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Chapter 1
1.1 Hydrogen fuel: opportunities and challenges
The development of the industrialized world was accelerated by the use of energy
to power steam engines. The economic growth and well- being of modern society
is still highly dependent on the availability of low cost energy for the production
and transport of goods and services. Presently the vast majority of this energy is
obtained from fossil fuels such as coal, oil and natural gas. Over the last two
decades, the demand for oil has been increasing rapidly while the world proven oil
reserves are declining, a trend which is already causing volatility in oil prices and
affecting the world economy1-5. The use of oil is also associated with the emission
of green house gases like carbon dioxide (CO 2 ) that contribute to global warming24, 6
. Therefore development of sustainable energy systems is crucial in order to meet
the needs of the growing world population and simultaneously reduce pollution
associated with the use of hydrocarbons1, 3, 7-11.
Hydrogen has potential to play a vital role in future sustainable energy scenarios3, 810, 12-15
. Hydrogen can be produced in a sustainable way from water using solar,
wind, nuclear and geothermal energy, and also from biomass. Hydrogen has the
highest gravimetric energy density and can be used in combination with fuel cells16
to produce electrical energy for automobiles, stationary applications such as power
generators and portable electronics. Burning of hydrogen does not produce
pollutant gases or particulates16. Currently energy for transportation accounts for
more than 62 % of all the crude oil used17, replacement of gasoline fuelled
combustion engines with hydrogen fuel cell vehicles will significantly reduce both
oil demand and air pollution. Hydrogen-fuel cell cars are currently the focus of
intense research and development activity worldwide and are expected to reach
commercial applications in 20159. Hydrogen is also expected to be used for energy
storage in future scenarios in which most electricity is generated from renewable
sources like wind and solar. These sources depend on weather conditions. If the
energy supplies are higher than can be accommodated by the electricity grid,
excess energy can be used to produce hydrogen from electrolysis of water. The
hydrogen can then be converted to electrical energy in fuel cells when needed.
A typical hydrogen cycle18 shown in figure 1.1 consists of three major steps which
are hydrogen production from renewable energy sources, transportation/storage of
the hydrogen, and its use in fuel cell to produce energy. Each of these steps is
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associated with significant technical challenges13 that must be solved before the
benefits of using hydrogen as an energy carrier can be fully realized.

Figure 1.1: The hydrogen cycle. The energy from sunlight is converted into electricity by means of
solar cells. The electricity is used to split water into hydrogen and oxygen. The oxygen is released in
the atmosphere while the hydrogen is stored, transported and distributed. Finally, hydrogen and
oxygen from air are reacted electrochemically in a fuel cell to produce electricity and heat leaving
water or steam as the by product (Adapted from 18)

Hydrogen Production: Although hydrogen is the most abundant element on Earth,
it is not commonly found as molecular H 2 but rather chemically bound in water,
and partially in hydrocarbons and carbohydrates. Therefore hydrogen has to be
produced as a synthetic fuel from hydrogen containing–sources. Currently the
majority of the hydrogen is produced from natural gas using a process called steam
reforming. This process produces CO 2 , which implies that the total greenhouse-gas
production of a fuel-cell vehicle is not dramatically less than that of a conventional
petrol vehicle9. For sustainability, the hydrogen should be produced from the
electrolysis of water using energy from renewable and non-fossil resources like
solar, wind, geothermal, tidal/wind and biomass19-21. However the cost of
producing hydrogen through such means is currently several times higher than
from natural gas22. Hence cost reduction is a major challenge.
Hydrogen utilization- hydrogen-fuel cell: The widespread use of hydrogen as an
energy carrier depends on the availability of efficient and affordable fuel cells9, 13,

9

Chapter 1
14

. Although for vehicular applications hydrogen can also be used directly in
internal combustion engines of cars this is not as efficient as using it in fuel cells.
Fuel cells are currently very expensive mostly because of the use of Platinum as
catalyst. Therefore the major technological challenge for fuel cells is to reduce the
precious metal content or find an alternative catalyst.
Distribution Infrastructure: The current distribution system for gasoline cannot
easily be adapted for use with hydrogen. Wide spread use of hydrogen especially
for cars will require the development of an efficient hydrogen delivery
infrastructure.

1.2 Hydrogen Storage
Another crucial challenge facing the wide spread use of hydrogen as a fuel
especially for mobile applications is how to store the hydrogen on-board in an
efficient, safe and cost effective way7, 23, 24. To be comparable to conventional
gasoline or diesel based vehicles, hydrogen fuel cell vehicles need to drive about
500 km before refuelling. Typically only about 5 kg of hydrogen is required to
cover this distance but due to the low density of hydrogen (0.089 g/l), this will
occupy a volume of 56,000 litres at ambient conditions12. The challenge is to
contain this 5 kg (56,000 l) of hydrogen safely in a system that is light weight and
compact enough to be comparable to the gasoline tank of a conventional car (about
30-35 litres)12. An ideal hydrogen storage system should contain at least 5.5 wt%
H 2 or 40 g/l H 2 25. Developing such a system or material has been a subject of
intense scientific interest during the past decade23-27. At present, hydrogen can be
stored in two different ways:
Liquefied hydrogen: Hydrogen can be liquefied at -252.9 C (20 K) and stored in
cryogenic containers. However, liquefaction consumes more than 30% of the
energy content of the hydrogen, and cryogenic liquid containers require costly
insulation system 10, 23. The use of liquid hydrogen is further hampered by
continuous loss (about 1% per day)14 of hydrogen through boil-off and therefore
this storage method is not considered viable for application in cars at a large scale.
High-pressure gas cylinders: Hydrogen can be stored at high pressures in gas
cylinders. Conventional steel cylinders can hold up to 200 bar H 2 and have a
gravimetric density of approximately 1 wt%. Higher hydrogen densities are

10

General Introduction
achieved using light weight carbon fibre composite cylinders which can store
hydrogen at pressures between 700–1000 bar, with gravimetric hydrogen densities
up to 10 wt%10, 14. However compressing higher than ~ 800 bar is not useful due to
non ideality of the gas. High pressure cylinders are currently expensive, and even
at these high pressures the volumetric energy density of the system is much less
than that of gasoline tank. Other drawbacks of the system are safety concerns and
the fact that about 20% of the energy content of the hydrogen is used to compress
the gas. Despite these limitations, it is currently the most matured technology for
automotive applications8, 9

1.3 Solid state hydrogen storage
Some solid state materials have the capacity to reversibly release and take-up
hydrogen. The hydrogen is released by heating or decreasing the pressure. The use
of solid state materials for hydrogen storage has generated a lot of interest over the
last decade due to its advantages in terms of safety and hydrogen contents when
compared to liquid and gaseous hydrogen storage7, 23. There are two mechanisms in
which hydrogen can bind onto materials.
Physisorption: In this process molecular hydrogen (H 2 ) is weakly adsorbed onto
the surface of a material by van der Waals interactions. The amount of hydrogen
adsorbed is proportional to the surface area of the material therefore porous
materials (sorbents) with high surface areas such as metal organic frameworks
(MOFs)28-33 and carbon based materials such as carbon nanotubes, fibers,
fullerenes, and activated carbon34-39 are been investigated for hydrogen storage.
MOFs and carbon based sorbents posses some desirable hydrogen storage
properties which includes adequate hydrogen densities (up to 7.5wt% H 2 for
MOF)40 and fast hydrogen sorption kinetics. Furthermore hydrogen release can
easily be triggered by relatively small changes in pressure and/or temperature,
avoiding large heat flows. However owing to the weak interaction strength
(typically 1-10 kJ/mol H 2 )23 significant physisorption occur only at low
temperatures (less than 100 K)10 and hydrogen pressures up to 70 bar. Extensive
studies are now focusing on increasing the strength of hydrogen binding through
doping and surface modifications, and the combination of sorbents with high
pressure gaseous hydrogen storage32, 33.
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Metal hydrides: The second class of solid state hydrogen storage media are
materials in which atomic hydrogen (H) is absorbed by metal or metal alloys to
form a metal hydride 18, 24, 41-43. Metal hydrides are often classified according to the
nature of the bonding between hydrogen and the metal. Ionic or saline hydrides
(e.g. LiH, NaH, MgH 2 and CaH 2 ) are formed by alkali or alkaline earth metals.
They are characterized by strong ionic bonds between the hydrogen and metal
atoms and therefore very stable. LiH and MgH 2 have high gravimetric hydrogen
densities (12.6 and 7.6 wt% H 2 respectively) but due to their stability, dissociation
or hydrogen release only occurs at temperatures (~ 400 °C for MgH 2 and 700 °C
for LiH) that are too high for fuel cell applications. Also kinetic limitations make
hydrogen absorption by Mg difficult at moderate temperatures and pressures.
Metallic or interstitial hydrides are hydrides like LaNi 5 H 6 , TiH 2 , PdH x and FeTiH 2
that originate from metallic bonding between hydrogen and either a transition
metal, a rare earth metal or metal alloys. The hydrogen occupies the interstitial
sites in the metallic (alloy) matrix such that the crystal structure of the metal (alloy)
does not topologically change upon hydrogen absorption. Some metallic alloys like
LaNi 5 H 6 , FeTiH 2 and PdH x can release and reabsorb hydrogen repeatedly around
ambient temperatures and hydrogen pressure but are limited by low gravimetric
hydrogen contents (3 wt% H 2 ) due to the presence of heavy transition metals in
their structure.
Another class is the so-called complex metal hydrides 44-46 which are composed of
a light weight metal cation (Li, Na, Ca and Mg) that is ionically bonded to a
-

hydrogen-containing complex anion such as the aluminium tetrahydride AlH 4 ,
-

-

borohydrides BH 4 and amides NH 2 . Examples of complex hydrides are LiBH 4 ,
NaBH 4 , NaAlH 4 , Mg(BH 4 ) 2 and LiNH 2. Most of the current research on metal
hydrides focuses on these hydrides due to their very high gravimetric and
volumetric hydrogen contents. Although complex hydrides have been known for a
very long time 47, 48 they were initially not considered for reversible onboard
hydrogen storage because they are expensive and hydrogen release from them
involves high-temperature solid-phase transitions which are not readily reversible.
However the discovery in 1996 by Bogdanovic et al49 that NaAlH 4 can reversibly
store hydrogen at more moderate conditions when doped with titanium based
catalysts, sparked off a huge interest in the use of complex metal hydrides for
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onboard hydrogen storage. Current research efforts are largely focused on
discovering new complex hydrides with favorable hydrogen storage properties and
tailoring the thermodynamics and kinetics of the hydrogen sorption in existing
ones.
Apart from the above mentioned metal hydrides, other hydrides such as ammonia
borane (NH 3 BH 3 ) 50-52 and metal-amidoboranes53-56 are also currently being
investigated for on-board applications. These hydrides are sometimes referred to as
chemical or covalent hydrides23. Although NH 3 BH 3 possesses 19.6 wt% H 2 and
releases about 6.5 wt% of the hydrogen at temperatures slightly less than 100 °C,
the hydrogen release is associated with the poisonous gas borazine 51, 57, 58. More
importantly, the dehydrogenation is exothermic and hence non reversible under
realistic conditions. Covalent hydrides are regarded as single-use fuels, and must
be regenerated off board. Unfortunately no energy efficient and cost effective
method has been found yet for the regeneration of spent ammonia borane and
amidoboranes.

1.4 Requirements for hydrogen storage materials
Thermodynamics: The equilibrium temperature and pressure combination of
(de)hydrogenation is a fundamental property of hydrogen storage materials. The
equilibrium relationship is described by van’t Hoff equation (when neglecting the
temperature dependence of the enthalpy and entropy).

 Peq  ∆H 0 ∆S 0
−
ln  =

R
 P0  RT

(1.1)

Where Peq is the equilibrium pressure, P0 is the normal pressure (1 bar), R is the
gas constant, T is the temperature, ∆H 0 and ∆S 0 are the changes in enthalpy and
entropy respectively at standard conditions, accompanying the (de)hydrogenation
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Figure 1.2: (a) Pressure composition isotherms of metal hydride showing plateau pressures
corresponding to phase transitions from low H concentration(α phase) to the metal hydride phase (β
phase). (b) van’t Hoff plot. (Logarithm of the equilibrium pressures versus the inverse temperature).
The enthalpy and entropy is evaluated from the slope and intercept of the plot respectively.(adapted
from reference 59)

reactions. From equation (1.1) the temperature at which the equilibrium pressure
equals 1 bar is

Tdec

∆H 0
=
∆S 0

(1.2)

∆H 0 and ∆S 0 are known from literature or can be determined experimentally from
pressure-composition-isotherms (PCI) of (de)hydrogenation reactions as shown in
figure 1.2.
The entropy change ∆S r associated with the decomposition of most metal hydrides
is mainly due to the entropy of hydrogen gas and then it can be assumed that ∆S r
≈ S 0 H 2 = 130 J K-1(mol H 2 )-1. However for some complex hydrides like LiBH 4
the entropy change is lower than 130 J K-1(mol H 2 )-1 due to the relatively large
vibrational contribution of the solid state phases to the total dehydrogenation
entropy60. From equation (1.2) an enthalpy change in the range of 20–50 kJ/(mol
H 2 )-1 is ideal in order to release hydrogen at conditions suitable for optimal fuel cell
application (around 100 °C and 3 bar H 2 ). Materials with enthalpy of
decomposition less than these values are generally unstable while those with higher
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enthalpy values are relatively too stable and require high temperatures to release
the hydrogen.
Kinetics and reversibility: A thermodynamically favourable reaction will only
occur very slowly if there is a large kinetic barrier. Poor kinetics is a major reason
why most metal hydrides are not reversible at moderate conditions. This is
explained in figure 1.3 which shows a sketch of an energy profile for
hydrogenation/dehydrogenation reactions of a metal M. The main driving force for
any reaction is the Gibbs free energy, and it is negative for the hydrogenation
reaction since the initial state (metal M + H 2 ) is at a higher energy than the final
state (MH 2 ). Therefore the hydrogenation reaction should be spontaneous at
ambient conditions. However hydrogen absorption can only occur if an activation
(kinetic) barrier is overcome by supplying energy equal to E A (typically by
increase in temperature). This activation energy can be estimated using an
Arrhenius rate equation (1.3):
K(T) = A 0 exp(-E A /RT)

( 1.3)

In which K(T) is the temperature-dependent reaction rate, A 0 is the pre-exponential

Figure 1.3: Energy-profile of a hydrogen sorption reaction from an initial to final state through an
activated state. ΔH is the enthalpy difference between the initial and final states (reaction enthalpy),
E A is the activation energy for hydrogen absorption, E B is the total energy change for
dehydrogenation and the E C the activation barrier in the presence of a catalyst.
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or frequency factor, E A is the apparent activation energy for hydrogenation, R is the
gas constant and T the absolute temperature.
For the dehydrogenation reaction, the change of the standard Gibbs free energy is
positive since the metal hydride will go from a low energy state (MH 2 ) to a higher
energy state (M+H 2 ). Therefore in addition to the activation energy, energy equal
to ΔH must be supplied for the reaction to proceed. This explains why most metal
hydrides desorb hydrogen only at high temperatures. The major factor which
determines the activation energy and rate of a reaction is the rate limiting step, and
it depends on the particular reaction. For binary hydrides like MgH 2 the
dissociation of molecular hydrogen/chemisorptions and diffusion through the
hydride layers are typically rate limiting steps for hydrogenation while hydride
decomposition and/or diffusion are typically the rate limiting steps for
dehydrogenation61. For complex metal hydrides, much less is known about the ratelimiting step(s). The de/re-hydrogenation reaction kinetics of metal hydrides can be
improved by the addition of catalysts which decreases the activation energy (from
E A to E C ) by speeding up the rate-limiting step(s), by alloying with other metals or
by nano-sizing which enhances the diffusion rate by decreasing the diffusion
distances.

1.5 Metal Borohydrides:
Hydrogen storage in the borohydrides of the alkali metals Li and Na, LiBH 4 and
NaBH 4 , is the focus of this thesis. Metal borohydrides are a class of complex metal
hydrides in which a metal cation Mn+ is ionically bonded to a borohydride anion
-

BH 4 . The general formula is M(BH 4 ) n where n is the valency of the metal. Most
metal borohydrides possess high hydrogen densities (Table 1.1) attractive for
hydrogen storage 62-68. The alkali borohydrides LiBH 4 , NaBH 4 and KBH 4 have
been known for a long time47 but the first report of their use for reversible
hydrogen storage was in 200369. They can be synthesized by the reaction between
the corresponding metal hydride and diborane (B 2 H 6 ) in etheral solvents47, 48 and
by direct reaction of the metal, boron and hydrogen at 550-700 °C and 3-150 bar
H 2 70. Fredrick et al. recently discovered a solvent free method to synthesize
borohydrides using the corresponding metal hydride and diborane at 120 °C71, 72.
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Table 1.1: Metal borohydrides and their hydrogen densities

M(BH 4 ) n

(wt% H 2 )

( g H 2 / l)

LiBH 4
NaBH 4
KBH 4
Be(BH 4 ) 2
Mg(BH 4 ) 2
Ca(BH 4 ) 2
Mn(BH 4 ) 2
Al(BH 4 ) 3
Zr(BH 4 ) 4
Zn(BH 4 ) 2

18.5
10.8
7.5
20.8
14.9
11.6
9.5
16.9
10.7
8.5

122.1
114.5
87.8
146
147.4
124.1
117.8
133.5
126.2
-

Structure: Studies by neutron powder diffraction on the isotropically substituted
7 11
Li BD 4 reveal that in alkali metal borohydrides, four deuterium atoms surrounds
a central boron atom to form a regular tetrahedron with a B-D distance of 1.18-1.2
Å, 1.178 Å and 1.196 Å for LiBD 4 , NaBD 4 and KBD 4 respectively73-75. The alkali
borohydrides crystallize into a cubic NaCl-like structure (with the exception of
LiBH 4 ) at ambient conditions although the exact space group symmetry for NaBH 4
is still debated74, 76-79. The cubic structure transforms into a low temperature
ordered tetragonal phase at 190 K (-83 °C) and 76 K(- 197 °C) for NaBH 4 and
KBH 4 respectively74, 75, 80.
LiBH 4 has the orthorhombic Pnma structure at room temperature and undergoes an
endothermic structural phase transition to a hexagonal high-temperature phase
around 108 °C73, 81, 82. Neutron and synchrotron X-ray diffraction studies reveal an
anisotropic displacement of the hydrogen atoms in the BH 4 units which increases
by almost 2 orders of magnitude from 4 to 400 K73, 81, 83. This increase is due to the
high disorder in the high temperature phase84, 85. Rotation of the BH 4 units has also
been observed in NaBH 4 and KBH 4 86. The increase in the cation size in going from
Li to K leads to the expansion of the unit cell and an increase in the H-H distances
between the neighbouring BH 4 anions resulting in weaker H-H repulsion. The
decrease in H-H repulsion upon expansion of the unit cell leads to increased
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stability of the structure and therefore a decrease in the phase transition
temperatures in going from LiBH 4 - KBH 4 75.

Figure 1.4: Crystal structure of LiBH 4 phases: (a) orthorhombic, (b) Hexagonal

Stability and dehydrogenation: The dehydrogenation temperatures and
decomposition pathway of metal borohydrides depend on their thermodynamic
stability. Experimental results and first principle calculations show that their
stability is related to the charge transfer from the metal cation Mn+ to the
borohydride anion BH 4 -. Therefore the stability decreases on going from less to
more electronegative metal M87, 88. The heat of formation of M(BH 4 ) n increases
linearly with the Pauling electronegativity χ p of M while the hydrogen desorption
temperatures decreases with increasing χ p . Borohydrides of metals with (χ p ≤ 1.5)
decompose at high temperatures into the corresponding metal hydrides, boron and
hydrogen while those with (χ p > 1.5) such as Mn, Zn and Al are less stable and
decompose into the metal, hydrogen and diborane ( B 2 H 6 ) at temperatures less than
90 °C. The alkali metals have low electronegativity (χ p < 1) therefore their
borohydrides are thermodynamically very stable, with experimental enthalpy and
entropy change of -74 kJ (mol H 2 )-1 and 115 J K-1 (mol H 2 )-1 respectively for the
dehydrogenation reaction of LiBH 4 89. Similarly for NaBH 4 , ΔH = -108 kJ(mol H 2 )1
and ΔS = 133 J K-1 (mol H 2 )-178. Therefore they start to release hydrogen only
when heated to elevated temperatures (370 °C for LiBH 4 and 530 °C for NaBH 4 )78,
89
which are not even close to operating temperature ranges required for fuel cell
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applications. The following overall decomposition equations can be written for
alkali-metal borohydrides69, 90.
2 MBH 4 → 2 MH + 2 B + 3 H 2
2 MH → 2 M + H 2

(1.4)
(1.5)

Upon heating from room temperature to about 500 °C, LiBH 4 decomposes in
multiple steps69 into LiH, B and H 2 via the formation of an intermediate product
generally accepted to be Li 2 B 12 H 12 91-95 (1.6 and 1.7). Although LiBH 4 contains
18.5 wt% H 2 , it releases only 13.8 wt% H 2 because decomposition of LiH to Li
and H 2 occurs at temperatures well above 500 °C and therefore equation 1.7 is not
normally considered for LiBH 4 .
12 LiBH 4 → Li 2 B 12 H 12 + 10 LiH + 13 H 2
Li 2 B 12 H 12 → 2 LiH + 12 B + 5 H 2

(1.6)
(1.7)

NaBH 4 also contains significant amount of hydrogen (10.8 wt% and 115 kg of H 2
m-3) but unlike LiBH 4 that is well studied for solid state reversible hydrogen
sorption, much less is known about the thermal decomposition of NaBH 4 though it
was recently suggested that NaBH 4 also decomposes into Na/NaH, B and hydrogen
when heated to temperatures above 500 °C78, 90, 96.
Kinetics and reversibility: The alkali borohydrides also have sluggish
dehydrogenation kinetics with an activation energy of about 146 kJ/(mol LiBH 4 )
found for bulk LiBH 4 mixed with graphite97. Furthermore, the reversibility of the
hydrogen release is limited due to slow rehydrogenation kinetics which is mostly
attributed to solid state diffusion barriers. The dehydrogenation product contains at
least two solid phases, (the metal hydride and B phase) that have to recombine to
form the metal borohydride under hydrogen pressure. However due to the low
mobility of both LiH and B, recombination is only possible at high hydrogen
pressures and temperatures close to the melting point of the hydride phase. For
example partial reversibility (8.3 wt% H 2 ) was achieved for dehydrogenated
LiBH 4 at severe conditions (600 °C, 155 bar H 2 , 12 h)89 while no reversibility has
been demonstrated yet for NaBH 4 . Major focus of research activities on these
materials which is also the focus of this thesis is on fundamental understanding of
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the hydrogen uptake and release mechanisms and how the hydrogen
desorption/absorption properties could be improved. The next section describes the
major strategies that have been developed to tailor the thermodynamics and
improve the kinetics and reversibility of the hydrogen desorption from metal
borohydrides.
Changing Equilibrium: Two major approaches are been explored to alter the
equilibrium temperature and pressure of hydrogen sorption in metal borohydrides.
The first strategy is called product stabilization as the goal is to stabilize the
dehydrogenation products98-104. In this method the borohydride is mixed with
elements or compounds (especially hydrides) that could form dehydrogenation
products that are more stable than the decomposition products of pure alkali
borohydride, thereby reducing the overall dehydrogenation enthalpy of the system
from (ΔH) to (ΔH b ) as shown in figure 1.5. For instance the addition of MgH 2 to
LiBH 4 led to the formation of MgB 2 and LiH upon dehydrogenation, resulting to a
dehydrogenation enthalpy which is 25 kJ/(mol H 2 ) lower than for the
decomposition of pure LiBH 4 to LiH and B99.

Figure1.5: Generalized enthalpy diagram illustrating destabilization and stabilization.

The second approach is reactant destabilization which focuses on the use of atomic
substitution or alloying to create new phase borohydrides such as LiZr(BH4) 5 ,
NaZn 2 (BH 4 ) 5 , LiZn 2 (BH 4 ) 5 and LiSc(BH4) 4 105-109. These borohydrides are known
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as mixed or double cation borohydrides and generally have dehydrogenation
enthalpies (ΔH a ) lower than that of pure LiBH 4 (ΔH) as illustrated in figure 1.5.
This strategy is based on the principle that the stability of borohydrides can be
tuned by the electronegativity of the cation 87, 88. For example the electronegativity
of Zn (1.63) is higher than that of Li (0.98) and Na (0.93), hence Zn(BH 4 ) 2 is less
stable than LiBH 4 and NaBH 4 and decomposes below 100°C90, 110 while LiBH 4
and NaBH 4 decomposes ~370 °C and 530 °C respectively. It is expected that
double cation borohydrides such as NaZn 2 (BH 4 ) 5 , and LiZn 2 (BH 4 ) 5 will have
dehydrogenation enthalpies that are less than those of pure NaBH 4 and LiBH 4 .
Using this approach, many new double cation borohydrides with lower
decomposition temperatures than those of pure mono-cation borohydrides have
been synthesized66. However a major drawback in this strategy is the non
reversibility of the systems and the release of B 2 H 6 during hydrogen desorption.
Improving Kinetics: Most light weight metal hydrides like MgH 2 consist of atoms
without a d- orbital therefore hydrogen splitting/recombination are often ratelimiting. Thus elements with d- electrons like Pt, Pd, and Ni are often used as
catalysts to speed up their (de)hydrogen kinetics. However for the complex
hydrides like LiBH 4 , no efficient catalyst is known yet. The search for a catalyst
for hydrogen release and uptake reactions of metal borohydrides was pioneered by
Züttel et al. who first reported that SiO 2 acted as a catalyst for the dehydrogenation
of LiBH 4 69. However later investigations showed that SiO 2 reacts with LiBH 4 to
form stable silicates 111, 112 while irreversibly releasing hydrogen, as is the case with
most metal oxide additives 113, 114. A large range of materials, including metal
halides99, 115, 116, Al, Pt, carbon nanotubes, fullerene and Ni117-121, has been
investigated in an effort to identify an effective catalyst for the de/rehydrogenation
reactions of metal borohydrides especially LiBH 4 . Addition of these materials
generally led to a decrease in the dehydrogenation temperatures but without a
significant impact on reversibility as most of the systems still require temperatures
above 450 °C and hydrogen pressures above 50 bar to achieve only partial
rehydrogenation of the desorbed material. For example 600 °C, 100 bar H 2 and 30
h were required for partial (12 wt% H 2 ) reversibility in LiBH 4 ball milled with
Ni121 (600 °C and 350 bar hydrogen for bulk LiBH 4 ).
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The failure of classical hydrogen dissociation catalysts like Ni, Pd and Pt to have a
tangible impact on especially the hydrogen uptake kinetics in desorbed LiBH 4
suggests that hydrogen dissociation is not rate- limiting in the rehydrogenation
reactions of metal borohydrides but solid state diffusion barriers as mentioned in
previous section. Thus limiting the phase segregation of the dehydrogenation
product could be highly beneficial to reversible hydrogen uptake in alkali
borohydrides. This is the approach adopted in this thesis and is described in detail
in the next section.

1.6 Nanosizing and Nanoconfinement
Recently increasing attention has been paid to taking advantage of the unique
chemical and physical properties exhibited by materials at the nanoscale to
improve the hydrogen sorption properties of metal hydrides59, 122-127. Kirchheim et
al 123 showed that the solubility of hydrogen in nanocrystalline Pd (8- 12 nm)
produced by condensation of Pd-vapor in a helium atmosphere, increased by a
factor of 10-30 in comparison with polycrystalline samples (10-20 µm). Improved
hydrogen sorption kinetics was reported for MgH 2 nanostructures produced
through high-energy ball milling and gas phase deposition 122. These observations
were attributed to the high surface area to volume ratios, increased number of grain
boundaries and reduced diffusion (nano-scales) distances exhibited by these
nanostructured metal hydrides. Since then, several experimental and computational
results have shown that the kinetics and also the thermodynamics of hydrogen
sorption in metal hydrides can significantly be enhanced by nano-sizing 59, 124-127.
The most common and convenient method to produce nanosized metal hydride is
high-energy ball-milling. However this method is not suitable to prepare metal
hydrides with crystallites sizes less than 10 nm. Additionally, nanostructured metal
hydrides produced through ball-milling easily loose the benefits of nano-sizing
upon cycling due to sintering and agglomeration of the nanoparticles.
Alternatively, Baldé et al.128, 129 synthesized carbon nanofibre-supported NaAlH 4
nanoparticles in the size range 3-1000 nm via wet- chemical synthesis. Although
favourable nanosizing effects were reported the loadings were low (< 12 wt %
NaAlH 4 ). A new approach to overcome these limitations is nanoconfinement in
which the metal hydride nanoparticles are confined into a nanoporous scaffold
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material such as carbon, silica or MOF130-133. These nanoporous materials normally
contain micropores ( ≤ 2 nm) and/or mesopores ( 2- 50 nm) and sometimes
macropores (> 50 nm). The first report on the beneficial effects of
nanoconfinement came from Autrey et al.130 who successfully incorporated
ammonia borane (NH 3 BH 3 ) into ordered mesoporous silica (SBA-15) with a pore
diameter of 7-8 nm and showed that the inclusion of the ammonia borane in this
nanoporous silica resulted in a significant improvement on its hydrogen release
properties. The onset of hydrogen release decreased by 15 °C compared to the bulk
sample and the apparent activation energy for hydrogen release decreased from 184
kJ/mol in the bulk to 67 kJ/mol in the NH 3 BH 3 /SBA-15 nanocomposite.
Furthermore, the decomposition pathway of NH 3 BH 3 changed upon confinement
in the nanoporous silica, leading to a significant suppression of the borazine
(B 3 H 6 N 3 ) formation which is normally associated with hydrogen release from
NH 3 BH 3 . Similar observations were reported for NH 3 BH 3 confined in nanoporous
carbon cryogels134. Extending this to metal borohydrides, Gross et al.97 confined
LiBH 4 in nanoporous carbon aerogel by melt infiltration and showed that both the
dehydrogenation kinetics, reversibility and the stability of the LiBH 4 upon cycling
were greatly enhanced in comparison to the bulk LiBH 4 . Furthermore, unlike with
bulk LiBH 4 , no diborane was associated with the hydrogen release.
These findings clearly showed that nanoconfinement can drastically change the
properties of hydrogen storage materials, and therefore ignited a lot of interest in
investigating the effects of nanoconfinement in different nanoporous materials on
the hydrogen sorption properties of LiBH 4 (and other metal borohydrides as well).
To this end LiBH 4 has been successfully confined into different carbon based
nanoporous materials135-137, silica138 and most recently in Cu-MOF139. A significant
decrease in the hydrogen release temperatures were observed in these
nanocomposites although for Cu-MOF and silica, interaction between LiBH 4 and
oxygen in their frame works led to irreversibility of the systems and the release of
B 2 H 6 as will be discussed in chapter 2. Improved reversibility was reported for
some of the carbon based materials. Unlike for the bulk LiBH 4 , only a single
hydrogen desorption step was observed, suggesting that nanoconfinement in carbon
based materials could also alter the decomposition pathway and/or enthalpy of

23

Chapter 1
LiBH 4 135-137 as in the case of nanoconfined NH 3 BH 3 130, 134 and NaAlH 4 confined in
nanoporous carbon materials140, 141.
Nanoconfinement continues to generate a lot of interest as it offers a relatively easy
route to synthesize and stabilize nanostructured metal hydrides using nanoporous
hosts as a template. Additionally, the average size of the metal hydride
nanoparticles can be tuned by changing the pore sizes of the scaffold.
Preparation methods and nanoporous host:
Nanoconfined hydrides are
commonly prepared in two ways. In the first method, the nanoporous host is
impregnated with a solution of the metal hydride and subsequently the solvent is
dried leaving the metal hydride inside the pores of the host130, 134. A second method
is to melt the metal hydride (sometimes under hydrogen pressure to avoid
decomposition) and infiltrate the nanoporous host with the molten metal hydride
via capillary suction97. Sometimes the metal or metal precursor is impregnated or
melt infiltrated into the nanoporous host and subsequently hydrogenated to form
the metal hydride142. Ideally the nanoporous host should be light (to avoid loosing
much hydrogen capacity), inert towards the metal hydride (to avoid irreversible
reactions), and highly porous so as to achieve high loadings of the metal hydride.
Furthermore the nanoporous material should be easily available and low cost. High
purity nanoporous carbon materials seem to satisfy most of these requirements and
are therefore the preferred material for nanoconfinement especially for reactive
metal hydrides like LiBH 4 , MgH 2 and NaAlH 4 .

1.61 Effects of Nanoconfinement on Kinetics and thermodynamics
The effects of nanoconfinement on the dehydrogenation/rehydrogenation kinetics
and thermodynamics of metal hydrides (and especially metal borohydrides) are not
well understood, but can be related to particle size, physical confinement and
interface effects. However it is difficult to separate one effect from another
especially for complex materials like metal borohydrides.
Size effects: Zaluska et al. showed that decreasing the particle size of MgH 2 from
micrometer to ~ 30 nm resulted in an increase in the hydrogen release and uptake
kinetics122. It was also shown that both the desorption temperatures and activation

24

General Introduction
energy of NaAlH 4 nanoparticles supported on carbon nanofibre decreased as their
particle size decreased129. The increased surface-to-volume ratio and the presence
of defects at nanoscale could enhance nucleation and improve (de)hydrogenation
kinetics59. Furthermore, mass transport distances required for recombination of
dehydrogenation products are significantly reduced. This explains the huge impact
of nanosizing on especially the reversible kinetics in complex hydrides like LiBH 4 .
The change in the equilibrium of hydrogen uptake and release reported for
nanoconfined complex hydrides might be related to significant increase in the
surface energy when reduced to sizes ≤ 10 nm. For metal hydrides nanoparticles (≤
10 nm) or clusters such as MgH 2 it is has been predicted that its standard enthalpy
of formation could be significantly higher than that of the bulk due the strong
increase of the surface energy and the nature of the bond 59, 125, 143. Nanosizing can
stabilize or destabilize metal hydrides127, 143. Computational studies based on
density functional theory and the cluster expansion method predicted that the
stability of NaAlH 4 is increased when reduced to sizes less than 10 nm. The two
step decomposition into NaH, Al and H 2 is changed to single step due to instability
of the intermediate decomposition phase (Na 3 AlH 6 ) at this size range144, 145. These
predictions are in line with experimental results140, 141. Predictions based on first
principle calculations showed that the instability of Na 3 AlH 6 nanoclusters is due to
a Jahn-Teller distortion that destabilizes the [AlH 6 ]3- anions and causes them to
split into two H- ions and [AlH 4 ]-, thereby stabilizing the NaAlH 4 with respect to
the Na 3 AlH 6 145. Although very little is known for other complex-metal hydrides
like the borohydrides, it is possible that such effects could also be important in
nanoconfined LiBH 4 . Another important thermodynamic parameter that could alter
the thermodynamic equilibrium in nanoconfined complex hydrides like LiBH 4 is
the entropy (equation 1.2). LiBH 4 has a relatively high entropy change (-115 J K-1
(mol H 2 )-1) compared to ionic metal hydrides due to the vibrational contribution of
the complex anion in the structure60. The high disorder, increased vibration or
rotation, lack of long-range order and change in physical properties such as melting
and phase transition temperatures exhibited by nanoconfined complex hydrides 97,
135-137, 146, 147
could affect their stability.
Confinement effects: Physical confinement of metal hydrides could lead to both
kinetic and thermodynamic effects. For complex hydrides, the dehydrogenated
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products are often macroscopically segregated immobile solid phases. Physical
confinements will restrict this phase segregation of the dehydrogenation products
as both phases are expected to be contained within the nanopores. Therefore it is
logical to expect improved reversible kinetics for nanoconfined complex hydrides.
However this might not be the case if one of the desorbed components is in liquid
or gaseous state during desorption as this phase might easily be redistributed or
even lost through evaporation.
Physical confinement could also lead to thermodynamic effects in metal hydrides.
Significant volume expansion normally occurs upon hydrogen absorption in most
metals, although the reverse is the case for Na. Physical confinement could restrict
the volume change upon hydrogen uptake and release. This restriction can change
the energetics of the hydrogen sorption. For example it has been theoretically
predicted that the enthalpy change for dehydrogenation reaction of MgH 2 could be
reduced by up to 50 % if confined in three dimensions such as in carbon
nanotubes148. Physical confinement can induce stress or pressure on a metal
hydride, and also lead to a significant change in its interfacial energy (surface
tension), thereby changing the stability of the metal hydride.
Support effects: Nanoconfined metal hydrides could have physical, chemical, or
electronic interactions with the nanoporous host material which can lead to a
change in the kinetics and/or thermodynamics of the hydrogen sorption in the metal
hydride. This is very obvious in some systems while for others it difficult to
observe especially due to lack of long-range crystallinity in most nanoconfined
metal hydrides. For example, it was recently shown that the use of oxygencontaining nanoporous hosts like silica, porous alumina or MOF leads to
irreversible formation of stable silicates, aluminates or oxides 138, 139(except for
covalent hydrides like NH 3 BH 3 ) which changed the kinetics and thermodynamics
of hydrogen desorption. However reversible hydrogen sorption cannot be realised
in such systems. Carbon based nanoporous materials are assumed to be inert,
however they may be far from inert as they often contain significant amounts of,
e.g surface oxygen groups. These surface groups could lead to side reactions such
as oxidation, or catalyse the decomposition reactions as reported for ammonia
borane confined in carbon149. Electronic interaction120 and irreversible formation of
B-C bonds135 and LiC 2 150 have been reported for LiBH 4 confined in nanoporous
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carbon materials. Nanoporous host materials could also improve hydrogen sorption
by providing extra nucleation sites for phase transitions and enhancing heat and
mass transport during de/rehydrogenation.
In conclusion several explanations are possible for the change in kinetics and
thermodynamics observed in nanoconfined metal hydrides. Nanoconfinement is
relatively new and at the moment most of these effects are not well understood.
However it is clear that nanosizing, physical confinement and support effects are
important factors that influence the kinetics and thermodynamics of hydrogen
sorption in nanoconfined metal hydrides.

1.7 Scope and outline of this thesis
The aim of the study described in this thesis was to investigate the effect of
nanosizing/nanoconfinement and possible interaction with the nanoporous hosts on
the hydrogen sorption properties of alkali borohydrides. To this end nanoporous
carbon and ordered mesoporous silica (SBA-15) were used as templates to
synthesize LiBH 4 /SiO 2 , LiBH 4 /C, LiBH 4 (Ni)/C and NaBH 4 /C nanocomposites via
melt infiltration and solution impregnation. Their structure and hydrogen sorption
properties were studied using techniques such as X-ray diffraction (XRD), nitrogen
physisorption, Extended X-ray absorption fine edge structures (EXAFS),
transmission electron microscopy (TEM), solid- state nuclear magnetic resonance
(NMR) spectroscopy, high pressure differential scanning calorimetry (HPDSC)
and hydrogen release /uptake measurement techniques.
Initially it was claimed that SiO 2 acted as a catalyst for the dehydrogenation of
LiBH 4 and we were interested in studying the combined effects of
nanoconfinement in, and catalysis by ordered mesoporous SiO 2 (SBA-15) on the
hydrogen sorption properties of LiBH 4 . This study is presented in chapter 2 which
describes the synthesis, structural characterization and hydrogen sorption
properties of LiBH 4 confined in SBA-15. The relevance of hydrogen pressure to
successful synthesis of LiBH 4 /SiO 2 nanocomposites is discussed. However
reactions between decomposition product(s) of LiBH 4 and SiO 2 during hydrogen
desorption led to irreversible formation of lithium silicates.
In chapter 3 the dehydrogenation and rehydrogenation behaviour of LiBH 4
confined in nanoporous carbon is discussed. The melt infiltration process for the
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preparation of LiBH 4 /C nanocomposites is studied and the impact of carbon
impurities is reported. A detailed discussion of the influence of the LiBH 4 loading
on the microstructure, hydrogen sorption kinetics, thermodynamics and
reversibility of the nanocomposites is presented. Chapter 4 presents the impact of
adding Ni to the LiBH 4 /C nanocomposite. The synergetic effects of Ni addition
and nanoconfinement in carbon on the hydrogen sorption properties of LiBH 4 are
demonstrated. The role of Ni in enhancing especially the reversibility of the
hydrogen release from the nanoconfined LiBH 4 is discussed using results from
EXAFS and NMR measurements. It was interesting to investigate if the effects
observed in nanoconfined LiBH 4 could be applicable to other alkali borohydrides;
therefore chapter 5 describes a study on NaBH 4 /C nanocomposites. The
preparation methods, structural characterisation, decomposition pathways and
reversible hydrogen sorption are presented. The influence of preparation methods
on the hydrogen release kinetics, thermodynamics and decomposition reactions are
discussed. Additionally, the limiting factor for full reversibility is highlighted and a
strategy to overcome this demonstrated and discussed.
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Chapter 2
LiBH 4 in Ordered Mesoporous Silica: Synthesis and
Hydrogen Sorption Properties

Abstract
Lithium borohydride (LiBH 4 ) is a promising material for hydrogen storage, with a
gravimetric hydrogen content of 18.5%. However, the thermodynamics and
kinetics of its hydrogen release and uptake need to be improved before it can meet
the requirements for mobile applications. In this study, we investigate the
nanoconfinement of LiBH 4 in ordered mesoporous SiO 2 and its effect on the
hydrogen sorption properties. We demonstrate that melt infiltration is an effective
method for the synthesis of LiBH 4 /SBA-15 nanocomposites only if performed
under hydrogen pressure. Our work clearly shows that under hydrogen pressure,
LiBH 4 can fully fill the mesopores of SBA-15 while the long-range order of the
mesopores is maintained. The confined LiBH 4 has enhanced hydrogen desorption
properties, with desorption starting at 150 °C. However, upon dehydrogenation
under Ar, SiO 2 and decomposition products of LiBH 4 reacts to form Li 2 SiO 3 and
Li 4 SiO 4 , leading to irreversible hydrogen loss.

This chapter is based on the following manuscript: P. Ngene, P. Adelhelm, A. M. Beale,
K.P. de Jong, and P. E. de Jongh, LiBH 4 /SBA-15 Nanocomposites Prepared by Melt
Infiltration under Hydrogen Pressure: Synthesis and Hydrogen Sorption Properties. J.
Phys. Chem. C 2010, 114, 6163–6168.
Copyright 2010 American Chemical Society
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2.1 Introduction
For an efficient use of hydrogen as an energy carrier for automobile applications,
its compact, safe and efficient storage is an important issue1. Storage in the form of
a solid hydride is attractive from a safety, gravimetric and volumetric density point
of view. A promising class of materials is the light weight metal hydrides due to
their high hydrogen contents. For instance LiBH 4 has a gravimetric hydrogen
content of 18.5%. However the compound is thermodynamically very stable,
releasing H 2 only at elevated temperatures (equilibrium typically 370 °C under 1
bar H 2 ). Moreover, it suffers from poor hydrogen uptake kinetics with limited
rehydrogenation shown at 150 bar and 600 °C2.
Approaches such as reactant destabilization and product stabilization have been
proposed to improve the thermodynamic of hydrogen sorption in LiBH 4 3-11. These
approaches are based on mixing LiBH 4 with other elements or compound which
can either weaken the strong ionic bond between the Li and BH 4 or result in the
formation of more stable dehydrogenation products, and thereby decrease the
enthalpy change for dehydrogenation. For example, Vajo et al. 3, 4 obtained
enhanced hydrogen sorption properties when MgH 2 was added to LiBH 4 .
Formation of MgB 2 , LiH and H 2 (instead of LiH, B and H 2 ) upon dehydrogenation
reduced the enthalpy change for dehydrogenation/rehydrogenation by 25 kJ/(mol
of H 2 ) compared with pure LiBH 4 . The reversibility was also improved.
The use of suitable additives (catalysts) has been shown to be beneficial to the
hydrogen release kinetics of metal hydrides such as NaAlH 4 11-13 and MgH 2 14, 15.
This approach has been extended to LiBH 4 3,6-8, 16 but no suitable catalyst or
additive has been found yet for the hydrogen release and uptake from LiBH 4 .
Therefore despite these efforts, hydrogen release and uptake in LiBH 4 still occur
only at temperatures and pressures that are too high for practical applications.
Nanosizing/nanoconfinement of metal hydrides in porous scaffolds is another
approach which is promising in terms of altering the kinetics and potentially also
thermodynamics of hydrogen storage materials17-24. Baldé et al.21, 22 showed that
the hydrogen desorption from NaAlH 4 was greatly enhanced upon nanosizing
using a carbon nanofiber support. Recent work by Vajo et al.23 demonstrates that
LiBH 4 incorporated into a carbon scaffold shows faster hydrogen release kinetic,
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improved reversibility and stability upon cycling than bulk LiBH 4 . Although the
effects were not well understood, they are believed to be related to physical
confinement, support effects, shorter diffusion distances and particle size effects
which come into play at the nanoscale.
In this study we investigate the possibility to confine LiBH 4 in ordered mesoporous
silica and the effect of such confinement and close contact/interaction between
LiBH 4 and porous SiO 2 on the hydrogen sorption properties of the compound. The
feasibility of melt infiltration as a preparation route for nanocomposites has been
shown previously for the Mg/C25 and LiBH 4 /C under Ar pressure.23 In this work,
we prove that this synthesis procedure is also effective for LiBH 4 /SiO 2 but only if
the melt-infiltration is performed under hydrogen pressure high enough to prevent
the decomposition of LiBH 4 during melting. The interest of using ordered
mesoporous silica in this study is the possibility to vary its structural properties
such as pore size, specific pore volume and surface area and hence study the effects
of these properties on the hydrogen desorption properties of the composite
material. Furthermore, the integrity of the pore order of SBA-15 provides an extra
tool to monitor possible reactions with the LiBH 4 .

2.2 Experimental
SBA-15 (amorphous SiO 2 with hexagonally ordered, uniform mesopores for which
the diameter can be varied from 5 to 9 nm) was prepared following the procedure
of Zhao et al.28 while LiBH 4 (95% pure) was purchased from Acros-organics and
used without further purification. Sample handling and storage was conducted
under N 2 atmosphere in a glove-box (contamination typically 1 ppm of O 2 and
H 2 O respectively). The required amounts of dried SBA-15 and LiBH 4 were mixed
in a graphite sample holder and placed into a stainless steel autoclave. An initial
pressure of 100 bar H 2 was applied and the sample was heated at 3 °C/min to 295
°C (LiBH 4 melting point = 268 °C) and allowed to stay for 25 min at 295 °C at a
final pressure of 180 bar H 2 . The sample was then allowed to cool down to room
temperature, the hydrogen gas was released and the samples were stored in the
glove box. Nanocomposites with LiBH 4 of 10, 25, 50 and 65 nominal weight
percentage loading were prepared and the samples labeled according to the weight
percentage LiBH 4 in the mixture (% mass of LiBH 4 /total mass of the mixture).
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Physical mixtures were prepared by mixing LiBH 4 with dried SBA-15 in a mortar
using a pestle.
Structural characterization was done using N 2 -physisorption and X-ray diffraction
measurements in air tight sample holders. N 2 -physisorption measurements were
performed at -196 °C, using a Micromeritics Tristar 3000 apparatus. Prior to
analysis, the samples were dried under vacuum for 14 hours at 120 °C. The pore
size distributions of the samples were calculated from the desorption branch using
BJH theory with the Harkins and Jura thickness equation. XRD patterns were
obtained at room temperature from 0.5 to 90° 2θ with a Bruker-AXS D-8 Advance
X-ray diffractometer setup using Co Kα1,2 radiation with λ = 1.79026Å. The
crystalline phases were quantified and the amount of amorphous material estimated
using a crystalline Si reference powder (nr 640 supplied by NIST formerly known
as NBS (USA), purity 99.9%, average particle size 10 μm). Quantitative phase
analysis was performed by Rietveld profile fitting using the Powdercell program.
Hydrogen release properties were measured by temperature programmed
desorption (TPD) using a Micromeritics AutoChem II 2920 apparatus. 30 to 100
mg of sample was heated at 5 °C/min from room temperature to 500 °C in 25
ml/min Ar flow. Cycling under H 2 pressure was performed in a magnetic
suspension balance from Rubotherm. 50-100 mg of the sample was loaded in a
graphite sample holder and inserted into the stainless steel sample holder. The
sample was heated under 1.3 bar H 2 pressure (99.999 % purity) to 450 °C.
Rehydrogenation was performed at 450 °C by increasing the pressure from 1.3 bar
to 100 bar in 1 hr and remaining at 450 °C for 2 hrs. Hydrogen uptake and release
were determined from the weight changes while correcting for buoyancy.
Hydrogenation of desorbed samples was also performed in an autoclave under 100
bar H 2 at 300 °C for 3 h after which the samples were analyzed with XRD and
TPD.

Results
2.3 Synthesis of LiBH 4 /SBA-15 nanocomposites
Figure 2.1 shows the XRD patterns of SBA-15 and melt infiltrated LiBH 4 /SBA-15
nanocomposites with different LiBH 4 weight loadings. SBA-15 shows a broad
peak between 20-40° 2θ due to the scattering of amorphous silica. A Comparison
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of the 50 wt% samples prepared under hydrogen (figure 2.1 d) and argon pressure
(figure 2.1 f) shows that in both cases a large part of LiBH 4 crystallinity is lost.
However for the sample prepared under argon pressure the broad peak due to silica
has completely disappeared while the silica broad peak is retained in the samples
synthesized under hydrogen pressure. Furthermore, only diffraction lines due to
LiBH 4 were observed, indicating that there is no formation of new crystalline
phases. At weight loadings of LiBH 4 less than 25 wt %, no LiBH 4 diffraction lines
were visible. This is in contrast with physical mixtures (not shown here) for which
LiBH 4 diffraction lines were clearly seen even at 5 wt% loading. It suggests that
for the lower loadings the LiBH 4 is confined in the pores, hence not X-ray visible.
For loadings of 25 wt% and above crystalline LiBH 4 (probably located outside the
pores) is detected.
For pure SBA-15, the order of the mesopores leads to diffraction lines at low
angles as illustrated in Figure 2.2. The major peak at about 1.1° and two additional
ones at higher angles due to the (100), (110) and (200) diffractions indicate well
ordered SBA-15 with a hexagonal unit cell parameter of 10.8 nm. Small angle
XRD patterns of the nanocomposite samples heated to 295 °C under Ar pressure
gave no diffraction lines indicating that the long range order of the SBA-15 had

Figure 2.1: XRD patterns pure SBA-15, LiBH 4 /SBA-15 nanocomposites containing different weight
fractions of LiBH 4 (as indicated) melt infiltrated under H 2 pressure, and 50 wt% LiBH 4 /SBA-15
synthesized under 50 bar Ar.
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Figure 2.2: Small angle XRD of pure SBA-15 and melt infiltrated LiBH 4 /SBA-15 composites
prepared under 50 bar Ar and 50 bar H 2 .

been destroyed during heating under Ar. It was demonstrated earlier that LiBH 4
can be melt infiltrated into carbon aerogel under Ar pressure23. The results from
XRD and SAXS clearly indicate that this is not true for LiBH 4 /SBA-15 composites
as the SiO 2 ordered pore structure is destroyed. However, well-resolved diffraction
lines are present in the composites prepared under 180 bar hydrogen. The decrease
in the intensity of the diffraction lines is expected due to change in the electron
density differences between an empty pore and a filled pore. Clearly, the SBA-15
porous structure has been well retained after melt-infiltrating with LiBH 4 under
hydrogen atmosphere. Also at lower hydrogen pressures (50 bar) the structure of
the SBA-15 scaffold was maintained.Nitrogen adsorption/desorption isotherms
(normalized to 1g SBA-15) and the corresponding structural parameters of the
pristine SBA-15, a physical mixture and LiBH 4 /SBA-15 composites prepared
under hydrogen pressure are presented in figure 2.3 and table 2.1 respectively. The
isotherms of the pristine material (Fig. 2.3a) show a steep capillary condensation
step and a hysteresis loop at a high relative pressure (above 0.6), typical of well
ordered mesoporous SBA-15. After the melt infiltration, the BET surface area and
the pore volume of SBA-15 had decreased. However, this is not the case with the
physically mixed sample (figure 2.3b). Therefore the decrease in pore volume after
melt infiltration indicates that the SBA-15 pores have been destroyed, blocked or
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filled due to interaction with the molten LiBH 4 . XRD and SAXS proved that the
SBA-15 was not damaged upon heating.

Figure 2.3: Nitrogen physisorption isotherms for (a) pure SBA-15, (b) physical mixture-50wt%, and
(c) 10 wt%, (d) 25 wt%, (e) 50 wt% and (f) 65 wt% melt infiltrated LiBH 4 /SBA-15 nanocomposites.

Table 2.1: N 2 -physisorption data for pure SBA-15 and melt infiltrated LiBH 4 /SBA-15
nanocomposites. (Data are normalized to the weight of the SBA-15)

Sample

V tot (cm3/g)

V meso
(cm3/g)

A BET
(m2/g)

V loss (%)

Calculated
V loss (%)

SBA-15

1.10

0.98

760

-

-

pm-50wt%

1.10

0.98

760

-

-

mi-10wt%

0.73

0.47

381

34

24

mi-25wt%

0.42

0.24

221

62

58

mi-50wt%

0.10

0.10

46

98

100

mi-65wt%

-

-

-

-

>100

V tot : total pore volume, V meso : mesopore volume, A BET : BET surface area, V loss : measured
pore volume loss, Calculated V loss : Calculated pore volume loss assuming complete melt
infiltration, pm: physical mixture, mi: melt infiltrated
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Furthermore, table 2.1 shows that the decrease in pore volume with increasing
loading of LiBH 4 corresponds roughly to the expected volume of the added LiBH 4 .
Hence the pore volume loss can be ascribed to filling and possibly some blocking
of the pores. Most likely the capillary suction force enables the transport of the
molten LiBH 4 into the pores of SBA-15, and on cooling the molten LiBH 4 resolidifies. As no diffraction pattern was observed at low LiBH 4 loadings, the
LiBH 4 in the pores shows no long-range crystallinity. The LiBH 4 diffraction lines
observed at higher loading are most likely due to unconfined LiBH 4. Above 50
wt% (corresponding to > 100% pore filling) the pore volume is negligible,
indicating that all the pores are filled. We can thus conclude that melt infiltration is
an effective preparation technique for LiBH 4 /SBA-15 if and only if performed
under hydrogen pressure.
2.4 Hydrogen desorption properties
Figure 2.4 compares the TPD profiles of pure LiBH 4 and melt infiltrated
nanocomposites with 10, 50 and 65 wt% loadings of LiBH 4 . During the TPD runs,
heat effects were observed (data not shown here) which can be ascribed to
respectively the transition from the orthorhombic to the hexagonal phase of LiBH 4
(around 100 oC), and the melting transition (around 270 oC), hence at temperatures
slightly lower than those reported for bulk LiBH 4 . The onset of dehydrogenation
for bulk LiBH 4 is around 280 °C, close to its melting point and shows multiple
desorption peaks as also reported in literature. The majority of the hydrogen is only
released well above 400 °C. For the melt infiltrated samples, H 2 desorption started
at about 150 °C, which is more than 100 °C reduction of the onset temperature
compared to the bulk material. The 10 and 50 wt% LiBH 4 /SBA-15
nanocomposites display a single broad desorption peak with a maximum between
280-300 °C, and a shoulder at 300-350 oC. The 65 wt% sample has in addition a
hydrogen release peak around 380 oC. Above 50 wt%, all the SBA-15 pores are
filled and some bulk LiBH 4 is expected to be outside the pores. Indeed for the extra
peak in the hydrogen desorption from the 65 wt% nanocomposites the release
temperature is similar to that of the first and second minor release peaks for bulk
LiBH 4 . However, remarkably no second bulk-like release peak is observed in the
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Figure 2.4. TPD profiles (while heating with 5 °C/min in Ar flow) of bulk LiBH 4 and melt
infiltrated LiBH 4 /SBA-15 nanocomposites with different loadings of LiBH 4 (as indicated). * the 10
wt% ample has twice the H 2 flow shown in the graph.

temperature range of 450-500 oC. This indicates that although for the 65 wt%
nanocomposite sample part of the LiBH 4 is outside the pores, the release of
hydrogen is still influenced by the presence of the SiO 2 , modifying the multiple
step release normally observed for pure LiBH 4 .
Clearly, confining LiBH 4 in the pores of SBA-15 leads to lower hydrogen
desorption temperatures. This can have several reasons. Firstly, it might be that
reducing the size of the LiBH 4 to nanoscale alters its dehydrogenation properties as
demonstrated for LiBH 4 /C nanocomposites.23 Secondly, it might be due to catalytic
effects of SiO 2 (as originally claimed by Züttel et al).16 A third reason for the
change in desorption could be due to reaction with SiO 2 during heating as recently
reported in literature.26, 27 To investigate for possible reaction with SiO 2 , XRD
patterns of the 65 wt% LiBH 4 nanocomposite was obtained after heating to
different temperatures (Figure 2.5). Prior to heating diffraction lines due to LiBH 4
and a broad peak due to amorphous silica were seen (figure 2.5 a). After thermal
desorption at 300 °C (after the first desorption peak), Li 2 SiO 3 and LiBH 4
diffraction lines were observed while the diffraction lines due to SiO 2 had
disappeared. Quantitative phase analysis suggests that the majority of the SiO 2 had
reacted with LiBH 4 to form Li 2 SiO 3 , while also a part of the remaining LiBH 4 had
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Figure 2.5: XRD patterns of the nanocomposites at different desorption stages showing the
formation of lithium silicates (a) LiBH 4 /SBA-15 nanocomposite after synthesis (b) after TPD at 300
°C, (c) after TPD at 500 °C, (d) after hydrogenation at 450 °C and 100 bar H 2 for 2h.

decomposed. After heating to 500 °C (Fig. 2.5d), the Li 2 SiO 3 and LiBH 4
diffraction lines had disappeared, while Li 4 SiO 4 and LiH diffraction lines were
observed. Quantitative analysis showed that the majority of the LiBH 4 that was still
present in the sample had reacted with the Li 2 SiO 3 to form crystalline Li 4 SiO 4 .
These observations indicate that a major part of the gas desorption at lower
temperatures is due to reaction of LiBH 4 with SiO 2 and later with Li 2 SiO 3 .
Another possibility to distinguish whether gas release is either due to reaction
forming silicates or due to reversible decomposition of LiBH 4 is by studying the
rehydrogenation and further cycling. Reactions to form silicates would exclude
reversibility of the reaction. We tried to rehydrogenate the nanocomposites at 450
°C and 100 bar H 2 for 2 h. At lower weight loadings (≤ 45 wt% LiBH 4 ), no
hydrogen uptake was observed. These findings suggest that for samples with a low
loading the hydrogen release at low temperatures during the first cycle can indeed
be predominantly ascribed to reaction with SiO 2 . However, we could partially
rehydrogenate our nanocomposites at 450 °C and 100 bar ( figure 2.6) and cycle it
several times, if the LiBH 4 loading was 45 wt% or above. Visual inspection reveals
that the composites changes from a white to black powder after thermal desorption,
whereas after hydrogenation it turned brown. However, the XRD data (Fig. 2.5d)
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Figure 2.6: Cycling measurements in magnetic suspension balance for 65 wt% LiBH 4 /SBA-15
composite. Desorption at 3 °C/min, 1.3 bar H 2 and 30 ml/min H 2 flow. Rehydrogenation was done at
450 °C by increasing the H 2 pressure from 1.3 to 100 bar in 1 h with a dwell time of 2 h at 450 °C.

did not indicate the formation of crystalline LiBH 4 after hydrogenation. This
suggests that the LiBH 4 might be in an amorphous state after rehydrogenation or
the formation of another intermediate hydride has occurred. Similar cycling
performance was obtained by charging the dehydrogenated sample in an autoclave
at 170 bar and 300 °C for 3 h, indicating that rehydrogenation is possible under
relatively mild conditions. However, the recyclable capacity is highly reduced after
the first cycle while the desorption temperature increased to about 370 °C.
Furthermore, the capacity decreases with increasing cycling possibly due to boron
loss 6, 8.
To study the effects of the structural properties of SBA-15 on the desorption
properties of the nanocomposites in more detail, experiments using SBA-15 with
different pore sizes and volumes were performed for nanocomposites with 50 wt%
LiBH 4 loading. Figure 2.7 shows that the structural properties of the porous silica
have two remarkable effects on the hydrogen release properties of the
nanocomposites. Firstly the hydrogen desorption profile is changed, with lower
hydrogen release temperatures favored by high surface areas/pore volumes for the
same given LiBH 4 wt% loading. Secondly the onset of hydrogen desorption shows
a clear contribution at temperatures far below the bulk LiBH 4 melting temperature,
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especially for the SiO 2 with the highest surface area and pore volume. These
effects will be discussed in more detail in the following section.

Figure 2.7: TPD profiles of 50wt% LiBH 4 confined in SBA-15 of different BET specific surface
areas and pore volumes. Both the onset of hydrogen release and desorption profile are affected by the
surface area and pore volume of the SBA-15

2.5 Discussion
Originally it was proposed in the papers by Züttel et al. that SiO 2 acted as catalyst
for the hydrogen release from LiBH 4 .16 Hydrogen dissociation and recombination
catalysts are typically d-electron metals such as Ni or Co. However, for hydrogen
storage materials, especially those prepared by ball milling, several non-classical
(de)hydrogenation catalysts seem very effective 29, although the mechanism or
exact action of the catalyst is often not clear yet. Nevertheless in these cases the
dehydrogenation reaction is reversible, and high rates require only a small amount
of additives. In the case of LiBH 4 and SiO 2 thermodynamics calculations show that
the combination is not stable, not even at room temperature, as silicates and boron
are the most stable species as shown in figure 2.8. This does not exclude that for
kinetic reasons the reversible release of hydrogen from LiBH 4 might be possible
even in the presence of SiO 2 . For the LiBH 4 /SBA-15 nanocomposites, hydrogen is
released at low temperatures. It is difficult to determine from simple desorption
experiments whether this is due to catalysis, nano effects or reaction since
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comparable amounts of hydrogen can be evolved in the reaction with SiO 2 as well
as in the dissociation of LiBH 4 (reaction (2.1) versus (2.2))
6LiBH 4 + 3SiO 2 → 2Li 2 SiO 3 + Si + 4B + 2LiBH 4 + 8H 2
→ 3 2 Li 4 SiO 4 + 1 2 Si + 2B + 4H 2

(2.1)

6LiBH 4 → 6LiH + 6B + 9H 2 → 6Li + 6B + 3H 2

(2.2)

Since the first papers, several authors have discussed that LiBH 4 might actually
react with the SiO 2 upon heating, forming silicates. Evidence for the formation of
silicates was demonstrated by means of XRD and in situ synchrotron radiation
powder X-ray diffraction.26, 27 Also experiments in which TiO 2 was added to
LiBH 4 show that lithium titanate was formed after heating the sample.30 Hence, at
the moment, it is generally assumed that reaction between LiBH 4 and SiO 2 is
kinetically hindered at room temperature, but upon heating takes place, especially
when the LiBH 4 starts melting leading to irreversible reaction to lithium silicates.26
In this paper, we use the XRD signature of the pore order in mesoporous SBA-15
as a clear fingerprint whether reaction involving SiO 2 has taken place or not. This
means that it is possible to detect the reaction, even if no crystalline silicates are

Figure 2.8: Thermodynamic equilibrium compositions for reactions between LiBH 4 -SiO 2 at 1 bar
H 2 . Calculations were done using HSC CHEMISTRY version 4.1. The tabulated enthalpy of
formation for LiBH 4 was 190.464 kJ/mol and the corresponding entropy = 75.818 J/(mol K). The
input was 50 wt% LiBH 4 and 50 wt% SiO 2 (≈8 kmol of LiBH 4 , and 3 kmol SiO 2 )
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formed. The results presented in this paper show that indeed melt infiltration of
SBA-15 (a high surface area and amorphous hence reactive form of SiO 2 ) under Ar
is not possible. The SBA-15 structure was destroyed after heating to 295 °C in the
presence of LiBH 4 . This would be in line with the assumption that as soon as the
kinetic barriers have been overcome (because the LiBH 4 starts melting) fast
reaction is possible. However, if we use hydrogen pressures well above the
calculated equilibrium pressure at 300 °C (using data from ref. 2), the reaction with
the SiO 2 was effectively suppressed. Hence the presence of molten LiBH 4 alone is
not enough for reaction with the SiO 2 . Apparently molten LiBH 4 does not react
directly with SiO 2 , but most likely its decomposition products. In literature,
intermediate phases are suggested that can be formed during thermal
dehydrogenation of LiBH 4 . 16, 31-36 Most likely one of these intermediate products
might be the reactive species. Under hydrogen pressure, the decomposition is
hindered and thus melt infiltration can be performed even above 300 °C without
any silicate formation.
Unfortunately, upon decomposition of the LiBH 4 in the nanocomposites, reaction
takes place with the SiO 2 . The multiple hydrogen desorption peaks observed at
higher LiBH 4 loadings (figure 2.4) can be ascribed to reactions first to form
Li 2 SiO 3 around 300 °C and subsequent reaction with the Li 2 SiO 3 to form
Li 4 SiO 4 .8,26-27 As this leads to very stable lithium silicates, this reaction is
irreversible. The partial reversibility observed in the composite with 65 wt%
LiBH 4 loading is probably due to partial rehydrogenation of LiBH 4 in excess of the
stoichiometric amount required for complete reaction with SiO 2 . The further
decrease in capacity on cycling might be due to boron loss as reported in
literature.6, 8-37 For the 65 wt%, it is expected that the LiBH 4 in excess of the
stoichiometric amount required to completely react with SiO 2 will exhibit bulk
dehydrogenation behavior. However the desorption profile (figure 2.4) shows a
clear departure from bulk behavior, with only one clearly defined hydrogen release
peak instead of the multiple peak desorption profile observed for bulk LiBH 4 . To
test whether this was due to interaction with the lithium silicates in the sample, we
made a physical mixture of LiBH 4 and Li 4 SiO 4 . In this case a similar desorption
profile was obtained, showing that departure from bulk behavior is due to the
interaction of the LiBH 4 with Li 4 SiO 4 .
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Figure 2.7 shows the effects for a given molar ratio (LiBH 4 :SiO 2 =8:3) which
roughly corresponds to the stoichiometry needed to fully form Li 4 SiO 4 . However,
SiO 2 with different pore sizes is used, which enabled us to distinguish between the
impact of nanoconfinement in the pores (which will be more pronounced for the
smaller pore sizes), and the kinetics of the reaction to form lithium silicates (which
will be more pronounced for the higher pore volumes/surface areas, hence the
samples with the largest pores). As seen in figure 2. 6, both the onset of
dehydrogenation and the TPD profile for the 50 wt% sample change as the
structural properties of the SBA-15 are changed. Interestingly, for the 50 wt%
nanocomposite with the highest specific surface area and pore volume of SBA-15,
the two steps in reaction 1 occurs almost simultaneously. This is probably due to
the fact that all the LiBH 4 is confined in the pores of SBA-15 and more intimate
contact and shorter diffusion distance increase the rate of the reaction. For the
nanocomposites with lower pore volumes a large part of the LiBH 4 is outside the
porous SiO 2 , hence leading to slower reaction due to diffusion limitations. The
reaction to form lithium silicates might be prevented by using a less reactive matrix
such as carbon. Another possibility is to passivate the SBA-15 for instance by
silanation as shown effectively in the case of impregnation with sodium alanates.38

2.6 Conclusions
Melt infiltration as a preparation method for LiBH 4 /SBA-15 nanocomposites has
been investigated and the hydrogen sorption properties of the nanocomposites
determined. It was shown that melt infiltration is effective only if performed under
hydrogen pressure to avoid the decomposition of LiBH 4 . Surprisingly, molten
LiBH 4 can fill the pores of SBA-15, forming LiBH 4 /SBA-15 nanocomposites
while the ordered porous structure of SBA-15 remains intact. Only upon
decomposition of the nanostructured LiBH 4 reaction with the SiO 2 takes place,
leading to irreversible hydrogen loss. Monitoring the pore order in SBA-15 is a
simple and sensitive probe to follow the reaction between the LiBH 4 and SiO 2 ,
even if no crystalline products are formed. Varying the structural properties of the
ordered mesoporous SiO 2 allowed further understanding of the reaction, and the
different products formed.
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Chapter 3
LiBH 4 in Nanoporous Carbon Materials
Abstract
LiBH 4 /carbon nanocomposites were prepared by melt infiltration, and the
influence of LiBH 4 loading on the structure and hydrogen sorption properties
studied. Melt infiltration clearly led to confinement of LiBH 4 in the nanopores of
the carbon material: N 2 physisorption showed that the pore volume of the carbon
dropped, and XRD measurements indicated that the long-range crystallinity of
LiBH 4 vanished upon melt infiltration. The melting point of the nanoconfined
LiBH 4 as detected by DSC measurements was 10-50 oC lower than the bulk
melting point (280 oC), and the phase transition at 110 °C (orthorhombic ↔
hexagonal structure) had shifted to ~90 oC. If less than 50% of the pores was filled
(corresponding to <15 wt %) the phase transitions could not even be detected. The
nanocomposite with 5 wt% LiBH 4 had the highest decomposition rate at 400 oC,
~5 times higher than that for a loading corresponding to full pore filling (35 wt%)
and two orders of magnitude faster than for bulk LiBH 4 . Though the activation
energy for dehydrogenation obtained from TPD measurements was generally lower
for nanocomposites (110-140 kJ/mol) than for bulk LiBH 4 (169 ± 5 kJ/mol), also
the pre-exponential factor played an important role. Nanocomposites with nearly
full pores (35 and 25 wt%) released ~14 wt% H 2 /LiBH 4 upon heating to 400 °C,
while for lower loadings ~18.5 wt% H 2 was detected, corresponding to full
decomposition to B, H 2 and either LiH or Li respectively. The equilibrium
decomposition (to LiH and B) temperature for bulk LiBH 4 at 1 bar H 2 is ~370 °C.
However, decomposition of nanoconfined LiBH 4 started already around 255 °C
under 1 bar H 2 , while reloading was observed under relatively mild
rehydrogenation conditions. Factors that could contribute to LiBH 4 decomposition
at temperatures lower than bulk equilibrium might be a change in stability due to
the confinement, intercalation of part of the Li formed or formation of stable
intermediate phases in the decomposition.
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3.1 Introduction
In chapter 2, we showed that the temperatures of hydrogen release from LiBH 4
were significantly lowered when the LiBH 4 was confined in ordered mesoporous
silica. However this was at least partially related to irreversible reactions between
the decomposition product(s) of LiBH 4 and SiO 2 to form lithium silicates with
concomitant hydrogen release. To evaluate the intrinsic effect of nanoconfinement
on the hydrogen sorption behaviour of LiBH 4 we need to avoid (or limit) such
irreversible reactions. Carbon based nanoporous materials have high stability and
are light weight, and hence attractive for nanoconfinement of LiBH 4 . Recent
literature suggests that at least some carbon based nanoporous materials are inert to
LiBH 4 while others react1-4. Gross et al. reported reversible hydrogen uptake for
LiBH 4 confined in nanoporous carbon aerogels by melt infiltration1. Similar
enhancement in reversibility was demonstrated for LiBH 4 nanoconfined in
activated carbon (AC) via impregnation with LiBH 4 -THF solution2. However
reversibility was not reported for
LiBH 4 /ordered mesoporous carbon
3, 4
nanocomposites . These carbon materials have low crystallinity and contain more
oxygen; hence they are more likely to react with LiBH 4 to form B-C4 and Li-C5
bonds or oxides of lithium and/or boron. In addition, different hydrogen release
temperatures and capacities have been reported for LiBH 4 /C nanocomposites.1-4, 6-8
These findings suggests that the nature of the nanoporous carbon material, its
purity and physical properties influences hydrogen sorption of confined LiBH 4 .
Therefore a first aim of this study is to evaluate the possibility to melt infiltrate
mesoporous turbostratic graphitic carbon material with LiBH 4 , using calorimetry to
track possible reactions.
The degree to which the nanopores are filled could significantly influence the
dehydrogenation and rehydrogenation of nanoconfined LiBH 4 because the
morphology of LiBH 4 and its interface with carbon could vary with the loading of
LiBH 4 in the nanocomposite. An indication is that Christian et al 8 reported the
release of all the hydrogen contained in LiBH 4 (18.5 wt% H 2 ) at 250 °C when only
1.5 wt% LiBH 4 was confined in carbon nanofibre while a 25-30 wt% LiBH 4
confined in carbon aerogel released only 12.6 wt% upon heating to temperatures
above 300 °C1. Baldé et al varied the sizes of NaAlH 4 nanoporticles supported on
carbon nanofibres by varying the loading of the NaAlH 4 and showed that this had
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significant effect on the activation energy for hydrogen desorption from NaAlH 4 9,
10
. Therefore a second focus of the present study is to gain more understanding on
how LiBH 4 loading influences the structure of the nanoconfined LiBH 4 and its
hydrogen sorption.

3.2 Experimental Details
High surface area turbostratic graphite (HSAG-500,Timcal Switzerland) was
used as the nanoporous carbon material for this study. It has a pore volume of
0.66 cm3/g, BET surface area 500 m2/g, and a broad pore size distribution
dominated by 2-3 nm pores. Prior to use, the carbon was dried at 500 °C for 5 h
under nitrogen flow and cooled down under nitrogen flow. LiBH 4 (Acrosorganics 95% pure) was incorporated into the dried carbon by melt infiltration.
The required amounts of carbon and LiBH 4 were mixed and placed in a
graphite sample holder and inserted into a stainless steel autoclave. An initial
pressure of 50 bar H 2 was applied and the sample was heated at 3 °C min-1 to
295 °C and allowed to stay for 30 min at 295 °C at a final pressure of ≈ 100 bar
H 2 . The sample was then allowed to cool down to room temperature, the
hydrogen gas was released and the samples were stored in a glove box. All
sample handling and storage was under Ar atmosphere in a glove-box
(contamination typically less than 0.1 ppm of O 2 and H 2 O) to avoid exposure
and contamination. LiBH 4 /C nanocomposites containing 5-35 wt% LiBH 4 were
synthesized and labeled according to the weight percentage of LiBH 4 in the
nanocomposites.
Structural characterization was performed using High Pressure Differential
Scanning Calorimetry(DSC), X-ray diffraction (XRD), N 2 - physisorption and
both 11B and 7Li solid-state Nuclear Magnetic Resonance (NMR) spectroscopy.
All measurements were done in air tight sample holders. DSC measurements
were performed with an apparatus from Metler Toledo (HP DSC1). The
equipment was caliberated for temperature and heat flow under 1 bar H 2 using
standard Zn, In and Al. The samples were measured while ramping at 5 K/min
with an initial pressure of 15 bar H 2 . XRD patterns were obtained at room
temperature from 18 to 75° 2θ with a Bruker-AXS D-8 Advance X-ray
diffractometer setup using CoKα 1,2 radiation with λ= 1.79026 Å. N 2 -
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physisorption measurements were performed at -196 °C, using a Micromeritics
Tristar 3000 apparatus. The pore size distributions of the samples were
calculated from the desorption branch using BJH theory with the Harkins and
Jura thickness equation.
Solid-state NMR experiments were performed (at Radboud University,
Nijmegen) on a 600 MHz Varian spectrometer using a 2.5 mm HX MAS probe.
11
B and 7Li single pulse excitation spectra were obtained using a short hard
pulse of 0.20 μs at an effective rf-field strength of 140 kHz after taking pulse
rise and decay times into account. Spectra were acquired without proton
decoupling. The 7Li spectra were referenced with respect to an aqueous solution
of LiCl (δ = 0 ppm). All NMR data processing was done using matNMR11.
Hydrogen release from the samples was measured by temperature programmed
desorption (TPD) using a caliberated Micromeritics AutoChem II 2920
apparatus. 60 to 100 mg of sample was heated at 5 °C/min from room
temperature to 400-500 °C in 25 ml/min Ar (99.99 % purity) flow with a dwell
time of 25 min at the maximum temperature. The amounts of hydrogen released
were determined by integrating the plots of hydrogen flow (ml/min) versus time
(min) using the peak editor software of the AutoChem II 2920.
Rehydrogenation of desorbed samples was performed in an autoclave at 50 bar
H 2 and 325 °C for 3 h after which the amount of H 2 absorbed by the sample
was determined by a second TPD run. Isothermal manometric hydrogen release
and uptake measurements were done using a Sievert type apparatus (PCTPro2000, Hy-Energy & Setaram, pressure measurement accuracy: 1% of reading).
For desorption, about 100 mg of the sample was placed in a stainless steel
sample holder ( ~ 5 ml) and heated to 400 °C under 22 bar H 2 after which the
hydrogen is expanded into a 166 ml reservoir that had been properly evacuated.
On opening the reservoir valve, the pressure drops to approximately 0.2 bar and
then increases gradually due to hydrogen release from the sample (final
pressure typically < 0.55 bar). The dehydrogenated samples were evacuated for
1 h at 400 °C and cooled down to 330 °C. Subsequently, hydrogen uptake was
measured by charging the dehydrogenated sample with an intial pressure of
approximately 27 bar H 2 at 330 °C and the pressure drop due to hydrogen
absorption by the nanocomposites recorded (final pressure typically 24 bar).

60

LiBH4 in nanoporous carbon materials
Determination of the effective sample holder volume was done at the
temperature of measurement using helium. Gravimetric hydrogen
measurements were performed in a magnetic suspension balance from
Rubotherm. About 100 mg of the sample was loaded in a graphite cup (stainless
steel for bulk LiBH 4 ) and inserted into a stainless steel sample holder. The
sample was heated at 5 °C/min to 400 °C under 1.05 bar H 2 or 1 bar Ar at a
flow rate of 25 ml/min. The amount of hydrogen released was determined from
the weight changes after having corrected for buoyancy effects.

Results and discussion
3.3 Melt infiltration process studied by DSC
The wetting and melt infiltration process of LiBH 4 into nanoporous carbon
material was studied in-situ using high pressure DSC. LiBH 4 mixed with graphite
(BET surface area 7 m2/g) was used as a reference. Figure 3.1A and B show the
heat flow while the enthalpy values are tabulated in table 3.1. During heating, the
bulk LiBH 4 and the 25 wt% LiBH 4 -graphite shows two endothermic peaks around
107±2 °C and 275 °C which are ascribed to the phase transition from orthorhombic
to hexagonal structure and melting of LiBH 4 respectively12-14. The measured
enthalpy values for the structural transition and melting of bulk LiBH 4 are 2.45
kJ/mol and 3.76 kJ/mol respectively, and the corresponding values for LiBH 4
supported on graphite are 1.92 and 3.16 kJ/(mol LiBH 4 ). These values are less than
those reported for LiBH 4 (4.18 kJ/mol and 7.56 kJ/mol) 12. This is most likely due
to heat losses during measurements via the highly conductive hydrogen gas
especially at high pressures. Therefore the measured enthalpies are taken as relative
values. During cooling, two exothermic heat flows were observed around 270 °C
and 96 °C which are ascribed to the solidification of molten LiBH 4 and transition
from hexagonal (high temperature) phase to the orthorhombic (low temperature)
phase. The absolute values of the measured enthalpy of the exothermic process is
very close to the corresponding endothermic process during heating, showing that
the phase transition is reversible in these samples.
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Figure 3.1: High pressure DSC measurements showing heat flow under 15 bar H 2 while heating and
cooling with 5 °C/min. A: Bulk LiBH 4 and a physical mixture of 25wt% LiBH 4 and graphite, B:
Physical mixtures of nanoporous carbon material and different loading of LiBH 4 (wt% indicated)

Next to the endothermic signal due to melting, an additional exothermic event was
recorded around 280 °C for LiBH 4 -nanoporous carbon mixtures (figure 3.1B). The
measured enthalpy values due to the exothermic event increased with decreasing
LiBH 4 loading and for samples with ≤ 15 wt% LiBH 4 , the endothermic melting
was overshadowed by this exothermic event. During cooling (after melt
infiltration) two minor broad exothermic signals ascribed to solidification of
molten LiBH 4 and transition from high to low temperature phase were recorded at
~ 263 °C - 220 °C and 86 - 67 °C respectively, hence lower than for the bulk and
graphite supported LiBH 4 by about 10-50 °C. In contrast to the bulk and graphite
supported LiBH 4 , the absolute values of the measured enthalpy for these
exothermic events during cooling were about 85 % lower than for the
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corresponding endothermic events during heating and the exothermic signals were
not even detected in samples with ≤ 15 wt% LiBH 4 . These observations suggest
that the physical properties of LiBH 4 such as the melting/solidification and
structural transition temperatures are changed upon confinement in nanoporous
carbon materials and that this change in properties is highly influenced by the
loading of LiBH 4 in the nanocomposite.
Table 3.1: Measured enthalpy changes ΔH (normalized per gram LiBH 4 ) for bulk LiBH 4 and LiBH 4
mixed with graphite (G), porous carbon(C) and purified porous carbon(PC). ΔH S, h and ΔH S, c are
enthalpy changes associated with structural transition to hexagonal (heating curve) and from
hexagonal back to orthorhombic (cooling curve) respectively. ΔH M , ΔH r and ΔH SLD are enthalpy
change for melting (assumed constant), surface reactions/wetting and solidification respectively.
Negative sign stands for exothermic while positive number implies the process is endothermic

Sample

Structural transition

Melting, reaction & solidification

ΔH S, h
(kJ/mol)

ΔH M
(kJ/mol)

ΔH S, c
(kJ/mol)

ΔH r
(kJ/mol)

ΔH SLD
(kJ/mo l)

bulk LiBH 4

2.45

-2.25

3.76

-

-3.76

25LiBH 4 -G

1.92

-1.90

3.16

-0.6

-2.9

35LiBH 4 -C

1.82

-0.53

3.76

-2.58

-0.56

25LiBH 4 -C

1.80

-0.34

3.76

-3.64

-0.50

15LiBH 4 -C

1.80

-

3.76

-3.72

-

5LiBH 4 -C

1.44

-

3.76

-5.68

-

25LiBH 4 PC
15LiBH 4 -PC

1.71

-0.42

3.76

-0.96

-0.43

1.71

-0.31

3.76

-1.19

-0.31

5LiBH 4 -PC

1.78

-

3.76

-2.10

-
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The exothermic signal observed in the LiBH 4 -nanoporous carbon samples around
the melting temperature of LiBH 4 might be due to wetting of the carbon material
with molten LiBH 4 but could also be due to reaction with impurities in the
nanoporous carbon material.15 To investigate the possibility of the latter, the porous
carbon was purified prior to mixing with LiBH 4 by heating to 600 °C under H 2 and
dwelling for 2 h at 600 °C with a flow of 100 ml/min H 2 . This process is known to
remove oxygen-containing surface groups, stabilize some of the reactive sites by
forming stable C-H bonds and gasify the most reactive unsaturated carbon atoms16.
The carbon pore volume had decreased by about 0.08 cm3/g (12 %) after the
purification.
Figure 3.2A shows the DSC curves for the experiments conducted with the purified
carbon material. In this case the entire exothermic signal around the melting point
of LiBH 4 has almost disappeared. This suggests that the exothermic event
associated was mostly due to reaction of molten LiBH 4 with terminating oxygen
groups (or other impurities) in the carbon and that treatment of the carbon material
with hydrogen reduced these impurities significantly. The cooling curves of the
composites prepared with the purified carbon also exhibits similar features as those
prepared with the non-purified carbon. The absolute enthalpy values of the
exothermic heat flows corresponding to the solidification and structural transition
of LiBH 4 are significantly lower than the corresponding events during heating and
also vanished in nanocomposites with < 15 wt% LiBH 4 .
Since both endothermic (melting) and exothermic (surface oxidation reactions,
wetting) events occur simultaneously during heating, the measured DSC signal is a
combination of both processes. As melting of LiBH 4 occurs before
nanoconfinement and reactions with the impurities17 we can assume that the
melting enthalpy signal (normalized per g LiBH 4 ) is the same (ΔH m in table 3.1) in
all the samples and therefore estimate the exothermic contribution due to
reaction/wetting of the carbon (ΔH r in table 3.1) by deconvoluting the peak around
the melting of LiBH 4 . The magnitude of the exothermic event (ΔH r in table 3.1)
generally increased with decreasing LiBH 4 loading. It is logical that decreasing the
loading will lead to increase in the exothermic contribution since the fraction of
carbon (hence surface contamination per gram carbon) increases with decreasing
loading of LiBH 4 . Similarly it is expected that the enthalpy associated with wetting
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Figure 3.2: Heat flow (while heating and cooling under 15 bar H 2 and 5 °C/min) for A: Physical
mixtures of purified nanoporous carbon and LiBH 4 with different weight loading as indicated. B:
Heat flow during the second cycle DSC heating measurement (samples already heated and cooled to
room temperature) on 25 wt% LiBH 4 -graphite and 5 and 25 wt% LiBH 4 /PC

of the carbon surface would increase as the loading decreases due to increased
carbon surface area in contact with the molten LiBH 4 . Therefore it is non-trivial to
accurately differentiate between contributions from wetting and surface reactions.
The measured enthalpy values due to solidification of LiBH 4 (ΔH SLD in table 3.1)
also decreased as the loading decreases, and is not observed for LiBH 4 loadings
less than 15 wt%.
To further investigate the observed changes in structural transition and
solidification temperatures during cooling, a second cycle heating DSC
measurements was done on the cooled samples (Figure 3.2B). The endothermic
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heat flows corresponding to both the structural transitions and the melting of
LiBH 4 were not detected in the 5 wt% nanocomposites while for the 25 wt%,
broadened endothermic peaks due to these events were observed at temperatures
(75-102 °C and 224-265 °C respectively) lower than for LiBH 4 -graphite and in
agreement with the first cooling curves. Generally, the heating curve of the
nanocomposites in the second run is almost a mirror image of its first cooling
curve. Further experiments reveal that the structural transitions and melting were
not detected once the loading was less than 15 wt%.
From these results, it is clear that the physical and/or structural properties of LiBH 4
are indeed changed when confined in nanoporous carbon material and that these
changes in properties are also influenced by the LiBH 4 loading. It has been shown
that liquids or solutions confined in porous media have melting and solidification
temperatures that are considerably lower than the bulk material, and decreases as
the diameter of the pores is decreased18-20. Also the absolute values of the heat
effects associated with melting/ solidification are lower for confined phases as has
been shown for metal nitrate hydrates20, 21. Hence the observed low enthalpy
values, and the depression and broadening of the melting/solidification
temperatures could be explained by the presence of LiBH 4 in pores with different
diameters due to the broad pore size distribution of the nanoporous carbon material
used in this study. This explanation might be applicable to the structural transition
and also explains why the enthalpy for solidification and structural change (on
cooling) increased slightly with increased loading since more LiBH 4 is in the larger
(or even outside) pores and displays more bulk- like behaviour.

3.4 Structural characterisation
After cooling to room temperature, XRD measurements were done to check the
crystallinity of the nanocomposites. Figure 3.3 shows that the nanoconfined LiBH 4
lacks long- range crystallinity especially at low LiBH 4 loadings. Above 25 wt%
loading, crystalline LiBH 4 is observed which is in line with the fact that about 30
wt% LiBH 4 is required to completely fill the pores, assuming the density of the
LiBH 4 is not changed when nanoconfined.
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Figure 3.3: XRD patterns for (a) 5wt%, (b) 15 wt%, (c) 25wt% and (d) 35wt% LiBH 4 /C
nanocomposites (e) physical mixture of 25wt% LiBH 4 and carbon

To investigate the influence of LiBH 4 loadings on the filling of the carbon pores,
nitrogen physisorption measurements were used to probe the porosity of the carbon
in the synthesized LiBH 4 /C nanocomposites. Figure 3.4 shows the differential pore
volume loss by the carbon as a function of the pore sizes of the carbon. The total
pore volume loss by the carbon is almost equal to the volume of LiBH 4 added to
the mixture (table 3.2). This is explained by the fact that the LiBH 4 occupies the
pores of the carbon as shown for LiBH 4 /SiO 2 nanocomposites22. The difference
between the volume of LiBH 4 added and pore volume loss (especially the 5 wt%
LiBH 4 /C) is probably due to partial pore blockage. Above 25 wt% LiBH 4 , no
nitrogen was adsorbed, in line with the fact that all the pores were filled above this
loading. From figure 3.4 it can be seen that about 99 % of LiBH 4 in the 5 wt%
nanocomposite were confined in pores < 10 nm. About 95 % of the LiBH 4 in the
15 wt% nanocomposites were confined in pores ≤ 10 nm while the rest are in pores
up to 25 nm. Similarly for 25LiBH 4 /C, about 12 % of the LiBH 4 were in pores
between 10-60 nm while the rest were confined in carbon pores ≤ 10 nm. This
implies that increasing the loading of LiBH 4 leads to increase in the average
domain sizes of LiBH 4 in the nanocomposites, in line with the melting point
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depression trend as obtained from the DSC measurements. This also indicates
favourable wetting of the carbon by molten LiBH 4 .

Figure 3.4: Nitrogen physisorption measurements showing differential pore volume loss versus pore
diameter (pore size distribution) for nanoporous carbon after melt infiltrating with varying LiBH 4
wt% loading.

Table 3.2:

Nitrogen physisorption data for porous carbon and melt infiltrated LiBH 4 /C

nanocomposites: V T = total pore volume, V loss = carbon pore volume loss (total pore volume lost and
percentage of these pores less than 10 nm), and V LiBH4 = volume of LiBH 4 added in 1 g carbon)

V loss (cm3/g C)

VT

V LiBH4

Sample

(cm3/g C)

total

< 10 nm (%)

(cm3/g C)

Dried porous C

0.65

-

-

-

5 LiBH 4 /C

0.53

0.120

99

0.079

15 LiBH 4 /C

0.38

0.270

95

0.265

25 LiBH 4 /C

0.10

0.552

88

0.501
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3.5 Hydrogen Release
Figure 3.5 shows hydrogen release profiles (heating at 5 °C/min under Ar flow)
from bulk LiBH 4 , 25 wt% LiBH 4 melted with non-porous graphite and
LiBH 4 /porous carbon nanocomposites with varying LiBH 4 loading. The bulk
LiBH 4 releases hydrogen in three steps; two minor hydrogen release peaks around
280 °C (melting point of LiBH 4 ) and 390 °C, and a major hydrogen release starting
at 400 °C. Similarly the 25 wt% LiBH 4 /G exhibits multiple hydrogen release peaks
as the bulk LiBH 4 but the second and the third desorption peaks occurred at
temperatures 30-40 °C lower than for the bulk. Interestingly, for all the
nanocomposites with porous carbon hydrogen desorption occurred in a single step
and at significantly lower temperatures than for the other samples. The 35 and 25
wt% LiBH 4 nanocomposites releases hydrogen starting from ~ 230 °C while
hydrogen release started ~ 200 °C in the 15 and 5 wt% LiBH 4 /C nanocomposites.
Hence the hydrogen release temperatures of LiBH 4 nanoconfined in carbon
decrease with decreasing LiBH 4 loading.
Table 3.3 shows the amount of hydrogen released from the bulk and 25 wt%

Figure 3.5: Temperature programmed desorption (TPD) while heating at 5 °C/min under 25 ml/min
Ar flow for bulk LiBH 4 , 25 wt% LiBH 4 /graphite and LiBH 4 /C nanocomposites with different wt%
loading as indicated.
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Table 3.3: Normalized hydrogen release (wt% based on LiBH 4 ) obtained from TPD measurements of
the bulk, graphite supported (G) and LiBH 4 /C nanocomposites synthesized with porous carbon and
purified porous carbon. The wt% loadings of LiBH 4 are indicated

Sample

Bulk

25%/G

35%/C

25%/C

15%/C

5%/C

Dried C (wt% H 2 )
Purified C (wt% H 2 )

11.2
-

13.4
-

12.7
13.4

14
14.8

16.7
18.0

16.1
18.0

LiBH 4 /G (after dwelling for 25 min at 500 °C), and the LiBH 4 /C and LiBH 4 /PC
nanocomposites (25 min dwell at 400 °C). The bulk and 35LiBH 4 /porous carbon
samples released less than 13.8 wt% H 2 suggesting that decomposition into LiH, B
and H 2 according to equation 3.1 was not yet completed while the 25 LiBH 4 /C
released about 14 wt% H 2 which would mean complete decomposition according
to equation 3.1. The 15 and 5 wt% LiBH 4 /C nanocomposites released ~ 16 wt% H 2
which suggests that decomposition of the LiBH 4 into Li and B in a single step
(equation 3.2) has proceeded to some extent. This is surprising as LiH is very
stable and requires temperatures up to 700 °C for dehydrogenation.
2 LiBH 4 ↔ 2 LiH + 2 B + 3 H 2
2 LiBH 4 ↔ 2 Li + 2 B + 4 H 2

(3.1) 13.8 wt% H 2
(3.2) 18.5 wt% H 2

The nanocomposites synthesized with purified nanoporous carbon material
generally released higher amount of hydrogen than the other nanocomposites, most
likely because more hydrogen was lost in the latter during synthesis due to
reactions with impurities of the support.
Since proper quantitative measure of hydrogen release is not trivial, for validation
the hydrogen release from the samples was additionally measured using volumetric
(Sievert) method. Figure 3.6 shows hydrogen released from samples that had been
heated under 22 bar H 2 and allowed to dehydrogenate at constant temperature of
400 °C (by expanding the hydrogen to higher reservoir volume). Clearly both the
amount of hydrogen released and the release rates are influenced by the LiBH 4
loading, in line with the TPD results. The LiBH 4 /G sample has the lowest
desorption rate while the 5 wt% LiBH 4 /C nanocomposites has the highest
hydrogen
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Figure 3.6: Volumetric hydrogen release measurements at 400 °C for 25 wt% LiBH 4 /graphite and
LiBH 4 /C nanocomposites with different LiBH 4 wt % loading (as indicated). Insert shows the
variation in dehydrogenation rate as a function of loading in the first 2 min

release rate especially at the first 1 min of desorption (see insert in figure 3.6).
Similarly more than 15 wt% hydrogen was released from the 5 and 15wt%
nanocomposites. Additional hydrogen release measurements conducted in a
magnetic suspension balance (data not shown) further confirmed the release of
about 18 wt% H 2 from the 15 wt% LiBH 4 nanocomposites even at temperatures as
low as 375 °C. This shows that LiBH 4 can decompose directly to Li, B and H 2 at
relatively lower temperatures if it is confined and in close contact with nanoporous
carbon materials. These findings show that the hydrogen release rates and capacity
of nanoconfined LiBH 4 can significantly be influenced by the LiBH 4 loading. The
purity of the nanoporous carbon material also affects the H 2 release capacities of
the nanocomposites.
3.6 Dehydrogenation Kinetics
To learn how the dehydrogenation rates are influenced by LiBH 4 loading, kinetic
parameters were estimated from the TPD profiles using the Kissinger method23.
Kissinger showed that by varying the heating rate of a non-isothermal process
(such as the TPD experiments), the kinetic parameters can be determined using the
following equation.
ln(β/T p 2) = -(E a /R)* 1/T p - ln(A 0 R/E a )

(3.3)
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Where β is the heating rate, T p is the temperature of maximum (peak)
dehydrogenation, E a is the apparent activation energy, R the gas constant and A 0 is
the frequency factor. A graph of ln (β/T p 2) versus 1/T p gives a straight line from
which the apparent activation energy and the frequency factor can be determined
from the slope and intercept of the graph respectively. Equation 3.3 has been
shown to be valid for many constant rate solid state transformations irrespective of
the reaction order24, 25, and has been used to evaluate the kinetics for NaAlH 4
dehydrogenation10. For this analysis, the freshly prepared LiBH 4 /C samples were
desorbed under Ar at different heating rates (1, 2.5, 5, 10 and 15 °C/min). Each
measurement was repeated at least once and the average peak hydrogen release
temperature was used. The Kissinger plots for the samples are shown in figure 3.7
while the kinetic parameters obtained from the analysis are summarized in table
3.4. The apparent activation energy for dehydrogenation decreased from 169 ± 5
kJ/(mol LiBH 4 ) in the bulk LiBH 4 to 156 ± 3kJ/(mol LiBH 4 ) in the 25 LiBH 4 /G
sample. The nanocomposites generally have significantly lower activation energy
than the bulk and graphite supported LiBH 4 .

Figure 3.7: plots of ln (β/T p 2) versus 1/T p and straight regression lines for bulk LiBH 4 , LiBH 4 /G and
LiBH 4 /C nanocomposites with varying LiBH 4 loadings as indicated.
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Table 3.4: Dehydrogenation rate parameters for bulk LiBH 4 , LiBH 4 supported on graphite and
LiBH 4 /C nanocomposites with different wt% LiBH 4

Sample

T p (°C)
@

Ea

A0

K @ 400 °C

(kJ/mol)

(s-1)

(s-1)

5 °C/min
Bulk LiBH 4

460

169 ± 5

(4.5 ± 0.1)x109

3.44 x 10-4

25 LiBH 4 /G

430

156 ± 3

(1 ± 0.02)x109

7.80 x 10-4

35 LiBH 4 /C

368

111 ± 4

(2.9 ± 0.1)x106

7.04 x 10-3

25 LiBH 4 /C

350

122 ± 2

(4.5 ± 0.06)x107

1.53 x 10-2

15 LiBH 4 /C

343

122 ± 3

(7.6 ± 0.2 )x 107

2.58 x 10-2

5 LiBH 4 /C

335

139±7

(2.3 ± 0.1)x109

3.75 x 10-2

The pre-exponential factor for the nanocomposites increased as the loading
decreased. Hydrogen release rates of the samples were compared by calculating the
dehydrogenation rate constant K (per sec) of each sample at one fixed temperature
(400 °C) using equation 3.4.
K(T) = A 0 exp(-E a /RT)

(3.4)

The 5 wt% nanocomposite has the highest dehydrogenation rate constant at 400 °C
(3.75 x 10-2 /s) which is about 1.5, 2.5, 5.3 and 108 times higher than that of
nanocomposite with 15 wt% 25 wt%, 35 wt% and bulk LiBH 4 respectively.
Clearly, the loading of LiBH 4 influences hydrogen release kinetics of LiBH 4 in the
nanocomposites. Most likely, this is due to change in the morphology,
nanostructure and/domain sizes of LiBH 4 and its interface with carbon with LiBH 4
loading as seen in the Nitrogen physisorption measurements. Baldé et al10
demonstrated that the activation energy of NaAlH 4 supported on carbon nanofiber
decreased as the particle size decreased, resulting in faster kinetics. However for
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nanoconfined LiBH 4 , although the activation energy decreased significantly upon
nanoconfinement, decreasing the loading (decrease in average size of LiBH 4 ) did
not lead to a further decrease in the activation energy but rather to an increase in
the pre-exponential factor. Most studies on the dehydrogenation kinetics of
complex hydrides focused on the apparent activation energy while often neglecting
the pre-exponential factor. However the results from the kinetic measurements
clearly show that the pre-exponential factor is also crucial in the accurate
evaluation of dehydrogenation rates.

3.7 Reversibility
The reversibility of the hydrogen desorption from the nanocomposites at mild
conditions was evaluated by rehydrogenating the dehydrogenated nanocomposites
ex-situ in an autoclave at 325 °C and 50 bar H 2 for 3 h. Subsequently the amount
of hydrogen absorbed was determined by running a second hydrogen release
measurements (figure 3.8). The 25 wt% LiBH 4 /G sample released negligible
amount of hydrogen in line with the fact that desorbed bulk LiBH 4 requires 600 °C
and 350 bar H 2 for partial reversibility26. The rehydrogenated 35 wt% LiBH 4 /PC
released the lowest amount of hydrogen (4.8 wt% H 2 /g LiBH 4 ) followed by the

Figure 3.8: TPD measurements showing hydrogen release (5 °C/min, 25 ml/min Ar flow) from
rehydrogenated (in autoclave at 325 °C and 50 bar H 2 for 3 hr) LiBH 4 supported on graphite(G) and
LiBH 4 /PC nanocomposites with wt% LiBH 4 loading as indicated in each curve.
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5 wt% LiBH 4 /PC which released 5.8 wt% H 2 . The 25 LiBH 4 /PC nanocomposite
released 6.6 wt% H 2 while the maximum amount of H 2 (8.1 wt %) was released by
the 15 LiBH 4 /PC. This result shows that only partial reversibility is achieved at this
rehydrogenation conditions and that the reversibility of hydrogen desorption from
nanoconfined LiBH 4 increases with decreasing LiBH 4 loading. The low
reversibility in the 5 wt% nanocomposites is most likely due to oxidation during
sample handling since the LiBH 4 in this sample is highly dispersed on the carbon
and therefore more prone to oxidation, as will be shown in next section.
The hydrogen uptake kinetics of the nanocomposites was compared by in-situ
manometric measurements at 330 °C and an initial hydrogen pressure of ~27 bar.
Figure 3.9 shows the hydrogen uptake by the samples during 1 h measurement. The
25 wt% LiBH 4 /G sample has the slowest absorption rate while the rate of hydrogen
uptake in the nanocomposites increases with decreasing LiBH 4 loading except for
the 5 wt% sample which have slightly lower hydrogen uptake rate than the 15 wt%
nanocomposite. A fast hydrogen uptake in the first few (1-2) minutes is followed
by a more gradual hydrogen uptake. The amounts of hydrogen absorbed in this
initial few minutes increased with decreasing loading (except for 5 wt% sample).

Figure 3.9: Volumetric (Sievert) hydrogen uptake (at 330 °C and initial of about 27 bar H 2 ) by
LiBH 4 supported on graphite (G) and LiBH 4 /PC nanocomposites with wt% LiBH 4 loading as
indicated in the curves.
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Although at the moment the rate limiting step for the rehydrogenation reactions of
LiBH 4 is not well understood, it is generally believed that the reversibility is
mainly limited by the phase segregation of the solid state dehydrogenation
products. LiH and B are immobile and if formed after dehydrogenation, it would be
a very slow process to recombine. In the case of confined LiBH 4 keeping them
close to each other (nanoscale) could improve their recombination and the more so
at low loadings of LiBH 4 if the materials remain inside the pores after
dehydrogenation. This explains why hydrogen uptake rate increases with
decreasing LiBH 4 . It was also seen that a substantial fraction of LiBH 4
decomposes into elemental Li and B at low loadings. If the Li is not oxidised nor
reacted with the nanoporous carbon material, more hydrogen will be absorbed in
these samples than in the nanocomposites with higher loadings since more
hydrogen is required to form LiBH 4 from Li and B than from LiH and B. Li has a
lower melting point and higher mobility than LiH, hence it would be expected that
the recombination of Li and B to form LiBH 4 under hydrogen pressure will be
faster than for LiH and B. Furthermore the presence of an initial fast absorption
rates might be due to the formation of LiH first followed by the formation of
LiBH 4 from LiH, B and H 2 . This explanation is supported by the fact that this
initial fast hydrogen uptake is not observed in the dehydrogenated 25LiBH 4 /G as
no elemental Li is expected to be present in this sample.

3.8 Structural changes during de/re-hydrogenation
To investigate the effects of loading on structural changes occurring in the sample
during hydrogen sorption, XRD data of the desorbed and rehydrogenated samples
were acquired. In figure 3.10A, diffraction lines due to LiH and a broad peak (30°40° 2θ) are clearly seen in the dehydrogenated bulk LiBH 4 . The broad peak is
possibly due to amorphous B or Li 2 B 12 H 12 . The 35LiBH 4 /C shows weak
diffraction due to LiH while no diffraction lines other than that due to the
turbostratic carbon are seen in the other nanocomposites, suggesting that the
decomposition products of these nanocomposites are confined in the carbon pores
and/or lack long-range crystallinity. After rehydrogenation (Figure 3.10B) LiH
diffraction lines are clearly seen in the 35 wt% nanocomposite and slightly in the
25 wt% nanocomposite.
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Figure 3.10: XRD pattern of bulk LiBH 4 and LiBH 4 /C nanocomposites with different LiBH 4 loading
(A) after dehydrogenation and (B) after rehydrogenation in autoclave at 325 °C, 50 bar H 2 , 3 h. (C):
Comparing the carbon(002) diffraction peak of the as-synthesized 25 wt% LiBH 4 /C (mi) to those of
desorbed nanocomposites with different loadings ( wt% as indicated), and that of the rehydrogenated
25 wt% LiBH 4 /C (reh). Note that the carbon (002) diffraction peak is at the same 2θ position in all
the as-prepared and rehydrogenated samples.
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For the 5 and 15 wt% nanocomposites, no crystalline product was seen after
rehydrogenation (just as in the as-prepared and dehydrogenated samples). Figure
3.10C compares the carbon (002) diffraction line after synthesis, dehydrogenation
and rehydrogenation of the nanocomposites. After dehydrogenation the C (002)
diffraction line which was originally at 31.10° 2θ in all the nanocomposites shifted
to 30.28°, 30.22° and 30.16° 2θ in the 15, 25 and 35 wt% LiBH 4 /C
nanocomposites respectively, and shifted back to its original position upon
rehydrogenation. Such a peak shift corresponds to a change in the average
graphene interlayer spacing by ~ 0.06-0.08 Å. As it reversible,and occurs upon
dehydrogenation (forming metallic Li), it is logical to ascribe it to Li intercalation
in the graphitic carbon27-29. Previously it has been reported that Na could be
reversibly intercalated into this graphitic carbon upon dehydrogenation of NaH30.
As far as we are aware, this is the first report of reversible Li intercalation in
carbon during the dehydrogenation of LiBH 4 . For full intercalation of Li to form
LiC 6 , a change in lattice spacing of 0.35 Å would be expected29, 31. Hence, in this
case intercalation was limited (on the average forming Li 0.21 C 6 ). It might be of
great importance if this effect could be enhanced, as it stabilizes the metallic phase
and hence decreases the enthalpy difference between hydrided and dehydrided
phase. These results show that the degree of intercalation is only slightly
influenced by the LiBH 4 loading in the range 15-35 wt%. For the 5 wt% LiBH 4 /C,
no significant shift (intercalation) in the carbon peak was observed probably due to
the limited amount of Li in this sample and /or high chance of oxidation during
handling of the sample as stated earlier.
The nanostructure of the LiBH 4 upon cycling was additionally characterized using
solid state magic angle spinning NMR. Figure 3.11 shows 11B and 7Li NMR spectra
of bulk LiBH 4 , LiBH 4 /C nanocomposites, and the measurement for physical
mixture of 25 wt% LiBH 4 with dried nanoporous carbon (as reference). The peak
due to LiBH 4 (-42.9 ppm for 11B and 5 ppm for 7Li) is clearly broadened after melt
infiltration of the LiBH 4 into the nanoporous carbon material, and the broadening
increased with decreasing LiBH 4 loading. The line broadening can be ascribed to
susceptibility effects because of the close contact between LiBH 4 and the
conductive carbon material and/or to a high structural disorder in the nanoconfined
LiBH 4 32, 33. This suggests a close proximity of LiBH 4 and carbon with decreasing
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loading, supporting the morphological model arising from N 2 physisorption in
which LiBH 4 preferentially fills the smaller pores and readily wets the carbon
surface. After dehydrogenation, the LiBH 4 resonance in the 11B NMR disappeared
completely in the 5 and 15 wt% samples while a minor contribution was present
especially in the bulk and 35 wt% samples, which indicates incomplete
decomposition to LiH, B and H 2 , in line with the TPD results. A broad peak (-1050 ppm) which is most likely due to boron 4 and/or intermediate boron phases (e.g.
Li 2 B 12 H 12 ) was seen in all the samples. The peak broadening increased with
decreasing LiBH 4 loading. 7Li NMR of the dehydrogenated bulk LiBH 4 shows a
resonance around 5 ppm chemical shift which corresponds to that of pure LiH,

Figure 3.11 11B and 7Li MAS-NMR of a physical mixture (PM) of 25wt% LiBH 4 and C, and
LiBH 4 /C nanocomposites after melt infiltration (MI), dehydrogenation under Ar (deh) and
rehydrogenation at 325 °C, 50 bar H 2 , 3h. Included are the NMR spectra of bulk LiBH 4
dehydrogenated at 500 °C, and pure LiH as a reference.

79

Chapter 3
while the 35 wt% LiBH 4 /C nanocomposite shows a broad peak which is a
combination of resonance from LiH and a new resonance around 8 ppm which is
most likely due to intercalated Li (LiC x with x > 12)34. This is in line with the XRD
results. The dehydrogenated 25 and 15 wt% nanocomposites also display a
resonance around 8 ppm chemical shift but much broader for the 25 wt% likely due
to contribution from LiH. However such shift in resonance was not observed in the
dehydrogenated 5 wt% sample, which is also in accord with the XRD
measurements. After rehydrogenation, both the 11B and 7Li NMR shows a peak due
LiBH 4 in the nanocomposites, confirming the reversibility of these materials.
However in addition, 11B NMR shows resonance due to Li 2 B 12 H 12 35, 36 in all the
nanocomposites, and also a resonance due to LiBO 2 37-39 in the 5wt%
nanocomposites, which proves that this sample is prone to oxidation. (Note that
LiBH 4 , Li 2 B 12 H 12 , LiH and lithium oxides have close 7Li chemical shifts and
therefore not easy to differentiate in samples with broad peaks). This result
suggests that the incomplete reversibility of the system might be due to the
formation of Li 2 B 12 H 12 during rehydrogenation as speculated in literature40.

3.9 Thermodynamic stability
We investigated the thermodynamics of hydrogen sorption in nanoconfined LiBH 4 .
The US National Institute of Standards41 reports -190.8 kJ/mol and -90.46 kJ/mol
as the standard heats of formation (Δ f H0) of LiBH 4 and LiH respectively. The
entropy (S0) values for LiBH 4 , LiH, B and H 2 are 75.88, 20.03, 5.90 and 130.7
J/(mol K) respectively, resulting in enthalpy (Δ r H0) and entropy(Δ r S0 ) change of
66.6 kJ/(mol H 2 ) and 97.38 J/(K mol H 2 ) for reaction (3.1). This implies a
decomposition temperature of 410 °C at 1 bar H 2 . Mauron et al studied the stability
of LiBH 4 by pressure-concentration-temperature (PCT) isotherm measurements
and reported a dehydrogenation enthalpy and entropy values of 74 kJ/(mol H 2 ) and
115 J/(K mol H 2 ) respectively26. This results in an experimental hydrogen release
temperature of approximately 370 °C at 1 bar H 2. We measured the hydrogen
release from bulk LiBH 4 and LiBH 4 /C nanocomposites (synthesized with purified
carbon) in a magnetic suspension balance under a constant pressure of 1.05 bar H 2 .
Expectedly, no hydrogen release occurred from the bulk LiBH 4 upon heating to
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Figure 3.12: Hydrogen release from bulk and LiBH 4 /PC nanocomposites (wt% LiBH 4 as indicated)
measured in a suspension balance under 1.05 bar H 2

350 °C (figure 3.12). However in the nanocomposites, hydrogen release started
around 255 °C which is more than 100 °C less than the thermodynamic
decomposition temperature for bulk LiBH 4 at 1 bar H 2 . Furthermore the onset of
hydrogen release decreased slightly with decreasing LiBH 4 loading. The 15 wt%
nanocomposites released 8 wt% H 2 while the 25 and 35 wt% samples released ~3
wt% and 5 wt% H 2 respectively, upon heating to 350 °C. This suggests that the
decomposition pathway or stability of the nanoconfined LiBH 4 might be different
than that of the bulk LiBH 4 as reported for NaAlH 4 /C nanocomposites 42-44.
Furthermore LiBH 4 loading seems to also influence the thermodynamic hydrogen
release temperatures of the nanoconfined LiBH 4 .

3.10 General discussion
The results presented in the previous sections showed that melt infiltration was
effective for the synthesis of LiBH 4 /C nanocomposites using mesoporous
turbostratic carbon material as template. The presence of impurities in carbon
materials led to irreversible reactions which significantly influenced the hydrogen
release and uptake capacities of LiBH 4 confined in nanoporous carbon. These side
reaction(s) also influenced or complicated the kinetics and even the
thermodynamics of the hydrogen sorption. This is most likely one of the reasons
different hydrogen release/uptake temperatures and capacities have been observed
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for LiBH 4 confined in carbon based nanoporous materials. Although the presence
of impurities such as surface oxygen groups improves the wetting of carbon,
purification of the carbon prior to use is necessary to minimize irreversible
reactions and for accurate quantification of the hydrogen sorption performance of
metal hydrides confined in nanoporous carbon materials.
Results from nitrogen physisorption and NMR measurements revealed that molten
LiBH 4 readily wets the nanoporous carbon surface and preferentially fills the
smallest pores and the larger ones are filled with increasing loading. Thus for a
porous material with broad pore size distribution like our mesoporous carbon,
varying the loading of LiBH 4 will lead to variation in the size features or
nanostructure of LiBH 4 and its proximity to carbon since LiBH 4 was confined in
carbon pores with different sizes. Therefore the observed depression (or absence)
of the structural transition/melting temperatures of LiBH 4 and increase in its
hydrogen sorption kinetics with decreasing loading can be explained by decrease in
the average particle size of LiBH 4 and increase of its interface with carbon.
The structural transition and melting of LiBH 4 were not detected when less than
half of the carbon pores were filled (< 15wt% LiBH 4 ). Similar observation have
been reported for water confined in mesoporous silica (MCM-41) in which the
melting/freezing process vanished once the pore diameter is 2.8 nm and below, and
it was concluded that 2.8 nm is the lower limit for first-order melting/freezing of
water in the pores45. For the LiBH 4 confined in nanoporous carbon materials, 10
nm is likely the lower limit for a first order structural phase transition and
melting/solidification of LiBH 4 since the vast majority of the LiBH 4 is confined in
carbon pores of diameter ≤ 10 nm at loadings < 15wt% LiBH 4 . For loadings ≥ 15
wt% LiBH 4 , structural transition and melting of LiBH 4 were detected since some
of the LiBH 4 was confined in pores larger than 10 nm in diameter. The melting
point depression ∆Tm of a material confined in a cylindrical shaped pore has been
shown to increase with decreasing pore diameter d as described by the Gibbs–
Thomson equation:

4T γ
∆Tm (d ) =
Tm − Tm (d ) = m sl
d ∆H b ρ s
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Where T m and T m (d) are the melting temperatures of the material at the bulk state
and when confined within a constant pore of diameter d. γ sl represent the surface
free energy (interfacial tension) of the solid/liquid interface, ∆H b is the melting
enthalpy in the bulk state and ρ s is the molar density of the material in the bulk
state.
From equation (4), broadening of the peaks due to phase transitions is expected due
to confinement of LiBH 4 in pores of different sizes leading to variations in
temperatures at which these phase transitions takes place. The ~10-50 °C decrease
in melting point observed in the nanocomposites with ≥ 15 wt% LiBH 4 would
corresponds to LiBH 4 confined in pores ~ 100 - 20 nm (using T m = 548 K, ρ s =
3.057x104 mol/m3, ∆H b = 7560 J/mol and assuming γ sl = 0.12 J/m2 for LiBH 4 /C
interface 46). These values are supported by N 2 physisorption which indicated that
~ 3-10 % of the LiBH 4 in these nanocomposites are contained in pores with
diameter > 10 nm.
The absence of, or decreased phase transition temperatures observed in
nanoconfined LiBH 4 is interesting as this would mean that the high temperature
(and hence more disordered) phase of LiBH 4 is stabilized at ambient conditions.
The NMR results gave additional indication that the LiBH 4 is highly disordered
when nanoconfined. It has been shown that the anisotropic displacement of the
hydrogen atoms in the BH 4 units increased by almost 2 orders of magnitude in
going from the low temperature to high temperature (hexagonal) phase47-49 due to
increased disorder in the high temperature phase50-52. The increase in disorder
and/or rotation of the BH 4 units will lead to increase in the degrees of freedom or
entropy of the nanoconfined LiBH 4 due to the increased vibration in the solid
phase53, 54 and thereby enhanced stability.
Although the rate limiting step(s) for dehydrogenation of LiBH 4 is not well known,
two factors are most likely responsible for the increased kinetics with decreasing
loading. Decreasing the particle sizes of metal hydrides to the nanoscales generally
leads to increase in hydrogen release and uptake kinetics due to reduced mass
transport distances (nanoscale) and an increase in nucleation site density. This is
even more critical for rehydrogenation due to formation of segregated immobile
solid phases after dehydrogenation. Since LiBH 4 is confined in smaller pores and
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its average particle/ features sizes decreased with decreasing loading, it is expected
that the hydrogen release and uptake rates will increase, as shown in this study.
This is supported by results from carbon nanofibre supported-NaAlH 4 in which the
hydrogen release kinetics increased with decreasing particle sizes of NaAlH 4 10.
Additionally, the increase in the interfacial area-volume of LiBH 4 in contact with
the carbon (close contact) with decreasing loading might increase the average
interaction between LiBH 4 and the carbon material(see below), and lower the
activation barriers. The increase in the pre-exponential factor with decreasing
loading suggest that more (nucleation) sites are available for de(re)hydrogenation
reaction, perhaps due to the larger fraction of LiBH 4 that interacts directly with the
surface of the carbon. The increase in average interaction between the LiBH 4 and
carbon material with decreasing loadings is also most likely responsible for the full
decomposition of the nanoconfined LiBH 4 into B and intercalated Li at relatively
low temperatures.
It is interesting to speculate on the possible reasons for the significant decrease in
the thermodynamic decomposition temperature of LiBH 4 when confined in the
nanoporous carbon material. Firstly, for metal hydrides nanoparticles (≤ 10 nm) or
clusters such as MgH 2 it has been predicted that their standard enthalpy of
formation could be significantly lower than that of the bulk due to the surface
energy difference between the hydride and metal55-57. Although very little is known
for complex hydrides, it is possible that such effects could also be important for
nanoconfined LiBH 4 . However, the high disorder or increased translational degrees
of freedom in the nanoconfined LiBH 4 could possibly lead to a change in the
dehydrogenation entropy and stabilize the hydride. A second reason could be the
close contact and interaction between LiBH 4 and nanoporous carbon which could
destabilize the LiBH 4 and/or change its decomposition pathway. It is generally
believed that the presence of an element like carbon which is more electronegative
than Li could weaken the ionic bond between the Li and BH 4 via electronic
interactions. This will result in a lower dehydrogenation enthalpy, which implies a
decrease in hydrogen release temperatures of nanoconfined LiBH 4 58-60. This is
supported by the fact that the nanoconfined LiBH 4 desorbs hydrogen in a single
step as opposed to the multiple steps observed for the bulk. The observed decrease
in the thermodynamic hydrogen release temperatures (at 1.05 bar H 2 ) suggests that
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this electronic interaction increases with decreasing LiBH 4 loading. This is
expected since a larger fraction of LiBH 4 is in close contact with the carbon
surface. The formation of intercalated lithium and B (instead LiH and B) especially
at low loadings is another proof that close contact and interaction with the carbon
material could change decomposition pathway and equilibrium of nanoconfined
LiBH 4 . Finally anchoring of the LiBH 4 might change its stability due to possible
restriction of volume changes which normally occur upon de(re)hydrogenation, and
change in interface energy.

3.11 Conclusions
LiBH 4 was successfully melt infiltrated into nanoporous carbon material to form
LiBHR4 /carbon nanocomposites. The melt infiltration process was studied in-situ
using DSC and the effect of LiBH 4 loading on the structure and hydrogen sorption
properties of nanoconfined LiBH 4 investigated. It was shown that purification of
the nanoporous carbon material is necessary to avoid or to limit irreversible
reactions during melt infiltration. The structural transition (~ 110 °C) and
melting/solidification of LiBH 4 (~ 280 °C) where not detected when less than half
of the carbon pores were filled with LiBH 4 (< 15 wt% LiBH 4 ) while
nanocomposites with ≥ 15 wt% LiBH 4 showed ~ 10-50 °C shift to lower
temperatures for these events. The nanoconfined LiBH 4 desorbed hydrogen at
temperatures lower than that of the bulk by at least 100 °C. The dehydrogenation
rates at 400 °C increased with decreasing loading, the apparent activation energy
decreased from 169 ± 5 kJ/mol in the bulk to 110-140 kJ/mol, while the preexponential factor generally increased with decreasing loading. For loadings ≤ 15
wt%, LiBH 4 decomposes into B, intercalated Li and 18 wt% H 2 upon heating to
375 °C. Above this loading it decomposed into LiH/ intercalated Li, B, and ≤ 14
wt% H 2 at temperatures ≥ 400 °C. Partial reversibility of the dehydrogenated
products was observed only in the nanocomposites at relatively mild conditions
(325 °C, 50 bar H 2 ) and the reversible capacity increased with decreasing loading.
At 1.05 bar H 2 , the nanocomposites decomposed at temperatures ~100 °C lower
than the thermodynamically expected decomposition temperature of LiBH 4 at 1 bar
H 2 , suggesting a possible destabilization of the LiBH 4 when confined in the
nanoporous carbon material. Our investigation shows that the improved hydrogen
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sorption of the LiBH 4 /C nanocomposites with decreasing loading is due to the
decrease in the average sizes of LiBH 4 and an increased interaction between LiBH 4
and the carbon surface.
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Chapter 4
LiBH 4 (Ni)/C Nanocomposites: Synergetic effects of
nanoconfinement and Ni addition
Abstract
Nanoconfinement and the use of catalysts are promising strategies to enhance the
reversibility of hydrogen storage in light metal hydrides. We combined
nanoconfinement of LiBH 4 in nanoporous carbon material with the addition of Ni.
Samples were prepared by deposition of 5-6 nm Ni nanoparticles inside the
nanoporous carbon material, followed by melt infiltration with LiBH 4 . The Ni
addition has only a slight influence on the LiBH 4 hydrogen desorption, but
significantly enhances the subsequent uptake of hydrogen under mild conditions.
Reversible, but limited, intercalation of Li is observed during hydrogen cycling. Xray diffraction shows that the initial crystalline 5-6 nm Ni nanoparticles are not
present anymore after melt infiltration with LiBH 4 . However, transmission electron
microscopy showed Ni-containing nanoparticles in the samples. Extended X-ray
absorption fine structure spectroscopy proved the presence of Ni x B phases with the
Ni-B coordination numbers changing reversibly with dehydrogenation and
rehydrogenation of the sample. Ni x B can act as a hydrogenation catalyst, but solid
state 11B NMR proved that the addition of Ni also enhanced the reversibility of the
system by influencing the microstructure of the nanoconfined LiBH 4 upon cycling.

This chapter is based on the following manuscripts: P. Ngene, M. Rien van Zwienen and
P. E. de Jongh. Reversibility of the hydrogen desorption from LiBH4: a synergetic effect of
nanoconfinement and Ni addition. Chem. Commun., 2010, 46, 8201
P. Ngene, M. H. W. Verkuijlen, Q. Zheng, J. Kragten, P. Jan M. van Bentum, J. H. Bitter
and Petra E. de Jongh. The role of Ni in increasing the reversibility of the hydrogen release
from nanoconfined LiBH 4 . Faraday Discussions, 2011, 151, 47-58
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4.1 Introduction
Nanoconfinement of LiBH 4 in nanoporous carbon materials is an effective strategy
to lower its hydrogen release temperatures and enable partial reversibility under
relatively mild conditions as described in chapter 3. However despite the decrease
in hydrogen release temperatures and improved reversibility, hydrogen release
from nanoconfined LiBH 4 still occur at temperatures higher than is required for
fuel cell applications. Furthermore, the dehydrogenated LiBH 4 /nanoporous carbon
nanocomposites absorbed less than 50 % of its original hydrogen capacity during
rehydrogenation. This shows that the hydrogen release from the nanoconfined
LiBH 4 is only partially reversible at the rehydrogenation conditions most likely due
to slow hydrogen uptake kinetics. Therefore further improvements in the hydrogen
release kinetics and especially reversible capacity in nanoconfined LiBH 4 is
desirable.
Use of catalysts or additives is another strategy to improve the hydrogen release
and uptake kinetics in metal hydrides1-7. Bogdanovič et al first showed that Tibased compounds such as TiCl 3 are effective catalysts for the dehydrogenation and
rehydrogenation reactions of NaAlH 4 8. Although the exact role of Ti is still not
well understood, the discovery led to a new interest in finding catalysts that could
also be effective for other complex hydrides such as LiBH 4 . Züttel et al. first
reported that SiO 2 acted as a catalyst for the dehydrogenation of LiBH 4 1. However
as discussed in chapter 2, SiO 2 does not catalyze the decomposition of LiBH 4 . It
reacts with the decomposition product(s) of LiBH 4 to form stable silicates9 10, 11
while irreversibly releasing hydrogen, as is the case with most metal oxide
additives12, 13. A large range of materials, including metal halides 2, 4, 14, Al, Pt,
carbon nanotubes, fullerene and Ni3, 5-7, 15, has been investigated in an effort to
identify an effective catalyst for LiBH 4 de/rehydrogenation. Addition of these
materials generally led to a decrease in the dehydrogenation temperatures but most
of the systems still required temperatures above 400 °C and hydrogen pressures
above 40 bar for only achieving partial rehydrogenation of the desorbed material.
For example 600 °C, 100 bar H 2 and 30 h were required for partial (12 wt% H 2 )
reversibility in LiBH 4 ball milled with Ni6 (600 °C and 350 bar hydrogen for bulk
LiBH 4 ), while LiBH 4 catalyzed by carbon- supported Pt nanoparticles absorbed
only 6 wt% H 2 upon rehydrogenation for 24 h at 600 °C and 30 bar H 2 .
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Failure of classical hydrogenation catalysts like Pt and Pd to have significant
impact on the hydrogen uptake kinetics indicates that hydrogen dissociation is not
the rate limiting step for the rehydrogenation reaction of desorbed LiBH 4 . Rather
solid state diffusion, microstructure, and nucleation of phase transformations seem
to play a role as discussed in chapter 3. It is possible that these catalysts could be
effective during hydrogen uptake if phase segregation of the dehydrogenation
products is restricted. Hence in the present study we investigate how
nanoconfinement in nanoporous carbon materials can be combined with additives
to improve especially the reversibility of the hydrogen release from LiBH 4 . We
show that the addition of Ni nanoparticles increases the reversibility of the
hydrogen release from nanoconfined LiBH 4 . We discuss the structural changes and
phase evolution of the nanoconfined LiBHR4 during cycling in the presence and
absence of Ni.

4.2 Experimental Details
Carbon-supported Ni nanoparticles were prepared by incipient wetness
impregnation 16. Nickel nitrate (99%, Acros) and citric acid (99.5%, Acros) were
mixed in a 3:2 molar ratio in demineralized water resulting in a bright green nickel
citrate solution. Typically, 0.66 ml of the solution was added to 1 g high surface
area graphite (HSAG 500) under static vacuum. HSAG 500 is high purity (99.9%)
graphitic carbon from Timcal Switzerland. It contains mesopores (mostly 2-3 nm)
up to 20 nm in diameter, has 500 m2 g-1 BET surface area and a total pore volume
of 0.66 cm3 g-1. The impregnated sample was dried in air overnight at 120 °C,
calcined by heating to 450 °C under N 2 flow and reduced in a flow of a gas
mixture of 5% H 2 in N 2 with 1 h dwell at 400 °C.
25 wt% LiBH 4 (Acros-organics 95% pure) was incorporated into the Ni–
impregnated carbon by melt infiltration. The required amounts of Ni/C
nanocomposites and LiBH 4 were placed in a graphite sample holder and inserted
into a stainless steel autoclave. An initial pressure of 50 bar H 2 was applied and the
sample was heated at 3 °C min-1 to 295 °C and allowed to stay for 30 min at 295 °C
at a final pressure of ≈ 100 bar H 2 . The sample was then allowed to cool down to
room temperature, the pressure was released and the samples were stored in a glove
box. Apart from Ni impregnation, all other sample handling was under Ar
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atmosphere in a glove-box (contamination typically less than 1 ppm of O 2 and
H 2 O) to avoid exposure and contamination. Nanocomposites containing 25wt%
LiBH 4 and different Ni loadings on carbon (0, 5 and 10 wt %) were synthesized
and labelled according to the weight percentage of these materials in the
composites. For example the sample 25LiBH 4 /3.75Ni/C contains 25 wt% LiBH 4 ,
3.75 wt% Ni and 71.25 wt% C.
Sample characterization was performed using X-Ray Diffraction (XRD), N 2 physisorption, Transmission Electron Microscopy (TEM), Extended X-ray
Absorption Fine Structure spectroscopy (EXAFS) and solid state Nuclear Magnetic
Resonance (NMR) measurements. All measurements (except TEM) were done in
air tight sample holders. XRD patterns were obtained at room temperature from 18
to 80° 2θ with a Bruker-AXS D-8 Advance X-ray diffractometer setup using
CoKα 1,2 radiation with λ= 1.790 Å. The Ni crystallite sizes were derived from
analysis of the width of the 52.2° 2θ diffraction peak using the Debye-Scherrer
method and assuming a Scherrer constant of 0.94 and corrected for experimental
line broadening. N 2 -physisorption measurements were performed at -196 °C, using
a Micromeritics Tristar 3000 apparatus. The pore size distributions of the samples
were calculated from the desorption branch using BJH theory with the Harkins and
Jura thickness equation. Transmission Electron Micrographs (TEM) were obtained
using a Tecnai 20F microscope operating at 200 kV acceleration voltage, equipped
with a LaB 6 electron source and a TWIN objective lens. Particle size histograms
were determined from dark-field images analyzing 100-200 crystallites. The
electron diffraction pattern was determined using a camera constant of 720
Nickel K-edge (8333 eV) EXAFS spectra of the as-prepared, dehydrogenated and
rehydrogenated Ni- containing nanocomposites( 25LiBH 4 /3.75Ni/C) were recorded
at beamline C of the DORIS III storage ring at the Deutsches ElektronenSynchrotron (DESY), Hamburg. The beamline is equipped with a Si (111) doublecrystal monochromator, which is detuned to 60 % of the Bragg peak intensity to
suppress higher harmonics. About 50 mg sample was pressed into a pellet,
mounted to the cell, and transferred to the beamline without air exposure. The
samples were measured in transmission mode at room temperature in Ar flow. A 7
μm thick Ni foil (99.99%) and Ni 2 B power (99.5%, Acros) were measured at liquid
nitrogen temperature as reference materials. Data reduction was performed with
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XDAP17 in order to obtain the Fourier transformed (FT) EXAFS, phaseuncorrected Fourier transformed χ(k) EXAFS and the FEFF fits from the measured
spectra. At least three scans from a sample were averaged. The edge-energy was
determined from the maximum of the first derivative of the spectrum using the Ni
foil as a standard reference. The background signal before the edge jump was fitted
with a smooth spline, and substracted18. The obtained data were normalized by
setting the signal height (50 eV) after the edge to 1. Experimental data are fitted in
R-space with k2 weighting using the difference file techniques in real space19 and
the quality of the fit checked by applying k1 and k3 weightings
Solid-state NMR experiments were performed on a 600 MHz Varian spectrometer
using a 2.5 mm HX MAS probe. 11B single pulse excitation spectra were obtained
using a short hard pulse of 0.20 μs at effective rf-field strength of 140 kHz after
taking pulse rise and decay times into account. A sample spinning speed of 15 kHz
was applied. The 11B spectra were referenced with respect to an aqueous solution
of H 3 BO 3 (δ = 19.6 ppm) and shifts are given relative to BF 3 ·OEt 2 (δ = 0 ppm).
Hydrogen release properties of the nanocomposites was measured by temperature
programmed desorption (TPD) using a Micromeritics AutoChem II 2920
apparatus. 100 to 150 mg of sample was heated at 5 °C/min from room temperature
to 400 or 450 °C in 25 ml min-1 Ar flow with a dwell time of 25 min at the
maximum temperature. The composition of the desorbed gas was analyzed using a
quadrupole mass spectrometer (MS) with purified Ar as carrier gas.
Rehydrogenation of the desorbed samples was performed in an autoclave by
heating at 2 °C min-1 with initial pressure of 20 bar H 2 to 320 °C and dwelling at
320 °C for 120 min at a final pressure of 40 bar. Isothermal manometric hydrogen
uptake measurement was done using a Sievert type apparatus (PCTPro-2000, HyEnergy & Setaram, pressure measurement accuracy: 1% of reading). About 150 mg
sample which had been dehydrogenated in a stainless steel sample holder (~ 5 ml)
at 400 °C, is evacuated for 1 h and subsequently rehydrogenated by charging the
sample with an initial pressure of approximately 28 bar H 2 at 330 °C (reservoir
volume of 4.6 ml). The hydrogen uptake by the nanocomposite was evaluated from
the pressure drop (final pressure typically > 15 bar). Prior to hydrogen uptake
measurement, the volume of the sample holder at 330 °C was determined by
volume calibration using Ar.
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Results and Discussion
4.3 Hydrogen Sorption
Figure 4.1 show the hydrogen release from samples heated to 400 °C and dwelled
at this temperature for 25 min. As a reference the desorption pattern from 25 wt%
LiBH 4 melted with non porous graphite (BET surface area 7 m2/g) is included.
Hydrogen release started in the LiBH 4 /graphite sample around 280 °C with two
minor hydrogen release peaks around 280 °C and 350 °C. The majority of the
hydrogen is desorbed only at higher temperatures as reported in literature9, 20. For
the LiBH 4 /C nanocomposite, hydrogen desorption started around 200 °C, with a
maximum release rate at 350 °C. The onset temperature of hydrogen release is
slightly lower (below 200 °C) in the Ni containing nanocomposites. Increasing the
Ni concentration from 3.75 to 7.5 wt% did not have a significant effect on the
hydrogen release. Quantitative analysis of the hydrogen desorption shows that all
the nanocomposites had released about 14 wt% H 2 per g LiBH 4 (3.5 wt% H 2 /g
sample) after dwelling for 25 min at 400 °C. Ni is a typical catalyst for hydrogen
dissociation and recombination. However its addition did not have a significant
effect on the hydrogen desorption, suggesting that either the recombination of

Figure 4.1: Hydrogen release from 25 wt% LiBH 4 melted with: non porous graphite, nanoporous
carbon material, and nanoporous carbon material doped with different concentration (wt %) of Ni as
indicated.

atomic hydrogen to molecular hydrogen is not the rate limiting step in the
dehydrogenation of LiBH 4 or that the Ni has reacted during synthesis
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To evaluate the reversible hydrogen uptake behaviour of the nanocomposites at
mild conditions, the dehydrogenated samples were rehydrogenated in an autoclave
at 320 °C, 40 bar H 2 for 120 min. Figure 4.2 shows the hydrogen release from the
rehydrogenated samples upon heating to 400 °C and dwelling at this temperature
for 25 min. Only a negligible amount of hydrogen was released from the
rehydrogenated LiBH 4 /graphite sample. This suggests rehydrogenation was not
successful which is in line with the fact that bulk LiBH 4 requires about 600 °C and
350 bar H 2 for rehydrogenation 21, 22. In contrast, the rehydrogenated LiBH 4 /porous
carbon nanocomposites released about 6 wt% H 2 /g LiBH 4 (1.5 wt% H 2 /g sample)
indicating that hydrogen was absorbed during rehydrogenation. Surprisingly, the
two Ni containing samples released about 9.2 wt% H 2 (2.3 wt% H 2 /g sample).
Similar to the first hydrogen release cycle, increasing the concentration of Ni did
not lead to an increase in the hydrogen desorption rate nor in the amount of
hydrogen released in the second cycle. However, in contrast to the first hydrogen
desorption cycle, in the second cycle there is a clear difference in the hydrogen
desorption pattern of the nanocomposites with and without Ni. With Ni the onset
temperature of the hydrogen release was significantly lower, and more hydrogen

Figure 4.2: Hydrogen release from the samples after rehydrogenation for 120 min at 320
°C and 40 bar H 2

was released between 250 and 300 oC. These differences in the hydrogen release
profiles for the rehydrogenated nanocomposites suggest that the nanostructure of
the LiBH 4 formed after rehydrogenation might be influence by the presence of Ni,
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or that a Ni-containing catalytic active component was only formed after the first
dehydrogenation.
To further investigate the influence of the Ni during rehydrogenation, we
gravimetrically followed the H 2 uptake of the nanocomposites after the first
desorption, rehydrogenating at 320 °C under 40 bar H 2 pressure. Figure 4.3 shows
that negligible amount of H 2 was absorbed in the sample containing LiBH 4 and
graphite. The confined LiBH 4 without Ni absorbed about 6 wt% H 2 /(g LiBH 4 )
while the Ni containing sample absorbed about 10 wt% H 2 /(g LiBH 4 ), in fair
agreement with the amount of H 2 released in the second desorption run. It is clear
that the uptake of H 2 rather than the release is the critical step limiting the
reversibility. Especially for the sample without Ni, it seems that the uptake levels
off after about 1 h of absorption.
Although the gravimetric hydrogen uptake measurements is very accurate in
measuring the amount of H 2 absorbed, it does not accurately reflect the initial
uptake kinetics (as ~ 40 min are needed to reach the designated pressure of 40 bar).
Additional manometric (volumetric) uptake measurements at initial pressure of ~
28 bar show a very fast initial hydrogen uptake (figure 4.4). Hence it seems that a

Figure 4.3: Hydrogen uptake of LiBH 4 (Ni)/C nanocomposites measured gravimetrically at
320 °C under 40 bar H 2 .
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Figure 4.4 Manometric H 2 uptake measurements for the 25 wt% LiBH 4 /C nanocomposites with and
without Ni.

fraction of the material can be hydrogenated very rapidly under mild conditions,
while for another part of the sample the H 2 uptake is much more sluggish.
Xia et al recently showed that LiBH 4 ball milled with Ni can reversibly absorb
about 12 wt % H 2 only when rehydrogenated for 30 h at 600 °C and 100 bar H 2 6.
Hence, the results presented above clearly show the effectiveness of combining
nanoconfinement and Ni addition in enhancing reversibility of the hydrogen release
from LiBH 4 under mild conditions. Remarkable is the fact that the samples can be
partially rehydrogenated at pressures as low as 28 bar H 2 .

4.4 Bulk Characterization
It is interesting to investigate the role of Ni in more detail. To this end, possible
structural changes occurring in the nanocomposites during the different stages were
analyzed using XRD and TEM. Figure 4.5 shows the XRD patterns of the porous
carbon, 5wt% Ni/C nanocomposites, and the LiBH 4 /Ni/C nanocomposites after
synthesis, dehydrogenation and rehydrogenation. The XRD pattern of the carbon
shows three diffraction lines at 31° 52° and 64° 2θ that are typical for turbostratic
carbon materials. In addition to these diffraction lines, the Ni impregnated carbon
shows two broad diffraction peaks around 53° and 60° 2θ that are due to crystalline
Ni with an average crystallite size of 6 nm. After melt infiltration with LiBH 4 , the
Ni diffraction lines have disappeared. Upon dehydrogenation, no diffraction line
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Figure 4.5: XRD patterns of pure porous carbon (a) pure porous carbon, 5wt%Ni/C (b); and
25LiBH 4 /3.75Ni/C nanocomposites after synthesis(c), dehydrogenation (d) and rehydrogenation (e)

other than that of the carbon material was seen and this is same for the
rehydrogenated samples. This shows that the crystalline Ni nanoparticles are no
longer present after melt infiltration, probably due to reaction with LiBH 4 during
melt. For the LiBH 4 , only very weak diffraction lines were seen after melt
infiltration (figure 4.5, spectra c) indicating that the material is not crystalline and
most likely confined in the nanopores9, 23. A comparison of pattern (d) and (e)
shows a reversible shift in the C(002) diffraction line from 31° to 29.9 2θ and back
upon dehydrogenation and rehydrogenation. This is ascribed to reversible
intercalation of Li into the graphitic nanoporous carbon material to form Li 0.23 C 6 as
discussed in Chapter 3. Similar behaviour is observed for the samples with and
without Ni indicating that presence of Ni does not influence lithium intercalation
into the carbon.
To investigate whether the Ni nanoparticles had withstood melt infiltration with
LiBH 4 , we further investigated the microstructure of the nanocomposites by
acquiring TEM micrographs of the samples at different stages of treatment. A
representative TEM micrograph of the 5 wt% Ni/C nanocomposites (figure 4.6A)
shows well dispersed and homogenously distributed Ni nanoparticles with a
number-averaged particle size of 5-6 nm which is in good agreement with the
volume-averaged crystallite size of 6 nm obtained from XRD pattern using
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Figure 4.6 TEM images and electron diffraction of (A) 5%wt% Ni/C; (B) 5 wt% Ni/C after melt
infiltrating with 25 wt% LiBH 4 (25LiBH 4 /3.75Ni/C)

Figure 4.7: EDX signal from LiBH 4 /Ni/C nanocomposite after synthesis (of figure 4.6B)
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Scherrer formula. Analysis of the electron diffraction pattern (data not shown)
shows that the signal is due to diffraction from the graphitic carbon (d-values of
1.68 and 1.54 Å) and Ni (2.03 and 1.25 Å). Figure 4.6b shows that after melt
infiltrating the Ni/C nanocomposites with 25 wt% LiBH 4 (to LiBH 4 /Ni/C
nanocomposites), nanoparticles with average size of 7 nm were still present but the
electron diffraction detects only graphitic carbon (d values of 1.67 and 1.54 Å) as a
crystalline phase, showing that these nanoparticles are amorphous. Energydispersive X-ray (EDX) measurement on the same sample reveals that the
nanoparticles contain Ni (figure 4.7). LiBH 4 cannot be reliably imaged with TEM
due to weak scattering of electrons by the light elements Li and B. The electron
micrographs of the dehydrogenated and rehydrogenated samples (data not shown
here) looked similar to that of the melt infiltrated sample, with amorphous Nicontaining nanoparticles. Apparently the Ni has reacted during melt infiltration
with the LiBH 4 , forming amorphous or non crystalline nanoparticles that are rich in
Ni, and roughly maintain their morphology upon cycling.
Carbon has a low surface energy, and Ni has been used as an effective wetting
agent for melt infiltration of carbon with Mg24, 25. Hence we investigated the
influence of Ni on the wetting of the nanoporous carbon material by LiBH 4 .
However as shown in figure 4.8, the wetting of carbon with molten LiBH 4 does not

Figure 4.8 N 2 -physisorption measurements for nanoporous carbon, 5 wt% Ni/nanoporous carbon
nanocomposites and LiBH 4 (Ni)/carbon nanocomposites with different wt% loadings of LiBH 4 and
Ni as indicated. Addition of Ni did not have any significant impact on the pore volume lost by the
carbon.
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seem critical, and no significant difference is seen in the pore volume filled with
and without Ni, even when the LiBH 4 loading was varied.

4.5 Characterization of the Ni chemical environment
As these particles are non-crystalline, Extended X-ray Absorption Fine Structure
(EXAFS) at the Ni K-edge was used to characterize the local environment of Ni.
Figure 4.9 shows the phase-uncorrected Fourier transform (FT) of the EXAFS
spectra of the 5 wt% Ni/C, and the LiBH 4 /Ni/C nanocomposites after synthesis,

Figure 4.9: Magnitude and Imaginary part of the phase-uncorrected Fourier transformed (FT) k2χ (k)
for (a) 5 wt % Ni/C and the 25LiBH 4 /3.75Ni/C nanocomposite after melt infiltration, (b) melt
infiltrated, dehydrogenated and rehydrogenated states of the 25LiBH 4 /3.75Ni/C nanocomposites.

Figure 4.10: Magnitude
and Imaginary part of the
phase-uncorrected Fourier
transformed χ(k) for the
as-synthesized
LiBH 4 /Ni/C
nanocomposites. The fit is
optimized with ∆k=3-13 Å1

and ∆R=1.2-3.0 with the

k-weighting parameter of
2.
The
individual
contributions of Ni-B and
Ni-Ni are also included.
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dehydrogenation and rehydrogenation. For 5 wt% Ni/C a main peak is visible
around 2.2 Å which is representative for Ni-Ni scattering in metallic Ni (figure 4.9
(a)). The signals at larger distances are representative for Ni present in higher
coordination shells as expected for crystalline metallic Ni. The main peak at 2.2 Å
shifted to 2.1 Å and decreased in intensity after melt infiltration of LiBH 4 . This
indicates a significant change of the coordination around Ni after melt infiltration.
In addition, after melt infiltration, no higher shells were observed which suggests
that the sample lacked long range order, or consisted of nanosized clusters, in line
with XRD and TEM results.
The fitting results and theoretical crystal structure of Ni-B compounds are listed in
table 4.1. The quality of the fit can be appreciated from figure 4.10. For the Ni/C,
Ni was surrounded by 8 Ni-neighbors at 2.47 Å indicative of Ni particles of a few
nanometers. After melt infiltration with LiBH 4 , Ni was surrounded by 4.6 B
neighbors at 2.07 Å and 4.2 Ni neighbors at 2.47 Å. By comparing these values to
those of the reference compounds (Ni, NiB, Ni 2 B and Ni 3 B), it can be concluded
that the structure of the sample is most similar to that of Ni 2 B. A smaller amount of
other phases must be present as well, although the data do not allow a more
detailed analysis of the composition. The Ni-Ni distances in Ni 2 B and Ni 3 B are
close to that in metallic Ni, making it difficult to discuss the exact nature of the NiNi scattering. Large E 0 shifts were observed for Ni-Ni and Ni-B scattering in the
samples indicating that coordination and/or nature of the scattering in the
references used to fit the data was different from that in the samples. For Ni-Ni this
is logical as a Ni-foil was used to extract the reference data while Ni-Ni in Ni-B
compounds is different in nature. For Ni-B this is more difficult to explain since
Ni 2 B was used as reference. However the fitting of the data does not show a
perfect fit with Ni 2 B as discussed above which might indicate the sample consist of
a number of phases which makes the choice of a proper reference challenging.
A comparison of the FT EXAFS data after melt infiltration, dehydrogenation and
rehydrogenation is shown in Figure 4.9 (b). After dehydrogenation the signal at 2.1
Å decreased in intensity and increased again after rehydrogenation. The fitting
results of these samples are shown in Table 4.1. After dehydrogenation the Ni-B
coordination number increased, from 4.6 to 5.3, while the Ni-Ni coordination
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Table 4.1: Local structure parameters including neighbour type, inter atomic distance (R) and
Debye-Waller factor (σ2) for Ni in the 5 wt % Ni/C and LiBH 4 /Ni/C nanocomposites afer melt
infiltration( melt), dehydrogenation (Deh.) and rehydrogenation (Reh.). The fit is optimized with
∆k=3-13 Å-1 and ∆R=1.2-3.0 with the k-weighting parameter of 2. The parameters of NiB, Ni 2 B,
Ni 3 B and Ni references are included for comparison.

(10-3 Å2)

8.1

1.46

2.474

0.03

0.09

0.11

Ni-B

4.6

1.62

2.07

10.7

0.06

0.28

Ni-Ni

4.2

5.83

2.47

7.9

Ni-B

5.3

2.56

2.07

11.4

0.03

0.25

Ni-Ni

3.4

6.03

2.48

8.4

Ni-B

3.8

2.19

2.07

11.9

0.08

0.28

Ni-Ni

6.9

9.08

2.46

9.4
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Ni-Ni
Ni-Ni
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7
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4
4

---------
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8

---
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3

---
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---

---

---

Ni-Ni

8

---

2.50

---

---

---

Ni-Ni

3

---

2.74

---

---

---

Ni-Ni

12

---

2.49

---

---

---

5% Ni/C

Ni-Ni

Melt

Reh.
NiB [36]

Ni 2 B [35]

Ni 3 B [34]

Ni

k2-variance

∆E 0

Shell

Deh.

∆σ2

R
(Å)

Sample

N

(ev)

Abs.

Img.

decreased from 4.2 to 3.4. This indicates that more B reacted with Ni during
dehydrogenation which can be expected since dehydrogenation resulted in the
formation of significant amounts of B. After rehydrogenation the Ni-B
coordination decreased again from 5.3 to 3.8 while the Ni-Ni coordination
increased again from 3.4 to 6.9. This shows the reversible behavior of the sample.
Since the Ni-Ni coordination is higher than in the melt infiltrated sample and the
Ni-B is lower, it is tempting to speculate that more Ni 3 B is formed after
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rehydrogenation. This is in line with the stability of different Ni-B compounds at
room temperature: Ni 3 B > NiB > Ni 2 B26.
The EXAFS results show that nickel borides (Ni x B) are formed after synthesis,
dehydrogenation and rehydrogenation of the LiBH 4 /Ni/C, with the value of x
depending on the state. Therefore the improved reversibility in this system is
related to the formation of the nickel boride nanoparticles. Although nickel boride
has been used as a catalyst in hydrogenation processes 27-32, an interesting question
is how does Ni x B improve the reversible hydrogen uptake in the LiBH 4 /Ni/C
nanocomposites. A possible explanation is that the nickel boride acts as
hydrogenation catalyst, lowering the barrier for the formation of borohydride
anions (BH 4 -) as recently reported in literature33. In this case it is expected that the
rate at which hydrogen is absorbed in the Ni containing nanocomposites will be
higher, reaching the maximum capacity faster than the sample without Ni.
However an investigation of the hydrogen uptake behavior (figure 4. 3 and 4.4) in
the nanocomposites shows that the nickel boride does not only enhance the overall
uptake rates but its presence also seems to enlarge the fraction of the material that
can be rehydrogenated under mild conditions. Other possible roles of nickel boride
in the nanocomposite could be to act as a nucleation site for the reversible
formation of LiBH 4 from the dehydrogenated products, and/or that its presence
influences the microstructure of the nanocomposites during desorption and
rehydrogenation.

4.6 NMR investigation of the nanostructure
EXAFS is not suitable to investigate the lighter elements such as Li and B.
Therefore, we further investigated the B-containing compounds present in the
nanocomposites at different stages using solid-state 11B NMR. Note that the Nicontaining species will not be evident from the NMR due to a paramagnetic effect
of the Ni. This effect results in a very fast relaxation of the 11B magnetization
and/or a distortion of the local magnetic field homogeneity and the intensity will be
smeared out in the baseline. Therefore an accurate quantification of the phases is
not possible at present due to unknown effects of the carbon susceptibility on the
local RF field strength and penetration depths and possible paramagnetic effects of
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Figure 4.11 Solid-state 11B
NMR spectra of a physical
mixture of 25 wt% LiBH 4
and porous carbon, and
the
melt
infiltrated
nanocomposites with and
without Ni after synthesis,
dehydrogenation(deh) and
rehydrogenation (reh) at
320 °C, 40 bar H 2

the Ni. Figure 4.11 shows 11B NMR spectra of the nanocomposites after synthesis,
dehydrogenation and rehydrogenation, including the spectra for LiBH 4 physically
mixed with porous carbon. The 11B spectrum of a physical mixture of LiBH 4 and
porous carbon shows a well defined sharp peak at - 42 ppm. The LiBH 4 lineshape
is clearly broadened in both nanocomposites after synthesis due to close contact of
the LiBH 4 with the carbon. The broadening can be explained by a variation in local
magnetic field due to the anisotropic susceptibility of the carbon. In addition, we
expect a broadening due to the higher disorder, which results in a distribution in
chemical shift and quadrupolar interaction parameters, as reported for NaAlH 4
confined in nanoporous carbon34, 35. After dehydrogenation, a broad (50 to -25
ppm) peak is seen in both sample which is most likely due to elemental B36 and/or
Li 2 B 12 H 12 . For the rehydrogenated samples in addition to the peak due to LiBH 4 ,
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both samples show the presence of another peak around -15 ppm chemical shift
and is assigned to the intermediate compound Li 2 B 12 H 12 37, 38. However two major
differences exist between the rehydrogenated samples. Firstly, the intensity of
Li 2 B 12 H 12 is smaller in the sample with Ni, which is in line with the fact that more
of the desorbed components are rehydrogenated back to LiBH 4 in this sample.
Secondly, the rehydrogenated Ni containing samples have a LiBH 4 peak which is
very similar to that in the as-synthesized samples both in the intensity and line
width, while the sample without Ni shows a narrower LiBH 4 peak with lower
intensity compared to both the as-synthesized sample and the rehydrogenated Ni
containing nanocomposites. These results suggest a change in the nanostructure or
distribution of LiBH 4 in the carbon material for the sample without Ni upon
cycling, with a tendency toward phase separation and increased cluster size. Since
the broadening of the linewidth is related to the contact between the LiBH 4 and
porous C, 34, 35 the LiBH 4 in the as synthesized sample possibly has a closer contact
with the carbon than in the rehydrogenated sample. For the Ni containing sample
the NMR data suggest that the LiBH 4 distribution is retained upon cycling as
similar lineshapes are observed before and after rehydrogenation. This could also
explain the observed lower desorption temperatures in the rehydrogenated
nanocomposites with Ni compared to the sample without Ni (figure 4.2). Therefore
the observed differences in the 11B NMR of the rehydrogenated nanocomposites
shows that the presence of the nickel boride nanoparticles influenced the structural
evolution of the boron phases in the compound upon dehydrogenation and
rehydrogenation thereby limiting the redistribution of the active phases during
hydrogen release and uptake.

4.7 Conclusion
We have shown that the hydrogen sorption properties of LiBH 4 were markedly
increased by the synergetic effects of nanoconfinement and Ni addition. Confining
LiBH 4 in nanoporous carbon resulted in a 100-150 °C decrease in the
dehydrogenation temperature compared to bulk LiBH 4 . The amount of material
that could be rehydrogenated rapidly and under mild conditions was further
enhanced significantly upon the addition of Ni to the system. We studied the
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structure and phase evolution in the LiBH 4 /Ni/C nanocomposites, and the role of
Ni, during hydrogen cycling. XRD and TEM measurements show that after sample
preparation Ni-containing nanoparticles are present. However, they are neither
metallic Ni nor crystalline. EXAFS revealed that the local structure of this nickel
boride phase is most similar to that of Ni 2 B, although a smaller amount of other
phases was present as well. Interestingly, upon hydrogen cycling, the chemical
environment in this nanophase changes reversibly, with a higher Ni-B coordination
in the dehydrogenated state. Ni x B is known to be able to act as a hydrogenation
catalyst. However, 11B NMR results showed that the presence of Ni also influenced
the microstructural evolution of the LiBH 4 . In the absence of Ni a change in the
nanoconfined LiBH 4 microstructure upon cycling was observed, while this was not
the case in the presence of Ni. From these structural studies it has become clear that
Ni does not simply act as a (de)hydrogenation catalyst in these systems. It reacts to
form Ni x B nanoparticles which reversibly interact with the boron being formed
upon dehydrogenation of the LiBH 4 . The presence of these particles enhances the
stability of the structure of the nanoconfined LiBH 4 upon cycling.
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NaBH 4 in Nanoporous Carbon materials
Abstract
NaBH 4 is an interesting hydrogen storage material for mobile applications due
to its high hydrogen content of 10.8 wt%. However, its practical use is
hampered by the high temperatures (above 500 °C) required to release the
hydrogen and by the non reversibility of the hydrogen sorption. In this study,
we show that upon heating to 600 °C, bulk NaBH 4 decomposed into Na and
Na 2 B 12 H 12 , releasing the expected 8.1 wt% of hydrogen. Nanosizing and
confinement of NaBH 4 in porous carbon resulted in much faster hydrogen
desorption kinetics. The onset of hydrogen release was reduced from 470 °C for
the bulk to below 250 °C for the nanocomposites. Furthermore, the
dehydrogenated nanocomposites were partially rehydrogenated to form NaBH 4 ,
with the absorption of about 43% of the initial hydrogen capacity at relatively
mild conditions (60 bar H 2 and 325 °C). Reversibility in this system was
limited due to partial loss of Na during dehydrogenation. The dehydrogenated
boron compounds were almost fully rehydrogenated to NaBH 4 (98 %) when
extra Na was added to the nanocomposites. To the best of our knowledge, this
is the first time that reversibility for NaBH 4 has been demonstrated.

This chapter is based on the following manuscripts: P. Ngene, P. Ngene, R. van den Berg,
M. H. W. Verkuijlen, Krijn P. de Jong and Petra E. de Jongh. Reversibility of the Hydrogen
Desorption from NaBH 4 by Confinement in Nanoporous Carbon. Energy Environ. Sci.,
2011, 4, 4108–4115
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5.1 Introduction
NaBH 4 has been known since 1940’s, and widely used as a reducing agent in
organic chemistry, especially in the reduction of functional groups like
aldehydes and ketones into alcohols1 and more recently in metal colloid
synthesis. Apart from its use as reducing agent, it can also be used as a solid
state hydrogen storage material. NaBH 4 is relatively stable in air, and has
gravimetric and volumetric hydrogen contents of 10.8 wt% and 115 kg of H 2
m-3 respectively, fulfilling the capacity requirements for onboard hydrogen
storage as set by the US department of energy (DOE). Since its discovery,
extensive studies have been undertaken on the use of NaBH 4 as a hydrogen
storage material. Most of these studies focussed on hydrogen release via
catalyzed hydrolysis of NaBH 4 1, 2. However, DOE recently recommended a nogo for NaBH 4 hydrolysis as a hydrogen source for vehicular applications due to
the formation of stable NaBO 2 that can not be recycled efficiently3.
An alternative method to release the hydrogen from NaBH 4 is by thermal
decomposition into H 2 , B and Na (or NaH)4-7. However, like most alkali
borohydrides, NaBH 4 is thermodynamically very stable (standard enthalpy of
formation Δ f H0 = −188.6 kJ per mol NaBH 4 and entropy of formation S0 =
101.3 JK−1 per mol NaBH 4 )8 and releases hydrogen only when heated to
temperatures exceeding 500 °C5, 6, 9, 10 which is too high for practical
applications in hydrogen fuel cell cars. Furthermore, reversibility of the
hydrogen desorption which is a very important criterium for a hydrogen storage
material, has never been reported for NaBH 4 as far as we are aware.
For LiBH 4 , a compound similar to NaBH 4 , the thermal hydrogen sorption
properties have been widely investigated and the kinetics of its hydrogen
release and uptake improved using techniques such as destabilization, addition
of catalysts and nanosizing/ nanoconfinement 11-23 as also shown in previous
chapters. However only few reports in literature exists on the thermal
hydrogen sorption properties of NaBH 4 and they mainly focused on mixtures of
NaBH 4 and other hydrides, especially MgH 2 9, 24-28. Martelli et al5 recently
studied the stability and decomposition of NaBH 4 and reported that the
compound decomposes in one step (unlike other complex metal hydrides such
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as NaAlH 4 and LiBH 4 ) to Na and an unidentified boron rich phase. However
no further report was made on the identification of the composition of the
boron rich phases and no reversibility of the hydrogen desorption from the bulk
NaBH 4 was reported. The reversibility of the hydrogen desorption from metal
hydrides can be improved by nanostructuring and/or nanoconfinement in
porous material15, 29-35. However in the case of NaBH 4 , it has been shown that
mechanical milling which is commonly employed to produce nanosized metal
hydrides36 is not effective in nanostructuring the compound due to its high
structural stability even under heavy deformation conditions imposed by
milling37. Ampoumogli et al38 recently synthesized NaBH 4 /carbon
nanocomposites via impregnation of nanoporous carbon with NaBH 4 dissolved
in liquid ammonia and showed that the nanocomposites releases hydrogen at
lower temperatures than bulk NaBH 4 . However, the hydrogen release was
associated with ammonia and no reversibility was observed in this
nanocomposite.
In this work, we study the thermal hydrogen release from NaBH 4 and
investigate how confinement of NaBH 4 in nanoporous carbon material using
different preparation routes affects the hydrogen sorption properties. Our study
reveals that NaBH 4 decomposes into metallic Na, Na 2 B 12 H 12 and H 2 rather
than into Na or NaH, B and H 2 as postulated earlier6, 39. In addition, we show
that confining NaBH 4 in nanoporous carbon resulted in a significant increase in
the dehydrogenation kinetics and remarkably enabled the rehydrogenation of
the decomposition products to NaBH 4 at relatively mild conditions.

5.2 Experimental
NaBH 4 /C nanocomposites were prepared using pore volume impregnation with
an aqueous NaBH 4 solution (denoted SI) or melt infiltration (MI). For pore
volume impregnation, 1.1g NaBH 4 (98+% pure, Acros Organics) was dissolved
in 2 ml water of pH 13, which was prepared by adding 0.3 g NaOH(Merk 99%)
to 10 ml demineralized water. 1g of high surface area carbon (HSAG-500,
Timcal Ltd., pore volume 0.66 cm3 g_1, BET surface area 500 m2 g_1, broad
pore size distribution dominated by 2-3 nm pores) that had been previously
dried overnight under vacuum at 200 °C was impregnated with 0.66 ml of the

115

Chapter 5
NaBH 4 solution. The water in the impregnated sample was removed by drying
overnight at 165 °C under vacuum (~ 9 mbar). The impregnation and drying
were done using a Schlenk technique while NaBH 4 handling and storage was
conducted under Ar atmosphere in a glovebox (< 0.1 ppm of O 2 and H 2 O). For
melt infiltration, the required amounts of carbon (which had been dried at 500
°C under Ar) and NaBH 4 were mixed in a graphite sample holder and placed in
stainless steel autoclave. The mixture was heated under hydrogen atmosphere at
5 °C/min to 520 °C (melting point of NaBH 4 ~ 500 °C) and dwelled at 520 °C
for 25 min at approximately 5 bar H 2 . Nanocomposites containing various
compositions of NaBH 4 and C were synthesized and labeled according to the
weight percentage of NaBH 4 in the composite. As a reference, physically mixed
samples of NaBH 4 and C or graphite (BET surface area 7 m2 g-1) were prepared
by mixing the required amounts in a mortar using a pestle.
Structural characterization was performed using X-ray diffraction (XRD), N 2 physisorption and both 11B and 23Na solid-state Nuclear Magnetic Resonance
(NMR) spectroscopy. All measurements were done in air tight sample holders.
XRD patterns were obtained at room temperature from 18 to 80° 2θ with a
Bruker-AXS D-8 Advance X-ray diffractometer setup using CoKα 1,2 radiation
with λ= 1.79026 Å. N 2 -physisorption measurements were performed at -196
°C, using a Micromeritics Tristar 3000 apparatus. The pore size distributions of
the samples were calculated from the desorption branch using BJH theory with
the Harkins and Jura thickness equation. Solid-state NMR experiments were
performed on a 600 MHz Varian spectrometer using a 2.5 mm HX MAS probe.
11
B and 23Na single pulse excitation spectra were obtained using a short hard
pulse of 0.20 μs at an effective rf-field strength of 140 kHz after taking pulse
rise and decay times into account. Spectra were acquired without proton
decoupling. A sample spinning speed of 15 kHz was applied. The 11B spectra
were referenced using an aqueous solution of H 3 BO 3 as secondary reference
with a chemical shift of δ = 19.6 ppm relative to BF 3 ·OEt 2 (δ = 0 ppm). The
23
Na spectra were referenced with respect to an aqueous solution of NaCl (δ = 0
ppm).
Hydrogen release from the samples was measured by temperature programmed
desorption (TPD) using a Micromeritics AutoChem II 2920 apparatus. 100 to

116

NaBH4 in nanoporous carbon materials.
150 mg of sample was heated at 5 °C/min from room temperature to 450-600
°C in 25 ml/min Ar (99.99 % purity) flow with a dwell time of 25 min at the
maximum temperature. The composition of the desorbed gas was analyzed
using a quadrupole mass spectrometer (Pfeifer) attached to the TPD gas outlet.
Rehydrogenation of desorbed samples was performed in an autoclave at 60 bar
H 2 and 325 °C for 5 h after which the amount of H 2 absorbed by the sample
was determined by a second TPD run. Cycling of the sample under Ar was
performed in a magnetic suspension balance from Rubotherm. About 100 mg of
the sample was loaded in a graphitic cup and inserted into a stainless steel
sample holder. The sample was heated at 5 °C/min to 400 °C in 25 ml/min Ar
flow. Rehydrogenation of the desorbed sample was performed at 325 °C by
increasing the H 2 pressure from zero to 60 bar in 60 min and remaining at this
pressure and temperature for 5 h. Hydrogen uptake and release were
determined from the weight changes after having corrected for buoyancy
effects.

5.3 Structure of the NaBH 4 /C nanocomposites
The X-ray diffraction (XRD) patterns of a physical mixture of 25 wt% NaBH 4
and nanoporous carbon (PM), and 25 wt% NaBH 4 /C nanocomposites prepared
through solution impregnation (SI) and melt infiltration (MI) are shown in
figure 5.1. The XRD pattern of the carbon shows two diffraction lines at 31°
(002) and around 52° (10) 2θ that are typical for turbostratic graphitic
materials. After synthesis, all diffraction lines can be ascribed to either carbon
or NaBH 4 . A comparison of the diffraction patterns of the physical mixture and
the nanocomposites show a clear broadening and a huge reduction in the
intensity of NaBH 4 diffraction lines in the nanocomposites. A decrease in the
amount of NaBH 4 in the nanocomposites to 20 and 15 wt% led to
nanocomposites with no detectable diffraction from the NaBH 4 (data not
shown). Similar observations were reported for LiBH 4 confined in porous
carbon and silica, and were attributed to a decrease in the long-range order of
the compound due to nanozing and confinement in the porous hosts21, 22. Hence,
we conclude that the NaBH 4 is confined in the porous carbon.
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Figure 5.1: XRD Pattern of a physical mixture of 25wt% NaBH 4 and carbon (PM), and 25 wt%
NaBH 4 /C nanocomposites synthesized via melt infiltration (MI), solution impregnation (SI)

Further evidence for the incorporation of the NaBH 4 into the pores of the
carbon is from nitrogen physisorption measurements (figure 5.2) which show
that the total pore volume of the carbon decreased from 0.64 cm3/g carbon in
the physically mixed sample to 0.31 and 0.24 cm3/g carbon in the solution
impregnated and melt infiltrated nanocomposites respectively. This decrease in

Figure 5.2 Differential pore volume versus pore diameter for a physical mixture of NaBH 4 and
carbon (PM), solution impregnated (SI) and melt infiltrated (MI) NaBH 4 /C nanocomposites, showing
loss of carbon porosity upon NaBH 4 incorporation
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pore volume (0.33 cm3/g C in SI and 0.40 cm3/g C in the MI) is close to the
volume of NaBH 4 (0.31cm3) added in the mixture, in agreement with the fact
that the NaBH 4 is in the pores of the carbon. The slight difference is most
likely due to minor pore blocking and some pore loss (≈ 0.05 cm3/g) during
heat treatment.

5.4 Hydrogen release
Figure 5.3 shows the hydrogen release from bulk NaBH 4 , a physical mixture of
25wt% NaBH 4 and porous carbon (PM), and the MI and SI 25wt% NaBH 4 /C
nanocomposites. Hydrogen release started in the bulk NaBH 4 around 470 °C
with two major peaks at 515 °C and 560 °C, in line with literature6. The onset
of hydrogen release is significantly lower (about 320 °C) for the PM sample
than for the bulk NaBH 4 . However, hydrogen release also occurs slightly above
500 °C which is the melting point of NaBH 4 . For the MI nanocomposite,
hydrogen release started at much lower temperatures (below 300 °C) and the
majority of the hydrogen was released around 450 °C. Remarkably, for the
impregnated sample hydrogen release started below 250 °C, about 220 °C lower
in temperature than bulk NaBH 4 and with a maximum release rate at 350 °C

Figure 5.3 Temperature programmed desorption- TPD (while heating with 5 oC/min in Ar flow)
showing hydrogen release from bulk NaBH 4, physical mixture of 25 wt % NaBH 4 and porous carbon
(PM), Solution impregnated (SI) and melt infiltrated (MI) 25 wt% NaBH 4 /C nanocomposites.
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which is in agreement with previous report for NaBH 4 /C nanocomposites
synthesized via impregnation of NaBH 4 /liquid ammonia solution38. These
observations clearly demonstrate that nanoconfinement in porous carbon
enhances the dehydrogenation of NaBH 4 significantly. The difference in the
hydrogen release temperatures of the MI and SI samples suggests the presence
of different NaBH 4 feature sizes in the two samples which might be due to
differences in the interaction of carbon with molten NaBH 4 and aqueous
NaBH 4 solution. Lowering the loading of NaBH 4 in the MI nanocomposites led
to hydrogen release at lower temperatures, similar to those for the SI sample.
Qualitative analysis of the desorbed gas using mass spectrometry (not shown)
proved that hydrogen was released in all cases and if other gases were released,
the amount was below the detection limit.
The SI nanocomposite released approximately 6.7 wt% H 2 (normalized to the
NaBH 4 content) after heating to 450 °C and dwelling for 25 min, the MI
nanocomposites released 7.9 wt% H 2 /g NaBH 4 (≈ 2.1wt% H 2 / g sample) with
same dwell time at 500 °C, while 8.1 wt% H 2 was released in the physically
mixed sample and the bulk NaBH 4 after heating to 600 °C and dwelling for 25
min. The minor difference in hydrogen release for the nanocomposites and the
physical mixtures is most likely due to partial decomposition or oxidation of
the sample during synthesis and handling. Decomposition of NaBH 4 into NaH
and B would release 8.1 wt% H 2 while 10.8 wt% H 2 would be expected for
decomposition into elemental Na and B.

5.5 Reversibility
Reversibility of the hydrogen sorption in the composites was evaluated by
rehydrogenating the dehydrogenated samples in an autoclave at 325 °C and 60
bar H 2 for 5 h. The hydrogen release from the rehydrogenated samples is shown
in figure 5.4. About 0.9 wt% hydrogen was released from the rehydrogenated
bulk NaBH 4 indicating minor hydrogen uptake during rehydrogenation.
Remarkably, the nanocomposites and the physically mixed NaBH 4 /nanoporous
carbon released about 3.4 wt% H 2 /g NaBH 4 , indicating about 43% reversibility
under these mild conditions. As far as we are aware, this is the first report of a
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Figure 5.4 Hydrogen release from the rehydrogenated bulk NaBH 4 , physically mixed (PM), meltinfiltrated (MI) and solution impregnated (SI) nanocomposites. Rehydrogenation was done under 60
bar H 2 and 325 °C for 5 h

successful rehydrogenation of NaBH 4 decomposition products. Furthermore,
the nanocomposites can be cycled repeatedly as shown in Figure 5.5, although
the capacity decreases steadily as in the case of nanoconfined LiBH 4 15. These
results show that nanoconfinement in the pores of the carbon material plays an
important role in determining reversibility. The reversibility seen in the
physically mixed sample (PM) results from the fact that NaBH 4 melts (500 °C)
during the first cycle desorption and infiltrates the pores of the nanoporous
carbon material thereby forming nanoconfined products after decomposition
that can be rehydrogenated. This was confirmed from nitrogen physisorption
measurements which showed that the total pore volume of carbon decreased by
0.26 cm3/g after dehydrogenation (Figure 5.6). Such reversibility was not
observed for a similar experiment with non porous carbon or graphite (data not
shown).
Notably, all the rehydrogenated nanocomposites released hydrogen in the same
temperature range, which means that the desorption temperatures especially for
the MI nanocomposites had shifted to lower values. This suggests a possible
structural change and/or redistribution of the NaBH 4 in the carbon after
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rehydrogenation. The bulk NaBH 4 showed some reversibility (~0.9 wt% H 2
released) but only if the first desorption cycle is done in a closed system.

Figure 5.5 Cycling of the nanocomposites in Rubotherm suspension balance. After desorption
cycle, the dehydrogenated nanocomposites are rehydrogenated under 60 bar H 2 , 325 °C for 5h.

Figure 5.6: N 2 physisorption showing a decrease in the volume of nitrogen adsorbed: The total pore
volume of the carbon decreased from 0.64 cm3/g C for a physical mixture of 25 wt% NaBH 4 and
porous carbon (PM) to 0.38 cm3/g C after dehydrogenation (PM- Deh.). The volume of NaBH 4 added
in the mixture before desorption is 0.31 cm3.
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To investigate structural changes occurring in the samples during hydrogen release
and uptake, XRD patterns of the desorbed and rehydrogenated samples were
acquired and compared to the pure NaBH 4 . For bulk NaBH 4 , we physically
observed two distinct solid phases after dehydrogenation as recently reported for
dehydrogenated bulk NaBH 4 5. However XRD (figure 5.7a) shows diffractions
mainly from Na and unidenfied phase with peak at 45° (2θ). After rehydrogenation,
two distinct phases were still physically observed but only NaH was detected from
the XRD, showing that for the bulk NaBH 4 , part of the de- and re-hydrogenated
material is amorphous. For both nanocomposites (MI and SI), only C diffraction
peaks were observed after hydrogen desorption indicating that the desorption
products are amorphous (figure 5.7b). After rehydrogenation, in addition to the C,
diffraction peaks due to NaBO 2 were observed in the impregnated nanocomposites.
The NaBO 2 is probably due to reaction between NaOH (used to stabilize the
NaBH 4 /H 2 O solution) and NaBH 4 or its decomposition products at high
temperatures. In contrast, no diffraction peak other than that from the nanoporous
carbon material was observed for the melt infiltrated samples. This shows that for
both samples, the hydrogenated phases are amorphous as also reported in literature
for LiBH 4 and NaAlH 4 confined in nanoporous carbon materials15, 21, 29, 40.

Figure 5.7: XRD pattern of (a): Bulk NaBH 4 at room temperature and after dehydrogenation (Deh)
and rehydrogenation (Reh). (b): the melt infiltrated (MI) and solution impregnated (SI) 25wt%
NaBH 4 /C nanocomposites after dehydrogenation and rehydrogenation.
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5.6 Characterization of the non crystalline phases
A convenient technique to investigate the local structure of non-crystalline
solids is solid-state magic angle spinning (MAS) NMR. Figure 5.8 shows the
11
B NMR spectra of a physical mixture of NaBH 4 and porous carbon, and the
nanocomposites after synthesis, dehydrogenation and rehydrogenation. The 11B

Figure 5.8: Solid-state 11B MAS-NMR spectra of bulk NaBH 4 and 25 wt% NaBH 4 /porous carbon
nanocomposites: (PM) Physical mixture; (SI) and MI are nanocomposites prepared by solution
impregnation; melt infiltration respectively; (Deh bulk), (Deh. SI) and (Deh.MI) are bulk NaBH 4 ,
Sample SI and Sample respectively after dehydrogenation; (Reh. bulk), (Reh. SI), and (Reh. MI) are
the rehydrogenated sample of bulk NaBH 4 , SI and MI nanocomposites respectively. (Reh. MI, extra
Na) MI sample containing extra Na. Asterisks indicate spinning sidebands.
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spectrum of a physical mixture of NaBH 4 and porous carbon shows a well
defined sharp peak at -42.6 ppm. For the nanocomposites (both melt infiltrated
and volume impregnated), the lineshape of NaBH 4 is broadened. As reported
previously for NaAlH 4 /C nanocomposites40, 41, this line broadening is explained
by distortions of the local field homogeneity because of the magnetic
susceptibility of the carbon and/or a higher disorder in the material, which
results in a distribution in chemical shift and quadrupolar interaction
parameters. The impregnated nanocomposite exhibits a significantly larger
linewidth with a full width at half maximum (FWHM) of 17.1 ppm compared to
the melt infiltrated sample with a FWHM of 9.4 ppm. This means that the
microstructure and/or distribution over the carbon depends on the preparation
method as was also clear from the physisorption and hydrogen release
measurements.
After dehydrogenation, all NaBH 4 disappeared in both MI and SI samples, but
minor traces of unreacted NaBH 4 are present in the dehydrogenated bulk
sample. The dehydrogenated bulk NaBH 4 and MI sample shows mainly a broad
resonance with a maximum at -13 ppm which is assigned to Na 2 B 12 H 12 45-47. A
small amount of Na 2 B 12 H 12 is also observed in the sample after melt
infiltration which is most likely due to partial desorption, or reaction between
NaBH 4 and minor impurities in the carbon during melt infiltration. For the
dehydrogenated SI sample, a large resonance peak with a maximum at 16 ppm
is present. 11B has typical isotropic chemical shifts between 12 and 19 ppm in
materials with trigonal B-O coordination42-44. Hence this peak can be assigned
to NaBO 2 in agreement with the XRD results. Most likely, the smaller
contribution at 18 ppm in the dehydrogenated MI sample also corresponds to
NaBO 2 . No clear evidence of the formation of elemental boron after desorption
was observed. Boron gives a broad line around 5 ppm48 and therefore, its
resonance might overlap with the resonances of Na 2 B 12 H 12 and/or NaBO 2 .
No significant change was observed after rehydrogenation of the desorbed bulk
NaBH 4 . In contrast, nanoconfined NaBH 4 was reformed in both the MI and SI
samples. This clearly proves the partial reversibility for these nanocomposites.
Clear differences exist between the MI and SI samples. Besides nanoconfined
NaBH 4 , the MI samples show mainly Na 2 B 12 H 12 and little NaBO 2 , while the SI
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samples show mainly NaBO 2 and only a minor amount of Na 2 B 12 H 12 . The
linewith of the NaBH 4 resonance increased slightly after rehydrogenation
especially for the MI sample. This suggests a possible change in the
microstructure and/or distribution of NaBH 4 in the carbon after
rehydrogenation and is most likely responsible for the lower hydrogen release
temperatures in rehydrogenated MI sample (Reh. MI) when compared to the as
synthesized sample (MI).
23
Na NMR of the samples was also measured in order to investigate the evolution
of the Na phase(s). Unfortunately, for the nanocomposites, 23Na NMR gave very
broad spectra from which no useful information about the Na phases could be
extracted. In general, the chemical shift range for 23Na is relatively small (~30
ppm) compare to 11B, which results in an overlap of the resonances of different
compounds especially when the peaks are broad. This broadening is most likely
caused by the high dispersion of Na when confined and in close contact with the
carbon. Meanwhile 23Na NMR for the bulk NaBH 4 (Figure 5.9) shows resonances
due to elemental Na and Na 2 B 12 H 12 after dehydrogenation. After rehydrogenation,
the Na resonance disappeared while Na 2 B 12 H 12 and a peak at a chemical shift due
to NaH are seen, in agreement with the XRD results. The formation of NaH
(instead of NaBH 4 ) after the rehydrogenation of the bulk NaBH 4 explains the
differences in the hydrogen release profile of the rehydrogenated nanocomposites
and the rehydrogenated bulk NaBH 4 .

Figure 5.9: Solid-state 23Na NMR spectra of NaBH 4 after dehydrogenated (bulk deh) and
rehydrogenated (bulk reh) NaBH 4 . The assignment of Na 2 B 12 H 12 in the 23Na spectra is done based
on the fact that large amount of Na 2 B 12 H 12 was also observed in the 11B spectra (and not by a
comparison with a 23Na reference spectrum of Na 2 B 12 H 12 ). The resonance has a maximum at 3 ppm,
and it is clearly not NaH which is at 18.3 ppm.
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5.7 Addition of extra sodium
The reversibility achieved in the nanoconfined NaBH 4 is relatively low when
compared to that of other complex hydrides such as NaAlH 4 and LiBH 4
confined in similar carbon15, 30, 49. Apart from partial oxidation of the sample
during handling (which also occurs in other nanoconfined hydrides), two major
reasons could be responsible for the partial reversibility. Firstly, XRD and
NMR measurements clearly show that elemental Na and Na 2 B 12 H 12 are the
main dehydrogenation products of NaBH 4 . The predicted high stability of
Na 2 B 12 H 12 could prevent the rehydrogenation to NaBH 4 , as recently
postulated47. Secondly, since Na is liquid and has a relatively high vapour
pressure at 500 °C, the loss of Na through evaporation during dehydrogenation
of NaBH 4 is likely. In that case there will be insufficient Na to fully form
NaBH 4 from the dehydrogenated boron compounds. To check if this latter
assumption is true, extra Na was added to the melt infiltrated nanocomposites
by heating a 20 wt% NaBH 4 /C nanocomposite with 12.5 wt% NaH (95%,
Aldrich). The overall composition of the mixture is 17.5, 70 and 12.5 wt%
NaBH 4 , C and NaH respectively (molar ratio Na:B = 2.1). It is expected that
the Na formed after the dehydrogenation of the NaH will infiltrate the pores of
the carbon as previously reported50, thereby providing extra Na to the
dehydrogenated nanocomposites. After dehydrogenation, the samples were
rehydrogenated at 325 °C and 60 bar H 2 for 5 h.
Figure 5.10 shows the second hydrogen release run. The 20 wt% NaBH 4 /carbon
nanocomposite released approximately 0.7 wt% H 2 /g sample (3.5 wt% H 2 /g
NaBH 4 ). The nanocomposite containing extra Na released 1.4 wt% H 2 /g
sample (8.0 wt% H 2 /g NaBH 4 ), while 8.1 wt% H 2 /g NaBH 4 is expected for
fully reversible decomposition to Na 2 B 12 H 12 . One has to consider that the
additional Na could also have been rehydrogenated, and contribute to the
hydrogen release. However, the additional NaH could contribute a maximum of
0.55 wt % H 2 per gram nanocomposite, and hence never fully account for the
increase in reversibility. More importantly, 11B NMR of the rehydrogenated
sample (figure 5. 8) shows a large increase in the resonance due to NaBH 4 in
the sample with extra Na, as well as fading of the resonance due to Na 2 B 12 H 12 .
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Figure 5.10: Hydrogen release from rehydrogenated sample of 20 wt% NaBH 4 /C nanocomposites
(Reh. MI) and a 20 wt% NaBH 4 /C nanocomposite containing extra Na; molar ratio of Na: B = 2.1
(Rh. MI, extra Na)

proves that in these nanoconfined systems neither B nor Na 2 B 12 H 12 are
intrinsically limiting factors for the reversibility of hydrogen sorption. Nearly
full reversibility could be obtained by compensating for the loss of active Na
from the system. Alternatively, loss of Na might be reduced by restricting
operation temperatures and gas flow.

5.8 Stability
We also investigated the impact of nanoconfinement of NaBH 4 in carbon
material on the equilibrium of the hydrogen release and uptake. Figure 5.11
shows the hydrogen release from bulk NaBH 4 and the nanocomposites under
1.1 bar H 2 in a magnetic suspension balance. No hydrogen was released in the
bulk material upon heating to 400 °C, while for the nanocomposites,
decomposition started already ~280 °C, well below ~ 539 °C reported for the
equilibrium decomposition of NaBH 4 under 1 bar H 2 5. The MI and SI
nanocomposites released 0.5 and 1.3wt% H 2 per gram NaBH 4 respectively
upon heating to 400 °C. This observation suggests that nanoconfinement in the
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Figure 5.11: Hydrogen release from bulk NaBH 4 , and MI (melt infiltrated) and SI (Solution
impregnated) nanocomposites while heating under 1.1 bar H 2 .

porous carbon material changed the stability or decomposition pathway of
NaBH 4 as also observed in nanoconfined LiBH 4 . Perhaps an intermediate
product is formed during decomposition which is different in the nanoconfined
and bulk NaBH 4 . The difference in the amount of hydrogen released from the
nanocomposites under 1.1 bar H 2 could be attributed to differences in the
particle or domain sizes of NaBH 4 in the nanocomposites and/or different in
reaction pathways as suggested by the NMR results.

5.9 General discussion
Most alkali metal borohydrides decompose to the metal hydride before further
decomposition to the metal, although direct decomposition into the element is
also possible. Thus for the dehydrogenation of NaBH 4 the following overall
decomposition reaction equations can be written:
2 NaBH 4 → 2 NaH + 2 B + 3 H 2
NaBH 4 → Na + B + 2 H 2

(5.1)
(5.2)

Decomposition according to equatio 5.1 releases 8.1 wt% H 2 while reaction 5.2
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yields 10.8 wt% H 2. Experimentally, bulk NaBH 4 released ~8.1 wt% H 2 while
the the melt infiltrated nanocomposite and the physically mixed sample
released approximately 8.0 wt% H 2 /(g NaBH 4 ) which would suggest that these
samples decomposed according to reaction 1. However, the lower stability of
NaH compared to NaBH 4 implies that NaH should already decompose at lower
temperatures than required for the decomposition of NaBH 4 51, 52 especially in
the presence of carbon50. Furthermore, the NMR results clearly show that the
decomposition products of NaBH 4 are mostly Na 2 B 12 H 12 and Na. These
observations suggest that only partial decomposition of NaBH 4 takes place
according to the following overall reaction equation:
12 NaBH 4 → 10 Na + Na 2 B 12 H 12 + 18 H 2

(5.3)

Interestingly, decomposition according to (5.3) is expected to yield 8.1 wt% H 2
which is in a good agreement with the amount of hydrogen released from the
samples. The presence of two desorption steps in the bulk NaBH 4 and in all the
rehydrogenated nanocomposites could be due to either an intermediate
decomposition product, or heterogeneity of the NaBH 4 . For the solution
impregnated sample, formation of NaBO 2 is observed with both XRD and
NMR. As NaOH is present, this can probably be explained by the following
reaction:
NaBH 4 + 2 NaOH → NaBO 2 + 2 Na + 3 H 2

(5.4)

Since the molar ratio of NaBH 4 to NaOH in the aqueous NaBH 4 solution is
20:1, only about 2.5% of the NaBH 4 is consumed in this reaction (except if
traces of water is still present in the sample). Unlike for the MI sample, no clear
resonance due to Na 2 B 12 H 12 was observed with NMR after dehydrogenation.
The reversibility seen in the SI sample shows that phases other than oxidation
products must be present after dehydrogenation since NaBO 2 cannot be
rehydrogenated to NaBH 4 . Unfortunately, neither elemental B nor other boron
compounds can clearly be identified with solid-state NMR due to possible
overlap of these resonances with the broad NaBO 2 resonance. The
microstructure and/or distribution of the NaBH 4 over the carbon depend on the

130

NaBH4 in nanoporous carbon materials.
preparation method, as seen from NMR and nitrogen physisorption results. Also
Figure 5. 3 shows different hydrogen release profiles for SI and the MI
nanocomposites. However, at present we cannot identify which boron species
are reversibly formed after dehydrogenation in the SI samples.
Remarkable is the reversible formation of NaBH 4 in these nanocomposites
especially at such mild conditions as used in this study since for NaBH 4
reversible hydrogen sorption has not yet been reported. Reversibility in
complex hydrides especially borohydrides is typically hampered by the
formation of at least two crystalline or amorphous phases after desorption
which are the metal or metal hydride phase and boron/boron species. Bulk
NaBH 4 forms crystalline Na and amorphous Na 2 B 12 H 12 after desorption.
Reversibility in such a system is difficult because of the slow solid state
diffusion required for the recombination of these macroscopically segregated
immobile phases. This is evidenced by the fact that after rehydrogenation, NaH
and Na 2 B 12 H 12 were seen instead of NaBH 4 . This suggests that NaH is first
formed during rehydrogenation and since it is a solid at the rehydrogenation
conditions, it did not react with the Na 2 B 12 H 12 to form NaBH 4 . Furthermore,
Caputo et al recently calculated that Na 2 B 12 H 12 is very stable (standard
enthalpy of formation at 0 K = -1086 kJ/mol Na 2 B 12 H 12 or - 181 kJ/mol H 2 )
and cannot be rehydrogenated if formed during dehydrogenation of NaBH 4 47.
However, the results presented in this study clearly showed that nanoconfined
NaBH 4 exhibits partial reversible hydrogen sorption and that full reversibility
can be achieved if Na is not lost during dehydrogenation. Therefore the barrier
to reversibility in bulk NaBH 4 is not due to the stability of Na 2 B 12 H 12 but
rather due to the inability of NaH (formed during rehydrogenation) and
Na 2 B 12 H 12 to react with H 2 to form NaBH 4 at moderate conditions because of
phase separation and poor kinetics of solid-state diffusion required for their
recombination. Furthermore, bulk NaBH 4 decomposes above 500 °C and Na
loss through evaporation at this high temperatures (except when desorption is
carried in a closed system) practically hinders the reversibility of the
dehydrogenation reaction. Confining the NaBH 4 in nanoporous carbon reduces
these problems. When confined, the dehydrogenated phases are all kept
together in the pores of the carbon. Therefore the diffusion or recombination
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distance between the Na and Na 2 B 12 H 12 is greatly reduced, enabling the
reversible formation of NaBH 4 from its dehydrogenated products even at
relatively mild conditions without a catalyst.
Our work clearly demonstrate how the kinetics of hydrogen release from
NaBH 4 can be greatly enhanced and reversibility enabled by nanosizing and
nanoconfinement in carbon. Preliminary investigations also indicate that under
1 bar H 2 pressure, part of the hydrogen is already released starting from 280 °C
which is below the temperature at which the dehydrogenation reaction of
NaBH 4 would be expected in equilibrium12. This indicates that the enthalpy
and/or entropy for the decomposition reaction might be different for
nanoconfined NaBH 4 compared to bulk material, or the presence of
intermediate decomposition steps for NaBH 4 which is different when confined
in nanoporous carbon but the details are outside the scope of the present work.
Despite the fact that the hydrogen release temperatures are lowered and
reversibility observed when NaBH 4 is confined in nanoporous carbon, for
practical application in fuel cell cars, further reduction in the desorption
temperatures to about 150 °C is required in order to avoid Na loss. In addition,
the NaBH 4 loading must be increased to above 60 wt% in order to increase the
overall hydrogen content of the nanocomposite. The latter might be achieved by
using nanoporous hosts with higher pore volume.

5.10 Conclusions
The thermal hydrogen sorption properties of NaBH 4 have been investigated.
XRD, solid-state NMR and hydrogen release measurements revealed that
NaBH 4 decomposes into elemental Na and Na 2 B 12 H 12 when heated to 600 °C,
with a release of 8.1 wt % H 2 . NaBH 4 was successfully confined into a
nanoporous carbon material through impregnation with an aqueous NaBH 4
solution and also by melt infiltration under hydrogen pressure. Confining
NaBH 4 in nanoporous carbon material lowers the desorption temperatures
significantly, with most of the hydrogen released around 350 °C(in Ar flow) in
the solution impregnated nanocomposites compared to 560 °C for the bulk
material. Remarkably, reversible formation of NaBH 4 from its dehydrogenation
products was demonstrated for the first time as the dehydrogenated NaBH 4 /C
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nanocomposites can be rehydrogenated to NaBH 4 at relatively mild conditions
of 325 °C and 60 bar H 2 for 5h. Reversibility of the system is limited by loss of
Na at high temperatures during hydrogen release. Compensation of Na loss by
extra Na resulted in almost full rehydrogenation of the dehydrogenated
products to NaBH 4 . Although at the moment NaBH 4 /C nanocomposites do not
meet the requirements for onboard applications, our work demonstrate the
strength of nanoconfinement in carbon materials as an approach towards
reversible hydrogen storage materials.
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Summary
The large-scale use of hydrogen for intermittent energy storage and as a fuel for
cars can contribute to the realization of a more sustainable energy system in the
future. However several technical challenges have to be addressed, of which
compact, safe and cost effective hydrogen storage is a crucial one. A promising
approach is the use of metal hydrides with high hydrogen content for reversible
hydrogen storage. Alkali-metal borohydrides like LiBH 4 and NaBH 4 have high
gravimetric and volumetric hydrogen densities. However hydrogen release occurs
at elevated temperatures only, and is not readily reversible under practical
conditions. This thesis describes a study on nanosizing and nanoconfinement of
alkali-metal borohydrides using porous scaffolds to address these issues. The aim is
to gain understanding of the effects of physical confinement at the nanoscale and
interaction with the nanoporous host material on the hydrogen release and uptake
in these complex-metal hydrides. We investigated LiBH 4 /SiO 2 , LiBH 4 /C,
LiBH 4 (Ni)/C and NaBH 4 /C nanocomposites.
Chapter 2 describes the synthesis, structural characterization and hydrogen
sorption properties of LiBH 4 confined in ordered mesoporous silica (SBA-15).
Silica was initially reported to catalyze hydrogen desorption from LiBH 4 . Our idea
was to combine the catalytic effect with nanoconfinement in well defined pores,
varying the pore size. LiBH 4 /SBA-15 nanocomposites were synthesized by melt
infiltration of LiBH 4 . A high hydrogen pressure was applied to avoid the
decomposition of LiBH 4 during melting. Structural characterization showed that
the LiBH 4 was indeed confined in the pores (7-10 nm) of the SBA-15. Hydrogen
was released at temperatures significantly lower than for bulk LiBH 4 . However the
hydrogen release was not reversible. The irreversibility was due to the formation of
stable lithium silicates upon hydrogen release. The porous SiO 2 reacted with the
decomposition product(s) of LiBH 4 .
To avoid or limit irreversible reactions a less reactive nanoporous host is needed,
hence in Chapter 3 the use of nanoporous carbon materials for nanoconfinement
of LiBH 4 is discussed. LiBH 4 /C nanocomposites with different LiBH 4 loading
were prepared by melt infiltration, and the influence of loading on the structure and
hydrogen sorption properties was investigated. The nanoconfined LiBH 4 released
hydrogen in a single step at temperatures significantly lower than for the bulk
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material. The activation energy for dehydrogenation was lower for the
nanocomposites (110-140 kJ/mol) than for bulk LiBH 4 (169 ± 5 kJ/mol), and the
pre-exponential factor for the nanocomposites increased with decreasing loading.
Nanocomposites with more than half filled carbon pores released ~14 wt%
H 2 /LiBH 4 upon heating to 400 °C, while for lower loadings ~18.5 wt% H 2 was
detected, corresponding to full decomposition to B, H 2 and either LiH or Li
respectively. Confinement effects were clearly observed using high pressure DSC:
the structural phase transition at 110 °C and melting of LiBH 4 at 280 °C shifted to
temperatures lower by 10-50 °C, and could not be detected if less than 50 % of the
carbon pores was filled. Decomposition of nanoconfined LiBH 4 started around 255
°C under 1 bar H 2 , while the equilibrium decomposition temperature for bulk
LiBH 4 under 1 bar H 2 is ~370 °C. Partial reversibility of the hydrogen release was
observed only in the nanocomposites, and under relatively mild rehydrogenation
conditions. Thus nanoconfinement of LiBH 4 in porous carbon materials led to
changes in kinetics, reversibility and equilibria of the hydrogen uptake and release
reactions depending on the loading and hence the average paricle or domain size of
LiBH 4 .
As a next step we explored the combination of nanoconfinement and additives as
described in Chapter 4. First, Ni nanoparticles (average size 5 nm) were deposited
into the nanoporous carbon material and subsequently LiBH 4 was melt infiltrated
to form LiBH 4 (Ni)/C nanocomposites. The addition of Ni to the nanoconfined
LiBH 4 resulted in only a slight decrease in the initial hydrogen release temperature.
More importantly, the presence of Ni increased the reversible capacity of the
nanoconfined LiBH 4 from 6 wt% H 2 to 9.2 wt% H 2 at mild rehydrogenation
conditions (320 °C, 40 bar H 2 ), and led to lower hydrogen release temperatures in
subsequent desorption cycles. Structural studies were performed using EXAFS,
TEM and NMR. The changes in hydrogen release and reversibility were related to
the formation of nickel boride (Ni x B) nanoparticles, which reversibly changed
composition (x) during cycling. Their presence influenced the structure of the
active phases, possibly acting as nucleation centres for the phase transformations.
Chapter 5 extends the investigation to NaBH 4 which is more stable than LiBH 4 ,
and has hardly been investigated so far. NaBH 4 was successfully confined into a
nanoporous carbon material via impregnation with an aqueous alkaline NaBH 4
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solution, and also by melt infiltration under hydrogen pressure. Bulk NaBH 4
decomposed irreversibly into Na and Na 2 B 12 H 12 with a release of 8.1wt% H 2 upon
heating to 600 °C under Ar. For nanoconfined NaBH 4 the decomposition was
shifted to ~ 370 °C. The preparation method influenced the structure and hydrogen
desorption temperatures of the nanocomposites. Unlike the bulk NaBH 4 , the
dehydrogenated nanocomposites could partially be rehydrogenated (3.4 wt%
H 2 /NaBH 4 ) to form NaBH 4 at 325 °C and 60 bar H 2 . This is the first time that
reversibility is reported for NaBH 4 . It was shown that the loss of Na is a limiting
factor for the reversibility in these nanocomposites. Compensation by adding extra
Na resulted in almost full reversibility. The equilibrium decomposition temperature
of NaBH 4 is ~540 °C in 1 bar H 2 , however for the nanoconfined NaBH 4 hydrogen
release started around 280 °C under 1.1 bar H 2 . The improved hydrogen sorption
properties and especially the reversible formation of NaBH 4 were attributed to the
effect of physical confinement at the nanoscale which limits the macroscopic
segregation of the immobile dehydrogenated phases.

Outlook
The studies described in this thesis show nanosizing and nanoconfinement in
nanoporous carbon materials as a promising strategy towards reversible hydrogen
storage. Although hydrogen release temperatures were lowered and reversibility
was achieved in nanoconfined alkali borohydrides, the hydrogen densities of the
nanocomposites discussed in this thesis are too low due to added weight of the
carbon materials. For practical application, much more porous carbon materials
with higher loadings would have to be used. Furthermore applications in
combination with a PEM fuel cell will require even lower desorption temperatures,
and stability upon cycling typically > 1000 times. However this work shows that
we can fundamentally change the hydrogen release kinetics, reversibility and also
the equilibria for hydrogen uptake and release in complex metal hydrides. Some
general conclusions can be drawn and perspective for future investigations given.
Hydrogen release kinetics is strongly influenced by the nanoconfinement, as the
specific surface areas increase, and diffusion distances decrease with nanosizing.
Additionally an increase in nucleation site density might play a role. Also
activation barriers might decrease due to a lower thermodynamic stability of the
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complex metal hydride (see below). The use of carbon nanotubes and other
nanoporous carbon materials with well defined pore sizes and geometry could help
in elucidating the effects of particle or domain sizes of the metal hydride on
hydrogen release and uptake kinetics. The reversibility of hydrogen desorption
from nanocomposites shows that limiting the phase segregation of the
dehydrogenated products is key to improve the hydrogen uptake kinetics. An
additional increase in reversible capacity of nanoconfined LiBH 4 and NaBH 4 with
the addition of Li and Na respectively is a strong indication that also the loss of one
of the active components during cycling can limit reversibility. Use of additives
that reversibly form a stable compound with one of the active phases limits grain
growth, as demonstrated in chapter 4 with Ni in the case of nanoconfined LiBH 4.
Exciting are the thermodynamic effects observed in carbon-confined metal
hydrides. A factor is possibly electronic interaction between the carbon and the
complex metal hydride. Electron donation from graphite may reduce the positive
-

charge of the Li+ or Na+, thus weakening the bond with the BH 4 anion, and thereby
destabilize the complex metal borohydride. The impact of such electronic
interactions is strong for nanoconfined metal hydrides due to their close proximity
to the carbon surface. Lithium intercalation in-between the graphene layers upon
dehydrogenation of nanoconfined LiBH 4 also destabilizes the hydrided with
respect to the dehydrogenated phase. Without doubt also particle size affects the
thermodynamic stability of the phases, as reflected in changes in melting point and
phase transition temperatures for LiBH 4 . Also physical confinement/clamping is
expected to play a role. Use of carbon materials with different surface properties
could provide more insight into how interaction with the support and physical
confinement /anchoring of the phases affects the stability of the nanoconfined
metal hydride. With the present knowledge, it is difficult to deconvolute the impact
of the different parameters, as they are not varied independently, and
characterization of the local structure and electronic properties is a challenge for
these light-element materials. The use of techniques such as synchrotron based insitu X-ray Raman spectroscopy (XRS), in-situ NMR, and neutron scattering
experiments could provide further information. Computational studies will be
indispensible to provide further insight into the origin of such thermodynamic
effects and the impact of the individual parameters.
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In conclusion, the results discussed in this PhD thesis shows that nanoconfinement
in porous carbon materials is an effective strategy to fundamentally change the
kinetics, reversibility and the equilibrium of hydrogen uptake and release in metal
hydrides. Our work established a new preparation technique for nanoconfined
alkali borohydride, and combined nanoconfinement with additives (catalysts).
Remarkable is the high reversibility achieved in these nanocomposites under
moderate rehydrogenation conditions. Nanoconfinement is a relatively new
approach, and full understanding of the effects needs further research: preparing
model compounds, development of advanced characterization techniques, and
computational studies. Nevertheless, our work has provided information on factors
that influence the dehydrogenation and rehydrogenation rates, stability and most
importantly on how to achieve full reversibility of the hydrogen release. It is
expected that this approach will be relevant also for other fields in material science.
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Samenvatting
Grootschalige toepassing van waterstof voor het opslaan van energie uit nietcontinue bronnen (zoals wind- en zonne-energie) en als brandstof voor auto’s kan
bijdragen aan het introduceren van hernieuwbare energie in de samenleving. Om
dit mogelijk te maken moeten echter een aantal technische uitdagingen worden
opgelost. Eén daarvan is de compacte, veilige en goedkope opslag van waterstof.
Een veelbelovende optie is het gebruik van metalen die een grote hoeveelheid
waterstof reversibel binden. Alkalimetaalboorhydriden zoals LiBH 4 en NaBH 4
bevatten veel waterstof, zowel op basis van gewicht als van volume. Helaas is een
hoge temperatuur nodig om de waterstof vrij te maken, en wordt het niet
gemakkelijk weer opgenomen. Dit proefschrift beschrijft een onderzoek naar het
verkleinen van de deeltjesgrootte tot enkele nanometers/het opsluiten van de
alkalimetaalboorhydriden in poreuze matrices. Doel is om inzicht te krijgen in de
invloed van fysieke opsluiting in nanoporiën en interactie met het matrix materiaal
op de afgifte en opname van waterstof in deze complexe metaalhydriden.
LiBH 4 /SiO 2 , LiBH 4 /C, LiBH 4 (Ni)/C en NaBH 4 /C werden onderzocht.
Hoofdstuk 2 beschrijft de synthese, karakterisatie van de structuur, en de opname
en afgifte van waterstof door LiBH 4 opgesloten in geordend mesoporeus silica
(SBA-15). Eerder werd gerapporteerd dat silica een katalysator zou zijn voor de
waterstofafgifte door LiBH 4 . Ons plan was om dit katalytisch effect te combineren
met het opsluiten in nanoporiën van verschillende grootten. Nanocomposieten
bestaande uit LiBH 4 en SBA-15 werden bereid door middel van smeltinfiltratie van
LiBH 4 . Een hoge waterstofdruk (~ 100 bar) was nodig om ontleding van LiBH 4
tijdens het smelten tegen te gaan. Karakterisatie van de structuur liet zien dat het
LiBH 4 inderdaad in de 7-10 nm poriën van het SBA-15 opgesloten was. Waterstof
werd bij duidelijke lagere temperaturen afgegeven dan voor een “bulk” materiaal.
Helaas was de afgifte van waterstof niet omkeerbaar. Dit was het gevolg van de
vorming van stabiele Si-verbindingen tijdens het afgeven van de waterstof, doordat
de poreuze SiO 2 matrix reageerde met de ontledingsprodukten van het LiBH 4 .
Om onomkeerbare reacties te verminderen of geheel te vermijden is een minder
reactieve matrix nodig. Daarom wordt in Hoofdstuk 3 het gebruik van een
nanoporeuze koolstof matrix besproken om LiBH 4 in op te sluiten.
Nanocomposieten werden bereid door verschillende hoeveelheden LiBH 4 in de
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poreuze structuur in te smelten, en gekeken werd naar de afgifte en daarop
volgende opname van waterstof. De nanocomposieten van LiBH 4 met koolstof
gaven alle waterstof in één keer af bij veel lagere temperaturen dan puur LiBH 4 .
Ook de activerings-energie voor waterstofafgifte was lager voor de
nanocomposieten (110-140 kJ/mol) dan voor puur LiBH 4 (169 ± 5 kJ/mol), en de
preëxponentiële factor nam toe met afnemende belading. Nanocomposieten met
meer dan half gevulde poriën gaven ~14 gew% H 2 /LiBH 4 af als ze werden
opgewarmd naar 400 °C, terwijl voor lagere vulgraden ~18.5 gew% H 2 gemeten
werd. Dit komt overeen met volledige ontleding in B, H 2 en LiH in het eerste
geval, en in B, H 2 en Li in het tweede geval. Opsluitingseffecten werden duidelijk
waargenomen met behulp van DSC-metingen: de structuurverandering bij 110 oC
en het smelten bij 280 oC vonden bij 10-50 oC lagere temperaturen plaats voor
nanocomposieten, en konden zelfs niet meer gedetecteerd worden als de vulgraad
van de poriën kleiner was dan 50 vol%. Ontleding van het LiBH 4 in de
nanocomposieten startte bij 255 oC onder 1 bar H 2 , terwijl voor puur LiBH 4 de
ontleding onder deze omstandigheden pas bij ~370 °C begon. Na afgifte van de
waterstof werd alleen reabsorptie waargenomen voor de nanocomposieten, onder
relatief milde omstandigheden. Het is duidelijk dat het opsluiten van LiBH 4 in de
poriën van een koolstof matrix veranderingen geeft in zowel de kinetiek en
reversibiliteit als ook in de evenwichtsligging van waterstofafgifte, afhankelijk van
de belading (en daarmee samenhangend de deeltjesgrootte) van het LiBH 4 .
Als volgende stap hebben we de combinatie van opsluitingseffecten met
toevoeging van een katalysator bestudeerd, zoals beschreven in Hoofdstuk 4. Eerst
werden Ni nanodeeltjes (met een grootte van 5 nm) afgezet in de poriën van de
koolstof matrix. Vervolgens werd door insmelten LiBH 4 toegevoegd, waardoor
LiBH 4 (Ni)/C nanocomposieten gevormd werden. De toevoeging van het Ni leidde
tot slechts een beperkte daling van de initiële temperatuur van waterstofafgifte.
Interessanter was dat de aanwezigheid van Ni leidde tot een betere omkeerbaarheid
van de waterstofafgifte; van 6 gew% H 2 naar 9.2 gew% H 2 opname onder milde
omstandigheden (320 °C, 40 bar H 2 ). Tevens leidde dit tot afgifte van waterstof bij
lagere temperaturen in de daaropvolgende cycli. De structuur van de
nanocomposieten werd in detail bestudeerd met technieken zoals EXAFS, TEM en
NMR. De veranderingen in waterstofafgifte en opname konden in verband
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gebracht worden met de vorming van nikkel boride (Ni x B) nanodeeltjes, die
omkeerbaar hun nikkel-boor verhouding (x) aanpasten tijdens het cycleren. Hun
aanwezigheid had invloed op de structuur van de actieve fase in de monsters,
mogelijk dienden ze als nucleatie kernen voor het vormen van nieuwe fasen.
In Hoofdstuk 5 wordt het onderzoek beschreven naar NaBH 4 , een stof die nog
stabieler is dan LiBH 4 en waar weinig over bekend is in de context van
waterstofopslag. NaBH 4 werd aangebracht in een koolstof matrix door
impregneren met een basische oplossing van NaBH 4 in water of door smelt
infiltratie onder waterstofdruk. Puur NaBH 4 ontleedde bij verhitten tot 600 oC in
een atmosfeer van argon onomkeerbaar in Na en Na 2 B 12 H 12 waarbij 8.1 gew%
waterstof vrijkwam. Voor de nanocomposiet met koolstof verliep de ontleding al
bij ~370 °C. De manier waarop de nanocomposiet werd gemaakt had invloed op de
structuur en waterstofafgiftetemperatuur. Heel anders dan voor puur NaBH 4 ,
konden de ontledingsproducten van de nanocomposiet wel waterstof opnemen (3.4
gew% H 2 /NaBH 4 ) daarbij NaBH 4 vormend bij 325 °C en 60 bar H 2 . Dit is de
eerste keer dat omkeerbaarheid van de ontledingsreactie van NaBH 4 gerapporteerd
wordt. Het verlies van Na is een beperkende factor voor het hervormen van
NaBH 4 . Nadat extra Na was toegevoegd, werd vrijwel volledige reversibiliteit
gevonden. De evenwichtsontledingstemperatuur van NaBH 4 is ~540 °C in 1 bar
waterstof. Voor de nanocomposiet met H 2 ving de afgifte van waterstof echter al
bij 280 °C aan onder 1.1 bar H 2 . De gewijzigde interactie met waterstof, in het
bijzonder de mogelijkheid om NaBH 4 terug te vormen uit de ontledingsproducten,
wordt toegeschreven aan de invloed van fysieke opsluiting van de actieve
component in nanoporiën, waardoor macroscopische scheiding van de vaste
ontledingsproducten tegen wordt gegaan.

Samenvattende opmerkingen en blik op de toekomst
Het in dit proefschrift beschreven onderzoek toont aan dat opsluiten in de
nanoporiën van een poreus koolstof materiaal een veelbelovende aanpak is om tot
reversibele waterstofopslag te komen. De opsluiting verlaagt de temperatuur
waarbij waterstof wordt afgegeven en bewerkstelligt omkeerbaarheid van de
ontledingsreacties van alkalimetaalboorhydriden. Echter, door toevoeging van de
koolstofmatrix is de waterstofdichtheid in deze materialen te laag voor praktische
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toepassing; dit zou koolstof materialen met een groter porievolume vereisen.
Bovendien vraagt toepassing in combinatie met PEM-brandstofcellen ook lagere
waterstofafgiftetemperaturen, en stabiele waterstofafgifte en opname tijdens meer
dan 1000 keer cycleren. Belangrijk is echter dat met ons werk is aangetoond dat we
de snelheid van waterstofafgifte, omkeerbaarheid van de reactie, en ook de
evenwichtsliggingen voor deze complexe metaalhydriden kunnen beïnvloeden. We
zullen onderstaand enkele algemene conclusies en suggesties voor toekomstig
onderzoek op een rij zetten.
De snelheid waarmee waterstof kan worden afgegeven wordt sterk beïnvloed door
opsluitingseffecten, omdat het specifiek oppervlak van het actief materiaal
daardoor groter wordt en de relevante diffusieafstanden kleiner. Ook een toename
in de dichtheid van het aantal nucleatiekernen kan een rol spelen. Het gebruik van
zeer regelmatige koolstof matrices, met uniforme poriegrootten en –symmetrie, zou
kunnen helpen om het effect van metaalhydridedeeltjesgrootte op de
waterstofafgifte en opname snelheid te ontrafelen. De omkeerbaarheid van de
waterstofafgifte in het geval van nanocomposieten toont aan dat de scheiding van
de verschillende fasen die ontstaan door ontleding een essentiële factor is om de
waterstofopnamesnelheid te verbeteren. De vergroting van de hoeveelheid door de
ontledingsproducten opgenomen waterstof door middel van het toevoegen van Li
(in het geval van LiBH 4 ) of Na (in het geval van NaBH 4 ) bewijst dat het verlies
van deze componenten een factor is die de reversibiliteit beperkt. Het gebruik van
toevoegingen die een verbinding kunnen aangaan met één van de actieve
componenten in het systeem beperkt de korrelgroei, zoals we in hoofdstuk 4 lieten
zien voor Ni, dat werd toegevoegd aan de LiBH 4 nanocomposiet.
Spannend zijn de verschuivingen in de fase-evenwichten in het geval van
nanocomposietmaterialen. Mogelijkerwijs speelt elektronische interactie tussen de
koolstof en het complex metaalhydride een rol. Overdracht van elektrondichtheid
van de koolstof kan de positieve lading op Li+ en Na+ verminderen, en daardoor de
binding met het BH 4 - anion verzwakken, wat lokaal leidt tot een lagere stabiliteit
van het complex metaalboorhydride. Voor metaalhydriden opgesloten in de
nanoporiën van een matrix kan dit effect groot zijn, omdat de afstand tussen
metaalhydride en koolstof klein is. Intercalatie van lithiumatomen tussen de
grafeenlagen tijdens waterstofafgifte door LiBH 4 verkleint ook de stabiliteit van
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het hydride ten opzichte van de ontledingsproducten. Zonder twijfel spelen ook
deeltjesgrootte-effecten een rol, zoals ook duidelijk wordt uit de veranderingen in
smeltpunt en de temperatuur van de faseovergang van het LiBH 4 . Ook verankering
van de actieve fase zal waarschijnlijk bijdragen. Wanneer verschillende typen
koolstofmatrices zouden worden gebruikt, met verschillende oppervlakteeigenschappen, zou meer inzicht verkregen kunnen worden in hoe de interactie met
de matrix en de verankering de stabiliteit van de hydridefasen beïnvloedt. Met de
huidige kennis is het echter lastig de invloed van deze verschillende parameters te
ontrafelen, omdat ze niet onafhankelijk van elkaar gevarieerd werden. Bovendien is
het een uitdaging om de lokale structuur en elektronische eigenschappen van deze
materialen goed te meten. Het gebruik van geavanceerde technieken zoals op
deeltjesversneller gebaseerde in-situ Röntgenstraling Raman Spectroscopie (XRS)
en
nucleair
magnetische
resonantiemetingen
(NMR)
alsook
neutronenverstrooiingsexperimenten zouden verdere informatie kunnen
verschaffen. Om echt inzicht te krijgen in de oorsprong van de effecten op de
stabiliteit, en de bijdrage van de verschillende parameters, zullen ook theoretische
benaderingen van het probleem onontbeerlijk zijn.
Concluderend kunnen we stellen dat de resultaten in dit proefschrift aantonen dat
het opsluiten van metaalhydriden in de nanoporiën van een koolstofmatrix een
effectieve manier is om zowel de kinetiek alsook de reversibiliteit en
evenwichtsliggingen van de waterstofafgifte en opnamen in deze materialen
structureel te beïnvloeden. We hebben een nieuwe manier vastgesteld om
nanocomposieten van alkalimetaalboorhydriden te maken, en om hier kleine
hoeveelheden van een katalysator aan toe te voegen. Opmerkelijk is de grote
reversibiliteit die bereikt kan worden in deze nanocomposieten onder milde
omstandigheden.
Het maken van nanocomposieten is een relatief nieuwe aanpak en volledig begrip
van de effecten die optreden vraagt om verder onderzoek: modelsystemen maken,
het toepassen van geavanceerde karakterisatietechnieken en een combinatie met
theoretisch onderzoek. Desalniettemin geeft ons werk veel informatie over de
factoren die van invloed zijn op de snelheid waarmee waterstof kan worden
afgegeven en opgenomen, de stabiliteit van de fasen en bovenal hoe het mogelijk is
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om de waterstofafgifte reversibel te maken. Het is te verwachten dat deze aanpak
ook van belang zal zijn voor ander onderzoek op het gebied van materialen.
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