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ABSTRACT

Metal hydrides hydrogen storage materials have the ability to reversibly absorb and release large
amounts of hydrogen at low temperature and pressure. In this study, metal hydride materials

employed as negative electrodes in Ni-MH batteries are investigated.

Attention is on AB alloys due to their intermediate thermodynamic properties. Howevey, AB
alloys a have tendency of forming oxide film on their surface which inhibits hydrogen
dissociation and penetration into interstitial sites leading to reduced capacity. To redeem this, the
materials were micro-encapsulated by electroless deposition with immersion in Pd and Pt baths.
PGMs were found to increase activation, electrochemical activity asdndtion kinetics of the

MH alloys. Between the two catalysts the one which displayed better performance was chosen.

The materials were characterized by X-ray difractommetry, and the alloys presented hexagonal
CaCuy —type structure of symmetry P6/mmm. No extra phases were found, all the modified
electrodes displayed the same behavior as the parent material. No shift or change in peaks which

corresponded to Pd or Pt were observed.

Scanning Electron Microscopy showed surface morphology of the materials modified with Pd
and Pt particles, the effect of using different reducing agewsts NoH, and NaHPG;), and

alloys functionalized withy-aminosopropyltrietheosilane solution prior to Pd deposition. From
all the surface modified alloys, Pt and Pd particles were observed on the surface okthe AB
alloys. Surface modification without pre-functionalization had non-uniform coatings, but the pre-

functionalized exhibited more uniform coatings.



Energy dispersive X-ray Spectroscopy and Atomic Absorption Spectroscopy determined loading
of the Pt and Pd on the surface of all the alloys, and the results were as follows: EDS ( Pt 13.41
and Pd 31.08wt%), AAS (Pt 0.11 and Pd 0.78wt%). Checking effect of using different reducing
agents MH; and NaHPO, for electroless Pd plating the results were as follows: EDS
(ABs_N;H, Pd- 7.57 and ABNaHPO, Pd- 31.08wt%), AAS (AB N;H, Pd- 11.27 and
ABs_NaHPO, Pd- 0.78wt%). For the AB5 alloys pre-functionalized wtAPTES, the results

were: EDS (10.24wt%) and AAS (0.34wt%).

Electrochemical characterization was carried out by charge/discharge cycling controlled via
potential to test the ABalloy. Overpotential for unmodified, Pt and Pd modified electrodes were
-1.1V, -1.24V, and -1.60V, respectively. Both modified electrodes showed discharge
overpotentials at lower values implying higher specific power for the battery in comparison with
the unmodified electrodes. However, Pd electrode exhibited higher specific power than Pt. To
check the effect of the reducing agent the results were as follows: Wi, Pd (0.4V) and
ABs_NaHPO, Pd (-0.2V), sodium hypophosphite based alloy showing lower overpotential
values, implying it had higher specific power than hydrazine based bath. Alloy pre-
functionalized withy-APTES, the overpotential was (0.28V), which was higher than -0.2V of the
alloy without pre-functionalization, which means pre-functionalization Ww&PTES did not

improve the performance of the alloy electrode.

Polarization resistance of the electrodes was investigated with Electrochemical Impedance
Spectroscopy. The unmodified alloy showed high resistance of 210688de, both Pt and Pd
modified electrodes exhibited decrease 14.98%hd 12.106Q respectively, showing increase

in charge transfer for the modified electrodes. Investigating the effect of the reducing agent, the



alloys exhibited the following results: §N, 97.8619 and NaHPQO, 12.10612) based bath.

Alloy pre-functionalized withy-APTES displayed the resistance of 9.3028

Cyclic Voltammetry was also used to study the electrochemical activity of the alloy electrodes.
The voltammograms obtained displayed the anodic current peak at -0.64V to -0.65V for the Pt
and Pd modified electrodes, respectively. Furthermore, the electrode which was not coated with
Pt or Pd the current peak occurred at -0.59V. The Pd and Pt coated alloy electrodes represented
lower discharge overpotentials, which are important to improve the battery performance. Similar
results were also observed with alloy electrodes Pd modified ushhg(M.64V) and NakPO,

(-0.65V). For the electrode modified with and withguAPTES the over potentials were the

same (-0.65V).

PGM deposition has shown to significantly improve activation and hydrogen sorption
performance and increased the electro-catalytic activity of these alloy electrodes. Modified
electrodes gave better performance than the unmodified electrodes. As a result, Pd was chosen as
the better catalyst for the modification of ABlloy. Based on the results, it was concluded that

Pd electroless plated using N&D, reducing agent had better performance than electroless
plating using NH, as the reducing agent. Alloy electrode pre-functionalized wRRTES gave
inconsistent results, and this phenomenon needs to be further investigated. In conclusion, the
alloy modified with Pd employing NaiRO, based electroless plating bath exhibited consistent

results, and was found to be suitable candidate for use in Ni-MH batteries.

vi
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1: Chapter One

1. Introduction: Motivation and Objectives of the study

1.1 Background to Hydrogen Storage

The demand of energy in the world is growing as the number of the inhabitants increase. The
level of life is also growing, particularly here in South Africa as a lot of industrial development is
happening in urban, rural and previously disadvantaged areas. People are becoming more
dependent on energy for basic needs such as hot water, lighting, heating, transport etc.
Renewable energy sources such as burning wood, straw, dung and other living materials are no
longer being used. Fossil fuels such as petroleum, natural gas and coal are the fuel sources which
meet most of the world’s energy demands today, and they are being depleted rapidly. However,
their combustion products are causing global problems, such as green house effect, ozone layer

depletion, acid rains and pollution, which are posing great danger for our environment.

Natural energy sources such as solar and wind power are some of the prominent renewable and
carbon dioxide free energy sources and thus have attracted a lot of research interest because they
are expected to resolve the shortage of fossil fuels and environmental issues related to the global
warming caused by carbon dioxide[1]. However, it is necessary to have a high capacity energy
storage system for their practical application, because these natural energy sources lack the
power generation stability such that they are sensitive to environmental conditions such as the

weather and geography [2].

Nuclear energy is also another alternative to fossil fuels. However, uranium is used as fuel and

its disposal as waste is very difficult because of its high radioactivity. Thus, the waste must be
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isolated for thousands of years so that uranium radioactivity can die down and not be harmful to
people and the environment. It can also cause cancer, radiation damages, mutation or eventually

death [3].

One of the solutions to all these problems statedalvould be replacing the existing fossil fuel
system with the hydrogen energy systdfigure.l.1 illustrates the central role of,Has an
energy carrier linking multiple Hproduction methods and various end-user applications. One of
the principal attractions of Has an energy carrier is obviously the diversity of production
methods from a variety of resources, €an be produced from coal, natural gas and other
hydrocarbons by a variety of techniques, from water by electrolysis, photolytic splitting or high-
temperature thermo-chemical cycles, from biomass and even municipal waste. Such a diversity
of production sources contributes significantly to the energy supply. The principal drivers behind
hydrogen being a sustainable energy of the future are around the need to:

1. Reduce global carbon dioxide emission and improve local air quality.

2. Ensure security of energy supply and move towards the use of sustainable local energy

resources.
3. Create a new industrial and technological energy base crucial for future economic

prosperity [4].
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natural gas
= steam reforming
(with COr, capture)

= pyrolysis
= plasma reforming

coal, oil

= gasification

= partial oxidation
(with COy, capiure)

solar energy

= electrolysis of water \

= photolytic splitting of water
= thermal splitting of water -‘-"“‘--h_

ranspor
applications

—

2,

stationarys/
domestic

electricity/heat

generation

locally
stored energy

wind, hydro, wave _,.//" balancing of
» electrolysis of water renewable
clectricity
: roduction
fission/fusion biomass P
= glectrolysis of water L I'l-'n_ncrﬂu_riﬂrn
« thermal splitting of water - gasification pm'tahl..c
« pyrolysis electronics
(sustainable) hydrogen hydrogen
hydrogen production storage utilization

Figure 1.1: Hydrogen as an energy carrier linking multiple Hbroduction methods, through storage to
various end-users. Shaded production routes can involve substantial carbon dioxide

(by-product) generatio].

Hence H is the most frequently discussed source, which when burnt in air produces a clean form
of energy such as water. Hydrogen has attracted worldwide interest as a secondary energy
carrier. This has caused many researchers to investigate about the technology of hydrogen, and
how to solve the problems of production, storage and transportation. Hydrogen can be stored as
gas, liquid or in form of metal hydride which can be later used as energy fuel in batteries or fuel
cells. Energy storage is a very important issue that needs to be addressed in the use of fossil free
fuel system, and electrochemical storage in different types of batteries is and will be an important

way of intermediate storage.

1.2 Batteries

Batteries are the most common application for storage of hydrogen, for example Ni-MH which
uses metal hydrides as negative electrode in the batteryAcbkéttery is a device capable of
converting chemical energy into electrical energy and vice versa. The chemical energy is stored

3



1: Chapter One

in the electro active species of the two electrodes inside the battery. The conversions occur

through electrochemical reduction-oxidation (redox) or charge transfer reactions.

Batteries can be divided into primary (non-rechargeable) and secondary (rechargeable) battery
systems. Primary batteries, unlike secondary batteries, their reaction cannot be reversed by
running a current into the battery cell; the chemical reactants cannot be restored to their initial
position and capacity. They are useful when long periods of storage are required; a primary
battery can be constructed to have a lower self-discharge rate than a rechargeable battery, so all
its capacity is available for useful purposes. Applications that require a small current for a long
time, for example flashlight used for emergencies must work when needed, even if it has sat on a

shelf for an extended period of time.

1.2.1 Rechargeable/secondary batteries

Rechargeable batteries sometimes called storage batteries or accumulators, can be used,
recharged and reused. In these batteries, the chemical reaction that provides current from the
battery is readily reversed when the current is supplied to the battery. They must be charged

before use, they are also economical to use when their initial high cost of charging system can

be spread out over many use cycles, for example in hand-held power tools, it would be very

costly to replace high-capacity primary batteries every few hours of use[5].
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Figure 1.2: Typical Diagram of rechargeable battery [6]

FromFig. 1.2 aboverechargeable batteries all have some common components as listed below;

Negative electrode During discharging a reactant is oxidized and during charging a species is

reduced.

Positive electrode During discharging, a reactant is reduced and during charging a species is

oxidized.

Electrolyte: Completes the circuit internally by furnishing the ions for conductance between the
positive and the negative electrodes. The electrolyte can be either an alkaline solution which
supplies negative ion (OHor an acid solution which provides positive ions)(kb conduct

current. Charge flows from positive to negative electrode in two manners: In an alkaline
electrolyte, negative ions are created at the positive electrode and adsorbed at the negative. In an
acidic electrolyte, positive ions are created at the negative electrode and absorbed at the positive.
In either case, the effective flow current is the same. It is desirable to have an electrolyte with

high ionic conductivity [7].
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Separator. The most important function of separator is to decrease self discharge and increase

current voltage efficiency. Toward that purpose, functional separators made of nonwoven fabrics

or minute porous polymeric films must satisfy the following criteria: prevent any other positive

or negative materials from spreading and mixing, and have a smaller contact angle with each of
the electrolytes because of excellent wettability properties. Separators in most batteries are made
of nonwoven fabrics that have a diameter of abouiniOsuch as one or a combination of

polyolefins, which include (PP), (HDPE), (PTFE) etc [8].

The most common application for secondary (stordogdderies is for starting, lighting, and
ignition (SLI) in automobiles and engine-generator sets. In order to reach emissions reductions of
80% or more, emissions in the transport sector must be reduced by at least 25% to 75%. One of
the main challenges to production of cost-effective vehicles of these kinds one needs to produce
inexpensive, reliable batteries that can mimic many characteristics of internal combustion

vehicles [9]. This is one of the potentially large applications of batteries.

Other secondary battery applications include uninterruptable power supplies (UPSs) for
emergency and backup power, electric vehicle (traction), telecommunications, and portable tools.
Secure, reliable electric power is crucial for business continuity. If the main power supply to a
building or plant fails, the operator needs complete confidence in the performance and reliability
of the vital emergency power system. Batteries like Ni-Cd, Ni-MH, and Li-ion rechargeable

batteries are the ideal solution for power emergency, power back-up and generator starting

applications.
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1.3 Motivation to the study

Since the beginning of the 1990s, nickel/metal hydride (Ni-MH) batteries have been developed
as a result of the demand of power sources with high energy density, high capacity, long cycle
life and excellent environmental compatibility. These batteries owe this to the employment of
metal hydride as a negative electrode [10, 11]. The battery’s characteristic depends mainly on the

physical and chemical properties of theathsorbing alloy used for the negative electrode [12].

Among various kinds of fstorage materials, the ABype rare-earth system is one of the
promising candidates due to their intermediate thermodynamic properties, and they are
traditionally used as negative electrode in Ni-MH batteries. However, the hydrogen storage
capacity of this alloy declines drastically during cycling. In some applications where high power
is needed, for example, electric vehicles, the Ni-MH battery still do not reach the ability of the
Ni-Cd batteries. Therefore, the discharge kinetics of the battery should be improved [13]. Also,
the ABs alloys have a tendency of forming oxide film on their surface which inhibits hydrogen
dissociation and penetration into interstitial sites leading to reduced capacity of the battery. To
redeem this, the metal hydride materials were micro-encapsulated by electroless deposition of

the metal hydride materials with immersion in Pd and Pt bath.

The performance of MH electrodes such as cycle life, discharge ability are affected by many
factors, for example, the composition of the alloy, the content of the binder and the conductive
material in the electrode and the modification of the alloy surface. The performances are
therefore affected by factors other than the corrosion stability of the alloy and the reactivity of
the alloy surface for the reaction. However, it has been well established how these factors

contribute to the performance of the electrodes [14]. In the investigation study on ghgpAB
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rare-earth-based jJstorage alloys are in progress for further improvement in electrochemical

characteristics and reduction in production costs.

1.4 Objectives of the Study

Metal Hydrides (MH) hydrogen storage materials have the ability to reversibly absorb and
release large amounts of hydrogen at low temperature and pressure. When these metal powders
absorb hydrogen to form hydrides, heat is released. Conversely, when heat is absorbed hydrogen
is released from the hydride. In the absorption process, hydrogen gas molecules break down into
hydrogen atoms and penetrate into the interior of the metal crystal to form a metal hydride. In the
desorption process, hydrogen atoms migrate to the surface of the metal hydride, combine into
hydrogen molecules and flow away as hydrogen gas, allowing the material to form the original
metal structure [15]The formation of these hydrides can be realizeddily Hirect interaction of

the metals or alloy material with hydrogen gas, and also by its electrochemical saturation with
hydrogen from an electrolyte. Electrochemical saturation of the metal hydride hydrogen storage
material with hydrogen using an alkaline electrolyte will be the focal point of the investigation.
The objectives of the study are as follows:

* To study the feasibility of direct transformation of low potential heat (T <100°C) into
electricity, by the application of electrochemical hydrogen concentration cells with
thermally managed metal hydride electrodes.

» To master basics of metal hydrides material science, including experimental technique for
gas phase and electrochemical characterization of low temperature hydrogen storage

materials on the basis of intermetallic hydrides.
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1.5 Research frame work and design

Assumptions on which the study is based are given as follows:

* Metal Hydride hydrogen storage materials are known to be very efficient for the
utilization of low grade heat. Their applications are based on the reversible hydrogen
interaction with some metals and alloys to form a hydride and these reactions are
exothermic.

* ABs intermetallic hydrides show better kinetics of hydrogen absorption/desorption and
increased cycle lifetime.

* Platinum Group Metals (PGMs) exhibit catalytic properties thus the metal materigl (AB
are surface modified by them. Because they significantly improve activation, hydrogen

sorption performance and also increase the electro-catalytic activity of the material.

ABs material will be characterized to determine their physical and chemical properties and
correlation between thermodynamic and kinetic parameters of electrochemical experiments will

be determined.

1.6 Research Outline

Chapter Two: Literature Review: Electrochemical energy conversion using metal hydride
hydrogen storage materials

This chapter starts with the introduction of hydrogen, its properties and most importantly its
storage. It follows with the discussion of metal hydrides, their properties, structures and
applications. Attention is paid to intermetallic hydrides. Their surface modification with

Platinum Group Metals and their application in Ni-MH batteries are discussed. MH can be
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formed by direct interaction and electrochemical saturation of hydrogen into the metal or alloy
material. Both these methods are discussed.

Chapter Three: Experimental

Chapter three serves as the continuation of the literature review, but it elaborates more on the
characterization techniques utilized in the study. The chapter starts with the introduction of the
materials and methods used. It is followed by the review and discussion of the instruments and
techniques employed in the study. The principles in their operation, sample preparation and
experimental parameters are also discussed.

Chapter Four: Results and Discussion

The chapter initiates with structural characterization studies of unmodified and modified AB
type alloys. The results are demonstrated and followed with appropriate discussions. The
characterization is done by employing the analytical tools reviewed in chapter 3, which include
XRD, SEM, EDS, and AASThe electrochemical characterization is also done employing
galvanostatic charge/discharge rates, Cyclic Voltammetry, and Electrochemical Impedance

Spectroscopy.

Chapter Five: Conclusion and Recommendations
The research is completed with a brief discussion of the aims and objectives achieved regarding

the study. Recommendations are made for future work.

10
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2. Chapter Two

2. Literature Review: Electrochemical Energy Conversion using Metal Hydrides Hydrogen

Storage Materials

2.1 Introduction

Figure: 2.1 Hydrogen Cycles [20]

H. Cavendish discovered hydrogen in 1766 [16], and concluded that water was not an element
but was formed by hydrogen and oxygen, as illustrategigore 2.1 The name “hydrogen”,

which means “water former” in Greek, was proposed by A.L. Lavoisier in 1783. Hydrogen is a
highly reactive element; it is the first one in the periodic table, and has two isotopes; deuterium
and tritium. It is the most abundant element in the universe and the third one in the earth’s crust.

[16].

11
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Hydrogen is a renewable energy carrier. Being a carrier means that it is not a direct source of
electricity, but can be used to produce electricity. Unlike fossil fuels, which are naturally
occurring substances,,Hloes not exist in its pure form in nature and must be extracted from
other compounds. As an example, methanol, natural gas, or water can be separated to release the

H, into its pure form to be used as fuel [17].

Hydrogen can be converted to other forms of energy in more ways and more efficiently than any
other fuel, for an example, through catalytic combustion, electro-chemical conversion and
hydriding, as well as through flame combustion. Hydrogen has lower buoyancy, high auto-
ignition, high specific heat, and diffusivity which increase its safety [18]. Hydrogen is a non-

polluting gas and it forms water as a by-product when in use [19].

The problem of storing hydrogen safely and effectively is one of the major technological barriers
currently, preventing the widespread adoption of hydrogen as an energy carrier and the
subsequent transition to the so-called “hydrogen economy” [21]. The conventional storage
methods are compressed ¢hs, cryogenic liquid and absorbed solid (e.g. metal hydrides). Each

of these methods will be further discussed below.

12
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2.2 Compressed HGas

L onspressed S5as

Figure 2.2: Hydrogen as compressed gas [22]

The most commonly used and simplest method is to store hydrogen in its natural form as a gas.
Compressed hydrogen seems to be the best form fafrHuel purposes, because in this form it

can be stored in a smaller space while maintaining its energy potency. Additionally, compressed
hydrogen, whilst still flammable, can be stabilized so it is less volatile, making it a good choice

to power automobiles, home and office buildings [23].

The problem with storing hydrogen as compressed gas is that, energy must be consumed to reach
the high pressure. The high pressure ranges from 5000 to 10 000psi. Compsegzeds ot as

energy intensive as liquefaction, which consumes as much as 50% of the heating value of H
Furthermore, compressed, Han be stored at ambient temperatures, unlike liquidthidt

requires superinsulated tanks to maintain the cryogenic conditions [18]. The major setback of

13
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storing hydrogen as a gas is that the tanks that are used to store the hydrogen can rupture which

poses a safety risk, since large volume tanks are used.

2.3 Liquid Hydrogen

Crvogenic Liguid

Figure 2.3: Hydrogen as cryogenic liquid[22]
The energy density of +tan be improved by storing hydrogen in a liquid state. Liquidnilist

be stored in cryogenic tanks and this is a well established technique. There are three ways that
heat transfer occurs from the external air to the liquidceinduction, convection and radiation.

Heat transfer increases with external surface area. As such, the majority of cryogenic tanks are
spherical or cylindrical to minimize surface area (e.g. figure 2.3). However, the issues with
Liquid Hydrogen (LH) tanks are hydrogen boil off, the energy required ferliguefaction,

volume, weight and tank cost. The energy requirement foligdefaction is high, typically,

30%. The energy required is much higher due to the inefficiency of regeneration at the extremely

14
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low temperature. This provides a significant volume improvement over compresges.H he
volumetric capacity of liquid hydrogen is 0.070kg/L, compared to 0.030kg/L for 10 000psi gas
tanks [18]. A considerable amount of energy is wasted on maintaining the low temperature
required to keep theHn liquid state. Consequently, liquid: i very expensive and impractical

for most automotive applications [24].
2.4 Solid State Hydrogen Storage

Hydrogen is a highly reactive element and is known to form hydrides and solid solutions with
thousands of metals. This method uses alloys that can absorb and hold large amounts of
hydrogen by bonding with hydrogen and forming hydridég. 2.4 shows the family tree of

hydriding alloys and complexes.

] Cnmple:esl

Solid Intermetallic
Solutions| |Compounds | [Other TM | |Non-TM| | Other
|
A 68 |08 B8 | e [
[ABs | [AB | [A;B] |Borohydrides||Aluminates| |Other |
Other [ S
ABjy, AzB7 Misc. | |Polyhydrides
AzBq7, etc.

]
| Muitiphase | |Quasicrystaliine] [Amorphous| [Nanocrystalline |

Figure 2.4: Family tree of hydriding alloys and complexes [25]
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The results obtained and presented by many studies show that there are many materials that are
competitive to be used in Htorage processes. These are materials based on carbon structures,

metals and metal alloys, etc. These kinds of materials will be referred to specifically below.

2.4.1 Carbon Type Material for Hydrogen Storage

Carbon can be used as a storage medium for hydrogen. Two types of carbon will be discussed,
namely, diamond and graphite. In diamond, each atom is fully coordinated symmetrically in
space in all three dimensions. Graphite, on the other hand, is made up of a two-dimensional
hexagonal sheet of carbon atoms, with long distance between each sheet. However, there are also
other forms of carbon structures such as graphene and nanotubes that are the newest advanced

carbon structures, with special properties.

Some scientists are using various approaches to shape carbon into microscopic cylindrical
structures known as nanotubes. These nanotubes are microscopic tubes of carbon, two nano
meters across, that store hydrogen in microscopic pores on the tubes and within the tube
structure. One of the critical factors in nanotubes’ usefulness astardge medium is the ratio

of stored H to carbon. Carbon nanotubes have storage density (5.5wt%). They are the best
current materials, having high surface area but, still require cryogenic temperatures to achieve
high storage densities. Similar to the metal hydrides in their mechanism for storing and releasing
hydrogen, carbon nanotubes hold the potential to store significant volumesNsdréstructured
carbons include single wall, multi wall and rope type structures. While promising because of
their structural and chemical versatility; these tubes have not consistently shown superior H

storage properties[2GFigure 2.5shows different types of carbon nanotubes.
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Figure 2.5: Different types of carbon nanotubes [27]

2.4.2 Metal Hydrides

A hydrogen storage alloy is capable of absorbing and releasingthbut compromising its

own structure. These hydrogen storage alloys are known as metal hydrides which is the term
used to describe compounds of metals or intermetallics compound and hydrogen that contains

some kind of a metal hydrogen bond [28].

With storing hydrogen in hydride form there is possibility to control the hydrogen absorption and
desorption conditions through the thermodynamic properties of the materials and this offers
better security conditions. For example, metal hydrides have the lowest operating energy
compared to both compressed gas and liquid hydrogen. Therefore, metal hydrides have the
advantage of low operating energy, moderate pressure and temperature, and high volumetric
density as compared to both compressed gas and liquid hydrogen. These metal hydrides are still

behind in both gravimetric and volumetric energy densities as compared to hydrides of light

17
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metals as shown ifigure 2.6 below. The draw back in the application of these light metal

hydrides is that their high capacities are only available at impractical high temperatures.
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Figure 2.6: Gravimetric and Volumetric densities of various hydrogen storage options
(including the weight and volume of storage tanz9)

In Figure 2.6,the gravimetric and volumetric energy densities of hydrogen chemically stored

using various storage methods are displayed. One can see that neither cryogenic nor high-
pressure hydrogen storage option can meet the fossil fuel energy density as the DOE target. It is
becoming increasingly accepted that the solid state hydrogen storage using ionic-covalent

hydrides of light elements such as lithium, boron, sodium, magnesium and aluminum (or some

18
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combination of these elements), represents the only method enabling one to achieve the

necessary gravimetric and volumetric target densities.

2.5 Classification of hydrides

Every element of the periodic table forms one or more hydrides. These compounds have been
classified into three main types according to the nature of their bonding: ionic hydrides; which
have significant ionic character, covalent hydrides; which include the hydrocarbons and many

other compounds, and interstitial hydrides; which may be described as having metallic bonding.

2.5.1 Covalent Hydrides

They are generally formed from the metals to the right of group VIIIB in the periodic table. The
properties of covalent hydrides are a reflection of weak Van der Waals forces existing between
covalent molecules. The common characteristics of covalent hydrides are typically: low melting
and boiling points, liquid or gaseous at room temperature, and thermal instability for solid

covalent hydrides [30].

Covalent hydrides encompass compounds such ag Alel boranes and the borohydrides and
related derivatives, hydrocarbons, amines, amides, and ammonia complexes, etc. Where the
bonding is highly localized and strong between two centres, or in the case of the boranes and
borohydrides, there is often three centers, two electron bonds formed, for example, in bridging
B-H-B compounds. According to the older definition of hydride, covalent hydrides cover all
other compounds containing hydrogen. The more contemporary definition limits hydrides to
hydrogen atoms that formally react as hydrides and hydrogen atoms bound to the metal centers.

In these substances the hydride bond is formally a covalent bond much like the bond made by a
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proton in a weak acid. This category includes hydrides that exist as discrete molecules, polymers

or oligomers, and hydrogen that has been chemisorbed in the surface.

A patrticularly important segment of covalent hydrides are the so called complex hydrides which
often contain discreet cation-anion pairs. The anions include borohydride or alanate, among other
hydridic anions. Hydrogen may be released thermally, or in the case of sodium borohydride by
hydrolysis to form sodium borate and hydrogen. Another important class of covalent hydrides
are the so-called chemical hydrogen storage materials, which are discreet molecular species,

usually that do not contain cation-anion pairs such as found in the complex metal hydrides.

Chemical hydrogen storage materials encompass molecules such as ammonia borane, alane, and
the hydrocarbons, among many others. These molecular hydrides often involve additional
ligands such as in TMEDA-Alglwhere the tetramethylethylenediamine ligand is ligated to the
alumina centre through its two nitrogen atoms, thus helping to stabilizg. AWdride

complexes occur when combinations of ligands, metal ions and hydrogen form molecules.

Hydride complexes are differentiated by whether they contain transition metals; those that are
called Transition Metals (TM) hydride complexes, those that do not are called non-TM hydride
complexes. The main difference between hydride complexes and Intermetallic compounds (IC)
is that the bonding in hydride complexes is quite covalent, strong, and localized, whereas in
intermetallic compound hydrides, hydrogen atoms reside in the interstitial sites and the multi-
center bonding may be relatively weak. Complexes release hydrogen through a series of
decomposition and recombination reactions. Some combinations of elements, for example, Mg
and Fe, form hydride complexes but cannot form IC’s; hydrogen is required for these two

elements to form a stable compound (MeHs) [25].
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2.5.2 lonic Hydrides

They are formed from the alkali and alkaline earth metals. Thead valence of -1 in ionic
hydrides, and the physical properties of these hydrides are often similar to the corresponding
halides. lonic hydrides are often also referred to as saline hydrides. Common characteristics of
ionic hydrides are: high enthalpy of formation, high melting points, and electronic conductance

in the molten state [30].

Most ionic hydrides exist as “binary” materials involving only two elements including hydrogen.
lonic hydrides are used as heterogeneous bases or as reducing reagents in organic synthesis.
Typical solvents for such reactions are ethers. Water and other protic solvents cannot serve as a
medium for pure ionic hydrides because the hydride ion is a stronger base than the deprotonated

solvent anion.

Hydrogen gas is liberated in a typical acid-base reaction.

NaH + H,O —H; (gas) + NaOHAH = -83.6kJ/mol,AG = -109.0kJ/mol. (2.1)

Often alkali metal hydrides react with metals halides. Lithium aluminium hydride (often

abbreviated as LiAlH) arises from reactions of lithium hydride with aluminum chloride.

ALiH + AICI 3 — Li AlH 4 + 3 LiCl (2.2) [25]
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2.5.3 Interstitial Hydrides

Interstitial hydrides can exist as discrete molecules or metal clusters in which they are atomic
centers in a defined multi-centered multi-electron bonds. Interstitial hydrides can also exist
within bulk materials such as bulk metals or alloys at which point their bonding is generally
considered metallic. The interstitial hydrides are distinct from ionic or covalent hydrides, in that
way from where H atoms reside in the tetrahedral or octahedral interstices within the metal or
alloy frame work; solid solution formation is common. The bonding between the metals and the
hydrogen atom is highly delocalized, with multi-center, multi-electron bonding similar to that in

metals occurring.

Many bulk transition metals form interstitial binary hydrides when exposed to hydrogen.
Interstitial hydrides can be further separated into subclasses of metal alloy hydrides and

intermetallic hydrides [25].

2.5.3.1Metal Alloy Hydrides

The host hydrogen storage materials may consist of a solid solution alloy. These are
characterized by varying composition and disordered substitution of one element for another on
crystal lattice sites; they are formed by dissolving one or more minor elements into a primary

element.

Solid solutions based on Pd, Ti, Zr, Nb and V form hydrogen storage materials with some
attractive features such as moderate reversible storage capacities near ambient conditions, but
cost and the heat released on hydrogen absorption deter the use of these materials for transport

applications [25].
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2.5.3.2Metal Hydrides Intermetallic Compounds

Intermetallic compounds (IC) are characterized by homogeneous composition and crystal
structure. IC’s form hydrogen storage by combining a strong hydriding eleierith weak
hydriding elementB to create a compound with the desired intermediate thermodynamic
affinities for hydrogen. Hydrogen absorbs automatically into the host metal lattice as a solid
solution at low concentrations and via hydride-forming metal/hydrogen bonds at higher
concentrations. The host intermetallic compound elem&rasd B are typically present in an

integer or near-integer stochiometric relationship.

Element typeA and/orB may be an ordered or disordered mixture of several metal elements.
The total compositional variation has a strong impact on hydriding properties. This ability to
form AxBy IC’s containing up to 10 or more elements has been extensively studied and
exploited in the commercialization of metal hydrides for hydrogen storage and Nickel-Metal
Hydride battery applications. Because of their application in Ni-MH batteries, intermetallic
compounds will be the main focus of this investigation, and will be further discussed. Common
classifications of IC’s for hydrogen storage aresABB,, AB and AB; LaNis, TiCr,, TiFe and

MgoNi being representative examples [25].
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2.6 Hydrogen Absorption Mechanism
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Figure 2.7: Metal hydrogen interaction [22]

The metal hydrogen system consists of a metallic material, hydrogen gas, and an interface region
between them as shownhiny. 2.7above. Hydrogen gas adsorbs onto the interface region. At the
interface region, the molecule is dissociated into individual hydrogen atoms that are able to
absorb or dissolve into the metal phase. The random dissolution of hydrogen atoms in the metal
phase is known as thephase. Within the metallic phase, the hydrogen atoms can start to
arrange themselves in a specific configuration with the metal atoms, forming the metal hydride
phase called thp-phase. Where and how tfighase is nucleated and grows is characteristic of

the material [22].
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2.7 Hydrogen Implantation in Metals

Molecular hydrogen gas can readily enter a molten metal surface, often added accidently as
water contained in fluxes, mould dressing and alloying additions, dissociating into the mono-
atomic form on dissolution, and remaining as a mono-atomic solute on solidification. The
diatomic hydrogen molecules are too large to enter the surface of a solid metal, and must be
dissociated into single atoms [31]. Metal hydrides method,dftétage is based on the process

of the reversible hydrogen absorption in hydride forming metals or intermetallic compounds with
the formation of metal hydrides (MH). Hydrogen in the MH is placed in interstitials of crystal
structure of the matrix of the metal (intermetallide) as individual, not associated in molegules, H
atoms [32]. There are several ways of implanting Hydrogen in metals, but there are two
technigues that are commonly used namely,gbs phase and electrolytic charging. Both are

simple and require relatively inexpensive equipment.

2.7.1 Gas Phase Charging

This technique consists of simply applying hydrogen gas at appropriate temperature and
pressures. The best way to understand the absorption and desorptidy ahétals when using
the gas phase charging is via pressure composition isotherms which are performed

experimentally using Sieverts apparatus.

The H absorption mechanism occurs as follows. Metal hydride alloy attract and store hydrogen

atoms through chemical hydriding reactions at the surface of the alloys when the surrounding
temperature is relatively low. By decreasing the surrounding temperature or increasing pressure,
the metal hydride alloy can be forced to absorb hydrogen, generating heat. By increasing the

surrounding temperature or decreasing pressure, the metal hydride alloy can be forced to desorb
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hydrogen, absorbing heat. In this manner, the reaction between metal hydride and hydrogen can

be directed by controlling temperature and pres22te
The characteristics of these reactions can be described by the following equation:

M #£)fH2 < MHx + Heat (2.3)[22]
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Figure 2.8: Pressure composition isotherm for hydrogen absorption in a typical intermetallic
compound on the left hand side. The solutios-phase), the hydride phasg-phase)
and the region of coexistence of the two phases are shown. The coexistence region is
characterized by the flat platue and ends at the critical temperature Tc. The
construction of the Van’t Hoff plot is shown on the right hand side. The slope of the
line is equal to the entropy of formation divided by the gas constant [33].

The thermodynamic aspects of hydride formation from gaseous hydrogen are described by
pressure composition isotheriigy. 2.8.When the solid solution and the hydride phases coexist,
there is a plateau in the isotherms, the length of which determines the amount of hydrogen
stored. In the pur@-phase, the KHpressure rises steeply with concentration. The two phases

region ends in critical point, Tc, above which the transition faeto f-phase is continuous. The
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equilibrium pressure, g is related to the changesH and AS in enthalpy and entropy,

respectively as a function of temperature by the Van’t Hoff equation:

Peg. _AH I AS
'”(FE?‘?'?'E (2.4)

As the entropy change corresponds mostly to the change from moleguimsHo dissolved

solid H,. It is approximately the standard entropy of(& = 130J.K".mol?) and is thereforaS

= -130J.K".mol*H, for all metal-H systems. The enthalpy term characterizes the stability of the
metal hydrogen bond. To reach the equilibrium pressure of 1bar at 36DEhould amount to
significant heat evolutionQ = T.AS (exothermal reaction) duringztdbsorption. The same heat

has to be provided to the metal hydride (MH) to desorb the hydroggriefitiothermic). If the

H, desorbs beloMRT, this heat can be delivered by the environment. However, if the desorption
is carried out abovRT, the necessary heat has to be delivered from an external source, such as

combustion of H[33].
2.7.2 Electrochemical charging

This technique is often called cathodic charging or electrosorption. The metal specimen is placed
in an acid or alkaline for example (KOH)B- based electrolyte in series with a power supply

and counter electrode (for example Pt). Often a reference electrode, such as saturated Hg/HgO, is
placed near a sample electrode in order to monitor the applied potential relative to a well-
established electrochemical standard. If the electrons are added to the metal electrode, water is

partially split according to the following reaction:

M+ H,O + € - M + Hads +OH (2.5)
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WhereH,qs is the adsorbed atomic hydrogen resulting from electrolytic water splitting. Applied
cathodic potential is highly effective in driving equati@h5) to the right, thus increasing the
thermodynamic activity oHags[34]. This highly active atomic His then readily absorbed into

the sample, often far more effectively and rapidly than by gas phase charging [35], it is very
likely that the hydriding surface mechanism is more complicated process for electrochemical
hydriding than for gas phase hydriding. For hydriding via gas phase, the hydrogen bond needs to
be broken, and the atoms are then more or less free to enter the hydrogen storage alloy lattice.

For the desorption process, adsorbgdsHecombined to form gaseous. H

During the electrolytic process, an electron is transferred from tlseokhge (MH) to the water
molecules during charging. After this step, thg dlom can be adsorbed on the surface and
subsequently can be absorbed into the lattice. During discharge, an electron is transferred from
the hydroxyl (OH) ion to the alloy and adsorbed hydrogen is desorbed and forms water. The
electrolytic process as such involves more sub-processes in addition to an extra barrier in the
electric double layer. Electronic conductivity is also important to facilitate optimum conditions
for the hydriding/dehydriding reaction. An optimum reaction rate for the electrolytic
hydriding/dehydriding reaction therefore requires additional optimization compared to the gas

phase reaction [30].

The rate of these reactions increases with the increase in the surface area. It can therefore be
concluded that in general, the hydriding substances are used in powder form to speed up the
reaction. Elements or metals with unfilled shells and sub-shells are suitable hydriding substances.

Metal and hydrogen atoms form chemical compounds by sharing their electrons in the unfilled

sub-shells of the metal atom and the K shell of the hydrogen atom. Ideally at a given
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temperature, the charging or absorption process and the discharging or desorption process take

place at a constant pressure.

Metal hydrides have found their wide spread use as rechargeable batteries in the battery industry.
As mentioned in chapter one, rechargeable batteries can be divided into primary (non-
rechargeable) and secondary (chargeable) systems. The most important secondary battery types
are lead acid, Ni-Cd, the Ni-MH and Lithium based battery type. Ni-MH and Li-ion batteries are
replacing Ni-Cd and lead acid batteries for environmental concerns and because of higher energy
storage. Ni-MH will be further discussed because they are the fastest growing segment of this
rechargeable market for one on one replacement of Ni-Cd batteries in electronic devices due to
their higher density (both in terms of weight and volume) and good cycle life. These batteries
have more environmentally acceptable chemistry than Ni-Cd batteries, owing to the absence of
such hazardous materials like Pb, Cd, and Hg. It is also becoming more competitive with Li-ion
batteries in terms of volumetric density, long cycle life, and inherent protection against over
charge/discharge. Ni-MH use intermetallic compounds metal hydrides as the negative electrode

in the battery [23, 2435, 38.

2.8 Nickel Metal Hydride Batteries (Ni-MH)

The development of Ni-MH batteries based on metal hydrides (MH) negative electrodes is one of
the most important areas of electrochemical studies today. Batteries based on such hydride
materials have some major advantages over the more conventional lead-acid and nickel-
cadmium systems. The Ni-MH cell is an alkaline storage cell, similar to Ni-Cd cell, which has
for some time been used for many electronic devices such as cellular phones, lap-top computers,

camcorders and others. Environmental safety concerns regarding the toxicity of cadmium and the
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safe disposal of Ni-Cd cells have accelerated the commercialization of Ni-MH cells. The Ni-MH
also has high gravimetric and volumetric energy densities than Ni-Cd cells by approximately 30-

40% if the cells are of the same size.

The Ni-MH also has the advantage of being able to replace a Ni-Cd cell virtually without a
change of the existing power systems for many electronic devices because they are very similar
in physical structure and have similar charge and discharge voltage characteristics. Both battery
systems have a 1.2V nominal voltage and similar discharge endpoints. The charging method
used in Ni-Cd batteries is compatible with that for Ni-MH batteries and there is no need to
minimize the overcharge of the Ni-MH battery. Ni-MH batteries are environmentally friendly
and offer more energy per unit weight or volume than Ni-Cd or lead-acid batterj&y [34.
Presently, Ni-MH is considered the most preferred rechargeable batteries of the future. The high
energy density, excellent power density, and long cycle life of these batteries also make them the
leading technology as the battery power source for electric vehicle (EVs) [39]. However, further
improvements of the cells are needed for longer life cycle, reduced self discharge, and optimum

operation at elevated temperature.

Performance of metal hydrides battery depends on the electrochemical characteristics of the
metal-hydride alloy, which is used as an active electrode in the battery. Electrochemical
characteristics of the alloy are life cycle, capacity, exchange current density and discharge
potential. These electrochemical behaviors depend on the structure, the nature and amount of
each element in the intermetallic alloy. The characteristics can be altered by designing

composition of the alloy to provide optimum performance of the battery.
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2.8.1 How a Ni-MH Battery Works
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Figure 2.9: Schematic representation of Ni-MH cell [40]

As in all batteries, the Ni-MH consists of two electrodes with two connected ongoing reactions.
In the Ni-MH cell, the active materials in the battery are nickel oxyhydroxide (NiOOH) and a
hydride of La-Ni alloy (an ABtype alloy). During discharging, NiOOH gets reduced to Ni(OH)

and the hydride gets oxidized to its unhydrided alloy. The standard potential for the reaction at

the anode is +0.490V, and that of the cathode is -0.828V. Thus, the cell voltage works out to

31



2: Literature Review

1.318V. The nominal voltage is 1.2V. If the cell is over charged, oxygen will evolve at the nickel
electrode. However, oxygen evolved will combine with hydrogen from the metal hydride
electrode to form water. This recombination reaction ensures no build up pressure in the cell, and
is adopted as a safety measure. The cell must be negative limited, so there is always excess of the
hydriding form of the electrode for combination with the evolving oxygen. The recombination

mechanism allows the construction of sealed nickel-metal hydride batteries.

It is possible to make sealed cells which are essential maintenance free and be overcharged
without creating excessive external pressures. This is done by making storage capacity of the
positive nickel hydroxide electrode smaller than the negative electrode capacity. These are called
positive electrode limited cells. At the end of the charging phase, there are no more accgssible H
atoms to be removed from the positive electrode. Instead, hydrogen will be taken from the
electrolyte leading to the production of oxygen molecules at the nickel oxide electrode. Sealed
cells are designed with a certain amount of porosity in the separator that is not filled with the
electrolyte (starved electrolyte). This will allow for gas passage, so that the oxygen produced at
the positive electrode can diffuse through the separator and be recombined at the negative
electrode. As long as the process works, the cell can be continuously overcharged without

damage. This also facilitates the handling of the cells connected in series into a battery pack.

By a period of overcharging, the charged state of cells can be homogenized and fully charged.
The reaction heat from the recombination will, however heat up the battery, which if it becomes
excessive will cause it to fail. Also, if the overcharge current is high that it produces more

oxygen than the recombination kinetics can combine, the oxygen pressure will increase in the
cell, until the safety valve vents to release the internal pressure build up. This will lead to failure
by electrolyte consumption and the separator dry out. The amount of electrolyte present in the
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cell is limited in order not to fill all the porosity, which means that all small loses of the

electrolyte lead to a significant reduced performance of the cell.

Generally the most common failure for Ni-MH seal cells is related to separator dry out. The
normal ageing of the cell is, however also related to the dry out caused by a slow phase change
and swelling of the Ni-electrode, which incorporates electrolytes in the structure and dries out
the separator. This ageing process is dependent on temperature and cycling but also to a large
part of the type of the Ni-electrodes used in the cell. The charging of the cell is controlled by
monitoring the temperature of the cells, in order to stop or reduce the charge current when the
cell starts to increase by overcharging. This temperature control can be done by indirectly using

the cell itself as thermometer by monitoring the charge voltage.

The cells are charged with constant current and as they heat up, the over potential is reduced
leading to a dip in the charge voltage (V). This decrease is denoted by the charger, which goes
over into a low current mode. The method is usually referred to as delta V charging, which is
also commonly used when charging Ni-Cd cells. The metal hydride electrode is however more
effective with regard to charge acceptance leading to less marked reduction over potential upon

heating necessitating a more sensitive charger to detect the voltage drop.

In contrast to other battery chemistries, the Ni-MH battery has in principle, an advantage of
being able to withstand a certain amount of overcharging. When the cell is discharged and the
nickel electrode is fully converted to Ni(OKl)it cannot intercalate further hydrogen and the
additional hydrogen will be emitted as hydrogen gag (tdm the positive Ni-electrode. This

can be recombined again at the metal hydride electrode, helped by the match of more negative
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electro active mass than positive. At high current discharging the recombination kinetics, is

however, too slow to be able to cope with the emitted gasedd4]H
2.8.2 Requirements of Metal hydrides used in the Ni-MH battery industry

The discharge pressure of metal hydrides should range between (0.1 to 1)atm at room
temperature to ensure that the hydrogen absorbed will be completely removed. The amount of
hydrogen that a metal hydride alloy can absorb, describes the electrochemical storage capacity of
the alloy and consequently the energy storage capacity of the battery. It is desired to have high-
electrode capacity which has electrochemical reversibility. To obtain the capacity, the stability of
the alloy should be considered. The metal to metal (M-M) chemical bond of the intermetallic

alloys plays a vital role in their hydriding stability.

To ensure reversibility, the metal to hydrogen bond (M-H) strength must be between (25 to 50)
KJ.mol™. If the bond strength is too low, hydrogen will not react with the alloy, but it will be

evolved as gas. If the bond strength is too strong, the metal hydride will not absorb hydrogen
reversibly. The alloy must have good oxidation and corrosion resistance in alkaline electrolyte.
Most chemical elements form oxides when they react in alkaline electrolyte, and if these

electrolytes are used they will oxidize and fail to store hydrogen reversibly.

In Ni-MH battery the metal hydrides operate in completely sealed environments where oxygen
recombination occur on its surface. Therefore, the metal hydride must have good oxidation and
corrosion resistance because cycle life depends on it. Hydrogen diffusivity in the alloy and
exchange current densities must be high to ensure high discharge rate of the alloy especially
during high discharge current densities. The discharge depends on mass transfer and charge

transfer of the alloy. Hydrogen must migrate from the bulk in the metal to the surface of the
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electrode through diffusion. Hydrogen will react with the hydroxyl ions at the metal-electrolyte
interface. Hydrogen diffusivity and exchange current density of the alloy affects the rate at which
energy can be stored in or removed from the battery. Exchange current density may be
influenced by surface properties such as oxide thickness, electrical conductivity, surface porosity

and topology, surface area and degree of catalytic activity [42].

2.9 Intermetallic Compounds
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Figure 2.10: Periodic Table43]

Different families of intermetallic compounds areasdified on the basis of their crystal
structures. They are formed by the combination of the elements in the side group IIA to VIA of
the periodic table, having formulas likeB\(A=Mg or Ti), AB and AB (A=Ti, Zr), and AB (A

is rare earth metal), etc., where B is a transition metal, mainly nickel, commonly with addition of
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aluminum, cobalt, manganese, iron, chromium, etc. For the same stoichiometric formula of the
metallic compound, their crystal structure may also be related to different types. For example,
AB compounds have the structure of the type CsCl (hon-hydrogenated) and CrB (hydrogenated),
AB, Laves phases have the structure type MgCu, MgZn, and Mgii AB; have the CaGu

structure type. The intermetallic nature of the hydrogen storage alloy is preferred because in this

case, the main conditions for effective storage of hydrogen are fulfilled:

1. The mutual position of the metallic atoms in the hydride phase is almost identical
with the mutual position in the initial metallic matrix.
2. The lattice has a sufficient number of easily deformed voids suitable for

accumulation of atoms in them.

In fact if these conditions are fulfilled, the intermetallic compounds absorb hydrogen
reversibly and with a high rate and release hydrogen at 25-50°C. However, even the most
efficient hydrogen storage alloys have certain shortcomings; high costs, high density, large
hysteresis of the absorption-desorption pressure; difficult activation, low effective thermal
conductivity in finely powdered state; and reduction of the working characteristics with an
increase of the number of absorptiop-g€neration cycles. To eliminate the shortcomings,

the intermetallic compounds, formed in the base of the hydrogen storage alloys are
additionally alloyed. In the simplest case, components A or B are substituted by other

elements, or both elements are substituted simultaneadkly [
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2.9.1 AB Type Alloy

The first intermetallic hydride reported in detail was of the AB type, ZgNitbwever ZrNiH

had a high hysteresis and required about 300°C for a desorption pressure of latm, and as such
was never really very practical for room storage applications. Early works on AB type hydrogen
storage alloy were restricted to TiFe. There are two stable intermetallic compounds formed by
the Ti-Fe system, TiFe (hydride-forming) and Tif@oes not form hydrides). The application of

TiFe in Ni-MH batteries has been limited because of easy deterioration of its hydrogen
absorption /desorption by trace amounts of gas impurities includirg®HO. In recent years,

more AB type hydrogen storage alloy consisting of Ti, Zr, and Hf on the A side and Fe, Ni, Al,
Co, Mn, or Sn on the B side has been investigated. The substitution of Ni or Fe could improve
the activation performance and discharge capacity. Nevertheless, the electrochemical properties
of this system of alloys are unsatisfactory and, the AB family is rather sensitive to the surface
damage from trace impurities present in commercial purityaHd is obviously little used

anymore [45].

2.9.2 AB type alloy

Examples of AB compounds that are historically important for hydrogen storage purpose
include TpNi, important in early Ni-MH battery work, and IyNi, the earliest of the “the
lightweight” hydride. MgNi forms the hydride MgNiH, (3.6%wt H) by direct and reverse
reaction with hydrogen gas around 300°C. Unlike all the intermetallic hydrides discussed above,
Mg.NiH4 is not really interstitial metallic hydride but rather a transition metal complex. Perhaps
this resulted in the failure of several studies aimed at reducing the dissociation temperature of

Mg2NiH4 to much lower than 300°C temperatures. This type also had little practical use [46].

37



2: Literature Review

2.9.3 AB type alloy

AB; hydrides are based on the ABaves phases which form under certain conditions oAtBe

metal atom size-ratios and d-electrons concentration. For the Laves phases that form useful
hydrides, A is usually a group IVA elements (mostly Ti and or Zr) &ds one or more
transition elements in the range of V and Cu (with special emphasis on V, Mn and Cr). First
studied in the 1960’s, the ABiydrides were the subject renewed efforts that started in the mid
1970s. Like the ABhydrides, numerous substitutions can be made forhathdB elements in

the AB, hydrides to control absorption/desorption pressure.

Unlike the ABs intermetallics, which almost always have very narrow homogeneity regions
(Figure 2.113 LaNis), the AB, intermetallic often show significant ranges of stoichiometry
(Figure 2.11h TiMny). In fact, most AB intermetallics in applications are multicomponent and
probably off-stiochiometric. Multiphase, disordered alloys based on at least grEha&es have
been promoted for Ni-MH battery. ABntermetallic system is of great interest since it possesses
a higher energy density than the A8/stem. Besides ARype, only the AB type has reached

commercialization in rechargeable batteries.

The AB; alloys have higher storage capacity and plateau with higher slope thanghendBre

known to have slower kinetics. ARalloy crystallizes in Laves phase structure which can be
hexagonal (MgZm or MgNi, structure types) or cubic (Mggustructure type). Nickel
substitution on the B site is favorable not only to increase the pressure but also to its catalytic
effect on the K dissociation. For larger substitution the capacity falls down. The main drawback
of these types of compounds is the surface passivation by titanium and / or zirconium oxides

which reduce the kinetics and slow down the activation. In order to improve the kinetics and
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reduce the activation period different surface treatment like surface coating or fluorination were
employed. The fluorination was the most efficient treatment to improve the activation process by

dissolving Zr or Ti and precipitating catalytic Ni particles [47].
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Figure 2.11: Phase diagrams of Ti-Mn (a) and La—Ni (b) systems [48-49

Conventionally, both ABand AB types of alloys have been used for metal hydride electrodes.
They meet almost all of the above requirements of the metal hydrides to be used in Ni-MH
batteries. However, for hydrogen storage applications, the alloy formulations are complex. From
the time period that metal hydrides were researched on for hydrogen storage there has been great
interest in these alloys for nickel/metal hydrides batteries. The reason is that the nickel/metal
hydride batteries has performance characteristic practically identical to nickel/cadmium batteries.
In practical terms, all batteries, use A&lloys and not AB alloys even though the latter have

higher specific energies and energy densities. The &Bys have longer cycle life, high
exchange current densitidggher charge/discharge rates and better performance at higher and
lower temperatures than 25°C. They show intermediate thermodynamics properties. The main

attention is paid to these intermetallics.
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2.9.4 ABs type alloy

Development of first practical hydrogen storage alloys Ape intermetallic began as a typical
accidental laboratory experiment. The outstanding hydrogen sorption properties of rare-earth
ABs intermetallics were discovered in Philips Laboratories in Eindhoven, Netherlands in about
1969 in a program to develop a new permanent magnet albgyA is a rare earth metal like
lanthanum, or commonly misch metal, which is a mixture of rare earth elements, mainly
lanthanum, cerium, neodymium, and praseodymiBmis a transition metal, mainly nickel,

commonly with additions of aluminum, cobalt, and manganese.

ABs intermetallic compounds are most used materials for negative electrodes in Ni-MH
batteries. As early as the 1970s, it was reported thatsLeiNild be utilized as a negative
electrode material in Ni-MH batteries. However, in such applications sLeitiibits too high
equilibrium pressure and too short cycle life time to be of practical interest for commercial
batteries. The short cycle life time, i.e. the dramatic capacity loss during cycling, is probably due
to the oxidation of Lanthanum to La(OfH§nd a formation of Ni particles. This is compensated

by substitution of Ni by other transition metals [51].

The A site substitution in ABalloys has one practical reason, namely, the low cost of misch
metal in comparison to the pure rare earth metals. However, changes in the misch metal
composition (resulting from both the ore composition and the manufacturing technology) can
result in a serious deterioration of the battery performance. These problems show also the
economy of the misch metal production, dictated by a growing market for individual rare earth
elements (for example, cerium as a catalyst in automotive applications or neodymium in

permanent magnets). For these reasons, composition of the misch metal in the battery alloys
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needs to be adjustable, without sacrificing the electrode performance. Understanding and
controlling the effects of rare earth composition is therefore important for the real-life

performance of the batteries.

When misch metal based Ni-MH batteries were being developed, the metallurgical grade misch
metal was used as this was cheaper than lanthanum. Since then, the developments have mainly
taken place using misch metal as thecomponent in théA.B alloy. The misch metal has a

typical composition of 20-30% lanthanum, 40-50% cerium, 10-20% neodymium and 5-10%
praseodymium. Rare earth elements, replacing lanthanum in the &ahtture, substantially

change the thermodynamic properties of the alloy. In particular, the equilibrium hydrogen
pressure markedly increases as a result oAtsée substitution with cerium, praseodymium or
neodymium. A too high plateau pressure (resulting from commercial grade misch metal) can also

contain small amounts of other metals. The most common are some of samarium.

From the point of view of kinetics of hydrogenation, alloys containing cerium are the best. This
means that a higher plateau pressure (and consequently lower stability of the hydride),
corresponds directly to better kinetics of hydrogenation. These apparently contradicting effects
of the A site composition in LaNibased alloys underline the importance of optimization of the
misch metal composition. One clear improvement resulting fronAtée substitution is that

the presence of neodymium or cerium enhances corrosion resistance of the alloys.

The effect of various substitutions for tBeside Ni in LaNi have been studied by Ratnakumar
et al, the results show that cycle life improves with ternary alloy substitution in the order Mn <
Ni< Cu< Cr< Al Co. This means that Co has the optimum effect. Hydrogen storage capacity of

ABs alloy decreases drastically during cycling, and alloy pulverization and oxidation have been
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reported as the important causes for this capacity decrease by Willems [41]. Alloy pulverization
is the breaking of the metal hydride alloy particles during cycling. This is believed to be a result
of the continuous lattice expansion/contraction during cycling. Many investigators have shown
that the cycling stability of the LaNicould be improved by partial substitution of nickel by

silicon, aluminum, manganese, cobalt and other element43361, 52

However, substitutions lower the reversible capacity leading to a decrease in energy density.
They also do not provide the necessary corrosion resistance towards the alloy. Cobalt
substitutions have been shown by B.S Haran et al. to be most beneficial to the performance of
the metal hydride as a battery electrode [53]. Apart from reducing the volume expansion,
previous investigators have found the formation of CogQid)ing cycling which had beneficial
effects on the alloy cycle life [54]. Sn improves cycle life and the kinetics of H
absorption/desorption, with only a slight reduction in specific capacity. Fe has similar features to
Co because it also causes the alloy to have long cycle life and easy activation and low

polarization during discharge.

Research on ABalloys has concentrated on modifying the alloy composition by alloying it with

various elements. The purposes of these modifications were as follows:

1. To enhance the corrosion stability of the alloy, especially under electrochemical cyclic

charging/discharging;

2. To decrease the plateau pressure to enable the reversible charging at ambient conditions

of pressure and temperature;

3. Toincrease the hydrogen storage capacity; and
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4. Increase the rate at which the hydrogen can be stored or withdrawn from the alloy while

maintaining satisfactory electrochemical parameters.

If the lattice is pre-expanded by introducing substitutional elements prior to hydriding, the
volume changes during hydriding will be lower. One of the main tasks of a substitution element
is therefore to pre-expand the lattice prior to hydrogenation to minimize the lattice stress,
decreasing the cracking of the alloy during cycling [55]. These are widely used as negative
electrodes in rechargeable Ni-MH batteries because of their beneficial kinetic properties,

reasonable cost, and long cycle lives.

2.9.4.1 Structure of the AB Alloy

R

Figure 2.12: Structure of RNjHg hydride

In the figure above (structure of RN hydride) these sites are shown as two kinds of tetrahedra
one of which (bottom) contains one R and three Ni atoms, and another (right) — two R and two

Ni atoms.
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Intermetallic compounds tend to crystallize into a hexagonal, &£8fe, structure. Two
different methods for determination of structure parameters in hydrogen storage alloys used are,
X-ray and neutron diffraction [41]. The first one is used to determine positions of metal atoms,
and the second mainly for the determination of positions of hydrogen (deuterium) atoms in the

MH.

LaNis [54]:
Space group: P6/mmm (#191)
Cell parameters: a= 5.015A, c= 3.982A
Atom coordinates:

Table 2.1 a): Unhydrided LaNialloy

Site Elements Wyckoff | x/a y/b zlc Occupancy
symbol

La La la 0 0 0 1

Nil Ni 2c 1/3 2/3 0 1

Ni2 Ni 39 1/2 0 1/2 1
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LaNisHg [55]:

Space group: P31m (#157)

Cell parameters: a= 5.336A, c= 4.259A
Atom coordinates:

Table 2.1 b): Hydrided LaNialloy

Site Elements Wyckoff | x/a y/b zlc Occupancy
symbol

La La la 0 0 0 1

Nil Ni 2b 1/3 2/3 0.98 1

Ni2 Ni 3c 0.499 0 0.496 1

H1 H(D)* 3c 0.47 0 0.092 1

H2 H(D)* 6d 0.1890 0.8640 0.4930 0.42

* - deuterium was used instead of hydrogen because deuterium is characterized by better neutron

scattering and, therefore, by better quality of the pattern.

Furthermore, the formation of ABhydride (LaNi typical example) is accompanied by the
accommodation of the hydrogen atoms into the tetrahedral interstitial sites that cause expansion
of the metallic matrix (by ~20% for Lafjiand its slight distortion, but the symmetry of the
metal atoms remains the same (hexagonal). Also the partial substitution of Ni for Co results in a
smaller lattice expansion upon hydrogenation and, therefore, in less decrepitation of the material
in the course of the hydrogenation / dehydrogenation. The latter is used in the electrochemical
applications, so that usually battery ARlloys contain significant amounts of Co (Ni

substitution from the B-side).
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2.9.4.2 Surface Modification of AB Alloys

AB:s alloy is the first one that has been studied extensively as an electrode material in Ni-MH
batteries, because of its easy reaction with hydrogen at normal temperature. sTingdABjen

storage alloy must have high capacity, long cycle life, and rapid absorption/desorption
properties, low pressure hysteresis, low cost, environmentally friendly and minimal effects of
over charge/discharge. The mostly used metal hydride electrode (4B¥) type intermetallic

alloy, suffers from power oxidation resistance which reduces the cycle life of the alloy. When a
hydrogen absorbing alloy is used as negative electrode for a battery, there is a problem that the
constituent elements are corroded by the electrolyte and oxygen gas generated from the positive
electrode. This corrosion of the alloy leads to such problems of loss of capacity balance between
the positive and negative electrodes and poisoning the positive electrode by dissolving ions from
the alloy, particularly under such conditions such as charge-discharge cycling at high

temperatures and continuous over charging [56]

Microencapsulation or surface coating of metal tdellloys with various metals like (Cu, Ni,

Pd, Co) has shown to be effective for improving electrode properties such as discharge capacity,
cycle life and rate capacity [57]. This technique protected the electrode from oxygen produced at
the nickel electrode during charging/discharging in addition to improving the current collection
and protecting the alloys from degradation due to the electrolyte. However, coating with nickel,
copper, palladium increases the dead weight of the electrode and reduces the net energy density.
On the other hand, cobalt encapsulation leads to superior electrodes with increased capacity and

cycle life.
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Studies on electroless cobalt coating for microencapsulation of metal hydrides by Haran et al.
[58] have shown the beneficial effects of cobalt on cycle life of Albys. However, they did

not consider the role of Co on alloy protection and improvement of the cycle life of the alloy.
Durairajan et al. [58] have checked the role of Co on alloy protection and improvement of cycle
life, and they have shown that Co coated alloys have a protective GA@yel) over them and

also show that there were no alloy oxidation, which clearly states that Co coating protects the
alloy from corrosion. The only disadvantage is that cobalt is expensive and substantially

increases the cost of the battery.

Another attempted improvement method done was fluorination treatment of the metal hydride
particles, which was found to be beneficial to the cycle life of the alloy. The metal hydride alloy,
which has rare-earth components, was placed in fluorinated environment to have fluorine coat
the alloy, and rare-earth fluorides were formed at the surface of the alloy in preference to surface
oxides/hydroxides. This surface coating was found to be chemically stable in the cell
environment and increased the cycle life of the cell; however environmental concerns

disadvantaged the use of the fluorigg][

With all the improvements, the metal hydride still has poor electrochemical activity which
reduced the charge/discharge properties of the alloy. The possible solution was found by Philips
[60] who found that manipulation of the stoichiometry of the base alloy, the high electrocatalytic
intermetallic compounds could be precipitated at the grain boundaries. These alloys enhanced the
charge/discharge process within the alloy. The elements found to produce this effect were
molybdenum, which formed the MoNintermetallic, and aluminum which formed ABNAII

these techniques stated above, improved either the discharge capacities or cycle life of the
battery to varying degrees, yet each technique has its advantages and disadvantages. For
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example, the microencapsulation technique requires high concentration of metal that does not
take part in the storage of hydrogen, thus increasing the unit weight of the electrodes, while full
coatings of other metals and metal oxides add to the cost of the electrode price. There are also

safety issues associated with the use of fluorine [61].

Still low cost electrodes, rapid charge/dischargaratteristics and oxidation resistant properties

of the alloy needed improvement. Matthey technology found the process which improves the
charge/discharge of the alloy and also protects the alloy from over charging/discharging which
reduces the life time of the alloy. The solution is the deposition of the platinum group metals
(PGMs) on the surface of the alloy which is the main focus of this study. The presence of the
PGMs in the surface of the alloy enables the hydrogen to pass rapidly through the surface of the
metal hydride alloy to the bulk, while still maintaining the hydrogen activity even after extensive
exposure to the oxidizing environment [62]. The presence of the PGMs in the surface of the alloy
enhances hydrogen absorption/desorption processes. The presence of both ruthenium and
palladium shows rapid charge/discharge times to be obtained, as well as high resistance in

deactivation even after long exposure to air.

It also improves the electrolytic charging/discharge characteristics of them&Bal hydride
electrode component in Ni-MH rechargeable batteries. Catalytic properties of PGMs in many
aspects of physical science and engineering have been long appreciated. Palladium is a binary H
storage material which meets nearly all the ideal storage criteria. In addition to catalyzing H
dissociation in many reactions, it forms intermetallic hydrides. Recently, palladium has been

used to modify the electrode surface it has been found to enhance discharge capacity [63].
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2.9.5 Effects of catalyst deposition

Figure 2.13: Schematic process for catalyst- enhancegskbrage. (OO) K (O) H; @catalyst;
(HS) H, storage material [64]

Figure 2.13: shows schematic process for hydrogen storage with and without catalysts.

Generally, H absorption by kistorage material is divided into the following steps:

1. H2 molecules diffuse to the surface of the hydrogen storage materials.

2. Hz molecules absorb onto the surface of hydrogen storage material.

3. H2 molecules dissociate into hydrogen atoms on the surface of the hydrogen storage
materials and the hydrogen atoms react withskbrage materials, or ;Hmolecules
directly react with hydrogen storage material.

4. H, atoms diffuse into the bulk material.
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If the diffusion of the hydrogen molecules into the bulk material is considered as a fast step, the
H, absorption is mainly determined by the materials ability to adsorb/dissociate the hydrogen
molecules and to react with the Fholecule or atoms, and by the rate ofdiffusion into the

bulk material.

Metal hydride materials form oxide films on their surfaces which inhibit hydrogen dissociation
and penetration into the interstitial sites of the materials as mentioned earlier. Therefore, catalyst
may be used to assist the adsorption and dissociatiop mblecules. Noble metals or Platinum
Group Metals (PGMs) as known, such as Pd, Pt, or Ru which have strong ability to adsorb and
dissociate B, may be used as catalyst for hydriding/dehydriding on th&tdtage material. With

the aid of the PGM catalysts, the mechanism fpuptake changes.

Because the catalyst has strong ability to adsorb hydrogemolécule prefers to adsorb onto

the catalyst surface. ;Hnolecules dissociate into,Hatoms on the catalyst surface, and the
dissociated hydrogen atoms spillover onto the surface of the hydrogen storage material. Finally,
the dissociated Hatoms react with the hydrogen storage material to form hydride or the
intermediate catalyst hydride and the intermediate catalyst hydride react with the hydrogen
storage material to form hydride and catalyst. Therefore, the catalytic effect of a catalyst is
determined by its ability to adsorb/dissociate therkblecule or react with hydrogen. The
different catalytic effect of Pd, Pt, or Ru on the hydrogen uptake/release of the hydrogen storage
material can be ascribed to the different ability of the catalyst to adsorb or dissociate or react

with the hydrogen molecule [64].
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2.9.6 Deposition Methods

The deposition of precious metals either chemically or electrochemically plays an important role
in the development of technologies where these metals are used. Particularly, this is true in the
area of electrodeposition as each method with different operating parameters such as
temperature, pH and current density likely to produce different kinds of deposition structures. As
PGMs are known to be good catalysts for various chemical and electrochemical reactions, the
production of such catalytic surfaces with a range of particle sizes and surface area are of prime

importance.

Electrochemical deposition is a versatile technique by which a thin desired metallic coating can
be obtained by chemically reducing the metal ion or its complex on-to the surface of another
metal by simple electrolysis of an aqueous solution containing the desired metal ion or its
complex. Electroless deposition is a method of obtaining a desired coating by chemically

reducing the metal ion or its complex on to the substrate in a controlled fashion.

These two processes distinctively differ in their reduction approaches. In the electrochemical
method, reduction takes place by supplying current externally and the sites for the anodic and
cathodic reactions are separated. For chemical deposition method, electrons required for the
reduction are supplied by a reducing agent and the anodic/cathodic reactions are on the
inseparable work piece. Moreover, these reactions proceed only on catalytically active surfaces,
that is, newly coated metallic surfaces should be catalytically active enough to promote redox
reactions. All the PGMs are catalytically active and can be deposited. Deposits obtained from

both chemical and electrochemical processes have many applications [65]:
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» Resistance against corrosion of underlying layers,

» Offer low resistance for the electrical contacts,

» Catalytic surfaces for the electrodes for chemical reaction.

Chemical deposition will be fully discussed, because it was employed in the investigation. The
chemical deposition of a metal has an electrochemical mechanism, both oxidation and reduction
(redox), reaction involving the transfer of electrons between reacting chemical species. The
oxidation of the substance is characterized by the loss of electrons, while reduction is
distinguished by gain of electrons. Further, oxidation describes an anodic process, whereas

reduction indicates cathodic action.

The simplest form of chemical plating is the so called metal displacement reaction. Chemical
plating displacement yield deposits limited only to a few micron in thickness, usually 1-3pum.
Hence, chemical plating via the displacement process has few applications. In order to
continually build the deposits by chemical means without consuming the substrate, it is less
essential that a sustainable oxidation reaction be employed as an alternative to the dissolution of

the substrate.

The deposition reaction must occur initially and exclusively on the substrate and subsequently
continue to deposit on the initial deposit. The redox potential for this chemical process is usually
more positive than that for metal being deposited by immersion. The chemical deposition of
nickel by hypophosphite meets both the oxidation and redox potential criteria without changing

the mass of the substrate:
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ReductionNi?* + 26 —N;i° E'=-25mV (2.6)
Oxidation:H,PO, + H,O —»H,PO; + 2H" + 26 E° = +50mV_ (2.7)
Ni 2* + H,PO, — Ni® + H,POs + H* E°=+25mV (2.8)

Equation (2.8) is the sum of the oxidation and reduction equations [66].

Electroless deposition can also be defined as an autocatalytic process of depositing a metal in the
absence of an external source of electrical current. The deposition is achieved by the
incorporation of a reducing agent in the bath. The process is autocatalytic and proceeds on the
newly formed catalytic active surface. The method has significant practical importance in
modern technologies, the battery technologies and etcTéBle 2.2gives properties of various

reducing agents used in electroless plating.

Table 2.2: Properties of Reducing Agents [68]

Reducing agent (no. of Representative chemical Redox potential at (vs. NHE)
electrons available equation in the text V)

Sodium hypophosphite (2) 5 -1.40

Hydrazine (4) 2 (or 3) -1.16

Dimethyl amine  boranel0 -1.20

(DMAB) (6)

Diethyl amine borane (DEAB))10 -1.10

(6)
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Sodium borohydride (8) 8 -1.20

In the investigation Hydrazine and Hypophosphite were utilized as reducing agents for the
deposition of both Pt and Pd on the alloy surfaces. Hydrazine is a powerful reducing agent that
works both in acidic and alkaline media. It can reduce the higher valent metal ions to lower
valent one or to zero valent state depending on the conditions of the reaction. Hydrazine is a
stronger reducing agent in alkaline medium compared to acidic medium [67]. The main problem
encountered is the limited stability of their baths towards time; they quickly decompose through
a progressive homogeneous reduction reaction and cannot lead to industrial applications. Coating
purity requires dictated choice of most experimental parameters. For example, use of hydrazine
implies high pH value for the solutions, since this reducing agent is efficient only in basic

conditions [69].

Hypophosphite is mainly used for Electroless Ni plating. With this method, a durable nickel-
phosphorus film can coat objects with irregular surfaces. The metal usually gives to electroless
deposits good mechanical and/or low temperature behavior. In addition, the film possesses a
good surface hardness and abrasion resistance. Studies on hydrazine and hypophosphite baths
showed that baths based on hypophosphite as reducing agent perform better in terms of stability

and deposit quality [67].

2.9.7 Functionalization of the AB MH surface

The surface modification is usually carried out by the Electroless deposition technique using
multiple procedures which includes the steps of substrate surface cleaning,

sensitization/activation, and autocatalytic reduction in a plating bath. This is a costly and time
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consuming exercise, and the preparation of the uniform coatings is not guaranteed. Furthermore,
the oxide layer, on the surface of the material inhibits interaction with PGM precursor ions in

solution. Finally, PGM (e.g. Pd) colloidal particles have poor adhesion to the substrate because
of the absence of chemical conjunction. This results in the decomposition of the plating bath as

the PGM activation nuclei leach out into the solution [70].

An approach could be adopted to modify the MH prior deposition of PGM by the alteration of
the surface chemical state (functionalization). This can be realized by the treatment of the
substrate material with an aqueous solution of aminosilane. Water soluble aminosilane (for

example, y-amisopropyltrietheosilane oi-APTES) are known to improve adhesion on

adsorbents (for example, based on alumina, silica, etc) in chromatographic studies and were
identified as promising functionalizing agents, due to their commercial availability, high
branching capacity, high flexibility, ability to polymerize, hydropholicity, and ability to improve
control of interfacial chemistry. The process is fully discussed in paper by M. Williams et al.

[70].

AB:s alloys (unmodified, Pt and Pd modified using reducing agents hydrazine and hypophosphite,

and functionalization with APTES will be compared in the investigation).

2.10 Conclusion of Literature Review

The literature review shows that one of the challenges facing the world today is the depletion of
fossil fuels and environmental concerns to the harmful emission of these fuels. The current
interest in hydrogen is primarily due to the facile production gffrbin various renewable
sources of energy and environmental friendliness. Storage, o the only hindrance to H

application as the energy source. Conventional storage mediums, Pressyrgaedtake great
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deal of volume and condensed 14 too expensive to produce and maintain. There are safety
issues concerning their application. From the literature review one can see that MH store
hydrogen in solid form under moderate temperature and pressures, which gives them safety

advantage; they are the best suitable option for hydrogen storage.

Electrochemical storage in different types of batteries is and will be an important way of
intermediate storage of the energy. Ni-MH batteries are the perfect example of electrochemical
storage because they employ metal hydrides as negative electrode in the battery. Attention was
paid to ABs intermetallics, because, they are conventionally used in the battery and they have
intermediate thermodynamic storage capacities. The drawback ofsABat, it forms oxide

films on the surface which hinders dissociation and penetratior, af Hhe interstitial sites,

which reduces its storage capacity.

Electroless deposition of PGMs on the surface of the materials significantly improve activation
and hydrogen sorption performances, also increases the electro-catalytic activity. The
performance of these MH alloy is affected by numerous factors such as kinetics of the processes
taking place at the metal-electrolyte interface and theitfusion within the bulk of the metal

alloy particles. The hypothesis of the investigation is the development of prototype battery
competitive in electrochemical performance to conventional Ni-MH batteriesim@&metallic

hydrides have been chosen as the ideal material for the reasons mentioned above. The physico-
chemical properties influencing their electro-activity and their characterization will be studied.
Analytical tools utilized in the characterization study are discussed and reviewed in detail in
Chapter three. The principles in their operation, sample preparation and experimental parameters

are also discussed.
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3: Chapter Three

3.1 Introduction

After the preparation of MH alloys, their characterization is the rational step proceeding to their
application. The MH alloys are subjected to special characterization challenges; and the purpose
of elaborating MH electrodes using various electrochemical techniques can be summarized as

follows:

» Characterize the cycle life behavior; that is to understand how the corrosion processes
deteriorates the metal hydride forming alloy.

» Characterize kinetics of electrodes; understand model process and sub-processes involved
in the hydrogen absorption/desorption process. It is of great importance to understand
how different substitution elements act during this process, and how to apply systematic
search for applicable catalysts.

» Characterize the hydrogen diffusion in the btorage alloy in the electrode and
understand the influence of the storage alloy composition.

» Characterize the transport of ions in the porous electrode structure and understand the
influence of the electrode construction and using this knowledge to maximize heat,

electrons and ion flow rates in the electrode [30].

The characterization of the physical and chemical properties of the alloys forms a starting point
for the optimization, in order to achieve cost-reduction and high electrocatalytic performance of
the alloy. This chapter is dedicated to designing the experimental approach to the

characterization of ABMH alloys.
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3.2 Materials and Methods

3.2.1 Materials

The materials used in this study and their suppliers are listed in table 3.1

Table 3.1: List of materials used in the study

ous

Material Supplier

AB5(DHy) Guangzhou Research Institute for Non-Ferr
Metals

Vulcan XC-72 CABOT CORPORATION

KOH KIMIX

Hydrochloric Acid (HCI) KIMIX

Nitric Acid (HNO3) KIMIX

Platinum 1000ppm

B & M Scientific

Palladium 1000ppm

B & M Scientific

Polytetraflouroethylene (PTFE)

ElectroChem. Inc.
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3.2.2 Methods

Commercial AB hydriding alloy material obtained from Guangzhou Research Institute for Non-
Ferrous Metals, China with composition ([La, Ce, Nd, Pr][Ni, Co, Al,vith trade mark Dkl

was employed as the parent material for this study. As mentior@&uhpter 2, ABs MH’s have

a tendency to naturally form oxide on their surfaces, which inhibjtsdislsociation and
penetration into the interstitial sites of the material, which reduces the capacity of the material.
To redeem this, Matthey technology found the process which improves the charge/discharge of
the alloy and also protects the alloy from over charging/discharging, which reduces the life time
of the alloy. And the process is the deposition of the platinum group metals (PGMs) on the
surface of the alloy material [62]. The MH alloys were microencapsulated by Dr M. Williams
employing a method used by D. Barsellini et.al [71]. The alloy powder particles were coated
with Pd and Pt by electroless deposition using reducing agents such as hypophosphite, hydrazine.

The conditions of the bath are givertable 3.2.

Table 3.2 Bath composition

Reagent Formula Palladium Nickel bath| Copper bath Function

bath [67] [72] [73]
Palladium PdCb 0.2g/200mL - - Metal Salt
Chloride Precursor
Chloroplatinic H,PtClk.6H,0 | 0.2g/100mL - - Metal Salt
acid Precursor
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Hydrochloric acid| HCI (32%) 0.4mL/100mL- - Competing agent
Ammonia NH4OH 16mL/100mL | - - Complexing
hydroxide (28%) agent
Ammonium NH,CI 2.79/100mL - - Bath Stabilizer
Chloride
Sodium N&PO,.H,O | 1g/100mL 0.5g/100mL| 3.5g/100ml  Reducing agen
Hypophosphite
Nickel Chloride| NiCl,.6H,O | - 0.15g9/100mL| - Metal salt
Hexahydrate precursor
Disodium NaEDTA - 1.5g/200mL | - Complexing
ethylenediaminete agent
tra
acetic acid
Nickel  sulphate NiSO,.6H,O | - 1.2g/100mL | 0.16g/100mL Metal salt
hexahydrate precursor/catalysit
Sodium citrate NagCeHs07.2 | - 0.1¢g/100mL | 2.5¢g/100mL| Complexing

H.0 agent
Copper Sulphate | CuQ0O - - 19/100mL Metal Salt

precusor
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Boric Acid HsBO3 - - 3.50/100mL | Bath stabilizer
pH - 9.8+2.0 9.0 10 -
Temperature (°C)| - 50 50 70

Plating rate - 2.5 - -

(um/hr)

3.3. Instrument and Techniques used in the Characterization of ABMH H , Storage Alloy

In the characterization and evaluation of diorage capacity, Habsorption/desorption kinetics

and cyclic stability of MH and other JHstorage materials, the following techniques have been

proven to be useful, and will be used to investigate the properties of th&KWBH, storage

alloy.

» X-Ray Diffractrometry (XRD)
» Scanning Electron Microscopy (SEM)
» Energy Dispersive X-ray Spectroscopy (EDS)

» Atomic Absorption spectroscopy (AAS)

Electrochemical characterization of Metal hydrides

» Cyclic Voltammetry (CV)
» Chronopotentiometry, and

» Electrochemical Impedance Spectroscopy (EIS)
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3.3.1 X-Ray Diffractrometry

X-Ray Diffractrometry (XRD) is a rapid analytical technique primarily used for phase
identification of a crystalline material and can provide information on unit cell dimensions. It is
one of the most important non-destructive tools to analyze all kinds of matter ranging from
fluids, to powders and crystals. For the purpose of this study, XRD was used to investigate the

crystalline structure, particle size and lattice parameters of the sample material.

In the XRD the analyzed material is finely ground, homogenized and average bulk composition
is determined and it is based on constructive interference of monochromatic X-rays and a
crystalline sample. The X-rays are generated by the cathode ray tube, filtered to produce
monochromatic X-rays, collimate to concentrate, and direct towards the s&igulee 3.1

shows a schematic diagram of an x-ray diffraction.

Beam
4@ Trap

- - == -
- -Q) Detector
X-ray Beam

Diffraction

Beam

Figure 3.1: Schematic of an X-ray Diffractometer [74]
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The interaction of incident rays with the sample produces constructive interference (and a

diffracted ray) when conditions satisfy the Bragg's law

NA= 2dsin @ (3.2)

Wheren is any integer

A wavelength of the beam

d spacing between diffraction planes

& incident angle

This law relates the wavelength of electromagnetic radiation to the diffraction angle and the
lattice spacing in a crystalline sample. These diffracted X-rays can then be detected, processed
and counted. By scanning the sample through a range? @ngles, all possible diffraction
directions of the lattice should be attained due to the random orientétibe powder material

[75].

The peaks in an x-ray diffraction pattern are directly related to the atomic distance which can be

explained using geomethigure 3.2
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Figure 3.2: Geometrical representation of Bragg’s Law [76]

In a diffraction pattern from a crystal lattice, a number of reflections are generated, each one
being associated to a lattice plane (identified by the Miller indi¢ds 1), and occurring at an
angular position20) depending on the related interplanar spacah@kl)), and on the x-ray
wavelength X), as defined by the Bragg's Law as stated above. A diffraction pattern contains a
lot of structural information: like the angular position of the reflections is related to the size and
shape of the unit cell (repeating unit cell of crystal) while intensities reflect the lattice symmetry
and the electron density (practically the position and types of atoms) within the unit cell.
Diffractograms are unique for different materials, and can be quantitatively used as material
identification [77].

XRD can also be used quantitatively for the determination of average particle size by using the

Scherrer equation, given as:

_ Dei
Beos@

(3.2)

Where D is the particle size
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0i8 the shape factor
A is the x-ray wavelength, typically 1.54A
B is the peak width at half peak height in radians,

g is the angle of reflection

Lattice parametera) can be calculated using the following equation:
ag= d[(h*+ K+ 1°)]*2 (3:3)

Wherehkl are Miller indicesd is the interlinear spacing determined using Bragg's Law.

In the XRD analysis dry metal hydride alloy sample were mounted in the plastic sample holders
and the surface was flattened to allow maximum X-ray exposure. The experiments were
conducted using the Siemens D8 Advance (Brukes AXS) X-Ray Diffractometer. The operational

parameters were as follows:

Table 3.3: XRD Operational Parameters

Tube Copper K-Alpha

Detector PSD Vantec-1, Gas
Detector with 1600
chambers

Monochromator None

Generator Operation 40kV and 40mA

X-Ray source

Cu Ka (AKay=1.5406A)

Current (mA)

40

Scan range @

20-100
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3.3.2 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a type of electron microscope that images the sample

surface by scanning it with high energy beam of electrons in a raster scan pattern. The electrons
interact with the atoms that make up the sample producing signals that contain information about
the samples surface topography, composition and other properties such as electrical conductivity.
The types of electrons produced by SEM include secondary electrons, back-scattering electrons

(BSE), characteristic x-rays, light, specimen current and transmitted electrons [78].

¢ Electron gun

1
< 1 ___— First condenser lens
i

— ) S——— Condenser aperture
< 3 = Second condenser lens

! Electron beam
——— s (bjective aperture

D | DScanmils

|
< 1 Objective lens
I

Figure 3.3: Basic schematic of a typical SEM [79]

In SEM, an electron beam is scanned across a samples surface. When the electrons strike the
sample, a variety of signals are generated, and it is the detection of specific signals which
produces an image or a sample’s elemental composition. Secondary electrons are emitted from

the atoms occupying the top surface and produce an interpretable image of the surface. The
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contrast in the image is determined by the sample morphology. A high resolution image can be

obtained because of the small diameter of the primary electron beam.

Backscattering electrons are primary beam electrons which are reflected from the atom solid.
The contrast in the image produced is determined by the atomic number of the elements in the
sample. The image will therefore show the distribution of the chemical phases in the sample, and
the resolution in the image is not as good for the secondary electrons as the backscattering.
Interaction of the primary beam in the sample causes shell transitions which result in the
emission of an X-ray. The emitted X-ray has an energy characteristic of the parent element.
Detection and measurement of the energy permits elemental analysis Energy Diffraction

Spectroscopy (EDS) [80].

All the prepared sample materials were characterized using scanning electron microscopy
(NOVA NANO SEMZ230 FEI, working distance = 51-49mm, accelerating voltage = 15.0-

16.7kV). Carbon glue was spread on the stub and the sample was mounted. No sputter coatings
were required as the sample was electron-conductive. Samples were fitted in the vacuum

chamber of the microscope and analysis was conducted.
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3.3.3 Energy Diffraction Spectroscopy

Electron Eean Pilep Drata Chatpoat
Davrice

Figure 3.4: Schematic Representation of an energy-dispersive spectrometer [81]

Energy Diffraction Spectroscopy (EDS) is an analytical technique used for elemental analysis or
chemical characterization of the sample. It is one of the variations of X-Ray Fluorescence (XRF).
As a type of spectroscopy, it relishes on the investigation of a sample through interactions
between electromagnetic radiation and matter, analyzing x-rays emitted by the matter in response

to being hit with charge particles [82].

The technique utilizes a SEM, a type of high magnification microscopy in which the sample is
bombarded by electrons. The resultant pattern of the electrons reflection by the sample is used to
generate a detailed three dimensional appearing surface view. At the heat of the energy
dispersive spectroscopy are X-rays. During electron bombardment, electrons are also ejected
from the surface atom of the sample. The resulting electron vacancy is filled by a higher energy
electron. To maintain the energy balance of the atom, some energy must be released. The energy
is released as X-rays; the released X-rays are gathered by a detector positioned above the sample.
Because the energy of the X-rays will vary, depending on the element from which they were

released, analysis of the X-ray spectrum can permit the various elements comprising a sample to

68



3: Experimental

be identified. The X-ray spectrum is graphically displayed as a series of peaks. The pattern of

peaks is a fingerprint of the specific elements in a specimen [83].

Energy Dispersion Spectroscopy was employed to determine how much of the Palladium and
Platinum have been loaded in the surface-modified Alby material (Real time(s) = 65.09,
Livetime (s) =60.00. The same SEM instrument was employed for the EDX results. Different

readings with EDS were performed on each of the &Bys and the average was taken.

3.3.4 Atomic Absorption Spectroscopy (AAS)

Flame atomic absorption spectroscopy is a very common technique for detecting metals and
metalloids in solid and agueous samples. It is very reliable and simple to use. The technique is
based on the fact that ground state metals absorb light at specific wavelengths [80, 84]. All atoms
and their components have energy. Unless excited in their most stable state; their ground states
they do not have the energy. The application of energy such as thermal or electromagnetic

radiation can change energy state of an atom, increasing it to an excited state.

In theory, there are infinite numbers of excited states, however, the higher the excited state the
lower the number of atoms from a given population that have enough energy to reach each level
[85]. These energy states are not continuous but separated by discrete energy gaps known as
guantum transitions. The transition from the ground stagg t(Ethe first excited state (E

requires atoms to absorb energ¥{ 1) to relax from the excited state an equivalent amount of
energy must be emittedri@y. 3.5. Every element has specifdE that they will absorb and emit

which correspond to specific wavelengths of electro-magnetic spectrum.
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A E|

AEg1

E=AEq_

Y

Eg

Figure 3.5: Energy diagram of an atom showing excitation to the first excited state followed by
relaxation to the ground state by the emission of an electro-magnetic wave

The relationship between energy transition and waveleagtls described by¥quation (3.4)

whereh is the Planck’s constant [86].

AE=3 (3.4)

A flame atomic absorption spectrometer consists of a hollow cathode lamp, a nebulizer, the
flame, a monochromator and a photomultiplier tudg. 3.5 [87]. The hollow lamp uses a
cathode made of element of interest with a low internal pressure of an inert gas. A low electrical
current is used to excite the elements causing it to emit a few spectral lines of characteristic
wavelength, providing a constant and intense analytical line for the analysis. Samples are
introduced into the instrument through the nebulizer and are vaporized in the acetylene flame.
The flame destroys any molecules and breaks down complexes creating the atomized form of
elements. The total absorbance is stated by Beer Lambert'&diaation (3.5) whereA is the
measured absorbanceis a wavelength-dependent absorptivity coefficieris the path length,

andc is the analyte concentration.

A =gbc (3.5)
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The light then passes through a monochromator in order to remove scattered light of other
wavelengths from the flame and is detected using a photomultiplier tube. The analyte
concentration is determined from the amount of absorption. Concentration measurements are

usually determined from a working curve after calibrating the instrument with standards of

known concentration.

Lens Lens

Flame
e b ==t =l===4 Monochromator ----O

Hollow Detector
Cathode lamp

Nebulizer
Figure 3.6: Basic Schematic for a typical Atomic Absorption Spectroscopy [88]
To determine the total amount of Palladium and Platinum in the surface modifiedafiple
Atomic Absorption Spectrometry was employed. The samples were obtained by digesting in
aqua regia. The aqua regia was prepared using 3:1 (HCL: HNO3). The samples were digested by
taking 1g sample mix with 50ml aqua regia and digested at 50°C, stirred at 300rpm for 30min,
filtered twice and made up to the mark with ultra pure water in 100ml volumetric flask. Standard

Preparation was done using commercial stork solution for both Pd and Pt.

AAS; Philips PU9100 instrument was employed and operational parameters were as follows:

1. Palladium
e A =247.6 nm
e Band-pass =0.2nm

e Lamp current =12mA
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2. Platinum
e A =265.9 nm
e Band-pass =0.5

e Lamp current =12mA

3.4 Electrochemical Characterization techniques of MH alloys

The majority of heterogeneous catalyst applied in everyday research and application are
powdered materials that cannot directly be used in electrochemical measurements. By using
composite electrodes where the catalyst is mixed with a binder and graphite, it is possible to
make electrochemical composite like carbons, minerals and metal placed on conductive and non-
conductive supports [89]. Application of binders has a dual effect on the results of the

measurement.

On the one hand, it is impossible to prepare an electrode without a binder, while on the other
hand this binder can cover some fraction of metal particles, or mover, too large amount of binder
can create pellet areas that are non-permeable for the solution. A Teflon-bound electrode
technique with graphite addition and a number of modifications was chosen in the present study.
The main disadvantage of this technique is the possibility to measure the surface area metals on
non-conductive support, which is a typical case in heterogeneous catalysis. It is necessary to
mention that graphite can very easily stick to parts of the press. In order to prevent this, platinum

mesh was used in between the press and the graphite [90].

The composition of the alloy investigated wag 484 (Nd, Pr) 16 Niz34 Cy4Aloe3 MNo sg
confirmed by M. Williams et.al [70]. The MH electrodes were prepared using a method used by

Barsellini et.al [71].
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3.4.1Preparation of Metal Hydride Electrodes

1. 0.150g MH powder + 0.150g teflonised Vulcan XC-72 (33wt% PTFE)
2. Mixed powder sandwiched between two nickel mesh disks
3. Apply pressure as follows: 5tons - 10 minutes

10 tons — 30 minutes

The carbon black and the polytetraflouroethylene were grinded using an agate mortar and pestle
and the mixture was sandwiched between two nickel mesh discs. The sandwich was pressed
using a die in a presser 5tons for 10min and 10tons for 30min without vacuum as mentioned
above. Electrochemical measurements were done in a three electrode cell in* &@s,Lwith

Ni mesh counter electrode and an Hg/HgO reference electrode. Electrochemical investigations
were performed with an Autolab PGSTAT 30 (Eco Chemie BV, Netherlands) at room
temperature. For all the electrochemical methods, the samples preparation was the same, unless
stated otherwise. The KOH electrolyte was deaerated,Hyubling. Before any measurements

were taken the electrode was activated during 20 charge/discharge cycles.

3.4.2Voltammetry

Voltammetry is a category of electroanalytical methods used in analytical chemistry and various
industrial processes. The term voltammetry is used to describe the process of measuring the
current passed through an electrolytic system as a function of applied voltage. This technique is
used in many methods where information about the analyte is determined from the measurement
of this current as a function of applied potential under polarization of the indicator or working

electrode.
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Voltammetry is widely used by inorganic, physical and biological chemists for non-analytical
measurements such as fundamental studies of oxidation-reduction processes in various
electrolytes, adsorption processes on surface, and electron-transfer mechanisms at chemically
modified electrode surfaces and pharmaceutical applications. If a potential is applied across two
electrodes immersed in an electrolyte, a current is generated due to the reduction of the analyte at

an electrode surface.

In practice the voltage is scanned and the resulting current presented as a curve relating current
to applied voltage. The applied potential must reach a value that is sufficient to initiate the redox
reaction which results in the initiation or an increase in the current flowing through the cell, a
process that has been defined as electrolysis. The electrochemical reactions can be completely

controlled by varying the applied potential.

Generally, the electrodes used in voltammetry are either milli-electrodes, having surface area of
less than a few square millimeters or microelectrodes having surface area of less than a square
micrometers [91]. There are a number of voltammetry techniques employed in analytical
chemistry which, among others, include linear scan voltammetry, pulsed voltammetry, cyclic
voltammetry, stripping voltammetry, chronoamperometry and polarography. We will refer
particularly to chronopotentiometry, cyclic voltammetry, and electrochemical impedance

spectroscopy since they are employed in the investigation.
3.4.2.1 Cyclic Voltammetry

Cyclic voltammetry is widely used as an electroanalytical technique in electrochemistry and

many other fields such as inorganic chemistry, organic chemistry and biochemistry. CV is
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performed using a pontetiostat, which consists of the necessary electric circuits, a working

electrode, a reference electrode and counter electrode and an electrolyte [92].

In cyclic voltammetry, the electrode potential is ramped linearly versus time. This ramping is
known as the experiment's scan rate (V/s). The potential is measured between the reference
electrode and the working electrode and the current is measured between the working electrode
and the counter electrode. This data is then plotted as current (i) vs. potential (E). The forward
scan produces a current peak for any analyte that can be reduced (or oxidized depending on the

initial scan direction) through the range of the potential scanned.

The current will increase as the potential reaches the reduction potential of the analyte, but then
falls off as the concentration of the analyte is depleted close to the electrode surface. If the redox
couple is reversible, then when the applied potential is reversed, it will reach the potential that
will re-oxidize the product formed in the first reduction reaction, and produce a current of

reverse polarity from the forward scan.

This oxidation peak will usually have a similar shape to the reduction peak. As a result,

information about the redox potential and electrochemical reaction rates of the compounds is
obtained [93]. CV is a popular technique in electrochemical studies in general and specially to

obtain information about the kinetics and mechanism of the electrode reaction. CV is used in this
study in the analysis of metal electrodes, and in the determination of the electrochemically-active
surface area of metal hydride pellet electrodes. It is also used in the study of electrode surface
reactions, the behavior of electrochemically-active species, and to investigate the quality of the

electrocatalysts. The alloy electrodes were cycled at 1mV/s between -0.4 and -1.3V.
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3.4.2.2 Galvanostatic Charging and Discharging

In the situation of galvanostatic experiments a controlled, constant current is applied to the
working electrode and the resulting working electrode potential is measured. This technique is
also called a chronopotentiometric technique, as the voltage is recorded in time. The

experimental set up for these types of experiment is schematically depicted in Figure 3.7.

®

CE
Controlled —1
current RE
source o) Potential-
recording
device
WE

Figure 3.7: Simplified block diagram of chronopotentiometric measurement device. The
working, counter, and reference electrode are denoted as WE, CE and RE,
respectively [94].

The current applied to the electrode causes reactants at the electrode surface to react. The
potential of the working electrode changes to value characteristic of the electrochemical reaction
that is occurring. Galvanostatic experiments provide a means of gain information about the
charge and discharge capacities of electrode material. For example, as the discharge current is
constant in time, the multiplication of the applied current and the charging time will yield exact
amount of charge transferred during a particular potential response of the working electrode.
This allows, for the fact that, for example, thg ¢dncentration in a hydride forming compound

can be precisely tuned, as ideally one electron is transferred péorhl stored [95].
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Chronopotentiometry was employed to electrochemically test the sample electrodes by charge

and discharge rates. The electrochemical testing of the electrode was carried out by charging the
electrode with a cathodic current 300mAh/g and discharged with an anodic current of the same

magnitude to the cut off potential -7mV vs Hg/HgO. Five minutes breaks were given in-between

the charge/ discharge cycles.

3.4.2.3 Electrochemical Impedance Spectroscopy (EIS)

Impedance Spectroscopy is widely recognized as a versatile technique to obtain detailed
information on ion and electron transport [96]. Impedance spectroscopy is also called AC
Impedance or just Impedance Spectroscopy. The usefulness of impedance spectroscopy lies in
the ability to distinguish the dielectric and electric properties of individual contributions of
components under investigation. Impedance characterization can be used to provide information
on the overall reaction rate as well as a rate and the significance of the sub-processes. This

provides important information about the kinetics and the reaction mechanism.

Impedance analysis of the metal hydride electrode is an established characterization technique.
Furthermore, the EIS technique provides non-destructive methods for investigating the
electrochemical properties of the electrode, as all data are obtained with minimum polarization
(i.,e. change in the state of charge) of the electrode. EIS is one of the most sensitive
electrochemical techniques, but is usually not sufficient to solve all the questions which exist
with regards to kinetics. Like any other electrochemical techniques impedance spectroscopy
cannot be regarded as a ‘stand-alone’ method for model identification because the response of a

system to a periodic perturbation does not provide a direct measure of the governing physical
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phenomena. Impedance characterization of metal hydride electrodes generally makes use of

equivalent circuits for interpretation of data [97].

EIS can also provide time dependent information about the properties, but also about ongoing
processes such as corrosion or the discharge of batteries, and for example, the electrochemical

reaction in fuel cells, batteries or any other electrochemical process.
Advantages of EIS Technique

1. Useful on high resistance materials such as paint and coatings
2. Time dependent data is available

3. Non-Destructive

4. Quantitative data available

5. Use service environments
Disadvantages of EIS Technique

1. Expensive

2. Complex data analysis for quantification
Impedance characterization can be used to provide the following information:

* The overall reaction rate

* The rate of sub processes. An important characteristic of this technique is that the kinetic
contribution from sub processes can to a certain extent be separated and evaluated
independently. This provides important information about the reaction mechanism; and

* The rate of the overall reaction and the various sub processes as a function of the state of

charge
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The concept of electrical resistance is a common one in scientific research. It is the ability of a
circuit element to resist the flow of electrical current. Ohm’s Law defines resistance in terms of

ratio between VoltagE and Current.
_ Et
R=— (3.6)

The relationship is limited to only one circuit element the ideal resistor. An ideal resistor has

several simplifying properties:

* It follows Ohm'’s law at all current and voltage levels
» Its resistance value is independent of frequency

* AC current voltage signals through a resistor are in phase with each other

The real world contains circuit elements that exhibit much more complex behavior. These
elements force us to abandon the simple concept of resistance. In its place we use impedance,
which is a more general circuit parameter. Like resistance, impedance is a measure of the ability
of a circuit to resist the flow of electrical current. Unlike resistance, impedance is not limited by

the simplifying properties listed above.

Electrochemical Impedance Spectroscopy is usually measured by applying an AC potential to an
electrochemical cell measuring the current through the cell. Suppose that we apply a sinusoidal
potential excitation, the response to this potential is an AC current signal, containing the

excitation frequency and its harmonics. EIS is normally measured using a small excitation signal

of 10 to 50mV. The excitation signal expressed as a function time, has the form
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E, = E; sin(wt) (3.7)

Ey is the potential timé&, is the amplitude of the signal, aadis the radial frequency. The
relationship between radial frequenay (expressed in radians/seconds) and the frequéncy

(expressed in hertz) iei = 2rf.

In a linear system, the response sighals shifted in phas@®) and has a different amplitude,
I,:1,=1,sin(wt+ @) (3.8)

An expression analogous to Ohm’s law allows us to calculate the impedance of a system as:

E Ep amiwe) _ 20 smlet)
Z = 2t _ 20 smlwe) e = fl, = (3.9)
I sinf et +g)

I st +0)

The impedance is therefore expressed in terms of a magnitude (modulus) 1ZI, and a phase shift,
@

Using Euler relationship,

exp(je) = cos@ + jsing (3.10)

It is possible to express the impedance as a complex function. The potential is described as,

E, = Ejexp(jwt) (3.11)

And the current response as,

I, = exp(jwt — @) (3.12)
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The impedance is the represented as a complex number,
Zi,)= f =Z,exp(jo) = Z, (cosp+ jsing) (3.13)[98]

EIS in the investigation was utilized in combination with other characterization methods (CV) to
obtain more thorough understanding of change in kinetic properties of MH electrodes with
charge discharge cycling. A frequency range from 10kHz to 0.1mHz using amplitude 5mV for
the whole frequency range, six frequencies per decade was employed for the EIS investigation;
applying a computer controlled AUTOLAB PGSTAT 30 coupled with Frequency Analyzer
(FRA) for running the Impedance studies. Electrochemical impedance measurements were

conducted on a fully charged hydride electrode.
3.5 Conclusion

A series of analytical techniques were employed in the investigation for the characterization of
the ABs MH alloy material. These analytical tools addressed the minimum set of physical and
chemical properties identified in the literature review. The chapter initiated with the investigation

of structural properties of the MH using fundamental characterization technigues. XRD to
characterize the microstructure and the lattice parameters, SEM surface morphologies, EDS the
total amount of the PGM deposited on the alloy surface and AAS to compare with EDS.
Electrochemical characterization started with galvanostatic charging and discharging to test the
stability of the alloy. CV and EIS measurements were utilized to check the activity of the alloy.
The chapter shows the methods and techniques used in experimental approach designed to
characterize the ABMH alloys. The results of the experimental task that were conducted for

evaluating the characterization tools discussed in chapter 3 are presented in Chapter 4.
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4.Chapter Four

4.1 Results and Discussion

4.1.1 Structural Characterization of ABs-type MH Alloy Surface Modified with Pt and Pd
Catalysts

Investigation on the ABtype H storage material are in progress in order to further improve the
material in electrochemical characteristics. The investigation initiates with structural
characterization studies of modified and unmodifieds ABectrodes. The electrochemical
properties are correlated with structural study of the KBl electrodes. The chapter evaluates

the investigation of structural properties of such electrodes using the experimental task

formulated in the literature review of chapter two and methodologies given in chapter three.

Electroless deposition of PGMs on the surface of the materials removes the oxide increase, and
also improves catalytic activity of the alloy which significantly improves the performance of the
MH alloy. Electroless deposition of Pt and Pd catalysts was done using sodium hypophosphite
based electroless plating bath. The effect of the PGMs on the morphology and kinetic properties
of the ABs alloy were investigated. Comparing the findings, the catalyst with better performance

between Pt and Pd was chosen, and used as a suitable catalyss i ABoys modification.

X-ray Diffractrometry was used to characterize the microstructure and measure the lattice
parameters of the metal hydride alloys with and without platinum or palladium. The X-Ray
spectra was analyzed by the powder cell 2.4 software in order to calculate the lattice parameters
and also perform phase identification on the MH alloy. The lattice parameters were calculated by

the standard procedure in the software and all the visible peaks were used. The results show that
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the alloy presents hexagonal CaEtype structure of symmetry P6/mmm. No extra phases were
observed evidencing that the structure is a single phase, as sh&iguie 4.1 The lattice

parameters were measured and found to be a=4.9966 and c=4.0473.
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Figure 4.1: XRD Spectrum of ABunmodified alloy

Figure 4.2 shows diffraction patterns for ABunmodified, AB_Pd_modified and
ABs_Pt_modified alloys. All the diffraction patterns of the ABpe MH alloy, surface modified

by Pd and Pt coatings utilizing NaPO,-based bath showed that the crystal symmetry was the
same in these materials as in the master alloy. This can be seen by cofffigarnagdt.2 a), b),

and c). These diagrams also show that the position of the diffraction peaks for the modified

material did not change significantly. The lattice parameters are also the same.
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Figure 4.2: Diffractograms of a) unmodified, b) Pt modified and c) Pd modifiedsA8pe MH

The measured XRD patterns did not show the presence of crystalline Pd which allows for the
deduction of the amorphous nature of the Pd coating, and is due to the inclusion of phosphorus
into the metal coating. Utilization of hypophosphite as reducing agent results in the incorporation
of phosphorus or boron into the deposits [68]. In addition, the absence of peaks corresponding to
the deposited Pd particles may result from the relatively low surface loadings of the metal on the
surface of the ABtype intermetallic. As can be seen from the results, Pt modified alloy also
exhibited the same behavior as Pd modified. This may be of consequence, because of similarities

between chemical properties of the two metals.
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4.1.2 Morphological Studies of AB MH Alloy Surface Modified with Pt and Pd Catalysts

Scanning Electron Microscopy (SEM) was used to investigate morphology of thelARlloy.

SEM is more powerful as compared to ordinary microscope. The combination of higher
magnification, large depth of focus, greater resolution, and ease of sample observation makes
SEM one of the basic research tools [99]. The surface morphologies of the unmodified and

surface modified AB type intermetallic are shown iRigure 4.3. The unmodified alloy was

composed of relatively smooth surfaces.

Figure 4.3: SEM images a) unmodified ABb) Pt-modified AB, and c) Pd-modified AB
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Figure 4.3 b) and c) show the change in the surface morphology of bothpABicles, with
immersion in the Pd and Pt electroless deposition bath. The figure shows that the modified
electrodes can be clearly observed compared to the unmodifie@l®dB, given inFigure 4.3

a). No palladium or Platinum particles were observed on the surface of the unmodified parent
alloy. A rich coating of Pdrigure 4.3 c) can be clearly observed with the palladium modified

ABs compared to the Pt surface particles observed oyn#dgiified with PtFigure 4.3 b). This

is of consequence because Pt has higher density than Pd being 21.2&ngfch?.02g/crh
respectively, which means since Pd is light when coating the material, can cover nearly double
the area for a given thickness. The difference in densities of these group metals can be exploited

by choosing a light metal [65].

4.1.3 Elemental Composition of AB MH Alloy Material Surface Modified with Pt and Pd
Catalysts

The elemental composition of the ABIH alloy was determined by Energy Dispersive X-Ray
Spectroscopy (EDS) following the procedure given in Section 3.2.3. The elemental composition
study of the parent material unmodified A&loy was conducted to compare the elemental state
of the ABs alloys before and after modification in order to determine whether there is significant
change in AB compositionFigure 4.4a) and b) shows the presence of Pd and Pt catalyst on
the surface of the ABMH alloy. In this study, EDS was also used in the quantitative

determination of the surface loading of the deposited metals (Pt and Pd).
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Figure 4.4 a): EDS spectrum of Palladium modified AB
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Figure 4.4 b): EDS spectrum of Platinum modified AB

Several readings with EDS were performed on each of tham®Bified alloys and the average

was taken. The total amount of the loading is showahie 4.1below:
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Table 4.1: Total Amount of Pd and Pt loading on the ABIH Alloy Surface

Element Weight % Atomic %
Palladium 31.08 1.95
Platinum 13.41 1.23

4.1.4 Atomic Absorption Spectrometry (AAS) Characterization of Pt and Pd Modified AB
type Alloy

AAS was used in the investigation to determine the total elemental content of the deposited
layers (Pd and Pt) on the ABIloy as a function of unit weight of the surface modified samples.

The samples were prepared following the procedure given in Section3.2.4.
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Figure 4.5: AAS graphs a) Pd modified ARnd b) Pt modified AB
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The results were obtained (see Appendix Al) and extrapolatedFigume 4.5a) shows the total
amount of Pd in the ABsample ranged from 75ppm to 80ppm. The results were converted to
weight percent, and were found to range between 0.75wt% to 0.86Guwglte 4.5b) shows the

total amount of Pt in the ABsample ranged from 10ppm to 12ppm, and also converted to weight
percent and were found to range between 0.10wt% to 11wt%. These results are in agreement
with results obtained with Energy Dispersive X-ray spectroscopy (EDS), as Pd is more than Pt

on the surface of the ARelectrodes.

4.2 Electrochemical characterization of AB MH electrodes surface modified with Pt and
Pd Catalysts

It is well known that Pt and Pd are excellent catalysts for the electrochemiceh¢dion and
become very stable in alkaline solution. For thes e alloys, it has been demonstrated that

the presence of amorphous Pd coatings improves the cycle lifetime and high rate discharge
ability of MH electrodes [65]. Since Jbsorption on amorphous Pd powder are negligible
[100], the enhancement in the electrode performance has been explained on the basis of the
electrocatalytic effect of Pd coating on the kinetics of the charge transfer process at the electrode
surface, which is the rate determining step in the overall hydriding/dehydriding process. In the
investigation, the effect of the addition of polycrystalline Pd and Pt powders into the hydride
forming metal alloys electrode on the activation and cycle stability was investigated employing

charge/discharge galvanostatic techniques, Cyclic Voltammetry and Impedance Spectroscopy.
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4.2.1 Galvanostatic Charge/Discharge Capacities of ABVIH electrodes surface modified
with Pt and Pd catalysts

The activation of the alloy plays a fundamental role in absorption electrodic process, since it
defines the reaction rate of the hydrogen with the metal and the incorporation to its structure.

During activation, several different processes occurred [101, 102], such as:

% Reduction of surface oxides that interfere with hydrogen

0’0

% Reduction of particle size due to the cracks produced by the volume increase
% Changes in the chemical composition and /or surface structure of the metal

To accurately investigate the Galvanostatic behavior of the @By electrodes, the alloy

electrodes were hydrogenated (charging) and dehydrogenated (discharging) following the

parameters stated in section 3.3.3.2.1.
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Figure 4.6: a) Charge of Unmodified A8 b)
Discharge curve of Unmodified ABrom the first to the sixth cycle for activation

To investigate the effect of metal catalyst addition on the overpotentials related to the
hydriding/dehydriding processes, the charge/discharge profiles of the alloy electrodes with
different metal catalyst content were analysedst, the MH electrodes were subjected to charge
discharge cycles for activatiodctivation reactions (charge/discharge) of the electrode were
charged from smallest capacity 50mAh/g to highest 300mAh/g, the sixth cycle as shown in
Figure 4.6 a) and b). The highest capacity was employed for the subsequent charge/discharge

cycles.
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Figure 4.6 b): 18" cycle of a) Charge for ABunmodified, AB;,_Pt modified, AB_Pd modified
b) discharge AB unmodified, AB;,_Pt modified, AB_Pd modified

The electrochemical testing and effect of metal catalyst addition on charge/discharge
overpotentials of MH electrodes was carried out, following the procedure given in section
3.3.2.1.Figure 4.6 a) and b) shows charge/discharge potential versus time profiles obtained for
the three electrodes at the™6ycle. In each case, well defined charge/discharge plateaus are
observed. The MH electrode without metal catalyst addition shows a high charge overpotential.
For the Palladium modified electrode, the discharge potentials presents lower values (i.e. more
negative) implying a smaller discharge overpotential or higher specific power for the battery.
These improvements were also observed by other authors Visitin et.al [100], Barsellini et.al
[101], and Ambrosio et.al [103]. Similar behavior was also observed for Platinum modified

electrode Ambrosio et.al [103].

The initial high charge overpotentials of the MHottedes may be attributed to a surface oxide
film, formed during metal alloy exposure to air. Thus, the metal catalyst surface, either enhances

H, evolution on the catalyst surface, either promotes the fast reduction of the surface oxides as a
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consequence of a reducing atmosphere, or thatéins produced during the charge process on

the catalyst surface are quickly transformed to the alloy particles and absorbed through the oxide
film. Hence, the global hydriding/dehydriding processes in the catalyst added electrodes are
favoured by the initial decrease in the charge/discharge overpotentials, leading to higher
discharge capacity values even for the first charge/discharge cycles. In turn, the metal catalyst
surface enhances;Hntrance induces volume changes that produces pulverization of the metal

particle and subsequent decrease in diffusion overpotentials during charge/discharge cycling.

In this respect, it must be noted that all these processes become significant after many cycles for
MH electrodes without metal catalyst additives while less than 10 cycles are required for the full
activation of the catalyst additivated electrodes. This phenomenon was also observed by Visintin

et al. [104].
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4.2.2 Cyclic Voltammetry Characterization of ABs Type Alloy Surface Modified with Pt
and Pd Catalysts
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Figure 4.7: (a — c) Show cyclic voltammograms of ARJnodified, AB;_Pt, AB;_Pd scan
from first cycle to the 15th cycle, while d) shows overlay of all the cycles from
the unmodified electrodes to both Pt and Pd modified electrodes

The alloy electrodes were cycled at 1mV/s between -0.4 and -1.3V. At low scan rates, hydrogen
in the interior of the alloy has sufficient time to diffuse into the powder surface. The diffgsed H

at the surface also participates in the charge transfer reaction [105].
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From the entire scans the electro-reduction current peak was not observed, because there are no
oxides present on the surface of the electrode. Prior the voltammograms were taken, the
electrodes were activated by charge/discharge cycling controlled via the potential. Only, the
current peaks related to the hydrogen electrode reaction could be detected. During the forward
scanning, a broad anodic peak related to the electro-oxidation of absorbed hydrogen was
observed. As the number of the reduction-oxidation cycles increases, the hydrogen electro
formation occurs earlier, and correspondingly thg éfectro-oxidation current peaks also
increases. These processes, as can be seerfFigumre 4.7 (d) are further favored when the

pellet electrodes are modified with platinum or palladium.

The activation effect by potential cycling can be attributed to the reduction of the surface oxides
which increases the reaction surface area. Otherwise, the reaction surface area also increases
during activation procedure due to the continuous expansion and contraction of the metal alloy
surface produced by the formation of the hydride phase and the subsequent dehydriding
processes. The position of the broad anodic current peak corresponding to the dehydriding

reaction can be represented by the following equation:

Hap + OH =H0 + € (4.1)

Equation 4.1 reflects the overpotential and provides information about the effect of palladium
and platinum on the reaction kinetics. Thus, the voltammograrig)ia.7 (a) to (d) show that

the anodic current peak at -0.64 to -0.65V for the Pt and Pd modified electrodes, respectively.
Furthermore, the electrode which was not coated with Platinum or Palladium the current peak

occurs at -0.59V.
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4.2.3 Impedance Characterization of the ABtype Alloy surface modified with Pt and Pd

catalysts
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Figure 4.8: Shows EIS spectra a) ABunmodified, b) AB_Pt modified, c) AB_Pd modified

Figure 4.8 Compares the results for different alloys at the fully discharge state. Almost the same

behavior was observed for all electrodes. The EIS imsiyaw that all three electrodes have the

same depressed semicircles, this may occur because the electrodes have high porosity. At high

frequencies the plot start as a semicircle and, as the frequency decreases, it changes to a straight

line. According to some researchers S. Cheng et al. [107] the semicircle in high frequency range

is attributed to the contact resistance between the hydrogen storage alloy and to the current

collector between the alloy particles. The intercept at high frequency region is directly related to

the electrolyte resistance. The slope of the straight line is related to the diffusion of protons in the
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electrode and is called Warburg diffusion; this is in agreement with literature Hifdie 4.8

a) the semicircle is highly depressed giving high resistance 21)6884s behavior has been
attributed to the presence of a passive film oxide on the particle surface in the discharged
material. Figure 4.8 b) and c) show that the semicircle in high frequency regions for the
platinum and palladium modified electrode increased as compared to the unmodified electrode,
because the resistance decreased b) 14¥38W c) 12.1062 respectively. This behavior

occurs because the contact resistance decreased after surface modification, due to the fact that

the modified alloy electrodes show less resistance.

These facts may be explained by the improvement of the morphology of the alloy surface. By
removing the oxide layer which naturally form on the surface by depositing Pt or Pd on the
surface of the electrode, this causes the contact resistance between the alloy particles and the
current collector to decrease, and it significantly increases the conductivity of the alloy surface,
resulting in a lower contact resistance of the alloy,

these findings for the semicircle are similar to Deng et.al [106].

The charge transfer is also reduced by the modification of alloy surface with Pt or Pd since they
remove the oxide film on the alloy surface, which helps with the absorption and diffusion of
hydrogen in the alloy lattice. The easier the charge transfer process the lesser the reaction
resistance. These results correspond to the values acquired practically. The resistance obtained
from the impedance data was used to calculate the overpotentials and the results were as follows:
a) unmodified electrode 0.4879V, b) Platinum modified electrode 0.3316V and c) Palladium
modified electrode 0.2724V. These results are in agreement with the results obtained for the
charge/discharge potentials. The lower the overpotentials the higher the specific power of the
battery. Both Palladium and Platinum improve the performance of the alloy electrode.
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4.3 Summary of AB MH with immersion in Pt and Pd on NaH,PO, based electroless
plating bath

Pd and Pt deposition was carried out on the surface of the MH alloy, by electroless deposition
using NaHPQ; as reducing agent. The film microstructure was characterized by XRD, SEM,
EDS, and AAS techniques. The electrochemical behaviour of the prepared electrodes was
studied with galvanostatic charge/discharge cycles, CV and EIS. Based on the results, it was
concluded that electroless plated Pd and Pt MH alloy electrodes had better performance
compared to unmodified ABMH electrode. However, Pd shows more interesting results

compared to Pt.

The Pd and Pt coated alloy electrodes represented lower discharge overpotentials, which is
important to improve the battery performance. The main impedance feature of the MH electrodes
was related to the charge transfer step of the hydriding/dehydriding processes. It was found that
the catalytic activity of charge/discharge is improved with Pd and Pt deposition, a factor

exclusively related to a higher active area of the coated layer, since the values of the apparent
activation energy are higher for the coated samples. From these findings it was also concluded

that Pd catalyst had better performance than Pt.
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4.4 Effect of Different Reducing Agent Used for Electroless Pd Plating on the ABIH
Surface

The improvement of hydrogen storage alloys by palladium treatment is causedspyl-dver

and reverse hydrogen spill-over. The deactivation of thetbtage alloy is due to the oxidation

of the alloy surface, which prevents the dissociation of moleculaa Key step for the Ho be
absorbed by the alloy. After Pd treatment, the Pd particles adhere to the Pd surfaces of the alloy.
Molecular H can be dissociated on the Pd surfaces, and then the dissociatteaind are split-

over to the alloy surface and absorbed by thestdrage alloy. Because Pd remains un-oxidised
and unaffected by the exposure to air, the Pd treated alloys have outstanding durability for

hydrogen storage and release [108].

The hydrogen spill-over effect is identified as a means of enhancing the catalytic activity towards
the H dissociation process. Enhancements in the catalytic activity withtepilHover are due

to the increase in the active surface area of the Pd catalyst on the alloy surface. The phenomenon
is dependent on the catalyst loadings, catalyst dispersion, active surface area between the catalyst

and the surface of the support material [107].

4.4.1 Investigation of AB_Pd Microstructure Electroless Plated with NH, and NaH,PO,
Based Bath

The influence of the type of reducing agerg.(N,H, and NaHPQO,) on the morphological and
kinetic properties of the ABalloy, surface modified with Pd was investigated by studying the

crystallinity, Pd dispersion and hydrogen kinetics.

The alloys were characterized through XRD analysis. The corresponding diffractograms were

shown inFigure 4.9. The presence of Caguype intermetallic was confirmed using the XRD,
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following experimental procedure stated in section 3.3.1. Bothtjie alloys surface modified
by Pd coatings derived from,N; and NaHPO, electroless plating baths, showed that the
material contained more or less unchanged lattice constants. These diagrams also confirm that

the position of the diffraction peaks for the modified material did not change significantly.

| — 8 _MH_Pd
— &B_MaH PO _pa

-
" E
=
L==n B I
=
-
= £
C
EM- E =
]
- =]
’ -L_u.L.L.LL_J.
o
o T T T 1 T | o a @ m  m
T m ™ D W E W E @ m —
oz L

Figure 4.9: XRD Diffractograms of a) AB N,H,_Pd and b) AB_NaH,PO,_Pd

The measured XRD patterns did not show any presence of additional peaks or change in peak
position. The Pd content on the surface of the modified powders may have been very small (less

than 1wt%). The observation was also established by Zaluski et al. [109].

4.4.2 Determination of Pd Deposites on ABVIH Alloys Using Different Reducing Agents

The determination of Palladium on the surface modified MBI alloy with application of M4
and NaHPQO, as reducing agents was determined by EDS, following the procedure given in

section 3.2.3. The Pd deposition study of the surface modifiedaf@ys was conducted to
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compare the effect of using different reducing agents for the modification of the MH alloys. That
is to quantitatively determine the surface loading of the deposited metals witigére. 4.10a)

and b) demonstrate the images of the modified &Be alloy with Pd catalyst, usingM, and

NaH,PG; reducing agents respectively.
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Figure 4.10 a): Shows EDS Spectrum of AB\,H, Pd
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Figure 4.10 b): Shows EDS Spectrum of ABNaH,PO,
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Table 4.2: Exhibits the total loading of ABmetal hydride alloy deposited using different
reducing agents (¥, and NaHPQ,). Several readings were taken and they were averaged to
give the results shown in the table below. It can be seen that Pd plating widingaded bath

had very low weight percent compared to the Pd plating employingP@Hbased bath. The
results corresponds to Riedel’s findings, which demonstrate that baths based on hypophosphite
as reducing agent perform better in terms of stability and deposit qualityc¢@rpared to

hydrazine.

Table 4.2: Total Loading of Pd on ABMH Alloy Deposited in NH,4, NaH,PO,

Element Reducing agent Weight% Atomic%
Pd N2H4 7.57 0.54
Pd NaH,PO, 31.08 1.95

4.4.3 Total Determination of Pd Particles on the Surface of the AB'ype Alloy Employing
AAS
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Figure 4.11: Shows AAS graphs a) for ABN,H,_Pd and b) AB_NaH,PO, Pd
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The results were obtained and extrapolated(see AppendixFif)ie 4.11 a) shows the total
amount of Pd in the ABmodified in NH,4 electroless plating bath (0.10 to 0.15wt%igure

4.11 b) shows the total amount of Pd in thesABodified in NaHPO, electroless plating bath (

0.75 to 0.80wt%). As seen from the results, very small amounts of Pd were detected fos the AB
alloy modified in NH,4 electroless plating bath, compared tosABloy modified in NaHPO;

electroless plating bath.

4.4.4 Surface Morphological Studies of the ABVIH Alloys Immersed in Pd Electroless
Plating Bath Derived from N;H4, and NaH,PO, Based Baths

Direct determination of the Pd particles distribution on the surface of tkeMABalloy was
conducted using SEMFigure 4.12 a) show micrographs collected for the Atigpe alloys

surface modified using MM, electroless plating based baths. Crystalline Pd layers on the AB
type alloy surface were found to be discontinuous. The Pd particle had a fairly good dispersion
on the surface of the AB5-type alloy. Very small Pd particles were observed fosHhdased
electroless bath. The Pd particles formed agglomerates on the surface of the alloy. This behavior
was similar to observations made by Pratt et al, but they observed large agglomeration of the

deposited Pd coatings on certain faces of ARy particles [110].
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h 7 N X N - “
" |Landing E| det | mode| WD “mag HFW 1 un _ Landing E| det |mode| WD mag HFW 1 gm
2.00 keV [vCD | None | 5.6 mm | 100 000 x |2.98 pm Nova NanoSEM 230 2.00 keV | vCD | None | 5.6 mm | 50 000 x |2.98 um Nova NanoSEM 230

Figure 4.12 a): Shows SEM images ABPd (N:H4)

Palladium particles were observed on the surface of thety® alloy surface modified in
NaH,PQO, based electroless plating bdtlyure 4.12b). Pd particles had fairly good dispersion

upon deposition derived from NaPO, based electroless plating bath. The dispersion was
denser on the alloy surface, even better than that of the sample surface moditield baded
electroless plating bath. Pd coatings were also found to be discontinuous for the sample surface
modified in NaHPO, based electroless plating bath. This phenomenon was stated by Doyle et al.
[111], saying that 80-100% of surface modified alloy particles may house discontinuous metal

coatings after PGM depositions.
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Figure 4.12 b): Shows SEM images of ABPd (NaH,PO,)
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4.4.5 Galvanostatic Charge/Discharge Cycles of the ABIH Alloy Immersed in Electroless

Pd Plating Bath Derived from NH4 and NaH,PO, Baths
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Figure 4.13: Shows a) Charge of ABN,H,_Pd and AB_NaH,PO,_Pd and b) Discharge of
ABs_N;H,_Pd and b) AB_NaH,PO, Pd

Discharge capacity of the electrode was determined using galvanostatically Enguge.4.13

a) and b) show charge/discharge potential versus time profiles obtained for the two electrodes at
the 10" cycle. In each case, well defined charge/discharge plateaus are observed. The MH
electrode surface modified in ;N; based electroless plating bath shows high charge
overpotential, compared to the alloy electrode surface modified inP&Hbased electroless
deposition bath. For the Palladium modified electrode immersed inAN@&Hbased bath, the
discharge potentials presents lower values (i.e. more negative) implying a smaller discharge

overpotential or higher specific power for the battery.
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4.4.6Electrochemical activity of the ABs-type alloy immersed in Pd electroless plating bath
derived from N,H, and NaH,PO, reducing agents
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Figure 4.14 a) AB_N,H,_Pd, b) AB_NaH,PO, Pd, and c) Overlay of both ABN,H,_ Pd
and ABs_NaH,PO,_Pd
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The alloy electrodes were cycled at 1mV/s between -0.4 and -1.3V. Similar voltammograms
were observed similar to earlier findings, where different PGM catalysts (Pt and Pd) were
compared. All the voltammogramBigure 4.14a) and b)), exhibited that no electro-reduction
current peak was observed, because there were no oxides present on the surface of the electrode,
since the CV was applied after the activation of the electrode. Only, the current peaks related to

the hydrogen electrode reaction could be detected.

In anodic branch, anodic peaks were observed at around -0.64 ~ -0.65V vs Hg/HgO for the two
electrodes as can be seerfFigure 4.14c). However, the peak was higher for NRE, based
electroless plating bath than that ofH¥based electroless plating bath modified MH electrode.
Both N;H; and NaHPO, MH electrodes demonstrate sharp anodic peaks, which means
oxidation reaction of KHon the MH electrode proceeded smoothly. These facts indicate that the
surface modification improved the electrochemical activity of oxidation reactiorn, @nHhe

ABs MH electrode surface. In addition, NgMD, based electroless plating bath had better

performance than the,N,based electroless plating bath.

4.4.7 Impedance Analysis of AB5 Type Alloy Immersed in Pd Electroless Plating Bath
Derived from N,H4 and NaH,PO, Reducing Agents

EIS was employed in the investigation to examine the effect of surface modification of ¢he AB
type electrodes with Pd derived frompHN and NaHPO, based electroless plating bath. In
addition, the impedance was used in the analysis to look at the improvements in electrochemical

activity on the electrodes surface and decrease in the charge transfer resistance as the result of
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surface modification of the APalloy electrodeskigure 4.15a) and b) illustrates the impedance

images of AB_N.H,_Pd and AB_NaH,PO, Pd alloy electrodes.
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Figure 4.15: Shows EIS spectra of a) ABN,H,_Pd and b) AB_NaH,PO,_ Pd

The EIS imageshow that the AB N,H, Pd electrode has one semicircle at high frequency
region, and it is not depressed. This behavior is obtained since the electrode was immersed in Pd
electroless plating bath using, as reducing agent. The fact that the electrode exhibited only
one semicircle was not understood, because according to some researchers the EIS spectrum
shows that at high frequencies the plot start as a semicircle and, as the frequency decreases, it

changes to a straight line [107].

ABs_NaH,PO, Pd image shows that at high frequencies the plot starts as a semicircle and, as the
frequency decreases, it changes to a straight line. This behavior is similar to our earlier findings
and other researchers [10F]jgure 4.15a) the semicircle for the ABN,H,_Pd electrode gave

high resistance of 97.8609 This behavior has been attributed to the presence of a passive film

oxide on the particle surface in the discharged material.
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Figure 4.15b) shows that the semicircle in high frequency regions for the R&8+HPO,_ Pd
modified and the resistance was 12.1Q6As can be seen from the results, the; A%H, Pd
electrode has shown higher resistance thag NBH,PO, Pd electrode. This behavior occurs
because the contact resistance decreased after surface modification. It is evident that the
electrode modified by immersion in Pd electroless plating bath employingP@aHeducing

agent had better performance thaiiiiNelectroless plating bath.

4.5 Summary ofEffect of Different Reducing Agent Used for Electroless Pd Plating on the
ABs MH Surface

The influence of the type of reducing agerg.(N,H, and NaHPQO,) on the morphological and

kinetic properties of the ABalloy, surface modified with Pd was investigated. The film
microstructure was characterized by XRD, SEM, EDS, and AAS techniques. The
electrochemical behaviour of the prepared electrodes was studied with galvanostatic
charge/discharge cycles, CV and EIS. Based on the results, it was concluded that Pd electroless
plated using NakPO;, reducing agent had better performance compared to one contayting N

as reducing agent.

As seen from the results, the surface modifications considerably decrease the charge transfer
resistance and activation enthalpy of the electrode reaction on the surface. The modifications
make the alloy form an Ni-rich layer surface with electrocatalytic activity on the surface and
increase the larger specific area of the electrode. Hence, the activation for dissociapOnf H
decreased. CV and EIS results indicate that the surface modifications apparently improve
electrochemical activity on the electrodes surface and decrease the charge transfer resistance and

activation of MH electrode reaction [107].
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4.6 Surface Functionalization In Palladium Electroless Plating on ABMH alloys using
Aminosilane

As was previously discussed, Pd coatings deposits on the surface of gidHARBIloy using
electroless plating were discontinuous in nature. This phenomenon was stated by Doyle et al.
[111], stipulating that 80-100% of surface modified alloy particles may house discontinuous
metal coatings after PGM depositions [11H. pre-treatment technique was previously
developed by Williams et al. [112] to pre-functionalize the surface of the alloy electrode prior to
electroless deposition, to improve the deposition of Pd on the MH electrode surface. Employing
a similar method, continuous layers of the Pd catalyst can be deposited ons thiéi Aoy for

the purpose of further enhancing the kinetics of hydrogenation, enhancing the quality of coating,
and increasing the plating efficiency in the electroless plating of Pd layers. In addition,

preventing the decomposition of precious metal plating bath.

The attractiveness of functionalization method, in electroless plating of metal layers was thus
demonstrated. As mentioned in the literature review, this can be realized by the treatment of the
substrate material with an aqueous solution of amino sitage ¥-amisopropyltrietheosilane or
y-APTES). The pre-treated ABalloy electrode withy-APTES was characterized with XRD,
SEM, EDS, AAS and electrochemically characterized with galvanostatic charge/discharge

cycles, CV and EIS. The results are demonstrated below.
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4.6.1 Structural characterization ofy-APTES functionalized ABs type alloy
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Figure 4.16: XRD Diffractogram of AB_y-APTES_Pd

A microstructure of the ABMH alloy coated in a Naf#PO, based Pd electroless plating bath,

after surface pre-functionalization with aqueuSPTES, was investigate#&igure 4.16.shows

that the electrode has the same structure as the parent material tawith symmetry
P6/mmm. No extra phases were detected and lattice parameters did not increase. No Pd patrticles
were detected on the surface of thesABoy. The results were not expected since pre-treatment

with y-APTES increases the deposition of Pd on the surface of the electrode.
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4.6.2 Determination of Pd Content on the ABAlloy Functionalized with y-APTES

The determination of Palladium on the surface modifieds M3 alloy with application of
NaH,PQO;, as reducing agents pre-functionalized WiHAPTES was determined by EDSgure
4.17 demonstrate the image of the modified sApe alloy with Pd catalyst, using NgPD,

reducing agents with pre-functionalization WyHAPTES.

Spectrum 3

Full Scale 465 cts Cur=or: 0.000 kel

Figure 4.17: Shows EDS Spectrum for AB-APTES_Pd

Table 4.3: Compares the total loading of ABnetal hydride alloy pre-functionalized with

APTES prior Pd electroless deposition using pR® reducing agent and one without pre-
functionalization. Several readings were taken and they were averaged to give the results shown
in table below. It can be seen that Pd electroless plating usingP@aHased bath without pre-
funcitionalization had high weight % compared to the Pd electroless plating employinB®iaH

based bath pre-functionalized WithAPTES.
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Table 4.3: EDS Data for AB_ NaH,PO,_ Pd without Functionalization and

ABs_NaH,PO,_Pd with Functionalization withy-APTES

Element Reducing agent Weight % Atomic %

Pd NaH,PO, 31.08 1.95

Pd NaH,PO, with  y-|10.24 7.57
APTES

4.6.3 Total Determination of Pd Content Deposited on the Surface of ABIH Alloy
Functionalized withy-APTES Using AAS
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Figure 4.18: Shows AAS Spectrum of a) ABPd without functionalization and b) AB Pd
functionalized withy-APTES

AAS was used to determine the total elemental content of the deposited layers Pd og the AB
alloy as a function of unit weight of the surface modified samples. Results obtained were plotted
and extrapolated (see Appendix A3) d&figure 4.18a) shows the total amount of Pd in thesAB
sample without pre-functionalization ranged from 0.75wt% to 0.80Wigure 4.18b) shows

the total amount of Pd in the ABample pre-functionalized withhAPTES range between

0.30wt% to 0.35wt%.
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4.6.4Surface Morphologies of AB MH Alloy Functionalized with y-APTES

HEW 2um Landing E (l}et mode| WD mag HFV\/ 1 pm
2.00 keV | vCD | None | 6.6 mm | 100 000 x [2.98 pm Nova NanoSEM 230

Landing E| det | mode| WD mag 2
2.00 keV | vCD | None | 6.6 mm | 50 000 x | 5.97 Nova NanoSEM 230

Figure 4.19: Show SEM images of ABPd (Functionalized witly-APTES)

The quality of the Pd coatings after pre-functionalization-&APTES was compared to the Pd
surface particles observed on ARIH alloy surface modified without pre-functionalization
(Figure 4.19. However, significant amounts of Pd agglomerates were observed after pre-
functionalization iny-APTES, which was not clearly seen in the sample modified without pre-
functionalization. Interestingly, the dendrite structure previously observed between Pd particles
where the alloy was pre-treated withAPTES, were not featured on the surface of the alloy
without y-APTES solution pre-functionalization. The pre-treated alloy wiHhPTES shows
uniform deposition, showing that pre-functionalization witAPTES improved the deposition

of Pd layers on the surface of the alloy electrode.
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4.6.5 Electrochemical Characterization of AB MH Alloy Functionalized with y-APTES
using Galvanostatic Charging/discharging Cycles
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Figure 4.20: Showsl0" cycle for charge and discharge for ABNaH-PO, Pd without pre-
funcitionalization and AB_NaH,PO,_Pd pre- functionalized wity-APTES

Figure 4.20 shows charge/discharge potential versus time profiles obtained for the two
electrodes at the focycle. In each case, well defined charge/discharge plateaus are observed.
The MH electrode without pre-functionalization WtRAPTES shows a high charge over-
potential. While, the modified electrode pre-functionalized wWitAPTES presents lower
discharge potentials values (i.e. more negative), implying a smaller discharge over-potential or

higher specific power for the battery.
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4.6.6 Cyclic Voltammetry Characterization of AB;_NaH,PO,_Pd Functionalized with
v-APTES

AB__Pd
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Figure 4.21:Show voltammograms of ABNaH,PO, Pd without pre functionalization and
ABs_NaH,PO,_Pd pre functionalized witly-APTES

The voltammograms show that no electro-reduction current peak was observed, because there
were no oxides present on the surface of the electrode, since the CV was applied after the
activation of the electrode. Only, the current peaks related to the hydrogen electrode reaction
could be detected. The anodic peaks were observed at around -0.65V vs Hg/HgO for the two
electrodes as can be seerFigure 4.21 However, the peak was higher for ABlaHPO, Pd
pre-functionalized withy-APTES compared to ABNaHPO,_Pd without pre-functionalization

with y-APTES. Both electrodes demonstrate sharp anodic peaks, which means oxidation reaction
of H, on the MH electrode proceeded smoothly. These facts indicate that the surface
modification improved the electrochemical activity of oxidation reactionobidthe AB MH
electrode surface.
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4.6.7 Impedance Characterization of ABMH Electrode Functionalized withy-APTES
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Figure 4. 22: Shows EIS image of ABNaH,PO, Pd pre functionalized with-APTES

In Figure 4.22the EIS imageshows that the electrodes have depressed semicircles, and this
may occur because the electrodes have high porosity. This behavior is similar to our earlier
findings. The semicircle had resistance of 9.%12&xhibiting that the semicircle in high
frequency regions for the alloy electrode pre-functionalized wAIPTES increased, compared

to the modified electrode withoytAPTES pre-functionalization as can be seigyre 4.8 c)
)12.10612 above. This behavior occurs because the contact resistance decreased after surface
modification, because the modified alloy electrodes show less resistance. The resistance obtained
from the impedance data was used to calculate the overpotentials and the results were found to
be 0.2113V, showing lower values compared to modified electrode without pre-functionalization

(c) 0.2724V).
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4.7 Summary of AB; MH Alloys Functionalized with Aminosilane

An aminosilane functionalization advance method was adopted in the deposition of Pd layers on
the surface of ABMH alloy. EDS and AAS showed that afteAPTES functionalization the Pd
surface loading did not increase, but rather decreased as compareds twitABut pre
functionalization. SEM confirmed the deposition of continuous Pd layer on the surface of the
ABs after functionalization iny-APTES. Similarities were observed between the surface
modified electrode with and without pre-treatmentyiaminopropyltriethyosilane solution. In

CV, both the alloys show similar anodic peaks around 0.65V. CV and EIS results indicate that
the surface modifications apparently improve electrochemical activity on the electrodes surface
and decrease the charge transfer resistance and activation of MH electrode reaction. These
observations demonstrate the influence of the quality of surface modification op $bepkion

kinetics of the surface modified electrode, pre-functionalized wHAPTES solution.
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5. Chapter Five

5.1 Conclusions and Recommendations

5.1.1 Conclusions

The vital purpose of the project was to study the feasibility of direct transformation of low
potential heat into electricity, by the application of electrochemical hydrogen storage
concentration cells with thermally managed metal hydride electrodes (e.g., Ni-MH battery). Ni-
MH batteries have been developed because of the demand for power sources with high energy
density, high capacity, long cycle life and excellent environmental compatibility. The
characteristics of the battery depends mostly on the physical and chemical properties of the

hydrogen storage alloy used as the anode.

In order to achieve MH alloy that exhibited better physical and chemical properties; a

methodological advancement was due to successfully develop surface modified hydrogen
sorption material, that meet the hydrogenation/dehydrogenation outputs considered to be the
requirements for the practical applications of these materials in the electrochemical energy
conversion. These requirements included easy activation, fast hydrogen absorption, stability at

low temperatures and pressures, and low susceptibility to gaseous impurities.

The experimental assignment and a detailed examination work plan was formulated, in order to
address the hypothesis and objectives of the investigation. The standard characterization tools
were reviewed and used in the investigation of these materials, and these included Scanning
Electron Microscopy (SEM), Energy Dispersive X-Ray Spectroscopy (EDS), Atomic Absorption
Spectrometry (AAS), X-ray Diffractrometry (XRD), Gavlanostatic charge/discharge rates,

Cyclic Voltammetry (CV), and Electrochemical Impedance Spectroscopy (EIS).
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Firstly, ABs intermetallic hydrides were chosen as the best candidate materials because they
show better hydrogen sorption performance, intermediate thermodynamic properties, and they
can withstand exposure to gaseous impurities. The drawback to the use of tideABetallic

was that, they naturally form oxide film on their surfaces which hinders hydrogen uptake by the
alloy material. Platinum group metals were deposited on their surfaces, since they are known to
increase the electrocatalytic activity, activation, and improves the hydrogen sorption
performance of the MH alloys. Platinum and Palladium catalyst were investigated, and the one

which demonstrated better performance was chosen.

Electroless deposition technique was considered for plating the PGM catalyst on the surface of
the ABs intermetallic material. This technique was chosen because, it posses the ability to plate
metal surface layers on materials with irregular shape, ability to control the surface chemistry of

the modified material and deposition of homogeneous coatings.

The effect of reducing agent on the surface of the MH alloy was investigated, comparing
hydrazine and sodium hypophosphite. Functionalization y#imisopropyltrietheosilane prior

electroless deposition of Pd on the surface of the tiyie intermetallic was also undertaken.

From the results collected in chapter 4, characterization of the surface modified sample material

was completed and is summarized below:

1. Commercial AB alloy obtained from Guangzhou Research Institute for Non-Ferrous
Metals, China with composition baCe.4s (Nd, Prp.is Niz3s Cooea Alo.ss Mg sgtrade
mark DH, was employed as the parent material for the investigation. The results showed
that the alloy presents hexagonal Ca&ype structure of symmetry P6/mmm. No extra

phases were observed evidencing that the structure is a single phase. The lattice
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parameters were measured and found to be a=4.9966 and c=4.0478I048 surface
modified with Pt and Pd and other pre-functionalized withe®PTES, showed that the
crystal symmetry was the same for these material as with the master alloy. The position
of the diffraction peaks for the modified material did not significantly change. The lattice
parameters were also the same. Presence of the PGM on the alloy surfaces was not
observed.

. Direct determination of the Pd patrticles distribution on the surface of thdvikBalloy

was conducted using SEM. Micrographs collected for the-t#Be alloys surface
modified with Pt and Pd using NalPIO; electroless plating baths, showed crystalline Pd
layers on the ABtype alloy surface were found to be discontinuous. A rich coating of Pd

was clearly observed compared to the Pt on the surfaceghédified alloy.

Investigating the effect of M, and NaHPO, reducing agents on the deposition quality.
The results also showed that Pd layers were discontinuous on the surface of the alloy, and
NaH,PO, based bath gave fairly good dispersion on the surface of tidyp8 alloy

compared to BH, based bath.

The quality of the Pd coatings after pre-funcitionalizatiog-®BPTES was compared to
the Pd surface particles observed onsABH alloy surface modified without pre-
funcitionalization. The pre-treated alloy withAPTES shown uniform deposition,
showing that pre-functionalization withAPTES improved the deposition of Pd layers

on the surface of the alloy electrode.
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3. Quantitative determination of the surface loading of the of metal catalyst was done using
EDS. Alloy surface modified with Pd catalyst exhibited better deposition weight % as
compared to Pt modified, results are as follows Pt (13.41wt%) and Pd (31.08wt%),
respectively. The results were confirmed with AAS, Pt ranged(0.11-0.15wt%), Pd (0.75-

0.80Wt%).

Determination of Pd on the surface of ABH alloy modified with application of pH,4

and NaHPGO;, reducing agents, displayed that the use of JR&H gave better loading
with ABs_N,H;_Pd showing very small amounts 0.83wt%, compared to 31.08wt% of
ABs_NaHPO, Pd alloy. With AAS results were ABN,H, Pd (0.10-0,15wt%) and

ABs_NaHPO, Pd (0.75-0.80wt%) showing similar results to the above findings.

Lastly, comparing the total loading of ABlloy pre functionalized with-APTES prior
Pd electroless deposition and one without pre functionalization. The results demonstrated
that Pd deposition without pre-funcitionalization had high weight % compared the alloy
pre functionalized with-APTES.

4. Electrochemical characterization of the A8loy material was performed to investigate
the effect of the addition of polycrystalline Pd and Pt powders into the hydride forming
metal alloys electrode, effect of using different reducing agents for Pd electroless plating
on the surface of the electrode, and functionalization of the alloy surfacg-ARAES
prior Pd electroless deposition on the alloy surface. The investigation was based on the

activation, cycle stability, and orption characteristics of the alloy. These factors were
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examined employing charge/discharge galvanostatic, cyclic voltammetry and impedance

spectroscopy characterization techniques.

Based on the results, it was concluded that electroless plated Pd and Pt MH alloy
electrodes had better performance compared t9MIB electrode. However, Pd showed

more interesting results compared to Pt. Pd and Pt coated alloy electrodes represented
lower discharge overpotentials, which is important to improve the battery performance. It
was found that deposition of Pd and Pt improved the catalytic activity of
charge/discharge, a dynamic exclusively connected to a higher active area of the coated
layer, since the values of the apparent activation energy are higher for the coated samples.

Pd was chosen as the better catalyst for the modification gaidy.

Influence of reducing agenitd., N.Hs and NaHP(O,) on the morphological and kinetic
properties of the ABalloy, surface modified with Pd was investigated. As seen from
results surface modification significantly decreased the charge transfer resistance and
activation of the electrode reaction on the surface. Modification increased the larger
specific area of the electrode, and made the alloy form a Ni-rich layer surface with
electrocatalytic activity on the surface. Consequently, the activation for dissociation of
H,O was decreased. CV and EIS findings specified that the surface modifications
apparently improved electrochemical activity on the electrodes surface and decreased the
charge transfer resistance and activation of MH electrode reaction. Based on the results, it
was concluded that Pd electroless plated using,R@reducing agent had better

performance than electroless plating usinglN\as reducing agent.
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Aminosilane functionalization method was adopted in the deposition of Pd layers on the
surface of AB MH alloy. CV and EIS results indicate that the surface modifications
apparently improved electrochemical activity on the electrodes surface and decreased the
charge transfer resistance and activation of MH electrode reaction. These observations
demonstrated the influence of the quality of surface modification on thgokption

kinetics of the surface modified electrode, pre-functionalized wRRPTES solution.

In conclusion, surface modification of the ARBlloy with PGMs improved electrochemical
activity on the electrodes surface and decreased the charge transfer resistance and activation of
MH electrode reaction. The following observations were made: Pd exhibit better performance
than Pt catalyst, NaiRO; is a better reducing agent for Pd electroless deposition tidy &hd
electrodes surface modified withkAPTES pre functionalization displayed inconsistent results.

The effect of pre functionalization withAPTES needs to be further investigated. As can be
seen from the results, alloy electrode surface modified with Pd employingPRaHs reducing

agent, gave better performance than all other alloys, and in conclusion it was found as a suitable

anode for Ni-MH batteries.

5.2 Recommendations

Based on the analysis and conclusions of the study, a number of suggestions regarding priorities

for the future search areas of investigation are given below.

Ni-MH battery development should achieve high power output and, long term stability is

important for practical application. Optimization of the MH alloy preparation and surface
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modification procedure will be required for successful commercialization of the alloy in the
battery industry. From this fundamental point of view it would be interesting to produce MH

surfaces with smaller particle size, so that one can explore the effect of:

» deposition time (e.g., ABDH,)Pd-P - 1 to 30 minutes)

» catalyst concentration (e.g., A®H.)Pd-P deposited for 30min — 0.1 to 2g/L), and

» reducing agent concentration (i.e., NBI).

These effects stated above can be investigated employing electrochemical characterization

techniqgues Galvanostatic charging/discharging, Cyclic Voltammetry and Electrochemical

Impedance Spectroscopy.
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Appendix A

1: Atomic Absorption Spectroscopy (AAS) Results ARBaH,PO,_Pt)

Absorbance Concentration (ppm)
0.001 1

0.002 5

0.003 10

0.004 20

0.015 50

0.040 100

Sample (AB_NaH,PO, Pd) = 0.002

2: Atomic Absorption Spectroscopy (AAS) Results {ABaH,PO, Pd)

Absorbance Concentration (ppm)
0.0020 10

0.0023 20

0.0033 100

0.0043 200

Sample (AB_NaHPO, Pd) = 0.003
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3: Atomic Absorption Spectroscopy (AAS) Results (ARH,4_Pd)

Absorbance Concentration (ppm)
0.075 10

0.156 20

0.305 40

0.645 100

1.018 200

Sample (AB_N:H,_Pd) =0.084

(ABs_NaH,PO, Pd) pre-functionalized withh APTES = 0.251
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