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CHAPTER I

INTRODUCTION

1.1 Introduction

In recent years, the demand for hydrogen as clean energy has increased rapidly
due to its basic role in many industrial processes. Hydrogen is mainly used in the
petrochemical industry and a small amount in fuel cell operation. Approximately 80
percent of industrial hydrogen is generated from natural gas and other hydrocarbons
through steam reforming, dry reforming, partial oxidation, gasification and
hydrolysis. Hydrogen purification is an essential step in industrial hydrogen
production. Palladium-based membranes have a potential to be used in hydrogen
separation and membrane reactor applications because of their high hydrogen
permeability and chemical resistance. In general, palladium membrane is prepared by
electroless plating technique on a porous substrate such as porous stainless steel,

ceramic and vycor glass.

Porous stainless steel (PSS) is usually adopted as a support for palladium
membrane due to its better mechanical strength, resistance to cracking, ease of sealing
and module fabrication [1]. However, when porous stainless steel supports were used
at temperatures above 400°C, interdiffusion of atomic metals between palladium-
based membranes and substrate materials occurred [2]. The important factor of
intermetallic diffusion between palladium membranes and integral element of porous
stainless steel supports is Tamman temperature. The Tamman temperature is
temperature of a metal which equals to one half of its melting point and the
temperature at or above which its atomic vibration starts to be considerable. If the
temperature was increased to 650°C or 923 K, a temperature higher than the Tamman
temperature of 316 L stainless steel (550-560°C 833K) and palladium (640°C or 913

K), intermetallic diffusion significantly took place with an apparent and continuous



decline of hydrogen permeance, poor-selectivity and shorter-life palladium
membrane. [3] Nonetheless, intermetallic diffusion could be prevented by using a
barrier to avoid direct contact of the palladium membranes with the stainless steel
supports. The intermediate layer serving as a diffusion barrier is required to have the
Tamman temperature higher than those of palladium membranes and stainless steel
supports, good mechanical and thermal stabilities, good adhesion and allowing

hydrogen transports.

In this work, Zr-based thin films were prepared and used as intermetallic
diffusion barriers owing to their prominent properties such as higher Tamman
temperature than those of palladium membranes and stainless steel supports (i.e.,
Tamman temperatures of zirconium, zirconium oxide, and zirconium nitride are
927°C (1200 K), 1350°C (1623 K), and 1491°C (1764 K), respectively), good thermal
stability, corrosion resistance, compatible thermal expansion coefficient to palladium
membranes and the stainless steel support [2] (i.e., palladium, 1.20 x 107; 316L, 1.73
x 107; Zr, 2.35 x 10”; ZrO,, 1.0 x 10, and ZrN 1.98 x 10 K", high hydrogen

permeability [4] and its access ability with low costs.

1.2 Objectives of the Research Work

This study aims to develop suitable conditions for the preparation of Zr-based
intermetallic diffusion barriers for the palladium membranes on the stainless steel
support and determine their efficiencies in reducing the intermetallic diffusion for the

use of palladium membranes in hydrogen permeation.

1.3 Scope of the Research Work

1. Develop suitable conditions for the preparation of Zr-based intermetallic
diffusion barriers, i.e. Zr, ZrO, and ZrN by sputter deposition technique.
2. Prepare the palladium membranes on the stainless steel substrate coated

with Zr-based intermetallic diffusion barriers.



3. Determine the efficiencies in reducing intermetallic diffusion of the Zr-
based intermetallic diffusion barriers for palladium membranes.
4. Test the capacity of hydrogen permeation through the palladium membranes

with Zr-based intermetallic diffusion barriers.



CHAPTER 11

THEORY AND LITERATURE REVIEWS

2.1 Palladium Membranes

Recently many efforts in hydrogen separation for fuel cell application have
been devoted to development of pure palladium and Pd-alloyed composite
membrane.[5] Palladium holds a unique position among the metallic elements in
being able to take into solution large quantities of hydrogen while simultaneously
retaining a high degree of ductility. These attributes coupled with the high mobility or
rate of diffusion of hydrogen in the lattice have been exploited in the use of palladium

and subsequently of palladium based alloys as hydrogen diffusion membranes.

Palladium membrane hydrogen purifiers operate via pressure driven diffusion
across palladium membranes as shown in Figure 2.1. Only hydrogen can diffuse
through palladium membrane. The hydrogen gas molecule coming into contact with
the palladium membrane surface, then dissociates into hydrogen atoms and diffuses
through the membrane. On the other surface of the palladium membrane, the
hydrogen atoms are recombined into molecular hydrogen to produce the ultrapure

hydrogen as shown in the following equation.

H; (gas) == 2H (surface) [6] (2.1)

The hydrogen permeation process is influenced by the surface topography, the
purity of the metal and its defect structure (e.g., grain boundaries and dislocations).
[7]. Pure palladium has mainly been restricted because of phase transition from o to 8
form. The phase transition occurs generally at temperatures below 300°C and pressure

below 2 x 10° Pa, depending on the hydrogen concentration in the metal. Since the

lattice constant of the B-phase is larger than that of the a-phase, the phase transition



leads to lattice strain and distortion of the metal lattice, known as embrittlement.
Thus, it is necessary to operate a pure palladium membrane at temperature above
300°C to avoid this phenomenon. In order to minimize the hydrogen embrittlement
problem, alloying palladium with other metal such as Ag or Cu will lower the critical

temperature for the phase transformation.

Low pressure

(1) Adsorption

(2) Dissociation
(3) Ionization

(4) Diffusion

(5) Recombination
(6) Desorption

Figure 2.1 Schematic hydrogen permeation in palladium membranes. [8§]

Assuming that the rate limiting step of hydrogen permeation is controlled by
the hydrogen diffusion through the bulk palladium layer, the hydrogen flux can be
expressed by the Fick’s first law,

1=-DF=2(Cp-Cpr) [7 2.2)

In equation 2.2, J is the hydrogen permeation flux, m*/m?.s or mol/m*s™. D is
the diffusivity of the hydrogen in the palladium membrane (m*/s'). | is the thickness
of the membrane (m). C is the hydrogen concentrations. Subscripts HP and LP
designate the high and low pressure sides of the membrane (mol/m?). The hydrogen

concentrations can be expressed as,



C=ky [9] (2.3)

where K is the hydrogen concentration constant (mol/m3) and 1 is the atomic H/Pd
ratio. At very low concentrations of hydrogen, n is linearly dependent on the square
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root of the partial pressure of hydrogen, C ~ kp™, a good approximation outside the

immiscibility region. Equation 2.1 then reduces to
kD
J= I—(P.iéz ~P%) [6] (2.4)

Both k and D are functions of temperature and kD is the permeability. It is often
difficult to accurately determine the membrane thickness (I). P = KkD/I

(k.mole/mzs.Pal/2

) defined as the permeance is frequently used. However, the
exponent of the pressure is not 1/2 due to factors such as the non-linearity of the P**-
C isotherm, surface reaction and existence of significant mass transfer resistances and
diffusion through the palladium bulk. Therefore, Equation 2.4 can be expressed in a

general form as,
J=P(P} -P}) [6] 2.5)
where 1> n < 1/2, For the Sieverts’ law, n = 1/2.

2.2 Diffusion in Solids

Diffusion is the phenomenon of material transport by atomic motion. The
atoms move from one lattice site to another in a stepwise manner. Two conditions
are to be met: first, an empty adjacent site and second, sufficient energy to break
bonds and cause lattice distortions during displacement. If two pieces of different
metals are joined together for example, Cu and Ni in Figure 2.2, which illustrates the
schematic atom positions and composition across the interface when the Cu/Ni

composite is heated for a long time (but below their melting points). The results



indicated that Cu atoms have migrated or diffused into Ni, and that Ni has diffused

into Cu.

Initially After some time
Cu Cu Ni

100% 100%

Position Position

Figure 2.2 Cu-Ni diffusion before and after a high temperature heat treatment. [10]
2.2.1 Mechanisms of diffusion

One type of diffusion involves the exchange of an atom from its normal lattice
position to an adjacent vacant lattice site or vacancy. This is known as “substitutional”
or “vacancy diffusion” as shown in Figure 2.3. This process requires the presence of

vacancies, and vacancy diffusion depends on the extent of vacancies in the material.

The second type of diffusion involves atoms that migrate from an “interstitial”
or “in-between” position to a neighboring one that is empty. This occurs with the
infusion of impurities such as hydrogen or carbon, which have atoms that are small
enough to fit into the interstitial positions as shown in Figure 2.4. Typically,

interstitial diffusion is much faster than vacancy diffusion.


http://www.soton.ac.uk/~engmats/xtal/diffusion/glossary.html#vacancydiffes

Vacancy diffusion: a host or substitution atom exchanges
places with a vacancy

Before jump After jump

QOO0 O0O00O
00O O O
OO 0O 0000
O OO OO0

Figure 2.3 Schematic illustration of vacancy diffusion. [11]

Interstitial diffusion: an interstitial atom jumps into an adjacent
unoccupied interstice

Before jump After jump

G0 O OO0
0 0 OO0
00O 00O

Figure 2.4 Schematic illustration of interstitial diffusion. [11]




2.2.2 Steady-state diffusion

Diffusion is a time-dependent process; the quantity of an element that is
transported within another is a function of time. It is necessary to know how fast it
occurs, or the rate of mass transfer. This rate is known as the diffusion flux (J) and is
defined as the mass (M) diffusing through a unit cross-sectional area of solid per unit

of time. This may be represented as [12],

M

J=—
AT

(2.6)

where A is the area across which diffusion is occurring, and T is the elapsed diffusion
time. In Figure 2.5, the diffusion flux (Jx) does not change with time, a steady state

condition exists, and this is called “steady-state diffusion".

Js (left) Jx (l‘ight)

Figure 2.5 Schematic illustration of steady state diffusion. [12]

2.2.3 Non-steady state diffusion

Generally, most diffusion situations are non-steady state. The diffusion flux
and concentration gradient varies with time. This is illustrated in Figure 2.6, which
shows the concentration profiles at three different diffusion times, the following

assumptions are,

e Atoms in the solid are uniformly distributed with the concentration of

Cy before diffusion.
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e The value of x at the surface is zero and increases with the distance

into the solid.

e Before the diffusion process begins, the time is taken to be zero.

Position

Fig. 2.6 Concentration profiles for nonsteady-state diffusion taken at three different

times. [13]

This means that the last equation we used is no longer valid. In these situations
an equation known as Fick's First Law is used. The law states that the rate of

diffusion, or flux (J) of a species is proportional to the concentration gradient, 0C/0x:

oC
J=-D— [11] 2.7

where D is the diffusivity or coefficient of diffusion. For atomic diffusion the units

are,
J (atoms m™~s™)
D (m*s™)
dC/ox (atoms m™)

and the Fick’s second Law is used [11]:

ot ox’ (2.8)


http://www.soton.ac.uk/~engmats/xtal/diffusion/glossary.html#ficks
http://www.matter.org.uk/glossary/diffusivity.html
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2.3 Zr-based Intermetallic Diffusion Barriers
2.3.1 Zirconium

Zirconium (Zr) is a transition metal that resembles titanium. It has two stable
crystal structures, hexagonal at T < 860°C and body-centered cubic at T > 860°C.
These two structures are shown in Figure 2.7. The melting point of zirconium is
1,855°C [14]. Zirconium can easily react with oxygen forming a thin coating of
zirconium oxide on its surface [15]. This coating protects the metal from further
oxidation because zirconium is an excellent resistance to corrosion by acids and other
chemicals. Due to its resistant quality, Zr is typically used as an alloying agent in
materials which are exposed to corrosive agents i.e., surgical appliances, filaments

and explosive primers.

O
©_0O0_0O © ©O

o
S 8 o O
P o o o
©O O O
© O © O

Figure 2.7 Schematic Zr crystal structures (a) hexagonal and (b) body-centered cubic.

[16]
2.3.2 Zirconium oxide (ZrQ,)
Zirconium oxide (ZrO;) has a monoclinic crystal structure at room temperature

and undergoes transition to tetragonal and cubic at increasing temperatures. These

three structures are shown in Figure 2.8. [17] It has a high melting point of 2700° C.


http://en.wikipedia.org/wiki/Transition_metal
http://en.wikipedia.org/wiki/Titanium
http://en.wikipedia.org/wiki/Monoclinic
http://en.wikipedia.org/wiki/Crystal_structure
http://en.wikipedia.org/wiki/Tetragonal
http://en.wikipedia.org/wiki/Cubic_crystal_system
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Zirconia films exhibit low thermal conductivity, relatively high dielectric constant,
high refractive index, high transparency in the visible and near-infrared region [18],
extreme chemical inertness, and a high laser damage threshold. It has been used in a
variety of applications, such as: thermal barrier coatings, optical filters, laser mirrors,
and alternative gate dielectrics in microelectronics [19]. Moreover, the stabilized
cubic zirconia is a good oxygen conductor and has been used for high temperature

oxygen separation, oxygen sensors, and fuel cells.

Figure 2.8 Schematic ZrO, crystal structures (a) cubic (b) tetragonal and (c)

monoclinic. [20]

2.3.3 Zirconium nitride (ZrN)

Zirconium nitride belongs to the fourth-column transition metal mononitride,
which includes titanium and hafnium nitride. The only stable compound is ZrN of
NaCl structure and stoichiometric ratio of nearly 1:1 with gold-like color. The crystal
structure is shown in Figure 2.9. [21] It has various applications such as hard coating,
diffusion barriers in semiconductor technology, decorative coatings and protective
coatings in cutting tools due to its excellent properties such as high hardness,

chemical stability, thermal stability and high melting point of 2982°C [22].
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Figure 2.9 Schematic NaCl type structure of ZrN. [23]

2.4 Deposition Techniques

2.4.1 Sputter deposition technique

Sputtering is one of the commonly utilized depositions of thin films. It is a
physical vapor deposition where material is physically removed by energetic ion
bombardment. If the bombarding energy overcomes the surface binding energy, the
material atoms are ejected to form a film on a substrate. There are simply energy and

momentum exchange between ions and atoms of materials.

2.4.2 Dc magnetron sputtering

Direct current (dc) sputtering has become a preferred method for metal
deposition. It provides high deposition rate and uniform coverage. A typical dc
magnetron sputtering system is shown in Figure 2.10. In the operation, target is
termed as the source of coating material, connected to the negative side of the direct
current power supply, referred to as the cathode. The target is mounted opposite the
substrate in a vacuum chamber which is evacuated to low base pressure and then
energetic particle or sputtering gas, typically Ar gas is introduced into the chamber.
To initiate positive ion bombardment, a negative potential is applied to the target

while the substrate is grounded and Ar gas is continued to flow to establish a glow
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discharge. [24] When the ions collide with surface of the target, the phenomena in

Figure 2.11 may occur.

Figure 2.10 Basic features of a dc sputter deposition system. [25]

Figure 2.11 Interactions of ions with surfaces. [26]
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a) The ion may be reflected, probably being neutralized in the process.

b) The impact of the ions may cause the target to eject an electron,
usually referred to as a secondary electron.

c) The ion may become buried in the target. This is the phenomenon of
ion implantation.

d) The ion impact may also be responsible for some structural
rearrangements in the target material.

e) The ion impact may set up a series of collisions between atoms of the

target, possibly leading to the ejection of one of these atoms. [26]

The average number of the atoms ejected from the surface per incident ion is
called the sputtering yield (S). It depends on many factors, such as the mass and the
energy of the incident particles, the mass and the binding energy of the sputtered
atoms, the crystallinity of the target, etc.

To increase the ionization rate even further by emission of secondary
electrons, a ring magnet below the target is used in the dc magnetron sputtering. The
electrons in its field are trapped in cycloids and circulate over the targets surface. By
the longer dwell time in the gas, they cause a higher ionization probability and hence
form a plasma ignition at pressures, which can be up to one hundred times smaller
than for conventional sputtering. On the other hand, less collision occurs for the
sputtered material on the way to the substrate because of the lower pressure and hence
the kinetic energy at the impact on the substrate is higher. The electron density
resulted in the number highest of generated ions, where the magnetic field is parallel
to the substrate surface. The highest sputter yield happens on the target area right
below this region. An erosion zone is formed which follows the form of the magnetic
field. The bombardment of a non-conducting target with positive ions would lead to
charging of the surface and subsequently to a shielding of the electrical field. The ion
current would die off. [24] Therefore, the dc-sputtering is restricted to conducting

materials like metals or doped semiconductors.
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2.4.3 Reactive sputtering

Reactive sputtering is the method in which thin films of compounds are
deposited on substrates by sputtering from metallic targets using both the inert
working gas and a reactive gas. The sputtering gases are required to be able to form
such a film. Generally, a mixture between an inert gas and a reactive gas, such as N,
O, and H5S, can be used in the process. [27] The reactive gas could combine with the
metal by chemical reactions in three ways (a) at the surface of the target, (b) in the
space between the target and the substrate or (c¢) on the surface of the substrate, as

shown in Figure 2.12.

b
Do d e

Lo

Substrate Substrate

(a) (b)

Figure 2.12 Three mechanisms for reactive sputter deposition: (a) at the target, (b) in

the plasma volume, and (c) at the substrate.

The first mechanism gives the possibility to alter compound stoichiometry in
sputtering from a compound target or to deposit a compound film from a metallic
target. A typical behavior of reactive sputtering upon increasing the content of
reactive gas in the gas mixture is the increasing compound coverage of the active
target surface. The compound material on the surface is then sputtered away from the
surface instead of the pure metal. This will change the deposition process and require
an optimization of the process parameters since the compound usually have low

sputtering rate.
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2.4.4 Electroless plating

Electroless plating is a chemical reduction process in an aqueous solution, also
known as chemical or auto-catalytic plating. Electroless deposition differs from
electrolytic deposition in that no external supply of electrons (such as from a rectifier)
are required. Electrolytic deposition requires the use of an externally connected DC
rectifier, which supplies electrons for metal reduction at the cathode surface.
Electroless deposition utilizes a chemical reducing agent that supplies electrons for
metal deposition at a catalytic surface. The method consists of the spontaneous
reduction of a metal (for example copper or silver) from a solution of its salt, e.g.
Cu(II) or Ag(I). A reducing agent, a chemical which acts as the source of the electrons
is required. The electroless deposition is particularly useful because a surface that
clearly acts as a catalyst to allow the deposition to proceed is also necessary. This
means that deposition is specific and, to some extent, can be controlled. The technique
is used to deposit metallic coatings on various types of surface. The advantages of
electroless plating are uniformity of the deposits, even on complex shapes. The most

common electroless plating method is electroless nickel plating.

2.5 Characterization of Thin Films

2.5.1 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) techniques are well developed for the
characterization of crystallinity in materials such as metals, ceramics, polymers and
other inorganic and organic compounds. This method reveals a sample’s crystallinity
through characteristic interference patterns obtained from the phase difference
between the X-ray photons scattered at each individual lattice plane. The position,
shape and intensity of these reflection peaks provide detailed information about the
structural properties of the sample on an atomic scale. Figure 2.13 shows the
condition for constructive interference from two parallel beams diffracted elastically

by parallel crystal planes with distance dpy apart and is given by [28]


http://en.wikipedia.org/wiki/Aqueous_solution
http://en.wikipedia.org/wiki/Catalytic
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nA =2dsin0 (2.8)

where 0 is the angle of the lattice planes with respect to the incident X-ray beam of
wavelength A. Equation 2.8 is referred as Bragg’s equation after W.L. Bragg. Thus,
only planes parallel to the thin film surface can be detected. In order to detect a family
of crystal planes (hkl), the line perpendicular to them and the incident and reflected
X-ray beams must be on the same plane, thus satisfying equation (2.9) for cubic
crystal structure. Therefore, 0 is the experimental diffraction angle and d is the
distance between the planes of the (hkl) family. Specifically, the d-spacing can be

found from the relation [28],

a

G = Jh?+12 1)

(2.9)

where a is the lattice constant.

X-rays

S O—0 O O
N
O O O O S O P O O
oo
O O O O O » O O O
O O O O O O O0—<O O

Figure 2.13 A schematic representation of Bragg diffraction at crystal planes with

inner planar spacing dy. [28]
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2.5.2 Scanning electron microscopy with energy dispersive x-ray analysis

Scanning Electron Microscopy (SEM) is a high resolution imaging
microscopic technique that uses electrons instead of light to form an image. It has
many advantages over traditional microscopes such as a large depth of field, which
allows more of a specimen to be in focus at one time, higher resolution, so that closely
spaced specimens can be magnified at much higher levels. All of these advantages, as
well as the actual strikingly clear images, make the scanning electron microscope one

of the most useful instruments in research today.

For analytical electron microscope, a solid specimen is bombarded in vacuum
by a primary electron beam. Once the beam hits the sample and then creates various
signals, for example, secondary electrons, backscattered electrons, transmitted
electrons, X-rays and Auger electrons, as shown in Figure 2.14. Detectors collect
these X-rays, backscattered electrons, and secondary electrons and convert them into

a signal that is sent to a screen. This produces the final image.

Incident Beam
X-ray Primary backscattered electrons

Auger electron Secondary electrons

Transmitted electrons

Figure 2.14 Photon and charged particle emission from an electron-bombarded

surface. [29]

Energy dispersive X-ray analysis (EDS or EDX) is an analytical technique

used to determine the composition of the specimens. EDS system works as an
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integrated feature of the SEM technique which utilizes X-rays that are emitted from

the specimen when bombarded by the electron beam.

During EDX analysis, the specimen is bombarded with an electron beam
inside the SEM. Those electrons collide with the specimen’s own electrons, knocking
some of them from the atoms on the specimens’ surface. A resulting electron vacancy
is filled by an electron from a higher shell. When the electron is displaced, it gives up
some of its energy by emitting an X-ray. Each element releases X-rays with unique
amounts of energy during the transfer process. The EDS X-ray detector measures the

relative abundance of emitted x-rays versus their energy.

2.6 Literature Survey

In 2007, Deshin Gan et al. [30] deposited nanocrystalline Zr thin films by
radio frequency (rf) ion beam sputtering on the surface of NaCl single crystal slabs
and glass substrate for subsequent annealing in air at 100, 150, 250, 350, 450, 500,
and 750 oC for 1 h. The phases present were identified by Transmission electron
mircroscopy (TEM) and the chemical composition was determined by Energy
dispersive X-ray (EDX) analysis. The as-deposited films were nanometer-size (o-
Zr+7r0, a-Zr+Zr0, c-ZrO,, ¢-Zr0;, c-+t-Zr0,, t-ZrO,, and t-+m-ZrO,) assemblages
and the optimized temperature for the formation of t-ZrO, is between 350 and 500 °C
for 1 h in air. They indicated that the thin films had a drastic change from dark to opal
translucent color when annealing temperature was increased from 300 to 350 °C.
When annealing above 350°C for 1 hour the film became translucent because oxygen

deficient c-ZrO, undergoes transition to stoichiometric c- and/or t-ZrO,.

In 2008, Lin et al. [31] prepared palladium membrane via electroless plating
technique on porous stainless steel (PSS) disks with two intermediate layers. Metal
oxide layer was formed by oxidizing the PSS surface and Yttria-stabilized zirconia
(YSZ) layer was formed by sol-gel method. They reported that the effectiveness of
intermediate layer to prevent intermetallic diffusion was a key factor for application

of palladium membranes on PSS support. The results indicated that the PSS support
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with oxide layer had a high permeation resistance and a rougher surface, leading to a
thicker of palladium layer. Thus, palladium membrane on the PSS support with an
oxide layer had lower hydrogen permeance than the YSZ layer. Both intermetallic
diffusion barriers are effective at high temperature range of 773-873 K. At
temperature above 873 K, only YSZ intermediate layer was effective in terms of
preventing intermetallic diffusion and yielded a stable palladium membrane. While
palladium membrane on PSS support with oxide layer was less effective due to the

reduction of metal oxides in hydrogen ambient.

In 2008, Huang et al. [32] studied the effects of nitrogen flow rate on the
microstructure, composition and electrical properties of ZrNy. In their work, ZrNy thin
films were deposited onto Si wafer which coated with SiO, layer by DC magnetron
sputtering from a Zr target (99.7%). The nitrogen flow rate was varied from 0 to 5
SCCM. The working pressure and a flow rate of Ar were maintained at 0.27 Pa and
40 SCCM, respectively. The substrate was not heated during the deposition process.
The results indicated that the ZrNy films were crystallized in NaCl type structure and
showed near-stoichiometric composition at nitrogen flow rate of 3 SCCM. In
addition, they found that the residual oxygen atoms in the ZrNy films may possibly
substitute the nitrogen atoms or occupy the interstitial positions in the ZrN lattice,

causing the near-stoichiometric composition.

In 2006, Huang et al. [33] studied the effect of nitrogen flow rate (ranging
from 5 to 35 SCCM) on the N/Zr ratio, structure and mechanical properties of the ZrN
films. They found that the nitrogen flow rate had direct effects on N/Zr ratio, packing
factor and grain size of the ZrN film. The N/Zr ratio and grain size increased with
increasing nitrogen flow rate. The films were deposited on 304 stainless steel and Si
substrate. Atomic force microscopy (AFM) indicated that the surface of the deposited
film on 304 stainless steel substrate is rougher than that on the Si substrate. The 304
stainless steel substrate attracts more Zr ions than Si substrate, owing to higher
electrical conductivity and surface rougher. This lead to higher deposition rate for the

ZrN deposited film on 304 stainless steel.
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In 2002, Takeyama et al. [34] prepared a thin nano-crystalline ZrN film using
a thermally stable thin diffusion barrier in Cu/Si contacts. A ZrN layer was deposited
onto Si(100) wafer by reactive sputtering of a Zr target in the mixture gas of Ar and
(30%) Ny, and substrate temperature of 400°C. The Cu/ZrN/Si contacts with a 100 nm
thick barrier tolerated annealing at 800°C for 1 h without structure change. The

barrier was thermally stable at temperature up to 600°C or higher.

In 2006, Devia et al. [22] reported that thin films of TiN and ZrN were grown
on 316L stainless steel substrate using the pulsed cathodic arc technique with
different number of discharges (one to five discharges). The coatings were
characterized in terms of crystalline structure, microstructure, elementary chemical
composition and stoichiometry by X-ray diffraction (XRD), atomic force microscopy
(AFM) and X-ray photoelectron spectroscopy for chemical analyses (XPS),
respectively. The XRD results showed that for both TiN and ZrN, the preferential
direction occurred in the (200) plane and this observation still remained even when
the number of discharges was increased. The grain size was increased with increasing
the number of discharges for both nitrides. The TiN film was rougher than the ZrN
film. XPS analysis showed that there was higher percentage of nitrogen present in the

ZrN film than in the TiN film.

In 2005, Lee et al. [35] fabricated pinhole-free Pd/Ni alloy composite
membrane with a diffusion barrier on porous stainless steel supports by vacuum
electrodeposition. To improve the structural stability of Pd alloy/Ni 316L stainless
steel composite membrane, they prepared a thin intermediate layer of TiN by a
sputtering method. The TiN thin film was introduced as a diffusion barrier between
the Pd/Ni layer and stainless steel substrate. The results suggested that the Pd/Ni layer
and alloy composite membrane with a diffusion barrier of TiN yielded a high
separation performance for hydrogen and showed very good stability under the

mixture gas of 50% H; and 50% N, for an operation time of more than 60 days.
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In 2009, Zahedi et al. [36] prepared a palladium membrane by electroless
plating on the surface of a porous stainless steel disk. They modified the disk surface
with WOs; to prevent metal penetration into palladium layer and obtain a membrane
with nano-sized pores. The prepared membrane has very smooth, flat and dense with
a thickness of about 12 um. For hydrogen permeation behavior they measured the
permeability at the temperatures of 723, 773 and 823 K. The composite membrane
was found to be stable and yielded high hydrogen permeability at high temperature.

In 2005, Lin et al. [37] studied electoless plating synthesis of Pd-Cu alloy
films on PSS support modified with palladium seeded ZrO, layer. This intermediate
layer served as an intermetallic diffusion barrier that improved the membrane
stability. For electroless plating process, they found that the excessive amount of
hydrazine hydrate resulted in precipitation of a great deal of palladium powders in the
plating bath. To prevent this phenomenon, several divided hydrazine hydrate batches
was added into the plating bath during electroless plating. Pds4sCuss/ZrO, PSS
composite membranes were found to exhibit no nitrogen permeation flux with H,

permeation of 1.1 x 10”7 mol/m’s Pa at 753 K.



CHAPTER III

EXPERIMENTAL

3.1 Materials, Equipments and Instruments

3.1.1 Materials

Porous and non-porous stainless steel grade 316L., Mott Corporation
Quartz wool, Alltech

Argon gas, 99.999%, Bangkok Industrial Gas

Nitrogen gas, 99.999%, Bangkok Industrial Gas

Helium gas, 99.99%, Bangkok Industrial Gas

Hydrogen gas 99.95% , Bangkok Industrial Gas

AU o

Zr-Target, Kurt J. Lesker
3.1.2 Chemicals
3.1.2.1 Chemicals for cleaning process
Detergent
. Trichloroethylene (C,HCl;), Ajax Finechem

1

2

3. Iso-propanol (C3H;OH), Carlo Erba
4. Acetone (OC(CH3),), from J.T Baker

3.1.2.2 Chemicals for surface activation
1. Tin (IT) chloride dehydrate (SnCl,.2H,0), 98% , Carlo Erba

2. Hydrocloric (HCI, 37% concentrated), JT. Baker
3. Palladium (II) chloride (PdCl,), 99.9% , Alfa Aesar
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3.1.2.3 Chemicals for electroless deposition

1. Tetra ammine palladium (II) chloride monohydrate (Pd(NH3)4Cl,.H20,
(98%), Alfa Aesar

2. Disodium ethylenediaminetetraacetrate (Na,EDTA), 99.5%, Carlo Erba

3. Hydrazine anhydrous (N;Hy), 99.5% , Aldrich

3.1.3 Equipments
1. Furnace reactor, Lenton

2. Digital flow meter, Altech

3. Plasma sputtering chamber, in-house Photonic Technology Laboratory

3.1.4 Instruments

1. Scanning electron microscope (SEM), JEOL model JISM-5800LV with
Energy Dispersive Spectrometer (EDS)
2. X-ray diffractometer (XRD), Bruker AXS, Germany Model D8 Advance
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3.2 Experimental Procedures

3.2.1 Preparation of stainless steel supports

316L stainless steel sheets, Icm x 1 cm x 0.1 cm, were used as support
materials in this work, compose of (wt %): Fe 62.0-72.0%, Cr 16.0-18.0%, Ni 10.0-
14.0% , Si 0.75%, Mn 2.0%, P 0.045%, S 0.03%, Mo 2.0-3.0% and N 0.10%. The
supports were mechanical polished with silicon carbide papers and ultrasonically
cleaned in 25 ml of trichloroethylene (TCE), acetone, isopropanol and DI water,
respectively. Then, the supports were blow dried before positioned into a vacuum

chamber.

3.2.2 Preparation of intermetallic diffusion barriers

High purity Zr disk with 3 inch diameter was used as a target to deposit Zr and
ZrN thin films on 316L stainless steel supports by dc magnetron sputter deposition.
Before deposition, the chamber was evacuated to low base pressure by a
turbomolecular pump to avoid contamination during deposition process. The distance
between target and substrate was 7 cm for both films. The supports were pre-sputtered
in order to remove the oxide layer on the surface before growing films. The
deposition was done at room temperature without using additional heater. For Zr thin
film, the working pressure of Ar was maintained at 3 x10” mbar with flow rate of 4.0
sccm. The as-deposited Zr film was annealed in air with varying temperature from
400-600°C for 1 hour to find the suitable condition to form ZrO, film. ZrN thin film
was produced by reactive dc magnetron sputtering in a gas mixture of N»(g) and
Ar(g). To optimize N, flow rate, the Ar flow rate was fixed at 4 sccm and the N, flow
rate was varied from 1-3 sccm. Normally, the sputter deposition of pure metal can be
done by using an inert gas, such as argon (Ar). For a compound thin film, as in this
work; ZrN, chemical reaction between the target material and the sputtering gas are
required to be able to form such a film. This process in sputtering is called reactive
sputter deposition [38]. Thus, the deposition conditions for both films are different.

The coatings of Zr-based films were characterized by XRD and SEM for phase
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structure and surface morphology, respectively. The deposition parameters used in the
process are summarized in table 3.1 and the schematic dc magnetron sputter

deposition system is shown in Figure 3.1.

Table 3.1 Deposition condition [40]

Parameter Zr film ZrN film
Substrate to target distance 7 cm 7 cm
Base pressure 1 x 10° mbar 6 x 10° mbar
Total gas pressure 3 x10” mbar 2.7 x10” mbar
Argon flow rate 4 sccm 4 sccm
Nitrogen flow rate - 1-3 sccm
Magnetron Voltage 350V 415V
Magnetron Current 350 mA 700 mA
Power consumption 122.5 W 290.5 W
Deposition time 5-60 min 7.5-60 min
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&——— Sputtering target

&——— Substrate

(2)

(b)

Figure 3.1 DC magnetron sputter deposition system (a) and Single-head Magnetron
sputtering system (b).
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3.2.3 Preparation of palladium membrane

Prior to electroless plating deposition, the prepared support was cleaned
(section 3.2.1) and dried at 120°C for 3 hours. After the cleaning step, the surface of
the support was first activated to seed palladium nuclei, initiating the autocatalytic

process during electroless plating.
3.2.3.1 Surface activation
Surface activation solutions, including tin chloride (SnCl,) solution, palladium
chloride (PdCl,) solution and hydrochloric solution 0.01 M (HCI) were prepared as
follow,
e Preparation of SnCl, solution
In to 1 L volumetric flask, add approximately 200 mL DI, 1 mL 10 M
(concentrated,~37%) HCI, 1 g SnCl,.H,O and shake gently to dissolve. Then, make
up to 1 L with DI water.
e Preparation of PdCl, solution
In to 1 L volumetric flask, add approximately 200 mL DI water, 1 mL 10 M
(concentrated,~37%) HCI, 0.1 g PdCl,, and heat up to ~ 60°C, stirring until dissolved
(usually for approximately half an hour). Then, make up to 1 L with DI water.

e Preparation of 0.01 M HCI solution

In to 250 mL volumetric flask, add approximately 250 mL DI water, 1 mL 10
M (concentrated,~37%) HCI and make up to 1 L with DI water.
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The surface activation process includes immersing the prepared support in
SnCl; solution, DI water and PdCl; solution. Then, rinsing the activated support with
0.01 M to remove any trace amount of tin compounds on the surface and finally,
rinsing in DI water. This cycle was repeated at least six times. After activation, the
surface activated supports were dried at 120°C for 3 hours. A perfectly activated
surface was smooth and dark-brown in color. The process of surface activation steps

were summarized as follow,

Immersing in SnCl, solution for 5 minutes

!

Rising in DI water for 2 minutes (beaker 1) and 3 minutes (beaker 2)

!

Immersing in PdCI, solution for 5 minutes

|

Dipping in 0.01 M HCI for 2 minutes

!

Soaking in DI water for 2 minutes

!

Activated stainless steel surface
3.2.3.2 Palladium electroless plating
Following the surface activation, the supports were plated with palladium
membrane by the electroless plating deposition as shown in Figure 3.2. The plating
solution and 1 M hydrazine (N,H,) solution were prepared as follow,
e Preparation of plating solution
In to 200 mL volumetric flask, add approximately 200 mL DI water, 198 mL

NH4OH, 4 g Pd(NHj3)4Cl, and shake gently to dissolve. Then, add 40.1 g Na,EDTA

and shake gently to dissolve, and make up to 1 L with DI water.
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e Preparation of 1M hydrazine (N,Hy) solution

In to 25 mL volumetric flask, add approximately 10 mL DI water, 0.80 mL
pure, anhydrous (98%) N,H, and make up to 25 mL using DI water

The plating solution was prepared at least one day prior to deposition to
form stable metal complexes. The temperature of the plating bath was gradually
increased to 60°C and hydrazine reducing agent was added just prior to immersion of

the supports. The plating solution was renewed every 90 minutes.

Thermometer

A

v

Cork rubber

Samples

v

Water bath

A

v

Plating solution

Figure 3.2 Palladium plating deposition.

3.2.4 Intermetallic diffusion characterization

In order to investigate the effectiveness in reducing the intermetallic diffusion
of the diffusion barriers, the specimens of palladium membranes with and without
diffusion barriers were heated in helium atmosphere with a ramp rate of 4 °C/minute.
When the temperature reached 600°C, they were then heated in pure hydrogen. After
annealing in hydrogen for 24 hours, the membranes were cooled down to 400°C, in

helium before further cooling down to room temperature in order to prevent hydrogen
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embrittlement in membranes [39]. The cross-sectional annealed specimens were then
prepared for SEM-EDS investigation by mounting with phenolic resin powder, curing
at 180°C and applying 30 kN of compression force in a Smithells II mounting press.
Grinding and polishing were done on Metaserv 2000 grinder-polisher. The grinding
was also carried out with SiC paper of 300, 600, 800, 1200 and 2000 grit. Polishing
was done with a suspension of 3 um-grade diamond. Surface characterizations were
performed using Scanning Electron Microscope (SEM) (JEOL model JSM 5800LV)
equipped with Electro Dispersive Spectrometer (EDS) for both qualitative and

quantitative analyses.

3.2.5 Hydrogen permeation testing

The most effective film of each diffusion barrier in reducing intermetallic
diffusion was selected for hydrogen permeation testing. Disk-shaped 316L porous
stainless steel with a thickness of 1 mm and an average pore size of 0.2 um was used
as the substrate. The palladium membranes with and without the Zr-based
intermetallic diffusion barriers were subjected to helium flux measurement until no
more helium flux was detected from the outlet of the permeation cell, indicating that
palladium membranes were dense and covered completely on the porous stainless
steel area. The permeation for all runs was done under atmospheric pressure. The
dense palladium membrane disk was heated in helium at a rate of about 4°C/min
before subjecting to hydrogen at 350°C. Dense palladium membranes should not
allow helium permeation through the permeation cell, shown in Figure 3.3. The
pressure of the feed gas was monitored at 1-3 atm and the temperature of the reactor
was varied from 350 to 500°C. The gas permeation rate was measured by a soap-
bubble capillary flow meter. The diagram of apparatus set up for hydrogen

permeation flux testing was shown in Figure 3.4.
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Feed gas Retensate flow

c Graphite Gasket
<> Membrane
&> Graphite Gasket

Permeate gas

Figure 3.3 The permeation cell

M

Figure 3.4 The gas permeation set up

1. Digital flow meter 2. Furnace 3. Permeation cell

4. Pressure gauge 5.Gas controller 6. Gas cylinder



CHAPTER 1V

RESULTS AND DISCUSSION

4.1 Preparation of Stainless Steel Substrate

316L nonporous stainless steel supports were preliminary polished to obtain
the smooth surface for coating. Figure 4.1 shows SEM micrographs of nonporous
stainless steel surface before and after polishing. It is evident that the surface becomes
smoother after polishing. However, the unpolished porous stainless steel supports was
applied due to their uniform pore size and smooth surface as shown in Figure 4.2 and
the polishing could change their pore structure. Before thin film deposition, the
supports were cleaned thoroughly to remove grease, oil, dirt, corrosion products and
others, existing on the surface. Without this step, the films could not be successfully

deposited.

(b)

Figure 4.1 SEM micrographs of surface morphology of nonporous stainless steel (a)

before and (b) after polishing.
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Figure 4.2 SEM micrograph of surface morphology of porous stainless steel without

polishing.

4.2 Preparation and Characterization of Intermetallic Diffusion Barriers

4.2.1 Zr thin film

By magnetron sputtering, a typical thin film deposition method, giving layers
of a few microns thick, the Zr thin films obtained were uniform, in color of silver with
smooth surface as shown in Figure 4.3. Thus the layers are so thin that they do not
change the macroscopic roughness of the support. Figure 4.4 shows cross-sectional
SEM image of 0.17 pm, Zr thin film obtained from 5 minutes deposition time. The
thickness of the deposited films (0.17 to 2 pm) was found to increase linearly with the
deposition time as shown in Figure 4.5. The X-ray diffraction patterns of (a) 316 L
stainless steel support and (b) Zr thin films on 316L stainless steel were shown in
Figure 4.6. The Zr films exhibit dominant peaks of Zr(002) and Zr(100) planes with
very small peaks of Zr(200) and Zr(004) planes of a hexagonal structure [40,41].
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(b)

Figure 4.3 SEM micrographs of surface morphology of Zr thin film deposited on (a)

nonporous stainless steel and (b) porous stainless steel.

Figure 4.4 Cross-sectional SEM image of the Zr thin film with deposition time 5

minutes.
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Figure 4.5 Film thickness as a function for deposition time of Zr thin films.
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Figure 4.6 XRD patterns of Zr thin film on 316L stainless steel substrate.
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4.2.2 ZrO, thin film

ZrO, thin films have been deposited by various techniques [17, 18, 42, 43].
Reactive magnetron sputtering has offered good control over deposition rate and film
composition, and minimizes target poisoning. However, this technique gives
relatively low deposition rate of oxide thin films. It was found that, nanocrystalline Zr
could be easily oxidized in air yielding an only stable form of zirconium oxide,
namely ZrO, [18]. Therefore, to obtain thicker film, the zirconium films were

annealed in air.

Zr thin films were prepared on glass slides and 316L stainless steel supports
and annealed in air at 400, 500 and 600°C for 1 hour. At 400°C, the thin films
changed from dark to opal translucent because not all of Zr metal combined with
oxygen at the surface. However, the films became transparent after annealing at 500
and 600°C, indicating that ZrO, was formed on the surface, confirmed by x-ray
diffraction. The XRD patterns in Figure 4.7 of (a) 316 L stainless steel support, (b),
ZrO; thin films on 316L stainless steel annealed at 400°C show peak broadening of
monoclinic phase ZrOz(l_l 1)m, and strong hexagonal phases, Zr(002) and Zr(100). For
(c) and (d), ZrO, thin films on 316L stainless steel annealed at 500 and 600°C showed
the monoclinic phase of ZrO,(111)y [43] which dominates with high intensity and
small peaks of tetragonal phases, ZrO,(101)t and ZrO,(002)r. It is evident that at 500
and 600°C the samples were crystallized in a mixture of monoclinic and tetragonal
phases. The oxidized films became transparent at 500 and 600°C with the maximum
thickness of 0.5 pum as shown in Figure 4.8. However, after annealing in air to 600°C,
film cracking and delaminating occurred as shown in Figure 4.9. F.Martin et al. [43]
also found that the films annealed at 600°C cracked and peeled off from the substrate.
These phenomena were not due to lattice mismatch of ZrO, on the stainless steel but
due to the growth of an interfacial oxide layer from the stainless steel at the interface.
Therefore, ZrO, thin films were prepared by annealing at 500°C for 1 hour in air to

prepare ZrO, thin films.
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Figure 4.7 XRD patterns of ZrO; thin film on 316L stainless steel substrate at various

annealing temperature.

(2) (b)

Figure 4.8 ZrO, thin films on glass substrates (a) before and (b) after annealing in air

at 500°C for 1 hour.
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(2) (b)

Figure 4.9 ZrO; thin film on stainless substrates (a) before and (b) after annealed in

air at 600°C for 1 hour.

Figure 4.10 shows EDS spectrum for an elemental analysis of the prepared
ZrO, thin film yielding the atomic percent Zr:O of 33.91:66.09, close to 1:2,
confirming the formation of ZrO; thin films. The ZrO, thin films deposited on porous

and nonporous stainless steel have uniform and smooth surface as shown in Figure

4.11.

Figure 4.10 EDS spectrum of ZrO; thin film.
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(a) (b)

Figure 4.11 ZrO, thin film deposited on (a) nonporous stainless steel and (b) porous

stainless steel.

4.2.3 ZrN thin film

XRD patterns of the deposited ZrN films at nitrogen flow rates of 1-3 sccm
were shown in Figure 4.12. It can be seen that all specimens have (111) and (311)
preferred orientations. An additional crystallographic plane, (200) can be found at N,
flow rate of 2 and 3 sccm. All diffraction peaks pertain to crystal planes of ZrN phase
with NaCl-type structure. [44] Table 4.1 summaries the composition of ZrN films at
different flow rates. The deposited film obtained from nitrogen flow rate of 1 sccm
had grey color with non-stoichiometric N/Zr ratio of 0.58. Lighter gold color with
near-stoichiometric N/Zr ratio of 1.04 was obtained at the nitrogen flow rate of 2
sccm. The deposited film with nitrogen flow rate of 3 sccm had dark brown color with
non-stoichiometric, N/Zr ratio of 1.64. Therefore, the ZrN films were prepared at
nitrogen flow rate of 2 sccm to form near-stoichiometric ZrNj 4 films. EDS analysis
of ZrN film was shown in Figure 4.13. The amounts of reactive gas constituents
incorporated into growing films depended on whether a compound had been formed
on the target surface [45]. When nitrogen partial pressure became sufficiently high,
the reaction was initiated at the target surface. At low nitrogen partial pressure, no
compound was formed on the target surface, and hence the composition of the

growing films was mainly governed by the direct impingement of species from the
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reactive gas and the target. The reactivity was low for N, impinging directly from the

gas on the growing film, and the species originating from the target determined the

composition of the coatings. The optimum group parameters for growing ZrN thin

film were summarized in Table 4.2. The deposited thin films on porous and

nonporous stainless steel had uniform and smooth surface as shown in Figure 4.14.

Cross-sectional SEM image of 0.25 um, ZrN thin film obtained from 7.5 minutes

deposition time is shown in Figure 4.15. The thickness of the deposited films (0.25 to

2 wm) was found to increase linearly with the deposition time as shown in Figure

4.16.

Intensity

ZrN(111)

ZrN(311)

N, : 3 scem

;2 sccm

N, :1 scem

Figure 4.12 XRD patterns of ZrN thin film at different N, flow rate.

Table 4.1 Atomic percent of elements in ZrN thin film with different N, flow rate

N,
Flow rate 1 SCCM 2 SCCM 3 SCCM
Element Zr N N/Zrx Zr N N/Zrx Zr N | N/Zr
Atomic% | 63.33 | 36.67 | 0.58 | 4891 | 51.09 | 1.04 | 37.80 | 62.20 | 1.64




Figure 4.13 EDS spectrum of ZrN film.

(a)
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(b)

Figure 4.14 Surface morphology of ZrN thin films deposited on (a) nonporous

stainless steel and (b) porous stainless steel.



Table 4.2 Main deposition parameter of ZrN thin film

Parameter ZrN film
Substrate to target distance 7 cm
Base pressure 6 x 10° mbar

Total gas pressure

2.7 x10” mbar

Argon flow rate 4 sccm
Nitrogen flow rate 2 sccm
Argon partial pressure 2 x 10° mbar
Nitrogen partial pressure 4 x 10° mbar
Magnetron Voltage 415V
Magnetron Current 700 mA
Power consumption 290.5 W
Deposition time 7.5-60 min

44

Figure 4.15 Cross-sectional SEM image of the ZrN thin film with deposition time

7.50 minutes.
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Figure 4.16 Film thickness as a function of deposition time for ZrN thin films.

4.3 Preparation of Palladium Membrane

4.3.1 Surface activation

Prior to electroless plating, the support was activated by nucleating palladium
seeds onto substrate surface, in order to initiate the autocatalytic process of electroless
deposition of Pd metal. During the activation step, colloidal particles of Sn(Il) were
adsorbed on the supporting surface. These particles acted as catalytic sites for
palladium reduction during the activating step, due to the redox reaction as illustrated

in equation 4.1 and 4.2

2SnClL, + 3H,00 ———>  2Sn(OH),sClys + 3HCl 4.1

Pd*" + Sn** o  Pd"+ sn* 4.2

At the end of the activation step, palladium spots and Sn(IV) seeds were

spread over the supporting surface and became catalytically active for the deposition
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of palladium metal. SEM micrographs of the stainless steel surface after surface
activation are shown in Figure 4.17. There are a large number of seeds with relatively
uniform particles of dark brown color on the supporting surface, confirming that the
surface was effectively activated. Ma et at. [46] suggested that the preseeded
palladium nuclei at the activating stage reduced the induction period of the

autocatalytic process at the beginning.

(a)

Figure 4.17 SEM micrographs of the stainless steel before (a) and after (b)

surface activation.

4.3.2 Palladium electroless plating

Palladium deposition occurs according to the following oxidation-

reduction reactions [47]

2Pd(NH;3),> +4¢°  —> 2Pd’ + 8NH; E'= 00V
N,H, + 40H —> 4H,0 + N, + 4¢ E'= 112V
2Pd(NH3),*" + NoHy +40H° —> 2Pd° +4H,0 + N, +8NH; E’= 1.12V
(4.3)

During the immersion of stainless steel disk in the plating solution, bubbling
gases produced by the redox reaction were observed. It was explained [47] that the
reaction occurred on the surface of the support, and preferentially around the

palladium seeds. The occurrence was initiated by the reaction of hydrazine with
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hydroxide ion forming nitrogen gas and water with simultaneous release of
electrons. The electrons were transferred across the palladium islands and used for
reducing Pd*" complex into palladium metal. The palladium metal was deposited
onto nuclei resulting in the growth. Nitrogen and ammonia gases were concomitantly
evolved as bubbles during the plating process. The use of excessive amount of
hydrazine hydrate resulted in precipitation of a great deal of palladium powder in the

plating bath.

The thickness of palladium layer can simply be determined by weighing. The
stainless steel disk was weighed before and after palladium plating at different plating
time. The calculation for the thickness of palladium layer was done using the

following equation:

Pd thickness (um) 5 plated disk weight — initial disk weight | x 10 4

disk surface area x palladium density

It was assumed that the gained weight of the disk came only from palladium
plated on the entire disk surface. The reliability of the weighing method in
determining the palladium layer thickness was assessed by SEM micrographs. It can
be seen that the palladium layer thickness obtained by weighing is in the range
determined by SEM as illustrated in Table 4.3. For example, SEM micrographs of the
cross-section of palladium membranes with Zr film (0.5 pm) in Figure 4.18 gave
palladium membrane thickness of about 36.3 pum close to the value of 34.07 pm

obtained from weighing.



Table 4.3 Palladium layer thickness on stainless steel disks

Disk weight (g)

Palladium layer thickness

Figure 4.18 SEM micrographs of (a) palladium membrane surface morphology on

Underlying (um)
Surface Before After

plating plating Weighing SEM

plain stainless 0.8163 0.8573 21.07 21.92
steel

7r 0.7733 0.8396 34.07 36.30

71O, 0.8643 0.9333 35.46 36.60

ZrN 0.8153 0.9718 52.51 52.80

(@) (b)
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porous stainless steel and (b) cross-section of palladium membrane with Zr (0.5 pm)

diffusion barrier.
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4.4 Investigation of Intermetallic Diffusion

The efficacies in preventing the intermetallic diffusion of the palladium
membranes with and without the diffusion barriers were assessed by annealing in
hydrogen at 450°C, 500°C, and 600°C for 24 hours. The elemental compositions at
the interface between the palladium layers and the stainless steel supports were

determined by SEM-EDS line-scan of the cross-section.

4.4.1 No diffusion barriers

The SEM-EDS line scan of palladium membranes without any protective
diffusion barriers as shown in Figure 4.19 clearly demonstrated the intermetallic
diffusion of Fe, Cr and Ni from the stainless steel supports to the palladium layers.
More Fe and Cr were accumulated in the palladium layers than Ni, due to their
relative amounts in the stainless steel supports, Fe >Cr >Ni. The amount of each metal
element diffused into the palladium layer increased with increasing temperatures,
especially at 600°C. In addition, hydrogen had been found to increase the rate of the
intermetallic diffusion [48].
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Figure 4.19 SEM-EDS line-scan micrographs of palladium membrane supported on
stainless steel exposed in hydrogen at (a) 400°C, (b) 500°C, and (c) 600°C.

4.4.2 Intermetallic diffusion barriers

With the resolution of SEM-EDS line scan, it was difficult to quantitatively

determine the compositions of the metal penetration into the thin layers of the

intermetallic diffusion barriers. The effectiveness of the diffusion barrier was thus

assessed from the cross-sectional SEM-EDS line scan micrographs.
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At 400°C, it was found that Zr, 0.17 pm thick could not inhibit the

intermetallic diffusion but with Zr, 0.35, 0.5, and 1 um thick, the metals could not

cross Zr/Pd interface into palladium layer. Thus, the minimum thickness of 0.35um

could prevent the intermetallic diffusion at 400°C, as shown in Figure 4.20. SEM and

SEM-EDS line-scan micrographs of the cross-section of Zr barrier, 0.35 um thick

were shown in Figure 4.21.
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Figure 4.20 SEM-EDS line-scan micrographs of supported palladium membrane with

different thickness of Zr diffusion barriers (a) 0.17um, (b) 0.35 pum, (c) 0.5 pm, and

(d) 1 um on stainless steel substrates exposed in hydrogen at 400°C.
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Figure 4.21 SEM and SEM-EDS line-scan micrographs of supported palladium

membrane with Zr diffusion barrier, 0.35 um on stainless steel substrates exposed in

hydrogen at 400°C.
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At 500°C, Fe and Cr could diffuse through the zirconium layer, 0.17 pm thick.
With Zr 0.35, 0.5 um thick, although more Fe and Cr diffused into zirconium layer
than Zr, 1 um thick, they did not get across to the palladium layer, as shown in Figure
4.22. Thus, the minimum thickness of 0.35 pum could prevent the intermetallic
diffusion at 500°C. SEM and SEM-EDS line-scan micrographs of the cross-section of

Zr barrier, 0.35 um thick were shown in Figure 4.23.
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Figure 4.22 SEM-EDS line-scan micrographs of supported palladium membrane with
different thickness of Zr diffusion barriers (a) 0.17um, (b) 0.35 pum, (c) 0.5 pm, and

(d) 1 um on stainless steel substrates exposed in hydrogen at 500°C.



30pm

RES N

Electron Image 1

1.0

0.8 -

Composition

0.2 -

0.0 -

0.6 -

04 -

Pd-Zr 0.35 pm-500°C

Pd

0.0 1.0x10° 2.0x107

3.0x10° 4.0x10°

Distance (m)

5.0x10°

6.0x10°

54

Figure 4.23 SEM and SEM-EDS line-scan micrographs of supported palladium

membrane with Zr diffusion barrier, 0.35 um on stainless steel substrates exposed in

hydrogen at 500°C.
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At 600°C, all metals diffused across the zirconium layer, 0.17 and 0.35 pm
thick. More Fe and Cr diffused into Zr, 0.5 um thick than Zr, 1 um thick but did not
reach the palladium layer, as shown in Figure 4.24. Thus, the thickness of at least 0.5
um was required at 600°C. SEM and SEM-EDS line-scan micrographs of the cross-

section of Zr barrier, 0.5 um thick were shown in Figure 4.25.
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Figure 4.24 SEM-EDS line-scan micrographs of supported palladium membrane with
different thickness of Zr diffusion barriers (a) 0.17um, (b) 0.35 pum, (c) 0.5 pm, and
(d) 1 um on stainless steel substrates exposed in hydrogen at 600°C.
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Figure 4.25 SEM and SEM-EDS line-scan micrographs of supported palladium
membrane with Zr diffusion barrier, 0.5 pm on stainless steel substrates exposed in

hydrogen at 600°C.
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4.4.2.2 ZrQO;, thin films
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At 400°C, no metals penetrated across the interface between zirconium and

palladium layers for ZrO, barrier, 0.17, 0.35, 0.5 and 1 pum thick, as shown in Figure

4.26. The results indicated that ZrO; film with the minimum thickness of 0.17 pum is

effective in preventing the intermetallic diffusion at 400°C. SEM and SEM-EDS line-

scan micrographs of the cross-section of ZrO, barrier, 0.17 um thick were shown in

Figure 4.27.
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Figure 4.26 SEM-EDS line-scan micrographs of supported palladium membrane with

different thickness of ZrO, diffusion barriers (a) 0.17um, (b) 0.35 um, (c) 0.5 pum,

and (d) 1 um on stainless steel substrates exposed in hydrogen at 400°C.
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Figure 4.27 SEM and SEM-EDS line-scan micrographs of supported palladium
membrane with ZrO, diffusion barrier, 0.17 pm on stainless steel substrates exposed

in hydrogen at 400°C.
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At 500°C, the metals could diffuse into ZrO, barrier, 0.17, 0.35, 0.5 and 1 um

thick but did not reach palladium layer, as shown in Figure 4.28. Thus, the minimum
of effective thickness is 0.17 pum at 500°C. SEM and SEM-EDS line-scan

micrographs of the cross-section of ZrO; barrier, 0.17 um thick were shown in Figure

4.29.
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Figure 4.28 SEM-EDS line-scan micrographs of supported palladium membrane with

different thickness of ZrO, diffusion barriers (a) 0.17um, (b) 0.35 um, (c) 0.5 pum,

and (d) 1 um on stainless steel substrates exposed in hydrogen at 500°C.
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Figure 4.29 SEM and SEM-EDS line-scan micrographs of supported palladium
membrane with ZrO, diffusion barrier, 0.17 pm on stainless steel substrates exposed

in hydrogen at 500°C.
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At 600°C, the metals could not penetrate across the barrier at all thicknesses.
The minimum thickness of 0.17 um could prevent the intermetallic diffusion, as
shown in Figure 4.30. Therefore, ZrO, with 0.17 um thick could be used as the
effective intermetallic diffusion barrier at 600°C. SEM and SEM-EDS line-scan

micrographs of the cross-section of ZrO, barrier, 0.17 um thick were shown in Figure
4.31.
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Figure 4.30 SEM-EDS line-scan micrographs of supported palladium membrane with
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and (d) 1 um on stainless steel substrates exposed in hydrogen at 600°C.
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Figure 4.31 SEM and SEM-EDS line-scan micrographs of supported palladium
membrane with ZrO, diffusion barrier, 0.17 um on stainless steel substrates exposed

in hydrogen at 600°C.
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At 400 °C, the metal could not migrate into the palladium layer with ZrN

barrier, 0.25 0.5, 1 and 1.5 pm thick as shown in Figure 4.32. The results illustrated

that ZrN film with the minimum thickness of 0.25 um has efficiency in preventing

intermetallic diffusion at 400 °C. SEM and SEM-EDS line-scan micrographs of the

cross- section of ZrN barrier, 0.25 pm thick were shown in Figure 4.33.
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Figure 4.33 SEM and SEM-EDS line-scan micrographs of supported palladium
membrane with ZrN diffusion barrier, 0.25 um on stainless steel substrates exposed in

hydrogen at 400°C.
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At 500°C, the metals diffusion into the barrier increased in the order, 1.5 <1 <

0.5 <0.25 pm, as shown in Figure 4.34. However, no metals diffused across the ZrN

barriers. Thus, the minimum thickness ZrN of 0.25 um is effective in preventing

intermetallic diffusion when exposed in hydrogen at 500 °C. SEM and SEM-EDS

line-scan micrographs of the cross-section of ZrN barrier, 0.25 um thick were shown

in Figure 4.35.
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Figure 4.34 SEM-EDS line-scan micrographs of supported palladium membrane with

different thickness of ZrN diffusion barriers (a) 0.25 pm, (b) 0.5 um, (¢) 1 pm, and

(d) 1.5 um on stainless steel substrates exposed in hydrogen at 500°C.
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Figure 4.35 SEM and SEM-EDS line-scan micrographs of supported palladium
membrane with ZrN diffusion barrier, 0.25 um on stainless steel substrates exposed in

hydrogen at 500°C.
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At 600 ° C, Fe and Cr could diffuse across ZrN, 0.25um thick but could not
with the barrier, 0.5, 1 and 1.5 um thick, as shown in Figure 4.36. Thus, the thickness
of at least 0.5 pm was required as the intermeatllic diffusion at 600°C. SEM and
SEM-EDS line-scan micrographs of the cross-section of ZrN barrier, 0.5 pm thick

were shown in Figure 4.37.
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Figure 4.36 SEM-EDS line-scan micrographs of supported palladium membrane with
different thickness of ZrN diffusion barriers (a) 0.25um, (b) 0.5 pm, (c) 1 um, and (d)

1.5 um on stainless steel substrates exposed in hydrogen at 600°C
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Figure 4.37 SEM and SEM-EDS line-scan micrographs of supported palladium

membrane with ZrN diffusion barrier, 0.5 pum on stainless steel substrates exposed in

hydrogen at 600°C.
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The results showed that all forms of intermetallic diffusion barrier could
prevent the diffusion at varying degrees as shown in Table 4.4. At 400 and 500°C, Zr
barrier, 0.35 um thick, and ZrN barrier, 0.25 pum thick could be used as the diffusion
barrier but the minimum thickness of 0.5 um was required at 600°C for both films.
However, ZrO, films with the thickness of at least 0.17 um could prevent the metals
migration for all temperatures. Their shielding abilities seem to depend on
temperature at least in the range of conditions tested 400-600°C for 24 hours,
confirmed by more accumulation of metals in the palladium layers with increasing
temperature. Thick barriers are also more efficacies in reducing intermetallic
diffusion than thin barriers because of longer distance for metal migration and
structure stability. To obtain the effective barriers, hydrogen permeation testing was

carried out to determine the performance of the prepared films.

Table 4.4 Intermetallic diffusion prevention of Zr-based diffusion barriers at 400-
600°C

Film Zr 71O, ZrN

Temp (°C) 0.35 pm 0.5 pm 0.17pm 0.25 pm 0.5 pm
400 v v v v v
500 v v v v v
600 X v v X v

4.5 Hydrogen permeation

316L porous stainless steel disks, 1 mm thick and an average pore size of 0.2
um were used as the substrates for hydrogen permeation test. The most suitable
barriers in preventing intermetallic diffusion were selected to determine the
efficiencies in gas separation, i.e., Zr, 0.5 pm, ZrO,, 0.17 and 0.5 pm, and ZrN, 0.5
pm. The dense palladium membrane disks with and without diffusion barriers were
heated in helium at the rate of about 4°C/min before subjecting to hydrogen at the

temperature higher than 300°C due to the cracking effect of the palladium layer by
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hydrogen at the temperature below 300°C, known as hydrogen embrittlement [49,50].
Figure 4.38 shows the photographs of an embrittled palladium membrane caused by

contamination in gas line during helium flux testing at room temperature.

Figure 4.38 SEM image of the crack on palladium due to H, embrittlement.

The hydrogen permeation flow rate measured after the required temperature
and pressure were reached. The data are in Appendix. The hydrogen permeation flux

was calculated as follows

H, flux (m3/m?h) = | flow rate of hydrogen gas at permeate side (mL/min) |x 0.6
activated surface area of palladium (cm?)

Figure 4.39 shows the plots of the hydrogen permeation flux of palladium
membrane with different temperatures and pressures for various diffusion barriers.
The hydrogen flux was initially low, then increased with temperature before reaching
a steady state. It was clearly indicated that hydrogen flux depended on both pressure

and temperature.
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Figure 4.40 Sievert law plots of palladium membrane on different diffusion barriers

at (a) 350°C, (b) 400°C, (c) 450°C, and (d) 500°C.
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Figure 4.40 shows Sievert law plots of palladium membrane on different
diffusion barriers at 350-500°C. The linear relationship between hydrogen permeation

flux and the square root of pressure difference (PHO‘S-PLO‘5

) indicates that the
hydrogen permeation flux follows the Sieverts’ law [51,52], confirming the hydrogen
diffusion through palladium membrane as the rate determining step. It was found that
at 400 and 450°C, Zr films gave hydrogen permeation flux as low as that obtained
from palladium membrane without the diffusion barriers. The hydrogen permeation
flux of palladium membrane with diffusion barriers increased in the order, Zr 0.5 pm

<ZrN 0.5 pm <ZrO, 0.17 pm < ZrO; 0.5 pm.

Hydrogen permeance with various diffusion barriers were shown in table 4.5.
It was found that palladium membranes with diffusion barriers give higher hydrogen
permeance than palladium membrane without the barrier. Without the barriers, the
intermetallic diffusion decreased active sites for gas diffusion of palladium
membranes, leading to low hydrogen permeance. Similar results were obtained in the
study of Edlund et al., [48] for the intermetallic diffusion between palladium coating-
metal layer and the vanadium base-metal layer. They found that hydrogen increased
the rate of intermetallic diffusion, and flux decline was correlated to the degree of
intermetallic diffusion. When hydrogen dissociates and dissolves in a metal, the
hydrogen atoms reside in octahedral or tetrahedral sites in the host metal lattice (in
this case, palladium and vanadium). In so doing, the hydrogen atoms perturb the
surrounding lattice, causing an overall expansion of the metal lattice by as much as a
few percent. The dissolved hydrogen atoms become point defects in the crystal
structure and introduce local strain gradients in the metal. The lattice expansion with
associated local strain gradients is expected to favor vacancy formation in the metal,
thus diffusion of Fe, Cr and Ni increases the rate of intermetallic diffusion in
palladium membrane with or without diffusion barriers. In this study, the dissolution
of hydrogen atoms into metals, palladium and zirconium increased the concentration
of lattice defect sites and also increased the mobility of the defects. Furthermore, the
point defects diffuse very rapidly through the palladium membrane and the Zr
diffusion barriers, causing the interdiffusion between the palladium membrane and

stainless steel supports, leading to a decrease in the active area of palladium
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membrane for hydrogen permeation. However, the metal oxides are
thermodynamically stable with respect to reaction with hydrogen, the coating metal,
and the base metal under anticipated operating conditions [48]. Zirconium oxide
meets these requirements and has been shown to effectively prevent the intermetallic
diffusion and gives higher hydrogen permeation flux. Moreover, ZrO, has monoclinic
phase at low temperature and fluorite-type structure with atomic packing factor less
than Zr (hexagonal structure) and ZrN (NaCl type structure). Thus, the interstitial

vacancies in ZrO; lead to higher hydrogen permeation than in Zr and ZrN.

The results were shown in Table 4.5, the hydrogen permeance obtained from
palladium membranes with the same thickness of 0.5 um increased in the order, Zr <
ZrN < ZrO,. Hydrogen permeance obtained from ZrO,, 0.5 um thick is higher than
0.17 um thick because thick film could prevent intermetallic diffusion better than thin
film. Thus, the hydrogen permeance increased in the order, Zr 0.5 pum < ZrN 0.5 um
<Zr0; 0.17 pm < ZrO, 0.5 pm.

Table 4.5 Hydrogen permeance with various diffusion barriers

Temp Hydrogen permeance m’(STP)/(m”.h.atm’")

(°O) No barrier Zr05um | ZrO;0.17um | ZrO; 0.5 um | ZrN 0.5 um

(palladium 35um ) (palladium 34pm ) (palladium 35pm ) | (palladium 33pm) | (palladium 38um)

350 0.4771 0.6587 0.7846 0.9640 0.6462
400 0.6228 0.6855 0.7979 1.0008 0.6992
450 0.6263 0.7272 0.8610 1.0088 0.8147

500 0.6353 0.8123 0,8923 1.0316 0.8539




CHAPTER V

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

To prevent intermetallic diffusion and prolong the membranes life-time, Zr-

based intermediate layers, i.e., zirconium (Zr), zirconium oxide (ZrO;) and zirconium
nitride (ZrN) were applied as diffusion barriers between palladium membranes and
stainless steel substrates. The dc magnetron sputter deposition technique was used to
deposit Zr thin films, about 0.17-2 um thick. To obtain ZrO, films of the same
thickness, Zr films were oxidized in air at 500°C for 1 hour. ZrN thin films were
grown by dc reactive magnetron sputtering at nitrogen flow rate of 2 sccm with the
thickness ranging from 0.25 to 2 pum. Phase structure, elemental composition and
surface morphology of the prepared films were characterized by XRD, EDS and
SEM. XRD patterns, indicated that the structure of the prepared Zr, ZrO, and ZrN
films are hexagonal, a mixture of monoclinic and tetragonal, and NaCl-type structure,
respectively. EDS analysis of the ZrO, and ZrN films confirmed the near-
stoichiometric structure. SEM micrographs indicated that the prepared films were
uniform with smooth surface because the layers are so thin that they do not change the
macroscopic roughness of the supports. SEM-EDS line scan was used to investigate
palladium membranes with and without the diffusion barriers under hydrogen
atmosphere at 400-600°C for 24 hours. It was found that at 400 and 500°C, Zr films,
0.35 pum thick, and ZrN films, 0.25 pm thick could be used as the diffusion barriers
but the minimum thickness of 0.5 um was required at 600°C for both films. However,
ZrO; films with the thickness of at least 0.17 pm could inhibit the metals migration
for all temperatures. The effectiveness of the diffusion barriers was found to increase

in the order Zr < ZrN < ZrO,.
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The hydrogen permeation testing was carried out at 350-500°C and 0.5-3 atm.
It was found that the hydrogen permeation flux obtained from palladium membrane
with the diffusion barriers was higher than that without. The hydrogen permeation
flux with the diffusion barriers increased in the order, Zr 0.5 pum < ZrN 0.5 pm < ZrO,
0.17 um < ZrO; 0.5 pm. It is obvious that ZrO, not only effective in preventing the
intermetallic diffusion but also promote hydrogen permeation. Thus, it can be
concluded that ZrO, thin film is the most suitable intermetallic diffusion barrier for

stainless steel supported palladium membranes used for hydrogen separation process.

5.2 Recommendations

e Prepare ZrO; layer by sol-gel method and compare its diffusion preventing
efficacy.
e Test the palladium membrane selectivity and the life time with the Zr-based

intermetallic diffusion barriers.
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1. Hydrogen flow rate of palladium membrane with Zr, 0.5 pm thick
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Temp Zr Flow rate (mL/min) at different pressure (atm)
(°C) 0.5pm 0.5 1.0 1.5 2.0 2.5 3.0
1 0.59 1.58 291 4.21 5.54 6.72
2 0.61 1.57 2.90 4.16 5.54 6.76
350°C 3 0.65 1.55 2.88 4.18 5.50 6.67
Avg 0.62 1.57 2.90 4.18 5.52 6.71
SD 0.03 0.02 0.02 0.03 0.02 0.05
1 0.87 2.09 3.81 5.11 6.23 7.68
2 0.86 2.12 3.76 5.12 6.26 7.65
400°C 3 0.88 2.11 3.90 5.07 6.25 7.74
Avg 0.87 2.11 3.82 5.10 6.25 7.69
SD 0.01 0.01 0.07 0.03 0.01 0.05
1 0.97 2.33 4.07 5.22 6.51 8.43
2 0.95 2.38 4.06 5.29 6.42 8.39
450°C 3 0.91 2.32 4.12 5.23 6.40 8.34
Avg 0.94 2.34 4.08 5.25 6.45 8.39
SD 0.03 0.03 0.03 0.04 0.06 0.04
1 1.12 2.60 4.23 5.55 7.94 9.05
2 1.07 2.60 4.20 5.55 7.80 8.97
500°C 3 1.04 2.62 4.19 5.58 7.74 8.98
Avg 1.08 2.61 4.21 5.56 7.83 9.00
SD 0.038 0.012 0.019 0.020 0.100 0.044




2. Hydrogen flow rate of palladium membrane with ZrO; 0.17 pm thick
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Temp ZrO, Flow rate (mL/min) at different pressure (atm)

(°C) 0.17pum 0.5 1.0 1.5 2.0 2.5 3.0
1 1.16 2.74 4.22 6.04 7.64 8.88

2 1.17 2.77 4.25 6.03 7.56 8.85

350°C 3 1.18 2.76 4.24 6.05 7.52 8.85
Avg 1.17 2.76 4.24 6.04 7.57 8.86

SD 0.01 0.02 0.02 0.01 0.06 0.02

1 1.33 3.24 4.7 6.41 7.94 9.3

2 1.32 3.25 4.72 6.39 7.93 9.31

400°C 3 1.33 3.24 4.73 6.38 7.93 9.3
Avg 1.33 3.24 4.72 6.39 7.93 9.30

SD 0.01 0.01 0.02 0.02 0.01 0.01
1 1.46 3.36 5.01 6.70 8.28 10.17
2 1.46 3.35 5.05 6.83 8.37 10.22
450°C 3 1.46 3.34 5.01 6.68 8.33 10.02
Avg 1.46 3.35 5.02 6.74 8.33 10.14

SD 0.00 0.01 0.03 0.08 0.05 0.11
1 1.50 3.42 5.13 7.01 8.57 10.27
2 1.52 3.44 5.15 6.90 8.46 10.79
500°C 3 1.53 3.44 5.11 6.90 8.57 10.54
Avg 1.52 3.43 5.13 6.94 8.54 10.54

SD 0.01 0.01 0.02 0.06 0.06 0.26




3. Hydrogen flow rate of palladium membrane with ZrO; 0.5 pm thick
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Temp ZrO, Flow rate (mL/min) at different pressure (atm)
(°C) 0.5pm 0.5 1.0 1.5 2.0 2.5 3.0
1 1.36 3.36 5.05 6.76 8.57 11.24
2 1.39 3.36 5.05 6.83 8.65 11.43
350°C 3 1.39 3.39 5.08 6.86 8.65 11.30
Avg 1.38 3.37 5.06 6.82 8.62 11.32
SD 0.018 0.014 0.015 0.048 0.043 0.098
1 1.54 3.56 5.33 7.39 9.68 11.63
2 1.56 3.55 5.32 7.35 9.51 11.56
400°C 3 1.55 3.56 5.33 7.33 9.36 11.72
Avg 1.55 3.56 5.33 7.36 9.52 11.64
SD 0.01 0.00 0.01 0.03 0.16 0.08
1 1.83 3.95 5.87 7.86 10.00 11.98
2 1.83 4.03 5.85 7.89 10.00 11.86
450°C 3 1.83 4.06 5.89 7.80 10.05 11.79
Avg 1.83 4.01 5.87 7.85 10.02 11.87
SD 0.00 0.06 0.02 0.05 0.03 0.10
1 2.07 4.19 6.60 8.76 10.54 12.24
2 2.08 4.11 6.58 8.82 10.49 12.22
500°C 3 2.08 4.17 6.55 8.72 10.43 12.22
Avg 2.08 4.16 6.58 8.77 10.49 12.23
SD 0.01 0.04 0.03 0.05 0.06 0.01




4. Hydrogen flow rate of palladium membrane with ZrN 0.5 pm thick

87

Temp ZrN Flow rate (mL/min) at different pressure (atm)
(°C) 0.5pm 0.5 1.0 1.5 2.0 2.5 3.0
1 0.55 1.74 3.13 4.29 6.91 0.55
2 0.53 1.71 3.13 4.29 6.91 0.53
350°C 3 0.46 1.72 3.13 4.29 6.91 0.46
Avg 0.51 1.72 3.13 4.29 6.91 0.51
SD 0.05 0.01 0.00 0.00 0.00 0.00
1 1.11 2.39 3.86 5.12 6.58 7.94
2 1.14 242 3.87 5.00 6.51 8.13
400°C 3 1.16 2.51 3.80 5.16 6.62 8.42
Avg 1.14 2.44 3.84 5.10 6.57 8.16
SD 0.03 0.06 0.04 0.08 0.06 0.24
1 1.65 3.48 5.23 6.74 8.45 10.00
2 1.61 3.46 5.33 6.76 8.38 10.05
450°C 3 1.62 3.49 5.29 6.70 8.46 9.98
Avg 1.63 3.48 5.29 6.73 8.43 10.01
SD 0.02 0.01 0.05 0.03 0.04 0.03
1 1.67 3.63 5.33 6.74 7.97 10.17
2 1.63 3.67 5.27 6.83 8.10 10.20
500°C 3 1.66 3.60 5.24 6.79 7.94 10.79
Avg 1.65 3.63 5.28 6.79 8.00 10.39
SD 0.02 0.04 0.05 0.05 0.09 0.35




5. Hydrogen flow rate of palladium membrane without barrier

88

Temp No Flow rate (mL/min) at different pressure (atm)
(°C) barrier 0.5 1.0 1.5 2.0 2.5 3.0
1 0.68 1.83 3.12 3.41 5.03 5.33
2 0.69 1.84 3.09 3.59 5.06 5.32
350°C 3 0.67 1.83 3.10 3.58 5.03 5.29
Avg 0.68 1.84 3.10 3.52 5.04 5.31
SD 0.01 0.01 0.02 0.10 0.02 0.02
1 1.00 2.57 3.59 5.05 6.15 7.30
2 0.98 2.56 3.59 5.09 6.17 7.19
400°C 3 0.95 2.52 3.60 5.03 6.04 7.19
Avg 0.98 2.55 3.59 5.06 6.12 7.23
SD 0.02 0.03 0.00 0.03 0.07 0.06
1 1.03 2.66 4.13 5.24 6.04 7.43
2 1.01 2.68 4.17 5.24 6.23 7.42
450°C 3 1.00 2.64 4.11 5.18 6.19 7.44
Avg 1.02 2.66 4.14 5.22 6.15 7.43
SD 0.01 0.02 0.03 0.04 0.10 0.01
1 1.33 2.89 4.14 5.24 6.28 7.83
2 1.35 2.83 4.16 5.31 6.24 7.94
500°C 3 1.33 2.86 4.08 5.26 6.23 8.03
Avg 1.33 2.86 4.12 5.27 6.25 7.93
SD 0.01 0.03 0.04 0.03 0.02 0.10
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6. Hydrogen flux of palladium membrane with and without diffusion barrier

Barrier Temp | "Flux (m*/m’h)at P.))* — P/’
0 0.707 1 1125 | 1414 | 1581 | 1.732
350°C | 033 0.92 1.56 1.77 2.53 2.67
No 400°C | 0.49 1.28 1.80 2.54 3.07 3.63
barrier | 450°C | 051 133 2.07 2.62 3.09 3.73
500°C | 0.67 1.44 2.08 2.65 3.14 3.98
350°C | 025 0.50 1.45 2.10 277 337
Zr 400°C | 0.44 1.06 1.92 2.56 3.14 3.86
0.5um | 450°C | 047 1.18 2.05 2.63 324 421
500°C | 0.54 131 2.11 2.79 3.93 4.52
350°C | 0.69 1.69 2.54 3.42 433 5.68
7rO, | 400°C | 0.78 1.79 2.68 3.69 478 5.84
0.5um | 450°C | 092 2.09 2.95 3.94 5.03 5.96
500°C | 1.04 2.09 3.30 4.40 527 6.14
350°C | 0.59 138 2.13 3.03 3.80 4.45
7ZrO, | 400°C | 0.67 1.63 237 321 3.8 4.67
0.17 um | 450°C | 0.73 1.68 2.52 338 4.18 5.09
500°C | 0.76 1.72 2.57 3.48 428 529
350°C | 026 0.86 1.57 2.15 2.85 347
ZiN | 400°C | 057 1.22 1.93 2.56 330 4.09
0.5um | 450°C | 082 1.75 2.65 338 4.02 5.01
500°C | 0.83 1.82 2.65 341 423 521

" H, permeation flux (m*/m*h) = (flow rate of H, (mL/min)/active surface area) x 0.6

Active surface area = R* (surface area of membrane disk) - §r* (surface area of graphite

gaket)

1.195

= (3.14 *¥0.625 cm*0.625 cm) - (3.14*0.1 cm*0.1cm)
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