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ABSTRACT

Metal alloys are one of few materials that are capable of acting as catalyst
precursors in Sabatier reactions, reducing poisonous CO, gas into different
useful hydrocarbons. However, optimal reduction of CO, through these materials
takes place at relatively elevated temperatures due to poisoning-intolerance and
deterioration of hydrogen absorption/desorption kinetics resulting from the
surface chemical action of electrophilic gases at lower or room temperature. This
work presents results of the feasibility study focused on improving hydriding
kinetics and poisoning-tolerance, which are prerequisites properties that a
material should possess to be a suitable catalyst precursor for Sabatier reaction,
of the metal hydride (MH) materials. The studies in this work included: (i) element
substitution and (i) surface modification procedure. The substrate alloys
investigated had the compositions LaNisgxSnyx and TiMnys,, where x was 0.2.
The activation performances of the materials were estimated by measurement of
H, absorption kinetics in the absence of vacuum heating, after long-term
exposure to air. The presence of oxide layers on the alloy surface resulted in the
deterioration of H sorption kinetics for the parent alloys. To overcome impurity
effects, surface-modification technique through autocatalytic palladium deposition
was employed. The activation performances and kinetics of the surface-modified
were found to be superior to that of the unmodified AB; and ABs alloys. Based on
this observation, it was seen that surface-modified MH materials based on the
alloy substrate and Pd nanostructured coatings may be utilised as catalysts

precursors for CO, reduction into hydrocarbons.
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CHAPTER 1
INTRODUCTION OF METAL HYDRIDES

SUMMARY

Hydrogen processing (production, separation, purification and storage) in metal alloy
materials is the key step in unlocking many possible applications such as catalytic
use of metal hydrides for conversion of CO; into hydrocarbons. Hence, this chapter
introduces some challenges that function as stumbling blocks for a successful
hydrogen technology. These challenges include problems associated with
technologies in hydrogen separation and purification, solid-state materials in
hydrogen storage and conversion of CO, using metal hydrides. Furthermore, the
chapter discusses the rationale of this study and elaborates further on the choice of
the type of metal alloy. The aim and objectives of the study are also elaborated
together with scientific impact, where economic and scientific importance of a
successful investigation on the chosen materials for this study is also discussed.

1.1. BACKGROUND ON HYDROGEN TECHNOLOGY

Consumption of South African energy, which relies mostly on non-renewable fossil
fuels, is expected to increase intensely within the next years due to globalisation and
growing population. The increase in demand means that more secure and diversified
energy sources need to be exploited and employed. Moreover, depletion of fossil
fuels is becoming a serious issue and their combustion results in increase of
atmospheric greenhouse gases as well as climate change and global warming [1].
The impact of global warming is serious in many different aspects, including rapid
rising sea level, ice melting at the Earth's pole, and increasing precipitation across
the world [2]. An innovative and promising alternative energy strategy is to build a
pollution-free hydrogen-based energy infrastructure, which has high energy security
due to high abundance of hydrogen. If generation of energy is based on hydrogen,
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economic growth may be maintained. Currently, hydrogen is obtained through
several technologies including natural gas reforming, coal gasification, partial
oxidation of light alcohols, auto-thermal reforming, electrolysis and fossil fuel
processing [3]. Nevertheless, the purity of hydrogen produced through these
technologies is poor and machineries responsible for hydrogen purification are
expensive and thus economically unfeasible [4]. Implementation of hydrogen
technology and use of hydrogen as a non-greenhouse emitter energy carrier
requires efficient machineries that are responsible for generation of high purity of
hydrogen gas from industrial streams, hydrogen purification from gaseous mixtures,
safe and secure storage, and ease distribution of hydrogen for use. Currently,
materials responsible for separating hydrogen from other gases and store it in a
compact way are accountable for successful operation of hydrogen economy [5].

1.2. PROBLEM STATEMENT

1.2.1. Hydrogen separation and purification

According to Zuttel [6], the following characteristics should be possessed by a
hydrogen absorber to be considered an appropriate material in hydrogen
absorption/desorption (i.e. separation, purification, storage and delivery): (1) the
media should operate at temperatures less than 100 °C, (2) efficient mechanical
strength by hydrogen absorber, (3) the media must exhibit low heat losses possess
moderate operational pressures and (4) it should also exhibit good poisoning-
resistance in the presence of gas impurities such as sulphur, carbon dioxide and
carbon monoxide. Several methods including membrane filtration, adsorption and
absorption have recently been exploited for hydrogen separation from gaseous
mixtures [7-9]. Utilisation of these conventional separation techniques requires
destructive environments, high pressure and temperature as well as expensive
chemical processes [8]. Currently, large-scale hydrogen is separated from gas
streams through a well-known pressure-swing adsorption (PSA) method [10]. PSA

involves the separation of a specific gas from a gaseous mixture under pressure
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based on its molecular characteristics and its affinity for an adsorbent bed [11]. For
hydrogen separation, this technique is limited by several industrial processes
including economical inadequacies; low hydrogen specificity of adsorbent beds; low
mechanical stability of adsorbent beds; large size of PSA reactors resulting in
inadequate rapid gas transfer; high operational costs due to compression and
cooling of gases [8]. Another technology that is capable of separating and generating
high-purity hydrogen is palladium membrane technology [12]. Unfortunately, these
membranes suffer from poor thermo-mechanical stabilities at high temperature, are
costly, suffer from hydrogen embrittlement after repeated thermal cycling in
hydrogen and are easily poisoned by aggressive surface adsorbates (e.g. H,S, CO,
CO,, Oy, H,0) over extended operation [12]. Moreover, this technology involves very
long heating periods [13]. An attractive technology in the separation and purification
of hydrogen from poisonous gas mixture is absorption technique [14]. This technique
involves an interaction between a hydrogen absorber and hydrogen atoms through
physical-chemical processes. Hydride-forming alloys such as binary systems (e.g.
Pd, Mg) [15] and ternary systems (e.g. LaNis, TiMny5,) [16] are of particular interest
and intensive research on these materials is currently underway. These materials
are characterised by their interactions with atomic hydrogen; minimal energy
expenditure; and simplicity in operation [17-18]. For these reasons alternative
separation/purification media, based on absorptive materials, are sought to
effectively separate and purify hydrogen from hydrogenous product gas mixtures

containing aggressive components.

1.2.2. Hydrogen storage in hydride-forming alloys

Due to low density of hydrogen (0.08988 g/L at 1 atm), it is important to
subsequently store hydrogen after its separation and purification from poisonous gas
mixture [19]. The storage media should possess several characteristics which
include maintaining the high purity of hydrogen, allowing fast adsorption and
desorption rates, allowing efficient transport of hydrogen, and does not require large
amounts of energy in its operation [19-20]. So far, three technologies are well-known
for hydrogen storage: compressed; liquefied; and solid-state hydrogen storage [21].
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With compressed hydrogen storage hydrogen is compacted at high pressure
(approximate maximum operating pressure is 20 MPa) and stored in high strength
stainless steel cylinders. Such heavy cylinders are not recommended for mobile
applications and their safety is still a concern while more energy associated with
hydrogen compression is not economically favoured [22]. Due to a critical
temperature of -241 °C linked to hydrogen, about 15 kWh/kg of energy is necessary
to liquefy hydrogen to be stored in high-efficiency cryogenic containers [23].

On the other hand, solid-state storage, in which the hydrogen is absorbed into a solid
material, has attracted much attention, although no completely satisfactory material
has yet been identified [6]. In solid-state storage, hydrogen gas interacts with metal
hydride-forming materials, chemically binding materials, and high-surface area
nanostructured materials. An attractive feature of solid-state storage is that the
absorption of hydrogen using many of these materials is reversible, thereby reducing
operational costs [24]. The material requirements for effective solid-state hydrogen
storage include the following: (1) appropriate thermodynamics; (2) fast kinetics (quick
uptake and release); (3) high storage capacity (specific capacity to be determined by
usage); (4) effective heat transfer; (5) high gravimetric and volumetric densities
(lightweight and space efficient); (6) long cycle lifetime for hydrogen sorption; (7)
high mechanical strength and durability; (8) safety under normal use and (9)
acceptable risk under abnormal conditions [6]. In comparison with other known solid-
state materials such as carbon nanotubes and metal organic frameworks, metal
hydride forming materials have the potential for reversible on-board hydrogen
storage and release at low temperatures and pressures [25]. However, low hydrogen
capacity, poor poisoning-resistance and slow hydrogenation kinetics serve as the
main hindrances toward a metal hydride-based use of hydrogen, and thus further

research needs to be conducted [26, 27].

1.2.3. Hydrogenation of CO, using metal hydrides

Catalytic hydrogenation of CO; into useful hydrocarbons such as methanol and CO
is of particular interest in order to minimise CO, atmospheric concentrations [28],

[29]. However, catalysts which are responsible for this reaction surfer from surface
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poisoning by impurities and they operate at very high temperature (above 250 °C)
while their selectivity towards hydrocarbons is poor [30]. Metal oxides are frequently
used as catalyst precursors due to their ability to bind and activate CO, largely
depends on their basicity and reducibility while reduced oxides have also been
reported to have a strong tendency to react with CO, [31]. The major problem related
to metal oxides precursors is that they decompose upon hydrogenation of CO, due
to poor cyclic stability [31]. Several metal hydrides have been reported to be active
towards conversion of CO; [32, 33]. An example is LaNis, which was reported to
have a CO; conversion capacity of 89% at 500 °C by Kustov and Tarasov [34].
However, its selectivity towards CO was under 15% as it gave a mixture of CO,
methane and water. To enhance the catalytic activity of metal hydrides at optimal
conditions and favourable temperature, a poisoning-resistant metal hydride with fast
and large hydrogen capacity is of particular interest. Hence, this work focuses on
building such an ideal metal hydride to be suited for CO, conversion into

hydrocarbons.

1.3. RATIONALE OF THE STUDY

As was previously established, the use of metal alloys for hydrogen storage is limited
by several factors including hydriding/hydrogenation rate and low hydrogen uptake
capacity which is caused by difficulty in initial activation and poor poisoning-
resistance in the presence of impurities. Several mechanisms and methods including
spark plasma sintering, mechanical alloying, melt spinning, adding catalytic dopants,
adding catalysts, GPa hydrogen pressure method, hydriding combustion synthesis,
and alloying with other elements have been widely studied in an attempt to enhance
hydriding kinetics of different metal hydrides, however much work is still need to be
done as the effect of these attempts is insignificant for real-life application [15, 35].
Of these mechanisms, addition of catalytic dopants on the surface of a metal alloy
material has shown great potential [36, 37]. For instance, a bulk alloy material could
be designated due to its excellent kinetic or thermodynamic properties and a dopant

could be preferred due to its outstanding poisoning-tolerance and high affinity for
5



hydrogen. Examples of dopants used as surface catalytic materials include
deposition of platinum group metals (PGMs) on the surface of an alloy material prior
to hydrogen storage [7]. If PGMs are deposited on the surface of an alloy a swift
movement of hydrogen atoms into and out of a bulk alloy material is usually
observed, but the PGMs do not play any role for hydrogen storage in this instance
[38]. The abundance of coal and PGM resources in South Africa countenance the
PGM-based research to be simplified, and as such a local hydrogen technology
based on these materials can be developed. Another important factor to look at is
the choice of a type of metal alloy material and currently ABs-type (LaNis) and Ti-Mn-
based AB,-type alloys have shown great hydrogen performance due to their
reasonable plateau pressure and better activation property, respectively, but poor
initial activation, hydrogen storage capacity and hydriding kinetics are still the
burning issues [39, 40]. Poor initial activation possessed by LaNis alloy can be
addressed by partial substitution of Ni with elements containing bigger active sites
[39]. These elements alter the particle size of bulk alloy to finer size, creating more
fresh surfaces to allow faster contact with hydrogen [41]. Furthermore, the inclusion
of these elements also minimise the oxide coating on the ally surface and decrease
the absorption plateau pressure. Hence, an effect of combination of partial
substitution of Ni with Sn, which has bigger active sites than Ni, in LaNis alloy and
surface modification through autocatalytic deposition of palladium on poisoning-
resistance and hydriding kinetics, is studied using Sieverts-type apparatus. On the
other hand, hydriding kinetics of Pd-coated and uncoated Ti-Mn-based alloy TiMn; s
are also compared. The results of these two studies can help in realisation of
suitable alloy material to meet requirements for catalytic application in carbon dioxide

conversion into hydrocarbons.

1.3.1. Aim

The aim of this study is to investigate the effect of autocatalytic deposition of

palladium on the hydrogenation kinetics of ABs type alloys (LaNis and LaNisgSno2



alloys) and AB, type alloy (TiMny s, alloy) as potential surface modified alloys for

conversion of carbon dioxide into hydrocarbons.

1.3.2. Objectives

The objectives of this study were to:

i. ~ modify LaNis, LaNis gSno, and TiMn, 5, alloys through autocatalytic palladium
deposition,

ii. characterise unmodified and surface-modified alloys by scanning electron
microscopy (SEM) with energy dispersive spectroscopy (EDS), X-ray
diffraction spectroscopy (XRD), atomic absorption spectroscopy and
Brunauer-Emmett-Teller (BET),

iii. investigate the effect of palladium deposition on the hydrogenation kinetics of
ABs and AB; type alloys by a comparison of hydrogen absorption before (after
pre-exposure to air) and after activation by evacuation and heating at 300 °C

using Sieverts-type apparatus.

1.4. SCIENTIFIC IMPACT

South Africa is suddenly the focus of the world as the research and development
efforts towards clean energy are intensifying due to availability of mineral resources.
Platinum group metals (PGMs) are of key importance in the development of fuel cells
and other clean energy economy technologies. South Africa is the world’s main
source of these metals, accounting, for example, for 76% of the global PGMs supply.
This work is in line with the objectives of the national program launched by South
Africa as a reply to the global energy and environment challenges. This project is
aimed at addressing challenging problems of safe and efficient CO, reduction and
hydrocarbons production. The work contributes to the novel technology for
development of surface modified MH based CO, reduction and hydrocarbons
production in the integrated system by using South African minerals particularly
PGMs. This will make South Africa to benefit from diversification of Pd containing

materials and developed capabilities in the emerging clean energy economy. Owing
7



to the high demand for South African industries to use a clean technology in order to

overcome challenging problems of carbon emission from utilisation of local fossil

fuels, it is of paramount importance that in the present work, the focus is on the

problem of CO, reduction and hydrocarbons production on the basis of surface

modified MH materials.

1.5. THESIS OUTLINE

This study attempts to tune the catalytic properties of metal hydride systems for

reduction of carbon dioxide to produce hydrocarbons. The Outline of the remaining

chapters in this study:

>

Chapter one introduces us to metal alloy as hydrogen storage materials. This
chapter also looks at problems associated with formation of metal hydrides
from metal alloys and molecular hydrogen as well as difficulties in catalytic
activity of metal hydrides in carbon dioxide conversion. Lastly, we also
discuss the importance and rationale of the current study on the
hydrogenation kinetics and in catalytic hydrogenation of CO..

Chapter two focuses on the literature review of energy, different types of
metal hydrides, hydrogenation kinetics of metal hydrides and the application
of metal hydrides as catalyst precursors in CO, conversion to form
hydrocarbons.

Chapter three fundamentally serves as a continuation of the literature review,
but with more emphasis placed on the characterisation techniques employed
in the study. It also gives and outline of the different materials that were used
in the study.

Chapter four concentrates on the effect of partial substitution of nickel by tin
followed by autocatalytic palladium deposition on the hydrogen absorption

kinetics of LaNis-type metal hydride alloy.



Chapter five focuses on improved hydrogenation kinetics of TiMnj s, alloy
coated with palladium through electroless deposition for potential co;
conversion

In Chapter six the study is concluded with a concise discussion of the
objectives achieved pertaining to the study of kinetic properties of fabricated
ABs and AB; type alloys. Recommendations are made, anomalies noted, and

the greater relevance and implications of the study are discussed.
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SUMMARY

Hydride-forming alloys are currently rated number one by most researchers as the
best hydrogen storage materials because of their relatively high volumetric densities
and reversible H, absorption/desorption kinetics with high storage capacity.
Nonetheless, their practical use is obstructed by several factors including heavy
weight and slow hydrogen absorption/desorption kinetics. Lately, common strategies
such as spark plasma sintering, mechanical alloying, melt spinning, high hydrogen
pressure method, hydriding combustion synthesis, surface modification and alloying
with other elements have been exploited as to try to overcome slow Kkinetic
challenge. Through these methods, improvement in hydriding kinetics has been
achieved to some extent, but it is still far from that required for practical application.
In this review, we provide a critical overview of various metal hydrides (MHs) ranging
from binary hydrides (CaH,, MgH, etc) to ternary hydrides (examples being Ti-Mn-N
and Ca-La-Mg-based systems) that are used in solid hydrogen storage as well as
alternative catalysts in carbon dioxide conversion. The reaction mechanism, surface
modification techniques and hydrogen storage properties of these various MHs were
discussed in detail. We also discussed the remaining challenges and proposed some

suggestions to the emerging research of MHs.

Keywords: Hydrogen storage, Metal hydrides, Kinetics, Surface medication. CO,

conversion
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2.1. INTRODUCTION

The use of fossil fuels (Coal, oil and natural gas) for energy generation can lead to
serious environmental concerns including increased amounts of greenhouse gases.
Amongst the numerous alternative energy approaches, building an energy
infrastructure that involves the use of hydrogen as the primary energy carrier may
enable a non-polluting energy security in the future. Hydrogen fuel cell involves
chemical reaction between hydrogen and oxygen to produce water vapour and
electricity at an efficiency of 40-65% [1]. The electric current produced is sufficient to
power an electric engine. When compared with the common fuels, hydrogen is
relatively non-polluting and only water is exhausted when hydrogen is in use [2].
Approximately 4.5 litre of gasoline would be required to produce an energy that can
be provided by just one kilogramme of hydrogen [3]. Moreover, hydrogen is
abundant worldwide and thus its use can inhibit the depletion of fossil fuel reserves.
Hydrogen in a form of gas is 14 times lighter than air and four times lighter than
helium [4]. This allows hydrogen to easily disperse into the air in the event of an
accident, eliminating the possibility of explosion. However, hydrogen cannot be used
as a gas because it has a very low density of 0.08988 g/L at 1 atm; and therefore a
lot of space is needed for portable and mobile applications [5]. In order to avoid this,
hydrogen can be physically stored either on high pressure gas cylinders or as liquid
hydrogen. Nevertheless, hydrogen storage through these methods is limited by high
pressures required for compression of the hydrogen gas for High-pressure storage
and a large amount of energy that is required for achieving liquefaction when storing

hydrogen as a liquid [6].
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Figure 2.1: Different ways to store hydrogen [7].

A convenient way to store hydrogen is through the absorption of hydrogen onto solid
nanostructured materials such as different types of metal alloys, chemical sorbents
(such as MOFs and carbon-based materials) or chemical hydrides (Figure 1) [7]. Of
the above mentioned chemical storage materials, metal hydrides offer a safe,
volume-efficient technology aimed at hydrogen storage for reversible on-board
applications due to their higher hydrogen-storage gravimetric density (7.6 wt.% by
Mg-tytpe alloys) [8], which is close to the long-term target published by the US
Department of Energy (DOE) [5]. There are excellent reviews regarding MHs used
for hydrogen storage application that have been published [5, 9, 10]. In this review,
we consider the overview to provide an up-to-date of the recent developments on
MHs and also highlight their limitations. We further demonstrated application of MHs
in catalysis. This review consists of two sections mainly on hydrogen storage in
metal alloys and metal hydrides as catalysts in CO, conversion. We anticipate that
this work can provide an inspiring perspective for further research on MHs with good

hydrogen storage properties.

2.2. HYDROGEN STORAGE IN METAL ALLOYS

In the late 1960s, scientists discovered that there are some intermetallic compounds

that undergo direct, reversible reactions with gaseous hydrogen. Such intermetallic
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alloys include MgzNi, LaNis, TiMn, and TiFe among many others [11]. It is well
documented that metallic hydrides are chemically formed from the reaction of

hydrogen gas with metal or alloy according to Equation 2.1 [6]:
Metal (M) + H, (g) — metal hydride (MH) 2.1

The formation of metal hydride undergoes six distinct states of hydrogen absorption
in metals: hydrogen to metal; physisorption which involves physical attachment of
hydrogen to a metal through van der Waals interaction; chemisorption, the chemical
attachment of hydrogen to metal by forming a chemical bond; subsurface hydrogen;
solid solution (a-phase) and hydride (B-phase) [12]. The formation of a- and -
phases may be described by Equations 2.2 and 2.3, respectively [13]. A a-phase is
formed when small amount of hydrogen occupies the interstitial sites of the host
metal M, producing an H-poor solid solution while B-phase involves saturation of the

solid solution to generate a second phase.

M +~yH, < MHy 2.2
MHy + ~ (x - y) Ha <> MHX 2.3

During the formation of B-phase, the equilibrium pressure is fixed at any given
temperature. This is because according to Gibbs' phase rule (F=C—P+2) the number
of degrees of freedom F is one during the interaction of M and H atoms since three
phases P (two solid and one gaseous) and two components C (H and M) are
available [13]. The constant pressure level is referred to as the plateau pressure.
During the formation, the metal atoms stretch apart to accommodate the hydrogen
atoms and the physical structure of the metal atoms may also change to form a
metal hydride. For example, Table 2.1 shows different types of metal alloys ranging
from AB to ABs, demonstrating that hydrogenation of metal is accompanied by
increase in lattice parameters of the parent alloy. The A,B alloys were reported to
possess higher hydrogen storage capacity of 3.75 and 3.04 wt.% for P6222 and
Fddd phase, respectively. On the other hand, ABs showed to have low absorption
capacity of 1.43 wt.%. Moreover, peaks from X-ray diffractogram may broaden and
shift towards smaller 26 values as a result of larger lattice parameters [14].
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Table 2.1: Lattice parameter, a, of different types of alloys before and after

hydrogenation and their hydrogen storage capacities

Type of alloy | Structure | Alloy Hydride Storage References
lattice lattice capacity
parameter, | parameter, W1t%
a, A a, A
AB BCC 2.976 7.029 1.75 [15]
AB; Cl4 4.866 4.902 1.70 [16]
C15 6.939 7.158 2.01 [17]
ABs CaCus 5.003 5.395 1.43 [18]
A-B (P6222) |5.205 5.463 3.75 [17]
(Fddd) 5.284 5.411 3.04 [17]

Conversely, metal hydrides release H, gas when heat is applied on the hydride, this
process is called desorption. Hydrogen atoms (H) move out from the metal to the
surface of the metal hydride, combine into hydrogen molecules (H;) and flow away
as hydrogen gas. The metal atoms contract to form its original metal crystal structure
[19].

2.2.1. Types of metal alloys

AB, A:B, AB,, ABs (A represents one or more strongly hydride-forming elements
while B represents one or more weakly hydride-forming elements, B usually helps to
dissociate the H, molecule) and Mg-based alloys are classes of alloys that can
absorb hydrogen in order to form hydrides. Some metals such as Fe, Mn, Ca and Cu
are capable of forming hydrides directly [20]. However, such complexes are either
too unstable or too stable for gaseous applications. For binary hydrides that are too
unstable, the pressures at which they absorb and release hydrogen are too high at
practical temperatures and their enthalpies are too high. For binary hydrides that are
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too stable, the pressures at which they absorb and release hydrogen are too low at

practical temperatures and their enthalpies are too low [20].

Complex Hydrides

==y
i L

Figure 2.2: Hydride family tree of alloys and complexes, TM = transition metal [21].

In addition to binary alloys, multi-component systems (examples include
(Tip.85Zr0.15)1.0sMnN1 2Cro.6Vo.1Mo.1 (M=Ni, Fe, Cu)) do exist [22]. Another alloy type that
is capable of forming metal hydride is solid solution alloy. Solid solution alloys are
formed by dissolving a hydrogen-absorbing metal in another. Unlike the binary alloys
and multi-component systems, the solution alloys do not have stoichiometric
compositions [23]. However, the high temperature needed for desorption of solid
solution hydride forming materials rules out these storage methods for practical
purposes [21]. The A Bp-type alloys showed to react reversibly with hydrogen gas to
form an intermediate strength hydride A;ByHy at ambient temperature and pressure

[24]. These types of alloys are further reviewed in detail in this chapter.
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2.2.1.1. AB alloys

ZrNi and TiFe alloys were the first AB compounds to successfully demonstrate
reversible hydrogen absorption [25]. Unfortunately, the use of ZrNiH3 for practical
purposes was condemned due to several limitations including high desorption
temperature of approximately 300 °C [26]. Other AB-type alloys include TiCo and

ZrCo and their characteristics are summarised in Table 2.2.

Table 2.2: Lattice parameters, a, of AB-type alloys before and after hydrogenation

and their plateau width.

Type | Alloy Structure Alloy Hydride Plateau width | References
lattice composition | A(H/M)
parameter,
a, A
TiCo B2(CsCl) 2.994 TiCoHy 4 1.30 [25]
TiFe B2(CsCl) 2.970 TiFeH; 1.86 [27]
AB ZrCo B2(CsCl) 3.213 ZrCoH; 2.70 [17]
ZrNi (CrB) 3.272 ZrNiH3 1.43 [17]

The most successful AB alloy with favourable operational conditions is the TiFe alloy
and its substitution alterations as well as surface modifications with the aim to
enhance its hydrogen performances are still under study [28]. The crystal structure of
TiFe-based AB alloys is an ordered body-centred cubic structure with CsCl as
prototype [29]. In the CsCl-type structure, hydrogen atom occupies a central position
of the octahedron is forever occupied by hydrogen atom while the six vertices are
occupied by four Ti and two Fe atoms as depicted by Figure 2.3, thus referred to as
the TisFe,H octahedron. According to this crystal geometry, hydrogen absorption
capacity in TiFe is expected to be H/M=1.5, however, a smaller amount (H/M=1.0) is

usually observed [29, 30].
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Figure 2.3: Contour maps of electronic densities for TiFe-type alloy [29].

This observation is caused by a formation of another octahedron with the four
vertices now being occupied by Fe atoms and Ti atoms occupying only two, forming
Ti,Fe4sH octahedron as shown in Figure 2.3. Once the active sites on Ti,Fe,
octahedral are occupied by hydrogen atoms, it is not possible for hydrogen atoms to
occupy the nearest TisFe, octahedral sites [29, 31]. This is illustrated in Figure 2.4. Ti
atoms functions as H, absorbing atoms and since there is lesser number of them in
Ti,Fe, octahedral structure, the hydrogen absorption capacity is reduced from
H/M=1.5 to H/M=1.0 [30].

(a) H/IM=15 (b) HIM=1.0

Figure 2.4: Schematic illustration of (a) simple hydride and (b) TiFe hydride [29].
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Generally, pressure-compoition-temperature diagram of TiFe compounds usually
consists of two plateaus, where the equilibrium pressure of y-hydride is lower than
that of B-hydride at ambient temperature [30]. Activation is a major problem in TiFe-
type alloys because activation process involves time-consuming steps, which must
be repeated several times [32]. The steps involve grounding of FeTi particles to <100
mesh followed by heating at temperature range of 573-773 K in vacuum [32]. Such

limitations have prevented real-life application of the AB alloys.

2.2.1.2. AB; Laves phase alloys

Table 2.3: Lattice parameter, a, of AB,-type alloys before and after hydrogenation

and their plateau width.

Type | Alloy Structure Alloy Hydride Plateau width | References
lattice composition | A(H/M)
parameter,
a, A
TiCri g C15 6.939 TiCri1gHz26 1.54 [17]
Cl4 4.927 TiCrigHz6 2.43
TiMnys | C14 4.862 TiMnysHo5 | 1.86 [33]
AB; ZrCr; C15 7.220 ZrCryHs s 0.42 [17]
Cl4 5.097 ZrCryH3 0.98
ZrMn; Cl4 5.035 ZrMnyH3 1.77 [34]
Zr\V, C15 7.440 ZrVoHa o 1.00 [35]

In the AB, Laves phase alloy, metal A is usually Ti or Zr, and metal B is another
transition metal including V, Cr or Mn. These alloys crystallize in Lave phase
structures. Three types of laves phases; namely: hexagonal C14 phase (MgZn,),
hexagonal C36 phase (MgNiy) and cubic C15 phase (MgCu,) represent AB,- type
alloys (Table 2.3) [36]. Hydrogenation performance of hexagonal C36 phase has
been reported to be poor [37]. C15 and C14 phases (corresponding to atomic ratio of
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Ra/Rg=1.225) have shown better performance as hydrogen absorbers [37]. Figure 5
show that the number of interstitial tetrahedral sites for hydrogen occupation is the
same in both C14 and C15 structures with environments A;B;, AB; and B,. Large
amount of hydrogen is absorbed on the A;B; sites due to their high coordination with
A-type elements, which have stronger affinity to hydrogen compared to B-type
elements. The structural stability of AB, alloys depends on the atomic ratio,
electronegativity and valence of the elements used [38], [39]. It has been found and
reported that hexagonal C14 ZrCr, Laves phases are more stable compared to cubic
C15 [40].

. Mg 0 Zn . Cu (b)

(a)

Figure 2.5: Crystal structures of (a) C14 and (b) C15 Laves phases [37].

The reported hydrogen storage of AB,-type alloys is nearly 2 wt. %, with low
hysteresis [39]. But binary AB,-type alloys suffer from poor surface activity and
poisoning intolerance [22]. Therefore, modification of the A/B stoichiometry and
substitution of A, B or both A and B are exploited to improve performance of AB,

alloys for hydrogen storage [41].
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2.2.1.3. ABs alloys

With ABs-type alloys, the A site is usually occupied by La, Ca or rare earth element
while Ni, Cu, Co, Pt or Fe fill the B site [42]. These metal hydride alloys are typified
by LaNis and they can be easily activated for hydrogen absorption [43]. A reaction
between these alloys and hydrogen at a room temperature and a pressure above
equilibrium plateau pressure results in a ternary metal hydride [43]. It is notable that
the hysteresis effect in ABs-type alloy is relatively small as compared to other low
temperature systems with a large and distinct miscibility gap [42].

Table 2.4: Lattice parameter, a, of ABs-type alloys before and after hydrogenation
and their plateau width.

Type Alloy Structure | Alloy Hydride Plateau References
lattice composition | width,
parameter, A(H/M)
a, A
LaNis | (CaCus) |5.017 LaNisHs 2.48 [42]
ABs MnNis | (CaCus) |4.912 MnNisHg 1.75 [17]
CaNis | (CaCus) |4.943 CaNisHg 2.70 [17]

The ABs alloys are known to have a CuCas-type hexagonal crystal structure and the
crystal structure normally belongs to space group P6/mmm (#191) [44, 45]. The A-
type atoms of ABs alloys in hexagonal structure are in the la positions and B-type
atoms in both the 2c and the 3g positions, as shown in Figure 2.6 [37]. The position
of these atoms is affected by their size. Large B-elements prefer to occupy the 3g
sites, which has bigger space compared to 2c, however, substitution B-elements with

a size similar to nickel have a random distribution on the 2c and the 3g sites [37, 44].
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Figure 2.6: Crystal structure of ABs-type alloys [37].

ABs-type hydrides possess long recyclability (hundreds of cycles) when compared to
other intermetallic hydrides (AB, A2B, AB, and A;B5) [46]. These alloys retain better
hydrogenation behaviour at moderate temperatures due to their low hysteresis,
adaptability, relatively favourable plateau pressures, fast activation and better
selectivity for hydrogen [47]. The common disadvantage of LaNis alloy is that it is
prone to surface reaction with poisonous gases such as CO, CO, and sulphur,
forming an oxide layer which causes slow hydrogen sorption kinetics [48]. The PCT-
curve of LaNis usually depicts an equilibrium pressure of 1.8 bar which extends up to
a concentration of 6.48 hydrogen atoms per formula unit (H/M=1.08) at ambient
temperature [18]. This equilibrium absorption/desorption pressure can also be

reduced by the introduction of substitutions in the ABs materials [18, 49].

2.2.1.4. Mg-based alloys

In Mg-based alloys, A is Mg while B is a transition metal. These alloys were reported
to possess energy density of 9 MJ/kg and the highest maximum hydrogen storage
capacity (7.6 and 3.6 wt% for MgH, and Mg,NiH,4, respectively) compared to all
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hydride-forming materials [50]. Furthermore, Mg is very cheap and accessible
element due to its abundance [51]. Crystal structure of a metallic Mg is hexagonal
with lattice parameters a= 3.2094 A and ¢=5.2108 A as well as a space group of
P63/mmc [52]. Once the Mg metal is hydrogenated, the crystal structure changes to
tetragonal structure as shown by Figure 2.7 while the lattice parameters changes
from a= 3.2094 A to a =4.517 A and from ¢=5.2108 A to ¢=3.0205 A [53].

Figure 2.7: Structure of MgH,, [53].

The hydride stability of this alloy is very high and therefore high dissociation
temperature of around 561 K is required to transform MgH, hydride into Mg and H,
gas [54]. Also, the hydriding kinetics of MgH, hydride is relatively slow because the
dissociation of molecular hydrogen into hydrogen atoms is difficult on the surface of
Mg metal [55].
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2.2.2. Thermodynamics of metal hydrides

The thermodynamics of any metal hydride formation can be traced by studying PCT
isotherms. A PCT diagram (Figure 8) supplies information on the pressure change
during a reaction between hydrogen and hydrogen storage material at different
temperatures [56]. Different stages passed by hydrogen phase during metal hydride
formation can also be assessed by the PCT isotherm. The stages include a-hydride
phase, (a+B)-hydride phase as well as the B-hydride phase as shown in Figure 2.8
[57]. A plot of logarithm of the pressure against reciprocal of temperature (1/T) gives

a linear curve known as Van'’t Hoff plot.

pcT-diagram van‘t Hoff Plot
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Figure 2.8: Schematic PCT-diagram and van't Hoff plot, taken from Dornheim [57].

From this plot other thermodynamic properties such as the enthalpy change (AH)
and entropy change (AS) of hydride formation can be obtained using Van't Hoff
equation [57]:
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Where Py, is the equilibrium hydrogen pressure upon transition of a-hydride to -
hydride phase, P° is the standard pressure, R is the gas constant, and T is the
temperature. Subsequently, Gibb’s free energy change can also be calculated as

follows:
AG = AH — TAS 25

Table 2. 5: Thermodynamic data of some selected alloys.

Type | Alloy Desorption | Desorption | Entropy, Enthalpy, | References
pressure temperature | AS® AH’
(atm) @ 298 | (K) @ 1 atm | (kj/mol.K) | (kj/mol)
K
AB TiFe 4.1 265 0.106 28.1 [30]
AB, |TiCryg 182 182 0.111 20.1 [58]
TiMn.s | 8.4 252 0.114 28.7 [30]
ZrFe; 86 235 0.121 21.3 [59]
ZrMn;, 0.0001 440 0.121 53.2 [59]
ABs | LaNis 1.8 285 0.18 30.8 [5]
MnNis | 23 217 0.097 21.1 [17]
CaNis 0.5 316 0.101 31.9 [17]
A;B | MgzNi | 0.00001 528 0.14 43.2 [17]

Another important parameter in understanding the thermodynamics of metal
hydrides is the P-C isotherm hysteresis of metal hydride alloy, which is depicted by
Figure 2.9. The line of the upper pressure represents the hydride formation; the
lower line of the lower pressure represents the hydride decomposition while the flat
part of both lines is called Plateau [60]. And the difference in equilibrium pressures
between the absorption and desorption reactions is called Hysteresis. The

equilibrium pressure for hydride formation is higher than that of hydride
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decomposition and this is related to extra energy needed to overcome the

constraints related to the lattice expansion during hydride formation [56].

Prossure (10g scdle)

C, C, Cun Prdon/
_ J Motal ratio (M)

Reversibie capacity

Figure 2. 9: Presure-composition-temperature diamgram [60].

2.2.3. Kinetic characteristics of metal hydrides

The hydrogenation behaviour of a hydrogen storage material depends mostly on the
kinetic parameters (rate and time of desorption/absorption process) [19]. Almost all
metal hydrides have been reported to exhibit poor hydrogen absorption/desorption
kinetics [34]. Previous work have shown that poor hydrogen absorption kinetics is
mainly attributed to the formation of an oxide layer on the surface of a metal or metal
alloy making it difficult for splitting of molecular H, into atomic H and diffusion of
atomic H into the bulk alloy [61]. Poor hydrogen desorption kinetics is mainly
attributed to strong metal-hydrogen bond; nucleation of metal on the surface of
hydride (nucleation requires a lot of energy); low diffusion rate of H in a metal
hydride and formation of molecular H, from the desorbed atomic H [62]. The kinetics

can be improved through the determination of the rate-determining mechanisms
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during desorption/absorption of hydrogen. At least four models can be employed to

identify rate-determining mechanisms and they are discussed here:

2.2.3.1. Surface controlled process (SC)

Surface controlled model presumes that chemisorption, which can be splitting of
molecular H, during hydrogen absorption or formation of molecular H, from the
desorbed atomic H during hydrogen desorption, is the slowest and thus the rate-
determining step [63]. This assumption suggests that the number of atomic H is
contant and therefore their diffusion into the main bulk alloy is relatively fast. Surface

controlled model use Equation 2.6 [64]:
asc(t) = ksct 2.6

Where asc is a fraction reacted, t is time and ksc is a reaction constant. According to
surface controlled mechanism cracking the surface passivation layer may increase
the number of active sites responsible for hydrogen diffusion and subsequently
enhance chemisorption process, and thus the kinetics as well [63].

2.2.3.2. Avrami-Erofeev model

Avrami together with Erofeev developed a kinetic equation (Equation 2.7) that
describes the kinetics involved during nucleus growth due to gas adsorption [62].
They hypothesised that the kinetic parameter, rate of reaction, can be decelerated by
ingestion and coalescence [62]. Ingestion occurs when development of a potential
nucleation site is disturbed by growth of nucleus that already exists, while
coalescence occurs when two growing nuclei merge, blocking possibility of new

sites. The general equation corresponding to this model is:

—ll’l(l - C{AE) = (kAEt)n 27
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Where n = 2, 3 or 4. Avrami-Erofeev model has been used to explain the

hydrogenation kinetics of metal hydrides (MHs) according to the equation below [65]:

H H t\"

() = () 11— () )} 28
Where (H/M) is the actual hydrogen concentration in the alloy; (H/M)max IS the
maximum hydrogen concentration in the alloy; t is time; to is the characteristic time of
hydrogen absorption (reciprocal rate constant k) while n is the index of power and it
is interpreted as a value indirectly connected to the reaction mechanism (Figure

2.10). According to the figure, when n < 1, the rate-determining mechanism is the

diffusion control and when n > 1 then nucleation is the rate-determining step.

0.5 1 2 3 4
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Figure 2.10: Index of power, n, which can be determined from Equation 2.6 [66].

2.2.3.3. Contracting volume model (CV)

Contracting volume model assumes that nucleation occurs on the surface of a

particle while growth starts on the surface going into the bulk. It further postulates
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that nucleation mechanism is fast compared to growth mechanism because the
nucleation region is thin [63]. The interface velocity at which a new phase grows is
constant but only when diffusion of atomic H is not the rate determining step [63].
The model is described by the equation below:

acv(t) = 1 - (1 - kcvt)n 29

Where n is 3 if the growth is three-dimensional and 2 if the growth is two-
dimensional. k¢, can be obtained from Equation 2.10:

2.10

S

key =

And U represents the interface velocity while R is the radius of the particle. In case of
contracting volume model, the best way to improve the reaction kinetics is to reduce

the particle sizes of the bulk material [63].

2.2.3.4. Johnson-Mehl-Avrami model (JMA)

The Johnson-Mehl-Avrami model is applicable in cases where there is no starting
point for both nucleation and growth mechanisms; implying that the mechanisms can
start either at the surface or within the bulk material [67]. Similarly to the contracting
volume model, the constant interface velocity is the rate determining step with the
exception that nucleation can start in the bulk in the case of JMA model. Equation
2.11 is applied for this model [67]:

Just like in CV model, n is 3 if the growth is three-dimensional and 2 if the growth is
two-dimensional. Kjua can be calculated as follows [63]:

kima = kgNoU™ 2.12
Assuming that the shape of the growing phase is spherical, kq is given bygn; No is
the number of available nucleation sites per unit volume and U is the interface
velocity of a growing phase.

34



2.2.4. Methods for improving hydriding kinetics of metal hydrides

There are several techniques that can be employed to improve the kinetics of
hydride-forming materials and this section discusses them. These materials are also
under research for carbon dioxide reduction. It is postulated that the hydrogen
sorption kinetics possessed by a certain alloy plays a role in CO, reduction into
hydrocarbons. Hence this section will be followed by a critical review on catalytic

activity of hydride-forming alloys in CO; reduction/conversion.

2.2.4.1. Mechanical alloying

Mechanical alloying (MA) method is usually applied when synthesising highly
immiscible alloys in a non-equilibrium state [68]. MA provides various advantages
including smaller restrictions with respect to composition and it works much better
when applied to A,B alloys [69]. Through the use of this method, nanocrystalline
alloys are obtained, starting either with a pre-prepared alloy or with a mixture of pure
elemental metals [70]. Nano-crystalline alloys that are prepared through mechanical
alloying technique possess better activation compared to their polycrystalline
counterparts [70]. For example, Polycrystalline FeTi is activated by heating up to
temperatures above 400 °C followed by annealing at 7 bar pressure and its
hydrogenation requires a high pressure of 40-70 bar [71]. But with a mechanically
alloyed nanocrystalline FeTi alloy, a single vacuum heating at 400 "C for 30 minutes

is sufficient to obtain full hydrogen absorption cycles [71].

2.2.4.2. Melt-spinning technique

Zhang and co-workers reported that the hydriding/dehydriding kinetics of many
hydride-forming alloys, including ABs-type materials, are strongly affected by their

structures, with nanocrystalline and amorphous alloys reported to be absorbing
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hydrogen at an improved rate [72]. Melt-spinning technique is a useful method that is
used to change structures of alloys to amorphous and nanocrystalline structure. This
method improves the amorphous nature of materials by reducing their grain size
[73]. The only problem related with this method is the poor cycle stability of the melt-
spun alloys due to the disappearing of the metastable structures generated by melt-

spinning [72].

2.2.4.3. Spark plasma sintering

Another technique that has attracted much attention is spark plasma sintering (SPS)
due to its ability to easily synthesise metal powders with different melting
temperatures within just 5-10 minutes [74]. This technique involves generation of
spark plasma through direct pulse current and working concurrently with a uniaxial
pressure. Sintering takes place at low temperatures in a small period of time and this
makes the alloys to have low porosity [75]. Although this technique produces alloys
with high purity surfaces, Liu at al. [74] reported that the hydriding kinetics of
composites prepared by SPS is greatly improved only when hydrogen absorption is

conducted at high temperatures (573 k).

2.2.4.4. Element alloying and partial substitution of A- or B-type elements

Element alloying involves formation of alloy composite by combining a pre-
synthesised alloy with a metal of interest through evacuation to a suitable pressure,
forming a second phase. Some examples include Mg-Mg.Nip 75F€ep.2s, TiFe-8wt%Zr
and Mg-LaNis [76]. Hu et al. [33] reported that the formation of a second phase
results in reduction of dissociation energy for hydrogen molecules, allowing them to
easily dissociate into hydrogen atoms. Another way to enhance the hydriding kinetics
is through partial substitution of alloy elements. Li et al. [77] reported that partial
substitution of A elements, B elements or both A and B elements with elements

having advanced electron attractive power and bigger active sites can enhance the
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rate of hydrogen absorption/desorption process. For example,
Lap.7sMgo.25Niz 25C002Alp 05 alloy possess better hydriding kinetics with a rate
constant of 1.49 min™ compared to non-substituted LaNis alloy which exhibit a rate
constant of 0.23 min® [78]. Table 2.6 shows a compilation of selected non-
substituted and their substituted alloys and some few alloyed composites. 90%
saturation time is the time it takes an alloy to saturate 90% of its maximum hydrogen
capacity. The Kkinetic parameters (rate constant and 90% saturation time) of
substituted alloys are superior to their non-substituted counterparts. This observation
can be attributed to the fact that with the increase of elements containing bigger
active sites, the particle size of the alloys changes to finer size, creating more fresh
surfaces to allow faster contact with hydrogen [77]. Furthermore, the inclusion of
these elements also minimise the oxide coating, which usually slows down the entry
of hydrogen. One more reason can be the decrease in the absorption plateau
pressure, hence the hydriding kinetics accelerates [58]. Nevertheless, this technique
does not solve some drawbacks such as poisoning tolerance and as such, the
hydriding kinetics is not significantly improved. Therefore, a co-modification
technique (combination of this technique with any another surface modification

technique) is recommended.
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Table 2. 6: Kinetic parameters and hydrogen absorption capacities of different types of alloy.

Non-substituted alloy Substituted/alloyed alloy References
Alloy name 90% saturation | Rate Hydrogen | Alloy name 90% saturation | Rate Hydrogen
time, (min) constant, | absorption time, (min) constant, absorption
(min™) capacity, (min™) capacity,
(Wt%) (Wt%)
LaNis 4.3 (est. from | 0.23 1.42 Lap.7sMgo.25Ni3.25C00 2Alp o5 | 0.67 (est. from | 1.49 1.39 [78]
kinetic curve) kinetic curve)
ZrNiy 1.88 (est. from | 0.53 0.80 ZrMn3 sNig s 1.33 (est. from | 0.75 3.62 [79]
kinetic curve) Kinetic curve)
TiFe 18.9 (est. from | 0.05 1.19 TiFe+8wt%Zr 0.45 (est. from | 2.22 1.74 [76]
kinetic curve) kinetic curve)
TiFe 18.95 0.05 1.19 TiFe+4wt.%V 6.13 0.16 1.10 [71]
TiMny 5 2.15 0.47 1.74 Mg—30wt%TiMn3 5 1.86 0.54 1.52 [33]
TiZrMnCrggFeo | 4.02 (est. from | 0.25 1.45 (Tip.65Zr0.35)1.0sMNCrg gFep, | 0.92 (est. from | 1.09 2.19 [80]
kinetic curve) Kinetic curve)
ZrMn; 1.80 0.56 0.98 ZrMng 4sFe1 4 0.43 2.33 0.90 [77]
TiCr» 2.40 (est. from | 0.42 2.10 TiCr1.1Vo.45Nbg 45 1.00 (est. from | 1.00 1.89 [58]
kinetic curve) kinetic curve)
MgesAg 10.22 0.10 4.23 Mgs.7Ino.sAg 4.58 0.22 3.33 [81]

38




2.2.4.5. Surface modification of metal hydride alloys

Shortcomings that are faced by metal hydrides for gaseous applications are well
known as impurity interactions, which include poisoning of the metal by impure
gases such as carbon monoxide, sulphur and carbon dioxide, disproportionation
during absorption/desorption cycling, retardation, innocuous and difficulty of initial
activation [82]. These shortcomings result in rapid loss of hydrogen capacity with
cycling, caused by impurities strongly or irreversibly adsorbed on the surface active
sites, reduction in adsorption/desorption kinetics without significant loss in the
ultimate capacity, caused by impurities reversibly adsorbed on the surface active
sites, bulk corrosion leading to irreversible reaction capacity loss and Loss in
adsorption kinetics due to surface blanketing [83]. To overcome the above-
mentioned problem, nanostructuring of the materials and surface modification
technology can be employed before hydrogen sorption can take place [84]. The most
common surface modification technologies include fluorination, potassium
borohydride, Ni-weak acid, ion implantation, hydrochloric (HCI) acid, platinum group
metals (PGMs) decomposition and Y30, deposition. Table 2.7 depicts the effect of
some selected surface modification technologies on the hydriding kinetics of different
alloys. A similar trend on the rate constant observed in Table 6 is also observed for
surface modified alloys. Yeung et al. [85] reported that of the surface modification
techniques described, PGMs deposition is the most attractive due to its ability to
simultaneously prevent deactivation by guarding the catalytically active sites on the
surface of bulk material against and enhance the hydriding kinetics during hydrogen

absorption.
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Table 2.7: Comparison of rare constants of different alloys before and after surface

modification.
Surface modified alloy | Surface modification | Rate constant | Rate constant | References
technology before after

modification, | modification,

min™ min™
LaNiz 25Al.75 Pd deposition 48 x 107t 1.33 [86]
Lag.oPro.osNdo.0sAlpsMn | Pd deposition 2.4 x1073 2.2x 1072 [87]
0.4C0g.65Ni3 5
LaNizAl Pd deposition 93x 1073 1.7 X 1072 [88]
Lag.40Ceo.48(Nd,Pr)o16 | Pd deposition 1.6 x 107 6.2 x 1074 [89]
Ni334C00.64Al0.63MNo 58
TiFe Pd deposition 1.1x 1073 42 x 1072 [15]
MgLag 3Nig.7 Fluorination 5x 1073 1.3 x 1072 [90]
LaNi47Alg 3 Fluorination 48 x 107t 0.48 [91]
Lag.oPro.osNdo.05Alp sMn | Pt deposition 2.4 %1073 4.5x%x 1072 [87]
0.4C00.65Nli3 5
Lag.oPro.osNdo.osAlpsMn | Ru deposition 2.4x1073 3.3x 1072 [87]
0.4C00.65Nli3 5
Lao.40Ceo.48(Nd,Pr)o16 | Pd-Ni co-deposition | 1.6 x 10~* 1.1x 1073 [89]
Ni3 34C00.64Al0.63MNo 58
Lag.oPro.osNdo.0sAlpsMn | Pt-Ru co-deposition | 2.4 x 1073 2.9 x 1072 [87]

0.4C00 65Niz 5

Moreover, this techniqgue does not only enhance the hydriding rate but also the

absorption capacity of the alloys. In particular, palladium is capable of catalysing

hydrogen sorption reactions, promoting easy activation, and improving poisoning

tolerance. It has high hydrogen affinity and it is impermeable to larger molecules

such as CO, and sulphur.
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Figure 2.11: The autocatalytic palladium deposition on hydride-forming alloy

material.

Figure 2.12 shows different mechanisms of hydrogen dissociation on the surface of
Pd-treated ABs-type alloys. During the hydrogen spillover mechanism hydrogen
molecules are dissociated into hydrogen atoms on the surface of palladium which
then spillover to the active sites of the bulk alloy [92]. Pd thin film on the surface of
ABs alloy dissociates hydrogen molecules and allows the resulting hydrogen atoms
to pass through the film as they diffuse into the bulk alloy. However, this technique is

costly because lots of Pd is loaded [93].

Pd particles Pd islands Pd thin film
H,

ﬂ H, H,
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© ¢ ———
. A8, | AB: ) _ AB
Hydrogen spillover Hydrogen spillover Solution-diffusion
and solution-diffusion

Figure 2.12: Different mechanisms of hydrogen dissociation on the surface of Pd-

treated alloy material.

Palladium-treated materials also exhibit the power to absorb hydrogen at low
temperature, without activation step prior to absorption, and enhanced kinetics of
hydrogen sorption processes [89]. Moreover, this method is extremely active towards
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dissociative hydrogen chemisorption and permeable for hydrogen atoms; enabling
hydrogen to rapidly absorb into the bulk material while still maintaining the
hydrogenation activity even after exposure to the impurities inhibiting hydrogen
sorption [94]. The properties being improved include surface catalytic activity,
specific surface area layer, activation characteristics as well as protective nature of
the complexes against poisoning materials such as sulphur, water vapour and

carbon oxides [90].

2.3. APPLICATION OF METAL HYDRIDES IN CO, CONVERSION USING

The increase in total energy consumption due to an increase in population growth
and industrialization can lead to elevated atmospheric carbon dioxide concentrations
as well as global temperature, causing global warming and climate change [95].
Additionally, the world reserve of natural gas is estimated to be roughly 1020 m® [96].
When looking at the current rate of use, this amount of natural gas can only last for
60 years, hence a need to convert carbon dioxide into hydrocarbons is very crucial.
The best approach to mitigate the effect of CO, emission is through carbon dioxide
reduction, leading to production of hydrocarbons [97]. The CO, conversion into
hydrocarbons has been investigated for some years and several virtuous reviews
and papers examining the reaction mechanisms have been published [96, 98]. Much
work has been focusing on different technigues that can be utilised to effectively
reduce CO, and different products that can be formed from different techniques [99].
Carbon dioxide can be reduced to hydrocarbons as part of waste management into
profit through electrochemical, photochemical or catalytic reduction processes [99].
However, the catalysts that are utilised for photochemical reduction process suffer
from low extinction coefficients in the visible region [100], and electrochemical
reduction method is limited by the requirement of high overpotentials to reduce CO,
and poor selectivity of the product [101]. Moreover, converting CO; to industrially
important chemicals is a challenging concept because CO; is a very stable molecule
[101]. It is also impossible to capture all the atmospheric carbon dioxide and
thermodynamically, it is possible but difficult to reduce CO, to CO, because a lot of

energy is required for structural rearrangement from linear CO; to bent CO," and this
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also requires a large overpotential as well (0.1 to 0.6 V) [98]. CO, reduction can take

place through the Sabatier reaction (Equation 13) [102].
CO,+4H,=CHs +2H,O H(298.15 K) = -164.747 kJ /mol 2.13

However, the above-mentioned reaction is affected by the high kinetic barriers of the
eight-electron reduction process and this led to investigations in the look for
thermally stable catalysts with high activities at low temperatures [103]. Among the
available catalysts for Sabatier process, Ni-based catalysts have been fully studied
for industrial purposes due to their high affinity for hydrogen, low cost and ease of
availability. However, Ni catalyst may be deactivated even at low temperature due to
the sintering of Ni particles, formation of mobile nickel sub-carbonyls, or formation of
carbon deposits [104]. To enhance the stability and catalytic activity of the Ni-based
catalysts, rare earth elements are often added to nickel catalysts [105]. LaNis alloy,
which is ABs-type hydride-forming alloy, has been reported as a good rare earth/d
transition metal alloy for catalytic conversion of CO, into hydrocarbons due to its
ability to operate at elevated temperature and pressure conditions, high volumetric
densities, reversible H, absorption/desorption kinetics and fast kinetic reactions
[106]. For example, the rate of the hydrogenation of ethene was increased on a
hydrogen-absorbing intermetallic compound, LaNisHx [107], for the synthesis of
ammonia and the conversion of synthesis gas. Kaneko et al. [108] reported that
atomic hydrogen on the surface of a metal hydride with high hydrogen adsorption is
of particular interest for the hydrogenation of carbon dioxide. In a mixture of
hydrogen and carbon dioxide, hydrocarbons will be produced on the metal hydride
alloy in the course of the hydrogen desorption. An example is given in Figure 2.13,
which depicts that at initial stage, the surface of ZrCoHx is covered with surface
carbon dioxide molecules to form formate. When the temperature is increased
hydrogen atoms diffuse from the active sites of ZrCo and react with formate
precursors to form methane and water [107].
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Figure 2.13: Representation of methane formation from CO, reduction on the surface
of ZrCoHy [107].

Metal hydride alloys offer two advantages for CO, reduction, namely; high volumetric
density and reversible absorption/desorption carried out at low pressure and
temperatures [109]. These materials have been reported by Ren et al. [110] as
active materials for CO, reduction. Other hydrides-forming materials that are capable
of reducing CO; include transition metal borohydrides [111]. Formate and methoxy
products are usually the major products of the reaction between CO, and
borohydrides materials [111]. However, the life cycle of these type of hydrides is very
low and as such their application is limited [112]. Hydride-forming semiconductors
have previously been studied for homogenous reduction of CO; to form CO, where
in a liquid-form a hydride is terminated from a semiconductor and readily react with
CO, [113]. An example is a hydride functionalized silicon nanocrystals (silyl
dihydrides), which has been extremely studied due to large surface areas, lack of
toxicity and tuneable chemical and physical properties of silicon [114]. The stability of
silyl dihydrides is usually balanced by the incorporation of transition metals such as
copper, but such incorporation does not prevent the disadvantages discovered for
silyl dihydrides, including regeneration of catalysts from the liquid-phase mixture for
reuse, solubility and diffusion of CO, [114]. Alexander et al. [115] previously reported
that the activity of transition metals towards CO, reduction can be enhanced by

introducing borane additives. Moreover, the borane must be of appropriate Lewis
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acidity: weaker acids possess poor transfer of hydride; stronger acids can effectively
tranfer hydride without CO, reduction, while moderate acids such as trialkylborane
were reported to be active for both hydride transfer and CO, reduction [115].
Generally, the major limitations associated with reduction of CO2 using metal
hydrides are (1) selectivity of the resulting product (usually a mixture of
hydrocarbons is formed) [116]; (2) decomposition of the catalysts upon CO;
conversion [105]; (3) difficulty in regeneration [114]; (4) low life cycle and poisoning
of the hydride-forming alloys in the presence of impurities such as CO, and CO
gases [82] as well as (6) low conversion of CO, due to poor hydride desorption at
ambient conditions [107]. Table 2.8 shows that optimal hydrogenation of CO2 by
metal hydrides and metal oxides is achievable at very high temperature (500 °C for
catalysts in Table 2.8). Furthermore, LaNis shows significant potential as 89 % of
CO. is converted over this catalyst at 500 °C and 1 atm but its selectivity is still poor.
On the other hand, Fe,O3—K,O oxide precursor has better selectivity towards CO,
however, only its CO, hydrogenation capacity is relatively poor. Kustov and Tarasov
[117] advised that poor catalytic hydrogenation and selectivity are caused by

poisoning intolerance of catalyst precursors.

Table 2.8: Comparison of CO, conversion and CO selectivity by different catalyst

precursors.
Catalyst CO, Conversion | CO selectivity | Conditions References
(%) (%)

LaNis 89 09 T=500 °C, P=| [117]
1 atm

Fe,03-K,0 38 95 T=500 °C, P=|[117]
1 atm

2% AuU/SO,~ZrO, |30 87 T=500 °C, P= | [117]
1 atm

5% Rh/ZnO—-CuO | 12 72 T=500 °C, P=|[117]
latm

Ni/Y,03 81 2.5 T=350 ‘C, P=|[118]
1 atm
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The catalytic activity of metal hydrides towards CO, reduction and consequent
hydrocarbons production is affected by several important parameters including the
H,/CO, ratio, dehydridng/hydriding rate, temperature and presure of a reaction [119].
These parameters further give the insight on the possible amount of CO, that can be
converted as well as the selectivity of resulting hydrocarbons. In general terms, Kim
and co-workers observed that the rate at which CO, conversion takes place and the
amount that can be converted increase as the H,/CO ratio increases up to 3 [120].
When the ratio is above 3 the selectivity of hydrocarbons is uncontrollable, resulting
in a mixture of products such as CO, CH4 and parafin. Interestingly, other findings
have shown that at pressures above 36 MPa, the unwanted hydrocarbons are not

produced even at H,/CO; ratios above 3 [121] (Figure 2.13).
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Figure 2. 14: Effects of the CO,/H, feed ratio on CO, conversion (XCO2), H,
conversion (XH2) and selectivity to CO (SCO) and methanol (SMeOH) in CO,
hydrogenation over the Cu/ZnO/Al,O3 catalyst. Reaction conditions: T = 260 °C, P =
36 MPa. GHSV = 10,471 h™ [121].

Generally, Increase in temperature and pressure causes the rate of a reaction to
increase by increasing the concentration of the reactants and the collision speed of
the particles. Li et al. [122] reported that production of hydrocarbons from CO,
reduction is favored by an increase in temperature until the system reaches its

thermodynamic limit. Moreover, Brook et al. [123] reported that an increase in gas
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and wall temperature at constant H,:CO ratio results in creased CO, conversion and

CH4 production while the residence time decreases.

2.4. POISONING-TOLERANCE OF Pd-COATED METAL HYDRIDES

The sorption performance of metal hydride alloys in contaminated hydrogen streams
can be enhanced by surface encapsulation using metallic coatings which exhibit
good mechanical stability and high poisoning tolerance without negatively affecting
the hydrogenation and kinetic properties. Platinum group metals (PGM’s) have been
identified as possessing the ability to dissociate hydrogen molecules with no or very
little activation energy required [123]. Also, these metals are attractive in the surface
modification of metal hydride-forming alloys since thermochemical data suggests
that the oxides of these metals can be reduced in H, at room temperature, making
these metals promising in the enhancement of hydrogen absorption kinetics of metal
hydride-forming alloys [124]. It is also known that the surface deposition of Pd, Ni, or
Cu layers result in improvements in the activation of the grains of hydride-forming
metal alloys [119].

2.5. CONCLUSIONS OF THE REVIEW

Hydrogenation kinetics and storage in solid state materials is a major concern in
developing a successful hydrogen technology and economy. The US DOE requires a
hydrogen absorber with hydrogen capacity of 6.5 wt.% at room temperature and
desorption temperature between 60 and 120 "C with high cycle life. Hydride-forming
alloys are a promising class of hydrogen absorbers capable of storing 7.6 wt.% of
hydrogen through MgH,-based binary system. However, the large hydrogen capacity
demonstrated by MgH, is accompanied by several drawbacks such as high
hydrogen desorption temperature (approximately 387.4 °C), slow sorption kinetics
and poor poisoning-tolerence toward air and oxygen. Ternary-based systems such
as AB, AB,, ABs and A;B alloys have also shown potential towards hydrogen
absorption, but slow sorption kinetics and poor poisoning-tolerence are still the key
issues for these kinds of alloy systems. The present article reviews some challenges

regarding the hydride-forming alloys, particularly their hydriding kinetics. In this
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regard, several technigues to enhance hydriding kinetics of metal alloys are
reviewed. The work is carried out in an attempt to facilitate suitable material choice
for application in carbon dioxide conversion, which can be achieved by addressing
and finding solutions to hydrogenation kinetics and storage of metal alloys. Althogh
much attention has been given to the techniques that are discussed in this paper
with the aim to minimise dehydrogenation temperature, enhance the kinetics and
poisoning-tolerence of different alloys, further research is needed. The collected data
represented in Table 6 and 7 reveal encouraging improvements in terms of hydriding
kinetics through metal alloying/substitution and surface modification technologies,
respectively. In the light of the achievements, we recommend that through the
combination of metal alloying/substitution and surface maodification techniques there
is high potential in developing better metal hydride materials with high hydriding
kinetics and strong tolerence toward poisonouos gases. Development of an efficient
hydrogen-based economy through solid state storage is of great importance as some
applications such as catalytic use of metal hydrides in CO, conversion awaits for
suitable materials. This is because poisoning-tolerence, fast hydriding/dehydriding
kinetics, and large hydrogen storage capacity of a catalyst precursor are the

prerequisites for CO, conversion.
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CHAPTER 3
CHARACTERISATION TECHNIQUES

SUMMARY

Any scientific investigation should be monitored by suitable and adequate

characterisation techniques that are able to detect any alternation and addition of

new materials. As such, different characterisation techniques were used in this study

and Chapter 3 discusses in detail their literature review. Moreover, the chapter

outlines how the techniques operate and the operation conditions used in this

particular study are also discussed. In summary, techniques that are discussed

herein include:

>

X-ray diffraction spectroscopy (XRD) technigue, which is used in this study for
phase identification of unmodified metal alloys and to monitor the effect of Pd
deposition on the structure of parent alloy materials.

Scanning electron microscopy (SEM), for alloy particle size/shape; alloy
particle size distribution; Pd particle dispersion on the surface of alloy
particles; Pd particle size/shape; and Pd patrticle size distribution.

Energy dispersive spectroscopy (EDS) and Atomic absorption spectroscopy
(AAS) techniques for qualitative and quantitative determination of elemental
composition of the substrate materials along with determination of the total
elemental content of the deposited Pd metal layer on alloy materials as a
function of unit weight of the surface-modified sample.

Brunauer, Emmett and Teller (BET) for evaluation of physisorption properties
of the unmodified and surface modified materials.

Sieverts-type apparatus to study the maximum hydrogen absorption uptake
as well as hydrogenation kinetics of Pd-modified and unmodified alloy

materials.
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3.1. INTRODUCTION

Fast kinetics and improved hydrogen sorption properties of AB,-type and ABs-type
alloys depends on the elemental composition, porosity and surface area, surface
morphology and phase composition/crystal structure. Therefore, alteration of these
factors may influence the performance of the alloy during hydrogenation either
positively or negatively. Thus, an array of characterisation methods was conducted
to determine the effect of the above-mentioned factors on the properties of AB,-type
and ABs-type alloys. X-ray diffraction spectroscopy can be used to track any
structural and phase composition alterations taking place in a material through the
interaction of monochromatic X-rays with the alloy materials. Another useful
characterisation technique is scanning electron microscopy, which can provide us
with elemental and composition changes; external morphology and orientation of
materials. Particle size distribution can be determined from images resulting from
this type of microscopy. Scanning electron microscopy works hand-in-hand with
energy dispersive spectroscopy. The role of energy dispersive spectroscopy is to
guantitatively determine elemental composition of the substrate materials. While
energy dispersive spectroscopy deals with quantitative analysis of materials, atomic
absorption spectroscopy provides qualitative measurements of elements in a
material of interest. Physisorption properties (surface area, pore volume and pore
size) of sample materials can be obtained using Brunauer, Emmett and Teller
instrument. To fluently study the hydrogenation behaviour of solid-state hydrogen
absorbing materials (AB,-type and ABs-type alloys), Sieverts-type apparatus is used
to provide information on maximum hydrogen absorption capacity as well as kinetic
and thermodynamic properties of such materials. More details, including operations,

on all these six techniques are discussed in this chapter.
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3.2. X-ray diffraction spectroscopy (XRD)

X-ray diffraction is a rapid analytical technique primarily used for phase identification
of a crystalline material and can provide information on unit cell dimensions. XRD
occurs when the atomic planes of a crystal cause an incident beam of X-rays to
interfere with one another as they leave the crystal [1]. Furthermore, XRD is based
on constructive interference of monochromatic X-rays and a crystalline sample, in
which the X-rays are generated by a cathode ray tube, filtered to produce
monochromatic radiation, collimated to concentrate and directed toward the sample.
The interaction of the incident rays with the sample produces constructive
interference (and a diffracted ray) when conditions satisfy Bragg’s Law (nA=2dsin8,
where the variable d is the distance between atomic layers in a crystal and the
variable lambda A is the wavelength of the incident X-ray beam; n is an integer) [2].
This law was developed in 1913 to explain why the cleavage faces of crystals appear
to reflect X-ray beams at certain angles of incidence (theta, 8). It relates the
wavelength of electromagnetic radiation to the diffraction angle and the lattice
spacing in a crystalline sample [3]. It was further shown that the X- ray waves reveal
the atomic structure of crystals and then diffraction occurs only when Bragg’s Law is
satisfied condition for constructive interference (X-rays 1 & 2) from planes with
spacing d [2, 3]. The diffracted X-rays are then detected, processed and counted in
the XRD instrument. By scanning the sample through a range of 28 angles, all
possible diffraction directions of the lattice should be attained due to the random

orientation of the powdered material [1].

For the purpose of this study, XRD was used to evaluate the crystal/atomic structure
and the identification of phases of alloy materials used. Structural changes that may

arise upon element substitution and Pd deposition were also monitored using XRD.

In the XRD analysis, dry surface-modified and unmodified alloy samples were
mounted in plastic sample holders and the surface was flattened to promote
maximum x-rays exposure. Experimental parameters for the XRD analysis are given

as follows:

X-ray Diffractometer: Bruker AXS D8 Advance
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Detector: Sodium lodide

Monochromator: Graphite

Generator current (mA): 40

Electron Intensity (keV): 40

X-ray source: Cu-K; a1= 1.540598 A, a,= 1.544426 A,
ai/ax= 0.497

Scan range (26 °): 5-100

Scan rate (°/min): 0.05

The XRD patterns of Pd-modified alloys were processed using Powder Cell software
to assess formation new phases or disappearance of parent alloy phases. Moreover,
Scherrer formula was employed to validate the crystallite sizes of different alloy

materials. Scherrer formula is given as t = (k1) / fcos(8),

Where 1 is the crystallite size nm, A is the wave length (=0.154 nm for Cu-Ka), B is
the full width at half-maximum (FWHM) (in radians), k is a constant (0.94 to spherical

crystallites) and 8 is the diffraction angle.

3.3. Scanning electron microscopy (SEM)

SEM is a technique used for morphological analysis by producing a largely magnified
image using electrons instead of light to form an image. It uses a focused beam of
high-energy electrons to generate a variety of signals at the surface of solid
specimens as a result of electron-sample interactions. The signals reveal information
about the sample including external morphology (texture), chemical composition,
crystalline structure and orientation of materials making up the sample [4]. SEM
instrument comprises of two main parts: an electron column, and an electron
detector. The electron beam is generated in the electron column by an electron
cathode, which is then collimated by electromagnetic condenser lenses, focused by

an objective lens and finally restored across the sample surface by the scanning
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coils. The specimen emits the secondary electrons and backscattered electrons at
the irradiated spot of the primary electron beam and they are collected by the
detector and formed the specimen image in the microscope [5]. In principle,
accelerated electrons in a SEM instrument carry significant amounts of kinetic
energy and this energy is dissipated as a variety of signals produced by electron-
sample interactions when the incident electrons are decelerated in the solid sample.
The signals produced include secondary electrons, primary backscattered electrons,
X-rays and Auger electrons. It was also indicated that visible light and heat signal are

produced by electron-sample interactions [6].

In this study, high-resolution scanning electron microscopy (HRSEM) was used in
the study of AB, and ABs-type alloy particle size/shape; alloy particle size
distribution; Pd particle dispersion on the surface of the AB, and ABs-type alloy
particles; Pd particle size/shape; and Pd particle size distribution. Particle size
distribution histograms were constructed by measuring the particle sizes observed

on SEM images of all the unmodified and Pd-modified alloy materials.

The alloy powders of interest were supported on double-sided conductive carbon
tape and mounted onto aluminium sample stubs. Carbon sputtering was required
wherever fluorination was performed to make the corresponding materials electron-
conductive (Agar Turbo Carbon Coater; 8 seconds; 2.0 kV; 150 mA). Cross-sections
of the surface-modified materials were prepared by dispersing alloy particles in a
cold-mounting resin (Struers Epofix). Air was removed from the mixture using a
vacuum installation (Struers Epovac). The mixture was allowed to cure overnight and
was mechanically polished using 1200-grit (3.0 um) silicon carbide paper and a
polishing wheel (Struers Knuth Rotor). The sample was subsequently ion-etched (lon
Tech Ltd.; 4.0 mA; 4.0 kV; 15°; 4.0 bar Ar) and carbon coated (Agar Turbo Carbon
Coater; 8 seconds; 2.0 kV; 150 mA). lon-etching was used to remove mechanically-
induced surface roughness, as a result of the polishing process, which may result in
image degradation, thereby enhancing topographical contrast [7]. Carbon coating
(resistivity - 3500 pQ.cm™ at 20°C) enhanced the electrical conductivity of the
sample surface which was primarily insulating as a result of the cold-mounting resin,
thereby improving topographical contrast, stabilizing the surface structure, and

preventing electrostatic charging.
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The description and experimental parameters of a microscope used in this study are

given below:

SEM - Hitachi X-650 EM; working distance = 15 mm; accelerating voltage = 25 kV,
emission current = 75-80 pA (University of the Western Cape). The electron gun of
the microscope was also used as the electron source for EDS elemental studies of

the surface-modified and unmodified materials.

3.4. Energy dispersive spectroscopy (EDS)

The Energy Dispersive X-ray Spectroscopy (EDS or EDX) is an analytical tool used
for elemental composition of small objects or surfaces of a sample. The EDS setup
has four primary components; the excitation source (electron beam or x-ray beam);
X-ray detector; pulse processor and analyzer. These components work together from
electron beam excitation used in mictroscopes to X-ray emission, which is converted
X-ray energy into voltage signals using detector. Therefore, this information is sent to
a pulse processor, which measures the signals and passes them onto an analyzer
for data display and analysis [8]. The EDS relies on the investigation of an interaction
of some source of X-ray excitation and a sample. The sample bombarded with a
focused beam of electrons emits the X-ray spectrum. The EDS makes use of this
spectrum to obtain a localized chemical analysis. It was shown that each element
has a unique atomic structure allowing unique set of peaks on its X-ray spectrum [4].
Qualitative analysis of elemental composition in EDS involves the identification of the
lines in the spectrum and is fairly straightforward owing to the simplicity of X-ray
spectra. The basic principle in EDS is when an atom in an inner shell is excited by
the incident beam, creating an electron hole and the electron from an outer, higher-
energy shell then fills the hole. The electrons in the excited state may be released in
the form of an X-ray and the number and energy of the X-rays emitted from a

specimen can be measured by an energy-dispersive spectrometer [9].

In this study, EDS analysis was conducted for determination of elemental
composition of the substrate materials and compare with the targeted composition.

In addition, EDS was used in the quantitative determination of the surface loading of
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deposited metal (Palladium), as a function of the preparation history of the sample

materials.

Samples were dispersed on double-sided conductive carbon tape, which in turn was
adhered to aluminium sample stubs. Analysis of the surface metal loading was
conducted using an EDAX Genesis spectrometer (baseline - 1500 counts-per-
second, time - 100 live seconds) coupled to a Hitachi X-650 EM electron microscope
(working distance - 15 mm; accelerating voltage - 25 kV; emission current - 60 PA;

amperage time — 100 us).

3.5. Atomic absorption spectroscopy (AAS)

AAS is a spectro-analytical technique that involves qualitative and quantitative
analyses of elemental content of sample materials by using absorption of mono-
energetic radiation by gaseous free atoms [10]. The detection limits of the AAS
technique are in the low ppm domain depending on the analyte element of interest.
The principle of the technique is based on the Beer-Lamberts law (i.e. A = €/C),
which relates the absorption of light by a sample material to its chemical properties.
The law states a logarithmic dependence of the elemental concentration (C) to the
absorbance of the sample (A), the path length that the characteristic light travels
through the sample (¢), and the absorption coefficient or molar absorptivity (€) of the
sample [11]. In AAS solvated metals are aspirated by a pneumatic nebulizer into
either a flame, plasma, or a heated element (e.g. graphite furnace), typically at 3-6
mL.min. The solvent is vaporised, the particles volatilized, and the gaseous
molecules are dissociated into a free atom aerosol [10]. A beam of light with a
characteristic wavelength is then passed through the aerosol. Atoms corresponding
to the atomic composition of the light source (i.e. hollow cathode lamp) are excited
and will absorb light of the characteristic wavelength. The amount of light, and the
difference in the light intensity before and after passing through the atomized metal,
is monitored by a photomultiplier tube. The difference in the light intensity is then
related to the absorbance of the sample material. By careful construction of a
calibration curve using standard solutions the absorbance of the sample material can

be related to the concentration of the metal of interest in the sample solution.
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In this study, AAS was used in the determination of the total elemental content of the
deposited Pd metal layer on alloy materials as a function of unit weight of the
surface-modified sample. Prior to analyses, the sample solutions were prepared by
acid digestion of 1.0g of the surface-modified materials in 50 mL aqua regia solution
(1 part HNO3 per 3 parts HCI) at 50°C for 30 minutes and 300 rpm. The aqua regia
solution formed the highly reactive NOCI species which completely decomposed all
components of the sample materials [12]. The digestion was conducted under reflux
conditions by inclusion of a condenser to minimise loss of the analyte metal. The
solutions were allowed to cool to room temperature, were gravity-filtered, and made

up to 100 mL using ultrapure water.

Calibration standard solutions were all freshly prepared in ultrapure water. A
minimum of five standards were prepared with the range depending on the sensitivity
of the instrument towards the analyte. The concentration of the sample solutions
were determined by interpolation from the calibration curves. To confirm the
accuracy of the collected analytical data the calibration standard solutions were re-
measured after every fifth analysis of the sample solutions and once again after the
completion of analysis of all the sample solutions. A blank solution (i.e. aqua regia
and ultrapure water) was measured directly after the calibration standards to rule out
contributions from the solvent and in that way ensure the stability of the analytical
baseline. Five measurements were collected for each sample solution to ensure

precision in the average absorbance reported.

3.6. Brunauer, Emmett and Teller (BET)

BET method is widely used in solid surface science to explain the physical
adsorption of gas molecules on a solid surface. It serves as the basis for an
important analysis technique for estimation of the specific surface area of a material
[13]. The concept of the BET theory is an extension of the Langmuir theory, which is
a theory for monolayer molecular adsorption, to multilayer adsorption with the
following hypotheses: (a) gas molecules physically adsorb on a solid in layers
infinitely; (b) there is no interaction between each adsorption layer; and (c) the

Langmuir theory can be applied to each layer [14]. In BET system, the sample in a
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solid is placed in an evacuated sample holder at constant temperature and filled with
helium to flush contaminating gases from the sample surface and pores. The helium
is then purged from the system and followed by cooling evacuated samples to -196
°C in a liquid N, bath while the sample holder is filled with high-purity N, gas. The
system monitors the N, pressure within the sample holder over time and then
pressure is rapidly reduced to reach an equilibrium state. In this case, the quantity of
gas adsorbed onto the surface is equivalent to the quantity of gas removed from the
gas phase. The adsorption isotherm is obtained by plotting the quantity of N,

adsorbed versus the equilibrium pressure [13, 14].

This technique was used in this work to evaluate physisorption properties (surface
area, pore volume and pore size) of the unmodified and surface modified AB, and
ABs metal hydride-forming materials. BET curves were also used to classify the alloy
materials as either type 1 or type 2 isotherm group, based on shapes of the Nitrogen

uptake curves.

The specific surface area of the unmodified and surface-modified materials was
determined using a porosity and surface area analyser (Micromeritics Tristar). The
surface area analyser consisted of a mercury manometer; gas-tight burette,
thermostat; liquid Nz-cooled Dewar flask, and a high-vacuum rotary pump. High
pressures and cryogenic temperatures were used to increase the adsorption rate

onto solid surfaces [15].

3.7. Volumetric method/Sievert’s method

Volumetric technique or Sievert’'s method is the most versatile and direct method for
measurement of hydrogen storage capacity in MH materials. Hydrogen absorb or
desorb from the sample material is deduced by measuring pressure changes in a
known, reference volume held at a fixed temperature, remote from the sample.
Hydrogen storage over a wide range of sample temperatures and pressures can be
measured by employing a wide range of pressure transducers and appropriate gas
handling materials [16]. The Sieverts’ apparatus is a gas manifold with a series of

tubes and valves connecting the sample reactor to one or more gas reservoirs of
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known volume, and pressure transducers for measuring reservoir pressure. Because
the volumetric technique measures concentration indirectly through temperature-
pressure-volume correlations, the volumes and temperatures of the reservoirs and
sample holder (system) must be known in advance [16]. A typical measurement
consists of a series of steps: (1) sample chamber and bring the sample to desired
temperature. (2) Close the valve between the sample and reservoir and introduce
gas into the reservoir to bring it to the pressure of interest, (3) open the valve
between the sample and reservoir, and observe reservoir pressure change [17]. The
system volumes in sieverts instrument are carefully pre-calibrated, the reservoir and
sample holder are maintained at constant (but not necessarily equal) temperatures
using an external temperature controller. By fixing volume and temperature, reservoir
and sample holder pressures can be measured using pressure transducers to
provide isothermal pressure-concentration data. The H, sorption kinetics release can
be measured by monitoring the change in reservoir pressure versus time. Sieverts
technique can also be used to determine pressure—composition isotherm by
repeating the measurement at different pressures at a fixed temperature [17].

In this study, Sieverts-type apparatus were used to study the maximum hydrogen
absorption uptake as well as hydrogenation kinetics of Pd-modified and unmodified
alloy materials. The construction of hydriding kinetic curves was conducted using a
Sieverts-type volumetric installation (South African Institute for Advanced Material
Chemistry, SAIAMC). The installation conducted precise volumetric measurements
of quantities of hydrogen absorbed by hydrogen sorption materials. The procedure
consists of determining the quantity of hydrogen absorbed by the material at
systematically varied equilibrium pressures at a fixed temperature, and after thermal
activation in vacuum. The installation consists of gas distribution, control, and
measurement systems. The pressure within the system was monitored using 30 bar
absolute pressure transducer. 1.00 g of alloy powder was loaded into the reactor
housing and activated by heating to 300 °C in a muffle furnace in vacuum better than
1.0 x 10~ mbar for 90 minutes, followed by hydrogenation (99.999% H,) at room
temperature and initial pressure of 30 bar.

Subsequently, the experimental results obtained from Sievert-type apparatus were
processed by application of formal kinetic analysis, using the Avrami-Erofeev
Equation [18]:
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Where (H/ABs) is the actual hydrogen concentration in the alloy; (H/ABs)max IS the
maximum hydrogen concentration in the alloy; t is time; to is the characteristic time of
hydrogen absorption (reciprocal rate constant k); and the index of power, n, is

interpreted as a value indirectly connected to the reaction mechanism.

3.8. CONCLUSION

In summary, six characterisation techniques were reviewed in this chapter with
detailed discussions for their different applications. The chapter further discussed the
principle behind characterisation techniques which are selected for the current study
in order to understand different factors including elemental composition, porosity and
surface area, surface morphology, phase composition/crystal structure and hydrogen
absorption associated with unmodified and Pd-modified AB,-type and ABs-type
alloys. The XRD was detailed to help with the confirmation major and minor phases
present in each alloy material; and their crystal properties. This techniqgue was
adopted in this work to evaluate the crystal/atomic structure and the identification of
phases of alloy materials used. Structural changes that may arise upon element
substitution and Pd deposition were also monitored using XRD. Surface morphology
was highlighted to be a vital factor in hydrogenation behaviour of alloy materials. In
this regard, SEM technique was identified as a suitable surface technique to give the
insight of particle size distribution of particles occupying alloy materials. In parallel to
SEM analyses, EDS and AAS techniques can be also employed to quantitatively and
gualitatively determine the elemental composition for each material. From the
literature, it is learned that physisorption properties (surface area, pore volume and
pore size) are of paramount important for adsorption behaviour of any alloy material,
hence, BET was reviewed and showed to be suitable technique for physisorption
properties investigation. Based on simplicity and supply of high purity hydrogen by
Sieverts-type apparatus, it was selected to be a powerful technique in this work in
order to study the hydrogenation kinetics and capacity of unmodified and Pd-

modified alloy materials.
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SUMMARY

Hydrogen absorption performances of LaNis alloy are sensitive to the surface
reactions with poisonous gases such as oxygen, readily forming oxides/ hydroxides.
This work reports the studies on the hydrogen absorption behaviour of ABs-type
hydrogen storage alloys, formed by LaNis.,9Sny (X=0.2) followed by electroless Pd
deposition. The uncoated and Pd-coated materials were characterised using
scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS), atomic
absorption spectroscopy (AAS), X-ray diffraction (XRD) and Brunauer-Emmet-Teller
(BET). XRD analyses indicated that both LaNis and LaNi4gSng, alloys contain
CaCus as the major phase while their SEM images together with particle size
distribution histograms showed increment of particle size upon Sn incorporation. It
was further observed from the BET results that autocatalytic deposition of palladium
decreases surface areas but increases the pore areas of the parent materials.
Palladium particles on the surface of the materials were detected by AAS and EDS
analyses. Furthermore, substitution of a small fraction of Ni by Sn leads to an
increase in hydrogen absorption capacity even without activation. Moreover, a
decrease in hydrogen absorption rate was observed for LaNisgShp, alloy and this
was related to an increment of the crystalline unit cell volume, however, the
absorption rate was enhanced after activation. Kinetic curves of Pd coated alloys
show a significant increase of the absorption kinetics due to the presence of Pd
nanoparticles which are known to have higher affinity for hydrogen. The results
showed that the partial substitution of Ni by Sn followed by Pd deposition offers
potential technology for improvement of ABs-type alloys as catalysts in metal hydride

technology for carbon dioxide conversion.

Keywords: hydrogen storage materials, energy storage materials, ABs alloy,
palladium deposition
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4.1. INTRODUCTION

Hydrogen gas plays an important role in reduction of carbon dioxide to hydrocarbons
[1]. However, lack of feasible methods to store hydrogen in a safe and compact way
is one of the main drawbacks in hydrogen technology [2]. The simplest way is to
store hydrogen in solid absorbents such as metal alloys in which hydrogen bound to
these materials to form metal hydrides [3]. Metal hydrides (MH) bring along the
advantages such as higher gravimetric (18 mass %) and volumetric density (150
kg-m~3); and higher stability compared to hydrogen storage in gaseous or liquid form
[4]. The most interesting class of hydride-forming materials is the ABs-type metal
hydride material due to its advantages such as easy activation, moderate plateau
pressure and high hydrogen capacity at room temperature [5]. For example,
inactivated LaNisHg has a volumetric capacity of 5.5x10%* atoms/cm® and gravimetric
capacity of 1.4 wt.% at ambient temperature [4]. However, the difficulties in initial
activation and slow hydriding/dehydriding kinetics are among the drawbacks that
prohibit the use of the ABs materials as hydrogen sorbents in order to work as
catalysts in carbon dioxide conversion to hydrocarbons [6]. Moreover, Modibane et
al. [7] observed that during the hydrogen separation from CO,/CO containing gas
mixtures over the ABs materials (La(Ni,Co,Mn,Al)s substrate), a mixture of
hydrocarbons was produced due to the reaction between desorbed hydrogen atoms
and CO,. This observation is a clear indication that the amount of hydrogen
absorbed on an alloy material and the rate at which it is desorbed are very important
factors to consider during CO, conversion over ABs alloys. In addition, MH
performances during hydrogen absorption are often limited due to formation of
surface compounds (oxides and hydroxides, carbonyls, sulphides) [7]. Methods such
as spark plasma sintering [8], mechanical alloying [9], melt spinning [10], high
hydrogen pressure method [11], hydriding combustion synthesis [12], surface
modification (such as autocatalytic deposition of palladium) [13, 14] and alloying with
other elements (Substitution of B-component in ABs) [15] have been widely studied
for improvement of hydrogen absorption kinetics of metal hydrides from gas mixture.
Modibane et al. [16] demonstrated the improvement of poisoning tolerance and
hydrogen absorption using palladium black addition on ABs alloy followed by
electroless Pd deposition. Furthermore, the previously reported high chemical
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activity of H atoms released from MH [17] during H, separation process enables
them to freely interact with traces of oxygen in the feed gas to yield H,O, and with
CO; (and, most probably, CO) to yield H,O + hydrocarbons. The combination of
partial substitution of Ni and Pd deposition is extremely active towards dissociative
hydrogen chemisorption and permeable for hydrogen atoms, which enable hydrogen
to rapidly adsorb onto the bulk material while still maintaining the hydrogenation
activity even after exposure to poisonous gaseous environment [18]. In addition,
autocatalytic deposition of palladium can also result in improvement of surface
catalytic activity, specific surface area layer, activation characteristics as well as
protective nature of metal hydrides against poisoning materials [19]. Due to its
amorphous nature, the sodium hypophosphite-based electroless plating bath that is
used during palladium deposition may also improve the hydrogen capacity of the
materials since it is documented that amorphous materials can take and release
large amount of hydrogen compared to their polycrystalline counterparts [20].
Phosphorous is impregnated into the Pd layer and promotes the formation of
amorphous electroless-deposited metal coatings [20, 21].

Therefore, this study reports on the effects of partial substitution of Ni by Sn in LaNis
alloy followed by autocatalytic deposition of Pd on hydrogen adsorption kinetics for
potential carbon dioxide reduction. Tin is also known to enhance the hydrogen
capacity and sorption rate of LaNis alloy since it has advanced electron attractive
power and bigger active sites than that of nickel, similar results were reported by
Sato et al. [22]. Combining the merits of Ni(Sn) in LaNisgShp, alloy and poisoning
tolerance of Pd coated alloy, Pd-coated LaNisgSng. alloy was prepared in this
contribution through simple arc melting method followed by autocatalytic Pd plating.
This work can provide further insights into the properties of metal hydride hydrogen
storage material after pre-exposure to air. To our knowledge, the preparation of Pd-
LaNisgSho» alloy for hydrogen absorption kinetics has not been reported to date and
in this work it showed significant activity in hydrogen absorption kinetics after pre-
exposure to air as compared to unmodified ABs alloy. Success in enhancement of
hydrogen absorption kinetics of this alloy may open doors for alternative pathways to
carbon dioxide conversion into hydrocarbons since LaNis has been reported to

decompose into La(OH)3, LaCO30H, and metallic nickel during CO, conversion [23].
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4.2. EXPERIMENTAL METHODS

4.2.1. Materials

The ABs-type (LaNis and LaNisgSng ) hydride-forming alloys were prepared from La
(99.9%), Ni (99.95%) and Sn (99.98%) purchased from Sigma Aldrich. The ABs
hydride forming alloy was prepared by arc-melting on a water-cooled copper crucible
in protective argon atmosphere. All prepared ingots were melted three times to
provide homogeneity. Subsequently, the prepared metal ingots were pulverised by
ball-milling in argon for 10 min. The materials were allowed constant exposure to air

throughout the experimental studies.

4.2.2. Surface modification of alloy

Surface modification of the substrate materials was conducted through autocatalytic
deposition of Pd in hypophosphite-based bath following a procedure described here
[20]. The rationale behind this approach was the combination of the enhanced
activation kinetics observed with deposition of Pd catalytic layers and to form
materials with excellent hydrogen sorption properties. The autocatalytic deposition of
Pd was applied to ~5 g batch of each substrate (LaNis and LaNisgSno» alloys). Prior
to palladium deposition, the materials were first sensitized and activated in a
palladium-tin (Pd-Sn) colloidal solution [20] resulting in increased densities of Pd
deposition and surface Pd loading on the intermetallide.

4.2.3. Characterisation Techniques

X-ray diffraction (XRD) studies of the alloys were performed using a Bruker Advance
powder diffractometer (Madison, USA; 40 mA, 40 keV, ACu-K = 0.15406 nm) at the
Materials Research Group, iThemba Labs, in Cape Town, South Africa for phase
identification. Scanning electron microscopes/Energy-dispersive spectroscopy
(SEM/EDS, Edax Genesis, 100 live seconds) studies were carried out using Leo
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1450 microscope (20 kV, secondary electrons), Physics department, University of
the Western Cape (UWC) to evaluate the morphology of ABs-type alloy particle
size/shape; Pd particle dispersion on the surface of the ABs-type alloy particles and
Pd particle size/shape. The elemental analysis was determined using a Perkin Elmer
AAnalyst 400 atomic absorption spectrometer (AAS) to ascertain the quantity of
palladium deposited on the surface of the materials. A Tristar micromeritics
instrument was used for low-pressure nitrogen (77 K) adsorption/desorption
isotherms, BET surface area and pore volume measurements. Approximately, 0.5 g
of alloy was de-gassed by heating to 180 °C under N, flow for 24 hours. The BET
measurements were used to evaluate the effect of Pd deposition on the surface area

and pore volume of the parent ABs materials.

The effect of partial substitution of nickel by tin followed by autocatalytic palladium
deposition on the kinetics of hydrogen absorption was studied by a comparison of
hydrogen absorption before (after pre-exposure to air) and after activation by
evacuation and heating at 300 °C. Evacuation and heating prevented the possibility
of the presence of residual oxygen on the surface of the alloy. Hydrogen absorption
was conducted using a Sieverts-type volumetric installation, South African Institute
for Advanced Material Chemistry (SAIAMC), UWC. The measurements were carried
out at T = 20 °C, Py ~ 30 bar H,, for 2 hours. The experimental results were
processed by application of formal kinetic analysis, using the Avrami-Erofeev
Equation [16]:

(5 = (G5) =1 e (= ()} 41

Where (H/ABs) is the actual hydrogen concentration in the alloy; (H/ABs)max IS the
maximum hydrogen concentration in the alloy; t is time; to is the characteristic time of
hydrogen absorption (reciprocal rate constant k); and the index of power, n, is

interpreted as a value indirectly connected to the reaction mechanism.
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4.3. RESULTS AND DISCUSSION

4.3.1. Structural Characterisation

The as-prepared LaNis alloy (Figure 4.1(a)) is comprised of a single CaCus-type
phase with lattice periods corresponding well to the literature data for the same
material derived from synchrotron XRD measurements [24]. After partial substitution
of Sn for Ni in LaNis alloy (Figure 4.1(b)) and Table 4.1) a one-phase structure that is
composed of major CaCus-type intermetallic phase with lattice parameters a =
5.0652(3) A and ¢ = 4.0326(2) A is observed. Furthermore, the pattern of Sn-
substituted material consists of broadened diffraction peaks as compared to LaNis
material and the peaks have shifted towards lower 2 theta values while their
intensities weakened. All these effects are attributed to inhomogeneity in the B-
component (Ni(Sn)) of the parent ABs-type material [20] and the larger Van der
Waals radius (224 pm) of Sn compared to the radius of Ni (200 pm). In addition, the
crystallite sizes were calculated from the Scherrer formula (Equation 4.2) and

represented in Table 1.
T = (kA) / fcos(0) 4.2

Where 1 is the crystallite size nm, A is the wave length (=0.154 nm for Cu-Ka), B is
the full width at half-maximum (FWHM) (in radians), k is a constant (0.94 to spherical
crystallites) and 0 is the diffraction angle. Noticeably, the crystallite size decreased
from 5.52 nm of LaNis to 5.11 nm (Table 4.1) suggesting partial substitution of Ni.
The refinement of the XRD data of LaNi4sgSng 2 alloy showed the increase in unit cell
volume and lattice constants. The estimated abundance and lattice period of this
phase exhibit a trend of increase with introduction of Sn in the charge (Table 4.1).
This observation allows us to suggest that Sn (structure type Cu, a=5.0652(3) A and
c=4.0326(2) A) substitutes Ni in the Ni-based phase further referred as Ni(Sn). The
Sn content in Ni(Sn) estimated from its lattice period by applying Vegard's law [16]
(shown in the last column of Table 4.1) was around 0.724 % which shows the
formation of a small amount of orthorhombic Ni(Sn) phase, which agrees with the
previous report [22]. Interestingly, the unit cell aspect ratio (c/a) for the ABs phase
noticeably increased after partial substitution of Ni by Sn from 0.794 to 0.796 (or by
0.25%).
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Figure 4.1: X-ray diffractogram of a) LaNis, b) LaNisgSnp, ¢) Pd-LaNis and d) Pd-

LaNis gSno.»

On the other hand, the XRD patterns of LaNis (Figure 4.1(c)) and LaNisgSno» (Figure
4.1(d)) material after autocatalytic Pd deposition revealed sharp diffraction peaks
which are in resemblance with the diffraction peaks of Pd uncoated alloys. The Pd-
LaNis and Pd-LaNisgSnp» alloys crystallised in the hexagonal CaCus type structure
with lattice parameters a = 5.0285(2) A, ¢ = 3.9931(2) A and a crystallite size of 5.52
nm; and a = 5.0583(3) A, ¢ = 4.0229(4) A and a crystallite size of 5.09 nm,
respectively, as presented in Table 4.1. Rietveld refinements were performed with
the aim being to detect Pd phase upon Pd deposition. The X-ray Rietveld
refinements of Pd-modified materials do not show any palladium phase. The

absence of palladium phase may be due to the amorphous nature of the particles
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from electroless plating bath or the lack of detectable quantities for XRD analysis. It
was seen that after Pd deposition, there was decrease of c/a and the unit cell volume
for the ABs phase. After Pd deposition, the Sn content in Ni(Sn) estimated from its
lattice period by applying Vegard's law (Table 4.1) decreased to 0.589 %. Moreover,
palladium is not expected to get incorporated in the ABs materials either
substitutionally or interstitially [20], hence, there are no noticeable changes in either

broadness or position of diffraction peaks after surface modification.

Table 4.1: Results of refinement of XRD patterns of ABs-type alloys.

Sample Preparation | Lattice constants Unit crystallite | Estimated
condition cell size Sn content
volume in the
phase
Sn Pd [al[A] c [A] V [A%] 7[nm] [at.%]
LaNis No [No [5.0285(2) [3.9931(2) [ 87.442(8) | 5.52 -
LaNissSno> | Yes |No |5.0652(3) | 4.0326(2) | 89.601(9) | 5.11 0.724(5)
Pd- LaNis No Yes [5.0188(2) | 3.9823(2) | 86.870(7) | 5.52 -
Pd- Yes |Yes |5.0583(3) | 4.0229(4) | 89.14(1) |5.09 0.589(1)
LaNis gSno.»

4.3.2. Morphological and Elemental Characterisations

The surface morphologies of the LaNisgSng»> and LaNis alloys are shown in Figure
4.2(a-b and c-d). The morphological studies were carried out using High Resolution-
SEM which is able to detect nano-sized Pd patrticles. Figure 4.2(a) and (b) show that
LaNis alloy powder is comprised of clean, smooth surface with particles varying in
size from 1 to 11 um as depicted by particle size distribution histogram (figure
4.2(c)). Similar results were reported by Cuevas et al. [13]. From the histogram, it
was observed that the majority of the alloy particles have particle size of ~1 um. After
Sn incorporation, the appearance of large particles ranging at 9-13 um on the
surface of ABs alloy is observed (Figure 4.2(d) and (e). When comparing particle size
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distribution histograms (figure 4.2(c) and (f)) of the two alloys, it is seen that the

particle sizes changed from a range of 1-8 um to 1-14 um after Sn substitution.

Table 4. 2: Elemetal composition data of LaNis and LaNis gSng» alloy.

Materials Element EDS data Target composition
Net counts | Wt.% Wt.%
LaNis La 7.2 33.96 32.18
Ni 9 66.04 67.93
Total - 100 100
LaNisgSno> | La 6.6 32.92 31.31
Ni 8.4 61.22 63.44
Sn 3.4 5.86 5.35
Total - 100 100

In parallel to the SEM studies, EDS analyses were employed for determination of the

elemental compositions of ABs alloys. The EDS data (Table 4.2) showed a

satisfactory alignment with a target alloy composition (represented by last columns).

The EDS results for LaNisgSng2 alloy show some overestimation in Sn content,

indicating that slightly more than 0.2 of Sn element was added. Comparison of the

fractions of the “B” components of the LaNisgSng, alloy indicated that the alloy is a

typical non-stoichiometric alloy with Sn and Ni occupying the “B” site to form Ni(Sn).
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Figure 4.3: EDS plots of a) LaNis, b) LaNisgSno», ¢) Pd-LaNis and d) Pd-LaNis gSng 2

The occurrence of palladium-phosphorus particles on the surfaces of the materials
that underwent autocatalytic deposition of Pd was observed on SEM images to be
spherical (Figure 4.4(a)-(d)). Palladium coatings on the ABs-type substrates were
found to be discontinuous in nature. Similar observations were observed before by
Williams et al. [20]. Furthermore, it was observed on the particle size distribution
histograms that the Pd-coated LaNis alloy consisted of particles ranging in size

between 1 and 36 nm with majority having particle size of 4 to 7 nm (Figure 4.4(c)).
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Pd-coated LaNisgSho» alloy is comprised of particles in the range of 3-17 nm (Figure
4.4(f)). On a contrary, Williams et al. observed larger and wider size distribution of
135 nm exhibited by Pd particles on the ABs alloy [20]. The surface Pd loading of
surface modified ABs alloys was estimated using EDS (Figure 4.3 (c) and (d)). It was
observed in the figures that both alloys showed Pd peak at the same intensity. This
was supported by very close amounts of Pd deposited for each alloy recorded by
EDS to be 1.35 wt.% for Pd-LaNis and 1.44 wt.% for Pd-LaNisgSng, alloy. Some
traces of phosphorous, which are due to the presence of phosphorous in NaH,PO,-
based plating bath, were revealed by EDS on the surface of each Pd-coated alloy. In
support to EDS analysis, AAS was employed to further ascertain the quantity of
palladium deposited on the ABs alloys. The total deposited Pd determined using AAS
was found to be 0.1044 wt. % for both modified alloys.

4.3.3. Gas absorption studies

4.3.3.1. Nitrogen adsorption-desorption isotherms

BET was used in this study to evaluate the effect of metal substitution (Sn for Ni) and
autocatalytic deposition of Pd on the physisorption properties (surface area, pore
volume and pore size) of the ABs materials (Figure 4.5). The analysis was performed
by the flow of the nitrogen on the materials. Figures 4.5(a)-(d) show the nitrogen
adsorption and desorption by all materials. None of the four isotherms exhibits
hysteresis behaviour. The Nitrogen adsorption and desorption isotherms of the
unmodified alloys may be classified as type 1 isotherm group due to the hump-
shaped curve occurring at relative pressure of 0.3 while the straightened isotherms
of Pd-coated alloys can be categorised as type 2 isotherm group [25]. The
intermediate flat region observed with isotherms of Pd-modified materials resembles
the monolayer formation. On average, the uncoated alloys absorbed the lowest
maximum nitrogen quantity of 0.6 cm®g (Table 4.3). They were followed by Pd-
coated LaNisgSno- alloy, which absorbed 2.558 cm®g of nitrogen gas. Pd-coated
LaNis alloy absorbed the largest nitrogen gas (11.39 cm®(g). The increased

absorption of the gas by the samples after deposition of Pd can be attributed to
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larger pore diameters of Pd modified alloys (Table 4.3), allowing rapid uptake of the

gas over given time.
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Figure 4.5: Adsorption-desorption isotherm of BET for a) LaNis, b) LaNisgSno2, C)
Pd-LaNi5 and d) Pd-LaNi4_88n0_2.

In Table 4.3, it is observed that the BET surface area of LaNis is 0.1889 m2/g, which
is close to the reported one of 0.25 m?/g by Hu et al [26]. The surface area of the

alloy was reduced to 0.1770 m?%g after Sn-substitution. The table further indicates

that the surface areas of the two unmodified materials were further decreased by

autocatalytic deposition of palladium. The observed decrease in surface area after

palladium deposition could be attributed to an increase in the metal loading on the
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surface of the materials [14]. Furthurmore, palladium deposition resulted in

enlargement of pore diameters, pore areas and pore volume (Table 4.3).

Table 4.3: Physical properties of uncoated and Pd-coated alloys.

Sample BET Maximum | Pore Pore Pore
surface quantity diameter area volume
area absorbed
m°/g cm®/g A m°/g cm®/g

LaNis 0.1889 0.5447 1050 0.0897 | 0.0024

LaNisgSno» 0.1770 0.5879 1065 0.1000 | 0.0027

Pd- LaNis 0.1472 11.39 1632 1.463 0.0597

Pd- 0.1311 2.558 1843 0.7408 |[0.0342

LaNis gSno.»

4.3.3.2. Hydrogen absorption kinetics

Hydrogen absorption kinetics of non-activated and of activated samples were studied
using hydrogen absorption experiments on a Sieverts-type volumetric setup which
were tested at 30 bar initial hydrogen pressure and constant temperature of 20 C.
The materials were divided into two groups. The first group included the non-
activated unmodified and modified materials and is presented by Figure 4.6. As
depicted by the figure, both unmodified alloys exhibited very long incubation periods
before hydrogen absorption can take place. This observation can be attributed to the
fact that after exposure to air, the materials allowed surface oxidations to take place,
readily forming oxides/hydroxides film which prevents hydrogen dissociation and
penetration into the interstitial sites [27-29]. The partial substitution of Sn for Ni
resulted in an increase in maximum hydrogen storage capacity. The presence of
protective surface oxide layers on the surfaces of the alloys is further suggested by
sigmoid-shaped kinetic curves of these alloys [30]. Leon et al. [30] further advised

that the shape of these kinetic curves is a characteristic of a nucleation process. The
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index of power, n, (obtained using Equation 4.1) for unmodified LaNis and
LaNi4 gSnp, alloys were found to be 0.99 and 0.50, respectively (Table 4.4). This
indicates that the hydrogen absorption reaction for LaNis alloy is controlled by
nucleation and diffusion while for LaNi4 gSng, alloy only the diffusion mechanism is
involved according to Forde et al. [31]. Therefore, the rate limiting steps for the

unmodified alloys are surface processes together with nucleation and diffusion

mechanisms.
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Figure 4.6: Dynamics of hydrogen absorption (T = 20 ‘C, Py, = 30 bar) by uncoated
and Pd-coated ABs alloys after pre-exposure to air and no preliminary activation

(vacuum heating).

On the other hand, Pd-coated LaNis alloy exhibited an incubation period of less than
2 minutes before hydrogen absorption can take place but a sigmoidal curve is still
maintained by this alloy. Pd-coated LaNisgSno, alloy showed superiority over the
other three alloys in terms of hydrogen absorption rate, with its kinetic curve
revealing no precence of incubation period. This observation shows the importance
of combining partial substitution of Sn for Ni and autocatalytic Pd deposition

methods. It is well documented that Pd acts as a catalyst for hydrogen molecules
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splitting and transfer into the bulk alloy, consequently, and improving initial activation
[32]. Moreover, Liu et al. [33] reported that alloys with amorphous surfaces absorb
hydrogen faster compared to their crystalline counterparts. It was seen that
amorphous phosphorus particles from the electroless plating bath facilitated the
creation of an interfacial channel between the bulk alloy and the palladium surface
[20]; which may have increased the rate of transport of the hydrogen atoms, after
dissociation of the hydrogen molecules on the palladium particles, and towards the
bulk material. Hydrogen absorption reactions for both Pd-coated alloys are controlled
by nucleation and diffusion mechanisms as suggested by their index of power (Table
4.4).

Table 4.4: Fit of the experimental data for hydrogen absorption by non-activated and

activated materials using the Avrami-Erofeev equation

Sample (ﬁ)max (Wt.%) Rate constant, Index of power
k (min™)

Non- Activated | Non- Activated | Non- Activated

activated activated activated
LaNis 1.29 1.45 0.06 0.21 0.99 0.98
LaNisgSho 2 1.40 1.37 0.24 19.21 0.50 0.58
Pd- LaNis 1.36 1.47 0.16 7.04 0.62 0.68
Pd- 1.37 1.35 1.32 68.03 0.97 0.50
LaNis gSno.»

The second group included materials which were activated prior to measurement of
hydrogen absorption for 1 hour under vacuum heating at 300 “C), the materials were
then cooled to ambient temperature (20 C), followed by H, absorption. The H,
absorption kinetic curves are presented in figure 4.7. The kinetic curve of LaNis
material shows improvement in both the absorption kinetics and maximum hydrogen
uptake capacity with a reduced incubation period, suggesting that the oxide film was
removed through vacuum heating. However, the sigmoid shape is still present;

suggesting that the oxide film was not completely removed or initial activation of the
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alloy is generally poor. The index of power for this particular alloy slightly dropped
from 0.99 to 0.98, signifying that nucleation and diffusion mechanisms are still the
dominant rate determining steps during hydrogen absorption reaction. The maximum
hydrogen absorbed and rate constant of LaNis alloy were enhanced from 1.29 wt.%
to 1.45 wt.% and from 0.06 to 0.21 min, respectively (Table 4.4). The kinetic curves
of LaNisgShp 2, Pd-LaNis and Pd-LaNisgSng, alloys exhibited similar trend with no or
little incubation period in comparison with the first non-activated group due to a
complete removal of oxide film leading to an oxide-free metal surface as observed by
Shan et al. [34]. Table 4 depicts that the power index of Pd-coated LaNis gSng alloy
is the only one that changed significantly after activation from 0.97 to 0.50. This
observation implicates that once the alloy is activated, nucleation mechanism is no
longer playing a role as rate determining step during hydrogen absorption process.
The supremacy of Pd-coated LaNisgSng» alloy over the other alloys is still depicted
by its kinetic curve, reaching maximum hydrogen capacity within 0.2 minutes with a
highest rate constant of 68,03 min™ (Table 4.4).
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Figure 4.7: Dynamics of hydrogen absorption (T = 20 °C, Py, = 30 bar) by uncoated
and Pd-coated ABs alloys after preliminary activation (vacuum heating at 300 "C).
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4.4. CONCLUSIONS

The experimental study herein presented the effect of combining Sn-substitution and
electroless Pd deposition on the hydrogen absorption kinetics of LaNis alloy. The
study shows that Sn-substitution alone does not significantly improve the poisoning
tolerance of the parent material as shown by sigmoid-shaped kinetic curve of the
non-activated LaNisgSng, alloy and long incubation period. Interestingly, the alloy
benefited from Sn-substitution since a slight enhancement of maximum hydrogen
storage capacity by 0.11 wt.% after exposure to air was observed. This small change
in hydrogen storage capacity can be attributed to an increase in pore diameter and
lattice constant observed from BET and XRD results, respectively. All materials (non-
activated and activated) that underwent autocatalytic deposition of palladium showed
excellent H, absorption kinetics. It is therefore deduced that Pd layer on the surface
of the materials is able to prevent the formation of oxides, promoting fast absorption
of hydrogen by reducing the incubation period. Furthermore, the impregnation of
phosphorus-containing electroless plating bath, which is amorphous in nature, may
have also played a role in enhancing the hydriding kinetics by creating an interfacial
channel between the bulk alloy and the palladium surface. The findings of our study
gave us courage to conclude that Pd-coated LaNisgSng2 alloy meets some of the
requirements (fast hydrogen absorbing material with large hydrogen uptake capacity;
poisoning-tolerant and decomposition-resistant material) to be applied in CO;

conversion.
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SUMMARY
Deterioration of hydrogen charging performances resulting from the surface chemical
action of electrophilic gases, such as CO; limits the use of TiMn s, alloy for practical
application in CO, conversion into hydrocarbons. Hence in this study, we report the
effect of autocatalytic Pd deposition on the morphology, structure and hydrogenation
kinetics of TiMny s, alloy as a potential metal hydride (MH) catalyst in CO, conversion
reactions. It has been shown that the catalytic activities of MHs may be used in
hydrogenation of CO, to hydrocarbons. The selected alloy has been demonstrated to
be effectively surface modified by Pd deposition to improve hydrogenation kinetics
as one of the requirements for catalytic properties of MHs in CO, conversion
applications. The uncoated and Pd-coated materials were characterised using
scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS) and X-ray
diffraction (XRD). XRD analyses indicated that TiMny s, alloy contain C14-type Laves
phase without any second phase while the SEM images together with particle size
distribution histogram showed a smooth non-porous surface with irregular-shaped
particles ranging in size from 1 to 8 um. The XRD pattern of Pd-coated alloy also
revealed that C14-type Laves phase was still maintained upon Pd deposition. This
was further supported by similar calculated crystallite size of 29 nm for both
materials. Palladium particles on the surface of the materials were confirmed by EDS
analyses. Furthermore, Sieverts-type apparatus was used to study the kinetics of the
alloys after pre-exposure to air and after vacuum heating at 300 ‘C. The Pd-coated
AB, alloy exhibited good coating quality as confirmed by EDS with enhanced
hydrogen absorption kinetics after pre-exposure to air without activation. The
improvement of MH aborption kinetics is an indication that the material may be an
effective MH catalyst in CO, conversion to hydrocarbons. Without activation,
improved hydrogen absorption kinetics of Pd-coated alloy was observed as
compared to uncoated alloy and it was attributed to improved surface tolerance or
hydrogen spillover mechanism due to Pd-coatings. Pd deposition reduced the
incubation period of the material from 5 to less than 2 minutes. Vacuum heating at
300 °C resulted with the removal of surface barriers and showed improved hydrogen

absorption performances for both coated and uncoated alloys.

Keywords: hydrogen storage materials, AB, alloys, TiMn;s, alloy, palladium

deposition
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5.1. INTRODUCTION
Solid-state hydrogen storage through metal alloys seem to be a reliable and safe
way to absorb hydrogen as a result of easy access of hydrogen offered by these
materials [1]. Metal hydrides, which are formed by absorption of hydrogen by metal
alloys, can be used in many practical applications including battery electrodes,
hydrogen-based fuel cells for transportation, hydrogen compression and purification,
heat pumping, thermal storage and as catalyst precursors in carbon dioxide
conversion to hydrocarbons [2]. The catalytic activity of metal hydrides for
hydrogenation of CO, was discovered in recent years and several reviews as well as
studies have been published already [3-6]. For example, Ando et al. [7] observed
that the hydrogenation of carbon dioxide to methane can be catalysed over an
intermetallic compound of LaNisHg at 250-350 °C. Conversely, the studies indicated
that small amounts of CO, are converted over these catalysts at ambient conditions
because most alloys are active for hydrogenation of carbon oxides at temperatures
above 100 °C [7]. This is caused by poor hydrogen absorption/desorption by metal
alloys with an oxidised surface, which possess high activation barrier for dissociation
of hydrogen atoms especially at low temperatures [5]. As a result, properties such as
poisoning-tolerance and hydrogenation kinetics need to be enhanced for better
catalytic activity of metal hydrides. Ti-Mn based AB,-type Laves phase alloys are an
attractive class of metal hydrides due to their better activation property and low cost
[8]. Because of its light weight, large hydrogen absorption capacity of more than 1.0
H/M and moderate equilibrium plateau pressure (reported to be 0.7 MPa) under near
ambient temperatures as compared to other Ti-Mn binary alloys [9], TiMny s, alloy is
one of the most promising hydride-forming materials for hydrogen storage and
subsequently hydrogenation of CO,. Nevertheless, this alloy has also experienced
deterioration of hydrogen charging performances resulting from the surface chemical
action of electrophilic gases, such as CO; and as such activation prior to hydrogen
absorption is required [8, 10]. In order to improve its hydrogenation behaviour,
alteration of TiMnys, alloy through addition or partial substitution of elemental
additives for Ti, Mn or both Ti and Mn has been extensively studied [11]. An example
includes the study carried out by Liu et al. [8], where Ti was partially substituted with
Zr while Cr, V, Ni, Fe and Cu metals were partially used in place of Mn to form
(Tip.85Zr0.15)1.0sMN1 2Cro6Vo.1Mp1 alloy (where M=Ni, Fe, Cu). The substituted alloy

showed a great improvement in cycling life but it showed poor hydrogenation
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behaviour without activation due to its poor poisoning-resistance, resulting in slow
hydriding kinetics. Other improvements of the hydrogenation behaviour have been
previously reported through surface protecting technigues such as
microencapsulation, coating with metal oxides and fluorination treatment [12]. All
these techniques have high and low affinity for hydrogen and poisonous gases,
respectively, but their limitations are not avoidable. For instance, the
microencapsulation technique, which involves coating of the bulk alloy with 10 wt.%
of Ni or Cu, utlises large amounts of coating metal that is not responsible for
hydrogen storage. It is also not economically favoured and produces heavy metal
alloys [12]. On the other hand, surface modification through deposition of PGMs,
particularly palladium which has strong affinity for hydrogen, has been reported to
possess relatively favourable and efficient improvement towards hydrogenation
properties of alloy materials [13, 14]. In this investigation, autocatalytic palladium
deposition was identified for surface-modification of TiMny s, alloy and its effect on
hydrogen sorption kinetics after exposure to air was then studied using Sieverts-type
apparatus. To the best of our knowledge, such studies on hydrogenation kinetics of

Pd-coated TiMn3 s, alloy do not appear to have been reported as yet.

5.2. EXPERIMENTAL METHODS

5.2.1. Materials

The AB,-type (TiMnys2) hydride-forming alloy was prepared from Ti (99.9%) and Mn
(99.9%) purchased from Sigma Aldrich. The AB, hydride forming alloy was prepared
by arc-melting on a water-cooled copper crucible in protective argon atmosphere. All
prepared ingots were melted three times to provide homogeneity. Subsequently, the
prepared metal ingots were pulverised by ball-milling in argon for 10 min. The

material was allowed constant exposure to air throughout the experimental studies.
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5.2.2. Surface modification of alloy

Surface modification of the TiMnis, alloy was conducted through autocatalytic
deposition of Pd in hypophosphite-based autocatalytic plating bath following a
procedure described here [15]. The main purpose of surface coating with Pd was to
improve the poisoning-tolerance of the material as well as to form a material with
excellent hydrogen sorption properties. The autocatalytic deposition of Pd was
applied to ~5 g batch of TiMn, 5, alloy. Prior to palladium deposition, the materials
were first sensitized and activated in a palladium-tin (Pd-Sn) colloidal solution [15]
resulting in increased densities of Pd deposition and surface Pd loading on the

intermetallide.

5.2.3. Characterisation techniques

X-ray diffraction (XRD) studies of the alloys were performed using a Bruker Advance
powder diffractometer (Madison, USA; 40 mA, 40 keV, ACu-K = 0.15406 nm) at the
Materials Research Group, iThemba Labs, in Cape Town, South Africa for phase

identification.

Scanning electron microscopes/Energy-dispersive spectroscopy (SEM/EDS, Edax
Genesis, 100 live seconds) studies were carried out using Leo 1450 microscope (20
kV, secondary electrons), Physics department, University of the Western Cape
(UWC) to evaluate the morphology of AB,-type alloy particle size/shape; Pd particle
dispersion on the surface of the AB,-type alloy particles and Pd particle size/shape.

The effect of autocatalytic palladium deposition on hydrogenation kinetics of TiMnj s,
alloy was evaluated by a comparison of hydrogen absorption after pre-exposure to
air and hydrogen absorption after vacuum heating at 300 "C. Vacuum heating
prevented the formation of oxide layers on the surface of the alloy. Hydrogen
absorption was conducted using a Sieverts-type volumetric installation, South
African Institute for Advanced Material Chemistry (SAIAMC), UWC. The
measurements were carried out at T = 20 "C, Py ~ 30 bar Hy, for 2 hours.
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5.3. RESULTS AND DISCUSSION

5.3.1. Structural characterisation

Figure 5.1 shows the XRD patterns of Pd-coated and uncoated TiMn s, alloys. The
XRD analysis indicated that TiMnj s, alloy exhibit amorphous structure and C14-type
Laves phase without any second phase. The amorphous nature and C14-type
Laves phase of the same alloy were previously reported by Hu at al. [16] and Ramya
et al. [11], respectively. The most interesting feature about amorphous hydrogen
storage materials is that they have favourable hydrogen absorption/desorption
kinetics, exhibiting easy flow of hydrogen atoms [17]. When the alloy is coated with
Pd, two sharp diffraction peaks of much higher intensities than those of TiMn, 5, alloy
appear at 26 = 30.56° and 26 = 31.83". The peaks are attributed to (021) and (040)
reflections of phosphorus structure, respectively [18]. The phosphorus was
impregnated into the Pd layer during plating NaH,PO,-derived Pd layer. In addition,
another two peaks appeared at 20 = 62.49° and 26 = 64.82°. Crystallite sizes of the
two alloys were calculated using Scherrer's equation (Equation 5.2) [19], where the

peak at 20 = 40.05° was used as a representative peak.
T = (kA) / fcos(0) 5.2

Both the uncoated and Pd-coated alloys were found to have same crystallite size of
29 nm, suggesting that there was no admixing/incorporation between palladium

nanoparticles and the bulk TiMny 5, alloy.
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Figure 5.1: X-ray diffractograms of TiMny 5, and Pd-TiMny sp.

5.3.2. Morphological and elemental characterisations

Figure 5.2 presents SEM images of TiMn,s, before and after surface coating by
autocatalytic palladium deposition. The uncoated alloy exhibited a relatively smooth
surface, which is occupied by irregular-shaped particles varying in size from 1 to 8
pm. particle size distribution histogram of the material indicated that majority of the
particles have a size of 1 um. The alloy may be classified as a non-porous material.
For the sample coated with Pd, a discontinuous layer of near-spherical Pd particles
was observed. Moreover, the layer seemed to be very dense and uniform. Particle
size distribution histogram (Figure 5.2 (f)) estimated that this alloy has particles
ranging in size from 50 to 475 nm while majority of the particles have particle size of

200 nm.
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Table 5.1: Table 1: Elemental composition data of TiMn s, alloy.

Material Element EDS data Target composition
Net counts Wt.% Wt.%
Mn 9.7 63.00 63.56
Total - 100 100

EDS analyses (Figure 5.3) were employed in parallel to the SEM studies in order to
determine the elemental compositions of the alloys. Table 5.1 shows that EDS data
correspond very well with the targeted composition of TiMnis, alloy, indicating a
successful admixing of Ti and Mn metals (ratio of 1:1.52) through arc melting
process.
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Figure 5.2: SEM micrographs of (a, b) TiMn1s, and (d, e) Pd-TiMny s, and their particle size distribution histograms ((c) TiMny 5, and

(f) Pd-TiMn1 5).
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The EDS of Pd-coated alloy (Figure 5.3 (b)) reveal that the impurities are
phosphorus, carbon and tin at a level of 0.70, 2.31 and 4.54 wt.%, respectively. The
presence of these impurities may have resulted from palladium-tin (Pd-Sn) colloidal
solution during sensitisation and activation of AB, alloys as well as from NaH;PO,-
based plating bath during autocatalytic deposition of palladium. When comparing the
EDS graphs (Figure 5.3 (a, b)) of the two alloys, we observe that the net counts of Ti
and Mn decreased from 10.25 and 9.7 to 0.9 and 1.5 respectively. This observation
may be attributed to a successful palladium loading, covering most part of the alloy

surface with a net count of 4.8 witnessed from the EDS data.

a) b)
- G [w) s

Counts
Counts

o Mn
0T
U lIIII|IIII[IIII|IIIIIIIII|

0 2 - 6 8

Energy, KeV

Energy, KeV

Figure 5.3: EDS plots of (a) TiMny 5, and (b) TiMny s.

5.3.3. Hydrogen absorption kinetics

Studies of the hydrogenation performances of uncoated and Pd-coated TiMn; s, alloy
were conducted after pre-exposure to air and after pre-activation by vacuum heating.
The hydrogenation kinetic curves obtained after pre-exposure to air are presented in
Figure 5.4. In addition, Table 5.2 present the results obtained through fitting of the
experimental data on Avrami-Erofeev model. Fitting of the experimental data on
Avrami-Erofeev model is described here [15]. Without vacuum activation, uncoated
TiMny 5, alloy exhibit slow hydrogen absorption, accompanied by long incubation

period of ~5 minutes. This is attributed to the presence of poisonous oxides film on
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the surface, which causes difficulties in transportation of atomic hydrogen into the
bulk alloy. Index of power of 1.37 (Table 5.2) signifies that hydrogen absorption for
unmodified TiMn, s, alloy without activation is controlled by nucleation and growth

mechanisms.
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Figure 5.4: Dynamics of hydrogen absorption (T = 20 °C, Py, = 30 bar) by uncoated
and Pd-coated AB, alloys after pre-exposure to air and without preliminary activation

(vacuum heating).

The hydrogenation kinetic curves obtained after preliminary activation are presented
in Figure 5.5. After activation in vacuum by heating at 300 "C, the hydrogenation
kinetics of TiMny s, alloy significantly improved and this was supported by sudden
increase of rate constant from 0.438 to 13.2 min™ (Table 5.2). This is due to the fact
that vacuum heating results in removal of any oxide layers, producing a fast
hydrogen-absorbing surface. However, the maximum hydrogen absorption capacity
for the activated uncoated alloy was found to be lower than that for the non-activated
uncoated alloy, as depicted in Table 5.2. Subsequently, the maximum hydrogen
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absorption capacity continued to drop after eletroless Pd coating. Similar trend was

observed by Davids et al. [20] when loading Pd on TiFe alloy surface.
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Figure 5.5: Dynamics of hydrogen absorption (T = 20 °C, Py, = 30 bar) by uncoated
and Pd-coated AB; alloys after preliminary activation (vacuum heating).

Loss in hydrogen absorption capacity after Pd coating may be attributed to large
metal (Pd) loading on the surface of TiMny s, alloy. Doyle et al. [21] recommended
that in order to avoid losses in hydrogenation behaviour, the total weight of PGMs
during surface modification of metal hydride-forming alloy through PGMs should be
in trace amounts (<0.1wt%). In our case, EDS analysis revealed more than 0.1 wt%
of Pd particles on the surface of TiMn;s, alloy, hence a decrease in maximum
hydrogen absorption capacity was observed upon Pd deposition. In addition, the
presence of impurities such as Sn and C on the surface of Pd-coated alloy might
have hindered complete hydrogen absorption by the material. Although a decrease
in hydrogen capacity was observed, there was an improvement in hydrogenation
kinetics, carried out without activation by vacuum heating, upon Pd-coating. The

enhancement can be attributed to the partial removal of surface oxide films upon
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autocatalytic deposition of palladium, as well as to the catalytic activity of Pd(P)
nanoparticles facilitating splitting of hydrogen molecules into hydrogen atoms. The

incubation period is shorter for the alloy coated with Pd.

Table 5.2: Fit of the experimental data for hydrogen absorption by non-activated and
activated materials using the Avrami-Erofeev equation.

Material (L) (WL.%) Rate constant, Index of power, n
AB5)max © 4
k (min™)
Non- Activated | Non- Activated | Non- Activated
activated activated activated
TiMn1 5 0.933 0.869 0.438 13.2 1.37 0.50
Pd-TiMn1 s> 0.827 0.779 0.771 1.05 0.925 0.50

After vacuum heating, the surface coated alloy exhibited faster and reproducible
hydrogen absorption performances without the presence of incubation period as
compared to surface coated alloy without vacuum heating. Its hydrogenation kinetics
is slower than for activated unmodified TiMn, s, alloy. This is supported by higher
rate constant of activated unmodified alloy (k = 13.2 min™) as compared to that of
activated modified alloy (k = 1.05 min™?). Activated, uncoated alloy together with
inactivated and activated Pd-coated alloys all exhibited an index of power of between
0.5 and 1. Therefore, their interaction with hydrogen is controlled by nucleation

mechanism.

5.4. CONCLUSIONS
This chapter presents the effect of autocatalytic deposition of palladium on the
structure, morphology as well as the hydrogenation kinetics of TiMn, s, alloy. The
study demonstrates that surface modification of TiMn, s, alloy through Pd deposition
results in the formation of discontinuous layer of Pd nanoparticles on the surface of
the alloy, causing relatively improved activation performances and hydrogen
absorption kinetics even after its exposure to air. The effect was attributed to
improved H, dissociation on Pd nanoparticles. The maximum hydrogen absorption
capacity of the material decreased upon Pd deposition, and this was associated with

a large metal loading on the surface.
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CHAPTER 6
GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

6.1. CONCLUSIONS

The ultimate main objective of this study was to develop a class of hydride-forming
alloys that are surface-modified through autocatalytic deposition of palladium that
meet requirements for practical application of these materials in catalytic
hydrogenation of carbon dioxide into hydrocarbons. These requirements included
easy activation; rapid hydrogen uptake rates; stable operation under conditions of
mild temperature and pressure and sorption stability in the presence of gaseous
impurities. These targets were achievable through catalytic loading of Pd
nanoparticles onto the surface of the hydride-forming alloy materials, motivated by
unique interactions between Pd and hydrogen as well as high affinity of hydrogen
possessed by Pd. The hypothesis of this study was whether surface-modified ABs
(LaNis) and AB; (TiMn s;) type alloys should exhibit improved hydrogenation kinetics
as well as outstanding poisoning-tolerance compared to their unmodified
counterparts at room temperature before and after activation through vacuum
heating. Moreover, for LaNis alloy, it was hypothesised in this study that partial
substitution of Ni with elements having big active sites than Ni to form an alloy that
can results in larger maximum hydrogen absorption capacity with enhanced kinetics

upon activation.
In addressing these hypotheses the following sub-objectives were investigated:

1. The effect of partial substitution of nickel by tin followed by autocatalytic
palladium deposition on the hydrogen absorption kinetics of LaNis-type metal
hydride alloy.

2. Improved hydrogenation kinetics of TiMnis, alloy coated with palladium
through autocatalytic deposition for potential CO, conversion.

A comprehensive literature review combined in chapter 2, which contains a set of
physico-chemical properties governing the applicability of the sample materials as
hydrogen sorbents, helped in identifying these alloys. ABs-type alloys were identified

as potential CO, conversion catalyst precursors of interest due to their reversible
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interactions with hydrogen under mild conditions of pressure and temperature;
minimal energy expenditure; simplicity in operation; high hydrogen selectivity, and
release of high-pressure high-purity hydrogen at elevated temperature. On the other
hand, the potential use of TiMn; 5, material for catalytic application was motivated by
low cost, reasonable plateau pressure and pressure-composition-temperature
performances, confirmed by a comprehensive literature review. Inadequate rates of
hydrogen uptake caused by presence of poisonous gases such as CO and CO, limit
the application of AB,- and ABs-type alloys in catalytic conversion of CO; into
hydrocarbons. In addition, literature reveals that because of poor poisoning-
tolerance, these materials function well during CO, conversion only at temperatures
over 250 °C. Palladium can act as surface protective layer on the surface of an alloy
to prevent the prevention of oxide layers due to its high and ferocious affinity towards
hydrogen, the ability to dissociate hydrogen molecules with no or very little activation
energy required, and their wide applicability in hydrogen exchange reactions.
Autocatalytic deposition of palladium was considered and used as a plating
technique in this study as a result of its ability to deposit most PGM’s, ability to plate
metal surface layers on materials with irregular shape, ability to control the surface
chemistry of the modified material on a molecular or atomic domain, and deposition
of homogeneous coatings. Characterisation techniques, which were reviewed in
detail in chapter 3, included SEM/EDS, XRD, BET, AAS and Sieverts-type

apparatus.

Results of characterisation of unmodified and surface-modified sample materials

were collected and are summarised as follows:

1. The study was initiated by an investigation of partial substitution of Sn for Ni in
LaNis alloy. Just a small amount (0.2 of Ni) was replaced to get LaNisgSno
alloy and the reason behind small substitution is related to the fact that too
much of Sn would results in a much heavier alloy material, which is not
recommended for catalytic applications including CO, conversion process.
Both Sn-substituted and non-substituted alloys consisted of similar CaCus-
type intermetallic phase but the pattern of Sn-substituted material consists of
broadened diffraction peaks as compared to LaNis material and the peaks
have shifted towards lower 2 theta values while their intensities weakened. All

these effects are attributed to inhomogeneity in the B-component (Ni(Sn)) of
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the parent ABs-type material and the larger Van der Waals radius (224 pm) of
Sn compared to the radius of Ni (200 pm). The unit cell aspect ratio (c/a) for
the ABs phase noticeably increased after partial substitution of Ni by Sn from
0.794 to 0.796 (or by 0.25%).

The Nitrogen adsorption and desorption isotherms of the unmodified alloys
may be classified as type 1 isotherm group due to the hump-shaped curve
occurring at relative pressure of 0.3. Upon Sn substitution, the surface area of
the alloy was reduced from 0.1889 m?/g to 0.1770 m?%g while pore diameters,
pore areas and pore volume were all increased.

Hydrogen absorption kinetics of non-activated and of activated samples were
studied using hydrogen absorption experiments on a Sieverts-type volumetric
setup which were tested at 30 bar initial hydrogen pressure and constant
temperature of 20 C. Without activation and after pre-exposure to air, both
unmodified alloys exhibited very long incubation periods (35.4 minutes and
78.26 minutes for LaNis and LaNisgSng» alloy, respectively) before hydrogen
absorption can take place. This observation can be attributed to the fact that
after exposure to air, the materials allowed surface oxidations to take place,
readily forming oxides/hydroxides film which prevents hydrogen dissociation
and penetration into the interstitial sites. Interestingly, the kinetic parameter, k,
increased from 1.29 to 1.40 min® upon Sn substitution, indicating
improvement of hydrogenation rate. Furthermore, the partial substitution of Sn
for Ni resulted in an increase in maximum hydrogen storage capacity.

After vacuum heating at 300 °C prior to hydrogen uptake, the kinetic curve of
LaNis material shows improvement in both the absorption kinetics (from 0.06
to 0.21 min™®) and maximum hydrogen uptake capacity (from 1.29 wt.% to
1.45 wt.%) with a reduced incubation period, suggesting that the oxide film
was removed through vacuum heating. The kinetic curve of LaNisgSng» alloy
exhibited no or little incubation period in comparison with the non-substituted
ABs alloy as a result of a complete removal of oxide film leading to an oxide-
free metal surface. It was therefore concluded that Sn substitution is of
paramount importance for enhancement of hydrogenation kinetics and
maximum hydrogen uptake capacity, however, it still exhibit poor poisoning-

tolerance due to lack of protective layer to prevent oxide layer formation.
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2. Surface modification through autocatalytic deposition of palladium on ABs-

type alloys was successfully applied as the aim to form a poisoning-tolerant
surface layer that would enhance the hydrogenation performance of the bulk
alloy. Importantly, XRD evaluation confirmed that the CaCus-type phase
observed in the parent alloys was maintained upon Pd deposition while the Pd
phase was not detected due to small amount of Pd deposited (0.1044 wt. %
for both modified alloys according to AAS analyses). The Pd layers deposited
on the surfaces of ABs-type alloys in NaH;PO,-based Pd autocatalytic plating
bath were amorphous. The amorphosity of the NaH,PO,-derived Pd layer was
a result of the impregnation of P atoms into the Pd layer. The Nitrogen
adsorption and desorption isotherms of the Pd-modified alloys were classified
as type 2 isotherm group as a result of straightened isotherms. Due to larger
pore diameters of Pd modified alloys compared to those of unmodified alloys,
large and rapid uptake of nitrogen gas over time was observed for alloys that
are coated with Pd.
Studies of the hydrogenation performances and kinetics of the surface
modified alloys, before and after vacuum heating prior to hydrogen uptake,
demonstrated significantly enhanced hydrogen absorption rates compared to
the parent materials. The enhanced kinetics was a result of the removal of the
surface oxide layer with surface-modification and the catalysis of the
hydrogen dissociation process by the Pd catalytic layers. Showed a great
working relationship between Sn substitution and autocatalytic Pd deposition
as the combination of the two processes improved the kinetic parameter, rate
constant k, from 0.21 min™ associated with LaNis material to 68.03 min™* at 20
°C and initial hydrogen pressure of 30 bar. This is attributed to combining the
merits of Ni(Sn) in LaNisgSng, alloy, which bring new, large active sites to
allow rapid uptake of hydrogen, and poisoning tolerance of Pd nanopatrticles.

3. Another study based on AB,-type alloy, TiMnis, material, was undertaken
with the aim to compare the performance of Pd nanoparticles on different
alloys (i.e. ABs-type and AB,-type alloy). The XRD analysis indicated that
TiMn 5, alloy exhibit amorphous structure and C14-type Laves phase without
any second phase. The most interesting feature about amorphous hydrogen
storage materials is that they have favourable hydrogen absorption/desorption

kinetics, exhibiting easy flow of hydrogen atoms. When the alloy is coated
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with Pd, two sharp diffraction peaks of much higher intensities than those of
TiMny s, alloy appear at 26 = 30.56° and 26 = 31.83°. The peaks are attributed
to (021) and (040) reflections of phosphorus structure, respectively. The
phosphorus was impregnated into the Pd layer during plating NaH,PO.-
derived Pd layer. Both the unmodified and Pd-modified alloys were found to
have same crystallite size of 29 nm, suggesting that there was no
admixing/incorporation between palladium nanoparticles and the bulk TiMn1 s,
alloy.

Studies of the hydrogenation performances of uncoated and Pd-coated
TiMnys, alloy were conducted after pre-exposure to air and after pre-
activation by vacuum heating. Without vacuum activation, uncoated TiMn1 s,
alloy exhibit slow hydrogen absorption, accompanied by long incubation
period of ~5 minutes. This is attributed to the presence of poisonous oxides
film on the surface, which causes difficulties in transportation of atomic
hydrogen into the bulk alloy. Interestingly, the incubation period was
decreased to less than 2 minutes while rate constant increased from 0.438
min™ to 0.771 min™ upon Pd deposition as a result of no or little oxides on the

surface of Pd-modified alloy.

In comparison, positive results on poisoning tolerance and hydriding kinetics of both
AB; and ABs alloys were obtained upon autocatalytic deposition of Pd. Therefore, it
could be concluded that the selected metal alloy materials can be employed as
catalyst precursors in Sabatier reaction, which involves reduction of CO, into

hydrocarbons.

6.2. RECOMMENDATIONS

Based on the analyses and conclusions of the study, a number of recommendations

regarding future research directions of investigation were made:

1. Formation of oxide layers caused by impurities such as carbon monoxide and
sulphur compounds has the effect of poisoning the alloy surface. Exposure of
parent LaNis material to air results in poor hydrogen storage capacity and
kinetics. The Sn substituted alloys can be used in improving hydrogenation

kinetics and uptake due to higher equilibrium pressure of LaNisgSng» alloy.
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Effect of substituting larger or smaller amounts of Sn than 0.2 on hydriding

kinetics and absorption capacity should be tested.

. Efforts should be made to extend the laboratory-scale surface modification
technology, discussed in this work, to further the up-scaling pilot studies of
hydrogen storage using up to 10 kg batch of alloy. This can be done by
loading the materials into a tumble mixer. The tumble mixer in the up-scaling
of the surface modification procedure provides good mixing resulting in
uniform surface coating.

. LaNisgSnp, alloy sample exhibit poor poisoning-resistance at room
temperature but the introduction on Pd nanoparticles through autocatalytic
deposition prevented the formation of oxide layers and facilitated rapid
hydrogen dissociation. Hence Sn substitution and Pd deposition
complimented each other to improve hydrogenation performance of the parent
LaNis material; and as a result, investigation of the catalytic properties of the
surface-modified LaNisgSno, material for applications in catalytic

reduction/hydrogenation of CO, should be investigated.

. The CO, conversion catalytic set-up should be in the consideration of
installing mass spectroscopy in the set-up for analysis of composition gas
mixture and monitoring the purity of hydrocarbons formed upon reaction
between CO, and hydrogen.

. The fourier-transform infrared spectroscopy (FTIR), which provides
information about vibrational absorption of the molecule revealing the
functional groups present in the molecule, should be incorporated as well to
evaluate the influence of gas impurities which interferes with the surface on
the MH materials during hydrogen desorption.

. Hydrogenation kinetics of AB,-type alloy; TiMn; s, was successfully improved
through autocatalytic palladium deposition technique, but not as significantly
as it was seen with ABs-based alloys. Therefore, combining Pd deposition and
other surface improvement technologies such as fluorination should be in
practice. Also, the reducing agent (NaH,PO,-based plating bath) used in this
study during deposition of Pd may be altered and other reducing agents such
as NyH,-based plating bath should be tested.
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Abstract

In this study, a composite of graphene oxide (GO) and HKUST-1 type of metal organic framework (MOF) was
synthesized by impregnation method, and its application as electrocatalyst for hydrogen production via hydroge
evolution reaction (HER) was studied. X-ray diffraction (XRD), Fourier Transform Infrared spectroscopy (FTIR),
Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM) were used to characterize GO,
MOF, and GO/MOF catalysts. The XRD and FTIR results of the composite showed the phases and characteristic
bands for both parent materials as indicative of the composite. The SEM and TEM images revealed the presence
of octahedral structure of MOF in the GO sheet-like structure. The performance of the proposed electrolytic system
for electrochemical HER was studied by cyclic voltammetry and Tafel plots. The results showed that the addition of
GO/MOF in the electrolytic system reveals better catalytic characteristics such as highest catalytic activity and
lowest onset potential.

Keywords: Hydrogen evolution reaction, Metal organic framework, Graphene oxide

I. Introduction

In developing countries, energy supplies are mainly based on combustion of fossil fuels accompanied by a number
of environmental problems such as green house emission. In order to overcome those challenges, renewable
energies are needed, since the supply of non-renewable energy sources is finite. Owing to its excellent properties
(i.e. light weight and high energy density), hydrogen has been designated as the best energy carrier. However, there
are significant challenges hindering the large scale applications and commercialization of hydrogen fuel especially
in mobile transportation. These problems include the lack of safe handling and effective methods for hydrogen
production and storage (Salehabadi, Salavati-Niasar and Gholami, 2017). With this being noted, electrochemical
reduction of water is considered as one of the promising route for hydrogen production due to its simplicity and
economical way to produce hydrogen with large and quantity high purity. Even though in the electrochemical studies
platinum (Pt) is known as an excellent electrode for hydrogen generation, it is limited by its high cost and low
abundance (Satyapal et al., 2007). MOFs have shown to be very promising HER electrocatalysts mainly due their
extremely large surface area, high porosity, adjustable pore sizes as well as defined hydrogen occupation sites
(Ramohlola ef al., 2017). Unfortunately, these MOF materials have been reported to exhibit several weak points
such as the relative low stability in solution and conductivity hampering their realistic applications. Combining MOF
materials with other substrates has been proposed in order to mitigate the above-mentioned drawbacks (Zhou ef
al., 2013). Graphene oxide (GO) with rich functional groups is very suitable to construct graphene-based hybrid
composites (Zhou et al., 2015). Petit and Bandosz (2015) have reported the formation of GO/MOF composites using
hydrothermal method, where the synergetic effect between MOF units and GO layers was responsible for enhanced
adsorption amounts compared to the parent material. To the best of our knowledge, there are no studies reported
on HER using composite of GO/MOF prepared by impregnation procedure. Hence in this study, a composite of
MOF with GO (GO/MOF) was prepared through impregnation method and applied for electrochemical hydrogen
generation.

Il. EXxperimental Set-up and Procedure

GO/MOF composite (Scheme 1) was prepared through impregnation method of directly mixing of GO and
MOF. Briefly, 0.1 g of as-synthesized MOF sample was dehydrated at 150 =C for 1 hour. It was then suspended in
10 mL DMF. In a separate beaker, 0,1 g of graphene oxide was dispersed in 1,4 mL DMF, and then the two mixtures
were mixed together and stirred magnetically for 24 hours at 50 °C. Electrochemical measurements were carried
out using EPSILON electrochemical workstation. The data was collected using a conventional three-electrode set-
up with gold electrode (3 mm diameter, 0.071 cm? area) as a working electrode, Pt wire as a counter electrode and
Ag/AgCl wire as a reference electrode. Repetitive scanning of the solutions of MOF, GO and MOF composite
(~2.0x10° mol L") was measured from -1.0 to 1V at the scan rate of 0.02 - 0.10 Vs™'. Electrochemical experiments
were performed in 10 ml of 0.1 M TBARP/DMSO electrolytic system. HER studies were done using different
concentrations of 0.03 - 0.45 M H2S04 as Hz source in 0.1 M TBAP/DMSO system and ~2.0x10* mol.L"' of MOF,
GO and MOF composite composite as electrocatalysts.
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