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THE VARIATION OF HYDROGEN CONCENTRATION IN Ni/MgH THIN
FILM WITH TEMPERATURE
Rex Nyadaufe Taibu, M.A.

Western Michigan University, 2012

The thermal stability of Ni/MgH thin film deposited on Si substrate by
Unbalanced Magnetron Physical Vapor Deposition has been investigated using Ion
Beam analysis (IBA) techniques. Rutherford Backscattering Spectrometry (RBS) and
Non-Rutherford Backscattering Spectrometry (NRBS) have been used to find the
composition of Magnesium, Nickel and Oxygen. Elastic Recoil Detection Analysis
(ERDA) has been used to determine the concentration of hydrogen at each level of
heating. Heating was done in the Ultra High Vacuum (UHV) environment using a non
gassy button heater. Ni/MgH sample had lost most of its hydrogen after being heated
to a temperature of about 125°C in vacuum. However, the onset temperature of
hydrogen loss from the sample was found to be within 21°C and 50°C. The interface
regions between the film and the substrate and between Ni and MgH layers were

unaffected by this operation.
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CHAPTER 1

BACKGROUND

1.1 The Need for Alternative Sources of Energy

The need for alternative energy sources that are environmentally friendly has
led to an intensive research in hydrogen storage materials and better designs of fuel
cells that could reduce dependency on oil. There is need for safer and better hydrogen
storage material for fuel cells which has minimal negative impact on the environment
as is with fossil fuels used presently [1]. The search for a better hydrogen storage
material can best be explored if the basic idea of the operation of hydrogen fuel cells

1s known.

1.2 The Basic Operation of Hydrogen Fuel Cells [1]

Hydrogen fuel cells require hydrogen to deliver electrical energy. Electrical
energy is generated from the combustion of hydrogen, i.e.: 2Hy+ O, ——= 2H,0.
This reaction goes in two stages. The first stage occurs at the anode (Figure 1) where
hydrogen gas from the storage container ionizes into protons and electrons. The
direction of arrows outside the fuel cell in Figure 1 shows that the liberated electrons
pass through the load to the cathode. At the same time the protons complete the
circuit by passing through the electrolyte. The electrolyte is chosen so that it favors

proton transfer. The second stage occurs when the protons and the electrons at the



cathode react with oxygen to form water. The overall process delivers power to the

load ready for use.

H, Storage-Material

Anode: 2Hye—— 1t "+4¢”

Load
H" Ions Through Electrolyte

Cathode: O,+4e” +4H" 2H,0

i .

Oxygen (From Air) <
Figure 1: The Basic Operation of a Hydrogen Fuel Cell

The output voltage can be enhanced in several ways. One of them is to
increase the amount of hydrogen available for the reaction. This can be done by
heating the solid hydrogen storage material or adding a catalyst to it for easy hydrogen
dissociation. In this study, the effect of heating a solid hydrogen material and addition

of a catalyst will be investigated.

1.3 Hydrogen Storage Materials
The advances in producing safer hydrogen storage materials for fuels cells
have faced several problems. For example, hydrogen-based fuel cells for vehicular

transportation have faced problems regarding “on board” storage [2]. Condensed



hydrogen is very expensive to produce and maintain [3]. Pressurized or liquefied
hydrogen in vehicles poses safety concerns on the high probability of combustion that
may result. Hydrogen is difficult and costly to store either in liquid or gas form
because of its low boiling point (-252.87°C) and low density in the gaseous state
(0.08988g/L. at latm) [4]. While liquid hydrogen requires additional costs for
refrigeration, gaseous hydrogen is limited by the weight of the canisters and leakage
problems are likely to be of primary concern [4, 22]. Thus both liquid and gas
hydrogen storage pose safety concerns for vehicular use.

Several studies are being conducted to meet the US Department of Energy
(DOE) vision for the ideal hydrogen storage materials that are both environmentally
and economically friendly [S]. According to DOE, there is a need for hydrogen
storage materials with hydrogen storage capacity of 6.5wt% and 65g/L. hydrogen
available at relatively low decomposition temperature between 60 and 120°C for
commercial purposes [4]. Work is still in progress to better meet the DOE vision.

Weifang Luo[2], 2004 reports that hydrogen storage in solid materials has
long been recognized as one of the most practical approaches for on board storage.
Several solid state materials have been investigated on their ability to absorb and
desorb hydrogen. These solid state materials include carbon structures, metals and

metal alloys.

1.4 Metal Hydrides
Several metal hydrides have been investigated, with much effort driven

towards finding a better hydride with good hydrogen absorption and desorption



properties at reasonably low temperatures. A number of studies have also focused on
maximizing the capacity of hydrogen in metal hydrides [4, 7, 11]. Most of these
studies agree that a good metal hydride should have a relatively high capacity of
hydrogen.

Hydrogen readily combines with metals to form metal hydrides; it is better and
safer to store it in solid state rather than liquid or gaseous state. Moreover, solid state
storage materials have relatively higher hydrogen storage capacity than gas and liquid
storage materials. For example; 6.5 hydrogen atoms/cm’ in MgH,, 0.99 hydrogen
atoms/cm’ in hydrogen gas and 4.2 hydrogen atoms/cm’ in liquid hydrogen [22].
Solid state storage materials are also safer because hydrogen does not easily detach
itself from metal bonds for reactions, unlike in gas or liquid.

Hydrogen can attach to a metal either directly or indirectly. Direct
combination refers to a hydrogen molecule combining with a metal to yield a metal
hydride species only; indirect combination refers to water molecule combining with a
metal yielding metal hydride and hydroxyl species. These two processes form two
different kinds of hydrides: (i) a-phase at which only some hydrogen is absorbed and

(ii) B- phase at which the hydride is fully formed [4].

1.5 Magnesium-Based Hydrides

Hydrides of magnesium hydride are advantageous because they are light for
onboard use and relatively inexpensive [6]; moreover, Mg is abundant in nature as
well. Mg-based hydrides also possess attractive qualities such as: heat resistance,

vibration absorbance, reversibility and recyclability [24] and has a good hydrogen



capacity up to 7.6wt% for on board application [4]. The major drawback of
magnesium hydride is its high desorption temperature (above 300°C), which is related
to the high stability of the Mg—H bonds [6]. Un-milled magnesium hydride keeps the
hydrogen more stable than milled or catalyzed hydrides. High reactivity toward air
and oxygen is an additional limitation [4].

Improvement to these limitations is achieved in bulk materials through ball-
milling and addition of catalysts to MgH, Although a number of metals can be used
for hydrogen absorption, studies show that magnesium is an ideal metal not only for

its reasonable weight and inexpensiveness but also its hydrogen storage capacity.

1.6 The Kinetics of Hydrogen in Metal Hydrides

Several factors affect the diffusion kinetics of hydrogen in metal hydrides that
includes hydrogenation and oxidation [4]. The formation of a magnesium hydride
layer encloses the bulk material, there by slowing down the absorption and desorption
processes. Hydrogen diffusion is also hindered by the oxidation of the metal.
Oxidation takes bonding sites for hydrogen, in this case forming MgO. The diffusion
kinetics of hydrogen in metal hydrides is enhanced by adding catalysts as well as ball
milling of the bulk materials which creates a large surface area of the material [7, 23].
Catalysts enable H; to dissociate in atomic H. Hydrogen sorption properties in
magnesium hydride have been found to improve significantly in energetic ball milled
hydrides [9]. Despite the introduction of catalysts and ball milling techniques to metal

hydrides, the ideal operating temperature is yet to be achieved [4].



Although most of the work has been carried out using bulk materials, our
approach to understand the diffusion kinetics and thermal stability of H in these
materials is to use thin films. Using thin films, the investigations of these kinds offer
many advantages, such as (a) novel electron and electromagnetic spectroscopic
techniques can be used to characterize the material and (b) ion beam analysis
techniques can be used to precisely quantify the uptake and the transport of H. My
work as part of this big project is to find the onset temperature and thermal stability of

H in MgH thin film.



CHAPTER II

SAMPLE PREPARATION

For this study, thin film of MgH was deposited by physical vapor deposition
(PVD) process using magnetron sputtering technique. The schematic diagram of PVD

deposition chamber is given in Figure 2[11].

Load Lock

Sample Holder

To Rough Pump

[T TN T - AU b 2] TR WO NA | ’

A
/ |— Cryogenic Pump
Gate Valve

Power Supply

Figure 2: Diagram of a UHV Magnetron Sputtering Deposition Chamber

2.1 The Physical Vapor Deposition (PVD) System

The PVD is an industrial scale process to deposit thin film/coatings of target

materials on suitable substrates. Magnetron sputtering thin film deposition is a



process in which a target material is sputtered using sputtering gas like Ar, the form
of atoms, ions or molecules and is transported as low pressure plasma to the substrate
where it condenses [10]. PVD processes can be used to deposit thin films or coatings
of elements and alloys as well as compounds using reactive deposition processes [10].
In reactive deposition processes, compounds are formed by the reaction of the
depositing material with an ambient gas environment such hydrogen or nitrogen. In
industry, the PVD coating technology is applied in the fabrication of materials such as
lock hardware, kitchen hardware, watches and clocks [10]. In this study, the PVD
process has been used to make thin films composed of magnesium, hydrogen and

nickel; which were then analyzed using ion beam analysis.

2.2 Technical Details of the PVD System Used (Figure 2)

The PVD deposition is carried out in a cylindrical stainless steel (20cm in
- diameter) which has an Ultra High Vacuum (UHV) chamber. Vacuum in the chamber
is obtained using cryogenic pump. A mechanical pump is connected with the chamber
to pump the chamber to rough pressure after which cryogenic pump takes over.
Pressure inside the chamber is measured using an ion gauge. The chamber is fitted
with three 1-inch unbalanced magnetron sputter heads connected to two DC and one
RF power supplies. Each sputter head has its own shutter. These shutters are operated
from outside the chamber and are used to deposit multilayer coatings on the substrate.
The gases for sputtering and reactive deposition are introduced into the chamber using
precision mass flow controllers. Argon was used to sputter the chosen metal onto the

target while hydrogen was used to dilute the growth plasma to have reactive



deposition Sample holder along with the substrate is inserted into the chamber via

load lock. This ensures that the main deposition chamber remains clean.

2.3 Details of the Deposition

For deposition, a silicon substrate was mounted on a 5.6cm circular diameter
stainless steel sample holder and inserted into the chamber via load lock. Inside the
deposition chamber the distance between the substrate holder and the sputter heads
was fixed at 20cm throughout the deposition process. Two sputter head mounted with
Mg and Ni targets were connected with the direct current (DC) power supplies. Power
supplies were set at 31 watts. For the deposition, 200 sccm of argon and 10 sccm of
hydrogen were introduced in the chamber via separate precision mass flow
controllers. An argon/hydrogen atmosphere was used to deposit magnesium hydride
(MgH) onto the silicon substrate. The base pressure in the deposition chamber was in
the lower 10°® Torr range which was raised to 6 mTorr working pressure.

The deposition for the MgH sample was carried out for 30 minutes. After the
MgH deposition, sample was allowed to cool down for 10 min after which nickel was
deposited for 7.5 minutes on top of the MgH layer. Ni layer was deposited to cap the
MgH sample to prevent any possible oxidation when the sample is exposed to air.
Moreover, Ni is used as a catalyst for the molecular hydrogen to dissociate into
atomic. The choice of Ni on MgH was used to mimic the situation where Mg has
absorbed H. Thickness of the film is determined by time of sample deposition and the
power of the gun among other factors. The time for deposition was chosen based on

the knowledge of previous similar sample deposition experiments [11].



CHAPTER III

ION BEAM ANALYSIS TECHNIQUES

In this study, three ion beam analysis techniques have been employed;
Rutherford Backscattering Spectrometry (RBS), Non Rutherford backscattering
Spectrometry (NRBS) and Elastic recoil Detection Analysis (ERDA). These
techniques provide powerful tools for quantitative analysis of thin films and depth
profiling of near surface layers in solids. They can provide information on

composition and layer thickness of the sample [12].

3.1 Rutherford Backscattering Spectrometry (RBS)

RBS is one of the most widely and commonly applied techniques in surface
analysis of solids. It is quantitative and very precise [14, 13]. RBS can quantitatively
determine the composition of a material and obtain a profile of individual elements
vs. depth. RBS does not need reference samples and same is true for NRBS. It is
nondestructive and has a good depth resolution of the order of several nm. RBS is
very sensitive to heavy elements and is less sensitive to for light elements [15] which
can be detected by other techniques such as NRBS, nuclear reaction analysis (NRA)
or Elastic Recoil Detection Analysis (ERDA).

In RBS, a sample is bombarded with a beam of ions with mass M; and a
known energy, E; (e.g. He™" particles, typically 0.5-4 MeV) [15, 14]. Tons undergoing

elastic Coulomb collisions are recorded by an energy sensitive solid state detector

10



positioned at a scattering angle 0 (Figure 3). In Figure 3, a is the angle between the
incident beam and the normal to the target surface (incident angle), B is the angle
between the normal and the reflected beam (exit angle). RBS relies on the fact that the
energy, E; of the backscattered particle, depends on the energy E; before the collision,

the incident mass M, the target mass M, and the scattering angle 6.

Incident beam

Scattered beam

Detector

Figure 3: RBS Geometry

The latter statement comes from the conservation of energy and momentum

for particles under consideration. Described mathematically,

2 2 in2 2 :
(M2 — M sin 0Y +M, cosd
M +M,

E,=E, (1) [14]

Equation 1 can be written as E,=KE;, where K is the kinematic factor. With K,
Energy loss of the backscattered ions provides signature of the target atom energy. It
can be deduced from equation 1 above that incident particles on a heavy particle lose

less energy than that incident on a relatively lower atomic mass unit. The kinematic

11



factor. helps distinguish different targets in a sample for a particular projectile
however; mass resolution becomes nearly impossible for very heavy target particles.
For example, '81T4 and 201Hg can hardly be resolved with MeV He beam appropriate
for RBS.

The energy scale in figure 4 (RBS example [14]) is proportional to the
kinematic factor for a given projectile energy. Hence the x axis is proportional to the

kinematic factor which in turn distinguishes masses in the target sample.

i T T T T I T T T T I T T T T l T T T T I T T T T I T i
20 —
3 - Cu Y Ag Pr Bi 1
c K ]
5 95 N
'-q - -
O o i
~ [ :
@ 10— —
. a [~ 7
] - i
(@] - N
O L i
5 O ]
= : A
O _| 1 “1 |I h“ II: Il llll { |l i | [ T 1 |

0 2.5 5 7.5 10 12.5

Energy [MeV]

Figure 4: RBS Example Demonstrating Mass Discrimination (Projectile: 25 MeV
ql, Target: Thin Layers of Cu, Y, Ag, Pr, Bi. Isotopes of Cu and Ag are Resolved)
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The probability of scattering (assuming elastic Coulomb collision) of the
projectile on a given target is described by Rutherford cross-section. This is

mathematically derived and is given in the laboratory inertial reference frame by:

Z.Z,e’ Jz {(MZ2 — M sin® 6’)% +M, cos 0}2 2) [20]

GR(E’Q)z{ 4E ) M, sin* 6(M2—M*sin?0)*
0 is the scattering angle, Z; and M, are the nuclear charge and the mass of the
projectile, respectively, and Z, and M, are the nuclear charge and the mass of the
target atom, respectively. E is the energy of the incident ion while e is the electronic
charge. og is also called the differential cross-section in the laboratory system. This
expression indicates that the probability of scattering is proportional to the square of
the atomic number of the target atom and inversely proportional to the square of the
incident ion energy. This explains why RBS is more sensitive to heavier atoms than to
lighter ones. In this study, RBS has been more sensitive to Si than Mg. Also RBS has
been more sensitive to Mg than it has been to O, forcing us to use Non-Rutherford

Backscattering Spectrometry for easier modeling of oxygen spectra.

3.2 Non-Rutherford Backscattering Spectrometry (NRBS)

The actual cross section (from experiments) deviates from Rutherford cross
section at both low and high incident beam energies [15]. The low-energy departures
are caused by partial screening of the nuclear charges by the electron shells

surrounding both nuclei while at high energies the cross-sections deviate from

13



Rutherford due to the influence of the nuclear force. Since the cross section of Silicon
is larger than that of Mg and O, it is challenging to detect and simulate the presence of
these elements (peaks) in a sample using the traditional RBS with silicon as a
substrate. To better recognize and simulate these elements, in this experiment we used
NRBS technique which takes into account the deviations due to inelastic collisions
which may be due to nuclear effects at low and high energies. Since most of the
interaction processes are very well explored during the many decades of nuclear
research, the analysis by computer soft ware is often straightforward and completely
quantitative[14].

3.3 Scattering Geometries [15]

In this study the IBM scattering geometry (Figure 5[15]) has been used for all
ion beam measurements. The incident beam, exit beam and surface normal of the
sample are in the same plane, with

o+PB+60=180 3)
Where a is the angle between the incident beam and thp normal to the target surface
(incident angle), P is the angle between the normal and the reflected beam (exit angle)
and 0 is the scattering angle (Figure 5).

The Cornell geometry (Figure 4) is sometimes used for scattering. In this
geometry, the incident beam, exit beam and the rotation axis of the sample are in the

same plane, and

cos(fB) = —cos(a) cos(0). 4)

14



IBM Cornell

Figure 5: The IBM and the Cornell Geometry

While the IBM configuration is easy to grasp, the Cornell geometry has the
advantage of combining a large scattering angle, which is desirable for optimized
mass resolution, and grazing incident and exit angles, which optimizes depth

resolution.

3.4 Elastic Recoil Detection Analysis (ERDA)

A heavier incident particle cannot be backscattered from a lighter target
element. Instead, it recoils forward the target element. For instance, He** ions and O**
ions can forward recoil hydrogen. This concept is used to get information from lighter
elements. Although we use the same principles as in RBS, in ERDA the information
about the target is carried by the target elements themselves and not by the
backscattered particles. Forward recoil is made possible by choosing grazing angle

geometry. Since several particles can be recoiled to the detector, a foil is placed in

15
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front of the detector to allow the chosen particles to pass through while blocking

others (Figure 6). In this study a Mylar foil of 13 microns was used.

Detector

Mylar Foil
\A

Incident Beam

H Particles

N

H & other Particles

Forward Recoiled Particles

Si Substrate

Figure 6: Elastic Recoil Detection

The great advantage of ERDA with a mass (or nuclear charge) discriminating
detector is that the depth profiles of all light target elements can be obtained
simultaneously well separated from each other[14]. This idea has been employed in
this study to try to separate hydrogen and deuterium cross sections as we tried to see if

we can add deuterium to our heated sample.

3.5 SIMNRA [16]
SIMNRA software has been used in this study to simulate the data. Simulation

goes by ‘try and error’. From the simulation, composition profiles can be obtained.



CHAPTER IV

THE ACCELERATOR

Pressure Tan& l — Corona Points

SNICS e ~
Analyzing Magnet

/—( ] Fy

\
[
J

ALPHATROSS

C E
DEOPLASMA | ; \}—\—!
- \ p,

Accelerator

Control Room
i | Targeting Room

Figure 7: Diagram of a Tandem Van der Graaff Accelerator (LEPS: Low Energy
Power Supply, HEPS: High Energy Power Supply)

Power Room
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Two major machines have been used in this study; the accelerator and the
UHV physical vapor deposition system described in chapter II. The accelerator
(Figure 7) has been used to provide the high energy beam necessary for the IBA
techniques.

The accelerator at Western Michigan University is a 6-MV tandem Van de
Graaff accelerator, which has been in continuous use for more than 31 years. Several
vacuum pumps are attached throughout the beam path to ensure a clear path that does
not weaken the beam as well as avoiding deflections, interactions or charge exchange.

Generally, in a Tandem accelerator, anions are extracted from the ion source
and accelerated by a very high positive voltage at the geometric center of the
pressurized steel tank. This stage is called the “terminal voltage” (TV). The high
voltage is generated by the ‘Van de Graaf generators’. The Corona system is designed
so as to help maintain the TV. The corona system consists of very sharp needles
mounted inside (but isolated from) a dome shaped electrode. These needles can be
moved close to or far away from the terminal electrode. The area surrounding the TV
is pressured to help prevent electrical discharges thereby protecting the lab personnel.
In our case mixture of carbon dioxide and nitrogen is used to provide the pressure. At
the TV the anions are stripped of a number of electrons and become cations. This
stripping is done by oxygen gas or carbon foil. The cations are then further
accelerated away from the positive TV ending up with final beam energy of (n+1) x
TV where n is the number of positive charge states on the outgoing ion and, TV is the

terminal voltage [21]. This implies that the Tandem accelerator accelerates the

18



particle twice. Knowledge of incident beam energy and the incident charge state
determines the appropriate TV. Although this is the case, different charge states can
be produced at the chosen fixed TV. The Analyzing Magnet (AM) helps select out the

required charge state ready for use in the scattering chamber.

4.1 Ion Sources

4.1.1 SNICS: Source of Negative lons by Cesium Sputtering (Figure 8)
Initially, we had two ion sources: the Source of Negative Ions by Cesium

Sputtering (SNICS) and the duo-plasma exchange source.

Tonizer (Heater)

Cs (Neutral) \
Cathode ] _____ ———
Powder b Extractors

Anion Beam

77_77_ Ionizer (Heater)

Cs Oven

Figure 8: The Schematic Diagram of SNICS

Recently the alphatross has been added as another source of negative ions. In
this study, we used SNICS to get 0* and protons. We used alphatross source to get

the He** beam.

19



4.1.2 The Principle of Operation of SNICS

Cesium is heated in the oven, forming Cs vapor which migrates into the ion
source. In the ion source, the ionizer is also heated and lies at a higher temperature
than the cathode. The higher temperature ionizes some of the Cs vapor while the rest
of the vapor condenses at the cathode as a bulk of cesium neutral atoms (Figure 7).
The ionized Cs particles accelerate towards the cathode. At the cathode, the Cs*
penetrates the neutral cesium layer and sputters the deeper contents of the cathode (for
instance, a powder of MgO). The atoms to be accelerated are incorporated in the
cathode. For instance, for copper, the sputter cathode would be made of solid copper;
for oxygen, magnesium oxide would be incorporated into the cathode. The sputtered
particles e.g. oxygen from MgO powder picks up an electron as it escapes the neutral

cesium layer forming the negative beam.

4.1.3 Alphatross lon Source

Although the above procedure works well for many ions, there are a number
of elements which do not easily form a negative ion. Helium, an inert gas, is a
concrete example. The Alphatross ion source produces negative 3He or 4He beams
ready to be captured at the TV in the tandem Van der Graaf accelerator. The process
is slightly different from the SNICS ion source. Basically, the procedure is to produce
a positive helium ion in the usual way, i.e. in much the same way as the positive
Cesium ions are produced in SNICS and to pass the beam (positively charged helium
ions) through a charge exchange canal containing an element such as lithium or

rubidium which has a high affinity for giving up an electron. The negatively charged
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helium particles are then attracted to the TV ready for further acceleration after being

positively charged by the striper.

4.2 The Scattering Chamber

This is located in the target room. In this study we used the 0° beam line, the
beam line that goes straight from the analyzing magnet to the scattering chamber
(Figure 6). The chamber is kept at a high vacuum around 107-10" torr by a turbo and
ion pumps. Within the chamber is the surface barrier Si detector is mounted on a shaft
of rotary feed through. This is used for backscattering spectroscopy and Nuclear
Reaction Analysis (NRA).The detector is flexible for several scattering angles. The
detector for ERDA is fixed at a scattering angle of 45° The aperture diameter is the
same for both RBS énd ERD detectors, i.e. 3.175mm. The distance from the target to

the detector is 6.82cm and 9.3242cm for RBS and ERD configuration respectively.

4.3 Data Acquisition

Figure 9 shows a schematic diagram of data acquisition electronic system
from the scattering chamber. The detector is connected to the preamplifier which in
turn is connected to the spectrometry amplifier. The amplifier is then connected to the
Multichannel analyser (MCA). Before the beam hits the sample, it passes through the
slits, collimator and then the tungsten mesh. The slit and the collimator have a
function of focusing the beam as it approaches the sample. The mesh has 80%
transmission. The mesh is connected to the current integrator which is linked to the
counter. The counter triggers the operation of the MCA. There are two ways to

measure current, (1) cylinder grounded and mesh biased and (2) cylinder at -300V and
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mesh unbiased. We used the later one in this study to suppress secondary electrons

which come from the beam-mesh interaction. This way we could get a reliable

measurement of the current on the sample.

Detector Pre-amplifier

Current
Integrator.
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Analyser

MESH

COUNTER

Figure 9: Data Acquisition System



CHAPTER V

THE EXPERIMENT

5.1 Analysis of the Thin Film Using RBS and NRBS

Helium (He™, 2.5MeV) and the proton beams (H*, 2.4MeV) were used to
analyze our Ni/MgH sample. The choice of energy was made so as to obtain enhanced
cross sections that are easy to quantify. Both experiments were conducted at the
incident angle of 0°, exit angle of 15° and the scattering angle was 165°. Helium beam
was used to find the depth profile of Mg and Nickel. The proton beam was used to
confirm the speculated presence of oxygen in the sample using NRBS. The simulated
RBS spectra raised suspicion on the presence of oxygen in the sample.

Spectral data was collected for about 30000 counts on mesh for the He™" beam
and 13505 counts for the proton beam using MAESTRO software which generates
‘.chn’ files. These counts represent collision events that are recorded by the detector.
Since the mesh has 80% transmission rate, it was deduced that there was 120000
counts on sample (He*" beam) and 54020 counts (H" beam). Data was then converted
into a compatible data by Specon software which converts to ASCII file. The data was
then simulated using SIMNRA to analyze the percentage composition of magnesium,
nickel and the speculated oxygen in the sample. The spectra generated by the He™
beam, was nicely simulated only with the inclusion of oxygen in the target. NRBS

was done with H" beam to confirm the hypothesis.
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5.2 Simulation of RBS and NRBS Data

To simulate RBS and NRBS data, we needed three major areas of information,
the ion beam, the scattering geometry, the calibration and energy resolution. RUMP
software was utilized to calibrate the energy range of our spectra in SIMNRA. Our
aim was to get the calibration offset (in keV) and energy per channel (keV/ch). During
calibration, we also calculated the product of the solid angle (in steradians) and the

number of particles scattered into that angle, Q, using SIMNRA.

5.2.1 Calculating Solid Angle
Solid angle is given by the scattering cross section area divided by the square

of the radius of the scattering configuration:
2 d 2
Q=A/R ,A=7r(5) ,

where d is the diameter of the scattering cross section area i.e. diameter of the detector
(aperture) and R is the distance from the sample/target to the detector. Using the
geometry of our scattering chamber, the aperture of our detector is 0.31750 cm While

R=6.82 cm for RBS and NRBS, and R=9.3242 cm for ERD measurements.

5.2.2 Calculation of Number of Particles

The counter scale was set to 1.0 x 10'° Coulombs. Since 1 count is equivalent
to 10™° Coulombs, The charge on the mesh = number of counts on mesh x107°
Coulombs. The number of particles on the mesh equals the charge on the mesh
divided by the charge of the incident particle in question. For instance, H" beam has a

charge of +1.6 x 10%°c per particle. The beam passes through a mesh before hitting
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the sample. The mesh has 80% beam transmission. So the number of particles on

sample equals the number of particles on the mesh times four.

5.3 Analysis of the Thin Film Using ERDA

The scattering geometry was as follows: The incident angle was 67.5° and the
exit angle 67.5°, whist the scattering angle was 45°. An oxygen beam (0*) with
15000 keV energy was used to bombard our sample. The choice of energy was made
based on the principle particle (Mg, Ni or O) apart from hydrogen should pass
through the Mylar foil. SIMNRA was used to determine this energy. A graph of
fractional charge vs. energy [18] for different charged oxygen atoms was used to
estimate this energy value and the appropriate charge value. Initial spectral data
(before sample heating) was taken for 40000 100000 and 50000 counts. The choice of
50000 counts was made for each sample heating since it gave a good statistics within

a relatively short time.

5.4 Heating of the Sample

Heating was done to investigate thermal stability of Ni/MgH thin film. During
the heating, the geometry of the target remained the same as with the previous ERDA
measurements for reasonable comparison purposes. The heating was done using a
UHV compatible non-gassy button heater. The heater was placed behind the sample
and connected to the DC power supply. A k-type thermocouple was placed between
the sample holder and the sample and the temperature was allowed to stabilize before

the stop watch was turned on. The power supply was used to heat the sample, and the
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thermocouple was there to control the heating and thus it gave us temperature values
of heating.

From room temperature (21°C), the heater was initially set at 50°C. After
heating to 50°C, we waited for about 15 minutes at the set temperature to heat the
sample. The choice of this time was arbitrary. Afterwards, the power to the heater was
disconnected and the sample was allowed to cool to room temperature and RBS and
ERDA measurements were taken. Heating then continued in 25°C increments until
200°C was reached followed by the RBS and ERDA measurements after the sample
had cooled down. The choice to stop heating was made based on the qualitative
comparison of the ERDA spectra; it was anticipated that the equilibrium level of
hydrogen had reached and most of the hydrogen had desorbed. Data collected at each
temperature value was simulated using SIMNRA to quantify hydrogen loss during the

heating.

5.5 Studies After Heating
5.5.1 Elastic Recoil Detection Analysis (ERDA)

Since it was observed that most of the hydrogen had desorbed at around
125°C, the sample was heated to 130°C and deuterium was fed into the chamber to
test the absorption properties of the sample. The pressure inside the chamber
increased from 9.0x107Torr to 7.0x10°® Torr. Deuterium was chosen for this purpose
because it is an isotope of hydrogen with same electronic properties. At the same
time, it becomes easy to distinguish the deuterium and the hydrogen peaks in a single

ERDA experiment. In the chamber, deuterium was left to interact with the sample for
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1 hour during heating. After 1 hour, heating was stopped and the deuterium valve was

closed. When the sample cooled to 26°C, ERDA measurements were performed under

the previous settings.

5.5.2 Backscattering Spectra After Heating

RBS and NRBS studies were conducted once again to our sample to see how

much the sample profile had changed.



CHAPTER VI

RESULTS

6.1 RBS and NRBS

A simulated RBS spectrum was fitted to experimental spectrum with the
incorporation of oxygen in our simulated target (Figure 10). To confirm the
possibility of sample contamination by oxygen NRBS simulation clearly
distinguished the three peaks from nickel, oxygen magnesium and silicon (Figure 11).
The simulation indicated that our sample had indeed a considerable amount of
magnesium, nickel and oxygen. Although the simulation incorporated hydrogen, it
was only confirmed by ERDA results. Using IBA, thickness of the sample can be
calculated if the density of the individual layers is known. In our case the compound
analysis of the individual layers was not performed, therefore, the exact thickness of
the sample cannot be determined. However, relative thickness of the individual layers
is given by RBS as the areal density, therefore, width of the peaks in RBS spectra can

be related to the thicknesses of the layers.
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Figure 11: NRBS Spectra Obtained Using (H", 2.4MeV)

6.2 Thermal Stability of Hydrogen

Figure 12 shows eight spectroscopic data at each level of heating plotted for

comparative purposes by Origin 8 graphing soft ware [17]. Since the area under the

Channel
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peak is proportional to the amount of hydrogen in the sample, the graph can be seen
as a graph of amount of hydrogen at each stage of heating. Figure 13 shows hydrogen
concentration (by SIMNRA) vs. temperature. During the simulation all parameters
were left constant, only target concentrations were varied. That is to say, the target for
both backscattering and forward scattering remained the same. Also effort was made
to keep the peak integral constant for a given data and its corresponding stimulated

graph line. All integrals were taken from channel 45 to 345.
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Figure 12: Overlapped Forward Recoil Spectra Obtained Using 15Mev O* Beams
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6.3 ERDA and Backscattering Spectra After Heating

A very small amount of deuterium was absorbed. However; it was not a
sufficient amount for recyclability of this material (figure 14).

There was no apparent substantial change in profile of the sample spectra

before and after heating (Fig. 15: graphs shifted from each other for comparison

purpose).
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CHAPTER VII

DISCUSSION AND CONCLUSION

7.1 Discussion

Knowledge of the temperature at which hydrogen is desorbed from the storage
material helps in choosing the right material for hydrogen storage as well deducing
the stoichiometry of the material. This study has shown that Ni/MgH thin film had
released most of its hydrogen well at 125°C in vacuum. Figure 12 and 13 show that
most of the hydrogen has been released from the sample at 125°C in vacuum. A huge
amount of hydrogen was lost during the initial heating (from 21°C to 50°C) which
raises suspicion for the presence of more than one phase of MgH. A relatively low
amount of hydrogen was lost during the second stage of heating (from 50°C to 75°C).
From 75°C onwards, there was a gradual hydrogen loss until around 150°C where the
graph line roughly remains constant. There was still an appreciable amount of trapped
hydrogen that could not be desorbed even at 200°C. The presence of this trapped
hydrogen may be attributed to the presence of a phase with strongly bonded hydrogen
among other possibilities. Nevertheless, the thermal stability curve indicates that the
sample could release most of its hydrogen at a reasonably low temperature. This
seems good because MgHj releases hydrogen at around 300°C [6] as far is experiment
with bulk materials is concerned. The campaign for hydrogen storage materials targets
the realization of an optimum temperature for hydrogen release from a particular

storage material [S]. Simultaneously, hydrogen storage requires that the material used
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should have good recycling properties. That is, the material must have a high capacity
to release and reabsorb most of its hydrogen. Consequently a good material is deemed
as recyclable if it can release and absorb hydrogen at a reasonable temperature for
continuous usage. Ni/MgH sample could not absorb enough deuterium despite
absorbing a lot of hydrogen.

As previously noted, there are factors which hinder the diffusion of hydrogen
in and out of the material, the main culprits being oxidation and creation of hydride
layer on the surface of the material [4, 11]. The second spectrum (Figure 11) shows
that our sample contains oxygen apart from Mg, H, and nickel elements. This
indicates that our sample is contaminated with oxygen which might negatively affect
deuterium absorption. This might be likely due to the oxidation of the sample during
transfer from the PVD chamber to the scattering chamber, and possibly during the
connection of the button heater. This deduction comes in due to the fact that Mg
reacts well with oxygen to form MgO based on the electron configuration of the two
elements. This may be a challenge to our hydrogen storage sample material since the
ideal one is intended to work in the normal atmospheric air in which oxidation is
likely to be a huge problem. It is not clear whether the hydride layer was created on
the surface of Ni/MgH or not. Otherwise if it was, it might have as well contributed to
the reduced deuterium implantation.

Obviously contamination by oxygen explains our inability to incorporate
deuterium in the sample at an appreciable amount of sample heating of 130°C. We

deposited nickel on top of the MgH with the assumption that this might prevent
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oxidation or any other coating that might hinder hydrogen diffusion in our sample and
also act as a catalyst to dissociate from molecular deuterium or hydrogen to atomic.
While it was relatively easy to dissociate hydrogen from Ni/MgH in our experiment to
ensure sample recyclability, it was impossible to deduce whether deuterium entered
our material as seen from the small deuterium signal (Figure 14). Since we noticed an
appreciable amount of hydrogen in our sample (Figure 13) and that a great deal of H,
had already desorbed at temperature as low as 125°C (Figures 12 and 13), we suggest
that future research be directed to the recyclability of this material. More work can
also be done to inquire about the structure of this material as well as its thermal
stability in an atmospheric environment since the final hydrogen storage material will

be in operation in an atmospheric condition.

7.2 Conclusion

This study has indicated that Ni/MgH deposited on a silicon substrate, has a potential
to lose most of its hydrogen if heated to a temperature of about 125°C .in vacuum. The
sample deposition parameters proved to be carefully chosen as shown by the huge
percentage of hydrogen in the sample. In this study it has been shown that deuterium
adsorption proved to be impossible at 130°C. This leaves the question of recyclability
of the sample unsolved. Future studies on the improvement of deuterium adsorption
on such samples and the thermal stability of this material in the atmosphere are
recommended. Additionally, future research may also be carried out to dissociate
extra hydrogen that was still trapped in the sample after a series of sample heating to a

maximum temperature of 200°C.
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