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1.1. Energy Storage

The world’s demand for energy is constantly increasing, global total energy use 
increased from 135 GWh in 2005 to 150 GWh in 2010 (Figure 1.1), an increase of  
11%[1]. This rose by another 7% to 159 GWh in 2014[1] and the total worldwide energy 
consumption is predicted to increase significantly by 2050[2]. Only 14% of  the energy 
produced in 2014 came from renewable energy sources, namely biofuels, hydro, solar, 
wind, heat and geothermal[1]. Since energy derived from the burning of  fossil fuels 
yields emission of  CO2 it is crucial that more environmentally benign technologies are 
developed. Renewable energy sources are slowly growing in prominence but one of  the 
major obstacles to their widespread application is the storage of  this energy[3]. 

Figure 1.1. Worldwide electricity output (MWh) per year from 1972 to 2014. Renewables refers 
to solar, wind, heat, geothermal, biofuels and hydro energy sources[1].

A good example is the sun, which is a tremendous source of  energy: it is estimated 
that the earth intercepts approximately 1,000,000 GWh of  solar energy per year[4], 
roughly 6800 times that of  the total energy consumption of  2014. Many advances have 
been made during recent years in harnessing this potential[5], but the availability of  
solar irradiation is heavily dependent on uncontrollable weather conditions. Energy 
from solar sources can only be generated during daylight hours while the evenings and 
mornings are where the most energy is needed in the household. In the colder winter 
months more energy is required for keeping households warm but during this period 
there are less daylight hours compared to the warmer summer months. On top of  this 
many renewable energy sources are location dependent, for example in Iceland 25% 
of  the entire country’s electricity is generated from geothermal sources owing to the 
unique volcanic activity in the region, while most other countries do not have access to 
these kinds of  energy sources[6]. Therefore, it is necessary to develop the technology to 
allow storage and transportation of  these vast reserves of  energy so that they can be 
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used when and where they are needed.
Energy, specifically electrical energy, can be stored in a number of  ways, for example 

hydroelectric power stations can use excess electrical energy to pump water to an 
elevated reservoir so that when there is a shortage of  energy at a later date this can then 
be released to generate electricity. In this way energy is stored as gravitational potential 
energy and can be a powerful tool in meeting static energy demands, with 157 GW 
of  energy stored worldwide in 2014[7]. However, such a solution cannot be applied to 
mobile applications where more compact and lightweight methods of  storing energy 
are required. Since environmental factors are becoming more and more crucial in the 
development of  a sustainable economy, on-board vehicular energy storage is of  utmost 
importance. For instance, the transportation sector contributed 11% of  the world’s 
CO2 emissions in 2004 due to its heavy dependence on fossil-derived fuels[8]. Therefore, 
it is important to develop technology for the storage and production of  energy for 
mobile applications that doesn’t yield CO2 emissions. There are two main methods for 
achieving this in mobile applications: batteries or fuel cells.

Batteries are a common form of  energy storage that are typically based on lead-
acid, nickel-metal-hydride or Li-ion technology to store electrical energy. With a specific 
energy density of  100-200 Wh kg-1 Li-ion batteries have been used in a number of  
applications including laptops, smartphones and gasoline-electric hybrid vehicles[9]. 
However, for use in an all-electric passenger vehicle with a range of  500-600 km a 
specific energy density of  750 Wh kg-1 is required[10]. Battery technology can still be 
improved and it has been predicted that a specific energy density of  300 Wh kg-1 is 
possible in Li-ion batteries, while new systems such as Li-S and Li-O batteries promise 
an even greater boost in specific energy density to as high as 900 Wh kg-1 in the case 
of  the latter[9]. However, not only the specific energy density but also the common 
issues of  cost, cycle stability and long charging times need to be overcome for wider 
application to the transport sector.

Although not strictly speaking an energy storage device, fuel cells are another 
common method of  supplying electricity in mobile applications where a chemical 
reaction between H2 and O2 is exploited to produce electricity. Therefore, unlike 
batteries, a continuous supply of  the H2 and O2/air fuel must be provided for the 
required electricity to be generated. This method does not produce harmful greenhouse 
gases and has the potential to provide the necessary gravimetric energy content and 
the 90% efficiency[11] required for mobile applications. One of  the most commonly 
used types of  fuel cell is the polymer electrolyte membrane (PEM) cell[12] which can 
make use of  hydrogen as fuel for an efficient, CO2 emission-free, energy source for 
mobile applications. However, in order for fuel cells of  this type to function properly 
the hydrogen fuel must be stored in a safe, cost-effective and convenient manner so that 
it can be supplied when necessary.

1.2. Hydrogen Storage

Hydrogen is a highly desirable fuel as its gravimetric energy density is 120 MJ kg-1 
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(volumetric energy density: 10700 kJ m-3) while gasoline contains roughly 44 MJ kg-1 
(volumetric energy density: 31100 kJ m-3)[13]. Unfortunately, the storage of  hydrogen is 
more difficult than in the case of  gasoline as hydrogen is a gas at ambient conditions. In 
general there are two main types of  hydrogen storage methods: physical storage, such as 
in the form of  a gas or liquid, and materials-based storage, where hydrogen is stored in 
a material such as a metal hydride or organic compound. So far the most widely applied 
method is physical storage in a tank, for example in gaseous form (at 350-700 bar) for 
mobile applications[13]. Thicker tank walls are necessary at such high pressures which 
impacts the overall gravimetric capacity of  the system. As a result development of  the 
tank wall materials is necessary for reaching the required gravimetric (5.5 wt%) and 
volumetric capacities (81 kg H2 m

-3) necessary for mobile application[11]. 
As another physical storage method, hydrogen can be stored in liquid form at 

-253 °C but producing liquid hydrogen consumes roughly 30% of  the energy that is 
generated[13]. As the critical point of  hydrogen is 32 K liquefaction will only occur at 
cryogenic temperatures, regardless of  the pressure applied, and the technology required 
for this cooling is costly. On top of  this, it is not possible to prevent the depletion over 
time of  2% per day from evaporation of  the hydrogen[13,14]. A number of  other physical 
storage methods exist including physisorption where hydrogen is physisorbed onto a 
porous support, typically carbon, at extremely low temperatures (-200 °C).

Table 1.1. Summary of  various hydrogen storage approaches compared to 2015 US Department 
of  Energy (DOE) targets[6,7].

Hydrogen Storage
Method

Gravimetric
Capacity

/ wt%

Volumetric 
Hydrogen 
Capacity

/ kg H2 m
-3

Operating
Temperature

/ °C

Compressed Hydrogen 4.8 40 25
Liquid Hydrogen ~20 71 -252
Cryo-adsorption 6.5 20 -200

Liquid Organic Carriers 6.6 n/a 100-200
LaNi5Hx 2.0 ~280 0-30
MgH2 7.5 110 330

NaAlH4 5.5 92 70-170
DOE target 5.5 81 60-120

Materials-based hydrogen storage makes use of  covalent or ionic bonds to bind 
the hydrogen, whereupon it can be released through a chemical reaction, which is 
enacted by heating or decreasing the hydrogen pressure, when required. The promise 
of  this approach originates from the high gravimetric and volumetric densities of  the 
materials involved as well as their circumvention of  the many economic, technical 



General Introduction

11

1

and safety concerns associated with the physical storage approaches discussed above 
(Table 1.1). The material must be capable of  releasing the hydrogen at economically 
viable temperatures where the temperature of  release and uptake should be compatible 
with the 60-120 °C operating temperature of  a typical PEM fuel cell[15]. Additionally, the 
kinetics, the rate at which hydrogen is released and re-absorbed, should be fast enough 
to allow convenient refuelling of  the vehicle (a timescale of  3 minutes[13]). Finally, and 
crucially, it should be possible to absorb and release hydrogen in a completely reversible 
manner and with minimal loss of  capacity over time. On top of  this there are a number 
of  practical considerations such as heat management that need to be considered. Many 
materials have been scouted to find one that combines all three of  these qualities with 
high gravimetric and volumetric hydrogen densities but so far the perfect candidate is 
yet to be found.

An emerging class of  hydrogen storage materials are liquid organic carriers (LOCs) 
which store hydrogen through the reversible hydrogenation and dehydrogenation of  
organic molecules by catalysts based on transition metals such as Ir or Ru[18,19]. The 
justification for this approach is that the storage and transportation infrastructure for 
LOCs is already in place, since the system used for gasoline can also be used for LOCs. 
Typically the compounds under investigation are cyclic aromatic compounds such as the 
benzene-cyclohexane system, which can store 7 wt% of  H2. However, dehydrogenation 
is difficult due to their large enthalpies of  dehydrogenation (60 kJ mol-1 H2 in the case 
of  cycloalkanes)[19]. Recently, development has focussed on N-heterocyclic compounds 
due to their lower aromaticity compared to cycloalkanes where the hydrogen capacity 
of  the system has been found to be as high as 6.6 wt%[18].

Metal hydrides have been heavily investigated for the purposes of  hydrogen storage 
due to their high gravimetric and volumetric hydrogen densities. Among the early 
examples are LaNi5Hx, PdHx and FeTi which suffer from low gravimetric hydrogen 
contents due to their inclusion of  heavy metals[20,21]. Another early example is MgH2 
which still enjoys a great deal of  attention today[18,19]. Since Bogdanović et al demonstrated 
that sodium alanate (NaAlH4), in combination with a catalytic amount of  TiCl3, could 
reversibly store hydrogen a number of  promising materials have emerged[22]. Following 
this, attention quickly turned to NaAlH4

[23,24] and other light metal hydrides such as 
LiBH4

[25–27] and NaBH4
[28,29]. The low molecular weight of  these metals allows a high 

gravimetric hydrogen density and many of  them display favourable thermodynamics.
Figure 1.2 shows the gravimetric hydrogen storage capacities and operational 

temperatures of  many metal hydrides and it is clear that no material meets the 
requirements for practical application set by the US Department of  Energy. MgH2, 
with a gravimetric hydrogen density of  7.6 wt% is very promising but kinetics of  release 
are slow and the equilibrium release temperature is 300 °C[31]. LiBH4 contains 18.3 wt% 
of  hydrogen but in its pristine form only releases hydrogen above 410 °C and again 
its uptake kinetics are unfavourable[32,33]. In NaBH4 re-uptake of  H2 is only possible at 
550 °C at up to 150 bar but it can store 10.5 wt% of  hydrogen[28]. It is clear that many 
materials display potential for on-board vehicular hydrogen storage but in their pristine 
state are unsuitable for practical application, for this reason modifications are required. 
It is also important to note that many materials are sensitive to air which makes their 
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practical application difficult.
In recent years solid state hydrogen storage has been utilised in a number of  real-world 

applications. McPhy is an energy company that produces solid state hydrogen storage 
for stationary applications across the world. Their technology is based on MgH2 and an 
innovative system allows the storage of  the heat generated during hydrogenation to be 
used in the subsequent dehydrogenation when needed. In mobile applications several 
car manufacturers such as Toyota, Hyundai and Honda, have released commercially 
available H2 fuel cell driven cars with operational ranges of  300-400 km. Although 
the storage medium is based on compressed hydrogen and costs are currently very 
high (€52,000-54,000 per vehicle) these first steps should help to start the introduction 
of  a hydrogen-fuelled transportation infrastructure and drive further development of  
hydrogen storage technology.

LiH
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NaBH4

LiAlH4

AlH3

LiBH4MgH2
MgNiH4
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Figure 1.2. Summary of  metal hydride hydrogen storage properties. Tdec represents the H2 
release temperature under 1 bar of  H2. The green area represents the DOE target set in 2015. 
Adapted from reference[25].

1.3. Ammonia Storage and Decomposition

The need for the storage of  ammonia stems from a number of  applications such 
as exhaust catalysis and, for similar reasons to that of  hydrogen, solid state storage and 
capture is an attractive method. Ammonia and hydrogen both have energy densities 
that rival fossil fuels while still offering carbon-free emissions[34]. Ammonia is also of  
interest in hydrogen storage as it can release hydrogen through its decomposition in the 
following reaction:

(1) 2NH3 ⇌ N2 + 3H2
ΔH° = ±46 kJ mol-1 H2

With a gravimetric hydrogen capacity of  17.8 wt% and a volumetric capacity of  
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121 kg H2 m
-3 at 10 bar[35,36], ammonia is a promising hydrogen source as there is already 

a well-established infrastructure for its distribution. Therefore, materials that can store 
or decompose ammonia may also be of  interest to hydrogen storage applications where 
an active ammonia decomposition catalyst can produce very pure hydrogen if  it drives 
the reaction to completion. Currently transition metals such as ruthenium dominate 
the field of  ammonia decomposition catalysis, but their high cost warrants the search 
for alternative materials. This search has recently been directed towards earth-abundant 
materials, for example NaNH2 has been shown to be able to catalyse the decomposition 
of  ammonia[36]. 

The lithium amide/imide system has also shown promise in its ability to catalyse 
ammonia decomposition[37]. Studies showed, through neutron diffraction, that the 
lithium imide phase that forms upon decomposition of  lithium amide is very active 
in catalysing the decomposition of  ammonia[37]. A commonly used Ru-based catalyst 
achieves 100% conversion at 550 °C, while Li2NH achieves the same conversion at 
490 °C under the same conditions. However, there is still work to be done in this 
area as the temperatures required for conversion higher than 20% exceed 420 °C, far 
from ideal for mobile applications. As nano-structuring has yielded many benefits in 
light metal hydrides for hydrogen storage (see later sections) it is also likely that the 
same modifications could produce improvements in the release and catalysis of  the 
decomposition of  ammonia. Therefore, it is clear that ammonia storage and hydrogen 
storage are very closely related fields of  study and in many ways they are both different 
approaches to solving the same problem. 

1.4. Light Metal Hydrides

Light metal hydrides are an important class of  materials in the storage of  hydrogen 
and ammonia. Metal hydrides can be classified in a number of  ways[38]. The simplest 
class are the binary/elemental hydrides, these consist of  hydrogen incorporated into a 
metallic framework and include examples such as LiH, NaH and MgH2. These metal 
hydrides can often be prepared simply by treating the metal with hydrogen. They can 
be further categorised, based on the bonding between the metal and hydrogen, as ionic, 
covalent or metallic hydrides. For example, PdH2 is a metallic hydride while LiH is an 
ionic hydride. Elemental hydrides can also have a mixture of  these types of  bonding, 
for example MgH2 has elements of  ionic and covalent bonding. Many binary hydrides 
such as LiH and NaH are very stable and for this reason are not often considered for 
hydrogen storage, with the exception of  MgH2 and in some cases (with modifications) 
LiH[39].

Complex metal hydrides are another class of  metal hydrides and are composed of  
complex ions with anions containing hydrogen covalently bound to a central atom. 
For instance LiBH4 is composed of  Li+ and [BH4]

- ions, while other examples include 
NaAlH4 (Na+ and [AlH4]

-), NaBH4 (Na+ and [BH4]
-) and Mg2FeH6 (Mg2+ and [FeH6]

4-)
[38]. Amides and nitrides, such as NaNH2, LiNH2 and Li3N, can be considered a sub-class 
of  complex hydrides. Complex hydrides can be prepared from the elements, such as in 
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the case of  NaAlH4 where Na and Al are heated to 200 °C under hydrogen pressure 
in the presence of  a triethylaluminium catalyst[40]. Due to their high gravimetric and 
volumetric hydrogen capacities and lower decomposition temperatures compared to 
most binary hydrides, complex metal hydrides feature prominently in hydrogen storage 
research[38,41]. Unfortunately, H2 release from some complex hydrides is associated with 
the additional release of  contaminant gases such as B2H6 in LiBH4

[42] or NH3 in LiNH2
[43].

Neither binary nor complex metal hydrides possess the required kinetic or 
thermodynamic properties for practical application to on-board vehicular hydrogen 
storage. Therefore a great deal of  work has been performed on improving these 
properties, one such approach that has been intensively investigated is reducing the 
particle size[30].

1.4.1. Particle Size Effects

The most important properties of  light metal hydrides in hydrogen storage are: rate 
of  release and uptake of  hydrogen (kinetics), the temperature at which uptake and release 
can be achieved at a certain hydrogen pressure (thermodynamics) and the recyclability 
of  the material (the number of  release and uptake cycles that can be performed without 
loss of  capacity). Nanoparticles of  a number of  different light metal hydrides have been 
prepared with the aim of  improving these characteristics[30,44,45].

 The kinetics of  hydrogen sorption are generally very slow in light metal hydrides 
which can be due to a number of  key mechanistic steps. In hydrogen release the 
diffusion of  the atomic H to the surface of  the particle where it can form H2 or the 
association process itself  may be rate-limiting. In hydrogen uptake the diffusion of  H 
is also an issue but the dissociation of  H2 on the surface can also often limit the rate. 
In Mg hydrogenation only occurs above 300 °C and proceeds very slowly, taking more 
than 10 hours for full hydrogenation at 8 bar hydrogen pressure[46].

Below 100 nm, the high surface-to-volume ratio of  the particles impacts their 
properties. The shorter diffusion pathway and the increased surface area, allowing faster 
dissociation/association of  H2, offered by nanoparticles have been shown to improve 
the rate of  hydrogen uptake and release[47]. In the case of  MgH2, decreasing the particle 
size was shown to have a clear improvement on the kinetics of  cycling with hydrogen, 
requiring only 15 minutes per cycle to refill 80% of  its total hydrogen capacity once 
nano-sized[48,49]. This is a great improvement on the bulk/macrocrystalline system which 
requires more than 10 hours to achieve the same capacity[46]. 

Thermodynamic effects must also be considered when reducing particle size. The 
Gibbs energy of  reaction (ΔG°r ) is balanced by the contribution of  the enthalpy and 
entropy of  reaction:

(2) ΔG°r = ΔH°r – TΔS°r

Where the enthalpy change is ΔH°r, entropy change is ΔS°r and the temperature 
is T. Dehydrogenation usually gives a positive entropy change due to the process of  
converting bound H to gaseous hydrogen. However, if  the enthalpy change is high 
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enough that it exceeds the TΔS°r term then the Gibbs energy will be positive and the 
reaction will not happen. Driving the Gibbs energy to a negative value can be achieved 
by increasing the temperature. In the example of  MgH2, ΔH°r of  hydrogen release is 
75 kJ mol-1 while the ΔS°r is 132 J K-1 mol-1, therefore a temperature higher than 300 °C 
(under 1 bar of  H2) is necessary for hydrogen release[50]. A similar effect can also be 
achieved by lowering the pressure. Calculations have shown that the enthalpy is particle 
size dependent and by reducing the size of  MgH2 particles to below 2 nm the enthalpy 
can be halved[33,51]. Provided that this change is not compensated by a change in entropy 
this should make hydrogen release more favourable.

If  the surface energy of  the metal hydride exceeds that of  the decomposition product 
then the relative stability of  the hydride can be reduced by decreasing the particle size. 
In large particles (>50-100 nm) the surface energy can be considered negligible. The 
increased surface-to-volume ratio of  smaller particles typically means that the surface 
energy contributes significantly to the overall energy of  the system as a greater number 
of  atoms are located on the surface of  the particle. These effects are generally limited 
to particles smaller than 5 nm but appreciable particle size effects have been observed 
in metal hydrides with sizes in the 10-30 nm range[52]. This is illustrated in the case of  
MgH2 where, in particles below 2 nm, the heat of  formation is roughly -20 kJ mol-1 
(MgH2)

[53] while particles larger than 25 nm have a heat of  formation close to that of  the 
macrocrystalline system (-75 kJ mol -1). This is particularly important for the temperature 
at which hydrogen is released since a lower thermodynamic stability can often result in a 
lower temperature of  release, which is favourable for practical application in solid state 
hydrogen storage.

Nanoconfinement combines many of  the above mentioned effects to improve the 
hydrogen sorption characteristics. The pores of  the scaffold used limit the size of  the 
particles while also preventing particle growth and phase segregation upon cycling. As 
well as the particle size effects the interaction between the hydride and the scaffold are 
important. Interaction with the support can change the desorption pathway, improve 
the kinetics of  release or uptake and clamping from confinement effects can influence 
the thermodynamics. In NaAlH4 confinement to a porous carbon matrix yielded 
hydrogen release at 155 °C (under Ar flow), reduced from 180 °C in the macrocrystalline 
system[54,55]. This was not the only improvement as a reversibility of  >90%[54] was 
achieved and the rate of  hydrogen release was increased tenfold. Modification of  light 
metal hydride systems through nano-sizing or nanoconfinement is clearly a powerful 
method of  improving their hydrogen storage capabilities in terms of  both kinetic and 
thermodynamic effects, however the practical side of  preparing these materials is often 
challenging.

1.4.2. Techniques for Preparing Nanocomposites

As particle size effects can have such a marked impact on the hydrogen sorption 
properties of  light metal hydrides it is of  great interest to nano-size them. The unstable 
nature of  nanoparticles often requires them to be supported on a porous scaffold. 
These supported nanoparticles are often referred to as nanocomposites. In the following 
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examples, and in many others, carbon is used as the scaffold material for a number of  
reasons. Graphitic carbons can make a marked difference to the temperature at which 
hydrogen release occurs and in some cases even the steps involved in release are altered 
which supplements the benefits of  nano-sizing[56,57]. Another good reason for the use of  
carbon is its relative inertness with respect to alkaline (earth) metals, in contrast to many 
oxidic supports such as SiO2 and Al2O3 which will react with the oxygen-sensitive light 
metal hydrides irreversibly, whereas the reaction with carbon does not occur as readily. 

There are three main methods for preparing nanocomposites: ball-milling (high 
energy milling of  the metal hydride and support), melt infiltration (melting of  the 
metal hydride in the presence of  a porous support) and solution impregnation (mixing 
a solution of  the metal hydride or a precursor with a porous support and subsequent 
heat treatment).

Unfortunately, the preparation of  light metal hydride nanocomposites is not trivial 
owing to the often air- and water-sensitive nature of  the hydrides and the difficulty 
in dissolving or melting them. A very common method is that of  ball-milling. In 
this technique the material is milled by high energy stainless steel balls, typically under 
high hydrogen pressure, to reduce the crystallite size and hence improve kinetics of  
release. This approach also allows the addition of  catalysts and other metals to form 
alloys[58–60]. Many examples of  ball-milled alloys and composites of  light metal hydrides 
show improvements in the hydrogen sorption capabilities[60–66]. Using this approach 
crystallites can be produced that are as small as 10 nm but issues such as crystallite 
growth and phase segregation during cycling can arise in such samples.

Melt infiltration (Figure 1.3) provides a uniquely simple method for preparing 
supported nano-sized light metal hydrides[66]. The hydride and support are mixed 
together and heated to the melting point of  the hydride under high hydrogen pressure 
(in order to stabilise the hydrides which typically decompose before melting) and once 
molten it is drawn into the pores by capillary forces. In this way discrete nanoparticles 
are not created but rather the pores are filled with the metal hydride. This phenomenon 
is known as nanoconfinement and its physical description, as well as effects on hydrogen 
sorption, is distinct from supported nanoparticles[67]. Nanoparticles simply reside in 
the pores and on the support surface whereas melt-infiltrated complex metal hydride 
nanocomposites contain some pores that are empty and some that are completely filled 
with the light metal hydride, i.e. no pores are partially filled[54]. The confinement of  
the metal hydride prevents the phases that form upon decomposition from physically 
separating, which aids in their recombination under hydrogen pressure and hence 
enhances reversibility[68,69]. Nanoconfinement of  LiBH4 into either SiO2 or carbon pores 
by melt infiltration has proven very successful and the use of  hydrogen pressure during 
infiltration can prevent reaction with the host material[32,70–72]. In SiO2-confined LiBH4 
the temperature of  hydrogen release was reduced from 275 °C in the bulk to 150 °C in 
the nanocomposite. Pore-confined LiBH4 showed increased mobility of  both the Li+ 
and [BH4]

- ions, as shown by solid state NMR studies[72,73]. 
Melt infiltration is not applicable if  the molten phase of  the material cannot be 

stabilized or it does not sufficiently wet the support. When this is the case solution 
impregnation can be utilized where a solution of  the hydride, or an appropriate 



General Introduction

17

1

precursor, is added to the support and then the solvent removed and the precursor 
decomposed, leaving nanoparticles contained within the pores[74,75]. If  an excess of  
the solution is added then particles will be deposited on the outside of  the support 
particles as well as the inside of  the porous support. This is unwanted as the pores 
limit the growth of  the particles and thus facilitate formation of  particles of  a smaller 
size. In order to produce particles exclusively within the pores then incipient wetness 
impregnation can be employed. Here the exact volume of  the solution corresponding 
to the pore volume of  the support is added so that all of  the solution is within the 
pores before removal of  the solvent, therefore leaving all nanoparticles contained in the 
internal framework of  the support[73].

Figure 1.3. Schematic overview of  the melt infiltration procedure, using NaAlH4 melt infiltration 
as an example.

During impregnation a number of  factors should be considered such as the 
conditions of  solvent removal and the formation of  the desired complexes. For 
example if  solvent is removed too quickly the resulting particles may be formed 
on the outside of  the pores. One approach is to dry at low temperatures to ensure 
precipitation of  the particles within the pores[75–77]. Additionally, if  a precursor is used 
instead of  the desired hydride, the conditions of  conversion to the desired material 
should also be considered. If  the precursor must be decomposed to form the hydride 
then the temperature and pressure used should be carefully controlled to produce the 
required particle size. Finally, if  the precursor needs to be reduced or treated the gas 
flow, temperature and many other factors can affect the final particle size and thus 
the hydrogen sorption characteristics. Solution based preparation techniques are widely 
used in the preparation of  catalysts[73], but there are a few examples of  their use in 
preparation of  hydrogen storage materials as well[78,79]. The preparation of  some light 
metal hydride nanocomposites such as NaAlH4

[54,55,57,75,80,81] and MgH2
[49,74,82] has been 

intensively studied, whereas other metal hydrides like LiH[83,84] and LiNH2
[78] have 

received much less attention, despite the high gravimetric hydrogen contents of  both 
of  them (12.5 wt% and 10.5 wt% respectively). The likely reason for this is the fact that 
nanocomposites of  these materials are particularly difficult to prepare. Therefore it is 
important to develop new or adapted strategies for the preparation of  pore-confined 
forms of  the less commonly studied light metal hydrides in the search for new materials 
capable of  reversibly storing hydrogen.
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1.4.3. Characterisation of Light Metal Hydrides Nanocomposites

The characterisation of  nanoconfined light metal hydrides presents a major challenge. 
Many commonly used techniques are not applicable due to the nature of  the metal 
hydrides. For example, transmission electron microscopy (TEM) is an essential tool 
for determining the size of  supported nanoparticles[85]. However, light metals such as 
Li give a weak signal while also suffering extensive beam damage during measurement. 
To make matters worse there is very little contrast between the light metals and the 
commonly used carbon supports due to their similar atomic numbers. Some successful 
examples do exist, such as analysis of  supported MgH2 or NaAlH4 particles through 
TEM[75,86]. Carbon supports also give rise to other characterisation issues. For example, 
in spectroscopic techniques such as infra-red (IR) and ultra-violet/visible (UV-Vis) 
spectroscopy carbon absorbs all or most of  the incident radiation, making analysis of  
small particles impossible.

The first stage in analysis of  a hydrogen storage material is to determine its identity 
and what phase it is in, for this powder X-ray diffraction (XRD) is used where the 
characteristic diffraction pattern can usually unambiguously identify the material present. 
X-ray diffractograms can also contain other important data such as the average crystallite 
size. As broadening of  the peaks is suggestive of  smaller particles the crystallite size 
of  the material can be determined using the Scherrer equation[81]. The limitations of  
this technique are that any amorphous portion of  the sample is not observed and if  
there is a distribution of  crystallite sizes only an average is determined. Despite this it 
can be a useful way of  estimating particle size in supported nanoparticles as crystallite 
size is often (but not always) the same as the particle size. Instead, solid state nuclear 
magnetic resonance (NMR) can be utilized to determine the phase of  the material 
and the interaction with support, as demonstrated for nanoconfined NaAlH4

[87,88].
Small particles typically give weak signals in XRD and so at lower loadings it is 

not possible to use this technique to observe their diffraction peaks. For example 
nanoconfined LiBH4 can only be observed in XRD at LiBH4 loadings higher than 10 wt% 
in an SBA-15 support[71]. However, this effect can be exploited where the quantity of  
crystalline metal hydride in the sample can be determined and the difference between 
this value and the known loading of  the metal hydride can be assumed to be confined 
to the pores of  the scaffold and therefore made up of  small particles (if  the scaffold 
contains small pores). This gives the degree of  confinement of  the metal hydride and 
therefore an estimation of  the occupation of  the pores. However, if  the pores are big 
enough (>10 nm) it is also possible that some of  the confined material is crystalline, 
which can give an underestimation of  the quantity of  confined metal hydride.

Neutron-based techniques have been used on light metal hydrides as, in contrast 
to electron and X-ray techniques, neutrons are especially sensitive to the lighter 
elements[37,89,90]. For example, neutron diffraction studies on the hydrogenation of  
Li3N to LiNH2 have yielded a great deal of  information on the formation of  Li4NH 
and Li4-2xNH intermediate phases[91]. The major disadvantage of  neutron techniques 
is that synchrotron technology is required and so measurements are costly and time 
consuming, meaning it cannot be used on a routine basis.
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Occupation of  the scaffold pores by metal hydrides can be confirmed using 
nitrogen physisorption[92–94] where missing pore volume in the scaffold following 
impregnation implies that the pores are now filled with the metal hydride. However, the 
blocking of  pores can yield a misleading result where more pore volume appears to have 
been lost than is actually the case. To rule out the possibility of  the support structure 
being destroyed or damaged during preparation of  the materials nanocomposites can 
be leached, where all of  the metal hydride is removed by soaking the nanocomposite 
in acid and washing them away before measuring the pore size distribution again, to 
demonstrate that the pore volume can be regenerated.

Scanning electron microscopy (SEM)[95] is a more direct method for determining 
the particle size but is limited to relatively large particles (50 nm or more) and is a surface 
technique, hence it is limited to particles that are not confined to the support pores.

Differential scanning calorimetry (DSC)[96] can be used to characterise a number 
of  properties of  the materials such as phase transitions, enthalpies of  hydrogen 
release and even the extent of  pore-filling[94]. This can give detailed information on 
the temperature of  a phase transition, such as melting or hydrogen release through 
decomposition, and be instrumental in determining the impact of  nanoconfinement. 
For example, high pressure DSC was used in studying the melt infiltration of  NaAlH4

[80].
Once the material has been identified it is important to ascertain the hydrogen 

sorption characteristics, for instance using temperature programmed desorption 
(TPD) where the released gases in a gas flow (through the sample bed) upon heating 
are quantified through their thermal conductivities. By measuring the hydrogen release 
profile at different ramp rates information on the kinetics of  release can be obtained 
and used to estimate the activation energy and pre-exponential factor of  hydrogen 
release[97]. A similar approach is applied in thermogravimetric analysis (TGA) but 
instead of  measuring the conductivity of  the released gas, the mass of  the sample 
is measured using a highly sensitive balance. TGA and TPD equipment can also be 
connected to a mass spectrometer to analyse the identity of  the gases released, for 
example to determine whether or not diborane is produced from the decomposition of  
LiBH4 samples[42]. 

The uptake of  hydrogen can be measured gravimetrically but a manometric 
measurement (Sievert-type) is generally better suited to this purpose[86,98]. The 
principle of  operation of  manometric measurements is very similar, and in many 
ways complimentary to TGA. In manometric measurements hydrogen uptake and 
release is measured by observing manometric changes in the sample, as opposed to 
the gravimetric changes measured by TGA. By starting at low pressures (≤0.1 bar) 
and increasing the pressure in increments, then waiting for equilibration and then 
measuring the equilibrium pressure, a pressure composition isotherm can be generated. 
The kinetics of  uptake can also be measured by pressurising the sample with hydrogen 
and measuring the pressure drop due to hydrogen absorption over time. Gravimetric 
(TGA) and manometric (Sievert) measurements may also be used to perform cycling 
experiments where the release and uptake of  hydrogen is repeated in several cycles 
to determine the stability of  the system and the reversibility. In this way any loss in 
hydrogen capacity can be seen over successive cycles. 
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It is important to be aware that many of  the light metal hydrides are very sensitive 
to air. Upon exposure to oxygen or water (and in the case of  lithium also nitrogen) 
they generally react irreversibly to form stable oxides or hydroxides, rendering them 
incapable of  reversibly storing hydrogen. Therefore, in all of  these above techniques it 
is also important to be able to load the samples into the instruments without exposure 
to air. 

All of  these techniques (and the above discussion is by no means comprehensive) 
form the tool box for characterisation of  hydrogen storage materials but they all come 
with their own caveats. For example, manometric measurements are more accurate 
for measuring hydrogen uptake than release, while TGA is the reverse making them 
somewhat complimentary to each other. Therefore, in the analysis of  these materials 
a combinatorial use of  the full range of  techniques available is necessary to overcome 
the challenges of  characterizing supported light metal hydrides and reliably establishing 
their exact hydrogen sorption characteristics.

1.4.4. Lithium Amide and Lithium Hydride in Hydrogen Storage

Although lithium amides, and many other complex metal hydrides, have frequently 
been utilized in the field of  organic synthesis[43,99–101], it wasn’t until Chen et al demonstrated 
the ability of  LiNH2 to store 11.5 wt% of  hydrogen[102] that the Li-N-H system was 
considered for hydrogen storage[103,104]. The base component of  the system is lithium 
nitride, Li3N, which can be easily formed by reaction of  lithium metal with nitrogen gas 
in the following reaction, which occurs spontaneously at room temperature[105]:

         
(3) 3Li + ½ N2  ⇌ Li3N ΔH° = ±165 kJ mol-1 N2

This can then be hydrogenated to lithium amide, LiNH2, via lithium imide, Li2NH, 
in a two-step process:

(4) Li3N + H2 ⇌ Li2NH + LiH ΔH° = ±148 kJ mol-1 H2

(5) Li2NH + H2 ⇌ LiNH2+ LiH ΔH° = ±45 kJ mol-1 H2

Through these reactions the hydrogen can be stored and then released by decomposing 
lithium amide. The enthalpy of  decomposition of  Li2NH into Li3N (4) however is 
148 kJ mol-1 (H2) and occurs at temperatures far too high for realistic application (320 °C 
in high vacuum)[43,102,106]. For this reason only reaction (5) is considered in hydrogen 
storage studies, leaving the usable hydrogen capacity of  the system at 6.5 wt%. Another 
drawback of  the system is the ammonia produced during decomposition of  LiNH2, 
which poisons PEM fuel cells. Reaction (5) can be broken down into two separate steps; 
decomposition of  lithium amide to release ammonia which can then be rapidly captured 
by LiH[90,107–109]:

(6) 2LiNH2 → Li2NH + NH3 ΔH° = 84 kJ mol-1 NH3
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(7) LiH + NH3 → LiNH2 + H2 ΔH° = -39 kJ mol-1 H2

                                        
The decomposition of  LiNH2 (6) can occur in the bulk material at 265 °C and 

much work has been performed with the aim of  understanding the pathway by which 
it occurs[106,110–112]. Investigations have suggested that Li+ mobility is very high and the 
limiting factor is the H+ mobility through the lattice (see Figure 1.4 for crystal structures)
[106]. Therefore the rate of  decomposition can be improved by reducing the particle size. 
Although reaction (6) releases the mostly undesirable ammonia product, LiH can be 
exploited to convert this to hydrogen. However, the capture is not perfect and many 
approaches have been taken to further limit ammonia release while also improving 
kinetics of  decomposition.

Composites of  various components of  the Li-N-H system with LiAlH4
[113,114], 

LiBH4
[115], Na[116], potassium halides[109], Mg and TiCl3

[117] have all been prepared by 
ball-milling with the aim of  improving their hydrogen storage capabilities. The general 
concept for many of  these studies is that by introducing defects into the system, by 
way of  mixing with the aforementioned components, the system can be destabilized 
to yield lower temperatures of  hydrogen release and faster kinetics. LiAlH4 can be 
reacted with LiNH2 to form the Li3AlN2 alloy while releasing 9 wt% of  hydrogen, 
but rehydrogenation requires high pressures and temperatures (180 bar and 275 °C). 
Addition of  KBr can enhance the kinetics of  ammonia capture of  LiH effectively and a 
catalytic amount of  TiCl3 can allow reversible storage between 150 and 250 °C. 10 wt% 
of  hydrogen can be released from the LiBH4/LiNH2 composite but relatively high 
temperatures of  250 °C are still required.

(a) (b)

Figure 1.4. Crystal structures of  (a) LiNH2 and (b) Li2NH, yellow spheres represent Li, green 
spheres N and grey spheres are H. Adapted from reference[111].
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The preparation of  supported nanoparticles of  the Li-N-H system has not been 
widely reported, despite the fact that several other similar materials have displayed 
marked improvements upon nano-sizing or nanoconfinement. The reason for this may 
be the insolubility of  the components of  the system and their tendency to decompose 
before melting, rendering the more common preparation techniques of  solution 
impregnation and melt infiltration inapplicable. Despite this there has been one report 
of  the preparation of  Li3N nanoparticles by way of  an aqueous solution of  LiN3 as 
a precursor[78]. In this method 20 wt% of  Li3N can be loaded into a carbon matrix 
which allows the reversible storage of  hydrogen at around 200 °C with faster kinetics 
compared to the non-confined system. Metallic Li has been melt infiltrated into a nickel 
foam which allows the reversible hydrogenation and subsequent release of  4.3 wt% of  
hydrogen over 50 cycles, albeit at a temperature of  300 °C[118,119]. 

1.4.5. Sodium Alanate in Hydrogen Storage

As one of  the more promising hydrogen storage media there exists a vast body 
of  work on sodium alanate, NaAlH4, in the context of  on board vehicular hydrogen 
storage. This is due to its hydrogen content of  7.4 wt%[28]. Release of  hydrogen from 
sodium alanate occurs through a three-step decomposition mechanism[120]:

(8) 3NaAlH4 ⇌ Na3AlH6 + 2Al + 3H2
ΔH° = ±37 kJ mol-1 H2

(9) ⅓Na3AlH6 ⇌ NaH + Al + ½H2
ΔH° = ±47 kJ mol-1 H2

(10) NaH ⇌ Na + ½H2
ΔH° = ±112 kJ mol-1 H2

The final step is generally disregarded in hydrogen storage studies as it has an 
enthalpy of  112 kJ mol-1 H2

[121] and requires temperatures exceeding 400 °C. The first 
two steps however can occur at much lower temperatures, with enthalpies of  37 kJ mol-1 
H2 and 47 kJ mol-1 H2 respectively, they allow the release of  5.5 wt% of  hydrogen up 
to 190 °C[121]. Unfortunately the limiting factor in this case is the kinetics of  release and 
uptake which are unfavourably slow. 

Interest rapidly grew when Bogdanović first reported that Ti could catalyse its 
hydrogen absorption and desorption[22], providing much needed improvement on the 
kinetics of  absorption and release. Since then much work has been carried out on 
understanding how Ti-doping affects the mechanism of  decomposition and absorption, 
but a full understanding has not been reached, as well as improving the sodium alanate 
sorption kinetics and thermodynamics by means of  ball-milling, doping and addition 
of  catalysts[80,122–125].

Nanoconfinement of  NaAlH4 into carbon by way of  melt infiltration[55] has 
produced some very interesting results. Not only does this change the equilibrium 
temperatures of  release and uptake (phase diagram shown in Figure 1.5) but even the 
steps involved in the decomposition are affected[127]. Confinement into porous carbon 
was found to stabilise the NaAlH4 phase while the surface energy of  the Na3AlH6 
intermediate is unfavourably high at particle sizes below 52 nm[128,54]. Therefore, the 
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Na3AlH6 intermediate is bypassed entirely, where NaAlH4 decomposes directly to 
NaH, an observation that was confirmed using solid state NMR[87]. Additionally, the 
reversibility and kinetics of  hydrogen uptake were improved facilitating absorption of  
hydrogen at 24 bar of  hydrogen pressure at 150 °C. Reversibility of  the system can be 
further improved by the addition of  extra NaH during cycling to reform NaAlH4 from 
any excess Al[129] formed by partial reaction of  NaAlH4 with surface oxygen groups on 
the carbon support.

Figure 1.5. Na-Al-H phase diagram (a) in pristine form and (b) the nanoconfined system.
Adapted from reference[126].

1.5. Hydrogenation Catalysis

The principles of  reversible hydrogen storage may also be applied to the field of  
catalysis, for instance in the hydrogenation of  C-C multiple bonds. Hydrogenation is 
an essential step in the synthesis of  many important molecules with a wide variety 
of  applications, ranging from drug molecules to foods[130]. The most commonly used 
catalysts are based on transition metals, such as Pd or Pt[131,132], but these are costly 
metals.

In response to this there has been a search for transition-metal-free catalysts, some 
of  the more successful being so-called frustrated Lewis pairs[133–137]. Rationalization of  
the activity is found in the fact that the compound is prevented from forming a Lewis 
acid-base adduct by steric constraints which facilitates the activation of  the H-H bond. 
This opened up a whole new range of  hydrogenation catalysts that might offer the 
economic benefits of  excluding expensive transition metals. However, frustrated Lewis 
pairs do suffer from a number of  drawbacks including a high sensitivity to impurities, 
lower activity compared to their transition metal counterparts (5-40 h-1 compared to 
2500 h-1 for Pd-based catalysts[131–137]) as well as a relatively limited scope of  substrates.

In a typical heterogeneous hydrogenation catalyst, e.g. supported Pd nanoparticles, the 
hydrogen dissociatively adsorbs onto the Pd where it is transferred to the hydrogenation 
substrate to form the product. It is possible that a similar mechanism could be followed 
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by a light metal hydride nanocomposite where hydrogen is either absorbed into the 
crystal lattice of  the hydride and subsequently transferred to an adsorbed substrate for 
hydrogenation or it is adsorbed, dissociated and transferred. A major advantage of  a 
light metal hydride hydrogenation catalyst would be that they are composed of  low cost 
earth-abundant metals.

In 2009 Schüth et al demonstrated that NaAlH4, in conjunction with Ce or Ti, can 
catalyse the hydrogenation of  diphenylacetylene with moderate activity and selectivity, 
showing promise for a new kind of  transition-metal-free catalyst[138]. The origin of  the 
activity of  NaAlH4 catalysts is believed to lie in their ability to reversibly store and release 
hydrogen under reaction conditions. Therefore knowledge obtained through hydrogen 
storage research can also be applied to hydrogenation catalysis where improving the 
kinetics of  hydrogen sorption or decreasing the temperature of  release of  the material 
can also yield improvements in its catalytic performance.

A detailed understanding of  the mechanism of  hydrogenation is essential in 
further developing a catalyst as well as facilitating the rational design of  new catalysts. 
There are a number of  possible general mechanisms (which are not specific to 
hydrogenation catalysis) that a reaction can follow in heterogeneous catalysis which 
are illustrated using a simple bimolecular reaction as an example in Figure 1.6[139–141]. 
The Langmuir-Hinshelwood mechanism proceeds via the chemisorption of  both 
reactants onto the active surface where they are brought together for reaction followed 
by product desorption[141]. In the Eley-Rideal mechanism only one molecule adsorbs 
and becomes available for the other reactant to collide and react leading to desorption 
of  the product[141]. The Mars-van Krevelen mechanism is typically seen in reactions 
catalysed by metal oxides where the reactant molecule reacts with the oxygen in the 
metal oxide surface and the oxide sites are replenished by gaseous oxygen[142]. Although 
this mechanism is most often seen in oxidation catalysis it has also been proposed 
in hydrogenation mechanisms, such as in the hydrogenation of  CO over an Fe5C2 
surface[143]. These models are simplified but they provide a basis for understanding the 
mechanisms that can occur.

1 1
1a 1b2 2

3

(a) (b) (c)

4

Figure 1.6. Schematic of  the (a) Langmuir-Hinshelwood, (b) Eley-Rideal and (c) Mars-van 
Krevelen mechanisms for surface reactions in heterogeneous catalysis. Blue spheres represent 
surface metal atoms while red and grey represent reactant atoms. Adapted from reference[122].
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Figure 1.7. Summary of  the mechanism of  hydrogenation performed by supported Pd 
particles[123].

With regard to hydrogenation catalysis a great deal of  study has been performed on 
Pd particles with the goal of  elucidating the detailed pathway by which it catalyses the 
hydrogenation of  unsaturated C-C bonds[145–150]. The generally established mechanism 
follows a Langmuir-Hinshelwood pathway[148] which can be divided into three parts 
(described in detail in Figure 1.7). In the first part the molecule to be hydrogenated 
adsorbs onto the active surface while H2 also dissociatively adsorbs to form atomic H. 
Dissociation of  H2 onto a Pd surface is favoured and this is partly the reason that Pd is 
such an effective hydrogenation catalyst.

In the second part of  the mechanism, addition of  the two H atoms occurs in a 
stepwise manner to first produce a ‘half-hydrogenated’ intermediate before finally 
yielding the fully hydrogenated product. The stepwise addition of  the atomic H is an 
important aspect of  the mechanism as the ‘half-hydrogenated’ intermediate allows 
rotation about the C-C bond (step (2a) in Figure 1.7). β-hydrogen elimination following 
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this rotation can result in isomerisation of  the product[151]. This explains isomerisation 
that often occurs on hydrogenation catalyst surfaces and reduces the selectivity of  the 
catalyst.

The final part involves the dissociation of  the product from the active surface. 
Paying close attention to these parts of  the mechanism can allow improvement of  
catalytic behaviour. For example, preventing isomerisation of  the intermediate products 
is key to the development of  enantioselective cataly sts and is commonly achieved by 
chiral modification of  the active surface[152]. Additionally, the rate of  dissociation of  H2 
is often rate limiting and so it is important to choose an active component that favours 
H2 dissociation to maximise activity[153]. As such, this understanding of  the mechanism 
allows the continual improvement of  known catalysts and informs the development of  
new catalysts. Since transition-metal-free hydrogenation catalysts differ significantly in 
nature from a typical Pd catalyst it is important to understand how these catalysts work 
in order to improve them through rational design.

1.6. Scope and Outline of  This Thesis

The goal of  the work described in this thesis was to explore the effect that changing 
the particle size and confinement into a porous carbon matrix of  a number of  light 
metal hydrides has on their properties for hydrogen sorption, ammonia storage or 
catalysis. Many different approaches are taken in this work to apply these materials to a 
variety of  fields, but one common thread throughout the thesis is the use of  light metal 
hydrides and an attempt to diversify their capabilities through confinement in a porous 
carbon matrix. Some of  these materials have few, if  any, reports in the literature of  their 
preparation so much attention is first paid to the preparation and characterisation of  
pore-confined light metal hydrides. 

Chapter 2 focusses on the preparation of  carbon confined LiH particles, which was 
previously scarcely reported in the literature. The influence that several experimental 
parameters have on the success of  this procedure, namely on the size and degree of  
confinement of  the particles was investigated with the goal of  improving the hydrogen 
sorption properties. In addition to this a deeper understanding of  the procedure itself  
and its effect on the final hydrogen sorption properties was also attained which should 
inform any future work on the preparation of  hydrogen storage materials.

Chapter 3 builds on the work performed in Chapter 2 where the LiH particles were 
converted to LiNH2 through ammonia treatment to yield confined LiNH2. The gas release 
profile (emission of  both hydrogen and ammonia) was studied and the reversibility of  
both the hydrogen and ammonia storage was determined. Further, the ability of  the 
LiNH2/C nanocomposite to catalyse the decomposition of  ammonia into H2 and N2 
was studied. In particular the investigation focussed on the effect that confining LiNH2 
and Ni together in a porous carbon scaffold has on ammonia decomposition catalysis 
in comparison to other previously studied and commonly used catalysts.

Chapter 4 continues the theme of  using light metal hydrides for catalysis by applying 
a NaAlH4/C nanocomposite to hydrogenation catalysis. This material was previously 
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prepared and characterised for hydrogen storage applications where it was found to 
demonstrate full reversibility in hydrogen storage. As the principles of  hydrogen storage 
and hydrogenation catalysis can be considered closely related it was also proved to 
be an effective and selective transition-metal-free hydrogenation catalyst. Much of  the 
chapter is dedicated to demonstrating that the behaviour is indeed catalytic but the 
nature of  the selectivity of  the catalyst is also investigated, using diphenylacetylene as 
a model substrate. 

Chapter 5 then uses a variety of  techniques such as isotopic labelling to delve 
deeper into our understanding of  this NaAlH4/C catalyst to determine the mechanistic 
route by which it hydrogenates C-C multiple bonds. The mode and position of  the 
addition of  H2 was investigated as a way of  elucidating the mechanistic steps involved. 
A deuterated catalyst was prepared and used to probe the origin of  the activity of  this 
catalyst by carefully following the product formation. Since this catalyst is somewhat 
unusual it was not clear what the origin of  activity was in the system and understanding 
this is key to developing this and other similar catalysts. 

Finally, Chapter 6 includes a reflection of  the results and their wider scientific 
importance, as well as a brief  outlook.
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Chapter 2

Carbon Supported Lithium Hydride 
Nanoparticles: Impact of  Preparation 

Conditions on Particle Size and Hydrogen 
Sorption

Abstract

Herein, for the first time, a procedure is explored for preparing supported LiH 
nanoparticles. Impregnation of  a carbon framework with a butyllithium solution, 
followed by reaction with gaseous hydrogen yielded LiH particles ranging in size 
from 2 nm to the micrometer scale. Reducing the reaction temperature, as well as 
changes to the butyllithium precursor, gave significant improvements on the degree of  
confinement of  the LiH particles. The particle size of  the LiH has a significant impact 
on the hydrogen release profile, 11 nm crystallites begin to release hydrogen as low as 
100 °C, a reduction of  roughly 400 °C on the macrocrystalline system. The hydrogen 
release is reversible, with hydrogen uptake after desorption as high as 7.0 wt% w.r.t. LiH 
(0.8 wt% w.r.t the sample) under 0.1 bar of  hydrogen at 200 °C and full uptake takes 
place within 5 minutes at 26 bar. The preparation of  supported LiH is relevant not only 
for the field of  hydrogen storage but also for related fields such as battery technology 
and ammonia capture.

Based on: P.L. Bramwell, P. Ngene, P.E. de Jongh, Carbon Supported Lithium Hydride 
Nanoparticles: Impact of  Preparation Conditions on Particle Size and Hydrogen 
Sorption, Int. J. Hydrogen Energy 2016, 10.1016/j.ijhydene.2016.10.062.
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2.1. Introduction

Light metal hydrides have been heavily investigated for solid state hydrogen storage 
due to their high gravimetric hydrogen densities[1–13]. A somewhat overlooked hydride 
with great promise is lithium hydride, LiH, which contains 12.6 wt% of  hydrogen[8,14]. 
The main reason LiH has not been as extensively studied as other hydrides is that it only 
releases hydrogen at temperatures above 500 °C, but this might be improved through 
preparation of  supported LiH nanoparticles[15,16]. Additionally, interaction between the 
commonly used carbon supports and Li-based hydrides gives a reduction in hydrogen 
release temperature due to the reversible intercalation of  Li between the graphene 
sheets promoting decomposition of  the hydride[17,18].

However, there are few known examples of  the preparation of  supported LiH 
nanoparticles[19–21]. This can be attributed to the fact that many of  the common 
preparation techniques cannot be readily applied to LiH. The high temperatures required 
to melt LiH initiate reaction between LiH and the carbon support, which means melt 
infiltration cannot be used in this case[22–25]. There are a number of  alternative methods 
that have been proposed such as electrochemically inserting lithium into graphite and 
subsequent hydrogenation to produce nanostructured LiH. This nanostructuring 
reduces the onset temperature of  hydrogen release to 200 °C under argon flow and a 
total hydrogen capacity of  0.96 wt%[26].

Solution based techniques, such as solution impregnation, are widely used methods 
of  producing nanocomposites[27]. A number of  parameters can influence particle size 
such as the conditions under which the particles are formed and the drying steps. 
In addition, nucleation sites within the pores facilitate the growth of  particles in the 
pore system and so the density of  nucleation sites can be critical to the efficiency of  
confinement of  the particles[27].

However, LiH is insoluble in most solvents[28], and it is therefore necessary to 
use a precursor from which the desired LiH can be formed. In a similar case, MgH2 
nanoparticles have been successfully prepared on a carbon support by impregnation with 
a dibutylmagnesium precursor followed by decomposition and reaction with hydrogen 
at 300 °C[29,30]. The resulting MgH2/C nanocomposite gave faster hydrogen release 
kinetics than ball-milled samples and demonstrated 75% reversibility[29]. However, this 
approach has not yet been applied to LiH.

In this chapter a procedure is presented, which builds on the previously reported 
method for supporting MgH2 nanoparticles[29], for the preparation of  a new 
nanocomposite: LiH/C. This is done by solution impregnation and subsequent reaction 
of  a butyllithium precursor followed by drying under vacuum at room temperature. 
A number of  experimental parameters were varied with the goal of  reducing the 
average size of  the LiH particles. This includes the type of  carbon support, the type 
of  butyllithium precursor and the temperature at which the reaction is performed. This 
newfound understanding of  the solution impregnation procedure can be applied to the 
preparation of  other similar compounds of  interest to hydrogen storage or catalysis.
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2.2. Experimental

Materials: n-butyllithium (n-BuLi, 2.5 M in hexanes) and tert-butyllithium (t-BuLi, 
1.7 M in pentane) were obtained from Sigma-Aldrich. Hydrogen gas was obtained 
from Linde with a purity of  99.9999%. Butyllithium (BuLi) solutions were stored in 
a nitrogen-filled glovebox (Mbraun Labmaster I30, 1 ppm H2O, <1 ppm O2) prior to 
use. Two different supports were used: carbon xerogel (CX18) and high surface area 
graphite (HSAG). The carbon xerogel support was prepared using the sol-gel resorcinol 
procedure[31] and is an amorphous carbon support consisting of  micron to millimeter-
sized particles containing intra-particle pores. CX18 has a volume average pore diameter 
of  18 nm. HSAG was obtained from TimCal and is a graphitic-type support with a pore 
size that ranges from 2-50 nm in diameter. It comes in a powder form and consists 
mostly of  graphite sheets. All carbon types were dried under argon flow at 600 °C for 
12 hours and characterised using X-ray diffraction and nitrogen physisorption before 
use.

Preparation of  the nanocomposites: The LiH/C nanocomposites were prepared 
by filling a Parr 50 cm3 autoclave with 10 cm3 of  the butyllithium solution in a nitrogen-
filled glovebox, and then adding 1 g of  carbon support on top, allowing it to sink to the 
bottom to ensure complete wetting. The autoclave was then sealed, removed from the 
glovebox, pressurised with 50 bar hydrogen and heated while stirring at either 300 °C or 
100 °C for 20 hours. Afterwards the autoclave was allowed to cool to room temperature 
before venting the gas and applying vacuum with a cold trap for 2 hours to remove the 
solvent. The final powder product was then stored in an argon-filled glovebox (Mbraun 
Labmaster dp, 1 ppm H2O, <1 ppm O2) before analysis.

With the aim of  studying the effect of  parameters such as support type, precursor 
type and temperature of  decomposition a number of  different nanocomposites were 
prepared, the details of  which are recorded in Table 2.1. The naming convention used 
in Table 2.1 is divided into several parts, each divided by an underscore. The first part 
refers to the support used (either CX18 or HSAG), the second refers to the butyllithium 
isomer used (t = 1.7 M tert-butyllithium in pentane, n = 2.5 M n-butyllithium in hexanes) 
and the third indicates the temperature used to decompose the butyllithium (either 
300 °C or 100 °C). For example HSAG_n_300 refers to a nanocomposite prepared on 
high surface area graphite, using an n-butyllithium precursor decomposed at 300 °C. 
The reference sample is denoted with ‘PM’, for example HSAG_n_300_PM refers to 
the physical mixture reference material for HSAG_n_300.

For each nanocomposite a reference sample was prepared by synthesizing LiH 
under the same conditions as the relevant nanocomposite. For example, the reference 
material for HSAG_n_300 and CX18_n_300 was prepared by decomposing 10 cm3 

of  n-butyllithium solution (2.5 M in hexanes) at 300 °C to produce unsupported 
macrocrystalline LiH, which was labelled as LiH_n_300. This was then physically mixed 
with the HSAG support in the same loading as the nanocomposite. TPD measurements 
were then performed on each of  the physical mixtures and the macrocrystalline LiH as 
a reference for the nanocomposite.

Leaching of  the lithium from each sample was performed to demonstrate that 
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the deposition had not invoked irreversible changes to the support. This was done 
by immersing a sample of  the nanocomposite in 1 M HCl solution for 24 hours, 
then washing 4 times with 100 cm3 of  distilled water and drying in an oven at 120 °C 
overnight before performing nitrogen physisorption measurements. 

Table 2.1. List of  parameters tested in the preparation of  LiH/C nanocomposites.

Sample Support
Type Precursor

Decomposition
Temperature

/ °C

LiH
Loading
/ wt%

CX18_n_300 CX18 n-BuLi 300 17
LiH_n_300 - n-BuLi 300 -
CX18_n_300_PM CX18 n-BuLi 300 17
CX18_n_100 CX18 n-BuLi 100 17
LiH_n_100 - n-BuLi 100 -
CX18_n_100_PM CX18 n-BuLi 100 17
CX18_t_300 CX18 tert-BuLi 300 12
LiH_t_300 - tert-BuLi 300 -
CX18_t_300_PM CX18 tert-BuLi 300 12
CX18_t_100 CX18 tert-BuLi 100 12
LiH_t_100 - tert-BuLi 100 -
CX18_t_100_PM CX18 tert-BuLi 100 12
HSAG_n_300 HSAG n-BuLi 300 17
HSAG_n_300_PM HSAG n-BuLi 300 17
HSAG_t_100 HSAG tert-BuLi 100 12
HSAG_t_100_PM HSAG tert-BuLi 100 12

X-Ray Diffraction (XRD): X-ray Diffraction measurements (performed with a 
Bruker AXS D8 advance 120 machine, Co-Kα radiation, air-tight sample holder) were 
used to determine the amount of  crystalline LiH and the crystallite size. The degree 
of  crystallinity of  the LiH in each nanocomposite was calculated by comparison to 
the relevant physical mixture. In both the nanocomposite and the physical mixture the 
ratio of  the areas of  the LiH peaks (at 2θ = 44.5°, 77.0° and 93.0°) to the area of  the 
main carbon peak at 2θ = 30° was calculated. In the determination of  the peak areas 
the amorphous portion of  the sample is also taken into account. The crystallinity in 
each physical mixture was assumed to be 100% and so the LiH:C peak area ratio of  
the nanocomposite was normalized to that of  the physical mixture. For example, in 
the CX18_n_300 nanocomposite the LiH:C peak area ratio was 0.034, while that of  
CX18_n_300_PM was 0.073 and so the crystallinity of  CX18_n_300 was determined 
to be 52%. It can therefore be assumed that any differences in crystallinity between 
the physical mixture and the nanocomposite are due to confinement within the pores, 
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therefore the degree of  crystallinity relative to the relevant physical mixture yields an 
estimate of  the degree of  confinement of  LiH. Several samples were repeated to deduce 
the error of  the measurement which was found to be 6% of  the degree of  crystallinity, 
for example the error of  a sample with 52% crystallinity would be ±3%. The crystallite 
sizes were determined from the peak width of  the LiH XRD peaks according to the 
Scherrer method, ensuring that a minimum of  5 data points were present above the full 
width half  maximum[32].

Table 2.2. Summary of  nitrogen physisorption data for the supports and nanocomposites 
prepared.

Entry
BET Surface

Area 
/ m2 g-1

Micropore
Volume 
/ cm3 g-1

Micropore
Volume Loss

/ cm3 g-1

Mesopore
Volume 
/ cm3 g-1

Pore Size 
Range
/ nm (a)

CX18 604 0.17 0.64 2-35 (18)
HSAG 578 0.08 0.69 2-100 (2)
CX18_n_300 186 0.01 0.16 0.45 2-35 (19)
CX18_n_100 214 0.02 0.15 0.53 5-35 (21)
CX18_t_300 196 0.00 0.17 0.63 2-35 (22)
CX18_t_100 169 0.01 0.16 0.32 2-35 (9)
HSAG_n_300 220 0.02 0.06 0.37 2-100 (2)
HSAG_t_100 249 0.00 0.08 0.33 2-100 (2)

(a) The number in brackets represents the average pore diameter. 

Nitrogen physisorption: measurements were performed at 77 K using a 
Micromeritics TriStar instrument. Micropore volumes (<2 nm) were calculated using 
the t-plot method and mesopore volumes (between 2-300 nm) were determined using 
the adsorption branch of  the Barrett-Joyner-Halenda (BJH) method. The BJH pore size 
distributions of  the support and nanocomposites were determined using the adsorption 
branch of  the isotherm with carbon black as a reference. The volume average pore 
diameter was taken as the peak (average value) of  the resulting profile. The particle 
size distribution of  the LiH in the nanocomposites was estimated by subtracting the 
pore size distribution of  the nanocomposite from that of  the corresponding leached 
sample. In this way the volume of  the pores occupied by LiH was estimated and could 
be assumed to correspond to the particle sizes of  the LiH particles contained within 
the pore structure. The average value of  this particle size distribution was used as the 
average particle size of  LiH in each nanocomposite. These data are summarized in 
Table 2.2.

Scanning electron microscopy (SEM): was performed using an FEI XL30 FEG 
SEM instrument in secondary electron mode at an acceleration voltage of  15 kV. 
Samples were passivated in air and sputter-coated with 8 nm of  Pt before loading into 
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the SEM instrument. The LiH particles were identified by comparison of  images of  the 
nanocomposites to the images of  the supports obtained under the same conditions. The 
particle size distribution of  the LiH particles on the surface of  the support was measured 
by determining the particle size of  at least 300 particles for each nanocomposite and 
the average size of  these particles is given as the particle size. Particle sizes could not 
be measured in this manner for the HSAG-supported nanocomposites as it was not 
possible to reliably distinguish between the support and the LiH particles.

Temperature Programmed Desorption (TPD): measurements were performed 
by loading roughly 50 mg of  sample into a Micromeritics AutoChem II (Ar flow of  
25 cm3 min-1, temperature ramp of  5 °C min-1), equipped with a TCD detector in order 
to monitor the decomposition of  LiH. In order to ensure the samples were not exposed 
to air before measurement they were prepared in the glovebox by adding the measured 
amount of  sample to the quartz reactor and using rubber stoppers on both openings 
of  the reactor. The reactor was then removed from the glovebox and promptly taken 
to the TPD instrument where the reactor was connected under 50 cm3 min-1 Ar flow 
to ensure no contact between air and the sample. The measured error in quantification 
of  the hydrogen released is 0.2-0.3 wt%. To check whether all butyllithium had 
decomposed and all solvent removed, mass spectrometric analysis was performed 
using a Pfeiffer Omnistar mass analyser coupled to the Micromeritics TPD apparatus 
during measurement. This was done by monitoring the m/z peaks corresponding to the 
1-butene released during decomposition of  butyllithium (m/z = 41) as well as the hexane 
(m/z = 57) or pentane (m/z = 43) solvent during heating in the TPD instrument. As a 
means of  comparison of  TPD-MS results for the nanocomposites the TPD-MS profile 
of  a mixture of  t-butyllithium solution and the carbon xerogel support was measured. 
For this roughly 100 mg of  the carbon support was mixed with 1 cm3 of  t-butyllithium 
solution and 50 mg of  this mixture was used in the TPD-MS measurement. 

Reversibility Studies: Hydrogen absorption was measured using a Sievert-type 
apparatus (PCT Pro-2000, Hy-Energy & Setaram, pressure measurement accuracy: 1% 
of  reading) using roughly 100 mg of  nanocomposite. Prior to absorption the hydrogen 
was desorbed from the sample at 350 °C for 30 minutes under 50 cm3 min-1 of  Ar 
flow before loading into the Sievert Instrument. Hydrogen absorption was performed 
by pressurising the sample with hydrogen at 200 °C and measuring the kinetics of  
absorption by monitoring the pressure decrease over time. This was performed for 
pressures from 1-50 bar in increments increasing in size logarithmically starting from 
0.1 bar steps where the next aliquot of  hydrogen was added once equilibrium had been 
reached (where no more changes in pressure were observed). The total molar quantity of  
hydrogen absorbed was calculated as a gravimetric quantity from the recorded pressure 
drop at each pressure increment. Following hydrogen uptake measurements XRD and 
TPD measurements of  the sample were performed to ensure that this hydrogen uptake 
was reversible.
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2.3. Results and Discussion

2.3.1. Structural Characterisation of the LiH/C Nanocomposites

The nanocomposites were prepared using the method outlined in Scheme 2.1. 
Characterisation of  the LiH particles is a major challenge as they cannot be imaged 
by commonly used techniques such as transmission electron microscopy. For this 
reason a number of  complimentary techniques that yield information on the LiH/C 
nanocomposite have been utilized. Specific properties of  interest include: the amount 
of  butyllithium (BuLi) precursor and the solvent it was dissolved in remaining in the 
sample, the amount of  LiH, the particle size and the quantification of  the amount 
of  LiH inside and outside of  the support pore system. In the following section the 
CX18_n_300 nanocomposite will be used as an example to illustrate how each of  these 
parameters were measured.

Carbon
Support

Solvent(l)
BuLi(l)

C(s)

Solvent(l)
LiH(s)

C(s)

LiH(s)
C(s)

(1)
Solution

Impregnation

(2)
BuLi

Decomposition

(3)
Drying

C4H8-Li (BuLi)

Hexane (2.5 M) or
pentane (1.6 M)

as solvent

100-300 oC

50 bar H2

Vacuum
2 hours

Room Temperature

H2 (g)
C4H8 (g)

Solvent (g)

 
Scheme 2.1. Overview of  the procedure for preparing carbon supported LiH by solution 
impregnation of  butyllithium (BuLi).

Temperature programmed desorption coupled to mass spectrometry (TPD-MS) was 
used to examine both the extent of  butyllithium decomposition as well as the success 
of  the drying step (Figure 2.1). The reference material used as a comparison in Figure 
2.1 was prepared by performing incipient wetness impregnation of  t-butyllithium onto 
a CX18 support and performing TPD-MS to monitor the evolution of  1-butene gas 
and solvent during decomposition of  the butyllithium. Only 2% of  the 1-butene or 
solvent remained in the sample so it can be concluded that the procedure allows the 
preparation of  LiH particles with minimal contamination of  any of  the components 
of  the precursor solution. Even at the milder conditions (the details of  which will be 
discussed in section 2.3.2 and 2.3.3) there is only 4% of  the precursor remaining.

The second parameter was the amount and crystallite size of  crystalline LiH, 
which were determined using XRD. Figure 2.2 shows the X-ray diffractogram of  the 
CX18_n_300 sample. The presence of  crystalline LiH is clear, represented by the 
reflections at 44.5 ° (111), 51.9 ° (200) and 77.0 ° (220). In XRD the LiH peaks are 
sharp and intense for both CX18_n_300 and CX18_n_300_PM, which have crystallites 
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greater that 30 nm in size. The crystallite size can be indicative of  the particle size but 
particles lacking long range crystallinity are not visible in XRD. 

Figure 2.1. TPD-MS measurements of  HSAG_n_300 and CX18_t_100. TPD measurements 
performed under a flow of  25 cm3 min-1 Ar and temperature ramp of  5 °C min-1. 1-Butene 
emission was monitored by measuring the m/z = 41 peak in the mass spectrometer while the 
solvent emission was monitored by measuring the m/z = 57 peak for hexane and m/z = 43 for 
pentane.

The lower fraction of  crystalline LiH in CX18_n_300 compared to the physical 
mixture (CX18_n_300_PM) indicates that a large fraction of  the particles are either 
too small or too amorphous to detect. The sample contains two populations of  LiH: 
the crystalline population which is observed in XRD and the population that is not 
observed by XRD as it lacks long range crystallinity. CX18_n_300 contains only 52% 
crystalline LiH compared to the CX18_n_300_PM physical mixture. In general it can 
be assumed that confinement in the pores leads to relatively small particles hence the 
degree of  confinement also indicates the number of  smaller particles present. 

 
Figure 2.2. X-ray diffraction pattern of  (a) carbon xerogel with volume average pore diameter 
of  18 nm (CX18), (b) CX18_n_300_PM physical mixture and (c) CX18_n_300. XRD patterns 
are normalized to the main carbon peak at around 30 ° in each sample and offset for clarity.

Figure 2.3 shows the pore size distribution, obtained from nitrogen physisorption, 
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of  the carbon support and the CX18_n_300 nanocomposite. The pore size distribution 
of  the nanocomposite is broad, with an average at 19 nm, which is very similar to 
the pore size distribution of  the support, suggesting that the pore structure influences 
the LiH particle size distribution. When comparing the pore size distribution of  the 
support to the nanocomposite the missing pore volume can be assumed to be occupied 
by LiH. The particle size distribution of  the LiH particles confined to the pores can 
therefore be inferred by subtracting the pore size distribution of  the nanocomposite 
from the leached nanocomposite (where all LiH has been removed). The resulting 
distribution of  pore volume loss shown in Figure 2.3 represents the LiH particle size 
distribution which has a continuous range of  particle sizes from 2-35 nm. Further, there 
is a loss of  90% of  the micropore volume, which suggests a significant proportion of  
particles smaller than 2 nm, or alternatively this may be due to micropore blocking. The 
reduction in mesopore volume of  0.18 cm3 g-1 corresponds to 87% of  the volume of  
the LiH in the nanocomposite, showing that at least 13% is on the outer surface. This 
corroborates the degree of  confinement (48%) determined from the crystallinity of  
LiH in the nanocomposite. This difference can be explained as blocking of  some of  
the carbon porosity, and/or some of  the crystals residing in the relatively large pores 
contributing to the XRD signal. In principle the physisorption gives the higher estimate 
(87%) of  pore confinement while the XRD gives the lower limit (48%).

The pore size distribution of  HSAG_n_300 is also shown in Figure 2.3, which 
highlights the differences between the two supports. CX18 has a very different pore 
size distribution to HSAG where the majority of  pores are around 2 nm with a 
continuous distribution up to around 100 nm. The majority of  the pores in HSAG are 
also significantly smaller than in CX18 as much of  the pores in HSAG are less than 
10 nm in diameter. The LiH particle size distribution follows the pore size distribution 
of  the support: in HSAG_n_300 most particles are smaller than 10 nm with a peak at 
around 2 nm.

Figure 2.3. Left: Pore size distributions obtained from nitrogen physisorption for CX18, 
CX18_n_300 and CX18_n_300 following leaching. Right: Pore size distributions obtained from 
nitrogen physisorption for HSAG, HSAG_n_300 and HSAG_n_300 following leaching. The 
pore volume loss distribution is calculated by subtracting the impregnated distribution from the 
leached distribution.
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For the CX18_n_300 nanocomposite the particles on the outside of  the carbon 
support can be directly observed through SEM. This means that the particle size for the 
large LiH particles on the external surface of  the support can be estimated. Figure 2.4 
shows the SEM images of  CX18_n_300 and the bare CX18 support. Clear observation 
of  the LiH particles is possible as the mostly featureless faces of  the carbon xerogel 
support allow a strong contrast between LiH and support. The particles vary in size 
from below 1 μm to 10 μm with most in the range of  1-6 μm.

 
Figure 2.4. Scanning electron microscopy (SEM) images of  (a) CX18, (b and c) CX18_n_300 
and (d) a histogram representing the distribution of  particle sizes observed through SEM.

The particle size has been shown to influence the temperature of  hydrogen 
release from metal hydrides[15,33]. This means that measuring the H2 release profile is 
another way of  estimating particle size ranges and can be compared to XRD, nitrogen 
physisorption and SEM to illustrate the different LiH particle sizes present. Figure 2.5 
shows the hydrogen release profile of  CX18_n_300 as well as that of  LiH and the 
CX18_n_300_PM physical mixture. The onset of  hydrogen release occurs at 170 °C 
in the nanocomposite while the macrocrystalline system has an onset of  450 °C, a 
difference of  280 °C. This result can be assumed to be due to the smaller LiH particle 
size and confinement within the pore system[26]. The total amount of  hydrogen released 
amounts to 10.9 wt% w.r.t. LiH (1.7 wt% w.r.t. the sample), while the theoretical 
maximum is 12.6 wt%.

The hydrogen release profile of  CX18_n_300 can be divided into two main regions. 
The hydrogen release in the range 400-600 °C can be attributed to non-confined LiH on 
the external surface of  the support, which is similar to the CX18_n_300_PM physical 
mixture. Therefore any release beginning below 400 °C is likely from confined LiH. 
The hydrogen release in the lower temperature region accounts for 85% of  the total 
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hydrogen release, which was determined by fitting the profile to 5 separate peaks and 
determining their contributions to the total hydrogen release (Figure 2.5, right). This 
value is closer to the estimation of  the confined fraction by physisorption than that by 
XRD which suggests that the pores also contain some crystalline LiH.

Figure 2.5. Left: Hydrogen release profile of  CX18_n_300, CX18_n_300_PM and 
macrocrystalline LiH prepared by decomposing n-butyllithium at 300 °C under 50 bar hydrogen 
pressure. Right: Peak fitting of  the hydrogen release profile of  CX18_n_300. Measurements 
performed under a flow of  25 cm3 min-1 Ar and temperature ramp of  5 °C min-1.

It is not clear why the confined LiH displays a release peak with several shoulders. 
It is possible that the shoulder occurring at the lowest temperature results from 
micropore confined LiH. An explanation for the remaining two pore-confined peaks 
is the presence of  crystalline and non-crystalline LiH within the pores, where the non-
crystalline LiH releases hydrogen at lower temperatures. This is supported by the XRD 
data which suggests 62% of  the pore-confined LiH is non-crystalline and the second 
peak (peak temperature of  roughly 300 °C) contributes 61% of  the hydrogen release 
originating from pore-confined LiH. In addition the total amount of  hydrogen released 
is significantly higher in CX18_n_300 at 10.9 wt% compared to its corresponding 
physical mixture (6.6 wt%), further demonstrating the influence of  confinement and 
reduction of  the particle size on the hydrogen release.

2.3.2. Studying Effect of the Preparation Parameters

Although this procedure yields LiH particles supported on carbon, the fraction of  
confined LiH could still be improved. It is relevant to optimize the procedure to allow a 
greater degree of  confinement and reduction of  the fraction of  crystalline LiH in order 
to further reduce the hydrogen release temperature. In addition, an understanding of  
the procedure used to prepare these particles would be beneficial for the preparation 
of  other similar compounds. With this in mind several experimental parameters were 
varied and Table 2.3 and Table 2.4 shows a summary of  the results. Each parameter will 
be discussed in detail in the following sections.
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Table 2.3. Influence of  conditions of  butyllithium decomposition on final LiH crystallite, 
crystallinity and particle size. The degree of  crystallinity and crystallites size was determined 
from X-ray diffraction, mesopore volume loss from nitrogen physisorption and external particle 
size was determined from SEM.

Sample

Degree of  LiH confinement LiH Size

Degree of
Crystallinity

/ %

Mesopore
Volume

Loss
/ cm3 g-1

% LiH
in Pores 

(a)

Crystallite
Size
/ nm

External
Particle

Size
/ μm

CX18_n_300 52 ±3 0.18 87 >30 4.8
CX18_n_300_PM 100 >30 30
CX18_n_100 35 ±2 0.11 53 26 3.3
CX18_n_100_PM 100 17 22
CX18_t_300 57 ±4 0.00 3 >30 3.2
CX18_t_300_PM 100 >30 28
CX18_t_100 29 ±2 0.31 204 (b) 11 1.5
CX18_t_100_PM 100 32 15
HSAG_n_300 100 0.32 151 (b) 15
HSAG_n_300_PM 100 >30
HSAG_t_100 39 ±3 0.36 233 (b) 15
HSAG_t_100_PM 100 26

(a) Calculated from mesopore volume loss.
(b) Indicates pore blocking.

Table 2.4. Hydrogen release quantities of  the prepared nanocomposites and their physical 
mixtures.

Sample

H2 Release w.r.t. LiH
/ wt%

Confined
LiH

Non-Confined
LiH Total

CX18_n_300 9.3 1.6 10.9
CX18_n_300_PM 0.0 6.6 6.6
CX18_n_100 4.3 4.2 8.5
CX18_n_100_PM 0.0 8.7 8.7
CX18_t_300 5.7 2.5 8.2
CX18_t_300_PM 0.0 4.3 4.3
CX18_t_100 10.4 0.0 10.4
CX18_t_100_PM 0.0 5.2 5.2
HSAG_n_300 12.5 0.0 12.5
HSAG_n_300_PM 0.0 12.2 12.2
HSAG_t_100 12.5 0.0 12.5

HSAG_t_100_PM 0.0 9.9 9.9
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Figure 2.6. Temperature programmed desorption profiles of  macrocrystalline LiH prepared 
through different methods. TPD measurements performed under a flow of  25 cm3 min-1 Ar and 
temperature ramp of  5 °C min-1.

Figure 2.7. Scanning electron microscopy (SEM) images of  (a) LiH_n_300, (b) LiH_n_100, 
(c) LiH_t_300 and (d) LiH_t_100.

For each of  the nanocomposites discussed in the following sections a reference 
sample of  LiH prepared in the same way was prepared, which was then used in the 
corresponding physical mixture. For example, the reference for CX18_n_300 (denoted 
as LiH_n_300) was prepared by decomposing the n-butyllithium solution at 300 °C, the 
corresponding physical mixture (CX18_n_300) was then prepared by mixing LiH_n_300 
with CX18. Figure 2.6 shows the hydrogen release profiles of  each of  the four different 
types of  LiH prepared. Each of  the different LiH references gave very similar hydrogen 
release profiles and so it can be assumed that there is very little influence of  preparation 
conditions on the hydrogen release profile in the absence of  the carbon support. Figure 
2.7 shows SEM images of  all four of  the reference LiH samples that were prepared. In 
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general there is a trend towards smaller particles when moving from n-butyllithium to 
t-butyllithium precursor and from 300 °C to 100 °C reaction temperatures. This is also 
evidenced by the average particle size observed in LiH_n_300 and LiH_t_100 which are 
30 μm and 15 μm respectively.

2.3.3. Effect of Butyllithium Precursor Type and Decomposition   
  Temperature

In the preparation of  MgH2 via dibutylmagnesium a temperature of  300 °C is 
used[29], however lower temperatures may promote the formation of  smaller particles 
or crystallites. In addition to this, butyllithium occurs in several forms: n-butyllithium 
(n-BuLi) which exists as a hexamer in solution, whereas t-butyllithium (t-BuLi) exists 
as a tetramer[34]. For this reason the use of  t-BuLi instead of  n-BuLi may provide an 
additional reduction in LiH particle size or a higher proportion of  confined LiH. With 
this in mind a series of  nanocomposites were prepared using different decomposition 
temperatures and precursors.

The XRD data indicate that the decomposition temperature and precursor indeed 
have a large impact on the final LiH crystallite size, yielding 15 nm crystallites in 
CX18_t_100, compared to CX18_n_300 which has crystallites above 30 nm in size. 
The degree of  crystallinity shows a decrease from 52% to 29% which suggests a larger 
fraction of  non-crystalline LiH confined in the pores. The LiH particles outside of  
the pores are substantially smaller with an average of  1.5 μm compared to 4.8 μm in 
CX18_n_300. The fact that the crystallite and particle sizes observed in CX18_t_300 
are significantly larger compared to CX18_t_100 shows that the temperature at which 
the precursor is reacted with hydrogen is the more important factor in control of  the 
crystallite sizes.

 
Figure 2.8. Comparison of  the effect of  temperature of  butyllithium decomposition (300 °C 
and 100 °C) and butyllithium precursor (n-butyllithium and t-butyllithium) on the hydrogen 
release profile. Left: LiH/CX18 physical mixtures. Right: LiH/CX18 nanocomposites. TPD 
measurements performed under a flow of  25 cm3 min-1 Ar and temperature ramp of  5 °C min-1.

The effect on the hydrogen release is also clear as the average temperature of  
hydrogen release generally decreases whenever t-BuLi is used or the reaction is 
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performed at lower temperatures (Figure 2.8). The proportion of  hydrogen released 
from pore-confined LiH increases from 85% in CX18_n_300 to 100% in CX18_t_100. 
In CX18_t_100 no peaks corresponding to non-confined LiH are observed, although 
there are a number of  small shoulders on the main peak at higher temperatures that 
are likely due to small amounts of  LiH on the external surface of  the support. Further, 
the onset of  hydrogen release in CX18_t_100 is 100 °C compared to 300 °C in the 
CX18_t_100_PM physical mixture. The synthesis parameters are clearly very important 
in determining the outcome of  the synthesis and the resulting hydrogen release profile, 
but further control of  the particle size may be achieved by changing the nature of  the 
support.

2.3.4. Effect of Support Type

The pore characteristics and surface properties of  different forms of  carbon can 
have an influence on the particle size and the decomposition profile[22,35]. Carbon 
xerogels are amorphous supports with a broad distribution of  mesopores. It would be 
of  interest to also test a support that is more graphitic in nature with smaller pores in 
order to investigate the impact that interaction between LiH and the support as well 
as the pore structure have on the hydrogen sorption characteristics. For this reason 
high surface area graphite (HSAG, surface area 578 m2 g-1) was tested as a support for 
the LiH particles in addition to the carbon xerogel support discussed in the previous 
sections. 

In evaluating the differences between the CX18 and HSAG-supported 
nanocomposites the particle size and degree of  confinement should be considered. 
The particle size range according to nitrogen physisorption is similar to CX18_n_300 
but with a higher proportion of  particles less than 10 nm in size. It is important to note 
that the LiH particles cannot be observed using SEM in the HSAG-supported examples 
as it is not possible to distinguish between the support and the LiH particles. The degree 
of  confinement, determined from the degree of  crystallinity, in HSAG_t_100 is 39%, 
which is higher than 29% in CX18_t_100. 

A very striking difference between HSAG and CX18 is that even the physical 
mixture (HSAG_t_100_PM) has a very low hydrogen release temperature compared 
to the macrocrystalline system (Figure 2.9). The physical mixture hydrogen release 
profile also resembles a LiH/HSAG nanocomposite reported in the literature, where 
the HSAG_t_100 nanocomposite displays hydrogen release at temperatures roughly 
100 °C lower[21]. The difference between HSAG and CX18 may be due to a better 
contact between LiH and carbon in HSAG_t_100_PM compared to CX18_t_100_
PM[36,37] or the stronger electronic effects in the more graphite-like HSAG, while CX18 
is an amorphous carbon material. Alternatively, formation of  Li2O by reaction between 
LiH and surface oxygen sites on the support may provide an explanation as HSAG has 
a higher density of  surface oxygen sites compared to CX18. or the stronger electronic 
effects in the more graphite-like HSAG, while CX18 is an amorphous carbon material. 
In addition, HSAG_t_100 releases 12.5 wt% of  hydrogen (close to the theoretical 
maximum), while CX18_t_100 releases 10.4 wt%. The onsets of  100 °C in CX18_t_100 
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and HSAG_t_100 are also significantly lower than the 200 °C reported previously in 
the literature[26]. Such a striking improvement on the hydrogen release properties of  
LiH could have important implications for the development of  solid state hydrogen 
storage materials, but the important question is whether or not this hydrogen release is 
reversible. 

 
Figure 2.9. Temperature programmed desorption profiles of  samples prepared on high 
surface area graphite (HSAG_t_100), and carbon xerogel (CX18_t_100) compared to their 
corresponding LiH/C physical mixtures (HSAG_t_100_PM and CX18_t_100_PM respectively). 
TPD measurements performed under a flow of  25 cm3 min-1 Ar and temperature ramp of  
5 °C min-1.

2.3.5. Reversibility of Hydrogen Desorption

Figure 2.10 shows the hydrogen uptake of  the HSAG and CX18-supported 
nanocomposites following desorption at 350 °C. The equilibrium uptake pressure 
is low as hydrogen uptake begins at pressures as low as 0.1 bar, where much of  the 
total capacity is absorbed. The quantity of  hydrogen absorbed in dehydrogenated 
CX18_t_100 is 7.0 wt%, while HSAG_t_100 and CX18_n_300 absorb 2.3 wt% and 
0.4  wt% respectively. In CX18_n_300 only roughly 0.1 wt% of  hydrogen is absorbed 
below 1 bar, unlike the other two samples which demonstrate hydrogen uptake of  1.5-
5 wt% below 1 bar, which is the majority of  their total uptake. This is likely due to the 
fact that CX18_n_300 has a lower degree of  confined LiH compared to CX18_t_100 
and HSAG_t_100, as evidenced in the previous sections. As a result CX18_n_300 
releases less hydrogen below 350 °C than the other samples which limits its reversible 
capacity. The difference in hydrogen uptake between HSAG_t_100 and CX18_t_100 is 
also quite striking as HSAG_t_100 absorbs 4.7 wt% less hydrogen than CX18_t_100. 
This may be due to formation of  Li2O from reaction between LiH and the higher 
density of  surface oxygen sites present in HSAG compared to CX18.

Temperature programmed desorption measurements following rehydrogenation of  
these nanocomposites (Figure 2.11) demonstrate that this uptake is also reversible with 
6-7 wt% of  hydrogen released. For CX18_t_100 5.8 wt% of  hydrogen is released in 
total with 3.0 wt% released below 350 °C. HSAG_t_100 releases 7.3 wt% of  hydrogen 
in total with 5.0 wt% released below 350 °C. This illustrates how optimization of  the 
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preparation procedure and support improves the hydrogen sorption characteristics as 
seen in the previous sections. However, it is not yet clear why HSAG_t_100 releases 
more hydrogen yet a smaller portion of  this is reversible compared to CX18_t_100.

 
Figure 2.10. Left: Hydrogen uptake as a function of  hydrogen pressure of  HSAG_t_100, 
CX18_t_100 and CX18_n_300 measured at 200 °C. Right: Rate of  hydrogen absorption at 
200 °C, 26 bar. Hydrogen desorption from each sample was performed at 350 °C for 30 minutes 
before measurement.

Figure 2.11. TPD profiles of  CX18_t_100 and HSAG_t_100 after rehydrogenation. TPD 
measurements performed under a flow of  25 cm3 min-1 Ar and temperature ramp of  5 °C min-1. 

The kinetics of  hydrogen absorption are rapid for all three nanocomposites where 
80% of  the total hydrogen capacity is absorbed within 15 seconds under a pressure 
of  26 bar at 200 °C. Such rapid hydrogen uptake can be explained by the high affinity 
metallic lithium has for hydrogen. Li metal is also liquid at 200 °C which affords 
increased mobility. The kinetics in CX18_t_100 and CX18_n_300 are very similar while 
the HSAG_t_100 displays significantly faster kinetics than the others. This may be a 
result of  the better contact between the carbon and Li catalyzing the hydrogen uptake 
or the larger proportion of  small Li particles yielding a higher fraction of  liquid Li. The 
ability of  this nanocomposite to not only reversibly store hydrogen, while the uptake 
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occurs at low pressures, is a very promising result for the field of  hydrogen storage as 
this has not been demonstrated in the literature with such high loadings of  LiH[26].

2.4. Conclusions

Carbon supported LiH nanoparticles have been successfully prepared which, to the 
best of  our knowledge, has previously not been reported. The procedure consists of  
solution impregnation of  a porous carbon materials with butyllithium and subsequent 
decomposition under hydrogen yields LiH nanoparticles. It was determined that 
confinement of  the LiH facilitates release of  hydrogen at lower temperatures and 
therefore the effect of  a number of  parameters on the degree of  confinement has been 
examined:
• Reaction parameters: reducing this temperature from 300 °C to 100 °C and using 

a t-butyllithium precursor instead of  an n-butyllithium precursor yields a higher 
degree of  confinement (85% when 300 °C, n-butyllithium is used and 100% when 
100 °C, t-butyllithium is used).

• Support type: better contact between the high surface area graphite support and 
LiH allows higher gravimetric hydrogen release (12.5 wt%) but lower levels of  
hydrogen uptake (2.3 wt%, compared to 7.0 wt% in the carbon xerogel supported 
case).

The conditions with which the highest degree of  confinement and highest reversible 
hydrogen capacity are obtained are: carbon xerogel type support, using a t-butyllithium 
precursor and decomposing it at 100 °C. 

The nanocomposite demonstrates strongly reduced LiH decomposition temperatures 
compared to the macrocrystalline and physical mixture systems due to confinement 
effects. The optimized preparation of  the LiH/C gives a nanocomposite that begins 
hydrogen release as low as 100 °C and 10.4 wt% (of  LiH) is released. Uptake of  up 
to 7.0 wt% can be performed at 200 °C and as low as 0.1 bar H2 pressure, while full 
uptake can occur within 5 minutes at 26 bar, which has so far not been achieved through 
any other method of  LiH modification. In short a procedure for preparing a novel 
nanocomposite has been developed and a variety of  conditions can be used to tune 
the degree of  LiH confinement and reversible hydrogen capacity. This provides many 
unique opportunities for applying this new material to fields such as hydrogen storage 
or catalysis.
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Chapter 3

Effect of  Nanoconfinement of  LiNH2 on 
Ammonia Decomposition Catalysis and the 

Storage of  Hydrogen and Ammonia

Abstract

LiNH2 is of  interest to several aspects of  energy storage such as reversible hydrogen 
storage, battery technology, catalysis and ammonia capture/storage. This chapter 
consists of  an investigation into the impact of  nanoconfinement in carbon scaffolds 
on the hydrogen and ammonia release properties of  LiNH2 and its catalytic activity in 
NH3 decomposition. Nanoconfined LiNH2 was prepared by building on the procedure 
developed in Chapter 2 where the LiH/C nanocomposite was treated with NH3 gas to 
form confined LiNH2 particles. Ammonia release from macrocrystalline LiNH2 begins 
at 350 °C, while confined LiNH2 releases ammonia from below 100 °C under helium 
flow. This ammonia release consisted of  30.5 wt% of  ammonia in the first cycle and 
was found to be partially reversible. Above 300 oC hydrogen is also released due to an 
irreversible reaction between LiNH2 and the carbon support to form Li2NCN. Ni-doped 
LiNH2/C nanocomposites were active in the catalytic decomposition of  ammonia into 
N2 and H2 with 53% conversion at 400 °C and a gas hourly space velocity of  13000 h-1. 
This is comparable to the performance of  a commercial-type Ru-based catalyst where 
79% conversion is observed under the same conditions. This work demonstrates that 
nanoconfinement is effective for improving the functionality of  LiNH2. 

Based on: P.L. Bramwell, S. Lentink, P. Ngene, P.E. de Jongh, Effect of  Nanoconfinement 
of  LiNH2 on Ammonia Decomposition Catalysis and the Storage of  Hydrogen 
and Ammonia, J. Phys. Chem. C, 2016, 120, 27212.
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3.1. Introduction

LiNH2 has garnered a great deal of  interest in a number of  energy storage applications. 
Reversible hydrogen storage is a prime example as LiNH2 can store 6.5 wt% of  hydrogen 
which is released through its decomposition to Li2NH (Scheme 3.1)[1–9]. However, there 
are several drawbacks of  this system for hydrogen storage, the first being the high 
temperature required to release hydrogen at a reasonable rate, approximately 300 °C. 

Scheme 3.1. The possible equilibria of  lithium amide[2].

(1) 2LiNH2 ↔ Li2NH + NH3 (ΔH = 84 kJ mol-1 NH3)
(2) LiH + NH3 → LiNH2 + H2 (ΔH = -39 kJ mol-1 H2)
(3) Li2NH + LiH ↔ Li3N + H2 (ΔH = 165 kJ mol-1 H2)

The second drawback is the generation of  ammonia during decomposition[10-14], 
which is a poison for fuel cells[8]. Ammonia release can be prevented by mixing LiH 
with LiNH2 so that the LiH rapidly captures the released ammonia to form LiNH2 and 
H2 gas. The reaction between LiNH2 and LiH has been extensively studied in order to 
minimize the ammonia release and maximize the hydrogen release. Studies have shown 
that a 1:1 mixture of  LiNH2 and LiH is optimum and the two components must be 
thoroughly mixed to prevent ammonia release[15]. 

On the other hand, this ammonia release could be exploited in the storage of  
ammonia gas for indirect storage of  hydrogen[16-18]. The decomposition of  ammonia 
to yield hydrogen and nitrogen has recently garnered a lot of  interest due to the fact 
that high purity hydrogen can be produced in-situ from ammonia, which already has an 
extensive transport and storage infrastructure in place[17]. A study on the use of  LiNH2 
in ammonia decomposition indicated that the active phase was in fact Li2NH, which is 
formed upon decomposition of  LiNH2

[18]. As the decomposition of  LiNH2 only occurs 
at temperatures above 300 °C, catalytic activity is only observed at 350 °C and above. 
Although this is comparable to the commercially utilized Ru/alumina catalyst and the 
recently studied NaNH2

[18], the temperatures required for full conversion of  ammonia 
are still very high. Progress in this field has also been made through the use of  doping 
Li2NH with transition metal nitrides, where a ternary nitride is formed[19-21]. A range of  
ternary nitrides were tested from Ti to Cu where Mn demonstrated the highest activity 
at temperatures above 327 °C[20]. 

Reduction of  the particle size, or nano-sizing, is an established strategy for 
modifying light metal hydrides[22–32], but there are very few examples of  the preparation 
of  supported nanoparticles of  LiNH2. This may be because the preparation of  such 
materials is far from trivial. Techniques such as melt infiltration are not applicable for 
LiNH2 as it decomposes before melting, however there are a few examples of  alternative 
preparation strategies being found[33–35]. Nanocomposites can be prepared by solution 
impregnation but the low solubility of  LiNH2 and other components of  the system 
severely limits the use of  this method in this case. An alternative is to use precursors 
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that can be subsequently transformed to LiNH2. Impregnation of  LiN3 which can 
be decomposed to form Li3N is an example from the literature[35]. The resulting 
Li3N/C nanocomposite can reversibly absorb 9 wt% of  hydrogen to form LiNH2 and 
decomposes back to Li3N at 300 °C. 

In the previous chapter a method for preparing carbon supported LiH particles 
through impregnation with butyllithium was reported[36]. This chapter builds on this 
procedure to prepare LiNH2/C nanocomposites by treating LiH/C with gaseous 
ammonia. It is then shown that nanoconfinement in nanoporous carbon has a remarkable 
effect on the properties of  LiNH2 in energy storage applications including reversible 
ammonia storage, hydrogen storage, and for the catalytic decomposition of  ammonia 
into nitrogen and hydrogen. The results shown here demonstrate the versatility of  light 
metal hydrides and how they can also be applied to catalysis as well as hydrogen storage.

3.2. Experimental

Materials: All materials were stored in an argon-filled glovebox (Mbraun Labmaster 
dp, 1 ppm H2O, <1 ppm O2) with the exception of  the butyllithium solution which was 
stored in a nitrogen-filled glovebox (Mbraun Labmaster I30, 1 ppm H2O, <1 ppm O2). 
LiNH2 (95%, hydrogen storage grade), tert-butyllithium (1.7 M in pentane) solution 
and citric acid (anhydrous) were purchased from Sigma-Aldrich. Nickel (II) nitrate 
hexahydrate (99%) was purchased from Acros Organics. All gases were obtained from 
Linde with a purity of  99.9999% for hydrogen and 99.8% for ammonia. Two different 
carbon supports were used: carbon xerogel and non-porous graphite. The carbon 
xerogel support was prepared using the sol-gel resorcinol procedure[38] with a mixture 
of  formaldehyde, resorcinol, sodium carbonate and deionized water. After ageing, the 
resulting red solid was ground, crushed and washed with acetone before pyrolysing at 
800 °C for 10 hours under argon flow to obtain the black xerogel. CX27 (average pore 
size of  27 nm with a distribution from 4-40 nm) was obtained in this manner. The 
pores were characterised using nitrogen physisorption. Non-porous graphite (NPG) 
was obtained from TimCal and dried under argon flow at 600 °C for 12 hours before 
use. NPG is non-porous and has a surface area of  20 m2 g-1.

Nanocomposite preparation: The LiNH2/C nanocomposites were prepared by 
mixing 10 cm3 of  the t-butyllithium solution and 1 g of  carbon support in an autoclave 
(Parr, 50 cm3), while inside a nitrogen-filled glovebox. The autoclave was then heated, 
with stirring, for 20 hours under 50 bar hydrogen pressure at 100 °C. After cooling to 
room temperature the remaining gas was vented and vacuum applied via a cold trap for 
2 hours to remove solvent. The autoclave was then pressurised with 8 bar of  ammonia 
and left to settle for 1 hour before venting the ammonia and re-pressurising with 
ammonia 2 more times to ensure complete conversion of  LiH to LiNH2, resulting in a 
LiNH2 loading of  27 wt%. In order to confirm that the pore structure was not affected 
by the impregnation procedure the LiNH2 was removed from each nanocomposite by 
soaking in 1 M HCl solution overnight, drying in an oven at 120 °C overnight and re-
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measuring the porosity by nitrogen physisorption. 
In the preparation of  the LiNH2/Ni/C nanocomposite, nickel (II) nitrate hexahydrate 

and citric acid were mixed in a 3:2 molar ratio and dissolved in demineralized water. 
The carbon support was then impregnated with the volume of  solution equivalent to 
the pore volume of  the support and dried under vacuum for 2 hours at 120 °C before 
reduction under 5% H2 in N2 flow at 350 °C (heating rate of  2 °C min-1) for 30 minutes. 
The resulting supported nickel nanoparticles were characterised by X-ray diffraction 
(XRD) and transmission electron microscopy (TEM, performed using a Tecnai 12 
instrument operating at 120 kV). The average Ni particle size was 6-7 nm (from TEM). 
This Ni/C material was then impregnated with LiNH2 in the same manner as described 
above. 

X-ray diffraction (XRD): measurements were performed by a Bruker AXS D8 
advance 120 machine (Co-Kα radiation, air-tight sample holder used). The crystallite 
sizes of  LiNH2 in each nanocomposite were determined from the peak width of  the 
LiNH2 XRD peak at 2θ = 35° according to the Scherrer method[39]. The degree of  
crystallinity of  LiNH2 in each nanocomposite was determined by reference to the 
measured LiNH2/C physical mixtures. The ratio of  the peak intensity for the peak at 
2θ = 35 ° (LiNH2) to the intensity of  the peak at 2θ = 30° (carbon support) was calculated 
for the physical mixture and for the nanocomposite. The degree of  crystallinity was 
then calculated by taking the ratio from the nanocomposite as a percentage of  the ratio 
from the physical mixture.

Table 3.1. Summary of  data determined from nitrogen physisorption for the nanocomposites 
prepared on the CX27 and NPG supports. Particle size distributions were calculated by 
subtracting the pore size distribution of  the nanocomposite from that of  the support after 
leaching of  the LiNH2.

BET 
Surface

Area 
/ m2 g-1

Micropore
Volume 
/ cm3 g-1

Micropore
Volume
Loss(a)

/ cm3 g-1

Mesopore
Volume 
/ cm3 g-1

Mesopore
Volume

Loss 
/ cm3 g-1

Estimated
Particle

Size 
/ nm

CX27 604 0.17 0.64
LiNH2/CX27 77 0.01 0.16 0.20 0.44 4-40
Ni/CX27 484 0.17 0.00 0.60 0.04 2-12 (b)

LiNH2/Ni/CX27 122 0.01 0.16 0.34 0.30 4-40
NPG 17 0.00 0.05
LiNH2/NPG 19 0.00 0.00 0.05 0.00
(a) Micropores are easily blocked so this loss is likely at least partially due to pore-blocking.
(b) Determined from TEM.

Nitrogen physisorption: was performed at 77 K using a Micromeritics TriStar 
instrument. Micropore volumes (<2 nm) were calculated using the t-plot method. The 
mesopore volumes (the 2-300 nm range) and Barrett-Joyner-Halenda (BJH) pore size 



Effect of  Nanoconfinement of  LiNH2

3

61

distributions of  the support and nanocomposites were determined using the adsorption 
branch of  the isotherm with carbon black as a reference. 

Information about the particle size of  the LiNH2 in the nanocomposites was 
obtained by subtracting the pore size distribution of  the nanocomposite from that of  
the corresponding leached sample. In this way the volume of  the pores of  a certain 
size lost upon LiNH2 deposition was determined, which is a rough indication of  the 
particle size of  the LiNH2 particles contained within these pores. All of  these data are 
summarized for the supports and nanocomposites in Table 3.1.

Scanning electron microscopy (SEM): was performed using an FEI XL30 FEG 
SEM instrument in back-scattered electron mode. Samples were passivated in air and 
coated with an 8 nm layer of  Pt before measurement. LiNH2 particles were observed by 
comparison to the pristine support material, however observation of  the particles was 
only possible in the CX27-supported nanocomposites as the difference in morphology 
between the CX27 support and LiNH2 allowed suitable visual contrast between the 
LiNH2 and the carbon. This was not the case for the LiNH2/NPG nanocomposite. The 
particle sizes mentioned in this paper were determined by measuring the sizes of  at least 
500 particles per sample and calculating the average.

Temperature programmed desorption (TPD): measurements were performed 
with a Micromeritics AutoChem II, equipped with a TCD detector, this was coupled to 
a calibrated Hiden QIC series gas analysis system during measurement for distinguishing 
between hydrogen (m/z = 2), ammonia (m/z = 17) and nitrogen (m/z = 28). For each 
measurement roughly 50 mg of  sample was used under an Ar flow of  25 cm3 min-1, 
heating to 600 °C at a rate of  5 °C min-1.

Ammonia storage measurements: were also carried out in the Micromeritics 
AutoChem II apparatus. Measurements were carried out using 100 mg of  material and 
consisted of  two alternating steps: desorption and absorption. The desorption step 
was carried out by heating to 250 °C at a rate of  5 °C min-1 under 25 cm3 min-1 He 
flow and maintaining 250 °C for 10 minutes. The absorption step was carried out by 
flowing 10% NH3 in He over the sample at a flow rate of  50 cm3 min-1 while the sample 
was maintained at room temperature for 1 hour. Successive cycles were performed 
by alternating between these two steps and cooling to ambient temperature under 
25 cm3 min-1 flow of  He in between each step. 

Hydrogen uptake measurements: hydrogen uptake was measured using a Sievert 
type apparatus (PCT Pro-2000, Hy-Energy & Setaram, pressure measurement accuracy: 
1% of  reading) using 100 mg of  sample. Desorption prior to measurement was 
performed at 350 °C with a temperature ramp of  5 °C min-1, hold time of  30 minutes 
and Ar flow of  25 cm3 min-1. Hydrogen absorption was performed by pressurising 
the sample with 50 bar hydrogen in 0.1 bar intervals at 200 °C and measuring the 
rate of  hydrogen uptake by monitoring the pressure decrease over time. The total 
molar quantity of  hydrogen absorbed was calculated as a gravimetric quantity from the 
recorded pressure drop at each pressure increment.

Ammonia decomposition: The catalysis of  the decomposition of  ammonia was 
measured by loading the TPD-MS instrument with roughly 100-250 mg of  catalyst. 
The sample was heated to 600 °C with a temperature ramp of  5 °C min-1 under a 
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25 cm3 min-1 flow of  10% NH3 in He. The amount of  sample used varied for each 
material depending on its density but in each case enough was used to give a gas hourly 
space velocity (GHSV) of  roughly 13000 h-1. The gas was analyzed using the mass 
analyzer to follow the concentrations of  NH3, H2 and N2 in the gas stream. The degree 
of  ammonia conversion was measured by monitoring the reduction in the intensity 
of  the NH3 signal, which was compared to the increase in intensity of  the H2 and N2 
signals to confirm that ammonia decomposition was occurring. For example, if  the 
hydrogen signal increased in intensity but no nitrogen was observed in the gas flow then 
it could be concluded that ammonia decomposition was not occurring but rather a side 
reaction that produces hydrogen. For comparison to the LiNH2/C and LiNH2/Ni/C 
nanocomposites a commercially available catalyst composed of  Ru particles supported 
on alumina (5 wt% Ru loading, 1-2 nm particles, 128 m2 g-1 BET surface area) was 
measured as well as carbon supported Ni particles in a loading of  5 wt% of  Ni. For 
a blank measurement an empty reactor was also measured under the same conditions. 
As a means of  determining the stability of  the LiNH2/Ni/C catalyst a sample was 
measured by heating 100 mg of  sample under a 50 cm3 min-1 flow of  10% NH3 in He 
to 200 °C at 5 °C min-1 with a 1 hour hold time. The temperature was then increased to 
300 °C for 1 hour, then 400 °C for 1 hour and once again reduced to 300 °C for 1 hour 
and this cycle repeated one more time.

3.3. Results and Discussion

3.3.1. Structural Characterisation

Figure 3.1 shows the XRD pattern of  the LiNH2/CX27 nanocomposite as well as 
those of  the xerogel support and the LiNH2/CX27 physical mixture as a reference. 
The LiNH2 crystallite size in the physical mixture is larger than 30 nm and so cannot be 
accurately determined. For the nanocomposite the peak at 2θ = 36 ° is clearly broader, 
with an estimated crystallite size of  27 nm. This suggests that smaller particles are 
present compared to the physical mixture. Note that the smallest particles lack long 
range crystallinity, and hence are not visible in the XRD pattern. It can therefore be 
assumed that the amount of  LiNH2 detected by XRD corresponds to the amount of  
LiNH2 not confined to the carbon pores. The LiNH2/CX27 nanocomposite has a 
degree of  crystallinity of  56%, which suggests that 44% of  the LiNH2 is confined to 
the carbon pores. However, as the pores of  the carbon support are relatively large some 
of  the particles confined to the pores may exhibit crystallinity and so this figure should 
be considered as the lower limit of  the quantity of  confined LiNH2.

Nitrogen physisorption (Figure 3.1, right) shows a pore volume loss in the range of  
4-40 nm, suggesting that the LiNH2 in the pores of  the LiNH2/CX27 nanocomposite 
has a feature size distribution ranging from 4 to 40 nm. The pore volume loss is higher 
than the total volume of  LiNH2 added, which suggests a significant degree of  pore 
blocking in both the micro- and mesopores.
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Figure 3.1. Left: XRD patterns for (a) the carbon xerogel support (CX27) before impregnation, 
(b) a LiNH2/CX27 physical mixture and (c) the LiNH2/CX27 nanocomposite in the as-prepared 
state. Each pattern is normalized to the main carbon peak (at around 2θ = 30 °) in each sample. 
Right: Pore size distributions obtained from nitrogen physisorption for CX27, the LiNH2/
CX27 nanocomposite and the nanocomposite following leaching. 

Figure 3.2. SEM images for (a) CX27 support, (b and c) LiNH2/CX27 and (d) a histogram 
representing the LiNH2 particle size distribution. Samples were passivated in air and coated with 
8 nm of  Pt before imaging.

Direct observation of  the particles on the external surface of  the support is 
possible using scanning electron microscopy (SEM), shown in Figure 3.2. The LiNH2 
particles are visible with sizes ranging from 1 μm to 6 μm with an average at 3 μm. 
It can be concluded that there are two types of  LiNH2 particles in the LiNH2/CX27 
nanocomposite: those in the range 4-40 nm which are contained within the carbon 
pores and those a few micrometers in size located on the outer surface of  the support.
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3.3.2. Hydrogen Release

LiNH2 releases ammonia and hydrogen upon decomposition[2]. Hence the 
decomposition behaviour of  the nanocomposites and physical mixtures was studied 
using TPD-MS (Figure 3.3). A large hydrogen release peak is observed when heating 
the LiNH2/CX27 nanocomposite between 300 °C and 400 °C, amounting to 4.9 wt% 
w.r.t. LiNH2. This hydrogen release peak is not observed in the bulk powder at all, but 
it is observed in the physical mixture, although only 0.2 wt% of  hydrogen is released 
(hydrogen and ammonia release quantities are summarized in Table 3.2). This suggests 
that the presence of  the carbon may be the reason for the hydrogen release. XRD 
following treatment at 300 °C (Figure 3.4) shows the formation of  Li2NCN and the loss 
of  most of  the LiNH2. Therefore, it can be concluded that the hydrogen release between 
300-400 °C is in fact due to a reaction between the carbon support and LiNH2. The 
fact that a larger amount of  hydrogen is released in the nanocomposites compared to 
the physical mixtures supports this as the smaller particles in the nanocomposites have 
a greater degree of  contact with the carbon and therefore would yield more reaction 
between LiNH2 and carbon. This observation shows that close contact between the 
carbon and LiNH2 facilitates hydrogen release from LiNH2. Unfortunately, there was no 
substantial hydrogen uptake by the dehydrogenated samples (Figure 3.4, right) even at 
50 bar H2 and 200 °C, which shows that the formation of  Li2NCN is not easily reversed.

 
Figure 3.3. Hydrogen release profiles measured for the LiNH2/CX27 (left) and LiNH2/NPG 
(right) nanocomposites compared to the bulk LiNH2 powder and their physical mixtures with 
the carbon supports.
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Table 3.2. Overview of  the temperatures and quantities of  hydrogen release from the 
nanocomposites and their corresponding physical mixtures.

Material
Temperature of

H2 Release
/ °C (a)

H2 Release
/ wt% 

(LiNH2)
LiNH2 (342) 444 0.1
LiNH2/CX27 Physical Mixture (353) 418 0.2
LiNH2/CX27 Nanocomposite (274) 388 4.9
LiNH2/NPG Physical Mixture (255) 400 0.4
LiNH2/NPG Nanocomposite (139) 237, 406, 507 3.5

(a) The number in brackets is the lowest temperature of  onset of  release, the other numbers are 
temperatures at the peak of  release.

Figure 3.4. Left: XRD pattern for LiNH2/CX27 nanocomposite (a) before and (b) after 
treatment at 300 °C. Each pattern is normalized to the main carbon peak (at around 30 °) 
in each sample. Data is offset for clarity. Right: Hydrogen release profiles of  the LiNH2/
CX27 nanocomposite before and after performing one hydrogen desorption/resorption cycle. 
Performed at a temperature ramp of  5 °C min-1 under 25 cm3 min-1 Ar flow. For the LiNH2/CX27 
nanocomposite initial desorption was performed at 350 °C for 30 minutes under 10 cm3  min-1 Ar 
flow. Hydrogenation was performed at 200 °C under 50 bar H2 pressure for 20 hours.

In order to determine the influence of  nanoconfinement, the LiNH2/CX27 
nanocomposite was compared to another nanocomposite prepared on non-porous 
graphite (NPG). As the NPG support has very little pore volume all of  the LiNH2 in the 
nanocomposite can be considered to be on the external surface of  the support. X-ray 
diffraction (XRD) patterns of  the LiNH2/NPG nanocomposite and the corresponding 
physical mixture (Figure 3.5) support this as both the nanocomposite and physical 
mixture have very sharp diffraction peaks corresponding to large crystallites and there 
is no noticeable difference between the two diffractograms. Therefore, any gas release 
observed can be attributed to non-confined LiNH2 in the LiNH2/NPG sample. This 
LiNH2/NPG nanocomposite shows two hydrogen release peaks (Figure 3.3) which can 
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be attributed to the reaction with the carbon support. The reason for the presence of  
two peaks is not clear but it may be due to small amounts of  LiNH2 confined to what 
little pore volume (0.05 cm3 g-1) the framework has.

Figure 3.5. XRD pattern for (a) LiNH2/NPG nanocomposite following treatment with 
ammonia at 8 bar, room temperature for 1 hour, (b) a LiNH2/NPG physical mixture and (c) 
the non-porous graphite (NPG) support before impregnation. Each pattern is normalized to the 
main carbon peak (at around 30 °C) in each sample. Data is offset for clarity.

3.3.3. Ammonia Release

The ammonia release (Figure 3.6 and Table 3.3) shows a large difference between the 
physical mixtures and the nanocomposites. The LiNH2/CX27 nanocomposite shows 
two ammonia release peaks: One peak at an onset temperature similar to the LiNH2/
NPG nanocomposite (starting at roughly 200 °C) but one other peak at a much lower 
temperature of  roughly 100 °C. This low temperature ammonia release is likely due 
to decomposition of  LiNH2 into Li2NH and NH3, as seen in reaction (1) of  Scheme 
3.1. The low temperature ammonia release of  15.6 wt% may originate from the pore 
confined LiNH2 and the higher temperature peak (14.9 wt%) originates from the non-
confined LiNH2. According to the degree of  crystallinity from the XRD data at least 
44% of  LiNH2 is confined within the CX27 nanocomposite. 51% of  the total ammonia 
release from the sample is released from pore confined LiNH2, which is in accordance 
with the lower limit established from XRD. The fact that confinement is essential 
for low temperature ammonia release is evidenced by comparison to the LiNH2/
NPG nanocomposite where only a high temperature ammonia release is observed 
and a similar amount of  ammonia (33.6 wt%) to the LiNH2/CX27 nanocomposite 
is released. The temperature of  this release is very similar to the physical mixture and 
the high temperature peak in the LiNH2/CX27 nanocomposite. The LiNH2/NPG 
nanocomposite has an ammonia release roughly 50 °C lower than the physical mixture, 
which is likely due to the formation of  smaller crystallites in the nanocomposite 
compared to those in the physical mixture. 
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Figure 3.6. Ammonia release profiles measured for the LiNH2/CX27 (left) and LiNH2/NPG 
(right) nanocomposites compared to the bulk LiNH2 powder and their physical mixtures with 
the carbon supports.

Table 3.3. Overview of  the temperatures and quantities of  ammonia release from the 
nanocomposite and the corresponding physical mixtures.

Material
Temperature of

NH3 Release
/ °C (a)

NH3 Release
/ wt% (LiNH2)

LiNH2 (241), 356 1.0
LiNH2/CX27 Physical Mixture (203) 373 2.7
LiNH2/CX27 Nanocomposite (40) 125, 322 30.5
LiNH2/NPG Physical Mixture (142) 306, 352 17.1
LiNH2/NPG Nanocomposite (105) 156, 341 33.6

(a) The number in brackets is the lowest temperature of  onset of  release; the other numbers are 
temperatures at the peak of  release.

The low temperature of  ammonia release is very striking and it is important to 
determine to what extent this release is reversible. Figure 3.7 shows the ammonia release 
over 8 successive cycles with desorption performed up to 250 °C. Although reversible 
ammonia uptake can be clearly seen, the capacity reduces during each cycle, with a 
release of  30.5 wt% (with respect to LiNH2) in the first cycle and eventually dropping 
to 1.0 wt% in the 8th cycle. XRD of  the sample after cycling shows the presence of  
Li2O, demonstrating significant oxidation during or following the ammonia sorption 
cycles which explains the capacity loss. The oxidation observed is likely to be due to 
the presence of  small amounts of  impurities in the gas stream and/or oxidation during 
handling, and hence might be avoided by purifying the gas stream further. The average 
crystallite size of  LiNH2 increases from 17 nm to 24 nm during cycling. However, this 
change in crystallite size is highly unlikely to be the reason for the capacity drop but 
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rather is symptomatic of  the oxidation of  the smaller LiNH2 particles. Smaller particles 
are more susceptible to oxidation and so it is logical that only the larger particles 
remain after performing the cycles. As these larger particles release ammonia at higher 
temperatures this would explain the capacity drop, since the nanocomposite is only 
heated to 250 °C during cycling. 

 
Figure 3.7. Quantity of  ammonia desorbed over 8 cycles for the LiNH2/CX27 nanocomposite. 
Desorption performed under 50 cm3 min-1 of  He flow at a heating rate of  5 °C min-1 to 250 °C 
with a 10 minute hold time. Absorption was performed by flowing 10% NH3 in He over the 
sample for 1 hour at room temperature at a rate of  50 cm3 min-1.

3.3.4. Ammonia Decomposition Catalysis

It has been reported that the decomposition of  ammonia into hydrogen and 
nitrogen can be catalyzed by Li2NH, which is formed through the decomposition of  
LiNH2.

[18] This is interesting as Li2NH could possibly replace the expensive Ru catalyst 
which is currently used for this process. However, macrocrystalline LiNH2 decomposes 
above 300 °C, which means high temperatures are required in order to observe high 
activity. As the LiNH2 nanocomposite decomposes at temperatures 200 °C lower 
than the macrocrystalline system it is plausible that it will exhibit catalytic activity at 
lower temperatures. In addition, the small size of  the particles of  LiNH2 could boost 
activity further by providing a higher active surface area. For this reason the LiNH2 
nanocomposite was tested as a catalyst for the ammonia decomposition reaction, the 
results of  which are shown in Figure 3.8. For each experiment a gas hourly space velocity 
(GHSV) of  13000 h-1 was used.

The LiNH2/C nanocomposite and LiNH2/C physical mixture do not show activity 
in the decomposition of  ammonia. The macrocrystalline LiNH2 shows 3% conversion 
at 300 °C, 13% at 400 °C and 100% at 600 °C. Since there is no activity in the presence 
of  carbon it is likely that the aforementioned reaction between LiNH2 and carbon is 
the reason for the lack of  activity in the nanocomposite and physical mixture. This is 
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supported by the significant amount of  hydrogen that is observed above 350 °C (Figure 
3.9). As no nitrogen is observed, which should form upon ammonia decomposition, 
it can be concluded that the hydrogen release is in fact due to reaction between LiNH2 
and carbon to form Li2NCN.

Transition metals are known to boost the activity of  Li-based materials in the 
ammonia decomposition reaction[20] so a nanocomposite composed of  LiNH2 doped 
with 5 wt% of  Ni (average Ni particle size of  6-7 nm) was prepared, which is referred 
to as the LiNH2/Ni/CX27 nanocomposite. Interestingly, the Ni-doped nanocomposite 
demonstrates clear activity starting from 300 °C with 53% conversion at 400 °C. As 
nickel itself  is also known to be active in ammonia decomposition catalysis[18] a 5 wt% 
Ni/C (average Ni particle size of  6-7 nm) sample was also tested in order to determine 
the role of  nickel in the activity of  the catalyst. Ni/C shows 19% conversion at 400 °C, 
34% lower than the LiNH2/Ni/C nanocomposite. Therefore it can be concluded that 
the combination of  Ni and LiNH2 is essential for such a high activity. The reason for 
this improved activity is expected to be similar to that found in ternary transition metal 
nitrides formed with Li2NH where the Li component helps to stabilise the metal-N 
bond to drive the ammonia decomposition reaction[20]. 

There is a noticeable drop in ammonia conversion for the LiNH2/Ni/C catalyst 
at around 450 °C. This likely originates from the reaction of  LiNH2 with the carbon 
support. In Figure 3.10 it is clear that at room temperature and up to 200 °C there is no 
activity, however there is a small amount of  hydrogen released from the nanocomposite, 
which is the reason for the sharp peaks observed during the temperature ramp. At 
300 °C there is roughly 5% conversion which gradually drops to 0% over the course 
of  3 hours. Similarly, the activity at 400 °C begins at 47% and quickly drops to 31% 
within 1 hour and stabilises at 7% after 2 hours. This level of  conversion is similar to 
that of  the Ni/C in the absence of  LiNH2 and so it can be concluded that reaction with 
the support is likely the cause of  the deactivation. Therefore, after 2 hours 400 °C the 
observed activity is simply due to the Ni particles present. 

 
Figure 3.8. The ammonia conversion profile of  the various catalysts tested in the decomposition 
of  ammonia, determined from the concentration of  nitrogen in the gas stream. Performed by 
heating roughly 100-250 mg of  catalyst in a TPD-MS instrument to 600 °C at 5 °C min-1 under 
50 cm3 min-1 of  10% NH3 in He flow (GHSV of  13000 h-1). 1 in 20 data points shown.
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Figure 3.9. Hydrogen yield of  the various catalysts tested in the decomposition of  ammonia. 
Performed by heating 100-250 mg of  catalyst in a TPD-MS instrument to 600 °C at 5 °C min-1 

under 50 cm3 min-1 of  10% NH3 in He flow (GHSV of  13000 h-1). 1 in 20 data points shown.

Figure 3.10. Ammonia decomposition catalysis performed using the LiNH2/Ni/C and Ni/C 
nanocomposites under 50 cm3 min-1 flow of  10% NH3/He at different temperatures using a 
temperature ramp of  5 °C min-1. Measurements were performed in a TPD-MS instrument where 
the MS was used to distinguish the gases.

Despite this, the LiNH2/Ni/C catalyst compares favourably to other established 
catalysts. A commercial catalyst, namely Ru/alumina (5 wt% Ru loading, 1-2 nm 
particles), displays ammonia conversion of  15% at 300 °C (at a GHSV of  13000 h-1) 
while LiNH2/Ni/C displays a conversion of  7% at the same temperature. At 400 °C the 
ammonia conversion is 79% and 53% for the Ru/alumina and LiNH2/Ni/C catalysts 
respectively. Although the Ru/alumina catalyst has a higher activity than the LiNH2/
Ni/C nanocomposite the particle sizes are very different. The Ru particles are 1-2 nm in 
size, while the LiNH2 particles are in the range of  4-40 nm, with a significant portion on 
the micron scale. Therefore, it should be expected that the LiNH2/Ni/C nanocomposite 
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would be capable of  achieving similar, or even higher, conversion should the LiNH2 
particle size be further reduced. This discovery of  a new class of  catalyst which has 
comparable activity to that of  a commercial catalyst should help to advance the growing 
field of  ammonia decomposition catalysis.

3.4. Conclusion

A nanocomposite of  carbon supported LiNH2 nanoparticles has been prepared 
by treating pore-confined LiH particles with ammonia gas at room temperature. Both 
ammonia and hydrogen are emitted during decomposition under heating. The hydrogen 
release, which begins at 300 °C, was irreversible due to reaction between the support 
and LiNH2. The ammonia release occurred at much lower temperatures (starting from 
50 °C) compared to the physical mixture and bulk system (both 300 °C). This ammonia 
release of  up to 30.5 wt% was partially reversible, albeit reduced upon cycling probably 
due to oxidation of  the material.

Doping of  the confined LiNH2 with Ni produced a material which was able to 
catalyse the decomposition of  ammonia at temperatures of  300-400 oC at conversion 
rates comparable to a commonly used Ru-based catalyst (5 wt%, 1-2 nm particles, 
supported on alumina) and faster than for carbon supported 6 nm Ni particles. A 
conversion of  7% is observed at 300 °C and 53% at 400 °C (gas hourly space velocity 
of  13000 h-1) with deactivation at higher temperatures, possibly due to reaction with 
the support. In comparison, the Ru/alumina catalyst displays conversion of  15% at 
300 °C and 79% at 400 °C. Further work is required to reduce the LiNH2 particle size 
but this material shows great promise in the storage of  ammonia and hydrogen as well 
as catalysis. The theme of  using nanoconfined light metal hydrides in catalysis will be 
further explored in the following two chapters.
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Chapter 4

A Transition-Metal-Free Hydrogenation 
Catalyst: Pore-Confined Sodium Alanate for the 

Hydrogenation of  Alkynes and Alkenes

Abstract

In the previous chapter the concept of  using pore-confined light metal hydrides 
as catalysts was explored, here this theme is further developed through a new system: 
NaAlH4/C. Hydrogenation catalysis is dominated by transition metals, but interest 
in alternative catalysts has been growing over recent years. Herein, carbon supported 
NaAlH4 is discussed as a selective transition-metal-free catalyst for hydrogenation of  
alkenes and alkynes. This is illustrated using a range of  substrates, and in more detail 
for the case of  diphenylacetylene. Catalytic activity depends on the solvent utilized; 
in cyclohexane the activity is higher than in toluene with a slight preference for the 
formation of  trans-stilbene. The catalyst selectivity is influenced by the loading, yielding 
a high selectivity towards the thermodynamically less stable cis-stilbene at low catalyst 
loadings. This proof  of  principle shows promise for using metal hydrides based on 
earth-abundant elements as effective hydrogenation catalysts.

Based on: P.L. Bramwell, J. Gao, B. de Waal, Krijn P. de Jong, Robertus J.M. Klein Gebbink and 
P.E. de Jongh, A Transition-Metal-Free Hydrogenation Catalyst: Pore-Confined Sodium 
Alanate for the Hydrogenation of  Alkynes and Alkenes, J. Catal. 2016, 344, 129.
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Chapter 4

4.1. Introduction

Hydrogenation of  C-C multiple bonds is a key step in the synthesis of  many 
important compounds[1–3]. As with many other fields of  catalysis, transition metals such 
as Pd dominate[4–12], although some transition-metal-free examples such as frustrated 
Lewis pairs have grown in prominence[13–15]. 

Light metal hydrides such as LiAlH4 and NaBH4 are based on earth-abundant 
elements and are typically used in the stoichiometric reduction of  polar groups such as 
carbonyls[16,17]. However, these materials so far have seldom been applied to the reduction 
of  alkenes or alkynes and in such cases only as stoichiometric reagents, rather than as 
catalysts. There is one isolated example of  NaAlH4 being utilized as a hydrogenation 
catalyst where Ti and NaAlH4 were milled together and tested in the hydrogenation of  
diphenylacetylene[18]. At 130 °C and 100 bar of  hydrogen pressure the alkyne starting 
material was fully hydrogenated to the saturated product within three hours. Ti-doped 
sodium alanate is known to reversibly store and release hydrogen, which might explain 
its catalytic activity.

Unlike LiH and LiNH2 in the previous two chapters the preparation and characterisation 
of  confined NaAlH4 for hydrogen storage has been heavily investigated[19–26]. Melt 
infiltration under hydrogen pressure (to prevent decomposition) can be utilized to 
prepare these materials. In NaAlH4/C almost full reversibility of  hydrogen release and 
uptake was achieved at 150 °C[20]. Reduction of  the particle size improves the kinetics 
of  hydrogen sorption as bulk crystalline NaAlH4 displays much slower uptake kinetics 
and requires temperatures above 180 °C to desorb hydrogen. Additionally, the presence 
of  carbon alters the hydrogen release profile from a three-step pathway to a two-step 
pathway, bypassing the intermediate Na3AlH6 phase altogether[20]. Nanoconfinement 
promotes reversibility by preventing the macroscopic phase separation of  NaH and Al. 

Scheme 4.1. Reaction scheme showing the hydrogenation of  diphenylacetylene to bibenzyl.

All of  these factors allow the NaAlH4/C nanocomposite to release and reabsorb 
hydrogen in a reversible manner at relatively low temperatures. This raises the interesting 
question of  whether this material could also be used as a hydrogenation catalyst in the 
absence of  any transition metals[18,27]. Hence it is demonstrated that carbon-confined 
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NaAlH4, previously developed for hydrogen storage purposes, is a transition-metal-free 
hydrogenation catalyst. The hydrogenation of  alkynes and alkenes is explored, while 
studying in detail the recyclability, selectivity, and activity depending on solvent and 
catalyst loading in the case of  DPA hydrogenation (Scheme 1).

4.2. Experimental Section

All materials were stored in a nitrogen-filled glovebox (Mbraun Labmaster I30, 1 
ppm H2O, <1 ppm O2) prior to use, except for the catalyst which was stored in an 
argon-filled glovebox (Mbraun Labmaster dp, 1 ppm H2O, <1 ppm O2) and transferred 
to the other glovebox immediately before use. NaAlH4 powder (hydrogen storage 
grade), DPA (98%), cyclohexane (anhydrous, 99.5%), dodecane (anhydrous, ≥99%), 
1-octyne (97%), 4-octyne (99%) and styrene (99%) were all obtained from Sigma-
Aldrich. Toluene was dried in a distillation apparatus before storage. All liquid reagents 
and solvents were stored in the glovebox over molecular sieves following degassing 
by bubbling nitrogen gas through the liquid for several hours. DPA was dried in vacuo 
overnight before storage in the glovebox. The carbon xerogel was prepared by the 
sol-gel resorcinol procedure[28] and was analysed by nitrogen physisorption (performed 
at -196 °C, Micromeritics TriStar) to determine the pore characteristics (BET surface 
area 564 m2 g-1, pore volume 0.57 cm3 g-1, broad pore size distribution with a maximum 
around 18-20 nm). The xerogel was dried at 600 °C under argon flow for 12 hours 
before storing in the argon-filled glovebox.

The catalyst was prepared by melt infiltration according to previously reported 
literature[20] with a loading of  20 wt% NaAlH4. The result was analysed by X-ray 
Diffraction (Bruker AXS D8 advance 120 machine, Co-Kα radiation, air-tight sample 
holder used), Temperature Programmed Desorption (Micromeritics AutoChem II, 
equipped with a TCD detector, Ar flow of  25 cm3 min-1) and nitrogen physisorption 
before use in catalytic tests.

All hydrogenation reactions were carried out in a Parr 300 cm3 autoclave at 150 °C, 
100 bar hydrogen pressure and constant stirring. The autoclave was loaded in the 
nitrogen glovebox. 270 mg of  catalyst (1 mmol NaAlH4) and 890 mg of  DPA (5 mmol) 
was added to 180 cm3 of  solvent. Dodecane was added as an internal standard. Aliquots 
of  reaction mixture were taken for analysis at regular intervals using a sampling arm 
which was flushed with a small amount of  reaction mixture before the taking of  each 
sample (roughly 2 cm3 of  reaction mixture per sample). Samples were then analysed 
by Gas Chromatography (GC-2010 Shimadzu gas chromatograph equipped with a 
Shimadzu AOC-20i Auto injector) using a CP-Wax column in (Polyethylene Glycol 
(PEG) column) to separate the reaction mixture by boiling points. Boiling points: DPA 
(300 °C), cis-stilbene (307 °C), trans-stilbene (305 °C), bibenzyl (284 °C). 

A number of  blank and reference measurements were performed, described as 
follows. The influence of  the carbon support on the activity was tested by performing 
the above catalysis experiments using only 215 mg of  the carbon support in the absence 
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of  NaAlH4. To rule out the effect of  the metals in the autoclave walls catalytic tests 
were performed using a Teflon lining in the autoclave. As the Teflon liner reduced 
the volume of  the reaction vessel the reaction was scaled down by 15%. The catalytic 
tests were repeated to demonstrate reproducibility. The recyclability of  the catalyst was 
tested by recovering the catalyst at the end of  the hydrogenation reaction and re-using 
in another test. Since 150 mg of  the NaAlH4/C catalyst was recovered (due to losses 
through filtering and removing the catalyst from the reactor) the catalytic loading in the 
second reaction was 150 mg instead of  270 mg. Isomerisation studies were carried out 
by performing the reaction in the same manner as above but instead of  adding DPA 
either trans-stilbene or cis-stilbene were added. 

For the experiments on the adsorption of  each substrate on the catalyst in different 
solvents the following procedure was applied. All experiments were performed at 
room temperature to ensure no hydrogenation reaction occurred. In each experiment a 
substrate, either DPA, cis-stilbene, trans-stilbene or bibenzyl, was dissolved in 9 cm3 of  
the solvent and stirred for 5 minutes. This was then analysed by gas chromatography 
to determine the substrate concentration at 100%. Then 100 mg of  catalyst was added 
(with a volumetric liquid:solid ratio of  203) to the solution and a sample was taken 
at 60 minutes for gas chromatography (GC) analysis. The decrease in concentration 
was assumed to be due to substrate adsorption on the catalyst surface, allowing the 
calculation of  the quantity of  adsorbed substrate. Each sample was run in the GC three 
times and an average was taken, the variation in these three measurements was then 
used to calculate the error given in Table 4.2.

4.3. Results and Discussion

4.3.1. Catalyst Characterisation

The catalyst is prepared by melt infiltration of  NaAlH4 into the pore structure of  
a carbon xerogel support (volume average pore diameter of  13 nm, prepared by the 
sol-gel resorcinol method)[28]. A schematic of  the melt infiltration procedure is shown 
in Figure 4.1. Following melt infiltration X-ray diffraction (XRD) shows the loss of  
crystalline NaAlH4 and a small amount of  crystalline Al is present. Al is present due to 
reaction of  a minor fraction of  the NaAlH4 with xoygen-containing groups loacted on 
the surface of  the carbon support[20]. The low intensity of  the NaAlH4 signal shows that 
pore-confined NaAlH4 lacks long range crystallinity, where the proportion of  crystalline 
NaAlH4 is 29% compared to the physical mixture, indicating a confinement of  71% 
of  the NaAlH4. This is supported by the pore volume loss upon melt infiltration of  
26 vol% (±2 vol%), which accounts for 91% of  the NaAlH4 present. Mapping of  
the distribution of  NaAlH4 and Al through the catalyst surface has been well studied 
previously through use of  scanning electron microscopy (SEM) and energy dispersive 
X-ray spectroscopy (EDX)[20]. As a result it is known that the NaAlH4 is distributed in 
a homogeneous manner. Hence the catalyst does not contain discrete NaAlH4 particles 
but rather the pores are either completely filled or empty, with NaAlH4 exposed at 
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the pore mouths at the external surface of  the carbon support particle, and at the 
boundaries between filled and unfilled pore regions.

 

NaAlH4

Porous
Carbon Support

180 oC
100 bar H2

Pore-Confined
NaAlH4/Carbon

Catalyst

Carbon Structure (SEM Image)

Pores

200 nm

Figure 4.1. Schematic representation of  the melt infiltration process used in preparing the 
NaAlH4 nanocomposite. Orange shading on the right picture represents how the pores are filled 
by NaAlH4. 

Characterisation of  the hydrogen content of  nanoconfined hydride materials 
is commonly performed using temperature programmed desorption (TPD) and the 
temperature at which the hydrogen can be released is also relevant to hydrogenation 
catalysis. In the NaAlH4/C nanocomposite hydrogen release (Figure 4.2) begins 
at roughly 100 °C with a maximum release rate at 175 °C and a total emission of  
0.37 wt% of  hydrogen (compared to a theoretical capacity of  1.48 wt%). This hydrogen 
release should be reversible in order for NaAlH4 to perform hydrogenation reactions 
in a catalytic manner and full reversibility at 150 °C has indeed been demonstrated 
in the literature[20], where the optimal reversible hydrogen capacity is achieved with 
rehydrogenation at 100 bar of  H2. Therefore a temperature of  150 °C was used for all 
catalytic testing.

Figure 4.2. Temperature programmed desorption profile showing the hydrogen release of  the 
NaAlH4/C catalyst performed at a heating rate of  5 °C min-1 under 25 cm3 min-1 Ar flow. 
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4.3.2. Catalyst Testing

Figure 4.3 shows the hydrogenation of  DPA performed using the NaAlH4/C 
catalyst under 100 bar H2 of  pressure. It is clear that the nanocomposite exhibits 
catalytic behaviour by fully hydrogenating DPA when used in a 5:1 DPA:NaAlH4 molar 
ratio (turnover number 10) with a molar activity, taken between 10% and 50% DPA 
conversion, of  2.29 mol (DPA) mol-1 (NaAlH4) h

-1. Due to the nature of  the catalyst 
it is difficult to estimate a turnover frequency (TOF) as it is not possible to measure 
the amount of  exposed active surface area. Only a small amount of  the NaAlH4 in the 
catalyst is active, as it is confined within the pores, therefore for this catalyst a large 
fraction of  the NaAlH4 is not exposed to the reactants. For this reason a TOF range has 
been calculated with a lower limit and a more realistic estimate. The lower limit is based 
on the assumption that all of  the BET surface area measured by nitrogen physisorption 
is composed of  available catalytically active sites. A more realistic estimation was made 
by using the volume fraction of  NaAlH4 in the catalyst, and assuming that the fraction 
of  the total surface area consisting of  NaAlH4 was the same as the volume fraction of  
NaAlH4 (see Appendix for more details). The turnover frequency has been estimated 
to be 2 or 179 h-1 for the lower and more realistic estimate respectively. Although 
significantly lower than a typical Pd-based catalyst, these values are comparable to 
those for frustrated Lewis pair catalysts[13]. The alkyne functionality in the DPA is fully 
reduced to the alkane (bibenzyl) by the catalyst. This demonstrates that the catalyst can 
in fact hydrogenate both alkynes and alkenes.

 
Figure 4.3. Concentrations during hydrogenation of  DPA performed with cyclohexane as a 
solvent. Reaction performed under 100 bar H2 pressure, at 150 °C, with a catalyst loading of  
270 mg (1 mmol of  NaAlH4) and 5 mmol of  DPA.

Figure 4.4 shows the dependence of  the rate of  the DPA consumption on catalyst 
loading. Each point was generated by performing the reaction for 2 hours with samples 
being taken every 10 minutes for GC analysis. In this way the rate of  DPA consumption 
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up to 50% was determined accurately for each catalyst loading. The rate increases 
linearly with catalyst loading. Since there is a small amount of  DPA conversion in the 
absence of  catalyst it is possible that the metals in the walls of  the autoclave, in which 
the reaction is carried out, are at least partially responsible for the observed activity of  
the NaAlH4/C catalyst. To rule this out the reaction was also performed with a Teflon 
insert in the autoclave (Figure 4.5, left). When the Teflon liner is used the activity is 
2.32 mol (DPA) mol-1 (NaAlH4) h

-1, which is only a 1% deviation from the activity seen 
when the Teflon insert is not used. Further, the carbon support itself  showed no effect 
on the rate of  DPA hydrogenation (Figure 4.5, right). Therefore it can be concluded 
that the metals in the autoclave walls and the carbon support are not the source of  the 
apparent catalytic activity of  the NaAlH4/C catalyst.

 
Figure 4.4. Average rate of  DPA hydrogenation versus catalyst loading in cyclohexane. Each data 
point was determined from the time taken to reach 50% conversion of  DPA. All experiments 
were performed at 150 °C, 100 bar H2 with GC samples taken every 10 minutes for 2 hours.

Figure 4.5. Left: DPA hydrogenation carried out using a Teflon liner in the autoclave. Conditions: 
150 °C, 100 bar H2, cyclohexane solvent, 224 mg catalyst (0.83 mmol NaAlH4), 4.15 mmol DPA. 
Right: DPA hydrogenation carried out with no catalyst present (black) and DPA hydrogenation 
reaction performed using 215 mg of  carbon xerogel support instead of  the NaAlH4/C catalyst 
(red). Conditions: 150 °C, 100 bar H2, cyclohexane solvent, 5 mmol DPA.
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To determine recyclability of  the catalyst a reaction was performed at 150 °C, 
100 bar hydrogen pressure in a cyclohexane solvent with a catalyst loading of  270 mg 
and DPA loading of  5 mmol. After the reaction was finished the catalyst was recovered 
by filtration, dried and used again in a hydrogenation reaction under the same conditions 
(Figure 4.6). In the second run 150 mg of  the catalyst was recovered so the amount of  
catalyst was 44% lower. This is reflected in the data as the rate of  hydrogenation is 53% 
slower in the second run.

 
Figure 4.6. Recyclability test of  the NaAlH4/C catalyst. The first run is srepresented by solid 
circles and the run using the spent catalyst is represented by red circles. Conditions in both 
experiments: 150 °C, 100 bar H2, cyclohexane solvent, 5 mmol DPA. Samples taken every 
30 minutes for 6 hours, with one sample taken after roughly 20 hours.

Table 4.1. Conversion, yields and activities obtained when using the NaAlH4/C nanocomposite 
as a hydrogenation catalyst for a number of  substrates. Activities are given as the number of  
moles of  hydrogenated substrate per hour, normalized to the total number of  moles of  NaAlH4 
in the NaAlH4/C catalyst (roughly 1 mmol).

Substrate(a) Conversion
/ % Activity Product Yield

/ %

DPA 100 1.00
Cis-stilbene 0

Trans-stilbene 0
Bibenzyl 100

1-Octyne 100 0.19
1-Octene 47
Octane 43

4-Octyne 95 0.23
4-Octene 2
Octane 93

Styrene 97 0.21 Ethylbenzene 97

(a) Reactions performed at 150 °C, 100 bar H2 pressure for 48 hours in a cyclohexane solvent, 
NaAlH4:substrate molar ratio of  1:5.
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In order to further determine the scope of  the catalyst a number of  other substrates 
were also tested under the same conditions (Table 4.1). 1-octyne and 4-octyne were 
chosen as they are unfunctionalised alkynes and can demonstrate whether the catalyst 
is able to reduce terminal and internal alkynes respectively. Here it is clear that the 
catalyst can effectively reduce the unfunctionalised molecules and is more effective 
in reducing internal alkynes than terminal alkynes. This is also true for the resulting 
alkenes, which are further reduced to alkanes, demonstrating the ability of  the catalyst 
to also reduce unfunctionalised alkenes. Hydrogenation of  a conjugated alkene, styrene, 
further demonstrates the wide scope of  the applicability of  the catalyst.

4.3.3. Solvent Effects

In previous literature[18] the hydrogenation of  DPA was performed in toluene, for this 
reason toluene was also used as a solvent for comparison to cyclohexane (Figure 4.7). 
In toluene 50% conversion of  DPA is achieved in roughly 350 minutes (activity of  
0.48 mol (DPA) mol-1 (NaAlH4) h

-1) whereas the same conversion when cyclohexane 
is employed occurs around 90 minutes (2.29 mol (DPA) mol-1 (NaAlH4) h

-1), which 
is comparable to the activity of  a Ti-doped ball-milled NaAlH4 catalyst under similar 
conditions[18]. 

 
Figure 4.7. Hydrogenation of  DPA performed with toluene as a solvent. Each data point 
corresponds to a sample taken at the respective time and analysed by gas chromatography. 
Reactions performed under 100 bar H2 pressure, at 150 °C, with a catalyst loading of  270 mg 
(1 mmol of  NaAlH4) and 5 mmol of  DPA.

The solvent-dependence of  the activity is striking and may be a result of  either 
differences in hydrogen solubility or interaction with the catalyst. At room temperature 
the solubility of  hydrogen in cyclohexane is 35% higher than for toluene at a pressure 
of  44 bar[29], but this can only account for a small portion of  the difference in activity. 
Therefore it is very likely that something other than hydrogen solubility is affecting 
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activity, such as competitive adsorption from the solvent. To verify this hypothesis 
experiments were performed on the adsorption of  each substrate onto the catalyst 
surface in both solvents. Figure 4.8 and Table 4.2 show the concentration drop of  the 
substrates upon addition of  the NaAlH4/C after 60 minutes of  stirring them in either 
cyclohexane or toluene.

Table 4.2. Summary of  adsorption data for each substrate in cyclohexane and toluene. 

Solvent Substrate
Concentration drop

after 60 minutes
/ %

% of  catalyst
surface coverage(a)

Cyclohexane

DPA 17.8 3.82 ±0.03
Cis-stilbene 16.0 4.04 ±0.04
Trans-stilbene 15.9 3.38 ±0.02
Bibenzyl 10.8 2.79 ±0.03

Toluene

DPA 1.5 0.35 ±0.00(2)
Cis-stilbene 1.9 0.82 ±0.01
Trans-stilbene 3.4 0.61 ±0.00(4)
Bibenzyl 0.5 0.10 ±0.00(03)

(a) Calculated from the BET surface area of  the catalyst.

Figure 4.8. Drop in concentration of  the various substrates 60 minutes after addition of  the 
NaAlH4/C catalyst, performed in cyclohexane and toluene. Each sample was analysed 3 times 
and an average of  each result was taken to form each data point. “Cy” refers to experiments 
performed in cyclohexane, “Tol” refers to experiments performed in toluene.

The percentage of  surface coverage shown in Table 4.2 was calculated from this 
concentration drop by estimating the area of  1 molecule of  the substrate (from 
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calculated bond lengths) and using the following equation to determine the coverage:

% surface coverage = moles substrate adsorbed × NA × area of  1 molecule
     surface area of  catalyst × 100

Where the surface area of  the catalyst was determined from nitrogen physisorption 
and NA is the Avogadro number. These results showed that there is a higher level of  
substrate adsorption in cyclohexane compared with toluene. Therefore, it can be inferred 
that toluene strongly adsorbs onto the catalyst surface, hindering the adsorption and 
subsequent reaction of  DPA.

4.3.4. Selectivity Control

The catalyst favours the production of  trans-stilbene, which is not surprising as 
trans-stilbene is the thermodynamically more stable isomer[30]. There are two possible 
explanations for this selectivity, either this is the intrinsic selectivity of  the catalyst or 
isomerisation of  cis-stilbene to trans-stilbene during reaction is affecting the observed 
selectivity. To verify this two separate reactions were monitored: hydrogenation of  trans-
stilbene and hydrogenation of  cis-stilbene rather than DPA (Figure 4.9). It was found 
that the rate of  trans-stilbene formation from cis-stilbene is roughly 1.2 mmol h-1 whereas 
isomerisation from trans- to cis-stilbene does not occur at all. This rate of  isomerisation 
can account for 100% of  the trans-stilbene that is formed during reaction. Therefore, 
the catalyst primarily produces cis-stilbene through hydrogenation of  DPA and trans-
stilbene is only formed through isomerisation of  the cis-stilbene product.

Figure 4.9. Hydrogenation of  cis-stilbene (left) and trans-stilbene (right) to determine the 
effect the catalyst has on isomerisation of  cis-stilbene and its reversibility. Conditions: 150 °C, 
100 bar H2, cyclohexane solvent, 270 mg catalyst (1 mmol NaAlH4), 5 mmol cis-/trans-stilbene.

 An interesting question given that isomerisation of  cis-stilbene can take place at 
the free surface of  the catalyst is whether the number of  active sites can affect the 
selectivity. Therefore a high molar DPA:NaAlH4 ratio of  25:1 was applied, by reducing 
the catalyst loading (Figure 4.10). The lower loading drastically altered the selectivity, 
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yielding a cis:trans ratio of  12 at 50% conversion compared to a ratio of  1 at the 
same conversion when the lower DPA:NaAlH4 ratio of  5 is used. The fact that the 
catalyst loading has such a marked impact on the selectivity demonstrates that this is 
not thermal isomerisation. Compared to the more active Pd catalysts this provides the 
unique opportunity to tune selectivity by changing catalyst loading.

Figure 4.10. Hydrogenation of  DPA performed with a catalyst loading of  54 mg 
(0.2 mmol NaAlH4) and 5 mmol DPA. 150 °C, 100 bar hydrogen, cyclohexane solvent.

In order to gain more insight into the mode of  action of  the catalyst, particularly 
whether hydrogen can be directly extracted from the NaAlH4 lattice or whether it 
is provided by the gas phase only, the catalyst was tested in the absence of  gaseous 
hydrogen (Figure 4.11). Here it can be seen that hydrogenation occurs in the absence of  
gaseous hydrogen. This demonstrates that hydrogenation can proceed via extraction of  
hydrogen from the NaAlH4 lattice. However, the rate of  hydrogenation is low; reaching 
less than 10% conversion of  DPA in 24 hours, which corresponds to the consumption 
of  18% of  the hydrogen in the catalyst. Once hydrogen pressure is introduced, the 
reaction proceeds much more rapidly to 100% conversion to bibenzyl (BB) within 
6 hours. Possibly the extraction of  hydrogen leads to a change in the nanostructure of  
the material (increasing the accessibility of  the active sites) or an intrinsic change in the 
nature of  the active sites. 

Interestingly, if  the hydrogen gas is introduced after a hydrogen-free period the 
catalyst is more selective towards cis-stilbene than when hydrogen is introduced at the 
start of  the reaction. At 50% conversion the cis:trans ratio is 5, which is a fivefold increase 
compared to the reaction shown in Figure 4.3. There are two possible explanations 
for this, the first being the aforementioned altered active surface area resulting from 
dehydrogenation of  the catalyst. The other is that the intrinsic properties of  the catalyst 
are changed during the Ar stage. However, in order to better understand this further 
investigation is required. 
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Figure 4.11. Hydrogenation of  DPA in the absence of  gaseous hydrogen until 1400 minutes 
where hydrogen pressure was applied. The reaction was performed in cyclohexane at 150 °C 
with 80 bar Ar pressure initially before switching to 100 bar H2 pressure. A DPA:NaAlH4 molar 
ratio of  5:1 was used.

4.4. Conclusions

In conclusion, a transition-metal-free catalyst for hydrogenation of  terminal and 
internal alkynes and alkenes has been demonstrated which consists of  carbon supported 
NaAlH4 using a carbon xerogel type support. The catalyst has the ability to hydrogenate 
a number of  substrates, including conjugated systems and unfunctionalised molecules. 
Activity depends on solvent due to competitive adsorption effects on the catalyst 
surface, as confirmed experimentally. Using cyclohexane as a solvent the activity 
for DPA hydrogenation is 1 mol (DPA) mol-1 (NaAlH4) h

-1 at 150 °C. In contrast to 
typically used Pd catalysts the selectivity is 12 times higher in favour of  the cis-stilbene 
intermediate at low catalyst loadings.

Additionally, it was have shown that hydrogenation can occur via direct hydrogen 
extraction from the NaAlH4 lattice. When the catalyst is partially dehydrogenated before 
addition of  hydrogen gas pressure, selectivity is 5 times higher towards cis-stilbene than 
when hydrogen pressure is applied at the beginning of  the reaction. As this new type 
of  catalyst is based solely on light and abundant elements and does not contain any 
transition metals, yet can still display high selectivity towards the cis-alkene, it promises a 
new avenue in the development of  catalysts for selective hydrogenation. Further study 
is required to fully understand the origin of  the activity of  this catalyst as well as the 
mechanistic steps involved, which will be explored in the following chapter.
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Chapter 4

Appendix - Calculation of  Turnover Frequency

The turnover frequencies (TOF) were estimated using an approximation of  the 
active surface area of  NaAlH4. As these materials have been characterised in great detail 
earlier for hydrogen storage applications the structural properties are well known[20-22]. 
Upon melt-infiltration, the pores of  the carbon scaffold are either filled completely 
with the NaAlH4, while the rest of  the pore volume remains completely empty. As the 
active sites are simply composed of  the exposed NaAlH4 surface at the mouth of  these 
pores the fraction of  the catalyst surface composed of  NaAlH4 was estimated from the 
volume fraction of  NaAlH4 (68.4 vol %) and using nitrogen physisorption data. This 
was then used to estimate the turnover frequency.

In the melt infiltration process 0.25 g of  NaAlH4 is mixed with roughly 1 g of  carbon 
xerogel. If  the pore volume of  the carbon xerogel is 0.9 cm3 g-1 then the fraction of  
pore filling, γ, based on the volume of  the NaAlH4 introduced to the pores (assuming 
that all 0.25 g is contained within the pores) is 22%:

Where mNaAlH4 is the mass of  sodium alanate used, ρNaAlH4 is the sodium alanate 
density, Vpore is the carbon xerogel pore volume and mCarbon is the mass of  carbon used. 
The surface area of  the carbon xerogel prior to melt infiltration, SA(Carbon) , is 577 m2 g-1, 
however since the weight loading of  carbon is 80 wt% and the fraction of  the carbon 
that is filled with sodium alanate is 22% then the surface area of  empty carbon, SA(empty), 
is:

Where γwt is the weight fraction of  carbon in the catalyst. Following impregnation 
nitrogen physisorption data shows that the surface area is reduced to 375 m2 g-1. 
Therefore the surface area of  the active portion of  the catalyst (SA(active)) is the difference 
between the catalyst surface area (SA(cat) and SA(empty)):

The weight loading is 20 wt%, hence the volume loading is 31.6 vol%, so only 31.6% 
of  the 15 m2 g-1 surface is sodium alanate:

Where SA(NaAlH4) is the surface area of  exposed sodium alanate. This could then 
be used to determine the TOF, but first the surface area of  one active site, σ, was 
determined:

Where MR is molar mass of  sodium alanate, ρ is the density of  sodium alanate and 
NA is the Avogadro number. This could then be used to determine the number of  active 
sites, Ns, from the sodium alanate surface area:
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Where σT is the total surface area of  sodium alanate and mcat is the mass of  catalyst 
used in the reaction. The TOF could then be calculated using the following equation:

Where n0.5 is the number of  moles converted at 50% conversion and t0.5 is the time 
at 50% conversion in hours. This TOF value represents the most realistic estimation of  
the TOF and the upper limit of  the value. The lower limit of  the range was determined 
by assuming that active NaAlH4 sites cover 100% of  the catalyst surface (surface area 
of  375 m2 g-1), resulting in a TOF of  2. This yields a TOF range of  2-179 h-1 for the 
DPA hydrogenation reaction performed in cyclohexane at 150 °C, 100 bar H2. For the 
toluene case the range was 0.8-62 h-1.
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Chapter 5

Norbornylene as a Mechanistic Probe for the NaAlH4/C 
Catalyst

Abstract

In Chapter 4 it was shown that NaAlH4 confined to carbon pores is an active 
transition-metal-free catalyst in the hydrogenation of  C–C multiple bonds, but the 
mechanism and source of  activity is yet to be elucidated. By preparing nanoconfined 
NaAlD4 for the first time and utilizing it in the hydrogenation of  norbornylene, more 
details of  the mechanism have been determined. Hydrogen transfer was found to 
occur through syn-addition of  one H at a time from NaAlH4 to the least sterically 
hindered side of  the C=C bond. Gas phase H-D exchange in the catalyst occurs at 
the same temperature (120 °C) as catalytic activity which prevents unambiguously 
determining that the hydrogen originates from the NaAlH4. However, the alternative, 
namely hydrogenation form gas phase hydrogen, is highly unlikely, also as hydrogen is 
attached to the site of  norbornylene that is usually attached to the surface. Finally, it was 
found that the NaAlH4 needs to be fully hydrogenated in order to catalyse norbornylene 
hydrogenation. Further work is needed to elucidate the full mechanism, but this study 
gives some first guidelines for which metal hydrides might be active as hydrogenation 
catalysts and under which conditions.

To be published as part of: P.L. Bramwell, K. Daalhuizen, J.E. van den Reijen, J.T.B.H. Jastrzebski, 
P.E. de Jongh and R.J.M. Klein Gebbink, Norbornylene as a Mechanistic Probe for the 
NaAlH4/C Catalyst, in preparation.
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5.1. Introduction

Hydrogenation of  olefins is an immensely useful tool in synthetic chemistry, one 
that facilitates the large-scale manufacture of  products ranging from pharmaceuticals 
to consumer goods[1,2]. Although the most common catalysts used typically consist of  
supported Pd or Pt particles[3–6] or other similarly expensive metals[7–10], less expensive 
metals such as Fe[11] and transition-metal-free catalysts have been enjoying increasing 
popularity in recent years. The most prolific family of  such catalysts are known as 
frustrated Lewis pairs which are known to hydrogenate a wide range of  different 
functional groups[12–14]. A number of  other catalysts have also been reported, such as 
lithium amidoboranes, MgO-based catalysts and even organocatalysts[15–19] but in all 
cases a detailed understanding of  the mechanism of  action is essential for an informed 
approach to modifying and improving the catalysts in terms of  both activity and 
selectivity.

Hydrogenation mechanisms have been extensively studied, particularly in the 
case of  Pd-based catalysts[20–25]. In the Pd system hydrogenation occurs through a 
Langmuir-Hinshelwood type mechanism[23,26] where the olefin and H2 adsorb onto the 
Pd surface, the latter occurring dissociatively to form H atoms. Hydrogenation then 
proceeds by step-wise addition of  sub-surface H atoms to the olefinic bond[27]. An 
intermediate, half-hydrogenated, state exists following addition of  the first H, which 
in many molecules can freely rotate while still bound to the surface. This rotation and 
the possible subsequent β-hydrogen elimination can account for isomerisation of  the 
substrate and has a large impact on selectivity. Very little evidence of  any other reaction 
pathway has been presented although the concept of  an Eley-Rideal type mechanism[28] 
and hydrogenation through hydrogen dissolved in Pd have also been proposed[20,22].

In Chapter 4 pore-confined NaAlH4 was presented as an effective hydrogenation 
catalyst for both alkynes and alkenes[29]. This material was previously prepared and 
studied for hydrogen storage applications[30–32] but was found to also be applicable in 
catalysis. However, the mechanism of  hydrogenation and the origin of  its activity are 
still unclear and further study would be necessary to understand the catalytic system and 
thus improve it.

In many different types of  hydrogenation catalyst, such as transition-metal-based 
catalysts and frustrated Lewis pairs, the origin of  their activity is well understood. As 
NaAlH4 is very different from transition metal catalysts, and in the case of  NaAlH4 no 
adsorbed H-atoms are expected on the surface, investigating the origin of  its activity could 
allow the identification of  other similar materials that may be active in hydrogenation 
catalysis and under which conditions. For example, if  reversible hydrogen uptake and 
release is a requirement for activity then the abundance of  research performed on 
hydrogen storage materials could be utilized to design other catalysts.

 Herein we discuss a number of  approaches to elucidating the mechanistic route 
by which NaAlH4/C enacts hydrogenation of  C–C multiple bonds. The preparation 
of  a NaAlD4/C catalyst and its use in probing the hydrogenation mechanism of  
norbornylene by the NaAlH4/C catalyst is discussed. Norbornylene (NBE) is used as 
a mechanistic probe as its rigid structure prevents side reactions such as double bond 
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isomerisation, allowing an unambiguous analysis of  how H2 is added to the olefinic 
bond[37,38]. A deeper knowledge of  the mode of  action of  this active and selective 
catalyst will be instrumental in the development and improvement of  this and other 
similar materials.

5.2. Experimental

Materials: NaAlH4 (hydrogen storage grade, 93%), norbornylene (99%), 
norbornane (98%), dodecane (anhydrous, 99%), cyclohexane (anhydrous, 99.5%) 
and benzene (anhydrous, 99.8%) were purchased from Sigma-Aldrich, stored in a 
nitrogen-filled glovebox (Mbraun Labmaster I30, 1 ppm H2O, <1 ppm O2) and used 
as-received. Dodecane, cyclohexane and benzene were stored over molecular sieves 
while norbornylene and norbornane were refrigerated during storage. High surface area 
graphite (HSAG) was purchased from TimCal and has a BET surface area of  578 m2 g-1, 
pores ranging from 2-50 nm in diameter and a mesopore volume of  0.69 cm3 g-1. 
Hydrogen (99.9999% purity) and deuterium gas (99.8% purity) were obtained from 
Linde gas.

Catalyst preparation: Catalysts were prepared by melt infiltration by milling 0.25 g 
of  NaAlH4 with 1 g of  HSAG in an argon filled glovebox (Mbraun Labmaster dp, 
1 ppm H2O, <1 ppm O2), sealing in a Parr 50 cm3 stainless steel autoclave and removing 
from the glovebox. The autoclave was then pressurized with 100 bar of  H2 and heated 
to 150 °C at 5 °C min -1, holding for 15 minutes then heating to 180 °C at 1 °C min -
-1 and holding for 15 minutes before cooling, venting the hydrogen and moving back 
into the glovebox. The NaAlD4/C catalyst was prepared in the same manner but the 
NaAlH4 was melt infiltrated under 100 bar of  D2 pressure instead of  H2. In this way the 
D2 in the gas phase exchanges with the hydrogen in the NaAlH4 during infiltration to 
form carbon confined NaAlD4. The ratio of  D2 to the hydrogen in the NaAlH4 at the 
beginning of  the melt infiltration procedure was 55:1.

Catalyst characterisation: X-ray diffraction (XRD) was performed with a Bruker 
AXS D8 advance 120 machine, Co-Kα radiation using an air-tight sample holder. All 
samples were prepared in the Ar-filled glovebox. Temperature programmed desorption 
(Micromeritics AutoChem II, Ar flow of  25 cm3 min-1, 5 °C min-1 temperature ramp) 
coupled to a mass spectrometer (Hiden QGA mass analyser), TPD-MS, was used to 
determine the presence of  H and D in the catalyst. The sample was heated to 400 °C 
and the mass analyser was used to determine whether H2 or D2 were released from 
the catalyst. H-D exchange was measured using thermogravimetric analysis (TGA) 
with a Rubotherm TGA instrument that has been customized to allow the loading of  
air sensitive samples. Measurement of  H-D exchange was performed by heating the 
NaAlD4/C catalyst to 190 °C at a rate of  5 °C min-1 under 50 bar of  H2 pressure at a 
flow rate of  25 cm3 min-1. The mass change upon H-D exchange was then observed and 
the same measurement performed for NaAlH4/C as a reference. In order to confirm 
that H-D exchange had occurred during TGA analysis TPD-MS of  the NaAlD4/C after 
TGA measurement was performed.
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Hydrogenation Reactions: The position at which H/D is added to the NBE C–C 
double bond was investigated by performing the reaction with the NaAlD4/C catalyst 
in a 50 cm3 Parr stainless steel autoclave using benzene as a solvent at 190 °C (at which 
temperature the NaAlH4 is liquid) and 100 bar D2 pressure for 70 minutes. Benzene was 
used as a solvent in this case as the 1H NMR peaks of  benzene do not overlap with 
those of  the norbornylene/norbornane. A sample of  the final reaction mixture was 
taken for GC and nuclear magnetic resonance (NMR) analysis. NMR was performed 
with a Varian VNMRS400 instrument operating at a frequency of  400 MHz. 1H and 
ASAPHQMC NMR measurements were performed on the sample taken from the 
reaction. As a reference 1H NMR was also performed on a solution of  norbornane in 
C6D6 solvent.

To determine the hydrogen source in two norbornylene hydrogenation reactions were 
performed: the first using a NaAlH4/C catalyst under a D2 atmosphere and the second 
using a NaAlD4/C catalyst under a H2 atmosphere. The goal of  these experiments 
was to monitor the formation of  any deuterated norbornane product to determine 
whether the H/D transferred to norbornylene during hydrogenation originated from 
the catalyst or the gas supplied. In each reaction the autoclave (50 cm3 stainless steel) was 
loaded in the nitrogen glovebox with 0.08 g of  NBE (0.8 mmol), 0.27 g of  NaAlH4/C 
or NaAlD4/C catalyst (1 mmol NaAlH4/NaAlD4), 0.1 g of  dodecane as an internal 
standard, 30 cm3 of  cyclohexane and 100 bar of  either H2 or D2 pressure. The ratio 
of  hydrogen/deuterium gas to the hydrogen/deuterium in the catalyst was 40:1 and 
therefore the predicted amount of  the possible minor product was above the limit of  
detection of  the GC-MS. Deuterated and hydrogenated products were differentiated by 
measuring GC-MS of  a sample taken from the reaction mixture with a Shimadzu QP-
2010 GC-MS fitted with an Agilent VF-5ms column (length: 30 m, diameter: 0.25 mm, 
film: 0.25 μm). 

To determine the temperature at which the NaAlH4/C catalyst is active and hence 
whether it is likely that isotopic exchange is occurring before hydrogenation of  
norbornylene a number of  experiments were carried out with different temperature 
ramp rates. Each of  these reactions were carried out in a 300 cm3 stainless steel 
autoclave connected to a custom-built autosampler which took a sample every 
10 minutes. Reactions were performed using 0.47 g of  norbornylene (5 mmol), 0.27 g of  
NaAlH4/C catalyst (1 mmol of  NaAlH4), 0.2 g of  dodecane internal standard, 180 cm3 
of  cyclohexane solvent and 100 bar of  H2 pressure. The time taken to reach 190 °C 
in the first experiment was 15-20 minutes with a temperature ramp of  11 °C min-1 
(the maximum possible with the heater used), in the second experiment a 3 °C min-1 
temperature ramp (reaching 190 °C in roughly 60 minutes) was used. Samples were then 
analysed by gas chromatography (GC) in a Varian 430-GC instrument fitted with an 
Agilent VF-5ms column (length: 30 m, diameter: 0.25 mm, film: 0.25 μm) to monitor 
conversion of  NBE.

To determine whether the surface of  the NaAlH4 active sites must be in the 
hydrogenated state for activity in norbornylene hydrogenation and experiment where 
H2 was added to the reaction vessel under reaction conditions was performed. In this 
experiment the autoclave was loaded with the NaAlD4/C catalyst, NBE, dodecane and 
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cyclohexane as described above then heated to 190 °C with stirring under ambient N2 
pressure. 100 bar of  H2 pressure was then added and samples were taken every 3 minutes 
for 1 hour and then two more times at 30 minute intervals to monitor reaction progress. 

For comparison a similar experiment was performed where norbornylene was 
introduced to the reaction mixture after equilibration at 190 °C. Here the autoclave 
was filled with NaAlD4/C catalyst, dodecane and cyclohexane as described above and 
then heated to 190 °C under 100 bar H2 pressure for 30 minutes before introducing 
norbornylene. The reaction progress was then monitored as described above.

5.3. Results and Discussion

5.3.1. Preparation and Characterisation of the NaAlD4/C    
  Catalyst

Figure 5.1 shows the X-ray diffraction pattern of  the NaAlD4/C catalyst as well as 
that of  the non-deuterated catalyst (NaAlH4/C). There are no clear differences in the 
XRD patterns but both the confined NaAlH4 and NaAlD4 lack long range crystallinity 
and therefore their diffraction peaks are not visible. The Al peaks in the NaAlD4/C 
catalyst are slightly broader than in the NaAlH4/C catalyst, which suggests a crystallite 
size of  23 nm in the former and 34 nm in the latter. It should be noted that the method 
of  determining the crystallite size[39] is only accurate for sizes lower than 30 nm, so 
as these values are so close to this limit they should not be considered significantly 
different. However, the reason for this difference in crystallite size is unclear.    

Figure 5.1. X-ray diffraction patterns for (a) carbon support, (b) NaAlH4/C physical 
mixture, (c) NaAlH4/C nanocomposite and (d) NaAlD4/C nanocomposite. All data 
are normalized to the carbon peaks. Data offset for clarity.



Chapter 5

98

As XRD does not show any clear evidence of  successful deuteration of  the 
catalyst further characterisation techniques must be used. Temperature programmed 
desorption (TPD) is a technique typically used in hydrogen storage materials, not only 
as a means of  determining the hydrogen capacity but also to characterise the materials. 
Figure 5.2 shows the TPD-MS profile of  the deuterated and non-deuterated catalysts. 
The deuterated catalyst shows no H2 release and releases 7.4 wt% of  D2 beginning at 
120 °C. The non-deuterated catalyst has an onset temperature of  release of  145 °C, 
roughly 25 °C higher than that of  the deuterated catalyst. NaAlD4/C releases 80% of  
its hydrogen capacity within 20 minutes (a rate of  release of  0.78 mmol min- 1), while 
NaAlH4/C achieves 80% of  release in 26 minutes (a rate of  release of  0.30 mmol 
min- 1). This is an intriguing observation, but outside the scope of  the present study. 
However, it is clear that a deuterated NaAlD4/C sample has been prepared.

Figure 5.2. Hydrogen and deuterium gas release profiles of  the NaAlH4/C and NaAlD4/C 
nanocomposites measured using TPD-MS. Measured at a temperature ramp of  5 °C min-1 under 
an argon flow of  25 cm3 min-1. 

Further evidence of  the presence of  deuterium in the catalyst can be found in 
thermogravimetric analysis (TGA) by performing H-D exchange on a sample of  the 
catalyst and monitoring the weight change. It can be assumed that any weight loss under 
hydrogen pressure can be attributed to exchanging D in NaAlD4 for the lighter H isotope 
while contribution of  the reverse reaction (D2 being re-incorporated into the lattice) to 
the observed mass changes can be assumed to be negligible if  the measurement is 
performed under flow conditions. In addition to confirming the presence of  deuterium 
this is also an effective method for measuring the kinetics of  H-D exchange, which has 
previously been reported on the macrocrystalline NaAlH4 system[40].  

Figure 5.3 shows the TGA data for the NaAlD4/C and NaAlH4/C catalysts 
where the samples were heated to 190 °C under 50 bar of  hydrogen pressure. In the 
NaAlD4/C catalyst the mass begins to decrease starting at 120 °C and is complete within 
15 minutes with a total mass loss of  0.99 mg (rate of  exchange of  0.038 mmol min-1). 
This is in accordance with previous literature which reported H-D exchange occurs 
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upon hydrogen/deuterium desorption from macrocrystalline NaAlH 4/NaAlD4
[40]. With 

complete exchange of  deuterium for hydrogen the total expected mass loss is 1.34 mg 
and so the observed change is close to that of  the expected mass loss. The reason 
for the mass loss being lower than expected may be incomplete release of  deuterium 
from the catalyst and hence incomplete H-D exchange, for instance related to diffusion 
limitations or slight oxidation of  the catalyst.

Figure 5.3. Thermogravimetric analysis of  the NaAlH4/C and NaAlD4/C catalysts. Measured 
with a temperature ramp of  5 °C min-1 at 50 bar H2 pressure and 25 cm3 min-1 of  H2 flow. 
The dotted line indicates the temperature at which H-D exchange begins in the NaAlD4/C 
nanocomposite.

Figure 5.4. TPD-MS showing the hydrogen and deuterium released from the NaAlD4/C 
catalyst after H-D exchange. Performed at a temperature ramp of  5 °C min-1 under 25 cm3 min-1 
flow of  Ar. 
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Confirmation that the H-D exchange has occurred was found by measuring TPD-
MS again after performing the exchange (Figure 5.4). Only H2 release was detected 
and no D2 was emitted during heating which indeed confirms that H-D exchange had 
occurred. The amount of  H2 released in this sample however is significantly lower than 
in Figure 5.2, this is likely due to oxidation of  the sample during handling.

5.3.2. Mechanism of H-addition

In order to determine the mode of  hydrogen transfer during hydrogenation the 
NaAlD4/C catalyst was used in the hydrogenation of  norbornylene at 190 °C under 
100 bar D2 pressure. It should be noted that at this temperature the NaAlH4 is molten, 
but due to capillary action it remains within the carbon pores. The bicyclic nature of  the 
norbornylene structure prevents any isomerisation during hydrogenation and thus the 
location of  any inserted deuterium within the structure of  the product demonstrates 
clearly which side of  the C-C double bond that hydrogenation occurs at. The 1H NMR 
of  the reaction product and a norbornane reference are shown in Figure 5.5. 1H NMR 
clearly shows formation of  the norbornane product but the integration of  the peak at 
1.4 ppm, representing the exo-protons, corresponds to only two protons, compared to 
the four protons at the same chemical shift in the norbornane reference. This suggests 
that there are only two exo-protons present in the structure, instead of  the four seen in 
norbornane. Moreover, the peaks corresponding to the endo-protons in the 1H NMR 
spectrum (Figure 5.5) of  the reaction product show a different splitting compared to 
the norbornane reference. There are three peaks in the 1.0-1.2 ppm region, while in the 
norbornane reference there are two. This suggests that the two sets of  endo-protons are 
no longer equivalent, supporting the conclusion that there is deuterium substitution on 
one side of  the molecule. Therefore, it can be assumed that there are two exo-deuterium 
atoms in the reaction product.

Interestingly, the 1H NMR spectrum also shows evidence of  a C6H6D6 species present 
in the product mixture, which results from deuteration of  the benzene solvent by the 
catalyst. This is supported by the triplet peak observed at 26 ppm in the APT spectrum. 
The ability of  this catalyst to hydrogenate/deuterate benzene is very striking as benzene 
is a particularly difficult substrate to hydrogenate[41,42]. Therefore the NaAlH4/C is able 
to hydrogenate even very stable aromatic species, which demonstrates the scope of  
substrates that this catalyst is capable of  reducing.

The position of  deuteration was confirmed by use of  2-D NMR seen in Figure 5.6. 
The triplet CH signal seen in the attached proton test (APT) spectrum corresponds 
to a D-substituted C position. There is a strong coupling observed between the signal 
corresponding to the endo-protons in the 1H NMR (1.1 ppm) and the triplet carbon 
signal at 29 ppm, which confirms that deuteration has indeed occurred at the exo-
position. It is worth noting that there is only one triplet peak present in the APT NMR 
spectrum that originates from the norbornane product (the other triplet being from 
deuterated benzene), which means addition of  the two deuterium atoms has only 
occurred at the exo-position. The exo-position is known to be the least sterically hindered 
position[37] and is therefore more favourable for hydro-addition. From literature studies 
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of  norbornylene on a Pt surface it is known that norbornylene preferentially adsorbs 
with the exo-side of  the double bond facing the active surface,[43] therefore the fact that 
addition exclusively occurs at the exo-position surface indicates that hydrogen transfer 
to the double bond occurs via syn-addition from hydrogen from the NaAlH4. However, 
it should be noted that adsorption behaviour of  norbornylene may be different in 
NaAlH4 compared to Pt as they are very different in nature from each other.

Previous studies on the isomerisation of  cis- and trans-stilbene showed that 
isomerisation of  alkenes is catalysed by the NaAlH4/C nanocomposite[29]. Literature 
on the mechanism of  alkene hydrogenation by Pd has established that isomerisation 
occurs due to β-hydrogen elimination between the addition of  the first and second H[23]. 
Therefore, in order for isomerisation to occur, the hydrogenation mechanism must 
proceed through stepwise addition of  H. It is then possible to conclude from the above 
NMR data and previous studies that hydrogenation of  the C=C bond by NaAlH4/C 
occurs through stepwise addition of  H directly from the NaAlH4/C surface.

Figure 5.5. Top: 1H NMR spectrum of  the product of  hydrogenation by the NaAlD4/C catalyst 
in benzene, bottom: 1H NMR spectrum of  norbornane in C6D6. Hydrogenation performed at 
190 °C under 100 bar D2 pressure for 70 minutes using benzene as a solvent. Dodecane was 
used as an internal standard, C6H6D6 refers to a small amount of  benzene solvent which was 
deuterated by the catalyst.
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Figure 5.6. 2-D NMR spectrum (ASAPHQMC) of  the product of  hydrogenation by the 
NaAlD4/C catalyst coupling the 1H spectrum (top) with the attached proton test (APT) 
spectrum (left). Hydrogenation performed at 190 °C under 100 bar D2 pressure for 70 minutes 
using benzene as a solvent. Dodecane was used as an internal standard, C6H6D6 refers to some 
benzene solvent which was deuterated by the catalyst.

5.3.3. Origin of H in Norbornylene Hydrogenation

To investigate whether hydrogen is transferred from NaAlH4 to the norbornylene, 
or whether it is hydrogen from the gas phase reacting with norbornylene adsorbed on 
the NaAlH4, two norbornylene hydrogenation reactions were carried out: one using 
NaAlH4/C under a D2 atmosphere and another using a NaAlD4/C catalyst under a H2 
atmosphere. This way the presence or lack of  deuterium in the norbornane product 
could indicate the source of  hydrogen.

The only product in each reaction is the product resulting from the gas supplied. 
When NaAlD4/C is used under a H2 atmosphere only hydrogenated norbornane is 
observed in GC-MS analysis, whereas when NaAlH4/C is used under a D2 atmosphere 
only deuterated norbornane is observed (Figure 5.7). This could be explained by direct 
reaction of  adsorbed norbornylene with gas phase hydrogen. 

However, isotope exchange may also explain the results. The previously discussed 
TGA analysis of  isotope exchange (Figure 5.3) demonstrated that H-D scrambling 
occurs in the catalyst starting from 120 °C while the reaction is run at 190 °C. Hence 
under reaction conditions very fast isotope exchange is expected.
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Figure 5.7. Mass spectra from GC-MS of  (a) the norbornane product produced from a reaction 
with the NaAlD4/C catalyst performed under H2 pressure (b) the norbornane product produced 
from a reaction with the NaAlH4/C catalyst performed under D2 pressure, and (c) a norbornane 
reference spectrum. Reactions performed at 190 °C under 100 bar of  H2/D2 pressure (H 2/D2 
(g):H2/D2 (cat) of  40:1) using a cyclohexane solvent in a 50 cm3 autoclave.

5.3.4. Conditions for Catalytic Activity

Whether or not H-D scrambling is occurring at a lower temperature than at which 
norbornylene hydrogenation starts can be confirmed by monitoring the conversion of  
norbornylene at different temperature ramp rates and determining at which temperature 
the conversion occurs. Figure 5.8 shows the norbornylene conversion profiles of  
reactions run with a temperature ramp rate of  3 °C min-1 and 11 °C min-1. An induction 
period is observed in both cases which is dependent on the rate of  temperature increase 
as it is noticeably longer for the slower ramp rate. The temperature at which the first 
conversion of  norbornylene is observed in both cases is roughly 120 °C, a similar 
temperature as the start of  H-D exchange in the gas phase which can explain why 
no product resulting from the hydrogen in the NaAlH4/NaAlD4 lattice is observed at 
190 °C. 

This suggests that mixing between the H2 dissolved in the solvent and H in the 
NaAlH4 occurs at a similar temperature to the gas phase and hence that rehydrogenation 
of  the NaAlH4 surface is occurring simultaneously with norbornylene hydrogenation.

An interesting question is whether the catalyst surface needs to be fully hydrogenated 
to be active. As the NaAlD4/C catalyst releases hydrogen starting from 120 °C, heating 
the catalyst to 190 °C in the absence of  hydrogen atmosphere should enact release of  all 
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of  the deuterium contained within the catalyst. By then introducing hydrogen pressure 
and monitoring the norbornylene hydrogenation progress the rehydrogenation of  the 
NaAlD4/C surface can be observed in situ. For this reason a mixture of  NaAlD4/C 
catalyst, cyclohexane solvent, norbornylene and internal standard was heated to 190 °C 
in the absence of  H2 (ambient N2 pressure) and, after 30 minutes of  equilibration time, 
100 bar of  H2 was added to the reaction vessel with samples taken every 3 minutes to 
monitor product formation (Figure 5.9). Once the hydrogen pressure is introduced 
there is a 16 minute delay before conversion of  norbornylene is observed. The delay 
can be assumed to be due to the rehydrogenation of  the NaAlH4 as it is of  a similar 
timescale to that of  the H-D exchange observed in the TGA measurements (Figure 5.3) 
and that observed in literature[44]. In contrast, if  norbornylene is added to the reaction 
mixture after equilibrating at 190 °C under 100 bar H2 for 30 minutes conversion is 
observed immediately as the catalyst surface is already in its hydrogenated state once 
norbornylene is introduced. This means that the NaAlH4/NaAlD4 surface must be in 
the fully hydrogenated state in order to enact the hydrogenation of  norbornylene. 

Figure 5.8. Norbornylene hydrogenation profiles for the NaAlH4/C catalyst performed with 
11 °C min-1 (circles) and 3 °C min-1 (triangles) temperature ramps. Arrows indicate the time at 
which a temperature of  120 °C was reached in each reaction.

It can be concluded that in order for the catalyst to be active the conditions for 
reversible uptake and release at the NaAlH4 must be met, in this case a temperature 
of  at least 120 °C. These conditions were previously known through studies of  the 
NaAlH4/C nanocomposite for the purposes of  hydrogen storage[30,31] and so this means 
that by making use of  previous hydrogen storage research it can be predicted which 
light metal hydride materials may be active in hydrogenation catalysis and under which 
conditions.



Mechanistic Studies on the NaAlH4/C Catalyst

5

105

5

Figure 5.9. Norbornylene hydrogenation profile for the NaAlD4/C catalyst after the introduction 
of  100 bar of  H2 pressure (circles) and norbornylene (triangles) at 190 °C. t = 0 taken as the time 
at which H2 or norbornylene was introduced. Reaction performed using a cyclohexane solvent 
under 100 bar H2 pressure at 190 °C.

5.4. Conclusions

A NaAlD4/C catalyst has been successfully prepared by performing melt infiltration 
of  NaAlH4 into carbon under a deuterium atmosphere. H-D exchange in the gas phase 
was measured through thermogravimetric analysis and found to start from 120 °C 
and above, which is the same temperature at which catalytic activity is observed in 
the liquid phase. Use of  the catalyst in mechanistic studies showed that H-addition 
occurs through syn-addition of  H from NaAlH4 onto the least hindered side of  the 
olefinic bond in a stepwise manner. During these measurements it was also determined 
that the NaAlH4/C catalyst is capable of  hydrogenating benzene, a substrate which 
can be particularly difficult to hydrogenate, further demonstrating the scope of  the 
catalyst. It was also demonstrated that NaAlH4 must be fully hydrogenated to promote 
hydrogenation of  norbornylene. Hence, reversibility of  the hydrogen uptake and release 
at the catalyst surface is necessary for activity which makes it interesting to explore 
whether other light metal hydrides that have demonstrated reversible hydrogen storage 
capabilities may also be active in hydrogenation catalysis. This opens up the possibility 
of  a new family of  transition-metal-free catalysts in the hydrogenation of  C–C multiple 
bonds.
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Chapter 6

6.1. Summary

Light metal hydrides have enjoyed several decades of  attention in the field of  
hydrogen storage, but their applications have recently begun to diversify more and more 
into the broader field of  energy storage. For example, light metal hydrides have shown 
great promise as battery materials, in sensors and as efficient catalysts for ammonia 
decomposition, which could enable ammonia to be used for indirect hydrogen storage. 
Additionally, Li-based compounds have demonstrated prowess as ammonia synthesis 
catalysts while NaAlH4 shows the ability to perform hydrogenations of  C-C multiple 
bonds, both in conjunction with transition metals. Although these topics seem to be very 
different they all depend on similar physical phenomena. The bulk or macrocrystalline 
metal hydrides are usually not very active in most of  these applications. However, 
nanostructuring has been shown to be effective in improving the properties of  metal 
hydrides. With this reasoning the nano-sizing and confinement of  light metal hydrides 
to the pores of  a scaffold (carbon being the most favoured due to its relative inertness) 
can yield significant improvements in their performance for a range of  applications. 
For example, smaller particles display faster kinetics of  hydrogen sorption compared to 
larger particles as they have shorter hydrogen diffusion distances, this also means a higher 
active surface area for catalysis. It may also be necessary for the hydrogen release and 
uptake from the metal hydrides to be reversible for the material to behave catalytically 
and nanoconfinement is a very effective way of  achieving this reversibility. This thesis 
describes the use of  nano-confinement as an approach to improve the properties of  light 
metal hydrides in reversible hydrogen storage applications and catalysis. The focus is on 
the preparation of  nanocomposites of  sodium and lithium based hydrides, specifically 
NaAlH4 and the Li-N-H system confined in carbon nanoscaffolds, and unravelling the 
effects of  nanoconfinement on their ability to reversibly store hydrogen and/or catalyse 
different hydrogenation reactions.

In Chapter 2, the preparation and characterisation of  pore-confined LiH is 
described. As LiH has the ability to store 12.5 wt% of  hydrogen it is very interesting for 
hydrogen storage. Unfortunately the release of  this hydrogen only occurs at very high 
temperatures. A few studies attempted to decrease the hydrogen release temperature 
through various modifications, such as coating in nickel or intercalating into a carbon 
framework, but very few examples of  preparing pore-confined LiH existed. Many of  
these approaches were successful in reducing the temperature of  hydrogen release but 
release still occurred at relatively high temperatures of  200 °C and Li loadings were 
still low. Therefore, a procedure was demonstrated for preparing such a material by 
the solution impregnation of  a porous carbon support with a butyllithium solution, 
which could then be reacted with hydrogen to form LiH nanoparticles. The influence 
of  a number of  experimental parameters in the procedure was investigated with the 
aim of  producing as much nanoconfined LiH as possible and controlling the particle 
sizes. Using a lower temperature during the reaction with hydrogen and changing the 
n-butyllithium precursor for t-butyllithium gave significant improvements in this regard. 
Furthermore, the nanocomposite with the highest degree of  confinement yields a 
higher reversible capacity and drastically lower temperatures of  hydrogen release. The 
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optimised nanocomposite is capable of  reversibly storing 7.0 wt% of  hydrogen (per 
gram of  LiH) and releasing it as low as 100 °C.

Chapter 3 builds on the work performed in Chapter 2 to produce confined LiNH2 
nanoparticles by treatment of  the LiH/C nanocomposite with ammonia gas. Similar 
to LiH, LiNH2 can store a large amount of  hydrogen (6.5 wt%) but suffers from high 
decomposition temperatures with the added issue of  also releasing ammonia during 
decomposition, which is a poison to a hydrogen fuel cell. Nanoconfinement of  pure 
LiNH2 led to large amounts of  ammonia release (30.5 wt%) at temperatures as low as 
50 °C while subduing hydrogen release. This makes this nanocomposite interesting for 
the storage of  ammonia as an indirect hydrogen store via ammonia decomposition. In the 
final modification to the system it was found that co-confinement with Ni nanoparticles 
yielded a catalyst capable of  catalytically decomposing ammonia into its elements at 
temperatures lower than that of  a typical Ru-based commercial catalyst. These results 
demonstrate that nanoconfinement is effective in improving the performance of  the Li-
N-H system in reversible ammonia release and in catalytic decomposition of  ammonia. 
Hence, nanoconfined Li-N-H is a highly versatile system.

Chapter 4 moves to the NaAlH4/C system to further develop the catalysis aspect 
of  light metal hydrides, which stems from the need to develop transition-metal-
free hydrogenation catalysts. Previously the nanoconfinement of  NaAlH4 has been 
demonstrated for hydrogen storage while Ti-doped NaAlH4 has also shown activity in 
the hydrogenation of  C-C multiple bonds. Here it was demonstrated that combining 
these two findings yields an active and selective catalyst in hydrogenations. Using the 
hydrogenation of  diphenylacetylene it was shown that nanoconfined NaAlH4, in the 
absence of  any transition metals, is an active hydrogenation catalyst, and that by using 
lower loadings the selectivity can also be tuned towards the least thermodynamically 
stable alkene intermediate. Through a series of  control experiments it was shown 
that this is because the catalyst also catalyses the isomerisation of  cis-stilbene to trans-
stilbene, which is reduced by lowering the catalyst loading. The solvent was found to be 
highly influential on the activity, where cyclohexane yields a higher activity compared to 
toluene, which was determined to be a result of  competitive adsorption on the active 
surface in the latter. Finally, some aspects of  the mechanism were studied where it 
was found that hydrogenation could occur through direct abstraction of  the hydrogen 
contained within the NaAlH4 lattice. However, this proceeded very slowly and therefore 
was unlikely to be the dominant mechanism in the presence of  hydrogen gas. This 
suggested that the NaAlH4 surface must be in its hydrogenated state in order to promote 
the hydrogenation of  alkenes and alkynes.

A more in-depth study of  the mechanism was performed in Chapter 5 by the use of  
isotope labelling. Firstly, nanoconfined NaAlD4 was prepared by melt infiltration under 
deuterium atmosphere. Through thermogravimetric analysis of  the NaAlD4/C catalyst 
it was determined that H-D scrambling begins from 120 °C, the temperature at which 
hydrogen is released from the nanocomposite, which is in line with previous literature 
on non-confined NaAlH4. By using this catalyst in the hydrogenation of  norbornylene 
it was shown that hydrogen transfer occurs by atomic hydrogen in a sequential manner 
from the NaAlH4 surface. It was also shown that the catalyst is capable of  hydrogenating 
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benzene, a particularly difficult substrate to hydrogenate. By using the deuterated catalyst 
in the hydrogenation of  norbornylene and monitoring the presence of  deuterium in the 
final product under various conditions it was found that mixing of  the hydrogen in the 
catalyst and dissolved hydrogen in the solvent (originating from the gas pressure in the 
reactor) was simultaneously occurring with the hydrogenation of  alkenes and alkynes. 
This, along with a number of  other experiments, confirmed what was proposed in 
Chapter 4: that reversible uptake and release of  hydrogen at the surface of  NaAlH4 
is necessary for activity in hydrogenation catalysis. Such mechanistic studies have not 
yet been performed on a catalyst of  this type and so this improved understanding of  
how this catalyst functions should allow the development and improvement of  similar 
transition-metal-free catalysts based on light metal hydrides.

In summary, we have described the preparation of  a number of  nanoconfined light 
metal hydrides including LiH, LiNH2 and NaAlH4/NaAlD4. They have been investigated 
for their ability to reversibly store hydrogen and ammonia while also being applied to 
the catalysis of  ammonia decomposition and hydrogenation of  C-C multiple bonds. 
The LiH/C nanocomposite can reversibly store 7.0 wt% of  hydrogen while releasing it 
at 100 °C. The LiNH2/C system showed promise in the storage of  ammonia. Doping 
LiNH2 with Ni also yielded an active ammonia decomposition catalyst. NaAlH4/C 
nanocomposites which are already known to reversibly store hydrogen, have been applied 
as hydrogenation catalysis. This proved to be an active and selective transition-metal-free 
catalyst in hydrogenating alkynes and alkenes. Detailed studies on the mechanism helped 
to explain the origin of  its activity and shows promise for its application in selective 
hydrogenations while opening up the possibility of  developing similar transition-metal-
free, inexpensive catalysts for a wide range of  chemical reactions.

6.2. Outlook

The hydrogen storage properties of  the LiH/C nanocomposite are certainly 
promising but the net reversible capacity of  the material is still below that required for 
application in on board hydrogen storage for fuel cell vehicles. For this reason it would 
be beneficial to investigate how the synthesis method can be adapted to obtain higher 
loadings (concentrations) of  LiH in the nanocomposite. This can be achieved either by 
multiple impregnations or using a solution with a higher butyllithium concentration. 
Moreover, the effect of  the drying procedure was not investigated and could yield 
further reductions on the particle sizes and degree of  confinement. Reduction of  
particle sizes has been shown in literature to also be achievable by careful control of  the 
pore size which was not explored in this thesis. 

These changes would also have an impact on the LiNH2/C nanocomposite once the 
LiH particles are treated with NH3. Smaller particles in this material will likely produce 
a more active ammonia decomposition catalyst due to the increased active surface area. 
Further, the use of  other transition metal dopants could give another boost to the 
catalytic capabilities of  the LiNH2/C composite. For example Mn and Co have been 
shown to be some of  the more active metals in this application in recently published 



Summary and Outlook

6

113

6

studies. 
Much of  this also applies to the NaAlH4/C catalyst, with the exception of  the metal 

hydride loading issue as it is much easier to increase this while using the melt infiltration 
procedure. The catalyst used consists of  carbon pores filled with NaAlH4, therefore 
the active sites are just the exposed NaAlH4 at the mouth of  the pores. This means that 
much of  the NaAlH4 in the catalyst is in fact inaccessible for catalysis. To improve this, 
particles of  NaAlH4 could be prepared, for example by incipient wetness impregnation. 
Initial tests on preparing the catalyst this way yield very low activities, which is believed 
to be a result of  the strong adduct NaAlH4 forms with the tetrahydrofuran (THF) 
solvent used in the impregnation procedure. Thus, removing all of  this THF after 
impregnation could go a long way towards improving the catalytic activity.

More mechanistic study is necessary to fully understand the mechanism of  the 
catalytic activity of  the NaAlH4/C nanocomposites in C-C bond hydrogenation. 
Presently, it is still unknown what exactly the active site of  the catalyst looks like. 
Further, the mechanism of  H-transfer from NaAlH4 to the alkene was determined 
from the perspective of  the donation to the alkene, however more detailed study on the 
mechanistic steps occurring in the actual NaAlH4 lattice is necessary to fully understand 
the mechanism.

The discovery that reversible hydrogen uptake and release at the metal hydride surface 
is necessary for hydrogenation activity in light metal hydrides has two major implications. 
The first, and most interesting, is that this allows the prediction of  which other light 
metal hydrides may be active hydrogenation catalysts. Possible compounds include LiH, 
MgH2 and LiBH4 which once confined to a porous matrix have demonstrated reversible 
hydrogen storage. However, it should be made clear that reversibility of  hydrogen uptake 
and release is only one condition under which activity would be observed and the other 
conditions are presently unknown. Studying different catalyst systems may improve our 
understanding of  what exactly is required for these materials to behave catalytically. 
The second implication is that it is now possible to predict under which conditions 
these catalysts should be active. For example, nanoconfined LiH (as demonstrated 
in Chapter 2) releases hydrogen at temperatures as low as 100 °C and requires low 
pressures for rehydrogenation with reversibility demonstrated at 200 °C. This may mean 
that LiH/C could also be an effective hydrogenation catalyst at much milder conditions 
than NaAlH4/C.

It is clear that nanoconfined LiH, LiNH2 and NaAlH4 are more versatile materials 
than previous literature shows. Therefore this thesis has expanded the scope of  their 
applications but there is much more work to be done in understanding the physical 
processes occurring during catalysis and ammonia or hydrogen storage. This knowledge 
would allow further improvement of  the materials and could lead to the discovery of  
other similar catalysts or energy storage materials.
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Lichte metaalhydriden hebben gedurende een aantal decennia veel aandacht verkregen 

voor waterstofopslag, maar hun toepassingen zijn in laatste tijd meer en meer divers 
geworden. In het bredere onderwerp van energieopslag, inclusief  waterstofopslag, hebben 
lichte metaalhydriden veel potentie getoond als batterijmaterialen en voor katalytische 
ammoniakontleding voor indirecte waterstofopslag. In een enigszins verschillend 
onderwerp, Li-gebaseerde materialen hebben goede activiteit getoond als katalysatoren 
voor ammoniaksynthese. Tevens kan NaAlH4 de hydrogenatie van meervoudige 
C-C bindingen doen samen met overgangsmetalen. Alhoewel deze onderwerpen erg 
verschillend lijken, zijn zij gebaseerd op soortgelijke fysische fenomenen. Op dit principe, 
kunnen de nano-grootte en opsluiting van lichte metaalhydride in poriën (koolstof  
dragers hebben de voorkeur, dankzij hun relatief  inerte eigenschap), de prestaties in een 
aantal applicaties aanzienlijk verbeteren. Bijvoorbeeld, kleinere deeltjes tonen snellere 
kinetiek voor waterstofsorptie, vergeleken met grotere deeltjes, omdat de afstanden 
voor het verspreiden van waterstof  kleiner zijn. Tegelijkertijd, hebben kleinere deeltjes 
ook een groter actief  oppervlak voor katalyse. In deze thesis wordt nano-insluiting 
van bijvoorbeeld het Li-N-H-systeem en het NaAlH4-systeem beschreven om een 
verbetering in reversibele waterstofopslagcapaciteit en katalytische activiteit te bereiken.

In Hoofdstuk 2, hebben wij de synthese en karakterisering van nanobegrensd 
LiH beschreven. LiH is erg interessant voor waterstofopslag, aangezien het 12.5 wt% 
waterstof  op kan slaan. Echter vindt de vrijlating van het waterstof  plaats op hoge 
temperatuur. Een aantal studies hebben met diverse modificaties getracht dit probleem 
op te lossen, maar er zijn nog maar weinig voorbeelden beschikbaar. Om deze reden, 
hebben wij een werkwijze opgesteld voor de bereiding van nano-ingesloten LiH 
deeltjes. Doormiddel van onderzoek naar de experimentele parameters hebben wij 
het hoeveelheid van ingesloten LiH sterk vergroot. Dit is gerealiseerd door gebruik 
te maken van een lagere temperatuur voor de reactie van waterstof  met butyllithium 
dan door voorlopers is gebruikt. Verder heeft het materiaal met de meeste insluiting de 
hoogste reversibele capaciteit waterstofopslag aangetoond (7.0 wt% bij 100 °C).

Hoofdstuk 3 bouwt voort op hoofdstuk 2 door LiH/C met ammoniakgas te laten 
reageren om ingesloten LiNH2 deeltjes te maken. LiNH2 kan 6.5 wt% van waterstof  
opslaan maar ook alleen op hogere temperaturen. Tegelijkertijd, kan LiNH2 ook 
ammonia vrijlaten, wat een vergif  is voor een waterstofbrandstofcel. Nano-insluiting 
van LiNH2 geeft 30.5 wt% ammonia vrij bij 50 °C, zonder dat het waterstof  vrijlaat. 
Uiteindelijk kan doping met Ni een effectieve katalysator voor ammoniakontleding 
opleveren, die actief  is, bij 50 °C lager dan een commerciële Ru katalysator.

 In Hoofdstuk 4 wij hebben een andere systeem gebruikt, namelijk het 
overgangsmetalenvrije NaAlH4/C voor hydrogenatie van C-C meervoudig binding. 
Eerder is de nano-insluiting van natriumalanaat voor waterstof  opslag beschreven 
en, in en andere groep, is de katalytische activiteit van macrokristallijn NaAlH4 voor 
hydrogenatie reacties aangetoond. De combinatie van deze twee resultaten geeft 
een actieve en selectieve overgangsmetalenvrije hydrogenatiekatalysator. Door lage 
katalysatorladingen te gebruiken, is hoge selectiviteit naar de minste thermodynamisch 
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stabiele intermedium bereikt. Dit is gebaseerd op de onderdrukking van de isomerisatie 
van het cis-product naar het trans-product. Een hogere activiteit in cyclohexaan 
dan in tolueen is opgemerkt, omdat tolueen competitief  adsorbeert aan het 
katalysatoroppervlak. Tenslotte is het mechanisme bestudeerd. Herin is gevonden dat 
waterstof  direct van het NaAlH4 komt maar dat dit proces heel langzaam verloopt en 
daarom niet het dominante mechanisme is.

Een meer diepgaande studie naar het mechanisme is in Hoofdstuk 5 uitgevoerd. 
Allereerst is nano-ingesloten NaAlD4 bereid door middel van smeltinfiltratie onder D2 
atmosfeer. Door het hydrogeneren van norborneen met deze katalysator, hebben wij 
aangetoond dat waterstofoverdracht sequentieel plaatsvindt via atomisch waterstof. 
In twee verassende ontdekkingen is aangetoond dat de katalysator ook benzeen 
hydrogeneren kan en dat het vrijlaten van waterstof  uit NaAlH4/C gelimiteerd is door 
de vorming van H-H bindingen . Met TGA is de tijd voor H-D uitwisseling (15-20 
minuten) gemeten. Wij hebben bewezen dat hydrogenatie van het NaAlH4 oppervlak 
essentieel is voor katalytische activiteit. Dit is de benodigde temperatuur voor het vrijlaten 
van waterstof  uit NaAlH4/C. Dit is de bevestiging van wat wij hebben voorgesteld in 
Hoofdstuk 4: omkeerbare waterstofopslag was essentieel voor hydrogenatie activiteit 
met NaAlH4/C. Dit soort mechanistische studies voor dit type katalysatoren zijn 
uniek en kan onze begrip van de oorsprong van katalytische activiteit verbeteren. Deze 
vindingen maken verbetering en ontwikkeling van soortgelijke katalysatoren mogelijk.

Samenvattend, wij hebben de synthese van nano-ingesloten LiH, LiNH2 en mengsels 
van allebei beschreven. Deze zijn voor waterstofopslag, ammoniakopslag en katalytische 
ammoniakontleding onderzocht. LiH/C kan 7.0 wt% waterstof  opslaan en vrijlaten bij 
100 °C. LiNH2/C kan 30.5 wt% ammonia opslaan en een mengsel van nano-ingesloten 
LiH en LiNH2 kan waterstof  bij 50 °C vrijlaten. In katalyse heeft Ni doping voor LiNH2 
ook een actieve katalysator voor ammoniakontleding opgeleverd. NaAlH4/C is een 
actieve en selectieve katalysator voor de hydrogenatie van meervoudige C-C bindingen. 
De gedetailleerd studie van het mechanisme heeft de oorsprong van de katalytische 
activiteit geopenbaard. Deze vindingen hebben de mogelijkheid voor ontwikkelen van 
nieuwe overgangsmetalenvrije katalysatoren geopend.
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