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Introduction

Figure 1 Pore size distributions of the carbon matrices.

Table 1 N2-physisorption results of the carbon matrices.

Parameter
Sample code
ACmicro

Vtot, SP*
[cm3.g(C)-1]

Vmicro, t-plot
[cm3.g(C)-1]

Vmeso
[cm3.g(C)-1]

0.482

0.321

0.095

* Vtot: single point pore volume at p/p0=0.995; Vmicro: t-plot micro PoreVol <2nm; Vmeso: BJH PoreVol 2-50 nm.
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Towards a Hydrogen Society

Energy systems of the future will have to be reliable, available, clean, flexible, and
cost-efficient.1, 2 In political terms this is to ensure global environmental viability and
energy security. In chemical terms this can be translated to a carbon-balanced
production and ‘zero-emission’ usage of energy. In the future humanity is expected to
use about 40 TW of power (40 billion kW). To satisfy this demand, a mixture of
different sources is needed. These resources can be of fossil, less-polluting fossil (with
CO2 capture), renewable (solar, biomass, wind, water, geothermal) or nuclear kind.3
Although renewable resources are often suitable for stationary applications, the
distance in time and location of energy source and use should be limited. For mobile
applications an energy carrier is needed to bridge the gaps in time and place of energy
production and application, i.e. deployable for energy-load balancing by providing a
storage medium for seasonal, waste or nightly-produced energy4-6. Sustainable
hydrogen is a clean energy carrier, because there are no carbon dioxide or other
greenhouse gas emissions at the end-user level. Use of hydrogen as an energy carrier
can be expected to be a small scale application for the next twenty years. Similar time
horizon prediction leads to large scale use after fifty years.1, 5
With regard to efficiency, electric propulsion is preferable above an internal
combustion engine (ICE). For an ICE the energy efficiency is <30% (diesel) or <25%
(gasoline), and <90% for an electromotor. An electromotor needs electric power, mostly
at a small scale. However, gas turbines used for large scale electricity production are
difficult to downsize. Alternatively, fuel cells offer small scale electricity production.
Currently, proton-exchange membrane fuel cells (PEMFC) are the most promising
candidate to be used for mobile electricity production. Their compactness has the
potential to revolutionize the way people and organizations use power. For these fuel
cells hydrogen is the preferred fuel.4, 7
Hydrogen has a weight-based heating value of more than two times that of
currently used fuels and is carbon-free, which makes it an excellent fuel for mobile
applications.2, 6, 8, 9 These properties are considered to enable hydrogen to overcome
disadvantages, to compete with established fuels and to make it an ideal clean carrier
for storage, transport and conversion of energy. Especially zero-emission mobile
applications are of interest to a broad public.1, 7, 8, 10 It is expected that the first steps
toward a clean energy future will be built on the established commercial systems and
processes.11 Moreover, new technologies to produce, transport, store, and use
hydrogen are under development, and their research is heavily funded by
governments. Commercialization and demonstration of novel hydrogen-powered
systems will facilitate the transition to a hydrogen society. However, the key issue for
use of hydrogen as an energy carrier is its storage.
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Barriers for Large-Scale Hydrogen Usage
The potential benefits of hydrogen-fuel cell technologies are significant. The scale of
global hydrogen-introduction should be kept in mind as a problem in itself.2, 6, 12
However, many technical and other challenges must be overcome before hydrogen can
offer a competitive alternative for consumers: Figure 1 gives a schematic overview of
different steps of the production of hydrogen to usage by the consumers.
Hydrogen Production: In the laboratory, hydrogen is prepared by the reaction of acids
with metals or by electrolysis of water. However, large quantities of hydrogen are hard
to produce or purify. It can be produced directly from a variety of feedstocks,
including fossil resources such as coal, natural gas, petroleum and renewable resources
such as biomass. 1, 5, 13 On the other hand hydrogen can be produced by electrolysis of
water with electricity, produced from those feedstocks or from other sources like
sunlight, wind and nuclear power. Advanced process technologies under evaluation
include thermochemical, electrolytic and photolytic processes. Thermochemical
production technologies use heat and chemical reactions to convert hydrocarbons or
water to hydrogen. Examples are catalytic partial oxidation of methane, steam methane
reforming and biomass gasification.14 Electrolytic production processes use electricity
to split water into hydrogen and oxygen. Photolytic production technologies use
sunlight to directly decompose water into hydrogen and oxygen. Alternatively, fossil
fuel-based hydrogen production with carbon or carbon dioxide sequestration, and
biological techniques (algae and bacteria) can be considered as a temporary or
intermediate option.

Figure 1. Schematic overview of hydrogen 'from well to wheel', adapted from 15.
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Hydrogen Delivery: Hydrogen production is currently directly coupled to its use, for
instance directly next to a hydrogenation plant. On relatively small scale hydrogen is
transported from production plant to the point of use as a compressed gas or cryogenic
liquid or via pipelines, by road in tanker trucks or tube trailers, rail or barge. It also has
to be handled and moved at (re)fueling stations or stationary power facilities. Energy
losses of H2-liquefaction, compression and handling systems are considerable.
Fuel Cells: The most effective way to use hydrogen is to generate electricity using a
fuel cell. Although high-temperature models exist, the most effective types (PEMFC)
have operating conditions in the range 328 to 428 K, which puts large impediments on
the total system in which they are used.4, 7, 11 Huge challenges for fuel cell development
and adaptation are its cost and durability. Fuel cell designs often require expensive
metal catalysts, mostly Pt, or special materials that are resistant to harsh conditions.
Current high-temperature fuel cells are vulnerable to material breakdown, have short
operating lifetimes and require an efficient water management system. Moreover, fuel
cells are prone to catalyst poisoning, which decreases performance and longevity.14
This increases the quality demands on usable H2 and impedes both NH3- or COxcontaining storage systems and on-board H2-production out of (m)ethanol.
Public Acceptance, Safety and Standardization: For customers, cost is the most direct
and therefore largest impediment to use hydrogen as a fuel. Moreover, many
expensive changes must be made in the energy infrastructure to accommodate
hydrogen. Public acceptance is particularly important where consumers will interact
with fuel cell technology directly, e.g., for transportation, stationary and portable
applications. Consumers may have concerns about the safety and dependability of
fuel-cell-powered equipment and they also must become familiar with hydrogen's
properties and risks.
Therefore the introduction of hydrogen into society will need a well-measured
campaign, possibly combined with cost-regulations and international standards. Most
of the aforementioned challenges research efforts require considerable research efforts.
Here we focus on one of the most tenacious: hydrogen storage.

2

Hydrogen Storage Options

Hydrogen has a low volumetric energy density, which hampers storage of adequate
amounts for most applications. For use in mobile applications, a H2 storage system has
to meet certain criteria.5, 11 Car manufacturers, the U.S., European and Japanese
Departments of Energy work with comparable sets of goals, but the requirements of
the U.S. Department of Energy (DoE) are most widely adopted. For car propulsion by
use of hydrogen in 2010, DoE proposes a gravimetric capacity of ca. 7.2 MJ.kg-1 and a
volumetric capacity of 5.4 MJ.l-1 at the maximum cost of 14.4 $.MJ-1. These translate to a
weight fraction of 6% hydrogen at a cost of 133 $.kg(H2)-1. Since these are integrated
system goals, the storage material capacities must be higher. A key additional
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constraint is a reversible operating temperature below 473 K at moderate pressures for
use with PEM fuel cell technology.2, 5
Physical storage of hydrogen as a pressurized gas or in liquid phase, is associated
with significant energy losses, potential security risks and large volumes.2, 6
Physisorption of hydrogen onto light weight nanoporous materials, like zeolites,
carbon nanotubes, activated carbons and metal organic frameworks, yields relatively
low storage densities and also needs low temperatures, typically 77 K.16-21
The alternative to physical hydrogen storage is chemical storage: the reversible
absorption of hydrogen into a material. Although hydrocarbons can be considered as
chemical storage materials, hydrogen delivery generally calls for temperatures >673 K
(e.g. cyclohexane - benzene). Absorption in a metal to form a metal hydride involves a
reaction that can be reversed by supplying heat. Metal hydrides store about 60% more
hydrogen by volume than liquid hydrogen. Figure 2 shows the common hydrides of
the elements, which are candidates for chemical storage. Many metals can bind
hydrogen reversibly and therefore metal hydrides are promising in this field.22, 23
Weight constraints for use in mobile applications restrict the choice of potential storage
metals to the light elements, roughly of the first four periods of the Periodic Table.
These hydrides can contain hydrogen as a weight fraction of 1.9% (VH) – 13 % (LiH).
Hydrogenation of the first group hydrides (Li..Cs) is mostly not reversible under
practical conditions. Combination of metals to form complex hydrides is possible, e.g.,
NaAlH4 or LiBH4, but although their storage capacity is high, use of these is mostly
hindered by lack of reversibility due to phase segregation and released BH3/NH3
gasses must be filtered out of the H2 stream thoroughly to avoid poisoning of the fuel
cells. Magnesium dihydride (MgH2) combines a high H2 weight capacity of 7.7 % with
the benefit of the low cost of the abundantly available magnesium ore.24-26

Figure 2 Periodic Table with per element the most common hydrides and the corresponding weight
27
fraction in % Hydrogen.
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2.1

Metal Hydrides

Upon absorption of hydrogen into a metal, the metal undergoes a structural change
(Figure 3). In the process of hydrogenation first the hydrogen gas molecules are
adsorbed onto the metal surface, where the H2 molecules are split into H atoms.2 The
first hydrogen atoms that penetrate the bulk phase occupy mainly interstitial positions.
This phase in which the H atoms are in a diluted solid solution is the so-called α-phase.
When H atoms enter the metal, they obtain extra electron density (Hδ-) and their Van
der Waals radii increase.28 The α-phase, where the H atoms can move relatively easy
through the metal, is more pronounced when the metal possesses large interstitial sites,
e.g. PdH0.6. When the amount of hydrogen atoms in the metal increases, a phase
transition is induced. The resulting hydride often has a different structure than the
corresponding metal. As this ß-phase has a larger volume than the metal, the transition
can be accompanied by stresses in the material and significant transition- and
activation-energies.28 Since such a phase has to grow or shrink, this difference in
structure and volume can also cause kinetic barriers for hydrogen loading or
discharging.29-32

6

Figure 3 Schematic representation of hydrogen absorption in metals. The ß-phase of absorbed
2, 33
hydrogen is commonly a stable metal hydride. Reproduced from

The presence of two different phases can be used to obtain essential characteristics
of the hydrogen absorbent (Figure 4). When starting from the metal, the external
hydrogen pressure can be gradually increased to load the sample with hydrogen. In
the diluted solution (α) phase, a large pressure increase is needed to induce a higher
hydrogen content. At certain equilibrium hydrogen pressures two-phases coexist and
the ß-phase will grow at the cost of the α-phase. When the hydride has formed to
Links 6
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completion, again a large pressure increase is needed to induce a higher hydrogen
content. The pressure at which the transition takes place at a given temperature is the
so-called ‘plateau pressure’ of the equilibrium between both phases. For energetically
inhomogeneous systems, such as amorphous materials and some alloys, as well as
small particles, these phases are less well defined and the plateaus (partly) disappear
(the critical temperature Tc is decreased).25, 34-38 The plateau pressures for different
temperatures are given by the Van ‘t Hoff equation (equation 2 and Figure 4, with p0 as
a reference pressure, typically 105 Pa).

Mg + H 2 R MgH 2

(1)

⎡ p⎤
ΔG 0 = − RT ln Κ eq = RT ln ⎢ ⎥ = ΔH 0 − T ΔS 0
⎣ p0 ⎦

(2)

With the assumption of equilibrium conditions, thermodynamic characteristics of
the hydrogen sorption can be derived from a plot of ln[p/p0] vs 1/T (Figure 4). The
intercept with the ln[p/p0] axis yields the sorption entropy, which for bulk materials is
roughly the entropy of the hydrogen gas. The slope of the Van ‘t Hoff plot is a measure
of the sorption enthalpy, which is directly related to the equilibrium sorption
temperature at a certain pressure.

7

Figure 4 Schematic representation of the Pressure-Concentration-Isotherm/Temperature Plot
(PCT) and Van ‘t Hoff Plot for a hydrogen absorbent. The solid solution α-phase with interstitial
hydrogen atoms and the hydride ß-phase are schematically depicted.33

To achieve a hydrogen equilibrium desorption temperature in the range of 373 - 473
K (at 105 Pa H2), the corresponding desorption enthalpy should be in the range 48 - 61
kJ.mol[H2]-1. Readily available (complex) light metal hydrides with a ∆H0des in this
region are not reversibly hydrogenated, rendering them less useful for H2 storage. On
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the other hand the light metal hydrides that are reversible have either too small or too
large values for ∆Hdes, which results in less favorable operation temperatures and
pressures. Of the light reversible metal hydrides, magnesium hydride has a desorption
enthalpy just above the desired region and lowering of ∆H0des(MgH2) would make it an
attractive H2-storage material.
2.2

Hydrogen Storage in Magnesium

Magnesium hydride is a good candidate for hydrogen storage, since MgH2 has a
high H2 capacity of 7.7 wt%. Furthermore, magnesium is cheap and its ore is
abundantly available.10, 24-26 It has a medium reactivity towards air and oxygen, which
is an advantage over most other light-weight metal hydrides.39, 40 However, MgH2 has
a high thermodynamic stability and relatively slow desorption kinetics, which are
major barriers for use as a storage material. The high thermodynamic stability of MgH2
results in a relatively high desorption enthalpy of ca. 75 kJ.mol[H2]-1 at standard
conditions, which corresponds to an equilibrium temperature of 561 K for H2desorption at 1 bar H2. 22, 24, 41. The practical desorption temperature of MgH2 is ca. 573
K. The dehydrogenation enthalpy is almost constant up to the sublimation/
decomposition point of MgH2 at 600 K, at which it is 80 kJ.mol[H2]-1.42 For practical use
of MgH2 as a reversible hydrogen storage material, both the H2-sorption rates and
temperatures have to be improved.

8

100

Hydrogen Content [% of max.]

absorption
80

MgH2.BM
MgH2.Bulk

60

40

20

desorption
0
0

500

1000 1500 2000 2500 3000 3500 4000 4500 5000

Time [s]

Figure 5. A) The effect of ball milling (BM) on hydrogen sorption curves for bulk MgH2. Absorption
and desorption curves were taken after four H2-sorption cycles and were measured at 673K and
6
4
1.2·10 Pa H2 and 723K and 2·10 Pa H2 respectively. Experimental details in Chapter 4.

Mg-based systems can be modified to improve the sorption characteristics: alloying
Mg with other elements, high energy or reactive ball milling and surface modification
of Mg have been reported.30, 32, 43-51 Results indicate that the kinetic barriers, and thus
the slow hydrogen sorption rates, for this system can be overcome. With ball milling
for example (Figure 5), the H2-(de)sorption rate can be increased by one order of
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magnitude. However, thermodynamics are not affected by such techniques, hence the
desorption temperature of MgH2 is not lowered.
Some alloying or doping techniques are able to lower the desorption temperature, of
MgH2 by 30-100 K, but this is accompanied by a lower hydrogen storage capacity due
to the added weight23, 52-54. Furthermore, improvements in sorption temperature and
rate of milled and doped magnesium compounds are often lost in the first few cycles of
charging and discharging with H2, whereas the H2-storage materials needs a lifetime of
at least hundreds of cycles.
Lower desorption temperatures have also been reported for other bulk phases of
magnesium hydride,22, 26, 55-59 sputtered thin films of Mg, or for highly amorphous
Mg.35, 52 Moreover, decreasing the particle size has been shown to have an effect on the
hydrogen desorption temperature of other metal hydrides.25, 35-38 These results indicate
that distortions of the Mg(H2)-lattice (Figure 6) can result in a shift in the desorption
temperature and enthalpy, similar as has been seen for alloyed magnesium.43, 51, 60-63 To
avoid sacrifices in hydrogen storage capacity, distorting the Mg(H2) lattice should be
achieved without alloying or additives. Here we propose to distort the lattice and
attain a lower sorption temperature by decreasing the particle size of Mg or MgH2.

9

Figure 6. Crystalline structures of Mg (left) and ß-MgH2 (right).

However, downsizing of magnesium is not straightforward. Milling techniques are
only able to crush Mg or MgH2 to crystalline domains of ca. 10 nm at best.22 Moreover,
milling always introduces impurities and upscaling is not easy. For distortions in the
MgH2 lattice, not the particle has to be small, but only the crystalline domains. To
prevent sintering of small particles, support or matrix materials can be used as
common for supported heterogeneous catalysts. On the other hand, magnesium is
unstable towards most (metal) oxides, which limits the available materials to handle
Mg without oxidition. In industry this is solved either by using dedicated de-oxidized
environments, or by using large scale production and sacrificing a small amount of
metal.10 Although minor Mg-losses to oxidation are practically unavoidable, oxygenfree matrix materials might offer a solution.
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Scope of this Thesis

When magnesium is to be used as a hydrogen storage material, it has to be handled
properly to avoid oxidation of the material. A possible method is to encapsulate the
material or to render the metal air-resistant. For electrode materials this can be done by
fluoridating the MgO-surface.48, 64, 65 In chapter 2 we describe two surface modifications
to improve durability and H2-sorption kinetics of commercial MgH2 powder. A mild
fluoride treatment was used to remove the passivating oxide layer of magnesium and
replace it by MgF2. In another treatment catalytically active Pd particles were deposited
on the (hydr)oxide surface layer of the MgH2 particles. Both surface modifications were
combined, aiming at both air-resistance and an increased hydrogen desorption rate.
Thermodynamics dictate that hydrogen desorption from bulk MgH2 takes place at
or above 300 °C, which is a major impediment for practical application. Scarce
literature results indicate that lower desorption temperatures are possible for
disordered materials and very thin layers.66-68 In chapter 3 we describe the effect of
crystal size on the thermodynamic stability of Mg and MgH2, using ab-initio HartreeFock (HF) and Density Functional Theory (DFT) calculations.28 The stepwise
desorption of hydrogen was also followed in detail for MgH2 clusters of different sizes.
Results predict that sub-nm MgH2 crystallites have a significantly decreased
desorption temperature, which is an important step towards the application of Mg as a
hydrogen storage material.
For a proper lifetime and reversibility of such MgH2 nanoparticles, a support
material is needed to keep the particles from coalescing upon hydrogen charging and
discharging. In chapter 4 we describe how Mg-C nanocomposites were synthesized by
treating activated carbons with molten magnesium. Three types of activated carbon
with different pore size distributions were Mg-treated after different pre-treatments.
Samples were predominantly characterized by pore volume measurements with N2physisorption and Mg nanoparticles in the microporous carbons were detected with
different TEM modes.
The synthesis of Mg-C nanocomposites was further optimized in chapter 5. Highpurity carbon matrices with varying pore structures were used. Different Mg-loadings,
reactor setups and atmospheres were tested to improve the nano/bulk-Mg ratio in the
composites and prevent oxidation as much as possible. Mg-C nanocomposites were
characterized by N2-physisorption and complementary TEM-EDX analysis. Hydrogen
sorption properties were determined with a high pressure magnetic suspension
balance.
We also tested the influence of the particle size on the hydrogen sorption
characteristics of another metal hydride. Chapter 6 deals with the synthesis of Pd
nanoparticles with different narrow particle size distributions on a carbon support.
These were used to characterize the thermodynamic particle size effects on H2-sorption.
At the end a summary of the work and concluding remarks are presented.
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SURFACE COMPOSITION OF MAGNESIUM HYDRIDES

INFLUENCE ON THEIR SORPTION CHARACTERISTICS
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Abstract
Two surface modifications were applied to improve the H2-sorption kinetics of commercial MgH2
powder. First, 24 nm Pd particles were deposited on the (hydr)oxide surface layer of the 50 μm MgH2
particles by an incipient wetness procedure. As a result the relative hydrogen absorption rate was
improved by a factor of 1.5 and the desorption rate with a factor of 2.6. Second, a mild fluoride treatment
was used to remove the passivating oxidic layer and replace it by MgF2. This yielded an increase in
sorption rates of 1.3. Furthermore, the fluoride treated samples retained their hydrogen storage capacity
after 24 h exposure to air. The combination of both surface modifications yielded a two-fold increased
hydrogen desorption rate.

1

14

Introduction

Regarding application of magnesium as a potential hydrogen storage material, the
main barriers for the pure material are the relatively high (de)sorption temperature
(>550 K at 1 bar H2) and the slow H2-sorption kinetics, which restricts its use in
practical applications. The sorption characteristics of Mg depend strongly on its
composition and purity.1, 2 For research purposes, the general procedure to improve
hydrogen sorption characteristics of metals is mechanical crushing, sometimes
combined with dopants or under hydrogen atmosphere. Nanocrystalline Mg obtained
from ball milling indeed shows significantly improved sorption kinetics.3-5 This effect
can be ascribed mainly to the surface enlargement of the material (crystallite or grain
size decreases to e.g. 10 nm) and the breaking up of the passivating surface layer.
However, ball milling is an energy-intense process. Furthermore, up scaling to large
amounts of sample is not straightforward. As an alternative, we explored a surface
modification procedure to enhance the sorption characteristics and to enlarge the scope
of utilisation of standard Mg powders. The proposed procedure employs industrialscale methods and is therefore also applicable for large-scale synthesis.
The high oxophylic character of magnesium complicates direct use of the material
due to the formation of a ‘protective’ oxidic layer upon contact with water or air. Both
MgO and Mg(OH)2 are impenetrable by hydrogen either as H2 molecules or as H
atoms. In electrochemistry such passivation problems are sometimes solved by
treatment with strong reagents that remove the oxidic layer 6, 7. For our purpose
removal alone would not suffice to obtain an air-stable material, since in the case of
magnesium surface oxidation would proceed readily.
A better option would be to replace the oxidic layer by a thin protective, although
hydrogen-permeable layer. It has been found that a fluoride treatment can fulfill this
role by the replacement of the oxidic barrier layer with MgF2.6, 7 Since fluorine is a light
element, the weight-implications of a thin protective layer will be small. Moreover,
when applied as a thin layer, MgF2 is permeable for hydrogen.6-10 Therefore, upon a
short fluoride-treatment, an Mg sample would maintain its hydrogen storage capacity,
while no significant inhibiting effects on the rates of hydrogen adsorption and
desorption are expected. Furthermore, magnesium fluoride is a barrier for larger
molecules, including O2 and H2O, thus rendering the magnesium surface water- and
air-resistant, which makes it much easier to handle the material.
Another barrier for the application of magnesium as a hydrogen storage material is
the slow hydrogen desorption, which involves the recombination of H atoms at the
surface of the particles and the subsequent desorption of the H2 molecules. In this
respect surface modification is also an option: removal of the oxide layer and the
incorporation of hetero-atoms can result in a positive synergy with the absorbent. For
example, ball milling experiments show a positive effect on the sorption kinetics of the
addition of activated carbon or transition metal catalysts, e.g. TiCl3.11-13 Furthermore,
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period 4 (V…Cu) metal oxides have been reported to promote the rate of charging- and
discharging processes.14-16 However, since oxygen is to be avoided, these oxides are not
applicable for hydrogen storage when the reversibility has to be maintained over
thousand charge/discharge cycles.17
In thin-film experiments palladium or gold are often used both as a protective layer
as well as a catalyst.18-20 Due to their H2-dissociation and -association capabilities,
group 10 metals (Ni-Pd-Pt) are promising as catalysts for hydrogen storage.21-23
Furthermore, metallic palladium can contain a substantial quantity of hydrogen within
its crystal lattice, up to the composition of PdH0.6. This property allows Pd itself to store
hydrogen and possibly pass it on through a Pd-metal interface. Thus although Pd itself
is not applicable as an economically useful hydrogen storage material due to its large
molecular weight and costs, it is expected to be useable as a promoter or catalyst on the
interface of magnesium particles for the recombination of hydrogen atoms and
dissociation of hydrogen molecules.20
Commercially available bulk magnesium hydride contains less of the oxidic barrier
than magnesium metal. Therefore magnesium hydride was used as a starting material
in our experiments. We present an impregnation method24 for depositing Pd on ßMgH2 and combined this method with a mild fluoride treatment. The effect of the
changes in the surface composition by these methods was explored through the
hydrogen sorption characteristics of the magnesium. Both methods can be applied
economically to large amounts of bulk-MgH2.

2

Experimental

MgH2 was obtained as a powder from Goldschmidt GmbH (325 Mesh, ca. 50μm,
Tego Magnan). Pd(acac)2 and other chemicals were obtained from Aldrich in a 99+%
quality. CH2Cl2 was dried over sodium and all experiments were carried out using
standard argon Schlenk techniques. Impregnation solutions were prepared by
dissolving the precursor with the use of an Sonicor SC120 sonicator for 15 min. All
samples were analysed with a SEM Philips XL30 FEG electron microscope, also using
backscattered electron detection (BSE). The fluoride treated samples were also analysed
with X-Ray Photo-electron spectroscopy (XPS, Fisions escalab 210I-XL, Mg-Kα
radiation, peak positions shifted with a C peak reference) and X-Ray Diffraction (XRD,
Enraf Nonius FR 590). The ball milled sample (MgH2.BM) was obtained by milling
MgH2 in a Spex 3000M ball mill (ball/sample weight ratio of 10, 3 hardened steel balls
of 7 mm ∅) for 1 h under a nitrogen atmosphere. All samples were stored in a glovebox
with a protective N2 atmosphere. All magnesium hydride samples were pre-treated at
475 K in an H2/Ar flow of 20 ml.min-1 with a volume fraction of 20% H2 as a standard
cleaning procedure.
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2.1

Palladium Deposition

Pd nanoparticles were deposited on MgH2 via an incipient wetness impregnation
method.24 MgH2 samples were treated with a Pd2+ solution to obtain an overall weight
fraction of 1% Pd (mol fraction of 0.24%). In a typical experiment the palladium
precursor Pd(acac)2 was dissolved in CH2Cl2 together with 1 equivalent of the viscous
agent hexamethylenetetramine (HMTA). This mixture was diluted to a volume
corresponding to the inter-particle volume of the MgH2 powder, which corresponds to
30 mg Pd(acac)2 in 0.2 ml CH2Cl2 per gram Mg. The solution was slowly added to the
powder under 2 kPa Ar pressure. After 0.5 h the solvent was evaporated under
vacuum and the samples were purged with argon at 325 K, subsequently heated to 525
K at 300 K·h-1 and treated for 3 h with a H2/Ar flow of 20 ml·min-1 with a volume
fraction of 20% H2 (MgH2.Pd). After cooling to 298 K under Ar the samples were stored
in the glovebox. An MgH2.CH2Cl2 reference sample was obtained similarly, but
without addition of the palladium precursor.
2.2

16

Fluoride Treatment

Several samples were subjected to a mild fluoride treatment, using an aqueous HF
solution with a weight fraction of 2.5 % HF, which was brought to pH 5.5 with KF and
a 2M K-acetate buffer (MgH2.HF).7 The samples were stirred in this solution in a
polypropylene vessel for 0.2 h, washed thoroughly with demiwater and dried at 475 K
in a H2/Ar flow of 20 ml·min-1 with a volume fraction of 20 H2 for 3h. Part of the
MgH2.HF samples was also subsequently impregnated with the Pd precursor to
deposit a weight fraction of 1% Pd particles on the surface (MgH2.HF.Pd).
2.3

Hydrogen Sorption

For the H2 (de)sorption measurements, samples were placed in an Ar-filled sample
holder and connected with a specially designed volumetric hydrogen sorption (Sievert)
apparatus.25-28 Before measuring, the apparatus was flushed with purified hydrogen
and the samples were pre-heated to 675 K for 15 min under H2. The (kinetic)
measurements were carried out at 20 kPa H2 and 625 K for desorption and at 1200 kPa
H2 and 575 K for absorption. As an example, Figure 1 shows desorption curves for
MgH2.HF. The relative sorption rates were calculated by a linear fit between 20% and
80% of the maximum reversible hydrogen capacity. Experiments showed that the H2sorption characteristics remained constant after the fifth sorption cycle, so these cycles
were used to compare the different samples.
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Figure 1. Desorption curves for MgH2.HF at 20 kPa H2 and 625 K.

3
3.1

Results and discussion
Fluoride treatment

Both the untreated MgH2 and the fluorinated MgH2.HF sample were analyzed with
XPS. The XPS spectra in Figure 2 show that after the fluoride treatment hardly any
oxygen is detectable on the surface. Surface compositions were derived from the XPS
measurements and are listed in Table 1. These results indicate that the fluoridic layer
completely covers the surface and the oxidic layer is, at least partly, replaced.
However, oxygen could still be present, located beneath the MgF2 layer. XRD
measurements indicate the formation of MgF2 crystallites which a mean size of 10 nm.
No MgO or Mg(OH)2 could be observed after the fluoride treatment with this
technique.
The derived surface composition for the untreated sample in Table 1 shows an
O/Mg ratio of 1.62. This indicates that the major part of the surface consists of brucite
(Mg(OH)2, between 62 and 81 %), combined with MgO (up to 38%) and Mg (up to 19%)
or a combination of them. The fluoride treated sample has an F/Mg ratio of 1.86. This
indicates that after the treatment the main part of the surface is covered MgF2 (minimal
93%), combined with up to 8% Mg(OH)2. Additional TGA-DTA analysis (not shown)
indicated that the fluoridic layer was penetrable by hydrogen and protected the metal
from N2 and O2 up to 848 K, while preventing Mg evaporation up to the melting point
of 923 K.
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Mg[2s]

O[1s]

F[1s]

Figure 2 XPS spectra for MgH2.Bulk and MgH2.HF in the Mg[2s], O[1s] and F[1s] region.

Table 1 Surface compositions derived from the XPS measurements
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Element
Sample

MgH2.Bulk

MgH2.HF

Mg [%]*

34

33

O[%]

55

5

F[%]

1

61

C[%]

10

0.4

Na[%]

0.4

0.5

O / Mg ratio

1.6

0.16

F / Mg ratio

0.03

1.9

* Values in % of atomic ratio

A major change in surface morphology caused by this fluorination process is
illustrated by SEM micrographs Figure 3. During the fluorination the relatively smooth
surface of the magnesium hydride particles was replaced by a cover of thin crystallites
of MgF2 with a size of up to 2 μm. This open, flaky structure covered the whole
particle. Apart from a few fragments of peeled-off MgO-skin, with SEM no oxidic layer
could be detected on the fluoride treated samples. However, since the MgF2 flakes are
relatively large and the escape depth of the photoelectrons in XPS is ca. 5 nm, the
presence of oxygen can not be excluded. It should be noted that some MgO could still
be present between the fluoridic layer and the magnesium metal.
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A

B

Figure 3 SEM micrographs of bulk MgH2., A) before and B) after HF treatment.

From a hydrogen storage point of view, the thickness of the MgF2 layer is important.
First, the layer has to be thick enough to have a protective effect towards oxygen and
water (air). This implies that the formation of a thicker layer is probably linked to a
more thorough destruction or dissolution of the original oxidic layer. Second, the
storage capacity should not be lowered too much by the direct or indirect sacrifice of
Mg metal to create the MgF2 layer. Although the nucleation of MgF2 has to proceed at
the cost of MgO or Mg(OH)2, the bulk-Mg itself will also be converted when it is
accessible for the aqueous HF-solution. Since both aspects are important, a good
balance has to be found for the utilisation of magnesium as a hydrogen storage
material and an optimization of the layer thickness by varying synthesis parameters
like the fluoride concentration, pH and treatment time is necessary.
3.2

Palladium deposition

The backscatter SEM micrographs in Figure 4 show that the Pd impregnation of
MgH2 yielded well-distributed small palladium particles on the surface of magnesium
hydride. A close examination shows that the Pd particles have a characteristic size of
24 nm. Figure 4A shows a BSE SEM micrograph of MgH2 with a weight ratio of 1% Pd
(MgH2.Pd). Upon the impregnation treatment the relatively smooth surface of the bulk
material is turned into a slightly bubbled layer (not shown). This shows that CH2Cl2,
which was used as solvent for the impregnations as such, reacts with the oxidic outer
layer of the magnesium hydride particles. For example the local formation of MgOxCly
compounds could yield enough space to create a crack in the MgO layer. A similar
effect occurs when applying ethane(di)halides or iodine to magnesium in the
preparation of Grignard reagents.29, 30
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A

B

Figure 4 BSE SEM images of A) MgH2.Pd and B) MgH2.HF.Pd.
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In order to examine the effect of a combination of the HF treatment and the Pd
deposition, both surface alteration techniques were carried out subsequently. Since
contacting an HF solution with Pd particles would dissolve the palladium, the Pd was
deposited after the HF-treatment. The BSE SEM micrograph of a fluoride treated
sample, impregnated to a weight ratio of 1 % Pd (MgH2.HF.Pd), is shown in Figure 4B.
It demonstrates that impregnation after the fluoride treatment yields palladium
particles on the MgF2 flakes. The palladium particles have a characteristic size of 24
nm. Whether Pd particles are also deposited on the Mg surface is not established from
the used characterization techniques.
From a catalytic point of view, the deposited Pd particles of 24 nm are rather large.
For an optimal effect a larger Pd-Mg-interface and Pd-surface area would be
preferable,20 which can be obtained with smaller Pd particles. In general, with
impregnation methods a deposition of particles with sizes in the nm range can be
obtained.24 However, since the MgH2 powder has large particle sizes up to 50 µm and a
small surface area of 20 m2·g-1, deposition of large particles can be expected. Also since
the MgH2 has a small void particle volume of 0.2 cm3·g-1, the solvability of the Pd
precursor becomes a limiting factor for the available Pd loading. Only with the use of
the viscous agent HMTA the resulting Pd particle size could be prevented to exceed
the observed 24nm.
3.3

Hydrogen absorption measurements

A series of volumetric H2-sorption experiments was performed with the various
samples. An untreated (MgH2.Bulk, particle size of ca. 50 μm) and a ball milled
(MgH2.BM with a grain size below 100 nm) sample were measured as references.
Figure 5 shows the hydrogen absorption plots after 5 cycles at 575 K and 1200 kPa H2,
normalized to full relative loading, The corresponding rates and hydrogen storage
capacities are included in Table 2.
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Figure 5 Normalized hydrogen absorption-time plots at 575 K and 1200 kPa H2.

The figure shows that all treatments have a similar effect on the absorption rate;
they all improve the absorption rate slightly, but are much less effective than the ball
milling procedure. Since also the Pd-deposited samples show an absorption rate
comparable to the non-Pd treated samples, the effective modification of the surface is
probably -in this respect- not the catalytic effect of palladium. Therefore the
dissociative adsorption of the hydrogen molecules is probably no the rate determining
step for the hydrogen absorption in MgH2. Nevertheless, the minor improvement due
to the Pd deposition could be extended by increasing the Pd-Mg interface by the
deposition of more or smaller Pd particles. The ball milled sample has a significantly
higher absorption rate than the chemically treated samples. Therefore the damaging or
breaking up of the oxidic layer of the particles, combined with the larger interface of
the smaller particles, is probably the main reason for the higher absorption rates in the
case of chemical treatment. Further study could point out whether H2-sorption
promoters which are typically used with ball milling (activated carbon, organometallic
complexes or metal oxides11, 13, 15) could also be applied via an impregnation.
Literature ascribes the higher absorption rates with ball milling to the fact that the
MgH2.BM sample has an increased surface/volume ratio when compared to the bulk
material. Upon downsizing the MgH2 crystallites, the diffusion pathways for hydrogen
from and towards the surface of the particle are shortened (the distance that a forming
hydrogen rich phase would need to grow at the cost of the metallic phase is
decreased).31, 32 Another result of the downsizing is that the grain boundary surface is
enlarged while the number of structural defects on the surface is increased.33 Several
studies point out that the diffusion of hydrogen over grain boundaries and defects is
faster than through the bulk.34-36 If one of these effects (bulk-diffusion, phase-growth,
surface area of surface defects) is rate determining, shortening the diffusion paths
would yield higher rates for both ab- and desorption.
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From the results in Table 2 it can be derived that during the fluoride treatment not
only MgO is removed, but also some Mg of the bulk phase is converted to a phase that
does not show hydrogen sorption, probably MgF2. As a reference: the 6.5% hydrogen
storage capacity for the bulk material corresponds to 86% of the theoretical hydrogen
uptake. The decrease to 5.5% hydrogen storage capacity after the fluoride treatment
corresponds to an additional loss of 14% of Mg, leaving a total of 71% of the theoretical
maximum hydrogen uptake for MgH2.
Table 2 Relative hydrogen ab- and desorption rates and maximum hydrogen capacity.

Absorption Rate*
[%.h-1]

Desorption Rate
[%.h-1]

Hydrogen Capacity
[% total weight]**

MgH2.Bulk

65

130

6.5

MgH2.CH2Cl2

90

192

6.4

MgH2.Pd

100

335

6.4

MgH2.HF

85

161

5.6

MgH2.HF.Pd

86

260

5.5

MgH2.BM

750

765

6.6

Sample

-1

* Rates in %.h , calculated between 20% and 80% of the maximum hydrogen capacity.
** Relative to MgH2 with a maximum capacity of 7.7 %.
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3.4

Hydrogen desorption measurements

Figure 6 compares the hydrogen desorption plots for different surface treatments.
The corresponding rates are listed in Table 2. In all cases, also with the bulk reference
sample, hydrogen cycling yields an increase in desorption rate over the first few cycles,
but the fourth and fifth cycle are not significantly different anymore. Therefore the
results of the fifth desorption cycles as shown are representative for further cycles. This
might be due to the shrinking and growing of the material upon desorption and
absorption respectively, with which possible sorption-inhibiting MgO skins could let
loose (ca. 30% difference in volume between Mg and MgH2). It might be expected that
this volume difference yields a stress in the interface between the bulk of a particle and
the oxidic surface. The effect of this process might be strongest in the first few cycles
and wear off in the subsequent cycles.
Figure 6 shows that the surface modifications yield an increase in the H2 desorption
rate when compared to the bulk sample. Although the ball milled reference sample
shows the fastest release of hydrogen, the MgH2.Pd sample shows a desorption rate 2.6
fold that of the bulk magnesium hydride. Obviously, the Pd improves the kinetics of
the recombination of hydrogen atoms in the associative desorption at the particle
surface.37 Furthermore, the rate difference between the MgH2.Pd and MgH2.CH2Cl2
samples indicates that the desorption process is probably not bulk-diffusion limited,
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but limited by the association of hydrogen atoms into hydrogen molecules and their
desorption.3
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Figure 6 Normalized hydrogen desorption plots of Pd- and HF-treated samples at 625K and 20 kPa H2.

Remarkably, the fluoride treated samples, either stirred in water for 15 min or
exposed to air for one day, show no significant loss of sorption capacity or rate after
their synthesis (the shown curves for MgH2.HF and MgH2.HF.Pd in Figure 6 were 24h+
air-exposed). As a reference it should be noted that a 1h exposure to air of the other
samples typically reduced the hydrogen storage capacity from ca. 6.5 to ca 5.5%
weight. Furthermore the desorption rate becomes comparable to that of the bulk
sample. Thus the fluorination procedure renders the magnesium air and waterresistant.
Although the initial desorption rate of fluorinated samples is higher than that of the
non-fluoride treated samples, the overall rate is lower than for the Pd-impregnated
samples. The higher initial desorption rate may be related to the observation in Figure
3B that the MgF2 layer is not a limiting factor in the desorption process. An explanation
may lie in the possible formation of a small, but more amorphous layer of Mg(H2) or
Mg(HF2)2 just below the MgF2 skin, possibly formed by stresses in the system due to
the volume differences between the hydride and metallic states of the samples.
Compared to the MgH2.Pd sample, the MgH2.HF.Pd sample shows a comparable
starting rate of hydrogen desorption. Although fast desorption starts later with
MgH2.HF.Pd, the overall rates between 20 and 80 % of the maximum hydrogen content
are comparable, indicating a similar promotion effect of Pd in the desorption process.
This is remarkable, since the SEM micrographs show that palladium particles are
deposited on the MgF2 flakes. When Pd would only be present as such particles, for a
significant effect the H-atoms would, after H2-dissociation, have to diffuse to the Mgbulk to be absorbed. Such a ‘Hydrogen Spillover’ effect e.g. 38 of the Pd particles on the
MgF2 flakes to the Mg surface is improbable, since the interaction between H atoms
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and MgF2 is expected to be weak and two hydrogen atoms would immediately
recombine into molecular hydrogen upon encountering each other. Therefore,
although this can not be concluded from the SEM micrographs, palladium
impregnation after the HF treatment apparently yields sufficient Pd particles on the
Mg(H2) surface.
Comparison of the desorption plots of the MgH2.CH2Cl2 and the MgH2.HF samples
indicates that the fluoride treatment and the immersion in CH2Cl2 have a similar effect
on the overall rate of desorption. Apparently both procedures damage the oxidic layer
of the magnesium particles, either by breaking it up or by (partly) replacing it for a
MgF2 or MgCl2 layer. When comparing both methods, the CH2Cl2 impregnation is an
easier procedure and does not decrease the maximum amount of hydrogen uptake. On
the other hand the HF treatment renders the magnesium air and water resistant at the
cost of hydrogen storage capacity of ca. 1 % in total weight ratio H/MgH2. The need of
this resistance would be the decision maker when choosing between both methods.
Upon subsequent Pd impregnation, the samples (resp. MgH2.Pd and MgH2.HF.Pd)
behave differently: The effect of Pd directly on MgH2 is much larger than that on the
fluorinated sample. In the latter case, the hydrogen recombination capabilities of
palladium are less effectively used, because most of the Pd is deposited on the MgF2
crystallites.

24

4

Conclusions

The sorption characteristics of magnesium and its hydride were studied after
application of two surface modification methods: deposition of Pd nanoparticles and a
mild fluoride treatment, which are both economically applicable to large amounts of
bulk material. These techniques yield a minor improvement of the H2-absorption rate
and a large enhancement of the H2-desorption rate. Furthermore, the fluoride
treatment renders the Mg/MgH2 oxygen- and water-resistant, retaining its full
hydrogen storage capacity even after 24h exposure to air. The H2-sorption experiments
show the importance of the surface composition on the dehydrogenation kinetics of the
Mg-H2 system. Results show that the rate-determining step for the absorption is
probably not the rate of dissociation of H2. For the desorption process however, this is
probably the recombination of the H-atoms. We have shown that a mild exposure of
MgH2 to CH2Cl2 or to a HF solution and a subsequent application of a Pd catalyst
yields a remarkable enhancement of the desorption rates.
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CHAPTER 3

HYDROGEN STORAGE IN MAGNESIUM CLUSTERS

A QUANTUM CHEMICAL STUDY
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Abstract
Magnesium hydride is cheap and contains 7.7 wt% hydrogen, making it one of the most attractive
hydrogen storage materials. However, thermodynamics dictate that hydrogen desorption from bulk
magnesium hydride only takes place at or above 300 °C, which is a major impediment for practical
application. A few results in literature, related to disordered materials and very thin layers, indicate that
lower desorption temperatures are possible. We systematically investigated the effect of crystal grain size
on the thermodynamic stability of magnesium and magnesium hydride, using ab-initio HF and DFT
calculations. Also the stepwise desorption of hydrogen was followed in detail. As expected, both
magnesium and magnesium hydride become less stable with decreasing cluster size, notably for clusters
smaller than 20 magnesium atoms. However, magnesium hydride destabilizes stronger than magnesium.
As a result, the hydrogen desorption energy decreases significantly when the crystal grain size becomes
smaller than ~1.3 nm. For instance: an MgH2 crystallite size of 0.9 nm corresponds to a desorption
temperature of only 200 °C. This predicted decrease of the hydrogen desorption temperature is an
important step towards the application of Mg as a hydrogen storage material.
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Introduction

Hydrogen storage in metal hydrides has been the focus of intensive research.
Magnesium dihydride combines a high H2 capacity of 7.7 wt% with the benefit of the
low cost of the abundantly available magnesium1-3. The main barriers for direct usage
of pure MgH2 are slow desorption kinetics, a high thermodynamic stability, and a high
reactivity towards air and oxygen which it has in common with most other lightweight metal hydrides4, 5. The high thermodynamic stability of MgH2 results in a
relatively high desorption enthalpy, which corresponds to an unfavorable desorption
temperature of 573 K at 1 bar H21, 6, 7. During the last two decades research efforts were
devoted to modifying the Mg-based system, aiming at increasing the
absorption/desorption rates and lowering the desorption temperature. Different
approaches were reported, mainly involving alloying Mg with other elements, high
energy or reactive ball milling of Mg, or surface modification of Mg8-16. Many of these
techniques are suitable to improve the kinetics drastically, increasing sorption rates by
up to two orders of magnitude. This can be ascribed mainly to surface enlargement,
dissolution of other metals into Mg (disruption of the Mg-crystalline structure),
decreasing diffusion lengths and breaking up the inhibiting and passivating outer
oxide layer. However, upscaling of milling is not straightforward and this technique is
limited to grain sizes down to 10-50 nm for pure Mg.
More importantly, the thermodynamics are not affected by such techniques, so the
desorption temperature of MgH2 cannot be lowered below that of the bulk value of 573
K. Although some alloying or doping techniques are able to affect the desorption
temperature, this is accompanied by a lower hydrogen storage capacity due to the
added weight17-20. Furthermore, the positive effects on sorption temperatures and rates
of these milled and/or doped Mg-compounds are often lost in the first few cycles of
charging and discharging with hydrogen. A similar effect is observed with other bulk
phases of magnesium hydride3, 6, 21-25. γ-MgH2 is a less stable phase than the more
common ß-MgH2, but the improvement in desorption temperature is lost after the first
hydrogenation/dehydrogenation cycle, upon which ß-MgH2 is formed. Lower
desorption temperatures have also been reported for sputtered thin films of Mg,
mostly capped with a Pd layer, or for highly amorphous Mg17, 26. For these materials
the desorption temperatures are more stable upon cycling, but this effect is not yet
understood, although it might be related to the presence of the Pd.
These promising results have stimulated us to consider in more detail the
thermodynamic stability of MgH2 versus Mg + H2 as a function of crystal grain size.
The classical Born-Haber cycle for the magnesium-hydrogen system is shown in Figure
1. Although MgH2 is not an entirely ionic structure as assumed in this thermodynamic
cycle, the general scheme can be used as a first approximation27-29. The lattice energy
for MgH2 is considerably larger than for Mg and is also ca. 36 times larger than the
desorption enthalpy. Therefore, a relatively small shift in the lattice enthalpies can
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have a large impact on the desorption enthalpy. In general, the specific lattice enthalpy
decreases upon lowering the amount of atoms in a cluster (Mgx or MgxH2x), due to the
decreased average coordination number of the atoms. Distortions of the Mg(H2) lattice
can be expected to result in a shift in the lattice enthalpy, similar as is seen for alloyed
magnesium8, 30-33.

Mg2+(g) + 2e- + 2H(g)
∆H affin = -146
Mg2+(g) + 2H-(g)

∆H bond = -436
Mg2+(g) + 2e- + H2(g)
Enthalpy
[kJ.mol-1]

∆H ion = 2205
∆H latMgH2 = 2718

Mg(g) + H2(g)
∆H vap = 147

∆H latMg = 147

29

Mg(s) + H2(g)
∆H f 0 = -75 = ∆H des

MgH2(s)

Figure 1 Born-Haber cycle for the bulk Mg-H2 system for standard pressure and temperature (1.105 Pa, 298 K).
-1
The lattice enthalpies [kJ.mol ] are given in bold, as well as the formation enthalpy of MgH2, which corresponds
to the desorption enthalpy.

For main group metals, the electronic structure varies with the number of
interacting atoms34-37. The equilibrium geometries and electronic structures of small
magnesium clusters have been described in literature for different quantum chemical
methods38-46. For thin magnesium layers a decrease in potential energy was reported
upon decreasing the layer thickness in one dimension31. Although quantum chemical
calculations have been performed for other metal hydrides and molecules, a systematic
study on the geometry and stability of MgH2 as a function of cluster size has not yet
been reported47. In this paper we present a theoretical investigation of the cluster size
dependency of the (de)sorption enthalpy by calculations on Mg and MgH2 clusters. Ab
initio calculations have been applied for clusters with up to 30 magnesium atoms. For
larger clusters up to 56 magnesium atoms, pseudo-potentials and Density Functional
Theory methods were used. When the potential energies for both Mg and MgH2
clusters are calculated in a consistent manner, a direct relation between cluster size and
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the energy can be made. By comparing the stabilities of small metallic and hydride
clusters, we can predict changes in (equilibrium) thermodynamic quantities, which can
have a large impact on the desorption temperature.

2

Methods

To evaluate the desorption enthalpy, the energies of both Mg and MgH2 clusters are
needed. When searching for the minimal energies of a structure in equilibrium, an
important consideration to be made is which energy to use, as shown in Figure 2. Due
to the uncertainty principle, the minimal allowed energy in quantum mechanics is not
the lowest possible energy since even at 0K molecules retain a vibrational energy. This
energy of the ground state of a molecule is known as the Zero Point vibrational Energy
(ZPE). The figure also shows that, since the vibrational energies are different for every
compound, the energy difference for a reaction changes upon taking the ZPE into
account.48
For all clusters considered, the geometry with the lowest possible energy was
determined in a gradient-driven geometry optimalization, after which the Zero Point
Vibrational Energy (ZPE) was calculated for that geometry using analytical Hessians48.
Reaction 1 represents the desorption of hydrogen from a magnesium hydride cluster:

30

Mg x H 2 x ( s ) → Mg x ( s ) + xH 2 ( g )

(1)

The energies (Emin and ZPE) of all components involved in this reaction were
calculated for a range of cluster sizes up to 56 Mg atoms. Where possible, the values for
Mg were compared with literature. Contrary to the solid clusters, the hydrogen
molecules are in the gas phase. Since the hydrogen molecules are relatively far apart,
their intermolecular interactions are negligible. The desorption enthalpy can be
approximated by the desorption energy (∆Hdes ≅ ∆Edes), because both the contributing
∆[pdV] and ∆[cpdT] ‘PV-terms’ are small in comparison to the energy term over the
whole reaction. The energy of the reaction was taken as the difference in calculated
energies, as shown in equation 2.

ΔE des ≅ E [ Mg ] + xE [ H 2 ] − E [ Mg x H 2 x ]

(2)

With the ab initio Restricted Hartree-Fock (HF) method, the desired energies can be
calculated for clusters up to 30 Mg atoms. The used basis set was SV 6-31G 49 and the
geometries were optimized with a convergence threshold of 0.001 Eh.a0-1 in the
gradient.
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Figure 2 Energy diagram for the desorption of magnesium hydride, showing the minimal energy difference
min
(∆E ) and the importance of the incorporation of the zero point vibrational energy (ZPE), resulting in a lower
ZPE
energy difference (∆E ) for the decomposition of MgH2

To validate the calculation method, we verified whether the calculated desorption
energies were in good agreement with the bulk experimental value of 75 kJ.mol[H2]-1
for large cluster sizes. With the use of a pseudo-potential for Mg, the energies for
clusters up to 56 Mg atoms could be calculated. For these calculations we incorporated
Density Functional Theory (DFT) to obtain a comparison with results taken from
calculations on magnesium metal clusters and the bulk values for the desorption
enthalpies. For the DFT calculations, the B97 functional 50 was used with the ECP basis
set with a double-zeta contraction (ECPDZ) for magnesium, and a convergence
threshold of 0.002 Eh.a0-1 in the gradient. The B97 functional has been shown in the past
to yield reasonable results for small molecules or clusters, both with and without metal
atoms. All calculations were performed with the GAMESS-UK program, version 6.0,
on the TERAS computer of SARA51.

3
3.1

Results and Discussion
Geometric Optimalization and Validation

In order to validate the geometric optimalization for both calculation methods, all
structures were checked for plausibility, meaning no emerging hydrogen molecules
and a narrow distribution for the Mg-Mg, H-H and Mg-H bond lengths. Furthermore,
different starting geometries were used for each cluster. The calculated geometries and
energies for the Mg clusters were similar to those stated in literature31, 40, 42, 52. The
transition from the magnesium metal towards the magnesium hydride is accompanied
by a large change in structure for the Mg atoms, as illustrated in Figure 3. Upon
charging with hydrogen, the metallic Mg atoms trade their hexagonal environment of
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the hcp structure for a bcc-sublattice in the rutile structure. The atomic radius of
magnesium shrinks upon becoming partly cationic. This yields enough space for the
large hydrogen atoms (anions) to be inserted, creating the rutile (TiO2)-like MgH2
structure, with a molar volume increase of 30%. Figure 2 also shows a representative
example of the most stable calculated structure for the core of the larger systems.

B) MgH2 crystal

C) Mg30H60 DFT(B97)

A) Mg crystal

Figure 3. Structures of A) unit cell of bulk Mg, B) unit cell of bulk ß-MgH2 C) core of Mg30H60.
Table 1. Cell parameters and atomic distances for bulk Mg, bulk MgH2, and the calculated average values for
28, 29
.
the core of the Mg30H60 cluster
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Cell parameters

Crystal Mg

Crystal ß-MgH2

DFT B97 Mg30H60

group

hcp p63/mmc

rutile p4/mnm

-

a [Å]

3.21

4.52

4.54

c [Å]

5.21

3.02

2.96

3
volume per Mg(H2) [Å ]

23.2

30.8

30.5

-

1.96

1.97

3.20

3.02, 3.54

2.96, 3.53

-

2.76, 3.02

2.74, 3.01

1st shell Mg-H [Å]
st
1 shells Mg-Mg [Å]
st
1 shells H-H [Å]

Table 1 lists the cell parameters and atomic distances, both the reference values, and
the values calculated for the Mg30H60 cluster. The average values for the core of the
cluster are close to the reference values for β-MgH2 obtained from crystallographic
data. In general, when the MgH2 clusters contain more than 19 Mg atoms, the inner
nine Mg atoms form a rutile-type (TiO2) structure, similar to that known for the bulk
system. This result did not depend on the input-geometry and was also found when
starting with for example an hcp structure for Mg (bulk magnesium) with the
hydrogen atoms placed randomly in the structure. Therefore, MgH2-clusters with more
than 19 Mg atoms can be expected to have a similar electronic and energetic behavior
to the bulk system. For Mg clusters, equal trends were reported for electronic
properties, in which magnesium becomes metallic at 20 or 18 Mg atoms38, 41.
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3.2

Energies of Mg and MgH2 as a Function of the Cluster Size

With the HF and DFT(B97) calculations, the energies were calculated for Mg and
MgH2 clusters of up to 56 Mg atoms. The values are listed in Table 2 and Table 3 and
the geometries for the hydride clusters are shown in Figure 5 and Figure 6. The
absolute energies were first scaled with Mg1 or Mg1H2 as a reference energy, and
subsequently divided by the number of Mg atoms in the cluster. A normalized energy
per Mg(H2) unit was thus obtained and with this procedure the cluster energies can be
conveniently compared. Figure 4 shows the calculated energies for Mg and MgH2 as a
function of cluster size. For both the Mg and MgH2 clusters the DFT calculated energies
depend on the number of atoms in the cluster and therefore on the cluster size. When
going down in cluster size, the relative energy of the clusters becomes less negative,
which indicates a destabilization of small particles. This is what can be expected from
first-principles of physical properties. The surface/volume ratio increases upon
decreasing the cluster size. Since the surface atoms have a lower coordination, the
average number of bonds is lower for smaller clusters. For the metallic clusters a
similar trend in desorption energy vs. cluster size is found with the DFT-method.
However, the MgH2 clusters are stronger destabilized than the corresponding Mg
clusters upon decreasing the cluster size below 19 Mg atoms. Figure 4 also shows that
Hartree-Fock calculations yield no size-dependency of the energy for the Mg-clusters.
Apparently the atomic interactions in the metal clusters are less well described by this
method.
0

EHF (Mg)

-25

Normalized Energy [kJ/mol(MgH2)]

Normalized Energy [kJ/mol(MgH2)]

0

EHF (MgH2)

-50
-75

-100

EDFT (Mg)

-25

EDFT (MgH2)

-50
-75

-100

-125

-125

-150

-150
0

5

10

15

20

25

30

0

5

10 15 20 25 30 35 40 45 50 55 60

# Mg atoms

# Mg atoms

A

B

Figure 4. Energies for Mg and MgH2 clusters as a function of cluster size, calculated with the A) HF and B) DFT
method (B97 functional). The energies are scaled to the Mg1 or Mg1H2 cluster and normalized per Mg atom.
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Mg1H2

34

Mg2H4

Mg4H8

Mg6H12

Mg9H18

Mg11H22

Mg13H26

Figure 5. Geometries for the DFT(B97)-calculated magnesium hydride clusters.
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Mg15H30

Mg19H38

35

Mg25H50

Mg30H60

Mg40H80

Mg56H112

Figure 6. Geometries for the DFT(B97)-calculated magnesium hydride clusters, continued.

Rechts 35

-1

Table 2. Calculated energies for the magnesium clusters in kJ.mol[cluster] .
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# Mg atoms

HF
Total Energy

HF
ZPE

DFT
Total Energy

DFT
ZPE

1

-524037.174

0.000

-2139.778

0.000

2

-1048072.200

0.255

-4305.621

0.580

3

-1572106.537

0.525

4

-2096148.793

0.100

-8643.885

4.901

6

-3144211.802

1.782

-12991.470

6.613

9

-4716309.762

3.468

-19525.197

6.288

11

-5764404.146

0.894

-23995.951

21.286

13

-6812487.770

8.755

-28374.034

23.119

15

-7860549.295

0.842

-32674.573

16.318

19

-9956697.868

1.528

-41654.355

43.310

25

-13100924.382

55.402

-55037.450

56.362

30

-15721114.871

72.659

-66173.444

71.427

40

-88303.181

90.103

56

-123664.197

125.003

-1

Table 3. Calculated energies for the magnesium hydride clusters in kJ.mol[cluster] .

# Mg
atoms

#H
atoms

HF
Total Energy

HF
ZPE

DFT
Total Energy

DFT
ZPE

1

2

-526961.443

25.690

-5207.417

24.693

2

4

-1054023.977

61.743

-10503.884

60.324

3

6

-1581062.028

77.517

4

8

-2108169.227

139.800

-21155.556

136.101

6

12

-3162333.629

208.982

-31825.618

203.317

9

18

-4743645.490

330.270

-47954.748

322.797

11

22

-5797909.562

408.163

-58739.576

393.894

13

26

-6852173.119

493.918

-69543.054

478.357

15

30

-7906408.552

567.077

-80269.396

546.627

19

38

-10014809.125

712.285

-101804.141

688.215

25

30

-13177386.385

943.757

-133887.727

900.142

30

60

-15812889.573

1165.220

-160823.895

1074.897

40

80

-214436.471

1449.898

56

112

-300359.095

2052.214
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3.3

Desorption Energies

With the cluster energies known, the desorption energies for MgH2 clusters can be
calculated according to equation 2. Table 4 and Figure 7 show the results for both DFT
and HF calculations. The desorption energies converge to a constant value for clusters
with more than 25 Mg atoms: 92.3 and 72.5 kJ.mol[H2]-1 for the HF and DFT methods,
respectively. The convergence for the DFT method for clusters with more than 19
magnesium atoms is very close to the desorption enthalpy of 75 kJ.mol[H2]-1 for bulk ßMgH2. This, and the observation that for MgH2 clusters larger than 19 Mg atoms the
core of the clusters obtains a geometry similar to the bulk structure, shows the validity
of the DFT calculations. The deviation from the bulk value of 17 kJ.mol[H2]-1 for the HF
method can be ascribed to the fact that this method does not take the electron
correlation energy into account.
100

DFT (B97)
HF

Energy [kJ/mol(MgH2)]

80
60
40
20

37

0
-20

0

5

10

15

20

25

30

35

40

45

50

55

60

# Mg atoms
Figure 7 Calculated desorption energies for MgH2 clusters with both the HF and DFT method (B97 functional).
The energies are normalized per mole H2 released.

Both methods give a similar trend: the desorption energy decreases as the cluster
size is reduced below 19 Mg atoms. This indicates that MgH2 clusters with a diameter
below 1.3 nm can have a desorption behavior very different from that of bulk ß-MgH2,
enabling lower desorption temperatures. Upon downsizing the cluster towards the
smallest stable cluster, Mg2H4, the desorption energy drops more than 70 kJ.mol[H2]-1.
For instance, a desorption temperature of 473K would be reached with a desorption
enthalpy of 63 kJ.mol[H2]-1, corresponding to a Mg9H18 cluster size of 0.9 nm. For the
smallest possible cluster, Mg1H2, the desorption energy drops even to negative values,
which means that the magnesium hydride molecule is not stable.
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Table 4. Calculated desorption energies for the magnesium hydride clusters in kJ.mol[H2] .

38

# Mg
atoms

#H
atoms

HF
ΔHdes

DFT
ΔHdes

1

2

-32.11

-5.49

2

4

14.46

20.82

3

6

28.81

4

8

39.50

46.68

6

12

55.09

57.80

9

18

70.31

75.24

11

22

78.24

76.20

13

26

84.71

83.39

15

30

88.85

89.20

19

38

90.39

83.40

25

30

92.26

71.82

30

60

92.05

73.13

40

80

70.90

56

112

72.42

3.4

Stepwise Desorption

For clusters with 6, 9 and 15 Mg atoms we followed the desorption process in more
detail. Reaction 3 illustrates the process and the clusters involved.

Mg x H 2 x → Mg x H 2 x − 2 + H 2 →→→ Mg x H 2 + ( x − 1) H 2 → Mg x + xH 2

(3)

For each extracted hydrogen molecule the energies of the products were calculated
with the DFT(B97) method, resulting in the relative desorption energies shown in
Figure 8. Figure 9 shows selected corresponding geometries. For the Mg15Hx cluster,
the desorption energy is constant over a broad range. From a net composition of MgH2
down to MgH0.4 (100-20% loading) the energy needed to extract one H2 molecule
remains around a mean value of 77 kJ.mol[H2]-1. This value is close to experimental
data for bulk MgH23, 6, 53, 54. The sudden transition close to MgH0.5 might suggest a more
stable sub-hydride phase. However, a closer examination of the geometries (Figure 9,
Mg15H8) does not support the existence of such a well-defined phase.
Going from 20% hydrogen loading downwards, the calculated partial desorption
enthalpy more than doubles: 174 for MgH0.13 (Mg15H2) versus 77 kJ.mol[H2]-1 for
MgH0.4-2.0 (Mg15H6-30). This indicates that the last few hydrogen molecules are more
difficult to release, in this case especially the last two hydrogen molecules, which
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account for 13% of the hydrogen content. If we take this relatively large cluster as
representative for the bulk system, this result gives a possible explanation why the
theoretical 7.7 wt% reversible hydrogen uptake is usually not achieved in hydrogen
absorption/desorption cycles for bulk ß-MgH2 when the applied desorption
temperatures and pressures are close to the equilibrium values. Looking at the
geometries in figure 6, it is remarkable that the last two hydrogen atoms in the Mg15
cluster are not located in the center of the particle. In general, the hydrogen atoms tend
to cluster together instead of being evenly distributed.
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Figure 8. Energies of species involved in the stepwise dehydrogenation of clusters with 6, 9 and 15 Mg atoms,
calculated with DFT (B97). The relative desorption energies are normalized per mole H2 released and plotted
vs. the H/Mg ratio.

Hydrogen-enriched clusters were also taken into account. Two or four extra
hydrogen atoms were added to the Mg15H30 cluster, leading to a potential hydrogen
loading of 107% (MgH2.13) and 113% (MgH2.27). During the geometrical optimalizations
these extra hydrogen atoms did not dramatically distort the Mg15H30 structure to
occupy an intermetallic position, but remained on the surface. This indicates that these
extra hydrogen atoms are not absorbed into, but rather adsorbed onto the cluster, as is
confirmed by the geometry of Mg15H32 and Mg6H14 in Figure 9. In both cases the
‘excess’ hydrogens are not dissociated, and bound to the surface as a hydrogen
molecule at a relatively large distance from a Mg surface atom. The possibility of this
adsorption depends on the specific surface area, and is therefore less pronounced in
bulk-systems. Figure 8 shows that these small MgH2 particles have the potential to take
up 10-15% extra hydrogen. These extra hydrogen atoms are less strongly bound to the
hydride structure and can therefore be released at lower temperatures.
For the Mg6Hx cluster the energy trend in the stepwise desorption is distinctly
different, indicating a non-bulk behavior. With a decreasing amount of hydrogen in the
cluster, the desorption energy decreases. This indicates that upon desorbing hydrogen,
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the Mg6Hx cluster becomes less stable, with associated a lower desorption temperature.
Also in this case, excess hydrogen atoms can be bound to the surface as a hydrogen
molecule. The desorption of Mg9Hx clusters shows intermediate behavior. Although at
a slightly smaller desorption energy, the Mg9Hx clusters behave similar to the Mg15Hx
clusters in being relatively constant until the desorption process is halfway (the cluster
then consists of 18 atoms). The trend in second half of the desorption process is
distinctly different, again indicating non-bulk behavior.
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Figure 9. Selected geometries of Mg6Hx, Mg9Hx and Mg15Hx clusters.

3.5

Implications for Hydrogen Storage

The calculated reduction in desorption energy for clusters with less than 19 Mg
atoms indicates a lower equilibrium desorption temperature for MgH2. This beneficial
change in physical properties might enable the use of magnesium for hydrogen
storage. The requirement of such small clusters (Mg9H18 corresponds to a cluster size of
0.9 nm and a desorption temperature of 473K) does not implicate that the particles of
magnesium need to be that small. Since only the crystallite size should be small, small
grains could make up a larger aggregate, similar as is observed at an order of
magnitude larger scale with particles obtained with ball milling or sputtering of
magnesium compounds9, 18, 19.
Lower desorption temperatures are also reported for a special phase of magnesium
hydride, γ-MgH2, which can be obtained by reactive ball milling of ß-MgH23, 6, 21-25. For
bulk systems the γ-MgH2 is less stable than the ß-form, which results in a lower
desorption temperature. The calculated geometries for clusters smaller than Mg13H26
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show no obvious similarity to either ß- or γ-MgH2. More importantly, because of the
relative instability, the γ-structure is lost upon hydrogen cycling, being converted into
ß-MgH2. In contrast, the geometries we calculated for the small clusters are the most
stable geometries; hence no phase transition is expected as long as the small particle
size is preserved.
As expected from the Born-Haber cycle, the downsizing of the MgH2 and the Mg
structure leads to a change in the lattice, which results in the change in desorption
energy via the changed lattice energies. The corresponding possible lower desorption
temperatures for clusters smaller than Mg19(H38) suggest a resemblance with (the
behavior of) amorphous Mg. The experimental challenge of the synthesis and
stabilization of (sub) nanometer-sized Mg particles and the verification of our
theoretical results for small Mg(H2) clusters will be discussed in the next chapter. The
possibility of making the thermodynamics of sorption more favorable by lowering the
desorption energy could have a major impact on the efficiency of magnesium-based
hydrogen storage materials. Furthermore, the results of our calculations can most
likely be extended to other hydrogen storage materials, including complex hydrides
like Mg(AlH4)2, and to other areas such as reactions involving nanometer-sized
catalytic systems.

4. Conclusions
The energies of Mg and MgH2 clusters of up to 56 Mg atoms were calculated with
Hartree-Fock and Density Functional Theory methods. Magnesium hydride clusters
larger than Mg19H38 have a rutile-like geometry, similar to that of bulk ß-MgH2. The
calculated desorption energy for clusters with 56 Mg atoms is roughly in agreement
with the experimental bulk desorption enthalpy of 75 kJ.mol[H2]-1.53 The calculations
show that MgH2 is more destabilized than Mg upon decreasing the cluster size below
19 Mg atoms. This translates to a decrease in desorption energy and hence, a
significantly lower hydrogen desorption temperature for these small MgH2 clusters. A
cluster of 0.9 nm would correspond to a desorption temperature of 473K.
A stepwise calculation on the hydrogen sorption processes shows that magnesium
has the potential to take up a few additional percent of hydrogen above the
stoichiometric MgH2. These extra hydrogen atoms are adsorbed to, rather than
absorbed in the hydride structure. For almost discharged bulk-like magnesium hydride
clusters, the last 13% of the hydrogen is more difficult to extract. However, for the
destabilized smaller clusters, hydrogen extraction becomes easier.
Our calculations clearly show that small MgH2 clusters have a much lower
desorption energy than bulk MgH2 hence enabling hydrogen desorption at lower
temperatures. At the moment, high desorption temperatures are a major impediment;
hence the projected shift towards more favorable operation temperatures is crucial for
the application of Mg as a reversible hydrogen storage material.
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Abstract
Mg-C nanocomposites were prepared by treating activated carbons with molten magnesium under an
argon atmosphere. To promote Mg-wetting of the surface, the activated carbons were pre-treated with
NH4OH, NH3 and HNO3 to incorporate nitrogen and oxygen at the surface. Nitric acid treatment of
activated carbon rapidly destroyed the pore structure. The presence of a small amount of surface nitrogen
did not increase the infiltration by magnesium significantly. Three different types of activated carbon
with different pore size distributions were used. Upon magnesium treatment, the largest relative loss of
pore volume was measured for the micropores. Magnesium(oxide) nanoparticles of 3nm ∅ and smaller
were detected with different TEM modes in the ammonia-pre-treated porous carbons.
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Introduction

For hydrogen storage in magnesium, the price, weight, volume and kinetic
characteristics are close to meeting the goals for practical applications.1-4 The main
issue however remains the high H2-desorption temperature of ca. 573 K. In the
previous chapter we have shown that the desorption energy can be lowered by
decreasing the particle size of the metal hydride.5 In order to validate this theoretical
result Mg or MgH2 particles in the order of 1 nm size have to be synthesized. Since
such small particles would coalesce or sinter upon repeated hydrogen charging and
discharging, they need to be stabilized. Furthermore, recent calculations predict that
confinement of MgH2 changes the hydrogen sorption energetics.6 Liquid magnesium
will be used to prepare magnesium-carbon nanocomposites by melt-infiltration
(nanocasting).
In catalysis, several support materials are known. Among these are oxides (e.g.
MgO, Al2O3, silica’s, zeolites), carbon structures (activated carbon, nanofibers,
nanotubes) and other structures (dendrimers, metal-organic-frameworks). For the use
as hydrogen storage material the support should not have a large contribution to the
total weight. We focused on carbon materials since most oxides are not feasible as
magnesium is very non-noble and thus easily oxidized. Although carbon materials
themselves have been subject of hydrogen storage research, nowadays there is general
consensus that hydrogen storage in carbon structures is mainly based on physical
adsorption. 7, 8 Since the H2 sorption enthalpy is ca. 5 kJ.mol[H2]-1, where 40 á 50
kJ.mol[H2]-1 is needed, carbon systems may never realize a large reversible storage
capacity at practical conditions.
Several carbon materials are available. Although carbon nanotubes and nanofibers
are chemically well-defined, they are not very suitable to synthesize carbonmagnesium composites because of their relative small micropore volume. For this
reason most synthetic coals also are not applicable. On the other hand, Activated
Carbons (ACs) can have surface areas and micro-pore volumes in the order of 3000
m2.g-1 and 2 cm3.g-1 respectively. However, these materials have some disadvantages.
Activated carbon usually contains contamination as it is made from natural products
such as almonds or coconut shells. Its structural disorder and typically wide pore size
distribution can complicate fundamental studies. Nevertheless, the commercial
availability in large quantities of activated carbon makes it a logical choice for practical
applications. In this study we used ACs from Norit with a range of pores in the micro
pore range (ø < 2 nm), the both the micro- and mesopore range (2 < ø < 50 nm) and one
with a narrow pore size distribution around 2 nm.9
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A

B

Figure 1 A) Contact angle and interfacial surface tensions in a solid-liquid-vapour system. B) Schematic
representation of (the pressure direction for) wetting and non-wetting liquids in a tube. When a liquid has a high
surface tension (strong internal bonds), it will form a droplet and is pushed out of the tube, whereas a liquid with
a low surface tension will be sucked into the tube.

2
2.1

Background
Surface wetting

Whether magnesium-carbon nanocomposites can be formed via melt-infiltration
depends on the interaction between molten Mg and AC. The question is whether
molten Mg is able to wet the activated carbon. Wetting can be described as the
minimalization of the total interfacial energy in a magnesium-carbon system as shown
in Figure 1A. The interfacial tension γ is a measure of the tendency of all interfacial
areas to become as small as possible.10 Like viscosity, surface tension decreases with
increasing temperature. The contact angle θ is given by Young’s equation (1)11, where γ
is the interfacial surface energy or tension with a unit of N·m·m-2, which reduces to
N·m-1. The sign of cosθ is determined by the difference between γSV and γSL. A wetting
situation occurs when cosθ is positive (θ<90°) and the formation of a solid-vapour
interface costs more energy than the formation of a solid-liquid interface. Altering γSV
and γSL can thus make the difference between a wetting or non-wetting system. The
surface tension γLV of the liquid-vapour interface further influences the size of the
contact angle. Changes only in the vapour phase, e.g. by applying a H2 or Ar
atmosphere, are not expected to have a significant effect when compared to changes in
the solid phase.

cosθ =

γ SV − γ SL
γ LV

(1)

A second and related factor influencing the infiltration of Mg in AC is capillary
forces. These forces and the resulting capillary pressure are strongly related to the
contact angle and pore diameter, as described by a derivation of the Laplace-Young
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equation (2)10, 11.The pressure difference, Δp, across a liquid-vapour meniscus in a
cylinder with a surface tension γ increases strongly when the pore radius becomes
smaller. Its sign is determined by θ; when θ is smaller than 90°, Δp will be positive and
the liquid will be sucked into the tube, as shown in Figure 1B.

Δp =

2γ LV cosθ 2
= ( γ SV − γ SL )
r
r

(2)

To illustrate the effect of the pore diameter, the capillary pressure difference is
calculated for θ=85° and γLV = 0.581 N.m-1 at 940 K 12. Upon downsizing the pore, the
pressure difference for liquid magnesium changes from 1.105 Pa (≈1 bar) in a
macropore of 1μm ø to 1.108 Pa (≈1000 bar) in a micropore of 1 nm ø. This shows that
the driving force for Mg(l) to enter micropores can be very large. On the other hand, in
the case of θ > 90°, enormous pressures have to be applied to force the Mg into the
pores. Thus the contact angle is of eminent importance for a beneficial interaction
between molten Mg and C.
2.2
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Carbon pre-treatments

Since the few reported Mg-C contact angles are close to 90° (hence carbon yields a
poor wetting for magnesium),12 we investigated modification of the carbon surfaces to
enable wetting with molten Mg. Dujardin et al. state that to wet a carbon nanotube
with a molten metal, the surface tension should not exceed 0.20 N·m-1.13 Since for liquid
magnesium the surface tension exceeds this value, it would not wet a carbon nanotube.
However, the surface of activated carbon, which contains additional elements,
functional surface groups and surface irregularities, can positively influence the
wetting properties of magnesium. A similar effect is seen for SiO2, which enables the
infiltration of Mg into a powder of SiC when added as an impurity to the system 14. In
addition to lowering the solid-liquid interface energy of the carbon-molten magnesium
interface, modifications of the surface can also serve as an initiator for wetting.
Magnesium can react with impurities such as Si, incorporated N or O to release energy,
which can act as initiator for wetting. However, the reaction also causes the loss of
active magnesium and possibly the blocking of pores. Since carbon itself is very nonpolar and magnesium carbides are not stable, increasing the polarity can be expected to
influence the wetting with liquid magnesium positively.
In catalyst preparation carbon surfaces are often activated for metal interaction by
acid treatment.15, 16 Surface oxygen can act as an anchor for metal articles and also
improve wetting of the surface. Treatments with HNO3 or H2SO4 by boiling under
reflux or by evaporation of the solvent of a suspension of activated carbon are known
to oxidize the surface and introduce small amounts of sulfur or nitrogen, but also has a
destructive effect on the material.17 Alternatively, a treatment with an ammonia
solution or with gaseous ammonia was reported to introduce a larger amount of
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nitrogen to the carbon surface, but without the addition of oxygen.18 In this study we
will use NH4OH(aq), NH3(g) and HNO3(aq) to modify the surface of activated carbons
and evaluate the effect of pre-treatment on the formation of Mg-C nanocomposites.

3

Experimental

3.1

Pre-Treatment of Activated Carbon

Three commercially available activated carbons (ACs) with different pore size
distributions were obtained from Norit.9 Figure 2A shows their pore size distribution.
Norit extrudate ROZ 3 A8332 (ACm+m) contained both meso- and micropores, Norit
granulate 990721 (ACmicro) contained mainly micro pores ø < 2 nm and Norit granulate
990293 (AC2nm) contained micropores mainly around ø ≈ 2nm. The SEM micrograph in
Figure 2B shows the typical characteristics of AC surfaces: large particles of several μm
with sharp edges and smooth surfaces with holes, combined with smaller less-defined
particles.

3
Pore Volume [cm /g(AC)/nm]

2

ACm+m
ACmicro
AC2nm

1
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0
1

10
Pore Diameter d[nm]

A

B

Figure 2 A) BJH (N2) adsorption pore size distribution for the three used Activated Carbons.
B) Typical SEM micrograph of a surface of Activated Carbon (ACm+m-H2O, scale bar of 1μm).

The activated carbons were subjected to different pre-treatments, which are
summarized in Table 1. In a typical experiment, 5 g ACm+m was first milled to fine
powder in a mortar and then boiled for one hour under reflux in 600 ml of an aqueous
ammonia solution with a volume fraction of 25% NH3(aq) (ACm+m-N373). The sample
was filtrated over a Buchner funnel, washed with water, which was, when necessary,
repeated until the filtrate had a neutral pH. Lastly the sample was washed with
methanol to remove water and dried overnight at 120 °C, after which it was stored in
the glovebox under a nitrogen atmosphere (Mbraun Labmaster I30). The starting
amount of AC varied between 1 – 5 g, but the concentrations were kept constant. The
water treated sample was used as a reference in further analysis.
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Table 1 Activated Carbon sample names, treatment-reactants, -times and -temperatures.

Sample name

AC
[g]

Reactant

Liquid
[ml]

Time
[min]

Temperature
[K]

ACm+m-H2O

5

H2O

500

60

373*

ACm+m-N373

5

25% NH3 **

600

60

373

ACm+m-N323

1

25% NH3

100

20

323

ACm+m-Ng

2

NH3(g)

50 min-1

120

673***

ACm+m-O10m

3

65% HNO3

150

10

388

ACm+m-O20m

2

65% HNO3

100

20

388

ACm+m-O30m

1

65% HNO3

50

30

388

ACm+m-O60m

5

65% HNO3

500

60

388

ACm+m-OEv

1

65% HNO3

10

10****

388

ACmicro-N373

2

25% NH3

275

60

373

AC2nm-N373

2

25% NH3

275

60

373

* All samples were boiled under reflux unless stated otherwise.
** All percentages are volume fractions of a solution in H2O.
-1
-1
*** Heating and cooling in 50 ml·min Ar at a rate of 300 K·h
**** At boiling temperature until all liquid was evapourated.
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3.2

Preparation of Magnesium-Carbon Composites

The pre-treated activated carbons were used to synthesize Mg-C composites. MgH2
was obtained as a powder from Goldschmidt GmbH (325 Mesh, ca. 50μm Tego
Magnan). Other chemicals were obtained from Acros or Merck in a 99+% grade. Table 2
shows an overview of the experimental details of the Mg-treatment for ammonia pretreated activated carbons. In a typical experiment, 1g of ACm+m-N373 was dried in air at
573 K for 1 h before use and, while still hot, placed in a dried Schlenk under an Ar
atmosphere. Upon cooling, the sample was transferred and further handled in the
glovebox with a N2 atmosphere (< 1 ppm O2/H2O). 0.5 g of a sample was ground with
0.45 g MgH2 powder in a mortar, for which the amount of MgH2 was calculated to be
enough to fill the pore volume for 50 % with solid Mg. The mixture was placed in a
flash-dried alumina cup (20x20x50 mm, Figure 3) and transported under protective
atmosphere to a tube furnace. The quartz tubes (ø 50x1000 mm) in the tube furnace
(Thermolyne 79300) were pre-dried at 373 K under high argon flow (300 cm3·min-1). To
prevent the evaporation of magnesium during the heat treatment, an alumina cup
containing the sample was placed in a narrow alumina tube (ø 30x60 mm) inside the
quartz tube. The sample was heated to 673 K with 2.5 K.min-1 and kept there for 10 min
before heating further to 939 K with 1 K·min-1 with an Ar flow of 30 cm3·min-1.
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Figure 3 Schematic representation of the experimental setup for the Mg-treatments with an alumina cup inside
an alumina tube in a quartz reactor.

After reaction the sample was cooled to 373 K and transported to the glovebox
under an Ar-atmosphere. All sample handling and storage was done in a glovebox
under a nitrogen atmosphere or using standard Schlenk techniques under an Ar
atmosphere. Different heating temperatures and times were tested, as well as different
MgH2 loadings. To study whether the Mg was transported via the gas phase, one
sample was prepared with the MgH2 and AC placed separately in the cup, with the AC
downstream. (ACm+m-MgAC).
Table 2 Sample names and preparation-time, -temperature and the fraction of (maximal resulting) Mg-volume
and AC-pore volume. All samples were from an AC-N373 batch.

Parameter
Sample code

Time
[min]

Temperature
[K]

Mg : C
[g:g]

ACm+m-Mg

10

939

0.5

ACm+m-Mg60m

60

939

0.5

ACm+m-Mg240m

240

939

0.5

ACm+m-Mg873K

10

873

0.5

ACm+m-Mg973K

10

973

0.5

ACm+m-Mg25%

10

939

0.25

ACm+m-Mg100%

10

939

1

ACm+m-MgAC

10

939

(0.5)

Mg and AC part collected separately

ACm+m-Mg10T

10

939

0.5

1 104 kg.cm-2 pre-reaction, Mg used

ACm+m-Mg13T

30

723

0.5

1.3 104 kg.cm-2; p∧T in situ, Mg used

ACmicro-Mg

10

939

0.5

AC2nm-Mg

10

939

0.5

Remarks
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To obtain more intimate contact between Mg and C, pressing was used. 0.45 g
Magnesium powder (325 mesh) was first ground with 0.5 g ACm+m-N373 in a mortar.
Then a unilateral pressure of 1.104 kg.cm-2 was applied for 15 minutes (10 ton on an 11
mm ∅ disk), after which the sample was transferred to the tube furnace. After flushing
the oven thoroughly with Ar, the sample was heated following the standard
procedure. One sample was heated inside the pressing block to 723 K under an Ar
atmosphere. Subsequently a pressure of 13 ton was applied for 30 min under an Ar
atmosphere The system had slowly cooled down to 523 K during this process and was
allowed to cool down to room temperature. Although upon opening the pressure block
and transfer to the glovebox the sample was exposed to air, the powder had turned
into a pellet, indicating ductility of the sample.
3.3

Characterization

Before characterization, samples were crushed in a mortar by hand in the glovebox.
N2-physisorption isotherms were recorded with a Micromeritics TriStar 3000 V6.01 at
77 K. Before the measurement activated carbon samples were dried at 573 K and
samples containing magnesium at 523 K under He flow for 10 hours. X-Ray Diffraction
(XRD) diffractograms were recorded with a Bruker AXS D8 advance series 2 with a Co
source (λ = 0.179 nm). Diffraction patterns were recorded in air over 25 min with a step
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width of 0.05 °2θ and 25°< 2θ <77°. X-ray Photoelectron Spectroscopy (XPS) data was
obtained with a Vacuum Generators XPS system using a CLAM-2 hemispherical
electron detector and non-monochromatic Al (Kα) X-ray radiation (anode at 20 mA, 10
keV). The pass energy of the analyser was set at 50 eV and the spectra were analysed
with Gaussian fits. TEM analysis was performed using an FEI Technai 20 FEG at 200
KV. TEM samples were preferably prepared dry, as it was observed that preparation in
ethanol or hexane yielded redistribution of Mg. SEM analysis was done using an FEI
XL 30 SFEG and all samples were prepared dry. TGA+MS was done with a Perkin
Elmer Pyris 1 under an argon flow of 20 cm3.min-1. Samples were heated to 303 K for 20
minutes and TG analysis was done from 303 to 1223 K at a rate of 5 K.min-1.

4
4.1

Results and Discussion
Effect of Pre-Treatment on Activated Carbons

The purpose of the ammonia treatment was to incorporate nitrogen at the surface,
whereas that of the nitric acid treatment to incorporate oxygen. To confirm the
intended surface modifications, the elemental compositions of the surfaces were
determined with XPS (Table 3) All treatments caused the incorporation of a small
amount of nitrogen in or at the surface. The lowest amount of surface-nitrogen is found
for the ACm+m-N323 sample, which is probably caused by the milder treatment. The
N(1s) XPS spectra (not shown) have a maximum at 399.8 eV binding energy,
corresponding to pyrrolic nitrogen, indicating that nitrogen is present in N-C bonding.
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Since all treated ACm+m samples contain close to 3 % of nitrogen, all methods seem
equally suitable for nitrogen incorporation. The untreated activated carbons already
contain a fair amount of oxygen, which is increased by the nitric acid treatment but
decreased by the gaseous ammonia treatment.
Table 3 XPS elemental surface compositions of treated activated carbons in elemental ratio and normalized to
carbon.

Element
Sample code

C
[%]

O
[%]

N
[%]

Other elements
[%]

ACm+m*

79

20

-

I: 1

ACm+m-H2O

80

20

-

-

ACm+m-Ng

82

14

4

-

ACm+m-N323

78

20

3

-

ACm+m-N373

78

19

3

-

ACm+m-O30min

71

26

3

-

ACmicro*

79

19

-

Cl: 0.01; K: 2

AC2nm*

80

19

-

Cl: 0.9

* Untreated samples

100
90

53

x 102

Name
C 1s (graphite)
C 1s (COH,CNH2)
C 1s (COOR)

Pos.
284.17
285.37
288.57

%Area
57.956
26.742
15.302

80

C 1s

x 102
40

Name
O 1s (COOH)
O 1s (COH)

Pos.
532.36
536.99

C 1s (graphite)

%Area
92.078
7.922

O 1s (COOH)
35

70

CPS

CPS

60
50

30

40
C 1s (COH,CNH2)

30

25
C 1s (COOR)

20

O 1s (COH)

10

20
294

292

290
288
286
Binding Energy (eV)

284

282

542

540

538

536 534 532 530
Binding Energy (eV)

528

526

Figure 4 Detailed XPS spectra for ACm+m in the C(1s) and O(1s) regions.

The detailed spectra of the O(1s) and C(1s) regions for untreated ACm+m are shown
in Figure 4. For both elements the spectrum consists of different regions and different
components can be deconvoluted. Although the peaks at higher binding energies
become relatively broad, the spectra indicate the presence of both acidic (COOH) and
hydroxylic (COH) groups on the surface. Upon all treatments, the peaks at the higher
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binding energies in the carbon spectrum become stronger; resulting in a relatively
lower contribution of the graphitic component, whereas the contribution for both
oxygen components was relatively constant.
100

H2O / NH3

H2O
N20

HNO3

N60

70

Ng
O10
O20

60

O30

Relative weight [%]

80

ACm+m

80

ACm+m-O20min

60
40
H2O

20
O2

50

CO / N2

MS intensity

Relative weight [%]

90

100

CO2

0

0

100 200 300 400 500 600 700 800 900

0

100 200 300 400 500 600 700 800 900

Temperature [°C]
A

Temperature [°C]
B

Figure 5 A) TG analysis of treated ACm+m in Ar [50-950 °C]; B) TG-MS analysis in Ar [50-950 °C] of 20 min
HNO3 treated ACm+m.

4.1.1
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Thermostability of pre-treated activated carbons

TGA-MS gives additional information by identifying the products released when
heating a sample under an inert atmosphere. Figure 5A shows that the water and
ammonia treated ACm+m do not significantly lose weight up to 950 °C. Both apparently
do not contain adsorbed water at room temperature and are relatively hydrophobic.
However, Figure 5 shows that after HNO3-treatment, the AC contains a weight fraction
of ca. 5% water at room temperature. Since the AC has become hydrophilic upon the
acid treatment, the AC-H2O interfacial energy musts have changed significantly.
Furthermore, the 20-minute HNO3 treated sample loses approximately 40 % in weight
when heating to 1223 K. The recorded MS-signals for 18 (H2O), 28 (CO or N2), 32 (O2)
and 44 u (CO2) respectively, indicate the decomposition of acidic groups in CO and
CO2 products. Since this gasification of the acid treated AC happens at a lower
temperature than that for untreated AC, the stability and structure of the AC has
changed significantly during the HNO3-treatment. However, XPS analysis showed that
the surface oxygen amount was only raised from 20 to 26 atomic % by the HNO3treatment. Since the starting amount was already large, a small increase would not be
expected to have such a large effect on the hydrophilicity. A possible explanation lies
in the incorporation of (or conversion to) different types of oxygen groups, which
cannot be distinguished by XPS, or the deterioration of large graphitic plates into
defect-enriched smaller particles. In line with literature on coal materials,19-21 the AC
particle exterior can have a higher O-content than the bulk, especially upon prolonged
contact with air. For our samples TGA analysis is more representative than XPS.
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4.1.2

Effect of pre-treatment on the pore structure of activated carbons

N2-physisorption gives insight into the structural changes that occur during the pretreatments. Figure 6 shows the isotherms for the treated ACm+m samples and N2physisorption results are presented in Table 4. The isotherm for the H2O-treated
sample is equal to the untreated sample, which indicates that the H2O-treated sample
can serve as a reference. Ammonia treatment does not have a significant effect on the
pore structure. On the other hand, the nitric acid treatments cause significant
alterations of the pore structure. After a 10 min boiling period, the total pore volume
has decreased by 20 %, after 20 minutes by 66 % and after 30 minutes by 80 %. The
ACm+mOEv sample shows similar effects as for the 10 min boiling treatment. These
results show that activated carbons are less chemically resistant than for example
carbon nanofibers, which have a more graphitic character and can be treated similarly
for 30 – 60 min without (mass) loss.15, 16
ACm+m- N373

3

Adsorbed N2 [cm /g(AC)]

350

H2O;N323;untreated

300

O10min;OEv

250
200
150

55

O20min

100

O30min

50

O60min

0
0.0

0.2

0.4

0.6

0.8

1.0

Relative Pressure (p/p0)
Figure 6 N2-physisorption isotherms for differently treated samples of ACm+m.The isotherms for the untreated,
H2O- and N323-treated, as well as for the O10- and OEv-treated samples are identical.

Although nitric acid treatment incorporates extra surface oxygen and renders the
AC more hydrophilic, the carbon matrix deteriorates to such extend that most of the
pore volume is lost. Therefore HNO3 seems inappropriate as a pre-treatment reagent
for the synthesis of Mg-C nanocomposites. The milder ammonia treatments seem more
suitable in this respect. The differences between the two ammonia treated samples
(ACm+m-N323 and -N373) are the treatment time and the temperature. Since boiling in
water does not alter the ACm+m structure, less interaction between the ammonia and
activated carbon takes place at the lower temperature and in the shorter period.
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Table 4 N2-physisorption results of pre-treated ACm+m.

Vtot, SP*
[cm3.g(AC)-1]

Vmicro, t-plot
[cm3.g(AC)-1]

ABET
[m2.g(AC)-1]

ACm+m-H2O

0.531

0.277

834

ACm+m-N323

0.536

0.279

841

ACm+m-N373

0.582

0.293

898

ACm+m-N373#2

0.512

0.263

786

ACm+m-OEv

0.411

0.163

655

ACm+m-O10m

0.434

0.157

672

ACm+m-O20m

0.181

0.071

268

ACm+m-O30m

0.108

0.044

164

Parameter Sample
code

* Vtot: single point pore volume at p/p0=0.995; Vmicro: t-plot micro pore volume; ABET: BET surface area.
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SEM analysis shows that the activated carbon initially consists of stacked plates
with non-uniform sizes, as was already shown in Figure 2B. The short treatments seem
to yield a smoothening of the surface and a decrease in the amount of (visible) smaller
less well-defined particles. After prolonged treatment with HNO3 mainly the large
particles remain as with less sharp edges. The filtrate in the washing steps is dark
coloured, even after standing for 1 h, apparently containing solvated small carbon
particles which result from the breaking up of larger particles and the oxidation of the
surface. Table 5 shows that the three different activated carbons behave similar to the
ammonia treatments.
Table 5 N2-physisorption results of ammonia pre-treated activated carbons.

Vtot, SP*
[cm3.g(AC)-1]

Vmicro, t-plot
[cm3.g(AC)-1]

ABET
[m2.g(AC)-1]

ACm+m

0.537

0.277

827

ACm+m-N373

0.582

0.293

898

AC2nm

1.143

0.146

2083

AC2nm-N373

1.084

0.133

1980.

ACmicro

0.457

0.346

912

ACmicro-N373

0.428

0.321

846

Parameter Sample
code

* Vtot: single point pore volume at p/p0=0.995; Vmicro: t-plot micro pore volume; ABET: BET surface area.
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4.2

Magnesium-Carbon nanocomposites

4.2.1

Influence of different pre-treatments

N2-physisorption was used to obtain insight in the structural changes during the
infiltration of molten magnesium into the activated carbons. Figure 7 gives isotherms
for selected water- and ammonia treated ACm+m samples prior to and after the
magnesium infiltration. The ammonia treated samples show only a slightly higher loss
of pore volume than the water boiled sample. This indicates that the low nitrogen
content present in the surface of the activated carbon does not greatly influence
magnesium infiltration.
The experimentally obtained N2-physisorption results have been normalized per
gram carbon in the sample, assuming that no Mg had evaporated during the treatment
or that no MgO was formed (or that both effects cancel each other out). The normalized
results are listed in Table 6. A decrease in pore volume indicates that pores are either
blocked, filled or destroyed during treatment. The possibility of pore blocking is
particularly relevant. The N2-physisorption data in Table 1 shows that the small
amount of porosity that was left after the HNO3 treatments is completely lost upon
heating with Mg. However due to the low porosity of the starting oxidized reactants
most of the Mg is expected to be oxidized, and in any case only have a very small
amount of nano-Mg particles can be present in the limited pore volume. HNO3-treated
samples will therefore not be discussed further, as the milder (ammonia) pre-treatment
is more favorable for the synthesis of Mg-C nanocomposites. For the NH4OH-treated
samples, ca. 50% of the pore volume is lost upon Mg-treatment; preferentially the
micropore volume.
ACm+m-

350

N373
H2O, N323

300

3

Adsorbed N2 [cm /g(AC)]

400

250
H2O-Mg

200

N373-Mg

150

N323-Mg

100
50
0
0.0

0.2

0.4

0.6

0.8

1.0

Relative Pressure [p/p0]
Figure 7 N2-physisorption isotherms for water- and ammonia-treated ACm+m before and after Mg treatment. The
pore volume is normalized per gram carbon.
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Table 6 N2-physisorption results of the Mg-treated activated carbons with different pre-treatments. The
differences when compared to the untreated material are given in parenthesis. All values were normalized to the
amount of activated carbon. All samples were treated with a (pore)volume fraction of 50% Mg at 939K for 10
min.

Parameter
Sample code

Vtot, SP*
[cm3.g(AC) -1]

Vmicro, t-plot
[cm3.g(AC) -1]

ABET
[m2.g(AC) -1]

ACm+m-H2O-Mg

0.350 (-34%)

0.134 (-52%)

247 (-43%)

ACm+m-O10m-Mg

0.068 (-84%)

0.009 (-94%)

35.2 (-95%)

ACm+m-O20m-Mg

0.035 (-81%)

0.000 (-100%)

10.1 (-96%)

ACm+m-O30m-Mg

0.036 (-67%)

0.000 (-100%)

12.9 (-92%)

ACm+m-OEv-Mg

0.083 (-80%)

0.003 (-98%)

44.3 (-93%)

ACm+m-N323-Mg

0.257 (-52%)

0.079 (-72%)

311 (-63%)

ACm+m-N373-Mg

0.318 (-45%)

0.113 (-61%)

421 (-53%)

* Vtot: single point pore volume at p/p0=0.995; Vmicro: t-plot micro pore volume; ABET: BET surface area.

4.2.2
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Influence of different pore size distributions

We investigated whether the pore size distribution had an effect on the Mg-C
interaction. In Table 7 the physisorption results for the three different types of
activated carbon upon the same Mg-treatment are listed. Figure 8 shows the
accompanying changes in the pore size distributions. For all samples the relative
decrease in micropore volume is significantly larger than the decrease in total pore
volume. The ACm+m and ACmicro samples show a large loss of total- and micropore
volume, whereas the sample with less micropores (AC2nm) shows only very small
losses, hence the Mg-AC interaction or pore-blocking/destruction is more thorough at
the micropore level.
Table 7 N2-physisorption results of the Mg-treated activated carbons. With different pore size distributions. The
differences when compared to the untreated samples are given in parenthesis. All values were normalized to
the amount of activated carbon and all samples were treated with a (pore)volume fraction of 50% Mg at 939K
for 10 min.

Parameter
Sample code

Vtot, SP*
[cm3.g(AC) -1]

Vmicro, t-plot
[cm3.g(AC) -1]

ABET
[m2.g(AC) -1]

ACm+m-N373-Mg

0.318 (-45%)

0.113 (-61%)

421 (-53%)

ACmicro-N373-Mg

0.186 (-56%)

0.133 (-59%)

358 (-58%)

AC2nm-N373-Mg

1.005 (-7%)

0.173 (-11%)

1849 (-7%)

* Vtot: single point pore volume at p/p0=0.995; Vmicro: t-plot micro pore volume; ABET: BET surface area.
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2

ACm+m
ACmicro
ACmicro-Mg
AC2nm
AC2nm-Mg

3

Pore Volume [cm /g(AC)/nm]

ACm+m-Mg
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0
1

10

Pore Diameter [nm]

Figure 8 BJH (N2) adsorption pore size distribution for the three different used activated carbons before and
after the magnesium treatment.

4.2.3

Influence of different Mg-treatment parameters

In order to optimize the interaction between magnesium and the activated carbons,
the experimental parameters during the nanocomposite formation were varied for one
carbon sample. Table 8 shows the N2-physisorption results after varying the reaction
time, temperature and the amount of added magnesium with ACm+m-N373 as reactant.
The results show that reaction times longer than 10 min do not significantly
improve the Mg infiltration of the AC, hence the pore filling is independent of the
reaction time. For the longer treated samples (e.g. ACm+m-Mg240m) however, both SEMEDX and XRD results show less free reactant Mg particles, indicating that these
evaporate over time at the reaction temperatures. The reaction temperature of 939 K
yields more loss of porosity than 873 and 973 K. A temperature of 873 K is probably too
small for the Mg to be able to flow into the pores. On the other hand 973 K can be too
large since at the elevated temperature more Mg will evaporate.
When MgH2 is not added directly to the carbon matrix, but placed next to it
upstream in the reactor (ACm+m-MgAC), no significant changes in pore volume or
surface was measured, indicating that gas phase transport over macroscopic distances
of Mg into the carbon is negligible at 939 K. Doubling the amount of reactant
magnesium (ACm+m-Mg100%) results in an increased filling of mesopores, which
indicates that first micro and then larger pores are filled. The sample that could
theoretically be filled with up to 25 % of its pore volume lost 61% total pore volume,
therefore a part of the loss of pore volume is not caused by filling but by blocking or
destruction.
Pressure experiments were carried out to study the effects of the contact between
the magnesium precursor particles and the porous carbon. Mixing magnesium hydride
with activated carbon particles in a mortar results in uncontrollable contact distances in
the micro-range between the particles. Applying external pressure increases the
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number of inter-particle contacts and decreases the average distance between the
particles. In the case of pressurizing magnesium, the metal can even fluidize or
dehydride under the high pressures that are reached in the microscale of the reactant
particles. This can result in more interaction between the reactants and result in more
magnesium nanoparticles. When 10 ton of pressure is applied on the sample before the
heat treatment, the loss of pore volume is not increased (ACm+m-N373-Mg10T). However,
when applying pressure while heating simultaneously, most pore- (also mesopore-)
volume is lost. In this experiment Mg is able to penetrate and/or block the carbon
matrix at a lower temperature of 723 K (ACm+m-N373-Mg13T).
Table 8 N2-physisorption results of the Mg-treated activated carbons with different infiltration parameters. The
differences when compared to the untreated samples are given in parenthesis. All values were normalized to
the amount of activated carbon and all samples were from the ACm+m-N373#2 batch.

Vtot, SP*
[cm3.g(AC) -1]

Vmicro, t-plot
[cm3.g(AC) -1]

ABET
[m2.g(AC) -1]

ACm+m-N373-Mg10m**

0.196 (-62%)

0.049 (-81%)

207 (-74%)

ACm+m-N373-Mg60m

0.161 (-69%)

0.033 (-87%)

159 (-80%)

ACm+m-N373-Mg240m

0.192 (-62%)

0.043 (-84%)

197 (-75%)

ACm+m-N373-Mg873K

0.273 (-47%)

0.088 (-61%)

336 (-57%)

ACm+m-N373-Mg973K

0.295 (-42%)

0.099 (-62%)

367 (-53%)

ACm+m-N373-Mg25%

0.198 (-61%)

0.052 (-80%)

221 (-72%)

ACm+m-N373-Mg100%

0.232 (-55%)

0.058 (-78%)

250 (-68%)

ACm+m-N373-MgAC

0.523 (+2%)

0.275 (+4%)

823 (+5%)

ACm+m-N373-Mg10T

0.306 (-40%)

0.114 (-57%)

398 (-49%)

ACm+m-N373-Mg13T

0.050 (-90%)

0.012 (-95%)

53 (-93%)

Parameter
Sample code
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* Vtot: single point pore volume at p/p0=0.995; Vmicro: t-plot micro pore volume; ABET: BET surface area.
** Unless stated otherwise, all samples were treated with a (pore)volume fraction of 50% Mg at 939K for 10 min.

The pore blockages or partially filled pores due to the stopping of the flow of
(liquid) magnesium can have several causes. For example, the formation of side
products as MgO or Mg2Si with contaminations in the surface of the activated carbon
can block the pores as they are solid at the used temperatures. Furthermore, nonuniform pore shapes can also cause blocking of a part of the pore, since changes in the
pore-diameter (e.g. ink-bottle shaped pores) raise additional energetic barriers in the
pore-filling process.22 The capillary forces can only draw magnesium into the pores if
the pore surface is in contact with a liquid magnesium supply. If this supply is
insufficient to fill the whole pore, the unfilled remainder of the pore becomes blocked.
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4.2.4

Interaction between magnesium and carbon particles

An important question is whether all reactant magnesium hydride is able to have an
interaction with the activated carbon. The preparation step of grinding the reactants in
a mortar step is a crucial step to provide contact. SEM microscopy and XRD
measurements were used to scan the samples for remaining reactants and the presence
and size of Mg crystallites. Figure 9A shows that for the ACm+m-N373-Mg100% sample not
all magnesium was incorporated in the carbon matrix. Some of the reactant Mg
particles have coalesced into Mg balls, for which EDX analysis indicates a MgO or
Mg(OH)2 skin. Also some of the magnesium that has interacted with the activated
carbon has sintered into faceted particles (nearly without oxygen) in or on the carbon
particles. Since these faceted Mg particles are mostly encapsulated by the carbon
material they probably result from earlier melting and interaction with the carbon
matrix and a subsequent spillover and clotting or sinter process, indicating a
redistribution of the magnesium. With the starting volume ratio of 100% Mg/[AC-pore
volume], after the treatment more Mg(O) particles are found than for the 50%-ratio
samples.
ACm+m-N373-Mg
ACmicro-N373-Mg
AC2nm-N373-Mg

Counts

61

Mg Mg Mg
40

Mg

Mg2Si
45

MgO

Mg2Si Mg

50

55

2Θ [°]

A

B

Figure 9 A) SEM micrograph of ACm+m-N373-Mg100% showing Mg-balls and -facetted particles, as well as darker
carbon-Mg composites; B) XRD patterns of ACx-N373-Mg for the Mg and MgO area. Mg2Si impurities originate
from reaction with the quartz tubing.

The XRD diffractograms in Figure 9B show similar results for the three different
types of activated carbon. The large Mg particles and balls dominate the (Mg peaks in
the) XRD pattern. No peak broadening can be detected at the base of the sharp Mg
peaks, which indicates that the Mg nanocrystallites are either too small or too few to
significantly contribute to the pattern. For all samples small crystallites of MgO were
detected at 50 °2θ, as well as a broad band of carbon signal around 34 °2θ. The bimodal
peak of MgO (ca. 2 and 10 nm ∅ particles) indicates a thin passivating magnesium
oxide layer, which is expected for the larger magnesium particles, as well as the
growing of some larger MgO crystallites, probably due to small oxygen contaminations
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in the gas system. For the HNO3 treated samples the MgO signal was increased, which
confirms the presence of additional (active) oxygen due to the acid treatment.
Regarding the choice of reactants, it is noted that using either Mg or MgH2 as a
reactant gives similar results. During the initial stage of the Mg-treatment, all MgH2
will be dehydrogenated above 573 K. Furthermore, hydrogen sorption measurements
show that already during the grinding of the reactants, a significant part of the MgH2 is
dehydrogenated. The main advantage of MgH2 is that it is more stable towards air and
can therefore be expected to bring less MgO into the system and act as a source of
relatively clean Mg.

A

B

C

Figure 10 A) bright field TEM image [100 nm scale bar]; B) diffraction pattern of the same area; C) EDX analysis of
ACm+m-N373-Mg.
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A

B

C

Figure 11 A) bright field TEM image [200 nm scale bar]; B) diffraction pattern of the same area; C) EDX analysis of
ACm+m-N373-Mg10T.

A

B

C

Figure 12 A) bright field TEM image [500 nm scale bar]; B) diffraction pattern of the center part of the same area; C)
EDX analysis of ACmicro-N373-Mg.
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4.2.5

Evidence for magnesium nanodomains

The results from N2-physisorption, SEM and XRD indirectly indicate whether pores
are filled or not. For both ACm+m-N373 and ACmicro-N373 the presence of magnesium
inside the porous structure is expected and AC2nm-N373 does not seem to have
interacted with magnesium effectively. With TEM the distribution of mass (using
bright field), the distribution of crystallite particles (using dark field) and the elemental
distribution (using EDX) were visualized. Dynamic conical dark field was applied to
improve the visualization of the crystallite particles.
Figure 10 shows a bright field image of ACm+m-N373-Mg (both micro- and
mesoporous AC) and the corresponding diffraction and EDX patterns. The bright field
mode does not indicate the presence of magnesium nanoparticles and shows AC-like
material. The diffraction pattern shows mainly smooth rings, which does indicate no
presence of crystallite domains larger than 2 nm ∅. In this pattern contributions of Mg
or AC can not be distinguished from each other. EDX analysis shows the presence of
an equal amount of Mg and oxygen and a large amount of carbon. Since the TEM
sample had been shortly exposed to air before measurement, it is not clear whether the
MgO formation takes place during the Mg treatment or upon transport of the sample.
The ACm+m-N373-Mg10T sample (identical to the previous sample, but externally
pressurized) shows a larger amount of incorporated magnesium (Figure 11). Since the
amount of Mg is larger than that of O, probably also magnesium nanoparticles have
been formed next to MgO or Mg(OH)2. However, the rings in the diffraction pattern
are more distinct and the bright spots indicate the presence of MgO crystallites larger
than 2nm ∅. In bright field mode these crystallites can not be distinguished, but as will
be discussed later on, in dark field mode this is sometimes possible.
The AC2nm-N373-Mg sample (mesoporous AC, not shown) does not give any
indication of the presence of magnesium nanoparticles both in bright field and dark
field mode. EDX analysis showed almost no Mg. Apparently the interaction between
magnesium and the mesoporous activated carbon is too weak to obtain a good Mginfiltration of the pores.
In contrast, TEM analysis of ACmicro-N373-Mg (microporous AC) in Figure 12 shows a
relative large amount of Mg in the composite. The diffraction pattern again shows
smooth rings of small diffraction spots. In both bright field and dark field, large
magnesium crystallites were not detected. In bright field mode occasional some darker
magnesium spots could be detected, resulting in brighter spots in the diffraction
pattern (see also Figure 13). Since the molar ratio Mg/O ≥ 1 and no clear particles could
be detected, part of the Mg is probably present as small nanoparticles.
Figure 13 and Figure 14 show that applying combined bright and dark field TEM
modes on the same area is a suitable approach to visualize some small crystallites.
Since Mg and C are both low-Z elements, the ‘standard’ mode to detect small metal
particles on a support (HAADF, high angle annular dark field) is not very suitable for
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this purpose. Here the Mg and MgO diffraction angles are selected in the dark field
mode. By rotating the (FEG) source with a revolution time shorter than or equal to the
acquisition time of the images, all crystallites with the same diffraction angle, but
different orientations, can be made visible (compare with probing not one spot in the
diffraction pattern, but all spots on the same ring). With this dynamic conical dark field
mode numerous crystallites in the range 3.0 – 3.5 nm were detected for ACmicro-N373-Mg
and 2.5 – 3.5 nm for ACm+m-N373-Mg10T. However, it should be kept in mind that
particles that are just out of focus tend to blur and therefore appear to be larger. In
addition, in thicker parts of the particle the contrast between a diffracting crystallite
particle and the diffracting particles in the background becomes small. Particles,
smaller than 1 nm, can not be visualized as single spots, but create the blurry white
background. Figure 13 and Figure 14 clearly prove that Mg(O) nanoparticles of ca. 3
nm ∅ have been synthesized, and the existence of smaller particles is indicated, also by
the corresponding EDX analyses.
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B

C

Figure 13 TEM images of the same area of ACmicro-N373-Mg in A) bright field; B) dark field; C) dynamic conical dark
field.

A

B

C

Figure 14 TEM images of the same area of ACm+m-N373-Mg10T in A) bright field; B) dark field; C) dynamic conical
dark field.
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4.2.6

Preliminary Hydrogen Sorption Properties

The amount of (accessible) magnesium in the sample can be determined with
hydrogen sorption measurements, either volumetrically or gravimetrically. ACm+mN373-Mg was subjected to such a hydrogen sorption experiment in a Sievert’s type
apparatus23, 24, for which the results are shown in Figure 15. At different temperatures
of 573, 598 and 623 K the hydrogen pressure was first increased stepwise and later
decreased and at each pressure the applied pressure was allowed to equilibrate. This
results ideally in a plateau at a certain pressure at which the transition from Mg to
MgH2 takes place.
The isotherms show a maximum weight fraction of 2.8 % hydrogen, which
translates to 72% of the reactant Mg still being accessible for H2. The other 28% is
probably either evaporated during the measurement or converted to MgO, either by
oxygen in the activated carbon or else by oxygen contamination of the gas flow and
equipment during synthesis or measurement. As expected, for higher reaction
temperatures higher pressures are needed to hydride the magnesium. All isotherms
have a positive slope around the plateau pressure. This shows that not all Mg in the
sample hydrides at the same pressure, indicating Mg with a non-uniform reactivity
and/or stability towards H2. This may indicate the presence of different sizes of
crystalline Mg.
isotherm 623 K
isotherm 598 K
isotherm 573 K

2.5

Slope(Abs) = -8.72
*-R =73 kJ/mol[H2]

2.0

1.5

1.5

Slope (Des) = -8.69
*-R = 72 kJ/mol[H2]

0.5
0.0

0.5
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3.0

1.60
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1.0
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Van 't Hoff Plot
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Figure 15 PCT isotherms and the associated Van ‘t Hoff plot for H2 sorption with ACm+m-N373-Mg at three
2
6
5
temperatures with a hydrogen pressures between 2·10 and 1.2·10 Pa (P0 = 10 Pa). The isotherm for 573 K could
not be completed, because at this temperature the sample did not desorb hydrogen within detection limits and
therefore the data for this temperature is only plotted indicative. The hydrogen content is presented as a weight
fraction.

Temperature and pressure pairs taken from the middle of the plateau area have
been used to construct a Van ‘t Hoff plot, which is also shown in Figure 15. The slope
of the Van ‘t Hoff plot is a measure for the equilibrium enthalpy of sorption. When
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multiplied with the gas constant, the derived values are slightly lower than, but close
to the value for bulk Mg of 75 kJ.mol[H2]-1. Since we were only able to measure at two
different temperatures, it is not clear whether the difference is significant. However, as
we learned from SEM microscopy, a significant part of the magnesium is present in the
form of µm-sized particles; these large Mg domains will dominate the hydrogen
sorption measurements and therefore also the Van ‘t Hoff plot with their bulkbehavior.
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Conclusions

Magnesium/carbon nanocomposites were synthesized from activated carbon and
molten magnesium. Different pre-treatments of activated carbon were investigated.
Nitric acid oxidizes the carbon surface and also destroys the structure of the material,
rendering it an unsuitable pre-treatment for the activated carbon for the synthesis of
magnesium/carbon nanocomposites. Surface modification with ammonia yielded an
atomic fraction of 4% nitrogen incorporated in the surface and did not affect the initial
amount of oxygen in the surface. Alternative treatment with gaseous ammonia yielded
a reduction of the amount of surface oxygen while adding a similar amount of
nitrogen. However, when compared to a reference treatment with water, the presence
of surface nitrogen did not significantly influence the magnesium wetting of the
activated carbon.
Upon treatment with molten magnesium the pore volume of the carbon matrices
was lowered significantly. Pore structure analysis showed that the loss of pore volume
was partly caused by blocking of the pores. Carbon matrices with different pore size
distributions were used. Microporous activated carbon showed significantly larger loss
of pore volume than mesoporous activated carbon, and for carbon containing both,
preferably the micropores were filled. Usage of external pressure on the sample before
heat treatment induced additional loss of small-mesopore volume. TEM analysis
confirmed the presence of Mg nanoparticles in Mg-treated microporous ammoniaactivated carbon. The absence of diffraction spots while magnesium is detected by EDX
analysis indicates the presence of magnesium nanoparticles smaller than 2.5 nm.
Nanoparticles with an average size of 3 nm could be visualized with dynamic conical
dark field mode.
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CHAPTER 5

MAGNESIUM-CARBON NANOCOMPOSITES

PREPARATION, CHARACTERIZATION AND HYDROGEN SORPTION PROPERTIES
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Abstract
Mg-C nanocomposites were synthesized by treating carbon supports with molten magnesium.
Removal of the Mg from the nanocomposites with a mild acid treatment showed that the carbon matrix
structures were not damaged upon Mg-treatment. When high-purity carbon matrices were used no
evidence for pore blocking was observed. The preparation of the Mg-C nanocomposites was studied using
different carbon matrices of high purity, variable magnesium loading and different synthesis conditions.
A significant improvement of the Mg/O and nano/bulk-Mg ratios was achieved. Composites with the
lowest bulk-Mg content were obtained with an open reactor cup, no carbon pre-treatment and an initial
Mg/C weight ratio of 0.33. Applying a hydrogen atmosphere while cooling down after the meltinfiltration was essential to reduce oxidation of the magnesium. EDX analysis was used to determine the
elemental composition of the Mg-C composites. The amount of Mg that was still in the metallic form (not
oxidized) was between 51 and 99% of the initial amount of magnesium. Hydrogen-sorption
measurements showed 76% of the Mg accessible for reversible hydrogen storage with a sorption enthalpy
of ca. 65 kJ·mol[H2]-1 and hydrogen sorption pressures larger than for bulk-Mg. Up to 32% of the total
amount of Mg showed increased H2-sorption pressures, a desorption enthalpy of 45 kJ·mol[H2]-1 and a
125 K lowered H2-desorption temperature.
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Introduction

In the previous chapter a novel pathway towards nm-sized magnesium particles
was described, based on melt-infiltration of magnesium into porous carbon support
materials. Results indicated that a major fraction of the magnesium in those samples
was oxidized upon infiltration and handling. Only metallic magnesium can be used in
hydrogen storage and therefore it is important to maximize the amount of metallic
magnesium in the composites. To subdue oxidation during the synthesis of these Mg-C
nanocomposites several adjustments can be made. In the previous chapter results were
discussed for activated carbons from Norit, which contained ca. 10 at% oxygen.1
Introduction of additional nitrogen or oxygen into these activated carbons was not
beneficial for the wetting with molten magnesium. In fact, the applied carbon pretreatment was a source of oxygen and nitrogen and hence should be restricted as much
as possible. Furthermore, carbons matrices with less native oxygen might yield better
results. In this chapter activated carbons will be compared to four other carbon
matrices with a high purity. A second possibility for improvement is the use of
hydrogen. Already at atmospheric H2 pressure and moderate temperature, Mg can
form surface hydrides. MgH2 is more resistant towards oxygen and water than Mg,
hence a surface layer of MgH2 could play a protective role. Therefore we investigated
the influence of cooling the composites under a H2 atmosphere after melt-infiltration.
Another issue that became clear is that next to the Mg-nanoparticles, the composite
contained a significant amount of bulk-Mg in the form of µm-sized spheres and nonreacted initial Mg particles. For bulk-based analysis techniques such as XRD, giving
volume-averaged results, this bulk-Mg dominates the data. Therefore the amount of
bulk magnesium has to be minimized to allow a proper analysis of the Mg
nanoparticles. We tested several reaction conditions and investigated the influence of
carbon pre-treatment on the Mg-C interaction. The fraction of Mg in the composite was
varied to optimize the resulting nano/bulk-Mg ratio. During composite preparation
redistribution of magnesium did occur. However, it was not clear what the exact
mechanism was for the loss of carbon pore volume. Leaching the Mg out of the
composites yielded information whether part of the carbon pore structure was
destroyed upon treatment with molten magnesium, or whether the original pore
volume could be recovered. Furthermore, variation in the Mg-loading was used to
obtain further information on the mechanism of Mg-redistribution.
The final test to measure the amount of reversibly hydrogen-accessible Mg and a
possible lowered desorption temperature was H2-sorption. Results are meaningful if a
significant part of the sample is non-oxidized nano-Mg. H2-sorption experiments in the
previous chapter indicated that 2/3 of the Mg in the composites was able to store H2
reversibly, but behaved as bulk-Mg. We will present Pressure Composition
Temperature measurements recorded for optimized nanocomposites at four
temperatures with the use of a high pressure magnetic suspension balance.
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2

Experimental

MgH2 was obtained as a powder from Goldschmidt GmbH (325 Mesh, ca. 50μm
Tego Magnan). Two high-purity carbon matrices were obtained from Timcal (High
Surface Area Graphite HSAG(500)-RC085 ≡ Cm+m, 99.9%C) and Norit (extrudate
R2030CO2 ≡ Cmicro, 99.5%C).1, 2 For comparison, three activated carbons were obtained
from Norit (extrudate ROZ 3 A8332 ≡ ACm+m, granulate 990721 ≡ ACmicro and granulate
990293 ≡ AC2nm). All other chemicals were obtained from Merck or Acros Organics in a
99+% grade and used as-received. Before characterization, samples were crushed in a
mortar by hand in a glovebox with a nitrogen atmosphere (Mbraun Labmaster I30). N2physisorption isotherms were recorded with a Micromeritics TriStar 3000 V6.01 at 77
K. Before the measurement activated carbon samples were dried at 573 K and samples
containing magnesium at 523 K under He flow for 10 hours. Single point total pore
volumes were determined at p/p0=0.995, micropore volumes (< 2nm) were determined
via the t-plot method between t= 0.35 - 0.50 nm (p/p0 = 0.080 – 0.278),3 and pore size
distributions were determined from the adsorption branch of the isotherms via the BJH
method for pores between 2 and 50 nm. X-Ray Diffraction (XRD) diffractograms were
recorded with a Bruker AXS D8 advance series 2 with a Co-Kα12 source (λ = 0.179 nm).
Diffraction patterns were recorded in air over 15 min with steps of 0.035 °2θ and 25°<
2θ <85°. TEM analysis was performed using an FEI Technai 20 FEG and SEM analysis
was done using an FEI XL 30 SFEG. Both SEM and TEM samples were prepared dry in
air on a carbon film on a copper TEM grid. TGA+MS was done with a Perkin Elmer
Pyris 1 under an O2/Ar flow of 20 cm3·min-1 with a volumetric O2 content of 20%.
Samples were heated to 303 K for 20 minutes and TG analysis was done from 303 to
1223 K at a rate of 5 K.min-1.
Most hydrogen sorption characteristics reported in literature are measured
volumetrically (under static pressure) in a Sievert’s type apparatus.4, 5 However, we
recorded Pressure-Composition Isotherms gravimetrically (dynamically) under a flow
of 100 cm3·min-1 with a high pressure magnetic suspension balance from Rubotherm.6-8
The PCT H2-sorption isotherms were measured at 573, 598, 623 and 648 K between
2.5·104 and 3.0·106 Pa H2 pressure. Typically 100 mg of nanocomposite was pre-treated
with 3 sorption cycli at 748 K before PCT measurement by switching between 2.5·104
and 1.5·106 Pa H2 pressure. The data were corrected for buoyancy changes at different
temperatures and pressures.
Ordered mesoporous carbons were synthesized by preparing a carbon replica of a
mesoporous SBA15 precursor, as described by the group of Ryoo.9 A batch of SBA15
was synthesized by dissolving 8 g of the block copolymer Ethyleneoxide20Propyleneoxide70-Ethyleneoxide20 (EO20PO70EO20, P123 Pluronic) in 60 g H2O and 240
g of an aqueous solution of 2 M HCl. In a closed polypropylene bottle the solution was
stirred for 4 hrs at 313 K until all P123 was dissolved. 17 g tetra-ethyl-orthosilicate
(TEOS, Acros Organics) was added slowly. After 1 hr of stirring at 313 K the solution
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was kept for 20 hrs at the same temperature. The solution was aged at 353 K for 48 h,
after which it was filtered and dried at 393 K overnight in air. After softly crushing in a
mortar, the calcination took place in air during heating at 393 K for 2 h and at 823 K for
6 h with temperature rates of 5 K·min-1.
One type of ordered mesoporous carbon was prepared by impregnation with
furfuryl alcohol as carbon source (CMKFFA).9 1g of a dry SBA15 precursor was
impregnated in vacuum with 0.7 ml of an oxalic acid solution in furfuryl alcohol (FFA)
with a molar ratio of 0.0044:1. The furfuryl alcohol was polymerised by heating the
impregnated silica at 353 K for 16 h in air. For carbonisation the sample was heated
under N2 flow at 423 K for 6 h, heated to 573 K with 1 K·min-1, kept there for 30 min
and heated to 1123 K with 1 K·min-1 and kept there for 4 h. The silica/FFA composite
was then cooled to room temperature under N2 flow. The silica/FFA composite was
refluxed in 300 ml aqueous 1M KOH solution for 2h to remove the silica template,
filtered and washed three times with 1 M KOH (aq). After repeating the boiling and
washing, the sample was washed with water until the pH was neutral and dried
overnight at 363 K.
Nitrogen containing ordered mesoporous carbon was prepared via a Chemical
Vapor Deposition process with acetonitrile (CMKACN).10-12 An Ar stream of 30 cm3·min-1
was bubbled through CH3CN at 303 K before entering a fixed bed reactor with 0.5 g
SBA15 at 1173 K. After 2h reaction time the sample was cooled down to room
temperature and was refluxed in an aqueous 1M KOH solution to remove the silica
precursor, subsequently washed until neutral pH and dried at 393 K overnight in air.
In part of the experiments, carbons were pre-treated with an ammonia solution. In a
typical experiment 5 g carbon was milled to a fine powder in a mortar and
subsequently boiled for one hour under reflux in 600 ml of an aqueous ammonia
solution with a weight content of 25% NH3(aq). The sample was filtered over a
Buchner funnel and washed with water until the filtrate had a neutral pH. The sample
was washed with methanol to remove water and dried overnight at 393 K, after which
it was stored in a glovebox under a nitrogen atmosphere.
Mg-C nanocomposites were prepared from both the pre-treated and as-received
carbons, which were heated to 673 K before storage in a glovebox. According to best
practice from the previous chapter, all samples were treated with molten magnesium
for 10 min at 939 K. In a typical experiment, 1 g of carbon was mixed with 500 mg
MgH2 in a mortar. 500 mg of this mixture was placed in a flash-dried alumina cup
(20x20x50 mm, Figure 3 on page 51 in the previous chapter) and transported under a
nitrogen atmosphere to a tube furnace. The quartz tubes (ø 50x1000 mm) in the tube
furnace (Thermolyne 79300) were pre-dried at 373 K under argon flow (300 cm3·min-1).
To limit the evaporation of magnesium during the heat treatment, an alumina cup
containing the sample was placed in a narrow alumina tube (ø 30x60 mm) inside the
quartz tube. In some cases, an extra alumina lid was used to cover the alumina cup. A
cup with ‘sacrificial MgH2’ was placed in the gas stream just before the sample as an
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oxygen and water scavenger. The sample was heated to 898 K with 2.5 K.min-1 and
kept there for 10 min before heating further to 939 K with 1 K·min-1 with an Ar flow of
30 cm3·min-1. Upon cooling down with 1 K·min-1 the atmosphere was switched to
hydrogen (30 cm3·min-1) at 623 K unless stated otherwise. After reaction the sample
was transported to and stored in a glovebox under a nitrogen atmosphere.
To determine whether pore structures of the carbon matrices were destroyed upon
treatment with molten magnesium, selected nanocomposites were treated mildly with
an acid solution to dissolve all magnesium. In a typical experiment 150 mg of a
prepared composite was stirred in 50 ml demineralized water and heated towards
boiling. Subsequently, 5 ml of a 1M HCl solution in water was slowly added, after
which the mixture was stirred under reflux for 1h. After cooling to room temperature
the mixture was filtrated over a Buchner funnel and washed with water until neutral
pH. After washing with methanol the residue was dried overnight at 398 K.
All samples ware labeled using simple codes, for example “CmicroN-Mg0.33C”. The
first part denotes the used carbon matrix, for which an “N” suffix was used when
ammonia pre-treated was applied. The second part gives the initial MgH2/C weight
ratio in the sample and a “C” suffix was used to denote samples for which the alumina
cup was covered with an alumina lid.

3
3.1

Results
73

Carbon Matrix Materials

Figure 1 shows the pore size distributions of the different carbon particles. Results
of nitrogen physisorption characterization are listed in Table 1. Cm+m, ACm+m and the
CMKs contain both micro- and mesopores, whereas Cmicro and ACmicro contain mainly
micropores. Cmicro and ACmicro have similar pore size distributions. The CMKs have a
well-defined pore structure with hexagonally-arranged, interconnected 3nm hollow
carbon tubes (inner diameter + inter-tube distance). Additional XPS analysis indicated
that CMKACN contained an atomic fraction of 16% N on the surface (not shown). Figure
2 shows the different morphologies. The SEM micrographs show that Cm+m has a more
smooth and round character than the ACmicro, ACm+m and Cmicro carbons, which have
some hexagonal or plate-like features.
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Figure 1 Pore size distributions of the carbon matrices.
Table 1 N2-physisorption results of the carbon matrices.

Vtot, SP*
[cm3.g(C)-1]

Vmicro, t-plot
[cm3.g(C)-1]

Vmeso
[cm3.g(C)-1]

ACmicro

0.482

0.321

0.095

ACm+m

0.537

0.277

0.203

Cmicro

0.450

0.319

0.042

Cm+m

0.649

0.062

0.399

CMKFFA

0.768

0.042

0.522

CMKACN

0.543

0.012

0.440

Parameter
Sample code
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* Vtot: single point pore volume at p/p0=0.995; Vmicro: t-plot micro PoreVol <2nm; Vmeso: BJH PoreVol 2-50 nm.

Figure 2 SEM micrographs of the carbon matrices (20 µm scale bars, for CMKFFA 500 nm).
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3.2

Texture of the Nanocomposites

For all carbon matrices, composites with an MgH2/C ratio of 0.33 were prepared.
TGA analysis via burning of the carbon indicated the amount of Mg as expected and
no significant Mg evaporation (data not shown). The difference between pore blocking,
filling and destruction is difficult to determine. However, if the magnesium is carefully
removed from the composite, comparison of pore volumes (and their size distribution)
before and after the melt infiltration will indicate the degree of pore destruction due to
Mg-treatment.
The magnesium was removed from the prepared composites by a mild HCl
leaching. All nanocomposites in water showed gas evolution upon adding the acid,
which proves that non-oxidized Mg was present in the samples. The resulting pore size
distributions are shown in Figure 3 and a summary of the physisorption results is
listed in Table 2. Figure 3 shows that after Mg-removal the original pore size
distribution is recovered, which indicates that the molten magnesium does not destroy
the porous carbon structure significantly. Upon Mg-treatment, for Cm+m the figure
shows a decrease in pore volume predominantly in the micropore area. Since Cm+m has
less micropore volume than Cmicro, the relative differences are larger while the absolute
loss of pore volume is smaller for Cm+m upon treatment with magnesium. Upon Mgtreatment of the CMKs, a major loss of pore volume is observed for mesopores up to 6
nm, which is regained after the Mg-removal. Surprisingly even the delicate ordered
carbon pore structure of the CMKs is not significantly deteriorated by treatment with
molten magnesium.
Table 2 N2-physisorption results of the carbon matrices upon Mg-treatment and after removal of the Mg. The
differences when compared to the untreated material are given in parenthesis. All values were normalized to the
amount of carbon.

Parameter
Sample code

Vtot, SP*
3
-1
[cm .g(C) ]

Vmicro, t-plot
3
-1
[cm .g(C) ]

Vmeso
3
-1
[cm .g(C) ]

Cmicro-Mg0.33-H2

0.324 (-28%)

0.253 (-21%)

0.029 (-30%)

Cmicro-Mg0.33-HCl

0.432 (-4%)

0.346 (+8%)

0.034 (-19%)

Cm+m-Mg0.33-H2

0.567 (-13%)

0.023 (-64%)

0.244 (-39%)

Cm+m-Mg0.33-HCl

0.634 (-2%)

0.055 (-11%)

0.0467 (+17%)

CMKFFA-Mg0.33-H2

0.114 (-85%)

0.024 (-43%)

0.071 (-86%)

CMKFFA -Mg0.33-HCl

0.695 (-10%)

0.070 (+67%)

0.408 (-22%)

CMKACN-Mg0.33-H2

0.217 (-72%)

0.000 (-100%)

0.162 (-63%)

CMKACN -Mg0.33-HCl

0.583 (+7%)

0.012 (-0%)

0.452 (+3%)

* Vtot: single point pore volume at p/p0=0.995; Vmicro: t-plot micro PoreVol <2nm; Vmeso: BJH PoreVol 2-50 nm.
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Figure 3 Pore size distributions (differential pore volume) before and after a mild acid treatment to remove the
magnesium for A) Cmicro,; B) CMKFFA; C) Cm+m and D) CMKACN -based composites.

3.3

Mg Loading of Nanocomposites

The amount of initial MgH2 was varied over a weight range from 10-50% for Cmicro
based composites, which amounts to 11-40% of the total pore volume. From results in
the previous chapter it was expected that the molten magnesium would preferentially
fill the micropores (<2 nm). An initial MgH2/C ratio of 0.5 can yield a maximum of 462
mg (0.263 cm3) magnesium per gram carbon. The carbon matrices have micropore
volumes between 0.04 and 0.32 cm3·[g(carbon)]-1. If all micropores would be filled, but
no pores larger than 2 nm, the nanocomposites prepared from Cmicro and Cm+m could
have a maximum MgH2/C weight ratio of 0.60 and 0.12 respectively. Figure 4 shows
the effects of changing the initial Mg loading for a high purity carbon matrix. Upon
increasing the Mg loading from Cmicro-Mg0.10 to Cmicro-Mg0.33, the remaining pore
volume of the nanocomposite decreases. For this carbon, increasing the Mg loading
further up to Cmicro-Mg0.50 has only minor effect on the accessible pore volume, and the
maximum percentage of Mg that has filled pores decreases from 72 to 48%.
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Figure 4 A) N2-physisorption isotherms for the Mg-C nanocomposites synthesized from Cmicro, with different
magnesium loadings and B) comparison of the lost pore volumes upon Mg-treatment and the initially added
volume of Mg.

3.4

Carbon Matrix Pre-Treatment

Figure 5 shows the changes in pore volume upon magnesium treatment for the
different samples assessing the effects of carbon pre-treatment and sample covering.
The corresponding N2-physisorption data are listed in Table 3. For the relatively clean
carbon matrix Cm+m the ammonia pre-treatment has no effective influence on the pore
volumes of the resulting composites. When all loss in micropore volume for Cm+mMg0.33-H2 is due to Mg-filling, ca. 25% of the initial Mg would be in these micropores,
potentially in the form of nanoparticles. For the total pore volume loss this would be
57% of the initial Mg. For the Cmicro samples a lower pore volume loss is observed for
both in the micropore area as well as for the total pore volume when using pre-treated
carbon. If all loss in micropore volume is due to Mg-filling, ca. 14% and 33% of the
initial Mg would be in these micropores for the pre-treated and as-received based
composites respectively.
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Figure 5 Pore size distributions (differential pore volume) for the Mg-C nanocomposites synthesized from A)
Cmicro and B) Cm+m, before and after Mg-treatment and with or without ammonia pre-treatment.
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Table 3 N2-physisorption results of the carbon matrices upon Mg-treatment. The differences when compared to
the untreated material are given in parenthesis. All values were normalized to the amount of carbon.

Parameter
Sample code

Vtot, SP*
[cm3.g(C) -1]

Vmicro, t-plot
[cm3.g(C) -1]

Vmeso
[cm3.g(C) -1]

Cm+m-Mg0.33-H2

0.567 (-13%)

0.023 (-64%)

0.244 (-39%)

Cm+mN-Mg0.33-H2

0.531 (-18%)

0.012 (-81%)

0.269 (-33%)

ACm+mN-Mg0.50-H2**

0.290 (-19%)

0.130 (-32%)

0.092 (-3%)

Cmicro-Mg0.33-H2

0.324 (-28%)

0.253 (-21%)

0.022 (-47%)

CmicroN-Mg0.33-H2

0.372 (-17%)

0.295 (-8%)

0.021 (-49%)

ACmicroN-Mg0.50-H2***

0.303 (-29%)

0.217 (-33%)

0.024 (-88%)

* Vtot: single point pore volume at p/p0=0.995; Vmicro: t-plot micro PoreVol <2nm; Vmeso: BJH PoreVol 2-50 nm.
**As a reference from the previous chapter, ACm+mN-Mg0.54-Ar gives -40%, -57% and -23% respectively.
***As a reference from the previous chapter, ACmicroN-Mg0.41-Ar gives -47%, -51% and -18% respectively.

When compared to the results of the previous chapter, the losses in total and
micropore volume are significantly lower (ca. factor 2) for the high-purity carbon
matrices. However, it should be kept in mind that higher pore volume losses can be
explained by both filling and blocking of pores and for the high purity carbons the
degree of blocking might be lower.
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3.5

Setup for Melt Infiltration

In order to limit Mg evaporation and to subdue Mg2Si formation some sample cups
were covered with an extra alumina lid. Physisorption results (Figure 5 and Table 3)
showed that using an open or a closed reactor cup does not influence the loss of pore
volume upon nanocomposite formation. With SEM and XRD analysis the effect of
sample coverage was further studied by comparing open and covered prepared
samples from the same batch. XRD results in Figure 6 and Figure 7 show that in both
covered as well as open prepared samples MgO and bulk-Mg could be detected.
Comparison of composites prepared from AC- and C-carbons shows a significant
decrease in both the MgO and Mg2Si intensities when the high purity C-carbon
matrices are used. The broad MgO signal indicates very small (<2nm) oxidized
particles or –more likely- a thin passivating layer on the bulk Mg. For Cmicro also a
minor contribution of Mg2Si was. Apparently the covering by an alumina lid was not
enough to prevent all silicon migration. All samples show a relatively sharp peak
pattern for Mg, which indicates that part of the magnesium is present as particles
larger than 50 nm. The intensity ratios of the three strongest diffractions for Mg (37.5,
40.0 and 42.5 °2Θ) vary significantly for different samples. For similar samples and
diffractograms taken with identical conditions XRD provides an indication of the
amount of a compound present. For samples based on Cm+m the graphitic peak at 31
°2Θ could be used as internal standard. In that case the differences in peak intensities
of the bulk-Mg peaks suggest that significant less bulk-Mg is present if the carbon has
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not been pre-treated and the sample has not been covered. The presence of layered
structures (e.g. to a pore wall) could explain preferable stacking and orientations in the
crystal structure of Mg.
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Figure 6 XRD patterns for Mg-C composites based on as-received and pre-treated Cm+m, prepared both covered
and open. Mg2Si impurities originate from reaction with the quartz tubing. As a reference sample, a composite out
of ACm+m is also included. All diffractograms were taken under identical conditions.
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Figure 7 XRD patterns for Mg-C composites based on as-received and pre-treated Cmicro, prepared both covered
and open. Mg2Si impurities originate from reaction with the quartz tubing. As a reference sample, a composite out
of ACmicro is also included. All diffractograms were taken under identical conditions.

SEM microscopy also indicated that the covered and pre-treated samples contained
a significantly higher amount of magnesium spheres and facetted particles over a
broad size range up to 60 µm diameter as illustrated in Figure 8. Complementary SEMEDX analysis (not shown) made clear that all composites contain Mg-O-C particles
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(typical ratio 2:1:2), as well as some magnesium and/or carbon enriched particle
aggregates. For the covered prepared samples more particles were found which
consisted primarily of Mg.

A

B

Figure 8 SEM micrographs of Cm+mN-Mg0.33C in A) SE mode and B) BSE mode. Mg-spheres and -facetted
particles are detected (EDX) from large (60 µm) to small (<5 µm) sizes on carbon-Mg composites..
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Hydrogen Atmosphere

In an exploratory study for a series of experiments of samples based on Cm+m-Mg0.33
the atmosphere during part of the Mg-treatment was varied. N2-physisorption analysis
showed no significant differences in pore volume loss for composites prepared partly
under Ar, He or H2. TEM combined with EDX yielded the elemental composition of
individual nanocomposite particles. Switching the atmosphere upon cooling the
sample down from Ar to H2 at 623 K yielded Mg-C nanocomposite particles with
elemental compositions with higher Mg/O ratios.
Figure 9 shows nanocomposites prepared from Cm+m and Cmicro carbon matrices,
cooled down under a hydrogen atmosphere. Small crystallites (<3nm) can be made
visible in the dark field mode. The accompanying diffraction images (not shown) gave
broad bands, indicating crystallites smaller than 2 nm or amorphous Mg. The
corresponding EDX analyses of the same areas show an Mg signal significantly larger
than the O signal. For Cm+mMg0.33H2 (Figure 10A) area ratio Mg/O = 5.2 and for
CmicroMg0.33H2 (Figure 10B) area ratio Mg/O = 15. As a guideline: these raw data had to
be corrected for EDX sensitivity: a 1:1:1:1 C:O:Mg:Si -sample would show raw data
area ratios of ca. 2:3:6:7. When compared to composites from the previous chapter
(Figure 4.10C and 4.12C on page 62), the Mg/O ratios have been significantly
improved and no significant oxidation of the Mg during the Mg-treatment was
observed. Interpretation of the TEM/EDX analysis of selected composites will be
discussed in detail in section 4.
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B
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Figure 9 A) Bright field TEM image and B) Dark field TEM image of Cm+m-Mg0.33-H2 (20 nm scale bar); the dark
field sample was slightly tilted for better contrast and visibility of small magnesium domains in/on the carbon
matrix. C) Bright field TEM image and D) Dark field TEM image of Cmicro-Mg0.33-H2 (100 nm scale bar).
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Figure 10 EDX spectra as measured for A) Cm+m-Mg0.33-H2 and B) Cmicro-Mg0.33-H2 for the same area as in Figure 9.
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Hydrogen Sorption Experiments

The final test to verify the in chapter 3 predicted changes in hydrogen sorption
temperatures and energies is the measurements of Pressure-Composition Isotherms
(PCI/PCT). The PCTs also directly show how much magnesium is able to reversibly
store hydrogen. In a (gravimetric) high pressure magnetic suspension balance the
hydrogen pressure on the sample was gradually increased until the sample showed no
more hydrogen uptake, with a maximum of 3.0·106 Pa. Subsequently the pressure was
lowered to a minimum of 2.5·104 Pa to release the hydrogen from magnesium hydride.
This measurement was done at 4 temperatures (573, 598, 623 and 648 K). For
Cm+mMg0.33-H2 the results are shown in Figure 11 and for comparison also isotherms for
bulk-Mg (Tego Magnan) are shown. Since the composite contained a maximum
amount of 23% Mg, the maximum weight change of 1.35 % upon hydrogen cycling
indicates that 76% of the initial Mg was reversibly accessible for hydrogen.
For Cm+mMg0.33-H2 the isotherms in Figure 11B show two plateaus for the lower
temperatures. Also for the bulk-Mg (Figure 11B) a small second plateau is observed on
the right hand side of the figure. The second plateau can be explained by a part of the
Mg having a higher equilibrium sorption pressure. This is an indication of a lower
absorption enthalpy. An estimate of the fraction Mg in the second plateau for
composite Cm+mMg0.33-H2 corresponds to 25% of the initial Mg which could correspond
to the amount of Mg present in the micropores.
The hysteresis of the isotherms is more pronounced at lower temperatures. Kinetic
barriers for desorption of H2 from Mg/C-composites are clearly apparent. Surface
oxidation of metallic Mg might play a role, however, more research is needed to
elucidate these phenomena. It is proposed that the absorption isotherms are more
reliable to derive Van ‘t Hoff plots.
From the plateau pressures of the PCTs the corresponding points for the Van ‘t Hoff
have been derived (Figure 12A). The slope of this plot is a measure for the equilibrium
enthalpy of sorption. For the middle of the large plateaus in the absorption isotherms
for bulk-MgH2, CmicroMg0.33-H2 and Cm+mMg0.33-H2 the obtained values are 65, 66 and 62
kJ·mol[H2]-1 respectively, which are somewhat lower than the literature value of 75
kJ·mol[H2]-1.13-15 For Cm+mMg0.33-H2 these points are shown in Figure 12 for two
different hydrogen weight contents (0.55 and 1.1%) in the middle of the low an high
pressure regions in Figure 11B. For the high pressure plateaus the corresponding
points in the Van ‘t Hoff plot are at higher hydrogen pressures (ca. 2 times higher)
when compared to bulk MgH2 or the low pressure plateaus. This indicates that a part
of the magnesium hydride is destabilized and lowered sorption temperatures should
be possible. Comparison of these points with plots for the bulk-Mg reference samples
shows that also the slope is much lower (less negative) and the corresponding
absorption enthalpy of 45 kJ·mol[H2]-1 suggests potential for a significantly lowered
absorption and desorption temperature.
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Figure 12 A) Van ‘t Hoff plots for the nanocomposites as derived from the middle of the plateaus in the absorption
isotherms and the accompanying absorption enthalpies. As a reference also the plots for bulk-MgH2 and for ball
milled MgH2.BM (from the previous chapter) are included; B) Points in the Van ‘t Hoff plots for CmicroMg0.33-H2 when
taken at a hydrogen weight content on 0.5 and 1.1%, derived from absorption isotherms in the previous figure.

The higher sorption pressures in Figure 11 and the lower enthalpies in Figure 12
suggested lower sorption temperatures. Figure 13 shows that the desorption
temperature for the nano-Mg is significantly decreased below that of the bulk-Mg as
the onset of the first desorption step is at 450 K and the second at 610 K for desorption
in an Ar atmosphere. Upon increasing the hydrogen pressure to 1 bar, the onset of
desorption for the nanoparticles was raised to 550 K, whereas the bulk-MgH2 desorbed
at the same temperature as with the Ar atmosphere. The total weight loss indicates that
at least 58% of the original Mg is still accessible for hydrogen after more than 20
sorption cycles. The height of the first desorption step shows that up to 32% of the
accessible Mg was in the destabilized nano form, which corresponds to 8 % of the total
composite mass.
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Figure 13 Hydrogen desorption plots for Cm+mMg0.33H2 at 1 bar hydrogen or argon pressure and for bulk-Mg.

4

84

Discussion

One of the aims was to increase the nano/bulk-Mg ratio, in other words to lower the
amount of bulk-Mg in the final product. However, it is difficult to asses this ratio
directly. The loss of pore volume upon Mg treatment is a measure for the maximum
amount of nano Mg that can be formed, but this loss can also be due to blocked or
destroyed pores. Comparison of the carbon matrices, the Mg/C-composites and the
composites from which the Mg was removed by acid leaching, showed that the pore
structure of the carbon matrices was not significantly deteriorated by treatment with
molten magnesium. Furthermore, in contrast to composites from the previous chapter,
for the newly prepared Mg-C composites no indications for pore blocking were
observed as the lost pore volume never exceeded the added Mg volume.
With this result in mind the Mg-loading of the samples was optimized for one type
of composite. N2-physisorption analysis of a series of composites with an increasing
initial MgH2/C ratio from 0.1 to 0.5 (CmicroMg0.1-0.5H2) showed an optimum for a ratio of
0.33. Further increasing of the ratio did not yield significantly more loss of pore
volume, indicating that more Mg in the sample could be present in bulk form. Since the
optimal MgH2/C ratio is dependent on the pore structure and nature of the used
carbon matrix, such optimization is recommended for each type of Mg-C composite.
In the previous chapter pre-treatment of the carbon matrices was proposed to
promote the Mg-C wetting, and hence pore filling with magnesium. For the activated
carbons used there (which contained already 10 at% oxygen as-received), pretreatment yielded no significant increase in the pore volume losses. Here we used highpurity carbon matrices, for which ammonia pre-treatment would increase the amount
of surface oxygen or nitrogen atoms significantly. The influence of ammonia pretreatment on the pore volume losses was small, although the exact influence was
dependent on the structure of the carbon matrices. Using the carbon matrices asreceived is preferable over ammonia pre-treatment.
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Upon covering the sample cup with a lid, Mg redistribution yielded more large Mgspheres and facetted Mg particles in the composite. Covering the sample apparently
inhibited evaporation of excess magnesium out of the sample. Both XRD and N2physisorption analysis showed no higher pore volume lost for the covered samples
when compared to samples prepared in open sample cups. Moreover, sample covering
was not enough to prevent silicon migration from the quartz tubing to the composite.
Since the large Mg particles complicate further analysis of the nanocomposite particles,
covering of the reaction vessel is not recommended.
The quality of the prepared Mg-C nanocomposites is not only determined by the
nano/bulk-Mg ratio, but also by the degree of oxidation of the magnesium. To lower
the loss of Mg to MgO (and Mg3N2, Mg2Si, etc), high purity carbon matrices were used.
Additional switching of the reaction atmosphere from Ar to H2 upon cooling the
composite after the treatment with molten magnesium yielded composites with lower
losses of Mg as MgO. This can be explained by the formation of a protective MgH2
surface layer as XRD showed no MgH2 but Mg as main component. It should be noted
that the use of a hydrogen atmosphere yielded somewhat lower losses in pore volume.
During the preparation of the Mg-C nanocomposites the (molten) magnesium partly
evaporated. Mg(g) could condensate on either the carbon matrix or on (a colder part of)
the quartz or alumina reactor parts and reacted there with Al2O3 or SiO2. The alumina
cups were relatively inert: they could be re-used for over 100 experiments and no
significant Al-contaminations were found in the nanocomposites. The quartz tubing
however got etched heavily and was cleaned every ten experiments. Upon reaction of
Mg(g) with quartz, Si(s) or SiOx(g) can be formed, which can subsequently react with
magnesium in the sample to form Mg2Si. Therefore, use of alumina tubing is
recommended above quartz tubing.
The elemental composition of the Mg-C nanocomposites was determined with
TEM-EDX analysis. Since there are several pitfalls in the interpretation of EDX results,
special attention was given to this topic. The TEM grid films contained mainly carbon,
but also some SiO2. Although for thick samples this is not problematic (Figure 10B),
with very thin low-density samples a contribution from the grid film was unavoidable.
A possible method for correction of the spectrum is to subtract the film signal from the
sample signal, assuming all Si to originate from the grid film. This yields a pure Mg-C
elemental composition without oxygen. However, from XRD data we know that some
silicon can be present in the samples as Mg2Si.
The measured peak areas are related to the number of atoms of the specific element.
However, the raw signal should be corrected for every EDX device, setup and detector
window (per element). We measured the EDX signal for well-defined MgO particles on
the same TEM grid. In this case, the ratio of peak areas Mg/O was 1.98. Using this
calibration factor, a worst and best case scenario could be made. Figure 14 illustrates

85

85

the worst case scenario: all silicon is present in the sample as Mg2Si. Then still 51% of
the magnesium is present in a metallic form. The best case scenario of Figure 14B
shows that when we assume that the Si entirely originates from the grid film, and is in
the form of SiO2, 99% of the magnesium in the sample is available as a metal. Hence
although the error in the determination of elemental composition is large, we can
prove that the majority of Mg in the nanocomposites is metallic.
better case: all O and Grid-foil SiO2

worst case: all O and Si from Mg-losses
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Figure 14 EDX spectrum of Cm+m-Mg0.33 for the same area as in Figure 9, with two methods for calibration. A)
worst case scenario where all O and Si contaminations are from MgO and Mg2Si in the sample; B) best case
scenario where all Si is from the film in the form of silica and the remaining O is present in the sample as MgO.
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Conclusions

Magnesium-carbon nanocomposites were prepared by melt infiltration of
magnesium into relatively pure porous carbon. Optimization of the synthesis described
in chapter 4 yielded a significant improvement of the Mg/O ratio in the composites. In
this respect, as-received porous carbon matrices of high purity are preferred over
ammonia pre-treated ones. Since the alumina reactor cups were not harmed by the
molten magnesium in the furnace, use of alumina tubing is recommended above
quartz tubing to subdue MgO and Mg2Si formation in the sample. Combined TEM and
EDX analysis showed that using high purity carbon matrices and switching the
atmosphere to hydrogen during cooling after Mg melt-infiltration yields more metallic
magnesium in the nanocomposite particles. Between 51 and 99% of the Mg present in
the nanocomposites was in the metallic form.
Another improvement of the composite synthesis was maximization of the amount
of nano-sized Mg in the samples. In the previous chapter large losses of pore volume
were achieved upon Mg melt-infiltration, but it was not clear which contribution was
due to pore filling, blocking or destruction. Here we showed by removal of the
magnesium from the composites by mild acid leaching that the pore volume could be
fully recovered and the carbon structure was not damaged significantly by the
treatment with molten magnesium. This was even true for the more fragile ordered
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mesoporous carbons. Furthermore, in contrast to the results with low-purity activated
carbons, for the carbon matrices discussed in this chapter there was no indication of
pore blocking.
A composite series with different Mg-loadings showed that for low loadings the loss
of pore volume loss is comparable to the volume of Mg added. For the Cmicro-based
composites, increasing the Mg/C ratio above 0.33 was not useful, as the extra Mg did
not correspond to extra pore loss and was hence probably present as bulk Mg. Closing
the reaction cup with a lid to avoid Mg evaporation yielded no extra loss of pore
volume upon Mg-treatment as compared to open cups. However, both XRD and SEM
analysis indicated more bulk Mg present for composites prepared in a closed cup;
therefore these procedures are not recommended.
H2-sorption experiments with the Mg-C nanocomposites show 76% of the Mg
accessible for reversible hydrogen storage with accompanying absorption enthalpies of
ca. 65 kJ·mol[H2]-1, somewhat lower than the bulk value of 75 kJ·mol[H2]-1. Part of the
magnesium in the composites clearly showed increased hydrogen sorption equilibrium
pressures and a significantly lower sorption enthalpy of 45 kJ·mol[H2]-1. Both results
indicate potential for lower H2-sorption temperatures for the Mg-C nanocomposites.
This was confirmed for one sample by a 125 K lowered desorption temperature of 450
K for the nano-Mg which accounted for 32% of the accessible Mg (8% total mass) in the
composite.
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CHAPTER 6

PARTICLE SIZE EFFECTS IN THE PALLADIUM-CARBON-HYDROGEN SYSTEM
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Abstract
1.9 nm Palladium nanoparticles in carbon nanofibers were synthesized via an incipient wetness
impregnation. By controlled sintering four samples with increasing Pd particle sizes up to 7 nm were
prepared and compared to 20 nm Pd-Black reference particles. The hydrogen sorption isotherms for 2-7
nm Pd particles showed a decrease in the width of the phase coexistence plateau, lowered absorption
pressures while lower sorption enthalpies were derived when compared to the reference sample. In the 2-7
nm range, however, the absorption enthalpy decreased upon sintering the particles from 1.9 up to 7 nm,
which might be related to confinement inside the carbon nanofibers. For low pressures the nanoparticles
could adsorb hydrogen up to 0.5 molar H/Pd ratio. This ratio increased linearly with the surface/volume
ratio of the particles. In situ temperature switching at constant H2 pressure of the Pd nanoparticles was
followed with XRD. This enabled phase determination and values of the phase switching temperatures. In
all cases, even for the 1.9 nm particles, two clear Pd and PdHx phases were present. Equilibrium H2
pressures observed with both techniques were in good agreement. Pd/C appeared a good model system to
study particle size and confinement effects for metal hydrides.
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Introduction

Metal-hydrides are promising candidates for safe and efficient reversible hydrogen
storage for mobile applications. However, none of the presently known materials
meets all requirements in terms of hydrogen sorption conditions, hydrogen storage
capacity and reversibility.1-5 Nanosizing of metal hydrides can have beneficial effects
for both hydrogen storage kinetics6 and thermodynamics.7 Most proposed candidates
for practical hydrogen storage in mobile applications are very sensitive to oxygen and
water and difficult to prepare monodisperse in nanocrystalline form. In contrast, Pd
can easily be produced as clean, stable and well-defined nanoparticles8 and for bulk
materials the Pd-H interaction is a well-investigated area of research.9-19 Palladium
hydride itself is not an attractive candidate for practical hydrogen storage due to cost
and weight considerations. However, it does present a valuable model system to
understand the effects of nanosizing and supporting on hydrogen sorption properties.
Pd nanoparticles as such are not stable at elevated temperatures as they tend to
sinter, especially when hydrogen is present.20 A support material can prevent sintering
by stabilizing the particles and inhibiting coalescence. Palladium nanoparticles
supported on oxides or carbon are widely used as catalysts.8, 21 It is well-known that
the activity and selectivity of these catalysts for hydrogenation reactions depend
strongly on the palladium dispersion for particles sizes in the range of 1-10 nm. It has
been suggested that the changes in activity might be related to a diminished ability of
the smallest particles to form the concentrated PdH0.67 phase, but the exact
interpretation of these particle size effects is still a matter of discussion.13, 16-18, 22, 23
When comparing bulk to nano-Pd, nanostructured Pd can more easily relax,
possibly enabling easier hydrogen passage through tetraeder holes and occupation of
octaeder holes in sub-surface states.18, 24 For Pd nanoparticles narrower phase transition
plateaus, as well as reduction of sintering temperatures and melting points are
known.17-19, 24 However, these particles or platelets are mostly made with an exterior
organic or inorganic layer, e.g. of PVP, which hamper sorption measurements or are
influencing sorption thermodynamics considerably.18, 24, 25
With conventional oxidic supports metal-support interactions may affect H2sorption properties. Carbon–metal interactions may be even weaker.26 By choosing a
carbon support consisting of hollow fibers, also the effect of confinement of the metal
particles can be investigated. Herringbone carbon nanofibers can be synthesized both
clean and hollow. Palladium nanoparticles can be deposited on and in such fibers by
different techniques, such as ion exchange, homogeneous deposition precipitation and
impregnation. We focused on incipient wetness impregnation to preferentially deposit
metal salts on the inside of the hollow tubes. Subsequent decomposition of the
precursor salts by calcination and reduction is known to yield nm-sized Pdparticles.8, 20, 26
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Although results on different Pd-particle sizes are reported, no systematic data on
particle size effects are available in literature due to the different preparation
techniques used. Heat treatment of Pd nanoparticles leads to controlled sintering of the
metal particles. By this method Pd nanoparticles with different narrow particle size
distributions ranging from 1 to 10 nm are synthesized in a carbon nanofiber support.
This series will be used to characterize the thermodynamic particle-size and
confinement effects for H2-storage in Pd nanoparticles as a model system for other
metal hydrides. Samples are characterized by a combination of hydrogen sorption
isotherms and high temperature X-ray diffraction studies under hydrogen
atmospheres.

2

Experimental

In a fixed bed reactor carbon nanofibers (CNF) were grown out of synthesis gas (a
volumetric 1/1 mixture of CO and H2) using a Ni/SiO2 growth catalyst with 5 wt% Ni
as described in literature.27, 28 The CNF were refluxed twice in an aqueous 1M KOH
solution and subsequently treated by refluxing for two hours in an aqueous nitric acid
solution 57 wt% HNO3. This treatment is known to remove most of the silica and Ni
originating from the growth catalyst, open the CNF at both ends and cause oxidation
of the carbon surface, creating anchoring places for metal oxide salts.8, 29, 30 This
anchoring is probably due to charge stabilizing effects of the carboxylic groups on the
cationic precursor complexes.26, 31, 32
5.5 wt% Palladium was deposited onto the CNF by incipient wetness impregnation.
1 g CNF was dried in air at 393 K and afterwards evacuated. 1.09 g of an aqueous
Pd(NH3)4(NO3)2 solution with 5 wt% Pd was injected at room temperature. The treated
CNF were dried for 20 h at 353 K under an N2 flow of 50 ml·min-1 and subsequently
heated in Ar to 673 K (5 K·min-1) for 2 h to thermally decompose the precursor
complex. Finally the Pd/CNF sample was reduced for 1 h at 433 K in a 50 ml·min-1
H2/Ar stream of with an H2 volume of 25%. The Pd loading was verified by thermo
gravimetric analysis (TGA) up to 1173 K using a Perkin Elmer Pyris 1 under a 20
cm3·min-1 O2/Ar flow with an O2 volume of 20%.
From this starting batch, with an average Pd particle size of 1.9 nm, a series of
samples with increasing Pd particle sizes was prepared by controlled sintering. First
the parameters for controlled sintering were assessed using in-situ XRD. A single
sample was heated to different temperatures in a He atmosphere, with temperature
steps of 25 K by heating with 5 K·min-1 for 5 min, waiting for 15 min and measuring the
XRD pattern in 10 min. For every temperature the average particle size was
determined from the peak broadening of the 111 peak (Debye-Scherrer). In a follow up
experiment 1g samples originating from one batch were sintered for 15 min at 748, 898,
and 1023 K under an Ar atmosphere (heating with 5 K·min-1), aiming for Pd particle
sizes of 3, 6 and 8 nm.
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A reference sample was prepared via an Ion Adsorption method (PdIE). 8, 20, 29 A
suspension of activated CNF (1.0 g) in demi-water (25 ml) was brought to a pH of 5 by
addition of a diluted ammonia solution. After the addition of Pd(NH3)4(NO3)2 solution
(1.0 g, 0.05 g Pd) the suspension was vigorously stirred for 20 hours under Ar. After
filtering, the loaded CNF were washed with 10 ml demi-water, adjusted to a pH of 9
and dried at 353 K under Ar. After grinding in a mortar the Pd/CNF sample was
heated in Ar to 573 K (5 K·min-1) to decompose the complex and was subsequently
reduced for 1 h in H2/Ar with an H2 volume 25% at 433 K (5 K·min-1). Another
reference sample for the hydrogen sorption experiments was prepared by physically
mixing 100 mg Pd-black (Acros) with 1g of the same batch of CNF in a mortar (Pdref).
Powder X-ray diffraction patterns were measured with a Bruker-AXS D8 Advance
X-Ray Diffractometer using Co-Kα12 radiation (λ = 0.179 nm, 0.034 °2Θ stepsize), either
at room temperature under ambient pressure or in a sealed flow cell (Anton Paar XRD
reaction chamber) under different gas flows and temperatures. Average crystal sizes
were calculated from the Pd-111 peak width at 46.9 °2Θ with using the Debye-Scherrer
equation while taking the experimental line width of 0.11 °2Θ into account. For the
transmission electron micrographs (TEM) an FEI Technai 20 FEG microscope operating
at 200 kV was used. Particle sizes were obtained by measuring at least 200 particles per
sample for different micrographs and assuming a Gaussian particle size distribution.
For the series Pd/CNF with different Pd particle sizes hydrogen sorption isotherms
were recorded using a Micromeritics ASAP 2200 analyzer. Adsorption isotherms
between 308 –378 K were determined while increasing the hydrogen pressure from 530
to 1·105 Pa, while evacuating (ca. 0.5 Pa) at 393 K between the measurements. The
samples were hydrided and dehydrided at 473 K between 0.5 and 1·105 Pa H2 before
each measuring series. Equilibrium conditions were a stable signal within 2.5% in 10 s.
Increment of this time to 30 s only had an effect in the high pressure regions of the
isotherms.
X-ray Photoelectron Spectroscopy (XPS) measurements in the C, Pd and O region
were obtained on a Vacuum Generators XPS system using a CLAM-2 hemispherical
electron detector and non-monochromatic Al (Kα) X-ray radiation (anode at 20 mA, 10
keV). The pass energy of the analyser was set at 50 eV and the spectra were analyzed
using Gaussian fits.

3
3.1

Results and discussion
Preparation and Characterization of the Palladium Nanoparticles

By incipient wetness impregnation Pd/CNF with 5.5 wt% Pd was prepared. The
amount of palladium in the samples was determined with TGA analysis by burning off
the carbon in an oxygen rich atmosphere and relating the residual weight to PdO. The
aimed and the measured loading were in good agreement at a Pd weight fraction of
5.5%. In Figure 1 the palladium particles can be discerned as dark dots on the carbon
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nanofibers. On closer examination graphitic planes of the herringbone type carbon
nanofibers can be distinguished. The Pd particles, with a mean diameter of 1.9 nm, are
predominantly located at the inside of the hollow carbon fibers, as was confirmed by
tilt series. The core of the fibers is generally 2 – 7 nm in diameter. As a reference, a
sample with lower Pd loading (3.7 wt% Pd), but comparable particle sizes was
prepared by ion adsorption,8, 20, 29 leading to Pd particles uniformly spread over the
inner and outer carbon fiber surfaces. In Figure 2 the XPS spectra in the C and Pd
region are compared for the impregnated and reference sample. XPS indicated that
impregnation led to Pd not significantly detectable on the outside of the carbon fibers,
indicating the Pd present inside the carbon structure.
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Figure 2 XPS spectra for Pd/CNF samples as prepared by incipient wetness impregnation (vide infra Pd5nm) or ion
exchange (PdIE) with Pd weight fractions of 5.5 and 3.7 % respectively. The plots were calibrated on the C signal.

Of this batch, obtained by impregnation (Pd2nm), a part was subjected to sintering.
Figure 3A shows in situ XRD results during heating the sample. For bulk Pd peaks at
46.9 °2Θ (111) and 54.8 °2Θ (200) are expected. For the 1.9 nm starting material, the
peaks are very broad. Upon increasing the temperature the peak width decreases and
the peak intensity increases, indicating a gradual growth of the palladium crystal size.
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For temperatures above 800 K the increase in particle diameter as determined with the
Scherrer equation is almost linear with temperature (Figure 3B). Furthermore, there is
no evidence for a bimodal distribution of the particle size from the XRD patterns. The
slight shift of the peak position to lower angles is mostly due to thermal lattice
expansion. Figure 4 shows that sintering the Pd particles occluded in the hollow carbon
fibers was restricted by the fiber walls. This confinement is clearly shown by the
particles touching the inner fiber walls and elongation of the particles in the direction
of the carbon fiber.
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Figure 3 A) Selected XRD patterns and B) particle sizes as a function of temperature of an in situ sinter process
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of Pd2nm in a 30 cm ·min He flow.
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Figure 4 TEM micrographs of Pd2nm sintered at 1023 K (Pd7nm). The sintered particles are occluded in the
hollow carbon fibers.

The gradual decrease in peak width with temperature, and absence of indications of
a bimodal particle size distribution suggests that controlled sintering was possible.
Samples with different average particle sizes were prepared starting from one single 5
g batch by heating to 748, 898 or 1023 K for 15 min under Ar in a quartz tube reactor.
Figure 5 shows transmission electron microscopy results for the samples heated to
different temperatures. It is clear that upon heating, the Pd-particles have started to
grow, and decrease in number, but remain preferentially located inside the carbon
nanofibers. For the highest temperatures few distinctly large Pd particles up to 10-15
nm can be found. These particles tend to obtain elongated shapes. This indicates
confinement in the hollow tubes as the core of the CNF is normally ranging from 2 to 7
nm in diameter as was confirmed by N2-physisorption analysis of unloaded CNF.
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Figure 5 TEM micrographs of Pd/CNF (5.5 wt% Pd) sintered at indicated temperatures.
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indicated temperatures.
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Table 1 Particle size determination results and sample coding for sintered Pd/CNF.

Sinter Temperature
[K]

Pd loading
[%]*

DXRD
[nm]

DTEM
[nm]

Pd2nm

298

5.5

2.1

1.9

Pd3nm

748

5.5

3.5

3.3

Pd5nm

898

5.5

6.2

5.1

Pd7nm

1023

5.5

8.6

6.3

Pdref

-

9.5

19.9

-

PdIE

-

3.7

2.3

2.2

Parameter
Sample code

* Weight based percentage as determined by TGA
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From these TEM measurements the particle size distributions were determined by
measuring over 200 particles on different micrographs and arbitrary directions. Figure
6 shows the Pd particle sizes as determined from the TEM results (assuming a
Gaussian distribution) as 1.9 ± 0.5 nm, 3.3 ± 1.2 nm, 5.1 ± 2.0 nm and 6.3 ± 2.5 nm after
reduction and after heating to 748, 898 and 1023 K respectively. The particle size
distribution broadens on sintering, especially for the highest temperatures. However, it
is clear that batches with distinguishable defined particle sizes can be prepared by this
method. Furthermore, the TEM (number-averaged) particle size results were in good
agreement with the (volume-averaged) particle sizes as determined from the XRD line
broadening using the Scherrer equation. An overview of the prepared Pd/CNF
samples is given in Table 1. As a reference sample for the hydrogen sorption
experiments Pd-black was physically mixed with the same batch of CNF (Pdref).
3.2

Hydrogen Sorption Isotherms

For Pdref and bulk-Pd from literature data9-12, 16, 33 the Pd-H isotherms are shown in
Figure 7. For Pdref the isotherms resemble those of the bulk palladium. A two-phase (α
and ß phase) miscibility region was found over an H/Pd ratio range of 0.6. For samples
with different Pd particle sizes, Figure 8 shows the series of isotherms between 530 and
1·105 Pa over a range of 308-378 K. The phase coexistence region is now found roughly
between 0.40 and 1.0 H/Pd. For the larger particle sizes this region forms a plateau in
which a large amount of H2 is absorbed at a small pressure increase. The width of this
two-phase region is comparable to the H/Pd ratio of 0.67 for bulk palladium.
However, the measurements show a relatively temperature-independent offset of
around 0.1-0.5 H/Pd in the low-pressure limit. This indicates that at the lowest
experimentally accessible pressures already a significantly amount of hydrogen is
adsorbed that can be desorbed in vacuum at 393 K. At high pressures a gradual
increase of H/Pd is observed, indicating filling of octahedral holes with hydrogen
atoms above PdH0.67.
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Clear particle size effects can be discerned. Most striking is that the width of the
miscibility region decreases significantly with decreasing particle sizes, and the slope
of the plateau increases. Figure 9A shows surface to volume ratios (dispersion)
changing with particle size according to literature data15 as well as the of hydrogen
atoms incorporated in these fcc particles. Also shown is the width of the phase
miscibility plateaus as estimated from the 308 K isotherms in Figure 8. For the smallest
particle sizes measured (Pd2nm), the fact that the miscibility region has almost
disappeared in this experimental temperature range corresponds to the expected lower
amount of bulk interstitial sites which can accommodate H atoms. For the Pd/CNF
samples the plateau region is even smaller than predicted by the fcc structure,
indicating a partly disordered or distorted structure. Hence although in literature these
particle size effects are often ascribed to a decrease in critical temperature, they can be
explained by the decrease in bulk phase volume.
In the low pressure-limit an increasing amount of hydrogen per palladium atom is
absorbed for decreasing particle sizes. Since hydrogen does not adsorb significantly
onto CNF, this indicates that this sorption at low pressures is related to hydrogen
surface sites of the Pd, of which the fraction increases with decreasing particle size.
Adsorption is hardly found for Pdref and not for bulk-Pd particles as stated in
literature,15-17, 22, 24 since for larger Pd particles the relative amount of surface atoms is
negligible (Figure 9A). In Figure 9B the onset of absorption is plotted as a function of
the Pd dispersion for the isotherms at the lowest and highest temperatures. The data
for the intermediate temperatures are in-between these lines. The linear behavior
affirms that the onset of absorption is a measure of adsorption at the lowest used
hydrogen pressure (530 Pa) in the experiments. The position of this onset of absorption
can be translated to the amount of surface atoms when assumed that per palladium
surface atom one hydrogen atom adsorbs. For Pd2nm for example the onset shifts from
an H/Pd ratio of 0.50 to 0.33 upon increasing the sorption temperature from 308 to 378
K. This indicates that at 308 K on average half of the Pd atoms have an H atom
adsorbed, whereas at elevated temperatures this amount drops to one third of the Pd
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atoms (circa all and two thirds of the Pd surface atoms respectively). For Pd7nm this
amount has already decreased to about one sixth (16%) and for the reference sample to
one fortieth (2.5%) of the Pd atoms, which resembles the trend in the relative amount of
surface atoms.
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Figure 8 Hydrogen sorption isotherms between 530 – 10 Pa H2 pressure and 308 – 378 K.
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15
according to an fcc Pd-structure as a function of the particle size and the phase miscibility region width
estimated from Figure 8; B) onset of absorption in the isotherms for the two extreme temperatures as a function
of the surface to volume ratio for the different particle sizes.
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Furthermore, there is a shift in the pressures at which the equilibrium between the α
and ß phase is found, indicating a change in the energy of the bulk Pd hydrogen
sorption with particle size. If we take the middle of the plateau, for instance at 308 K
the equilibrium hydrogen pressure shifts from 4029, via 5131 and 6436 to 10547 Pa with
increasing particle size from 2 to 7 nm. When the pressure is increased above the
plateau pressure, hydrogen is taken up more slowly. This extra hydrogen uptake with
increasing pressure is probably due to increased uptake in the octahedral holes of the
bulk of the particles. However, this increase indicates that already at up to 1·105 Pa
hydrogen pressure Pd nanoparticles can absorb more than the H/Pd = 0.67 which is
generally known to be the composition of the ß phase,.15-19, 21-25, 34-36 an effect to which
also adsorption (onset of absorption) contributes.
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Figure 10 A) Van ‘t Hoff plots for hydrogen sorption for different Pd particle sizes at H/Pd = 0.25 with p0 = 10
-1
Pa. The equation for the linear fit and the corresponding absorption enthalpy in kJ·mol[H2] are incorporated. B)
2, 21, 25, 34-42
Hydrogen sorption enthalpy as a function of the Pd particle diameter, with literature data.

The plateau pressure indicates the region in which the diluted α phase is
transformed to the hydrogen richer ß phase while both phases are in equilibrium. For
each fixed composition on the isotherms there is also equilibrium between the
hydrogen atmosphere (H2), adsorbed hydrogen and absorbed hydrogen. When
comparing the different isotherms for one composition a Van ‘t Hoff plot can be
derived by plotting the equilibrium pressure of the plateaus versus the reciprocal
temperature. After shifting the onset of absorption at the lowest experimental pressure
(530 Pa H2) to H/Pd = 0, H/Pd = 0.25 was used as a fixed composition to derive the
plots. Figure 10 shows that the plateau pressure shifts to lower pressures for smaller
palladium particles. Upon decreasing the particle size the slope of the Van ‘t Hoff plot
increases (becomes more negative), which indicates that hydrogen is absorbed more
strongly for smaller particles. For nano bulk and bulk Pd, hydrogen sorption enthalpies
are reported over a large range, roughly from 29 to 36 kJ·mol[H2]-1 for nanoparticles
and 29 to 42 kJ·mol[H2]-1 for the bulk.2, 21, 25, 34-42 Nevertheless, particle size and
confinement effects are known for Pd.13-18, 21, 34-36, 40-46 Here we see that in general the
nanoparticles have a lower absorption enthalpy than the reference sample. In the nano
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range the absorption enthalpy is further decreased upon sintering the particles in the
carbon fibers to 7 nm. The lowered enthalpies can be explained by more disorder or by
physical particle confinement within the carbon fibers and/or interaction with the
carbon surface, which can yield structural changes. The narrow plateau region for
samples with the smallest Pd particles (Pd2nm) indicates a less bulk-like structure and
the higher slope of these plateau regions suggests less well-defined sites which can
accommodate hydrogen atoms, albeit at reduced bonding strengths.
3.3

In Situ XRD Measurements

The structural changes of the Pd nanoparticles with different sizes were assessed in
an XRD reactor cell under different hydrogen pressures as a function of temperature.
This setup allows reversible switching of the Pd-PdHx system at a given partial H2
pressure, hence measuring isobars instead of isotherms as discussed in the last
paragraph. Figure 11 shows a 40 °2Θ scan of the CNF support with and without Pd or
PdH. Although the carbon and palladium signals have some overlap, the Pd and PdH
contributions can be clearly distinguished. Upon switching the atmosphere over the
samples between pure He and pure H2 the transition between the α phase (Pd or
diluted PdHx) and the ß phase (concentrated PdHx) is evident as the two Pd lines at
46.8 and 54.3 °2Θ shift reversibly to PdH0.6 peaks at 45.4 and 52.9 °2Θ, while the C line
at 50.2 °2Θ remains the same.

100
CNF
CNF.Pd
CNF.PdH

3000

XRD Counts

2500

2000

1500

PdH

PdH
Pd

1000

500

C

Pd

C

C

0
25

30

35

40

45

50

55

60

65

°2Θ

Figure 11 XRD patterns for the carbon fiber support with and without metal loading (Pdref). The PdH pattern was
taken after in situ charging with hydrogen at room temperature.

When using pure hydrogen and helium atmospheres these transitions could take
place at any chosen temperature between 298 and 373 K, as was expected from the
isotherms in Figure 8. Therefore a hydrogen pressures of 6·103 Pa was used to
determine the transition temperatures for the different samples in isobaric
measurements. Figure 12 shows the diffraction patterns for Pd5nm with clearly
distinguishable Pd and PdH contributions. Desorption and absorption processes were
induced by increasing or decreasing the temperature between 303 and 348 K at a rate of
1 K·min-1. As the phase transitions with the pure H2 switching took place within 1 min,
here instead of scanning the 2Θ-range an open-slit technique was used, enabling
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acquisition of well-resolved diffractograms over a range of 13 °2Θ (time-resolved
measurements at a high rate of 4 min-1). Figure 12 shows that the hydrogen sorption is
fully reversible and the two isobestic points at 46.1 and 53.8 °2Θ indicate that no other
intermediate phases are interfering with the observed independent Pd and PdH
patterns. These patterns were corrected by subtracting a background based on the fully
desorbed and fully hydrided state (Figure 12B). In Figure 13 the diffraction patterns for
different temperatures for Pd2nm and Pd3nm are shown. For the smaller particles similar
transitions are observed as for Pd5nm. Although the peaks are broader, the patterns
before and after a desorption-absorption cycle are similar and the desorbed or metallic
phase is distinguishable.
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Figure 12 XRD patterns for Pd5nm upon hydrogen A) release and B) uptake in an H2/He flow (500 ml·min , 6
vol%) between 303 – 348 and 348 – 303 K respectively. The black pattern is for the fully desorbed state at 348
K and the patterns are shown with steps of 3 K per curve. In A the raw data are presented whereas in B the
background (as based on the fully desorbed and fully hydrided state) was subtracted.
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Figure 13 XRD patterns for the extreme temperatures for A) Pd2nm and B) Pd3nm showing in situ hydrogen
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switching between 303 – 373 – 303 K and 303 – 348 – 303 K respectively (H2/He flow 500 ml·min , 6 vol% H2).
The plots with a maximum signal for Pd are at the highest temperatures.
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Figure 14 shows the relative peak areas of the palladium and palladium hydride
peaks plotted versus the temperature for the different samples. The curves for
desorption and absorption are similar. The figure confirms that the transitions upon
absorption and desorption for Pd5nm and Pd3nm are gradual and the crossings of the Pd
and PdH plots are in agreement with the isotherms in Figure 8 (e.g. 315 K for Pd5nm) .
The difference in absorption and desorption temperature for one composition between
the plots is the sorption hysteresis, which is identical as observed when starting with
absorption, followed by desorption (not shown). Although some delay (hysteresis
broadening) is caused by the heating rate of 1K·min-1, the smaller particles clearly have
a smaller hysteresis: 18 K for Pd5nm and 9 K for Pd3nm halfway the transitions. This can
be ascribed to an easier nucleation of the α or ß phase due to more disorder and more
surface contribution.17, 18 For these small particles this suggests single-phase particles
with some of the particles in the α phase and some in the ß phase. Although the
absorption isobars for Pd5nm and Pd3nm are similar, the desorption curve for Pd5nm
shows a less steep decay.
For the smallest Pd particles (Pd2nm) the temperature was increased to 373 K to
desorb hydrogen from the sample. The Pd peak position was at 46.25 °2Θ, which
suggests a larger lattice spacing than for the larger Pd particles as also reported in
literature.e.g.16 Although some decrease in peak position can be ascribed to the
broadness of the peaks, this indicates that for this sample the desorbed state still has
some hydride character and that the temperature of 373 K is not high enough to desorb
all hydrogen from the Pd surface.
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Figure 14 A) Comparison of the desorption and absorption temperatures for the different samples in an H2/He
-1
flow of 500 ml·min (6 vol% H2); B) Pd and PdH peak positions during the isobaric temperature cycles. As a
reference the corresponding Pd-Pd lattice distances are incorporated.

Figure 15 shows the peak positions during the isobaric temperature cycles. For
Pd5nm and Pd 3nm the peak positions shift only slightly upon heating and no
intermediate phases could be detected as expected from the independent Pd and PdH
peaks in Figure 12 and Figure 13. For Pd2nm the peaks are broader and no distinct Pd
and PdH lines could be observed. As a result the mean peak position shifts between
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45.50 and 46.25 °2Θ upon discharging and charging with hydrogen. These values being
closer to the PdH region than the Pd region suggests more hydride character.
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Figure 15 Pd and PdH peak positions during the temperature cycles. As a reference the corresponding Pd-Pd
lattice distances are incorporated.
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Conclusions

Via an incipient wetness impregnation palladium nanoparticles were synthesized
inside carbon nanofibers with a hollow core of 2 – 7 nm diameter. Pd particles with a
mean diameter of 1.9 nm were prepared predominantly inside the hollow carbon
fibers. By controlled sintering four samples with increasing Pd particle sizes up to 7 nm
were prepared. For a reference sample Pd-Black (20 nm diameter) was physically
mixed with the same batch of carbon fibers. The 5 nm and 7 nm particles were clearly
confined in the carbon fibers.
Hydrogen sorption characteristics were determined by measuring isotherms
between 530 and 1·105 Pa H2 for temperatures ranging from 308 to 378 K. Upon
decreasing the Pd particle size the isotherms showed smaller regions of phase
miscibility, as well as lowered equilibrium sorption pressures. The Pd nanoparticles
showed lower absorption enthalpies when compared to the reference sample. The 7
nm Pd particles showed the highest sorption pressures and the lowest sorption
enthalpy of 26.7 kJ·mol[H2]-1. In the particle size range 2 – 7 nm the derived sorption
enthalpies showed an increasing trend towards the bulk value upon decreasing the
particle size. For the lowest measured pressures the nanoparticles were able to adsorb
significant amounts surface hydrogen, up to a molar H/Pd ratio of 0.5. This amount
increased linearly with the surface/volume ratio of the particles. Combined with the
absorption capacity of the particle-bulk of 0.6 H/Pd the total sorption capacity for the 7
nm Pd particles was determined higher than 1.0 for H/Pd.
The series of Pd nanoparticles was studied by XRD analysis under different
hydrogen pressures and temperatures. Upon temperature cycling in an H2/He (6 vol%
H2) the Pd and PdH0.6 phases alternated, yielding isobestic points in the diffractograms,
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indicating that no other phases were present. Upon decreasing the Pd particle size the
sorption hysteresis also decreased while the sorption temperatures increased, which
supports the volumetric sorption results. The equilibrium pressures observed with
XRD were in good agreement with the sorption experiments.
These preliminary studies show that Pd is a good model system to study particle
size effects in metal hydrides.
Recommendations
A follow-up study should preferably contain a larger range of particle sizes and
higher loadings. With Pd particles both on the inside and outside of the carbon fibers,
confinement effects could be decoupled from the particle size effects. For the H2
sorption experiments evacuation at higher temperatures is preferable to desorb more
hydrogen from the Pd surface. For the in situ XRD experiments isobars at different
hydrogen pressures are advocated and might be used as an alternative for the plateaus
of the H2 sorption isotherms for determining the sorption enthalpies.
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Summary
Energy systems of the foreseeable future will have to be more reliable, flexible and
cost-efficient and have a higher availability to meet the increasing energy demand.
Especially considering greenhouse gas emissions, combustion of fossil fuels will be
replaced by cleaner energy production. The “Hydrogen Society” is a scenario in which
hydrogen (H2) is used as an energy carrier for mobile applications and for energy-load
balancing. For widespread use of hydrogen, progress is required in several fields, of
which H2 storage is one of the most tenacious. Metal-hydrides are promising
candidates for safe, compact and efficient hydrogen storage for mobile applications.
However, none of the presently known materials meets all requirements in terms of
hydrogen sorption conditions, hydrogen storage capacity and reversibility. Magnesium
hydride (MgH2) can store hydrogen up to a weight fraction of 7.7%. However, the
major impediment for MgH2 is its H2 desorption temperature of 573 K. The research
described in this thesis explores, both theoretically and experimentally, the possibilities
to decrease the desorption temperature of MgH2 by decreasing the particle size.
First, attention is paid to improving the handling and use of bulk-magnesium. If Mg
is to be used as a hydrogen storage material, an important issue is to avoid oxidation of
the metal during handling. Options to achieve this are encapsulating the material or
rendering it air-resistant. However, the chosen method should have no significant
effect on the ability of Mg to absorb or release hydrogen. Chapter 2 describes how
modification of the surface can improve both the durability and the H2 sorption
kinetics of commercial MgH2 powder. A mild fluoride treatment can be used to remove
the passivating oxide layer of magnesium and replace it by MgF2. This magnesium
fluoride skin appears selectively penetrable by hydrogen. The fluoride treated samples
retain their H2 storage capacity after 24 h exposure to air and the hydrogen sorption
rates are 1.3-fold increased. By an incipient wetness procedure, 24 nm Pd particles can
be deposited on the always-present thin (hydr)oxide surface layer of the 50 μm MgH2
particles. The relative H2 absorption and desorption rates are improved by a factor of
1.5 and 2.6 respectively. A combination of both surface modifications yields an airresistant sample with an increased desorption rate.
When desorbing hydrogen from bulk MgH2, thermodynamics dictate that this takes
place at or above 573 K. A few results in literature, related to disordered materials and
thin layers, indicate that lower desorption temperatures are possible. With these results
in mind the effect of crystal grain size on the thermodynamic stability of Mg and MgH2
are investigated. Chapter 3 described how the problem is approached with ab-initio
Hartree-Fock and Density Functional Theory calculations. As expected, both
magnesium and magnesium hydride become less stable with decreasing cluster size,
significantly for clusters with less than 20 magnesium atoms. Since magnesium
hydride destabilizes stronger than magnesium with decreasing particle size, the
hydrogen desorption energy decreases significantly when the crystal grain size
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becomes smaller than ~1.3 nm. These results imply that sub-nm MgH2 crystallites
should have a significantly decreased desorption temperature. For instance: an MgH2
crystallite size of 0.9 nm corresponds to a desorption temperature of only 200 °C. This
predicted decrease of the H2- desorption temperature is an important step towards the
application of Mg as a hydrogen storage material. Also the stepwise desorption of
hydrogen from a cluster is followed in detail for MgH2 clusters of different sizes. For
Mg15(Hx) clusters the first few H2 molecules can be easily subtracted from a fully
loaded cluster, whereas the last few are more strongly bound, just as observed
experimentally for bulk-MgH2. On the other hand, MgH2 clusters with 9 or 6 Mg atoms
behaved significantly different by showing a destabilization upon removal of a few
hydrogen atoms, predicting lower desorption energies for incompletely charged
nanomaterials. Small clusters are predicted to be able to contain significantly more
hydrogen than the bulk H/Mg ratio of 2, which can be ascribed to molecular-type
adsorption.
Chapter 4 deals with an exploratory study of the synthesis and stabilization of
nanometer-sized Mg. Since such small particles would coalesce or sinter upon repeated
hydrogen charging and discharging, a support material is needed for stabilization.
Magnesium is very reactive towards oxygen, hence common metal oxide support
materials are not feasible. Inert and low weight carbon matrices are tested as a support
material for nanoscale magnesium. Mg-C nanocomposites are prepared by treating
activated carbons with molten Mg under an argon atmosphere. The activated carbons
are pre-treated with ammonia or nitric acid to promote Mg-wetting of the carbon by
incorporating nitrogen and oxygen at the surface. However, the presence of a small
amount of additional surface nitrogen does not increase the Mg-infiltration
significantly, whereas the nitric acid destroys the pore structure of the activated
carbon. Upon Mg-treatment the largest relative loss of pore volume is measured for the
smallest pores. However, at least part of the pore volume loss can be explained by pore
blocking instead of filling. Furthermore, it is not clear to which extent Mg becomes
oxidized. Hence since SEM and XRD experiments indicate that a significant part of the
Mg in the samples is still present as bulk material, no conclusions on particle-size
effects can be drawn. However, it is shown that with this method redistribution of Mg
takes place and Mg(O) nanoparticles of 3nm diameter and smaller are detected with
different TEM modes in the ammonia-pre-treated porous carbon particles.
These promising results inspired a detailed study of the preparation of Mg/C
nanocomposites as described in chapter 5. Carbon matrices containing a low amount of
oxygen are used with and without ammonia pre-treatment. The pre-treatment appears
detrimental as after treatment with molten Mg, more bulk-Mg is observed in the
composites. Hence pure carbon matrices are desirable above pre-treated ones for the
synthesis of Mg-C nanocomposites. Both carbon matrices with different pore size
distributions, as well as ordered mesoporous carbons produced from a mesoporous
silica SBA-template are used to prepare Mg-C nanocomposites. Removal of the Mg
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from the composites shows that the original carbon pore volumes can be retrieved,
indicating that the carbon matrices are not destroyed upon Mg melt-infiltration. In
order to minimize the amount of bulk-Mg in the composites, different Mg-loadings,
reactor setups and treatment times are tested to optimize the synthesis of the Mg-C
nanocomposites. By melting magnesium into microporous carbon in an open alumina
cup under an argon atmosphere, composites with 25% weight in Mg can be prepared.
Additional cooling down under a hydrogen atmosphere yields nanocomposites with a
minimized oxygen content and up to 99% of the initial MgH2 is present as metallic Mg.
For these samples, Mg nanoparticles of 3nm diameter and smaller are detected with
different TEM modes. Hydrogen-sorption measurements with a high-pressure
magnetic suspension balance show 76% of the initial Mg still accessible for reversible
hydrogen storage, with accompanying absorption enthalpies of 56-66 kJ·mol[H2]-1,
lower than the bulk value of 75 kJ·mol[H2]-1. Up to one third of the magnesium in the
composites (8% of composite mass) has increased hydrogen sorption pressures with a
corresponding absorption enthalpy of 45 kJ·mol[H2]-1. For this part, 125 K lowered H2desorption temperatures are determined around 450 K.
The influence of the particle size on the hydrogen sorption characteristics for a
model system is described in chapter 6. Palladium is chosen, since hydride formation
(PdH0.6) in the bulk is well-studied and because nm-sized Pd particles can be readily
deposited on carbon supports. By choosing a carbon support with hollow fibers, also
the effects of confinement and clamping of the metal particles can be investigated. With
an incipient wetness method, Pd nanoparticles with different narrow particle size
distributions ranging from 1.9 to 7 nm are synthesized on a carbon nanofiber support
(CNF). This series is used to characterize the thermodynamic particle-size effects for
H2-storage in Pd nanoparticles. For Pd particles smaller than 3 nm, the hydrogen
sorption characteristics differ significantly from that of the bulk material. The
absorption isotherms show smaller and sloping phase miscibility plateaus, as well as
lowered sorption pressures. The Pd nanoparticles show lower absorption enthalpies
when compared to the reference sample. Upon sintering the enthalpy decreases and for
7 nm Pd particles the highest sorption pressures and the lowest sorption enthalpy of
26.7 kJ·mol[H2]-1 is determined. This indicates possible confinement or clamping effects
of the Pd inside the CNFs. The nanoparticles are able to adsorb significant amounts
(sub)surface hydrogen at low pressures, up to an atomic H/Pd ratio of 0.5. This
amount is linear with the surface/volume ratio of the particles. The total sorption
capacity is determined up to 1.4 atomic H/Pd. The series of Pd nanoparticles is
subjected to high temperature XRD under a 6% H2/He atmosphere. Upon temperature
cycling between 303 and 373 K the Pd and PdH0.6 phases alternate, yielding isobestic
points in the diffractograms, which indicates that no other phases are present. Upon
decreasing the Pd particle size the sorption temperatures increases in good agreement
with the isotherms. Although Pd shows different behavior upon downsizing than Mg,
the observed trends give more insight in the particle size effects for metal hydrides.
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Samenvatting
Toekomstige energiesystemen zullen betrouwbaarder, beter beschikbaar, flexibeler
en kosten-effectiever moeten zijn om aan de gestaag groeiende vraag naar energie te
voldoen. Zeker met broeikasgasemissies in ogenschouw zullen fossiele brandstoffen
waarschijnlijk vervangen worden door hernieuwbare energiebronnen. De populaire
term “waterstofeconomie” is een toekomstscenario waarbij waterstof (H2) wordt
gebruikt als een schone energiedrager voor met name mobiele toepassingen zoals
auto’s. Een aantal obstakels moet overwonnen worden om grootschalig
waterstofgebruik mogelijk te maken. Waterstofopslag is één van de hardnekkigste en
belangrijkste knelpunten. Metaalhydriden bieden een veelbelovende mogelijkheid om
waterstof veilig, efficiënt en reversibel op te slaan. Hedentendage voldoet echter geen
van de bekende opslagmaterialen aan alle criteria die aan een dergelijk opslagmedium
gesteld worden. Belangrijke factoren daarin zijn temperatuur- en drukcondities van
gebruik, capaciteit en reversibiliteit van opslag. Magnesiumhydride (MgH2) kan tot 7.7
gewichtsprocent waterstof bevatten. De voornaamste belemmering voor gebruik van
MgH2 als waterstofopslagmedium is de bedrijfstemperatuur van 573 K. Het onderzoek
zoals beschreven in dit proefschrift is gericht op het verlagen van de waterstofdesorptietemperatuur van MgH2 door het verkleinen van de deeltjesgrootte, zowel
theoretisch als experimenteel.
Als eerste is onderzoek gedaan naar verbetering van de hanteerbaarheid van bulkmagnesium (Mg). Wanneer Mg gebruikt wordt als waterstofopslagmedium, moet het
adequaat behandeld worden om oxidatie van het Mg te voorkomen, bijvoorbeeld door
het materiaal in te kapselen of het metaal luchtresistent te maken. De
beschermingsmethode mag echter geen significant verlies in waterstofopslagcapaciteit
en -snelheid tot gevolg hebben. In hoofdstuk 2 staat beschreven hoe
oppervlaktemodificatie van kan leiden tot een verbeterde H2 sorptiekinetiek en
duurzaamheid van commercieel verkrijgbaar MgH2 poeder. Een milde
fluoridebehandeling is gebruikt om de passiverende oxidelaag (MgO) te verwijderen
en te vervangen door magnesiumfluoride (MgF2). Deze dunne laag van magnesiumfluoride blijkt selectief permeabel voor waterstof. De met fluoride behandelde
monsters behouden hun capaciteit voor waterstofopslag na 24 uur blootstelling aan
lucht en de waterstofsorptiesnelheden zijn 1.3 maal verhoogd. Door middel van een
een “incipient wetness” procedure zijn 24 nm palladium deeltjes afgezet op het altijd
aanwezige dunne (hydr)oxide oppervlak van de 50 µm MgH2 deeltjes. De relatieve
waterstofabsorptie en -desorptiesnelheden zijn daardoor verbeterd met respectievelijk
een factor 1.5 en 2.6. Een combinatie van beide op grote schaal uitvoerbare
oppervlaktemodificaties levert een luchtresistente MgH2 met verhoogde
waterstofdesorptiesnelheid op.
Het is thermodynamisch bepaald dat het desorberen van waterstof uit bulk-MgH2
plaatsvindt bij een temperatuur vanaf ongeveer 573 K. Aanwijzingen in de literatuur

111

111

112

met betrekking op ongeordende materialen en dunne lagen, geven echter aan dat
lagere desorptietemperaturen mogelijk zijn. Geïnspireerd door dergelijke meldingen
zijn in hoofdstuk 3 deeltjesgrootte-effecten op de thermodynamische stabiliteit van Mg
en MgH2 onderzocht, gebruik makend van ab initio Hartree-Fock en Density Function
Theory berekeningen. Zoals verwacht, worden zowel Mg als MgH2 minder stabiel bij
afnemende deeltjesgrootte, voornamelijk bij clusters met minder dan twintig Mg
atomen. Aangezien MgH2 bij afnemende deeltjesgrootte sterker destabiliseert dan Mg,
neemt de waterstofdesorptie-energie af wanneer de kristalgrootte kleiner dan circa 1.3
nm wordt. Deze resultaten voorspellen dat sub-nm MgH2 kristallieten een significant
verlaagde desorptietemperatuur hebben. De berekeningen geven bijvoorbeeld voor
een MgH2 deeltje van 0.9 nm een desorptietemperatuur van slechts 473 K. Deze
voorspelde afname van de waterstofdesorptietemperatuur is een belangrijke stap
richting de toepassing van Mg als waterstofopslagmateriaal. Ook de stapsgewijze
desorptie van waterstof van een cluster is in detail gevolgd voor MgH2 clusters van
verschillende groottes. Van Mg15(Hx) kunnen de eerste H2 moleculen eenvoudig
onttrokken worden terwijl de laatste sterker gebonden zijn, overeenkomstig
experimentele observaties voor bulk-MgH2. MgH2 clusters met 9 of 6 atomen vertonen
daarentegen een destabilisatie wanneer er een aantal waterstofatomen verwijderd
wordt. Dit voorspelt lagere desorptie-energieën voor onvolledig geladen
nanomaterialen. Er is berekend dat kleinere clusters in staat zijn om meer waterstof te
bevatten dan de ratio van 2 voor bulk H/Mg, wat beschouwd kan worden als
moleculaire adsorptie aan het oppervlak.
Hoofdstuk 4 beschrijft een verkennende studie naar de synthese en stabilisatie van
magnesiumdeeltjes met afmetingen van enkele nanometers. Aangezien dergelijke
kleine deeltjes zouden vermengen of sinteren gedurende herhaaldelijk laden en
ontladen met waterstof, moeten ze worden gestabiliseerd. Om een geschikte
levensduur en reversibiliteit van Mg(H2) nanodeeltjes te bereiken, kan een
dragermateriaal gebruikt worden. Aangezien Mg erg reactief is ten opzichte van
zuurstof, zijn gebruikelijke metaaloxiden niet geschikt als dragermateriaal.
Lichtgewicht koolstof matrices zijn daarom getest als dragermateriaal voor nano-Mg.
Mg-C nanocomposieten zijn bereid door geactiveerde koolstof te behandelen met
gesmolten Mg in een argon atmosfeer. De koolstofmaterialen zijn voorbehandeld met
ammonia of salpeterzuur om Mg-bevochtiging van het koolstofoppervlak te
bevorderen door incorporatie van stikstof en zuurstof. De aanwezigheid van een kleine
hoeveelheid stikstof in het koolstofoppervlak verhoogde de infiltratie door magnesium
echter niet significant, terwijl het salpeterzuur de structuur van de koolstof aantastte.
Na Mg-behandeling is het grootste relatieve verlies in porievolume bereikt voor de
kleinste poriën. Dit verlies kan echter ten dele verklaard worden voor porieblokkade in
plaats van porievulling en ook de hoeveelheid Mg-verlies door oxidatie blijft
onbekend. Omdat SEM- en XRD-experimenten aantonen dat een deel van het Mg in de
monsters aanwezig is als bulk-Mg kunnen geen definitieve conclusies betreffende
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deeltjesgrootte-effecten worden getrokken. Er is echter aangetoond dat met de
voorgestelde procedure herverdeling van Mg plaatsvindt. Met verschillende TEM
technieken zijn Mg(O) nanodeeltjes met een diameter van 3 nm en kleiner gedetecteerd
in NH3-voorbehandelde poreuze koolstof.
Deze veelbelovende resultaten inspireerden verder onderzoek naar verbetering van
de bereiding van Mg-C nanocomposieten zoals beschreven in hoofdstuk 5. Koolstof
matrices zijn zowel zonder als met ammoniavoorbehandeling gebruikt, waarbij
voorbehandeling nadelig blijkt omdat dan na Mg-behandeling meer bulk-Mg wordt
gevonden in het product. Analyse toont aan dat zuivere koolmatrices te verkiezen zijn
boven de voorbehandelde matrices voor de synthese van Mg-C nanocomposieten met
gesmolten Mg. Zowel C-matrices met verschillende poriegrootteverdelingen als
geordende mesoporeuze koolstof uit een mesoporeuze silica SBA-precursor zijn
gebruikt om Mg-C nanocomposieten te vervaardigen. Oplossen van het Mg uit de
composiet toont aan dat de koolstofstructuur niet significant verandert tijdens de
synthese, wat aangeeft dat C-matrices een duurzame optie zijn als dragermateriaal
voor Mg nanodeeltjes. Om de hoeveelheid bulk-Mg in de composieten te
minimaliseren
zijn
verschillende
Mg-beladingen,
reactoropstellingen
en
behandelingstijden gebruikt. Door Mg in microporeuze koolstof te smelten in een open
aluminakroes in een argon atmosfeer zijn composieten met 25% gewicht aan Mg
bereid. Afkoelen in een H2 atmosfeer resulteert in nanocomposieten met een minimale
hoeveelheid zuurstof en wel tot 99% van het initiële MgH2 aanwezig als metallisch Mg.
In deze monsters zijn nanodeeltjes met een diameter van 3 nm en kleiner gedetecteerd
met verschillende TEM technieken. Waterstofsorptiemetingen laten zien dat het
merendeel van het Mg toegankelijk is voor reversibele waterstofopslag. Tot een derde
van het totale Mg in de composieten (8% van totaalgewicht) vertoont verhoogde
sorptiedrukken die overeenkomen met een absorptie-enthalpie van 45 kJ·mol[H2]-1.
Voor dit deel van het Mg is de waterstofdesorptietemperatuur bepaald rond 450 K.
Deze verlaging van 125 graden ten opzichte van bulk-Mg wordt toegeschreven aan
nano-Mg (< 3 nm), wat kwalitatief overeenkomt met de theoretische berekeningen.
Deeltjesgrootte-effecten op de waterstofsorptie van metaalhydriden zijn beschreven
voor een modelsysteem in hoofdstuk 6. Palladium is gekozen als modelsysteem,
aangezien het een hydride kan vormen (PdH0.67) en nm-grote Pd deeltjes eenvoudig
afgezet kunnen worden op koolstofdragers. Door een koolstofdrager van holle vezels
te gebruiken kon ook het effect van insluiting van de metaaldeeltjes onderzocht
worden. Middels impregnatie werden Pd nanodeeltjes met smalle deeltjesgrootteverdelingen variërend van 1.9 tot 7 nm op een dragermateriaal van koolstofnanovezels
(CNF) vervaardigd. Deze serie monsters is gebruikt om de thermodynamische
deeltjesgrootte-effecten voor waterstofopslag in Pd nanodeeltjes te karakteriseren.
Voor Pd deeltjes kleiner dan 3 nm verschillen de waterstofsorptiekarakteristieken
significant van die van het bulk materiaal. De absorptie-isothermen vertonen smallere
en steilere fasecoexistentie plateaus en verhoogde absorptiedrukken. De nanodeeltjes
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hebben lagere absorptie-enthalpieën dan bulk-Pd, waarbij deze afneemt na sinteren
van de deeltjes, wat resulteert in de laagste H2-absorptie-enthalpie van 27 kJ·mol[H2]-1
voor 7 nm Pd deeltjes. Dit kan mogelijk verklaard worden door insluitingeffecten van
Pd in de holle CNF. De nanodeeltjes kunnen al significante hoeveelheden waterstof
opnemen aan of in het oppervlak bij de laagst gemeten druk van 530 Pa, tot een
molverhouding H/Pd van 0.5. Deze hoeveelheid blijkt lineair afhankelijk van de
oppervlak/volume-ratio. Samen met de absorptiecapaciteit van H/Pd=0.67 zijn totale
waterstofsorptiecapaciteiten tot H/Pd=1.4 waargenomen. In een volumetrische 6% H2
in helium atmosfeer zijn in situ XRD-metingen aan de serie Pd-nanodeeltjes bij
verschillende temperaturen gedaan. Tijdens temperatuurcycli tussen 303 en 373 K
wisselden de Pd en PdH0.67 fase elkaar af. Dit levert isobeste punten op, wat aangeeft
dat geen andere (tussen)fasen aanwezig zijn. Bij verkleinen van de Pd-deeltjes is met
deze techniek een verhoogde waterstofsorptietemperatuur aangetoond. Hoewel Pd
zich anders gedraagt dan Mg voor kleinere deeltjes geven de waargenomen trends
meer algemeen inzicht in mogelijke deeltjesgroottte-effecten voor metaalhydriden.
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Na vele uren koken, stoken, denken, typen en corrigeren zit het AIO-schap er op.
Samen met de patentverkenning heb ik 4½ jaar op de sectie Anorganische Chemie en
Katalyse rondgelopen. Hoewel uiteraard niet elk experiment naar wens verliep en ook
het schrijfwerk niet altijd meeviel zijn het mede door collega’s, familie, vrienden en
bekenden mooie en leerzame jaren geweest en durf ik zeker te stellen dat science≡fun.
Iedereen daarvoor uiterst bedankt! Vanzelfsprekend is er een aantal personen dat ik in
het bijzonder wil bedanken.
Allereerst natuurlijk mijn (co)promotoren. Krijn, gelukkig durfde jij het bijna vijf
jaar geleden aan om een niet-anorganicus aan te nemen om het voor de sectie nieuwe
terrein van waterstofopslag open te breken. Jouw enthousiasme en analytisch
vermogen betreffende ideeën en resultaten kan ik zeer waarderen, bijzonder in het
geval van mijn ‘vrijdagmiddagexperimenten’ waar tenslotte het merendeel van de
dissertatie mee is gevuld. Tevens hoop ik dat een deel van jouw positivisme naar mijn
realisme overgewaaid is. Jos, je hebt geen idee hoe blij ik ben dat je er altijd voor me
was, zowel in advies, woord als daad. Jammer dat je tegen het eind daar fysiek niet
meer toe in staat was. Petra, zonder jou was er nu geen dissertatie. Fantastische hoe
snel jij in korte tijd tot doorgewinterde mede-waterstofstrijder werd. Hoewel soms zeer
confronterend, heb ik je persoonlijke begeleidingsmanier heb ik altijd zeer prettig
ervaren (;-p). Voor `t meeste schieten woorden tekort, daargelaten simpele doch nuttige
zaken zoals een extra dankjewel voor het vele corrigeerwerk en het ‘stofkammen’,
waarbij ik nog steeds verbaasd ben over de snelheid en precisie.
Joop, bedankt dat je me hebt willen begeleiden bij het uitwerken van m’n clusterideeën. Gelukkig kon jij mijn vasthoudendheid daarin waarderen en mijn benodigde
theoretische kennis op de juiste plekken aanvullen, danwel afschaven. Hoewel het
‘alternatieve groepjesoverleg’ nooit echt van de grond is gekomen ben ik jou, Joost en
Onno erg dankbaar voor alle GAMESS-hulp en de momenten van reflectie. Je bent,
samen met AdM, een van de weinige personen die ik ken met een reële
levensbeschouwing. Joost en Onno verdienen een extra pluim voor het rustig blijven
als ik weer eens een unix-commando niet kende/begreep; toch best apart dat ik dat
moeilijk vertaald krijg naar alle Windowz-vragen die ik dagelijks aan m’n adres krijg.
In het kader van de reflectie naar andere vakgebieden wil ik ook Willem en Volkert
bedanken voor een inwijding in de beginselen der statistische thermodynamica en
oppervlakte-fysica. Voor de praktische kant van dat laatste natuurlijk ook een
dankjewel naar Govert voor het kunnen beantwoorden of uitvoeren van mijn vragen
en suggesties betreffende dunne Mg-lagen en hun oppervlakken.
Zonder praktische hulp is een promotietraject moeilijk haalbaar. Ik heb het geluk
gehad om naast de bijna zeventig vwo-ers met hun waterstofvragen ook een doctoraal, een bachelor- en een master-student te mogen mede-begeleiden. Johan, jij was ‘mijn
eerste student’; jouw mooie en precieze werk heeft tot het tweede hoofdstuk geleid. Ik
ben ervan overtuigd dat jouw kennis en discipline het oude Fischer-Tropsch-veld
nieuw leven in kan blazen. Deze ijzeren discipline werd enkel en alleen overtroffen
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door Tamara. Tam², hoewel jouw meelooptijd van te voren duidelijk begrensd was ben
ik extreem blij dat ik de bazen kon overtuigen dat jouw medewerking mij weinig tijd
zou kosten… Ahem… Mijn inschatting van je intellect en zelfwerkzaamheid bleek dan
ook niet ongegrond hoog. Je wist eenieder te verbazen met de hoeveelheid
experimenten, hun uitwerking en uitleg binnen dat korte tijdsbestek (basis voor 1½
hoofdstuk in 3 maanden!!!) Hoewel ik er niet aan twijfel dat je het ook daar fantastisch
zult doen vind ik het toch jammer dat je voor meer organische zaken bent gevallen,
want pientere geesten zoals jij kan het waterstofveld zeker gebuiken. Tenslotte André.
Het was niet altijd gemakkelijk en ook jij was geregeld ziekjes. Dat je echter een goed
stel hersens hebt blijkt wel uit je snelle begrip en praktische overdracht. Dat laatste
maakte het dan ook mogelijk om Pd écht geordend in CNFs te krijgen. Ik wens je een
snelle studieafronding toe…
Het merendeel van het plezier in je werk maken je collega’s. Op kamer N205 kwam
ik als groentje bij Martijn en Bibi. Als ware mentor-papa en –mama wijdden jullie me in
in de beginselen der tweede Wentverdieping, zodat ik me in no-time thuisvoelde.
Martijn, je werd later ook echt papa, maar dat mocht de platvloerse humor gelukkig
niet drukken. Waar bij ons vaak één blik al genoeg was moet ik nu soms toch echt
zoeken naar een lach/gniffelpartner of wordt mijn vreemde blik niet begrepen. Het ga
je goed! Bi², mooi om ook iemand met een bovengemiddelde inventieve geest bij me op
de kamer te hebben. Prachtig was dat we bij het voortijdig beëindigen van jouw project
samen de composieten te lijf konden gegaan. Ik zal in het bijzonder je sociale inslag
nooit vergeten, ik hoop dan ook dat we nog menig diner/filmpje/biertje mogen doen.
Het was me dan ook al snel duidelijk dat ik je als secondant tijdens de promotie wilde
hebben, dankjewel voor de invulling daarvan. Adri, aan jou was de zware taak om bij
bijna gelijktijdig vertrek van je voorgangers de leegte op te vullen. Echter met jouw
lach en groene vingers is dat denk ik prima gelukt. Hopelijk heb ik je niet al te veel de
oren van de kop heb gekletst. Nu ook jij kersverse papa bent hoop ik toch dat de
collegae nog een luisterend oor bij je kunnen vinden nu ze niet meer bij mij om hun
hard/softwareproblemen kunnen komen uithuilen. A3, je bent met nu de enige man op
de kamer: succes! In my last year I had the luck to have two ladies in the room.
Geneviève, as we both know: it was too short. I hope you you’ll be successful and
lucky in South-Africa. Simona, it was nice to have some female irony in the room.
Although I still don’t understand why you want to work in ‘Lower-Belgium’, I just
know you’ll be a good researcher and at least double the intellect of La Republique.
Alhoewel niet op dezelfde kamer gezeteld waren de buuvs absoluut essentieel voor
een goede orde. Dymph en Monique, dankjewel voor alle hulp, koffie, praatjes, (snoep& plantafname) en bemoederen. Ik hoop dat ik een goede buum ben geweest en wens
jullie je echte waarde toe! Naast de secretariële ondersteuning ben ik ook onze andere
specialisten zeer erkentelijk. In het bijzonder Marjan voor de vele uren die wij –al dan
niet gezamenlijk- bij enkele stralingsapparaten hebben doorgebracht. AdM, naast mederealist ben ik ook blij dat je af en toe als technisch-vraagbaak wilde dienen of mij te
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sterken in een bedacht ontwerp. Wim&Tom, ook jullie bedankt voor het realiseren (of
afschieten) van dergelijke ideeën in quartz. Fred en Vincent, allebei bedankt voor het
meedenken/sleutelen/instellen/etc. bij enkele lastige analytische vraagstukken. Nooit
gedacht dat 2+ jaar niet veel inregeltijd is voor een nieuw apparaat, maar gelukkig voor
Paul doet dat RuboDing het nu. Vincent extra lof voor de souplesse in afhandeling van
mijn hard/software-eisen. In het kader van de lastige analyses kan een bedankt voor
HansM, Cor en John natuurlijk niet ontbreken. Buiten de vele uren niet-alledaags
TEMmen ben ik ook blij met jullie input vanuit andere optieken. Met name John’s
kennis is daarbij onovertroffen.
Voor de praktische invulling van de waterstofopslag ben ik ook HansS zeer
erkentelijk. Hoewel ik mijn sample load altijd heb proberen te beperken ben ik blij met
het enthousiasme waarmee je mij altijd bij De Koninklijke ontving. Je kennis van zaken
was zeer verhelderend en ik hoop dat ook mijn ideeën jou tot hulp zijn geweest. In het
traject tot patentaanvraag ook dank aan HansG en Jon voor de snelle, professionele
afhandeling, evenals de oriënterende gesprekken.
In ons relatief grote lab liepen verschillende onderzoeken en onderzoekers. Alle
collega’s bedankt. Een apart woord aan enkelen niet alleen voor de prettige omgang,
maar ook voor de kruisbestuiving van ideeën. Aan Laurens voor een (nadruk op)
inzicht in andere kanten van de waterstofwereld. Ferry bedankt voor je inzicht in het
Pd-afzetten. Jelle, hoe draait BF2? Of toch nog `n keertje LAN-Quake? Ingmar, breng ik
je aan ’t zwemmen, zwem je inmiddels tweemaal zo snel… desondanks was je (buiten
Frank) de enige waardige theoretische sparringpartner op Went-II, waarvoor dank.
Kees, mijn enige echte partner-in-crime betreffende waterstof, het was prettig
samenwerken. Hoewel ik nog niet zo geloof in de B.H.-SAHs zie ik in jou een goed
onderzoeker en ik kijk dan ook uit naar jouw dissertatie. Tenslotte Paul, ik hoop dat ik
genoeg aan ijsbreken voor je gedaan heb. Vooral je duo-aanstelling bij Shell lijkt me
prima om samen met een werkende Rubotherm het project succesvol voort te zetten.
Overigens ook bedankt aan alle judokas, jiu-jitsukas, zwemmers en squashers waarmee
ik de afgelopen tijd heb mogen sporten.
Volkert, Judith, Dirk, Marjolijn, Birgit en Suzanne, dankjewel dat jullie er ook na een
slopend bestuursjaar nog steeds zijn. Het samenwerken is nu van andere aard en
frequentie, maar ik ben blij met de typ-ontwijkende (rsi-preventie?) activiteiten die
sommigen van jullie voor me wisten te organiseren. Gillis en Briggit (leider Pindakäse)
en ook Eggink en Bjorn, dank voor gezellige en te herhalen drank en spijs. Vlok,
alhoewel jij zeker gerrrscher dan ik bent, zal ik ter verdediging toch even de veur
moeten spelen. Dankjewel dat je me daarin bij wilt staan. Sipke, we judoën dan wel
niet meer, ik hoop nog vaak van je gezelschap en kookkunst te genieten of gevierd naar
Oostburië te reizen. Ina and Edi, thanks for giving us twice a beautiful (and needed)
Romanian vacation, I’m looking forward to our next trip. Van Het Limbursche wil ik
speciaal Jan-Thijs en Emil bedanken voor hun altijd aanwezige interesse en luisterend
oor. Speciale dank gaat uit naar Jochem en Tom, die mij met een tot stalken neigende
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vasthoudendheid sociaal levend hielden (wie weet ga ik ook nog eens aan de platen?).
Naast de jaarlijkse reis naar De 24uur hoop ik nog vele Belgische Schonen met jullie te
mogen nuttigen.
Richard en Ivonne, bedankt voor de geplaatste interesse en bezorgdheid. Huub en
Els, Sonja en Hans, leuk om erbij te horen. Papma, niet in woorden uit te drukken, lijkt
me duidelijk. Chantal: dankjewel!
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