas is

controlled by an individual thermal mass flow controller which allows up to 50 sccm
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flow rate. The system is connected to a PC which allows the control of the sputtering

parameters.

Two of the sputter guns were connected with an RF (300 watts) power supply, while
the other one was connected to a DC (600 V, 2A) source. The system as constructed
would allow the simultaneous deposition from the three targets, though if needed

sequential deposition in the form of multilayers is also possible.

The substrate holder with dedicated shutter was typically 70 mm above the guns and
could accommaodate substrates up to 6-inch diameter. The system allows the rotation
of substrate holder up to 8 rpm. It also has a facility for substrate heating with the use
of quartz heating elements which could allow temperatures as high as 400 °C. In the
combinatorial study, the substrate holder was in the form of multiple sample holder
accommodating substrates of 18 mm in diameter. A schematic representation of the
multiple substrate holder is given Figure 4.2. The holder allows mounting of 21

substrates in a triangular fashion mimicking the geometry of the guns underneath.

Target 3

Figure 4.2 Multi-sample holder designed for combinatorial thin film deposition.

4.1.1 Calibration for combinatorial thin film deposition

The combinatorial thin film deposition relies on compositional variation which

would be obtained as a result of a substrate having locations that vary with respect to
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targets underneath. The sputtering system was carefully adjusted so that all thin films
would have similar thicknesses while yielding different compositions. Therefore, a
deposition rate of 1:3 was aimed, referring to the sample at the center and the sample
at the corner of the triangle, see Figure 4.2. In this way, the simultaneous deposition
of three targets, each at the same deposition rate, would result in a uniform thickness

distribution throughout all 21 samples.

Figure 4.3 The traces of the Kapton tape removed from the glass substrate.

A series of calibration experiments were carried out for each target material used in
the study to ensure the 1:3 ratio. The calibration experiments were performed on 6-
inch plain glass substrates. Initially, 6 mm Kapton tape was adhered onto the glass
substrate in a triangular geometry to imitate the actual holder geometry. The glass
substrate was then loaded to the sample holder in the vacuum chamber and each
sputtering target was positioned underneath at the corners of the substrate triangle.
Typically, a 30 min of deposition was performed using only one target at a rate of
2A/sec. The tapes on the glass substrate were then removed, Figure 4.3. The thickness
of the films was measured along the traces of the Kapton tapes using a profilometer
(Veeco, Dektak 6M). The film deposition and thickness measurements were repeated
in cycles. Each sputter gun was aligned both vertically and angularly, until the
thickness ratio of 1:3 was achieved.
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4.1.2 Thin film deposition of ternary alloys

In a typical thin film deposition of a ternary alloy, 150 um thick glass substrates with
18 mm diameter were placed in the multiple sample holder and then loaded to the
vacuum chamber. The chamber was then evacuated down to 5x10® Torr and then

was filled with ultra-high purity argon to 5mTorr.

Pre-sputtering was carried out for 10 minutes for surface cleaning of the target while
the shutter was kept closed. Following the pre-sputtering, the gun shutters, as well as
the main shutter, were then opened and the simultaneous deposition was carried out
at a constant rate of 2 A/s for each target for 250 min. Typically, each deposition

yielded ~3 um thickness for all samples.

4.2 Structural Characterization

The chemical composition of thin film membranes obtained via magnetron sputtering
was determined in SEM (FEI Nova Nano 430) with the use of energy dispersive
spectroscopy (EDS). The membranes were characterized morphologically in both
secondary and backscattered electron imaging mode. EDS measurements were
carried out at 20 kV accelerating voltage with a beam current of 1.5nA. Elemental
quantification in analyses with +2% accuracy was made using atomic absorption

fluorescence (ZAF) correction method [142].
Phases present in membranes were determined with X-Ray diffraction in Bragg-

Brentano mode using Rigaku DMAX2200 with Cu-Ka radiation. Where necessary
the patterns were analyzed with Rietveld refinement using the software Maud [143].
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4.3 Four-Probe Resistivity Measurement

Four probe resistivity of thin films were measured in a purpose-built set-up, Figure
4.4 (a). The measurement was carried out in a reaction chamber with a diameter of
47 mm with a height of 175 mm. The chamber had a flange which allowed the

chamber to be placed on a cylindrical furnace, 80 mm of which inside the furnace.

The reaction chamber was connected to a line ¥ inch diameter which could be
connected to a feeding gas, i.e. argon or hydrogen, or could be taken under vacuum.
For this purpose, a vacuum pump station (Pfeiffer HiCube 80 Eco) was used
incorporating a turbopump backed by a rotary pump. The reaction chamber had a
sample holder connected to the top lid. The holder could accommodate thin film
membranes of up to 20 mm diameter placed on a holder located close to the bottom
of the chamber, Figure 4.4 (b). Four gold coated tungsten rods of 2 mm diameter
were used as electrodes for the four-probe measurements. The rods were attached to
the lid with gold plated springs and with quartz guides housed in a stainless steel
guiding plate so as to apply gentle pressure to establish good contact with the sample.
The distance between each rod was kept equal with a value of 3.5 mm. The lid also
incorporated a K-type thermocouple which was extended and was in close proximity

to the sample the sample holder.

Measurements were taken by Keithley 2700 digital data acquisition system with an
integrated 7700 module providing multi-channel connections. In the measurements,
a current, 10 mA +£5%, was applied through the two outer probes and the voltage was
measured from the inner probes, Figure 4.5. This configuration allows the
measurement of the resistance of the films while eliminating the resistance raised
from the wires and the contacts. The resistivity of thin films was calculated with
Equation 4.1 and Equation 4.2 [144] which adapted for the equally spaced four-probe

geometry.
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Figure 4.4 (a) Purpose built set-up for four-probe resistivity measurement and
(b) drawing of the reaction chamber.
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Equation 4.1
Equation 4.2

Here, Rsnheet IS Sheet resistance (€2/sq) and p (Q.cm) is the resistivity of the film, where
V is voltage (V), | is current (A), t is the thickness of the sample (cm), and C is a
correction factor dependent on d, diameter of sample (cm), and s, distance between

the probes (cm).

Figure 4.5 Four-probe configuration for resistivity measurement.

For measurements, the lid which had a CF connection to the chamber was opened
first and the membrane was placed onto the sample holder which was displaced
downwards by unscrewing the holding nuts underneath. The holder was then
displaced upwards by screwing the nuts as a result electrodes were allowed to press
onto the sample. The lid was then closed and the chamber was taken under vacuum.
Thereafter, argon (1 bar, absolute) was fed to the chamber. This process was repeated

three times.
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Prior to resistivity measurements, membranes were annealed in the reaction chamber
under an argon atmosphere at 450 °C so as to stabilize their microstructure. During
annealing, the resistance in the membrane was monitored as a function of time. The
annealing duration, typically 3h, was determined at a point where the resistance
change in the membrane became negligible.

4.3.1 Reactivity Index

Resistivity measurements in this thesis were presented on a relative basis with the
use of a reactivity index. This involved two measurements one under argon and the
other under hydrogen. Initially, the membrane was heated up to 450 °C under an
argon atmosphere and then cooled down to the room temperature each with a rate of
5 °C/sec. The resistivity under argon, pAr, was recorded as a function of temperature
during this heating/cooling cycle. The same procedure was repeated under hydrogen,
yielding values of pH». The reactivity index as defined as a resistivity ratio, pH2/pAr.
The reactivity index of pH2/pAr=1 implies that the resistivity of the membrane is the
same both under argon and under hydrogen. This implies that the membrane does not
react with hydrogen, where the membrane reacts with hydrogen the reactivity index

becomes higher than 1, pHo/pAr >1.

4.4 Fabrication of foil membrane

Foils of selected compositions were fabricated using an arc melter (Edmund Biihler
GmbH, Compact Arc Melter MAM-1). In a typical arc-melting process, the desired
amount of elements, typically 2-5 g in total, were loaded onto a copper plate of the
arc melter. The chamber was evacuated down to 7.5x10 Torr and it was then filled
with high-purity argon. A top electrode was brought close to the sample and DC
current was then applied to initiate an arc through the sample. Thus, the temperature

was increased at a point causing the sample to be melted. In order to provide a
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compositional homogeneity in samples, melting procedure was typically repeated at

least three times.

The melt buttons were then fed to a rolling mill. The reduction employed was
typically 10-20% for each rolling. In the initial stages, the rolling deformation was
followed by an annealing treatment to prevent edge cracking. Having reached a
thickness of approximately 1 mm, the rolling as continued without annealing. The
final thickness of foils was 50 um to 100 um. Finally, foils were annealed at 450 °C

for 1h so as to obtain a stable structure.
4.5 Permeability Measurement

Hydrogen permeability is measured based on the Equation 3.4 given in Chapter 3.
This equation has the form;

] = 7 (PnHz,feed - PnHZ,permeate )

Here, J is the hydrogen flux, k is the hydrogen permeability of the membrane, | is the
membrane thickness and PH,, feed and PH,, permeate are the hydrogen partial
pressure at the feed and the permeate side, respectively. In order to measure the
hydrogen permeability of a membrane with a known thickness, it is necessary to

measure the hydrogen flux under defined feed and permeate pressures.

This measurement was carried out in a purpose-built set-up, Figure 4.6. The set-up
consisted a test-cell incorporating a heating unit, an inlet line, and the outlet line.
Both lines could be connected to either argon or hydrogen or could be taken under
vacuum (Pfeiffer HiCube 80 Eco) when needed.
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The gas pressure at the feed (inlet) and permeate (outlet) sides was monitored by
pressure transmitters (Keller 21Y, 9 bar, and 5 bar, respectively). Hx flux was
monitored with two thermal mass flow meters (Brooks Instruments SLA5850). One
of the flow meters was calibrated for a low range H> flux between 0-10 sccm, while
the other was calibrated for the range of 0-1000 sccm. The pressure transmitters and
the flow meters were connected to a four-channel read-out unit (Brooks Instruments,
0254) which could be also connected to a PC.

Pressure Vacuum Pressure
Regulator Pump Gauge
H: @ 2 % ? Membrane
Pressure
Regulator Pressure
Ar Gauge

K

Furnace ‘ ‘

i Flowmeter

(b)

Figure 4.6 (a) Schematic representation and (b) the view of the set-up used in
permeability measurements.
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The test cell incorporates an 800-watt heating element which allows the testing at
temperatures up to 500 °C, Figure 4.7. The temperature of the sample was monitored
via a thermocouple located inside within the test-cell with £0.1 °C sensitivity. The

test-cell allows the testing of samples with a 19 mm diameter.

Ball bearing

Heating element

CF flanges

"""""""""" = Graphite gaskets
Membrane

Thermocouple

Outlet gas

Figure 4.7 Schematic drawing of test cell that was used in permeability tests
[145].

In a permeability test, the membrane was placed between two graphite gaskets in a
CF configuration in order to attain gas tightness during the test. The flanges were
tightened against the gaskets by screwing a hollow nut located above the upper
flange. So as to allow free rotation, stainless steel balls of 4.75 mm diameter were
used in between the upper flange and the hollow nut. The balls were in a cage so that

they could be handled with ease.
The membranes were initially tested with argon to check the gas tightness of the

membranes and the connections. The argon pressure at the feed side was increased
to as high as 10 bar and the gas flow and the change in pressure at the permeate side
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was checked. Upon ensuring the gas tightness, the cell was then heated up to test
temperatures under argon atmosphere. Argon was then evacuated and the feed side

was filled with high-purity hydrogen at the desired pressure.

During measurements, the pressure at the permeate side and the hydrogen flux were
monitored as a function of feed pressure. Typically, the initial feed pressure was 1
bar which was increased up to 10 bar with increments of 0.5 bar. At a given feed
pressure, the permeate pressure which was initially low increases somewhat and
when this was stabilized, both permeate pressure and the flux as monitored by the
flowmeter were recorded. This gives delta P versus flux values from which the
permeability could be calculated with the use of Equation 3.4 where n was assigned

a value of 0.5.
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CHAPTER 5

SEPARATION MEMBRANES BASED ON Nb-Pd-Ti

An investigation was carried out into Nb-Pd-Ti ternary system to determine possible
body-centered cubic (b.c.c.) membranes that can be used for hydrogen separation. A
library of thin films was produced covering the greater portion of Nb-Pd-Ti ternary
diagram using combinatorial approach. The library was screened both structurally
and in terms of a reactivity index defined as the ratio of the resistivity measured in
the films under hydrogen and argon. The study showed that a substantial portion of
compositional field stretching from Nb to Ti yield thin films with b.c.c. structure.
The evaluation based on the reactivity index showed a narrow region close to Nb
corner as possible compositions for separation membranes. The b.c.c. field was also
screened with regard to the lattice volume so as to identify regions of acceptable
hydrogen solubility. The superposition of two maps; one reactivity index and the
other lattice volume vyield a field 32<Nb<41, 27<Pd<44, 20<Ti<38 as possible

compositions for separation membranes.

5.1 Introduction

Metallic separation membranes are important for purification of hydrogen produced
by means of processes such as coal gasification or steam reforming of natural gas
[26,146]. Such membranes are quite attractive especially for industrial-scale
production since there is an increasing demand for high-purity hydrogen, >99.97%
[147], for a variety of applications [147,148].
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Metallic separation membranes basically fall into three groups; face-centered cubic
(f.c.c.), body-centered cubic (b.c.c.) and amorphous membranes. Among them, Pd
and its alloys [56,69,149-153], i.e. f.c.c. based membranes are attractive due to their
high hydrogen permeability and selectivity at operating conditions. Indeed, Pd and
its alloys are quite convenient as a separation membrane and are commercially
available [154]. Even though Pd-based f.c.c. membranes have found practical
applications, they suffer from high-cost which restricts their widespread use in

industrial applications [155].

Amorphous membranes are generally more attractive than their crystalline
equivalents since they exhibit superior hydrogen permeability [26]. However, the
metastable nature of these alloys constitutes a risk altering the structure of the alloys
under operating conditions [97,156]. This restricts the use of amorphous separation

membranes to reduced temperatures, typically less than 300 °C.

For the b.c.c. membranes, Group V transition metals such as Nb, V and Ta have
attracted considerable attention due to their superior permeability. Indeed, the
permeability of these metals is orders of magnitude faster as compared to that of Pd-
based membranes [98]. The high permeability of these membranes is attributed to
their more open b.c.c. structure allowing higher hydrogen solubility and faster
hydrogen diffusion. However, the solubility of hydrogen in b.c.c. membranes could
be excessively high due to this open structure which often leads to the embrittlement
[87]. Therefore, the efforts in b.c.c. membranes have concentrated on reducing the
level of hydrogen solubility while maintaining reasonably high permeability
[87,97,98]. There are mainly two approaches in alleviating the brittleness of b.c.c.
membranes. One is to aim for multi-phase alloys where the permeable phase co-exists
together with another phase often a eutectic which tolerates and absorbs the ensuing
volume changes in the permeable phase [119]. Such multi-phase alloys cover
compositions in alloy systems such as Nb-Ti-Ni [106,157-159], Nb-Ti-Co [62,107],
V-Ti-Ni [59,160], Ta-Ti-Ni [161]. Another approach is to have a single phase solid
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solution with controlled hydrogen solubility. There are numerous studies on single
solid solutions based on Nb [109,111], V [113,114,119], or Ta[115] so as to improve

the embrittlement resistance compared to their pure equivalents.

Studies with regard to alloying whether it is aimed for multiphase alloys, or for a
solid solution are quite time-consuming, as there would be many alternatives in the
compositions. The combinatorial methodology is particularly suitable for such
investigations as this would allow the study of multiple alloy compositions in a single
experiment [162—164]. This was previously demonstrated for f.c.c. based membranes
in ternary alloy systems Pd-Ag-Ti [165] and Pd-Ag-Ni [166].

The current work focuses on b.c.c. alloys so as to identify the possible compositions
as separation membranes. The choice was made for Nb-Pd-Ti ternary system. The
basis, for the current work, is Nb which has b.c.c. structure with superior hydrogen
permeability. The element Ti, normally with the hexagonal crystal structure, was
selected because it could occur in b.c.c. form when sputter deposited [167] and
therefore it could extend the b.c.c. field in the ternary alloy system. Here, the Pd was
included in the alloy system as it is an essential ingredient due to its catalytic activity
in hydrogen separation processes. The emphasis, however, is on Pd lean alloys so as

to aim for cost-effective membrane compositions.

5.2 Experimental

Nb-Pd-Ti thin film membranes were produced by simultaneous deposition of Nb, Pd,
and Ti via magnetron sputtering. For this purpose, sputter guns each with 50 mm in
diameter were arranged in a triangular fashion with a stem-to-stem distance of 200
mm, see Figure 5.1. The chamber was evacuated down to 1x107 Torr base pressure

and the deposition was carried out at 5 mTorr argon at room temperature.
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Figure 5.1. Schematic representation of target-substrate holder alignment.

Prior to deposition, target to substrate holder distance as well as the angular position
of the targets were carefully aligned in order to yield membranes of the same
thickness values. For this purpose, a glass substrate of 6-inch diameter was used and
each target was separately aligned to yield a position rate in the middle of the
substrate which was one-third of that just above the target. The rate was followed by
measuring the film thickness via a profilometer (Veeco, Dektak 6M) removing the

Kapton tape adhered onto the glass.

Following the alignment of sputter guns, the substrate was replaced by a multiple
sample holder comprising 21 substrate housings in a triangular geometry, positioned
above the sputtering targets, Figure 5.1. The glass substrates, each in 18mm diameter
with 0.15 mm thickness were loaded to the holder. All three sputter guns operated
simultaneously yielding thin films of the same thickness but each with a different
composition. The deposition rate measured at the respective corner of the triangle
was 2 A/sec for each target yielding thin film membranes of 3 um in thickness. Thus,
the deposition was carried out for a duration of 250 minutes. In this way, 21

chemically distinct thin film membranes were produced in a single experiment.
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All thin films were subjected to an annealing treatment at 450 °C for 3h under argon
atmosphere before testing. The purpose of this treatment was to stabilize the film
structure. The library of thin films was then screened based on their reactivity to
hydrogen. This was evaluated indirectly by measuring the resistivity of the films via
a four-probe technique as discussed in section 4.3.
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Figure 5.2. Resistivity versus temperature profiles recorded under argon and
under hydrogen (a) for Nb10Pd13Ti77 exhibiting pH2/pAr=1 at all temperatures
and (b) for Nb44Pd29Ti27 exhibiting pH2/pAr=1.026 at 350 °C.

The resistivity, pAr, was determined as a function of temperature while the
membranes were heated under argon up to 450 °C with 5 °C/min. This procedure
was repeated under hydrogen atmosphere (50 mbar, 99.95%) yielding pH2. The
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resistivity ratio, pHz/pAr, was calculated at selected temperatures and this was used
as the reactivity index for the membranes. Typical examples of resistivity profile
recorded under argon and hydrogen are given in Figure 5.2 together with reactivity
index determined at 350 °C. Here Figure 5.2 (a) refers to an alloy where the resistivity
is the same both under argon and hydrogen giving pHo/pAr=1, whereas Figure 5.2
(b) this values pH2/pAr>1 implying that the film reacts with hydrogen resulting in

the higher values of the resistivity.

The resistivity profile measured both under argon and hydrogen was monitored
carefully. The thin film compositions where there was an abrupt change in resistivity
with temperature was treated as a sign crack formation and therefore they were
discarded. Thus, in all compositions for which the data was reported the change in
resistivity was gradual and therefore had a structural origin. This implies that where
pH2/pAr>1, the thin film reacts with hydrogen which could be due to simply
dissolution of hydrogen in the lattice [168] and/or due to hydride formation [169].

Thin film membranes were structurally characterized by X-ray diffraction (XRD).
Measurements, 20<20<100, were taken by a Rikagu DMAX2200 using Cu-Ka
radiation. Diffractograms were evaluated with regard to crystal structure and the
lattice volume and where necessary the patterns were refined with Rietveld analysis
to determine the precise lattice parameters. The morphology of the membranes was
investigated by a field emission scanning electron microscope (SEM, FEI Nova Nano
430). The chemical analysis of the membranes was determined in SEM with the use
of EDS analysis. This was carried out at an accelerating voltage of 20 kV with a beam

spot size of <10 nm yielding an accuracy of £2 at % for the current elements.

5.3 Results and Discussions

Chemical compositions of the thin film membranes are shown in Figure 5.3. Here

the values shown refer to averages obtained from a total of nine measurements
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distributed over the surface of each thin film. Since the thin films were quite wide,
i.e. 18 mm in diameter, the composition varied across the width. The standard

deviation of the elements was typically less than 3 at.%.

The distribution of the average thin film compositions given in Figure 5.3 shows that
a large proportion of the ternary phase field is covered quite successfully by
combinatorial deposition. The compositions that yielded b.c.c. structure are shown
with an open circle in Figure 5.3 where they cover an extended range of compositions
from Nb corner to Ti corner extending into far right into Pd-Ti binary line. All 21
membranes were evaluated using X-Ray diffraction so as to determine their structure.
Figure 5.4 shows typical examples. Figure 5.4 (a) refers to Nb76Pd13Till, close to
Nb corner, with a b.c.c. crystal structure. SEM micrograph of this film showed an
elongated grain structure with widths 100-300 nm and lengths up to 1 um, Figure 5.4
(b). Another XRD pattern of a b.c.c. thin film away from Nb corner, Nb36Pd28Ti36,
is given in Figure 5.4 (c). Here the grain structure is more equiaxed, Figure 5.4 (d).
The b.c.c. field in the ternary diagram extends to as far away as Ti corner,
Nb10Pd13Ti77. Here, the thin film appears to have a very strong (110) preferred
orientation with a refined grain structure, Figure 5.4 (e). The b.c.c. field, in the
portion of the ternary diagram covered in this work, see Figure 5.3, was interrupted
in Pd corner where there are several thin films with f.c.c. structure as well as very
close to Ti-Pd line where there are multiphase membranes. Examples of f.c.c. and
multi-phase patterns are given in Figure 5.5. Still, b.c.c. is the most dominant phase

in these multiphase thin films.
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Figure 5.3. The compositional distribution of the membranes on the ternary
diagram Nb-Pd-Ti. Open circles refer to thin films with b.c.c. crystal structure,
while the filled circles refer to those with f.c.c. structure. Half-filled square
symbols refer to multi-phase thin films. Compositions selected for detailed study
refer to those shown with open circles, i.e. b.c.c. thin films.

The thin films throughout the ternary field based on b.c.c. phase were tested
individually under argon and hydrogen in terms of their reactivity index up to
temperatures of 450 °C. However, not all tests were successful. The membranes very
near to Nb corner were too brittle and fractured into pieces as soon as they were
exposed to hydrogen.
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Figure 5.5. XRD patterns of (a) f.c.c. Nb11Pd79Til0 and (c) multi-phase
Nb25Pd57Ti18 thin films, and their SEM images in the respective order of (b) and

(d).

Plots of the reactivity index, i.e. pH2/pAr where pH2 and pAr are resistivities
measured under hydrogen and argon respectively, are mapped in Figure 5.6 at 350
°C as well as at 400 “C. Here, in the greater fraction of the area, pH2/pAr=1, i.e. the
membranes do not react with hydrogen. Where pH2/pAr>1, the membranes that react
with hydrogen, compositions are confined to the small region centered on
Nb59Pd25Ti16.

There are two possibilities as to why the resistivity increases upon exposure of the
thin film to hydrogen. One is that it might form a solid solution, i.e. hydrogen
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dissolves in the host lattice without forming a separate phase. It is well known that
change in resistivity correlates well with the solubility of hydrogen in the lattice. This
was clearly shown for b.c.c. membranes by Watanabe et al. [168] and for f.c.c. alloys
by Pozio et al. [170] in which the resistivity change was followed as a function of
dissolved hydrogen. The other possibility is that the dissolution might lead to the
formation of a new hydride phase. Normally the formation of a hydride phase is
associated with a large volume change which, as discussed above, leads to
embrittlement problem. So the form of a reaction with hydrogen desirable in the
alloys is a solid solution rather than a hydride formation. Thus, for a given alloy
system whether in the form of the solid solution or the hydride formation, pH2/pAr
could be used as a measure of hydrogen content [166]. Since the permeability is the
product of diffusivity and the solubility of hydrogen in the lattice [84], the
compositions where pHz/pAr>1 could be treated as potential candidates for

separation membranes.

It should be mentioned that in b.c.c. membranes, often the problem is excessive
solubility of hydrogen in the lattice which makes the membrane quite brittle. In fact,
in the present study, membranes very near Nb corner suffered from this brittleness
probably due to the excessive hydrogen solubility. Thus, efforts in the literature have
concentrated on reducing the level of hydrogen solubility while maintaining
reasonably high permeability. One approach is to aim for multi-phase alloys where
the permeable phase co-exists together with another phase often a eutectic which
tolerates and absorbs the ensuing volume changes, often the cause of brittleness in
the membranes [119]. There are multiphase compositions in the current ternary
system, see Figure 5.3, which could be considered for this approach. However, none
of them reacted with hydrogen, indicating that they are unsuitable as separation

membranes.
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Another approach is to have a single phase solid solution with controlled hydrogen
solubility. Here, the choice of operating conditions for the membrane is quite relevant
as the solubility could be controlled by a careful choice of operating conditions [111].
With regard to current compositions, the measured values of pH2/pAr within the
triangular region are lower at 400 °C than those at 350 °C. Thus the choice of higher

operating temperature might be beneficial in improving the resistance to brittleness.

Perhaps, the more fruitful approach in this respect is the structural modification of
the alloys which would have inherently lower hydrogen solubility. An easy way of
controlling the hydrogen solubility in b.c.c. membranes is via alteration of the lattice
volume. This has been well illustrated by studies carried on Nb-W-Mo [109] and Nb-
W-Ru [111]. It is well known that the solubility in Nb-based b.c.c. membranes
decreases with decreasing lattice volume [171]. In fact, the choice of the current
elements is suitable for this approach as the atomic radii of Ti and Pd are smaller than
that of Nb allowing volume contraction with alloying. Yukawa et al. [111] showed
that the limiting value for hydrogen solubility could be taken as H/M=0.20 so as to
avoid brittleness in Nb-based membranes. Data collected from the literature
[109,111] imply that this limiting H/M value corresponds to a lattice volume that
ranges from 35.43 to 35.50. Taking the upper limit of this volume, i.e. 35.5 A%as an
indicator for acceptable lattice volume, a contour mapping of lattice volumes is
prepared as shown in Figure 5.7. It is seen that thin films with 25<Nb<45, 22<Pd<54
and 18<Ti<45, have lattice volumes less than 35.5 A3,
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Figure 5.6. Contour mapping of reactivity index pH2/pAr for Nb-Pd-Ti ternary
system. (a) 350 °C and (b) 400 °C. Regions mapped refer to thin films with b.c.c.
crystal structure.
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Ternary system. Note that the lattice volume decreases in mid-compositions.

The two measures used in the current work, one reactivity index pH2/pAr, and the
other lattice volume could be used in identifying the potential candidates for
separation membranes. The reactivity index eliminates many of the compositions in
Nb-Pd-Ti ternary system since the most membranes do not react with hydrogen. The
compositions that are reactive with b.c.c. structure are confined to a small triangular
region in the Nb-rich corner. Since Nb corner is extremely brittle, it is necessary to
further screen these compositions so as to aim for potential membranes with
acceptable durability. The requirement of the lattice volume less than 35.5 A2 yield
quite a wide area in the ternary diagram, but the intersecting compositional field is
quite narrow. The intersecting compositional field between the two maps is
reproduced in Figure 5.8. It is therefore concluded that compositions within this
intersecting field, covering alloys in 32<Nb<41, 27<Pd<44 20<Ti<38 could be

considered as potential compositions for hydrogen separation membranes.
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Figure 5.8. Intersecting compositional field between the maps of reactivity index
where pHz/pAr>1 and the b.c.c. lattice volume <35.5 A3,

5.4 Conclusions

In the present work, a combinatorial study was carried out so as to identify b.c.c.
membranes in Nb-Pd-Ti ternary system for hydrogen separation. A library of thin
films was sputter deposited in a single experiment covering the greater portion of the

ternary diagram. The thin films were screened structurally showing that;
i.  the choice of Nb-Pd-Ti alloy system is quite suitable for b.c.c. membranes as

the substantial portion of the compositional field is a single phase with b.c.c.

crystal structure.
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The library of thin films was screened in terms of a reactivity index, defined as the
ratio of the membrane resistivity under hydrogen and argon. The map of reactivity

index was plotted in the ternary diagram indicating that;

ii.  Most b.c.c. alloys in Nb-Pd-Ti do not react with hydrogen and therefore are
unsuitable as separation membranes. The thin films that do react with

hydrogen are restricted to a narrow compositional region close to Nb corner.

The reactivity index in this narrow region has quite high values implying excessive
hydrogen solubility in the lattice. Since the excessive hydrogen solubility is a sign of
potential brittleness in the membrane, an additional criterion was introduced based
on the lattice volume. Taking, based on the literature data, 35.5 A® as the tolerable

value, the lattice volumes of the thin films were mapped in the ternary diagram;

iii.  The superposition of two maps; one reactivity index and the other lattice
volume vyield a field 32<Nb<4l, 27<Pd<44 20<Ti<38 as possible

compositions for separation membranes.

It may be pointed out that the area identified above cover a range of resistivity and
the lattice volume values both satisfying the selected criteria. It is difficult to single
out specific b.c.c. compositions in this area, but keeping the lattice volume close to
the tolerable limit and selecting the composition with as high reactivity index as
possible yield two compositions, namely Nb33Pd41Ti26 and Nb36Pd28Ti36.
Finally, it may be emphasized that, if the permeability of these membranes is
sufficiently high and comparable to that of commercial Pd77Ag23 f.c.c. membrane,
the identified compositions would allow a significant reduction in Pd content. The
compositions represent one-third to one-half reduction in Pd content on the weight

basis.
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CHAPTER 6

SEPARATION MEMBRANES BASED ON Pd-Ag-Ti (*)

An investigation was carried out into Pd-Ag separation membranes to check whether
a reduction in their Pd content was possible through the incorporation of a third
element, namely Ti. For this purpose, a combinatorial thin film deposition system was
developed incorporating three sputter targets arranged in triangular form. The system
had a substrate in the form of a magazine, 6-inch in diameter, accommodating 21 discs
arranged again in a triangular form aligned with the targets underneath. With this
geometry, a library of thin film membranes was obtained in a single experiment
covering a wide compositional field, Pd content up to of approx. 75%. The thin film
library was then screened with respect their tendency to react with hydrogen. This was
accomplished by the resistivity measurements carried out on the membranes, while
they are subjected to heating-cooling cycle under hydrogen, the values being compared
with identical cycle carried out under argon. Since permeability is a product of
hydrogen solubility and diffusivity, membranes that react with hydrogen, i.e. either
forming a solid solution or a hydride, delineate compositions which are candidates for
separation membranes. In the present work, this procedure was applied to a portion of
Ag-Ti-Pd ternary system aiming for separation membranes with f.c.c. crystal structure.
Mapping based on the resistivity measurement indicated, Ag35Ti22Pd43,
AQg13Ti25Pd62 and their near compositions as possible candidates for separation

membranes.

(*) This chapter was published with a title “Ti modified Pd-Ag membranes for
hydrogen” in the International Journal of Hydrogen Energy, 40, (2015), 7553-
7558.
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6.1 Introduction

Hydrogen separation membranes allow filtration of hydrogen from mixed gases. Such
mixtures may be produced via steam reforming of natural gas/coal/lignite [172] or
through gasification of municipal wastes [173].

Hydrogen separated in this way may be used in fuel cells to generate electricity or may
be fed directly to the natural gas grid. It is likely that the current network of natural gas
will soon be transformed into a “gas” grid where hydrogen would be an essential
ingredient [174]. All these require the use of efficient separation membranes, which
when made possible would lead to an easy availability of hydrogen as is currently the

case for natural gas.

Among the all metallic membranes, Pd is the essential element due not only its high
permeability but also its catalytic effect and oxidation resistance even at elevated
temperature [121]. However, membranes based on Pd are extremely expensive and
therefore efforts have concentrated either on alloying to reduce Pd content [175,176]
or to switch to non-Pd membranes making use of Pd only as a catalytic layer [112]. A
reduction in membrane thickness through the use of thin films also reduces Pd content
and thus has attracted considerable attention in recent years [177,178]. It is worth
emphasizing that even pure palladium has its problems as a separation membrane. As
could be verified from Pd-H phase diagram [122] when the Pd-H is cooled from an
elevated temperature, initially a single phase f.c.c. the alloy is converted into a two-
phase structure which results in a considerable volume expansion [179]. This
phenomenon leads to the formation of microcracks which severely affects the
durability of the Pd membrane.

There are two approaches in handling this embrittlement problem. One method is to

control the temperature and pressure during operation so that the membrane is always

in one phase region. The other is to alloy Pd so that transformation to the two-phase

70



structure is avoided. This is most commonly achieved by alloying Pd with Ag. An
addition of 20-30 at. % Ag is quite common which not only reduces the critical
temperature for two-phase transition but also yields the permeability values which are
up to 1.7-2.0 times of that of the pure Pd [128]. A similar result could also be obtained
via alloying with Cu [130]. It was shown that that 40 wt. % addition of Cu can reduce
the critical transformation temperature below the room temperature [180]. This
addition also results in a %10 increase in hydrogen permeability [181] which arises
mainly from an increase in hydrogen diffusivity [182]. In addition to Ag and Cu,
elements such as Y, Fe, and Ni could also be used as alloying elements in Pd [128]. Of
these, according to Fort et al. [183], Pd-Y is quite comparable to Pd-25%Ag alloy with
a higher hydrogen permeability and better durability. Pd-Fe alloy membranes are

interesting as they show no phase transformation [184].

All membranes reported above were developed via the traditional approach of
synthesizing one membrane composition at a time and testing it for permeability. This
is quite time-consuming and not always successful. The current work aims for f.c.c.
membranes, similar to those reviewed above, but adopts the so-called combinatorial
approach that would allow the synthesis of multiple material compositions in a single
experiment. A library of thin film membranes produced is then evaluated by a rapid
screening to identify the material composition as candidates for separation membrane.
This approach was applied to a ternary alloy system Ag-Ti-Pd, i.e. Ag-Pd modified
with Ti.

6.2 Experimental

In this work, a thin film deposition system was used, especially designed for the
purpose of combinatorial studies. The system had a vacuum chamber 65 It. in volume
with all connections CF type, except for sputter gun stems and the main door. The
chamber is connected to a turbomolecular-rotary pump system which can provide a

base pressure in the range of 1x107-5x10® Torr. The system had three sputter guns
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two of which were powered by RF (300 watts) and the third with DC (600 V, 2A)
source. Each sputter target has individual quartz thickness monitor to measure the

deposition rate with a sensitivity of 0.1 A.

Sputter guns each with 50 mm in diameter were arranged in a triangular fashion with
a stem-to-stem distance of 200 mm. The targets loaded were Ag, Pd, and Ti. Target to
substrate holder distance, as well as angular positions of the targets, were carefully
aligned so that deposited film has the same thickness in the triangular area just above
the targets, Figure 6.1 (a). This has been achieved by carefully aligning each target
separately using a 6-inch diameter glass substrate. To obtain a uniform thickness, a
given sputter target has to yield a deposition rate which is in the ratio of 1:3, the rates

referring to the middle and the corner of the triangular region close to the target.

Having made the necessary alignment, the system was used with a substrate holder in
the form of a magazine, 6-inch in diameter, accommodating 21 discs arranged in a
triangular form aligned with the targets underneath, Figure 6.1 (b). Substrates loaded

onto the magazine were ~0.15 mm thick soda-lime glass, 18 mm in diameter.

The reaction of the thin films with hydrogen was followed in a purpose-built reaction
chamber with in-situ four-probe resistance measurement as discussed in section 4.3.
Before measurements, thin film membranes were annealed at 450 °C for 3 hours in

order to stabilize their microstructure.
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(b)

Figure 6.1. Sputter deposition of thin film membranes. (a) a viewgraph showing
the targets and substrate magazine incorporating 21 glass substrates, (b)
Triangular distribution of substrates in the substrate magazine.

6.3 Results and Discussions

Since the interest in present work was to investigate Pd lean composition, the

deposition was carried out in such a manner as to cover compositions away from Pd
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rich corner. Having deposited the films, the resulting chemical composition of each
membrane was determined with EDS analysis. Figure 6.2 shows the distribution of

membrane compositions in the ternary diagram.

20

0 20 40 60 80
Ag-Pd

Figure 6.2. The chemical composition of thin film membranes in the ternary
diagram. The diagram combines the samples that are generated in two
experiments. Compositions of Ag-Pd binary thin films that were deposited
separately are also indicated in the diagram.

Deposited films were 3 um thick. Since the ultimate aim of this study was to produce
membranes through classical metallurgical processing, i.e. membranes in the form of
foils, this thickness was considered to be adequate and representative of bulk
materials. Since the separation membranes are used at elevated temperature, the
structure as it occurs in deposited films are not necessarily stable and may be subject
to a change during its use. To take care of these changes and to ensure the use of
more representative structure, preliminary experiments were carried out to determine
the conditions for structural stabilization. For this purpose, a representative

membrane was annealed at 450 'C for an extended period of time while the resistivity
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Is monitored. As seen in Figure 6.3, a change in the resistivity is initially quite large
but is reduced with time and becomes negligible after 3 hours. Following this
observation, all membranes were subjected to stabilizing heat treatments which

involved annealing under argon atmosphere for 3 hours at 450 C.
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Figure 6.3. Resistivity versus time in a typical membrane annealed at 450 °C.

Membranes after having been annealed 3 hours at 450 °C were structurally
characterized by X-ray diffraction. Since the aim of the current work is separation
membranes with f.c.c. structure, structural characterization concentrated on to
delineate the area in the ternary diagram which has this particular structure. Figure
6.4 gives XRD pattern of representative samples where the main phase was f.c.c. It
should be noted that membrane close to Ag corner has a strong (111) preferred
orientation, Figure 6.4 (a), which might be useful in improving the catalytic activity
of the membrane [185]. This also true for membrane close to Pd corner, Figure 6.4
(d), though the degree of preferred orientation there was not as pronounced. In
regions away from these corners XRD pattern comprises all diffraction lines

indicating that the membranes do not have a strong preferred orientation.
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Figure 6.4. XRD pattern of membranes delineating the area in the ternary field
where the structure is predominantly f.c.c. The membrane compositions are

indicated in the inset.

Most deposited thin films displayed the resistivity versus temperature curve which
was identical under argon and hydrogen indicating that the films did not react with

hydrogen. Here the resistivity ratio has a value of pH2/pAr =1. An example of the

membrane that did react with hydrogen is given in Figure 6.5 (a). Here the curves are

quite different. The resistivity ratio pH2/pAr was calculated at various temperatures.
The values are shown mapped in Figure 6.6 which shows that Ag38Ti8Pd54 and its
near compositions do react with hydrogen. This implies that the corner of the mapped

area covering, Ag35Ti22Pd43 and AgQ13Ti25Pd62 could be considered as a

candidate for separation membrane.
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Figure 6.5. Resistance values measured in thin film membranes as a function of
temperature for (a) a membrane Ag35Ti22Pd43 and (b) a membrane Pd72Ag28
, both heating up to 450 °C. Reactivity index defined as pH2/par has a value of
1.032 at 400 °C for both membranes.

There are two aspects which may be worth emphasizing with regard to the relevance
of resistivity mapping to permeability. The fact that there is a resistance change in
the thin film is an indication that the membrane does react with hydrogen. This might
be in the form of forming a solid solution, i.e. hydrogen dissolving in the host lattice
without forming a separate phase. Since the permeability is the product of solubility

and diffusivity of hydrogen in the membrane, the higher solubility would be desirable
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for improved permeability. This would tend to promote compositions in the mapping
where the resistivity change is high. On the other hand, the reaction might be in the
form of a formation of a new hydride phase. In this case, the resistance change is also
expected to be high. Normally the formation of a hydride phase is associated with a
large volume change which, as discussed above, leads to embrittlement problem. So

what is desirable is normally the reaction with hydrogen to form a solid solution.

So as to provide a basis for the interpretation of reactivity mapping, a separate
experiment was carried out in which Pd-Ag binary thin films were deposited using
two sputter guns covering the commercial alloy Ag23Pd77. The positions of these
samples were included in the ternary diagram given in Figure 6.2. A thin film sample
with Pd72Ag28 composition is quite close to the commercial Pd77Ag23 alloy.
Reactivity index of this membrane is shown in Figure 6.5 (b). Here the index has a
value of 1.032 at 400 °C (the value at 350 °C was 1.033). This value is quite
comparable those measured for the ternary compositions. Mapping in Figure 6.6
shows that compositions with high reactivity index center along a line that starts at
AQ35Ti22Pd43 and terminates at the composition Ag28Pd72 which is quite near the
commercial alloy Ag23Pd77. Thus there is a strong indication that the area centering
along this line cover the compositions which are likely to have a high permeability
and therefore they are candidates for separation membranes. Taking the composition
Ag13Ti25Pd62, here Pd content is 62% instead of the usual 77%. This represents a
reduction of 15 at% in Pd, which is quite substantial.
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Figure 6.6. Contour mapping of reactivity index in Ag-Ti-Pd system (a) at 350
°C and (b) at 400 °C.

79



Whether the predicted compositions could be developed as separation membranes
require further study. It would be necessary to measure the permeability to see if they
are indeed as high as those of the commercial compositions, as suggested by their
reactivity indices. It is also necessary to carry out a structural investigation in the
membranes to ensure that they are not embrittled due to cycling under hydrogen.
From this point of view, the methodology given in this study is useful in narrowing
down the compositions which are worth further study. In this way, it saves
considerable time by eliminating many compositions that do not react with hydrogen,

which obviously has no potential as a separation membrane.

6.4 Conclusions

In this study, a vacuum deposition unit was constructed which would allow deposition
of multiple thin film membranes in a single experiment covering a wide compositional
field. The library of thin film membranes was then screened with regard to their
tendency to react with hydrogen using a reactor with in-situ resistivity measurement.
The approach was applied to a portion of Ag-Ti-Pd ternary system aiming for
separation membranes with f.c.c. crystal structure. Mapping based on the resistivity
measurement indicated an area centered on a line connecting Ag35Ti22Pd43 to

Pd72Ag28 as candidates for separation membranes.
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CHAPTER 7

SEPARATION MEMBRANES BASED ON Pd-Ag-Ni (*)

As an effort to reduce Pd content, a combinatorial study was carried out on Pd-Ag
system with the addition of Ni as a third element. A magnetron sputtering system
was used to create a thin film material library using three sputter targets arranged in
a triangular fashion. A total of 21 glass discs were used as a substrate onto which
membranes typically 3 um thick were deposited, each with a different composition
covering a wide compositional field in Pd-Ag-Ni ternary phase diagram. Membranes
produced were screened by a four probe resistivity measurement in terms of a
reactivity index, defined as the ratio of resistivity under hydrogen to that under argon
in the same conditions. Mapping based on the resistivity measurements indicated
three alloys, namely Pd33Ag59Ni8, Pd55Ag28Nil7 and Pd76Ag18Ni6 where the
reactivity index was relatively high, implying that they could be possible membrane
compositions. Foils were prepared with matching compositions by melting and
casting followed by rolling to =100 um in thickness. This has shown that a
permeability value of 6.50x10° mol/m.s.Pa'? could be obtained at 400 °C in
Pd55Ag28Nil7 where Pd content is nearly two-thirds of the commercial alloy
Pd77Ag23.

(*) This chapter was published with a title “Combinatorial screening of Pd-Ag-Ni
membranes for hydrogen separation” in the Journal of Membrane Science, 524,
(2017), 631-636.
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7.1 Introduction

Hydrogen separation membranes offer a potential pathway for economical hydrogen
purification. Among the separation membranes, dense metallic membranes are
attractive due to their high hydrogen selectivity, ease of implementation and working
temperature suitable for the water gas shift reactions in steam reforming of
methane/natural gas [186]. Dense metallic membranes fall into several groups; Pd and
Pd alloys [187], Group IV-V alloys with b.c.c. crystal structure [121] and multi-
component amorphous alloys [125]. Commercial metallic membranes are normally
based on Pd and Pd alloys which have f.c.c. crystal structure [187]. The interest in Pd
is due not only its high permeability but also due to its catalytic activity and its
resistance to oxidation at elevated temperature [121]. However, the practical
application of pure Pd membranes is rare as a result of its high cost and due to
embrittlement caused by a-f phase transformation [124,125]. Therefore, efforts have
concentrated on alloying Pd for the purpose of reducing the cost as well as suppressing

the a-f transition.

Hydrogen permeation in Pd based f.c.c. alloys as in other metallic dense membranes
follow the solution-diffusion mechanism. Hydrogen flux across the membrane is then

follows;

k
] = T(PnHz n— PnHz out)

Equation 7.1

where J is the hydrogen flux (mol/m2.s), k is the hydrogen permeability in the
membrane (mol/m.s.Pa"), | is the membrane thickness (m), P"42 in and P"w2 out are the
hydrogen pressure at inlet and outlet. Except for very thin membranes [188] and
extreme conditions [189], generally, the rate-limiting step for permeability is the

diffusion of hydrogen through the membrane which results in a value of n=0.5. It
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should be pointed out that the permeability, k, is the product of diffusivity, D, (m?/s)

and the solubility of hydrogen, S, (mol/m3.Pa%%) in the membrane, i.e. k=D.S.

In order to maximize the permeability, it is necessary to improve the diffusivity as well
as the solubility of hydrogen. Alloying Pd with other elements normally results in a
decrease in the hydrogen diffusivity [190]. This is true in Pd-Ag system as well as in
most other Pd based binary systems. The solubility in f.c.c. membranes decreases with
increasing temperature. This results in a well-known negative slope in a permeability-
temperature relationship. This is despite the fact that diffusivity increases with
increasing temperature, implying that the solubility has a more dominant effect on

permeability.

Many of the studies [184,191-194] in the literature agrees that solubility is the
relatively more important in affecting the permeability. Studies indicate that there is an
optimum alloying addition where the solubility and therefore the permeability is
maximized. Wilcox [191] determining the pressure-composition isotherms,
investigated the solubility of hydrogen in Pd-Ag system and found that the maximum
occurs at around 30 at.% Ag addition. This is close to Pd-23 at.% Ag, a well-known
commercial composition used as separation membranes. Similar studies [191,192] for
Pd-Y and Pd-Au yielded the respective compositions of 8 and 20 at.% for maximum
solubility. Other f.c.c. membranes that have been considered in the literature include
Pd-Ce [190], Pd-La [193], Pd-Fe [184] and Pd-Ni [194].

The current study was undertaken for the purpose of developing f.c.c. membranes that
would be lean in its Pd content. Ni, with its catalytic properties, is considered as a third
alloying element in Pd-Ag system as it could partially replace Pd whereby reducing
the cost. An added advantage of Ni is that it has f.c.c. structure, therefore, it could yield
separation membranes of f.c.c. structure over a wide compositional range in Pd-Ag-
Ni. The current work makes use of combinatorial approach whereby, a multitude of
thin film membranes were fabricated with sputter deposition. A large number of
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samples having different compositions produced in this way were screened by a
resistivity measurement carried out both under hydrogen and argon. Possible
candidates identified based on resistivity measurements were selected for permeability

measurement.

7.2 Experimental

A library of thin film membranes was produced via combinatorial approach. Details of
sputter deposition system used for this purpose were described previously [165] and
therefore only a brief description will be given here. Prior to deposition, all the
sputtering targets, Pd, Ag, and Ni, arranged in triangular fashion were carefully aligned
with respect to their angular positions as well as the distance with respect to the
substrates magazine placed above. A total of 21 substrates were used, arranged in a
triangular fashion similar to the targets underneath, Figure 7.1. Subsequent to the
loading of substrates to the magazine, the system was evacuated down to 1x107 Torr.
Then, the chamber was filled with ultra-high purity argon, stabilized at a5 mTorr. The
main shutter between the target and the magazine kept closed, the pre-sputtering was
carried out for 10 minutes so as to clean the targets. The main shutter was then opened
and deposition was initiated over all 21 glass substrates. Typically, deposition was
continued for 4 hours which yielded thin film membranes of approx. 3 microns in

thickness.

The library of thin film membranes produced was screened by a four probe resistivity
measurement [165]. The resistivity shows a good correlation with pressure-
composition isotherms [170,195] and could be used as a measure of the solubility of
hydrogen in the alloy system. So as to stabilize the structure, prior to resistivity
measurements, based on the preliminary tests, the thin films were annealed at 450 °C
for 3 hours. The resistivity measurements were carried out by heating up to 450 °C and
cooling down to room temperature (both 5 K/min). The experiment was repeated under

argon as well as under hydrogen atmosphere. The results were expressed in terms of a
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reactivity index, defined as pHz/pAr, where pHz and pAr are resistivity values under
hydrogen and argon respectively both measured at the same temperature. For many
of the membranes, pH2/pAr =1, i.e. the resistivity was the same in both argon and
hydrogen meaning that the membrane did not react with hydrogen and therefore they

were unsuitable as a separation membrane.

Figure 7.1. Schematic representation of thin film membranes produced via sputter
deposition. Note triangular arrangements of sputter guns as well as the substrates
above them. A total of 21 membranes are produced in a single experiment each
with a different composition.

Compositions, selected based on the mapping of reactivity index, were fabricated by
melting and casting under a protective atmosphere. Buttons which were typically 5

grams were cold rolled to a foil of =100 um in thickness.

Foils were then tested for their hydrogen permeability by a custom-made testing unit.
This unit, shown in Figure 7.2 consists of a gas feeding system, a test-cell, two
pressure transmitters and flow meters. The unit may be connected to either argon or
hydrogen gas or may be taken under vacuum via a turbomolecular vacuum pump.
The test cell consists of a compartment housing the membrane 19 mm in diameter.
The membrane is in-between two CF flanges made gas-tight using graphite gaskets.

The test cell is inside a small tubular furnace where the temperature could be
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controlled with a sensitivity of £0.1 °C at the test temperature via a thermocouple
located inside the test cell. Gas pressure on the inlet side of the membrane was
monitored via a pressure transmitter (1 MPa). On the outlet side, H2 flux permeating
the membrane was monitored by a mass flow meter (with the full range capacity of
either 10 sccm or 100 sccm), the pressure was also measured on this side with a
pressure transmitter (0.6 MPa). Both the pressure transmitters and the mass flow

meters are connected to a four-channel read-out unit.

Pressure Vacuum Pressure
Regulator Pump Gauge

H; @ X % ? Membrane

Pressure
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Figure 7.2. The schematic representation of a test set-up used for permeability
measurements.
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The effective area of the membrane exposed to a permeating gas was ~1.8 cm?. All
membranes were first tested with argon up to 1 MPa at room temperature for gas
tightness. The unit, membrane loaded, is heated up under an argon atmosphere to the
desired temperature. Following the temperature stabilization, argon was evacuated
and the test was initiated by loading hydrogen. The pressure and the hydrogen flux
was recorded in the outlet side as a function of inlet pressure up to 1MPa with the
increment of 0.02 MPa. The membranes were rechecked with argon for gas tightness
after the test.

7.3 Results and Discussion

Two experiments were carried out to produce thin film membranes. In one, 21 samples

were deposited simultaneously, each with a different composition in Pd-Ag-Ni. In the
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other, samples were produced in the binary Pd-Ag system. Parameters of depositions
were adjusted in both experiments such that membranes with Pd content greater than
77 at.%, i.e. commercial alloy, was avoided. Distribution of sample compositions
obtained from both experiments is shown plotted in Figure 7.3. Here it is seen that
samples cover quite a wide range where Pd content varies from 4 to 76 at.%.

Ni

0.8

4-0.0
Ag 0.0 0.2 0.4 0.6 08 Ppd
Ag-Pd

Figure 7.3. The distribution of the membrane compositions in the Pd-Ag-Ni
ternary diagram.

Typical XRD pattern of thin film membranes deposited and annealed at 450 °C for 3h
is given in Figure 7.4. Here patterns refer to Pd33Ag59Ni8, Pd55Ag28Nil7, and
Pd77Ag23. The last pattern is a single phase f.c.c. alloy (commercial composition)
with a= 3.934 A. The other two are more typical of Pd-Ag-Ni ternary system which
are two-phase alloys, both with f.c.c. crystal structure. The relative proportion of these
phases; one Ag rich and the other Ni-rich as well as their lattice parameters vary

depending on the position in the ternary diagram (see below).
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Figure 7.4. XRD patterns of thin film membranes (a) Pd33Ag59Ni8, (b)
Pd55Ag28Nil7 and (c) Pd77Ag23.

A greater portion of Pd-Ag-Ni phase diagram is bi-phasic and comprise a two-phase
f.c.c. structure. There is a small region in the Pd corner which is a single phase. This
single phase extends to Ag as well as Ni corner but it is extremely narrow. Membrane
Pd76Ag18Ni6, marked in Figure 7.5, based on its XRD pattern is just at the edge of
the two-phase region implying that the boundary separating two-phase region from the
single phase is probably located near this composition. A typical micrograph in a thin
film membrane which refers to Pd76 Ag18Ni6 is shown in Figure 7.6.
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Figure 7.5. The position of the selected compositions on the Pd-Ag-Ni system.
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Figure 7.6. The morphology of Pd76 Ag18Ni6 membrane.

89



Thin film membranes were screened with resistivity measurements while they were
heated up to 450 °C and cooled down to room temperature. Reactivity indices
determined for all samples were mapped in the ternary phase diagram at two
temperatures; 350 °C and 400 °C, Figure 7.7. Here contour mapping was obtained by
triangulation and linear interpolation procedures [196]. Binary compositions in Pd-Ag
system were also included in this mappings. The mapping shows that for many of the
compositions, pH2/pAr= 1. This reactivity index increases in compositions close to Pd
corner and reach a value as high as pH2/pAr = 1.065 at 400 °C. The maximum reached

in 350 °C is even higher and has a value of 1.070.

Since the resistivity correlates well with the solubility of hydrogen, the mappings given
in Figure 7.7 could be considered as an approximate mapping of hydrogen solubility
in the respective alloys. This correlation is quite useful since the permeability in f.c.c.
membranes is dominated by the hydrogen solubility. Thus resistivity mappings could

yield compositions that are potential candidates as a separation membrane.

It may be noted that Pd77Ag23, commercial composition, has a reactivity index of
pH2/pAr = 1.038 at 350 °C. This index is less at 400 °C and has a value of 1.035,
indirectly verifying that the solubility decreases with increase in temperature. It is
interesting to note that mappings contain values of reactivity index which are higher

than that of the commercial compositions.

The mappings given in Figure 7.7 show three regions of high reactivity index. These
regions center on compositions Pd33Ag59Ni8, Pd55Ag28Nil7, and Pd76Ag18Ni6,
Figure 7.5. The values of reactivity index for these compositions are given in Table 7.1
both for 350 °C and 400 °C. As shown in the table, the highest reactivity index is
obtained in Pd76Agl18Ni6. This is followed by Pd55Ag28Nil7 and then by
Pd33Ag59Nis8.
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Figure 7.7. Contour mapping of reactivity index in Pd-Ag-Ni system (a) at 350 °C
and (b) at 400 °C.
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Table 7.1. Reactivity indices of selected thin film membranes.

Reactivity Index
Pd77Aq23 Pd33Ag59Ni8 Pd55Ag28Nil7 Pd76Agl8Ni6

Temperature
350 °C 1.038 1.032 1.056 1.070
400 °C 1.035 1.029 1.055 1.065
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Figure 7.8. XRD patterns of fabricated alloys (a) Pd33Ag59Ni8, b)
Pd55Ag28Nil7 and (c) Pd76Ag18Ni6.

Based on the values of reactivity index, three compositions referred to above were
selected for further study. Compositions Pd33Ag59Ni8, Pd55Ag28Nil7 and
Pd76Ag18Ni6 were fabricated by melting and casting. Typically, buttons of 5 grams
were produced which were then rolled down to approx. 100 pm in thickness. XRD
patterns of rolled foils were compatible with those measured on the corresponding thin

film membranes, Figure 7.8.

Foils produced were annealed at 450 °C for 3h before they were taken for the
permeability testing. Hydrogen fluxes measured in the membranes, at 400 °C, as a
function of square root of pressure differential are given in Figure 7.9. It should be

noted that the variation is linear implying that the exponent n has a value of 0.5, see
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Equation 7.1. Values of hydrogen permeability for these compositions are reported in
Table 7.2. It should be noted that there is a correlation between reactivity index and the
permeability values in that where the index is high, the composition has a higher

permeability.
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Figure 7.9. The hydrogen flux vs. the square root of pressure differential applied
to PA33Ag59Ni8, Pd55Ag28Nil7, Pd76 Ag18Ni6 and Pd77Ag23 membranes.

The lattice parameters of f.c.c. based membranes of highest permeability reported in
the literature are listed in Table 7.3. It is seen that though the quantity of alloying
additions varies from one alloy system to the other, the lattice parameters are quite
similar. Thus in Pd-23 at.% Ag which has the highest permeability in Pd-Ag has a
lattice parameter of a= 3,942 A. The corresponding values in Pd-20 at.% Au and Pd-8
at.% Y are 3.930 A and 3.939 A, respectively. Thus overall the lattice parameter ranges
from a=3.930 A to 3.942 A. These values should be compared to the lattice parameters
of the current membranes, see Table 7.2. It should be noted that Pd76Ag18Ni6 with a
value of a= 3.929 is quite close to the range reported above. This is, in fact, the

membrane which has permeability value higher than the other two.
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Table 7.2. Lattice parameter and the hydrogen permeability of selected Pg-Ag-Ni
membranes.

Pd77Ag23 Pd33Ag59Ni8 Pd55Ag28Nil7 Pd76Agq18Ni6

Lattice
Parameter 3.940 4.018 3.985 3.929
AdJrich (A)
Lattice
Parameter - 3.688 3.807 -
Nirich (A)
Permeability
(mol/m.s.Pa'?)

2.93x108 2.78x10°10 6.50x1010 2.67x10°

The lattice parameters of f.c.c. based membranes of highest permeability reported in
the literature are listed in Table 7.3. It is seen that though the quantity of alloying
additions varies from one alloy system to the other, the lattice parameters are quite
similar. Thus in Pd-23 at.% Ag which has the highest permeability in Pd-Ag has a
lattice parameter of a= 3,942 A. The corresponding values in Pd-20 at.% Au and Pd-8
at.% Y are 3.930 A and 3.939 A, respectively. Thus overall the lattice parameter ranges
from a=3.930 A to 3.942 A. These values should be compared to the lattice parameters
of the current membranes, see Table 7.2. It should be noted that Pd76 Ag18Ni6 with a
value of a= 3.929 is quite close to the range reported above. This is, in fact, the

membrane which has permeability value higher than the other two.

Table 7.3. Lattice parameters of binary alloys of highest permeability reported in the
literature.

Alloy Lattice Parameter (A) Reference
Pd-23 at.% Ag 3.942 [197]
Pd-8 at.% Y 3.939 [184]
Pd-20 at.% Au 3.930 [198]

The purpose of this study was to identify compositions which are lean in their Pd
content but has highest possible permeability. From this point of view, the composition
Pd76Ag18Ni6 is quite close to the Pd77Ag23 commercial alloy in terms of its Pd
content and would not offer any significant advantage. Perhaps the composition
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which should be highlighted is PA55Ag28Ni17. Even though the permeability of this
alloy (k= 6.50x101° mol/m.s.Pa'’?) is less than that of Pd76 Ag18Ni6, its Pd content is
one third less, i.e. instead of 76 at.%, the Pd content in the current alloy is 55 at.%.
Fine tuning of this alloy composition is, of course, possible which might bring the
permeability closer to that of Pd76Agl8Ni6 alloy. This tuning may be more
efficiently implemented using the same methodology, i.e. the combinatorial search
employed for the Pd-Ag-Ni triangle may now be confined to the Pd33Ag59Ni8-
Pd55Ag28Nil7-Pd76Ag18Ni6 triangle, Figure 7.5, with a better compositional

resolution.

7.4 Conclusions

In this study, a combinatorial study was carried out as an effort to develop a low-cost
separation membrane based on Pd-Ag system with Ni addition. A magnetron
sputtering system was used to create a thin film material library comprising a total of
21 membranes covering a wide compositional field in Pd-Ag-Ni ternary system.
Membranes produced were screened by a four probe resistivity measurement in terms
of a reactivity index, defined as the ratio of resistivity under hydrogen to that under
argon in the same conditions. Mapping based on the resistivity measurements
indicated three alloys, namely Pd33Ag59Ni8, Pd55Ag28Nil7 and Pd76Ag18Ni6 as
candidates for separation membrane. Foils were prepared with matching
compositions by melting and casting followed by rolling to =100 um in thickness.
This has shown that a permeability value of 6.50x10"° mol/m.s.Pa*? could be
obtained at 400 °C in Pd55Ag28Nil7 where Pd content is nearly two-thirds of the
commercial alloy Pd77Ag23.
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CHAPTER 8

GENERAL CONCLUSIONS

The current work is an outcome of an effort to develop low-cost hydrogen separation
membranes on the basis of combinatorial materials science. For this purpose, a total
of three ternary systems, i.e. Nb-Pd-Ti, Pd-Ag-Ti, and Pd-Ag-Ni, were investigated.
21 thin films each with a different composition were produced in a single experiment
via magnetron sputtering so as to cover a wide compositional field in each ternary
system. The thin film libraries were then structurally characterized and screened by

a four-probe resistivity measurement in terms of a reactivity index.

The methodology adopted in this study was used to narrow down the compositions
in the ternary systems which were worth for further study. The purpose, here, was to
save time by eliminating compositions that did not react with hydrogen, which
obviously had no potential as a separation membrane. The present work as
summarized below demonstrated that the approach is a very fruitful and as
implemented in the current work allow thin films depositions that cover a wide
compositional field in the ternary phase diagram. Moreover, it has shown that four-
probe resistivity measurement is an effective method that rapidly screens the thin

films indicating the compositional range with a potential as separation membranes.

Nb-Pd-Ti alloy system was studied with a focus on b.c.c. membranes. The structural

characterization revealed that the choice of Nb-Pd-Ti alloy system was quite suitable

since a significant portion of the ternary field had a single phase b.c.c. structure.
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The map of reactivity index was plotted in Nb-Pd-Ti ternary diagram indicated that
many of the b.c.c. compositions did not react with hydrogen and therefore were
unsuitable as separation membranes. The b.c.c. membranes that did react with
hydrogen was restricted to a narrow region close to Nb corner which had a potential
as a separation membrane. The reactivity index in this narrow region had quite high
values implying an excessive hydrogen solubility in the lattice. Since the excessive
hydrogen solubility is a sign of potential brittleness in the membrane, an additional
criterion was introduced based on the lattice volume. Considering the relationship
between the lattice volume and hydrogen solubility in Nb-based b.c.c. alloys, a lattice
volume of 35.5 A% was taken as the tolerable maximum. Accordingly, the lattice
volumes of the thin films were mapped in the ternary diagram. The intersection of
the two maps; one reactivity index and the other lattice volume yielded an area,
32<Nb<41, 27<Pd<44, and 20<Ti<38, as possible compositions for separation
membranes. Of the selected region two alloys were singled out Nb33Pd41Ti26 and
Nb36Pd28Ti36 where the reactivity index had a high value while the lattice volume

was less than the tolerable limit.

Pd-Ag-Ti alloy system was selected to produce f.c.c. membranes and the structural

characterization of the ternary systems indicated that the most of the thin films
yielded a single phase f.c.c. structure. Similar to the previous system, the thin films
were screened with respect to their reactivity index. Since the hydrogen
embrittlement in f.c.c. membranes is not as severe as in b.c.c. membranes, the criteria

based on the lattice volume was not applied to this ternary alloy system.

Mapping based on reactivity index in Pd-Ag-Ti system indicated that the
compositions with high reactivity indices center along a line that starts at
Pd43Ag35Ti22 and terminates at the composition Pd72Ag28 which is quite near the
commercial alloy Pd77Ag23. This reactive region covers the Pd54Ag38Ti8 and
Pd62Ag13Ti25 compositions which are considered as candidates for separation

membranes.
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Pd-Ag-Ni alloy system was also investigated so as to extend the f.c.c. membranes

that are lean in Pd content. The structural characterizations revealed that the thin
films produced in this system exhibited only the f.c.c. structure single phase or
multiphase. Mapping based on reactivity index indicated that Pd33Ag59Ni8,
Pd55Ag28Nil7, and Pd76Agl8Ni6 alloys exhibited relatively high reactivity
indices, where the highest reactivity index was obtained in Pd76 Ag18Ni6 followed
by Pd55Ag28Nil7 and then by Pd33Ag59Ni8.

The three compositions identified in Pd-Ag-Ni ternary system, namely,
Pd33Ag59Ni8, Pd55Ag28Nil7, and Pd76Agl8Ni6 was selected for further
evaluation as a separation membrane. The compositions were fabricated in the form
of foils with ~100 um in thickness via arc melting and cold rolling. The permeability
measurements showed that Pd76Ag18Ni6 alloy exhibited the highest hydrogen
permeability with a value of 2.67x10° mol/m.s.Pa¥? at 400 °C, while
Pd55AQ28Ni17 and Pd33Ag59Ni8 exhibited 6.50x10° and 2.78x107%°
mol/m.s.Pa*?, respectively. Of these, though the permeability is not as high, the
composition Pd55Ag28Nil7 may be selected, since it represents one-third reduction
in its Pd content as compared to the commercial Pd77Ag23 alloy. It should be
mentioned that by focusing the combinatorial search to the Pd33Ag59Ni8-
Pd55Ag28Ni17-Pd76Ag18Ni6 triangle a fine tuning of the compositions would be
possible with a potential for further reduction in Pd and/or with a higher permeability.

Although in the present work, the magnetron sputtering was employed as a tool to
produce compositional spread for the respective ternary systems, it is also an
effective method to produce thin film membranes. Thus, the compositions which are
identified as candidates for separation membranes may be produced as thin film
membranes deposited onto a suitable substrate. 1t should be emphasized that with this
approach the choice of substrate is as critical as the membrane itself. The substrate

has to be porous with a porosity size not more than one-third of the membrane
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thickness. Thus if the choice is made for films that are several microns in thickness,

the substrate has to have porosity at the nanoscale.

It should be emphasized that the thin film membrane approach would be particularly
suitable for compositions selected in Nb-Pd-Ti ternary system where the
combinatorial search has singled out two compositions Nb33Pd41Ti26 and
Nb36Pd28Ti36. If such approach was adopted, Pd saving in the membrane

composition would be improved further top one half of the original composition.
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