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1 Introduction and motivation

Hydrogen gas is the ideal energy carrier, due to its pollutant-free combustion, which
produces exclusively energy and water. The reaction of hydrogen with oxygen can be
exploited for vehicle propulsion either in direct combustion engines or using fuel
cells, which convert the chemical energy into electrical energy. A great challenge for
commercializing hydrogen powered vehicles is on-board hydrogen storage using
light weight, cheap and secure systems. Two different storage technologies are
conventionally used, i.e. hydrogen gas in high pressure tanks made of steel or
composite material, and liquid hydrogen in cryogenic vessels.!'"! Both technologies
possess severe disadvantages for mobile applications. Indeed, hydrogen gas occupies
large volumes at room temperature, and high pressures of several hundred bar are
necessary to reach high storage capacities. Liquid hydrogen is successfully used for
space shuttles propulsion, however the low condensation temperature of about 20 K,
the related hydrogen boil-off and the sophisticated isolation technique, which is
necessary at these temperatures, are big disadvantages for vehicles. In addition the
energy required for liquefaction corresponds to more than 30% of the energy content
of hydrogen.?!

An alternative solution is therefore hydrogen storage in solid materials. Here three
principle storage mechanisms can be distinguished: 1) chemisorption and absorption
of hydrogen atoms in metals ii) formation of compounds with ionic character, like
complex hydrides and iii) physisorption (or physical adsorption) of hydrogen

molecules on porous materials.

Physical adsorption exhibits several advantages over chemical hydrogen storage as
for example the complete reversibility and the fast kinetics. In addition a very small
amount of energy (< 10 kJ mol™) is involved both in the adsorption and in the
release of H,. In contrast to hydrogen stored in metal hydrides and complex hydrides,
no extra heat management systems are therefore required for on-board applications.
Owing to the weak interaction forces, typically temperatures of about 80 K are
necessary to reach high storage capacities in physisorption. Even though room

temperature hydrogen storage technologies are more desirable in vehicles, cryogenic



tanks working at 80 K are far easier to manage than vessels with liquid hydrogen at
20 K. The investigation of hydrogen adsorption on porous materials for mobile
application has become a big challenge, due to these interesting properties.

The texture and the structure of porous adsorbents may play a crucial role for the
physisorption phenomenon of H, molecules. Thus the present work is focused on the
systematic investigation of the hydrogen adsorption mechanism in different classes
of porous materials, mainly carbon-based materials and metal-organic frameworks.
In particular, the main goal of this thesis is to gain understanding on the physics of
the adsorption and to correlate the hydrogen-adsorption properties, i.e. storage
capacity and interaction strength, to the structure and texture of the adsorbent. This
understanding could provide the way to further optimize porous materials for
hydrogen adsorption.

Different experimental techniques extended to previously unexplored pressure and
temperature ranges have been developed and employed in the present work.
Adsorption isotherms have been measured volumetrically up to high pressures and at
different temperatures, Raman spectroscopy has been used on different porous
materials, and a setup for thermal desorption spectroscopy has been especially
designed to work at temperatures down to 20 K. The techniques used have been
especially adapted and the experimental setups modified to investigate phyisisorption
of hydrogen, which requires special care owing to the low temperatures at which the
process takes place.

The results obtained using these different experimental approaches on metal-organic
frameworks and carbon materials will contribute to the investigation of a completely
novel field. Indeed, when this thesis work was started, metal-organic frameworks
were almost completely unexplored from the point of view of their hydrogen storage
potential®>* and no comparison with other porous materials existed.

Finally, similarities and differences between porous materials possessing different

structures and composition, including literature data are discussed.



2 Fundamentals

2.1 Physisorption

2.1.1 Principles of physisorption and adsorption isotherms

Physical adsorption of a gas on a solid can be described as an enrichment of
molecules at the interface between the solid surface and the gas phase. Responsible
for this phenomenon is a combination of attractive dispersive (or van der Waals)
interactions and short range repulsive interactions between the adsorbent and the
adsorbate molecule. This results in a minimum in the potential energy curve of the
gas at approximately one molecular radius from the solid surface. The attractive
interaction originates from long-range forces produced by fluctuations in the charge
distribution of the gas molecules and of the atoms on the surface, giving rise to
attraction between temporary fluctuating and induced dipoles. However, at small
distances the overlap between the electron cloud of the gas molecule and of the
substrate is significant and the repulsion increases rapidly.

The potential curve for the gas molecule approaching the surface is well known
under the name of Lennard-Jones potential.””! The order of magnitude of this type of
interaction depends both on the nature of the gas molecule and of the adsorbing
material, but typically the values for molecular hydrogen adsorption lie in the range
between 1 and 10 kJ mol ', which is approximately ten time less than for
chemisorption.””! Fig. 2.1 shows the potential energy curve for a hydrogen molecule
as a function of the distance from the adsorbent, both for dissociative adsorption, i.e.
chemisorption and for molecular adsorption, i.e. physisorption.

In physical adsorption there is no energy barrier to prevent the molecule approaching
the surface from entering the physisorption well. Therefore, if no diffusional barriers
are present, the process is non activated and fast kinetics is characteristic for physical

adsorption.
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Fig. 2.1: Potential energy curve for chemisorbed and physisorbed hydrogen as a function of the
distance from the adsobent’s surface. The minima of the two curves correspond to the

equilibrium distance for physisorbed (Ep) and chemisorbed (Ec) hydrogen.

Six different classes of isotherms were determined for physical adsorption according
to the [IUPAC (International Union of Pure and Applied Chemistry) classification of
1985.% These correlate the amount of gas adsorbed with the applied gas pressure.
Microporous materials typically exhibit a type I adsorption isotherm. This type of
isotherm shows an initial steep increase, corresponding to progressive filling of the
micropores, then a plateau is reached at higher pressures, corresponding to

monolayer coverage (fig. 2.2 left).

N

specific amount adsorbed

pressure

Fig. 2.2: Type I adsorption isotherm (left) and type II adsorption isotherm (right).



Indeed, for microporous materials the small pore dimensions of the adsorbent limit
the adsorption only to one or a few molecular layers.”) The Lamgmuir model
describes type I isotherms with a kinetic approach and assuming that the adsorption
enthalpy is independent from the coverage.!®!

This model yields the Langmuir equation, which relates the coverage, 6, with the

applied gas pressure P:
a-P/P°
0=—7"— 2.1
l+a-P/P° @1

where, above the critical temperature of the adsorbate P° is the standard pressure.
Below the critical temperature P° would be substituted with the saturation pressure in
this equation. The coverage, 6, can be expressed as the ratio between the amount of
gas adsorbed at the pressure P and the maximum amount corresponding to
monolayer coverage. The adsorption coefficient, a, depends on the heat of

adsorption, E,, and on the temperature, 7,:

a=K- exp[}f}j (2.2)

The initial steep rise in the isotherm depends therefore on the heat of adsorption, i.e.
the stronger the interaction between gas and adsorbent the sharper is the initial
increase of the amount of gas adsorbed as a function of pressure. The plateau value
of the hydrogen storage capacity is independent of the interaction energy and
corresponds to the complete monolayer coverage of the adsorbent’s surface. The
fractional coverage in the Langmuir equation can also be expressed as a function of

the chemical potential of the gas, u, and of the adsorption potential, ¢, in the form

presented in eq. 2.3.51
1
- 2.3)
I+ exp(g 'uj
RT



This equation is equivalent to equation (2.4):
1
£ :RTln(5—1)+,u (2.4)

For an ideal gas the expression of the chemical potential depends on the standard

chemical potential, x°, at the measured temperature and on the pressure as shown in

eq. (2.5)
u=pu"+RTIn(P/P%) (2.5)

P° corresponds here to the standard pressure. The validity of this equation, and of
introducing the pressure instead of the fugacity in (2.5), can be determined by
plotting the chemical potential as a function of In(P/P"). The chemical potential can
be calculated from the tabulated values of the enthalpy and the entropy of the gas.
Considering equation (2.1), (2.4) and (2.5) it is possible to obtain a new expression

for the adsorption potential:
e=u"—RTIna (2.6)

This equation shows that applying the Langmuir model the resulting adsorption
energy is independent of the coverage. Indeed, it is a characteristic of this model to
assume that no lateral interaction between adsorbed molecules exists, and that the
adsorption enthalpy is therefore independent of the number of molecules adsorbed on
the surface.

For gas adsorption at low coverage the adsorbed molecules behave like a two

dimensional ideal gas, which is well described by Henry’s law:!!
o=k (P/P°) (2.8)

where £ depends on the potential energy of adsorption ¢ according to equation (2.9)



k'= B exp(— ij -1 (2.9)
RT kT '

vp 18 the pore volume, T the temperature and & the Boltzmann constant.

Another common isotherm observed in physisorption is the type II isotherm, which
tipically indicates the formation of multimolecular layers at higher pressures. The
type II isotherm is shown in figure 2 (right), where the inflection point signed by the
arrow corresponds to completion of the first monolayer. The Brunauer- Emmett-
Teller (BET) theory is an extension of the Langmuir model for multilayer adsorption
which describes relatively well the type II isotherm.'! This theory is based on the
assumption that the energy of adsorption in the second and in the higher layers is
equal to the liquefaction energy of the adsorbent. The BET equation is often

expressed in the linear form:

’ L, 12 (2.10)

= +
n(P'-P) nC nC P

where 7 is the number of adsorbed molecules, 7., the monolayer capacity, P° is the
saturation pressure and the constant C depends on the difference between adsorption
energy of the first layer and the liquefaction energy of the adsorbate. It is nowadays
confirmed that the BET model is for several reasons unable to describe in a realistic
way a physisorption system, even though it reproduces the shape of the isotherm.!*
Nevertheless, the BET model is commonly applied to determine the apparent specific
surface area (SSA) for porous materials from nitrogen adsorption isotherms at 77 K
and can be applied to compare different porous materials. Moreover the value of the
specific surface often depends on the probe molecule used for the adsorption and on

its accessibility in the pores of the adsorbent. Typically, adsorption isotherms of N,

Ar and CO, are used to determine the specific surface area of porous materials.



2.1.2 Hydrogen storage capacity

The amount of gas adsorbed, 7,45, on a solid is defined as the gas quantity introduced

in the sample cell, n;, minus the moles of free molecules in the gas phase:
Ny =1, =V, P, (2.11)

where ¥, is the volume occupied by the gas, including the pore volume of the sample
and p, is its density. As the real volume occupied by the gas phase is not known,

experimental adsorption isotherms typically report the excess uptake, 7, 1.€ (2.12):

ny, =n,=Vyp, (2.12)

where V) is the void volume including the pore volume of the sample measured with
He gas expansion."”!
The relation between excess uptake and absolute uptake is therefore expressed in

equation (2.13):
nex :nads—i_pg(l/g_VO) (213)

The difference (V, — Vo), corresponds to the volume occupied by the adsorbed phase,
with density p,, in the pores of the adsorbent. This leads to the following expression

of the excess uptake:!'¥

n,, { —&jnads (2.14)
Pa

The schematic representation in figure 2.3. shows the difference between the void
volume determined by He gas expansion and the real void volume V,, which is

determined by the volume of the adsorbed gas.
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Fig. 2.3: Schematic diagram of the void volume V in the sample cell, including the pore volume
of the sample measured with He gas expansion (left) and of the real void volume of the sample
cell and of the porous sample, V,, considering the adsorbed phase (right).

While the absolute adsorption capacity, n,4, for a type I isotherm reaches the
saturation value at high pressures and then remains constant, the excess adsorption

isotherm exhibits a maximum and then decreases at high gas densities, as shown in

fig 2.4.

absolute adsorption

amount adsorbed

excess adsorption

hydrogen pressure

Fig. 2.4: Absolute adsorption isotherm (red), excess adsorption isotherm (black) for a
microporous material.
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The excess adsorption is zero when the gas density and the adsorbed density are
equal. Typically at supercritical temperatures the inflection of the excess adsorption
isotherm is observed only at very high pressures. Therefore, usually both the absolute
adsorption isotherm and the excess adsorption isotherm of hydrogen in microporous

materials are well described by the Langmuir model up to a certain pressure.

The amount of gas adsorbed on a solid can be expressed in several forms. The
commonly applied definitions in hydrogen storage are the weight percent (wt%)
storage capacity and the volumetric storage capacity (vol). The wt% storage capacity
is defined as the mass of hydrogen adsorbed over the total mass, including adsorbent

and adsobate, i.e.:

m
Wit% =——2—*100 , (2.15)
my  +m;

where my, is the mass of adsorbed hydrogen and mg is the mass of the solid
adsorbent. The volumetric uptake is defined as the amount of hydrogen adsorbed

divided by the volume of the solid sample, i.e.

m
M, (2.16)
m

For mobile applications the packing density, ps, of the material should be considered
to calculate the volumetric uptake. The packing density is determined by the mass of
the sample and the volume it occupies when it is subjected to mechanical
compaction. However, often the bulk density of the material is considered, which can
be determined more easily. This is typically measured by mercury pycnometry, i.e.
displacement of a volume of mercury corresponding to the bulk volume of the
sample. For crystalline materials the bulk density can also be theoretically calculated

by X-Ray diffraction analysis and structure determination.

12



2.1.3 Theoretical approaches

Several theoretical models can be used to describe physical adsorption of a fluid on a
porous material. These are mainly molecular simulation methods and density
functional theory (DFT). The simulation methods, which are more commonly used,
base on Grand Canonical Monte Carlo or Gibbs Ensemble Monte Carlo calculations.
To take into account for quantum effects at low temperatures Monte Carlo
simulations are integrated with the path integral formalism.!'*'®!

In Monte Carlo simulations a sequence of molecular configurations is generated in
such a way that they occur with the corresponding equilibrium probability. This
depends on the temperature and on the intermolecular energy of the system. Finally
the thermodynamic quantities like adsorption energies and uptake values are
estimated by averaging their values over the sequence. Typically for the pair-wise
interaction between adsorbate and adsorbent the Lennard-Jones 12-6 potential is
used.

Density functional theory is usually applied to simple systems composed of porous
materials with well defined pore shapes, like slit pores, spheres or cylinders and
simple gases.” In this case DFT is less time consuming than simulations, but
becomes unreliable for more complex systems. In DFT the energy of this system is
expressed as a function of the density profile. Through variational methods the
energy is minimized and the density profile is determined. This procedure requires an
initial approximate form of the energy before proceeding with the subsequent

minimization.
2.1.4 Principles of Raman spectroscopy

Rotational and roto-vibrational transitions of homonuclear diatomic molecules like
H,, which do not posses a permanent dipole moment, can be investigated by inelastic
light scattering. A monochromatic laser radiation is focused on the sample and the
scattered light is measured. The greatest part of this light has the same frequency as
the incident radiation, due to elastic or Rayleigh scattering. A small part of the

scattered light possesses a lower or higher frequency than the incident one. The
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phenomenon of inelastic light scattering is called Raman effect and was discovered
in 1928.1"" This effect arises from the interaction of an electromagnetic radiation
with the electron cloud of the molecule. Owing to this interaction an induced dipole
moment develops in the molecule, which is in each direction of space proportional to
the polarizability of the molecule and to the electric field of the radiation. The
oscillation of the polarizability of the molecule due to vibration and rotation is
responsible for the inelastic scattering of light.

For a quantum approach of the Raman effect the introduction of virtual energy levels
is necessary. The molecule is lifted, due to the interaction with the radiation
possessing energy /vy, to a virtual state of higher energy and then decays into a
different rotational or vibrational state compared to the initial one. In this process the
scattered radiation can be up- or down shifted in frequency compared to the incident
radiation according to equation (2.17), while for elastic scattering the incident and
the scattered radiation possess the same frequency.

hvy=hv_, +AE

mol

2.17),

scatt

h is the Planck constant, vy is the frequency of the incident radiation, vy is the
frequency of the scattered radiation and 4E, is the change in energy of the molecule
due to rotational or vibrational transitions. In particular for vs.s < vo the so called
Stokes’ lines and for vsaye > Vo the anti-Stokes’ lines are observed. For frequencies
and energies measured in wave number units, the Raman shifts give directly the
energy differences of the system in cm " Figure 2.5 shows a quantum mechanical
representation of the Raman effect and of elastic scattering of light.

For simple rotational transitions the interaction with the laser radiation can induce a
change of the rotational energy of the molecule. The expression of the energy of
rotational levels for linear molecules, which are free to rotate in the three dimensions

of space, in the approximation of the rigid rotor is given by equation (2.18)

E,=BJ(J+1), (2.18)

14



Here J is the rotational quantum number and B the rotational constant, which is

inversely proportional to the square of the internuclear distance of the molecule.

- Virtual states

v Energy levels
A 4 A 4
Stokes lines Rayleigh Anti Stokes lines
scattering

Fig. 2.5: Quantum mechanical representation of the Raman effect.

For pure rotational transitions of linear molecules the selection rules are AJ =0, + 2,
where AJ = 0 corresponds to pure elastic (Rayleigh) scattering.
Considering the transition from a level J to a level J'=J + 2, the frequency of the

Stokes’ lines and anti-Stokes’ lines is given by eq. (2.19) and (2.20), respectively:

Viores = Vo — 2B(2J +3) (2.19)
for AJ=2

Vanii-siokes = Vo T 2B(2J = 1) (2.20)
for AJ=-2

Both branches, composed by the Stokes’ lines and by the anti-Stokes’ lines,
respectively, are called S-branch in the pure rotational spectrum. Here the single
lines will be named as Sa,(J), with Av corresponding to the change in the vibrational
quantum number, v, and J indicating the initial rotational state. For example the line
corresponding to the transition with Av = 0 and from the rotational state with J = 0 to

J =2 will be labelled with the symbol Sy(0).
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For vibrational transitions the selection rules are: Av = = 1. Adding the rotational
selection rules three branches are obtained: O-branch with AJ = — 2, Q-branch with
AJ = 0, and S-branch with AJ = 2. The positions of the of the O, Q and S branches

for Av =+ 1 are approximately given by the following expressions:

Vo =V, —AE, , +2B(2J —1) (2.21)
Vo =Vy —AE, | (2.22)
Vs =v, —AE, , —2B(2J +3) (2.23)

where AE,.; indicates the change of energy of the molecule due to the vibrational
transition with Av = + 1. According to equation (2.22) the Q-branch should be a
single line. In reality, due to different values of the rotational constant B for different
vibrational levels, the Q-branch can be a rather broad band. If the resolution of the
spectrometer is high compared to the separation of the single Q-(J) lines, this band
can be resolved in the single components. These correspond to different initial
rotational states described by the quantum number J= 0, 1, 2, 3... Figure 2.6 shows
the Raman spectrum of a diatomic molecule with the Stokes’ and anti-Stokes’ lines
for pure rotational transitions and with the O-, Q- and S-band for vibration and
rotation. Usually Raman spectra are expressed in terms of Raman wavenumber
shifts, i.e the wavenumber of the exciting line minus the wavenumber of the scattered
radiation (Av = vy — Vseart). Therefore Av is always positive for Stokes’ lines and
negative for anti-Stokes’ lines.

The intensity of the lines is influenced by nuclear spin population. In particular for
hydrogen molecules the intensity of the lines will be influenced by the relative
concentration of the two species of hydrogen, i.e para hydrogen (total nuclear spin
quantum number S = 0) and ortho hydrogen (total nuclear spin quantum number S =
1). Indeed, for para-hydrogen only the states with even J quantum numbers will be
populated, whereas for ortho-hydrogen only the states with odd J are permitted.!"”’

At low temperatures and under equilibrium conditions all hydrogen molecules

populate the lowest rotational level, with J = 0. However, at higher temperatures
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nuclear spin statistics prevails and the level with J =0 and J = 1 possess a statistical
weight of 1 and 3, respectively. The equilibrium concentration of para-hydrogen
versus temperature is shown in fig. 2.7. As a result of the different ortho and para
concentration the Raman spectrum of hydrogen exhibits an alternation in the
intensities of the rotational lines. The ortho-para conversion is theoretically forbidden
by nuclar spin selection rules. In practice the conversion takes place, but very slowly.

This conversion can be accelerated by the presence of a paramagnetic catalyst.

Rayleigh radiation
AJ=0
AJ=-2 AJ=+2
Anti-Stokes” lines Stokes” lines
AJ=-2 AJ=+2
S S o Q S
pure rotation Vibration-rotation
Av=0 Raman shift Av=+1
Fig. 2.6: Raman spectrum of a diatomic molecule.
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Fig. 2.7: Equilibrium concentration of para-hydrogen versus temperature. Curve reproduced
from reference "',
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2.2 Microporous Materials/ High SSA materials

The surface texture and the structure of the adsorbent play a crucial role in the
physisorption of gases, and an optimization of these properties can lead to an
enhancement of their adsorption potential. The best candidates for storing hydrogen
in the molecular form are highly porous nanostructured materials. Among these it is
possible to distinguish three main classes: carbon materials, metal-organic

frameworks (MOFs), and zeolites.

2.2.1 Carbon materials

A great variety of carbon nanostructures are known in literature as, for example,
activated carbon, carbon nanofibres, multi-walled and single-walled nanotubes,
carbon nanohorns, etc. Although they all consist of benzene-like carbon hexagons
with sp>-hybridized carbon atoms, they mainly differ from each other in the way
these hexagons are arranged in the material. In principle these materials can be
separated into two big groups: those which possess a long-range order of the carbon
hexagons, like nanotubes or nanofibres and those which have irregular structures like
activated carbon. The majority of carbon nanostructures are mixtures of well ordered
material, often of short range, surrounded by disordered material. The proportions of
the ordered and disordered regions contribute greatly to the properties of the
material.*”’ For instance tubular shaped single-walled carbon nanotubes (SWCNTSs)
are the best example of a well ordered structure with defined curvature (fig. 2.8).
They can be considered as rolled graphene sheets with an inner diameter ranging
from less than one to several nanometers and a length of 10 to 100 um. Usually
nanotubes are closed at both ends with caps, which have a fullerene like structure.
Depending on which direction the graphite sheet is rolled in respect to the lattice
vectors, three types of SWCNT can exist: zig-zag, airmchair and chiral, which can be

metallic or semiconducting.

18
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Owing to van der Waals forces these tubes tend to form bundles which possess a
two-dimensional hexagonal closed packed ordered lattice (Fig. 2.9). Considering this
type of lattice well defined positions where gas molecules could be adsorbed exist:
the surface of the nanotubes, the grooves between two neighbouring tubes, the
interstitial channels between three adjacent nanotubes and for open tubes also the
positions inside, the pores, are accessible.*") Figure 2.9 shows the position of these
adsorption sites in the cross section of the tubes’ bundle.

Different main synthetic methods have been developed to produce SWCNTs. Single
walled carbon nanotubes synthesized by electric arc discharge between graphite rods
have usually a mean diameter of 1.4 nm and contain Fe, Co and Ni as metal catalyst
particles. Similar characteristics are possessed by nanotubes produced by laser
ablation of graphite. The highest production rate is offered by the HiPco (high
pressure CO disproportion)® method which yields by catalytic disproprotion of
carbon monoxide SWCNTs with a diameter of 1 nm.””! Also chemical vapour
deposition is a cheap, high yielding synthetic method. Here a hydrocarbon is blown
into a tube furnace and the nanotubes grow on a quartz or silicon substrate. The
catalyst is either deposited on the substrate or injected in the furnace.**!

Depending on the treatment, carbon nanotubes can have very different texture. Non
purified SWCNTSs contain metal-catalyst particles, which decrease, due to their
weight, the specific surface area. Purified SWCNTSs possess typically surface areas of
300 - 1000 m* g . The interval of SSAs which can be obtained for different samples
of single-walled carbon nanotubes is very broad due to the fact that they often

contain different forms of carbon, like soot or polyhedral particles.
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Fig. 2.9: Schematic representation of the cross section of a bundle of SWCNTSs showing the sites

accessible for gas adsorption. Reproduced from reference *'\.

In contrast to SWCNTs, activated carbon possesses a highly disordered array of the
graphitic platelets. In fact, an essential feature of all models describing activated
carbon is a twisted network of carbon layer planes, cross-linked by an extended
network of aliphatic carbon. This gives a continuum of interlayer spaces ranging
from distances similar to the spacing in graphite up to sizes which can form
micropores.**]

Carbonaceous structures have very different surface textures and porosities, which
can be highly modulated through the synthetic procedure. Regular grade activated
carbons have specific surface areas (SSA) of 700 - 1800 m* g”' but high porosity
activated carbons like AX-21! have SSA up to 3000 m* g'.*>*®! The porosity in
activated carbons is obtained by activation during or prior the carbonization of the
organic precursor either through reaction with an oxidizing gas or with inorganic
chemicals. “Super active carbons” like AX-21 are generally obtained by heat
treatment of coke with an excess amount of potassium hydroxide.””! Recently a
synthetic procedure has been developed to produce carbon with uniform pore size
distribution. In this case an inorganic porous template, like a silica matrix is used to
define the porosity of the carbon material.*’***) Hydrocarbons or an organic
precursor is adsorbed on the porous silica and then subjected to pyrolysis. The
template is then chemically removed, leaving well ordered pores of uniform size in
the carbon material, which is chemically rather inert. The advantage of using

materials with well defined texture and pore size distribution consists in the
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possibility to relate the adsorption properties to the textural properties of the
adsorbent.

Activated carbon and porous carbons find several applications in solvent and
gasoline recovery from the gas phase: owing to its high specific surface area and
microporosity activated carbon adsorbs easily organic vapours developed during
different industrial production steps and gasoline vapours of automotive fuel
systems.** Other important applications are adsorption of inorganic and organic

solutes from aqueous solution, removal of pollutants from water and catalysis.
2.2.2 Metal-organic frameworks (MOFs)

The concept of polymeric frameworks based on metal ions bridged other by organic
ligands was well known since the late 1980s.°") However, the outstanding work
performed by Yaghi on this class of crystalline materials, was responsible for the real
breakthrough of metal-organic frameworks. He found that the use of carboxylate
rigid organic ligands to aggregate metal-ions is ideal to form extended frameworks
with structural stability and high porosity. Indeed, the strong metal-oxygen bond
confers exceptional robustness to the framework which does not collapse even after
removal of the solvent molecules incorporated during the synthesis.*'! The result is a
crystalline ordered framework possessing low density and high specific surface area.
The key to design MOFs consists in the assembly of metal-carboxylate subunits as
nodes of a framework and of organic linkers in the desired network topology. An
example is given by the structure of MOF-5, which is the most studied of all metal-
organic framework due to its high specific surface area and to the simple and cheap
starting material to produce it.

In MOF-5, Zn*" ions and 1,4-benzene-dicarboxylate form octahedral ZnsO(CO,)s

clusters linked at the vertex of a cubic frameworks by benzene groups (fig 2.10).P%
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Fig. 2.10: Three-dimensional framework of MOF-5, with green polyhedra indicating the ZnO,

tetrahedra, obtained from single crystal data in reference 2.,

The great variety of organic ligands and metal-ions which can be used in the
synthesis offers the opportunity to design different networks, with desired pore
dimensions and metal centres. Nevertheless, the use of very long ligands often results
in catenated networks, with smaller specific surface area and smaller pore
dimensions than the corresponding non-catenated structure. Indeed if the pores of the
network are large enough to accommodate the metal-carboxylate clusters a second
network is built inside the first one. Two types of catenation can take place:
interweaving and interpenetration. In the case of interpenetration (fig. 2.11 left) a
maximal displacement between the two catenated networks is obtained, while
interwoven frameworks (fig. 2.11 right) are minimally displaced and the inorganic
subunits are very close to each other.””

MOFs with paddle-wheel metal-carboxylate clusters, which have a square geometry,
are especially interesting for catalysis and adsorption. In fact, in this type of clusters
the axial coordination position of the metal ion can be occupied by a water ligand,
which can be easily removed by heating. This leaves a so-called open metal site with
coordinatively unsaturated metal ions which could act as strong polarizing centres for

adsorbed molecules.
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Fig. 2.11: Interpenetrated frameworks (left) and interwoven frameworks (right).

Today a great variety of different metal-organic frameworks have been synthesized
and characterized, including some with SSAs up to 5000 m? g '.** In addition,
MOFs can possess up to 90% of free volume and crystal densities ranging from 1 to
021g cm 2.

Owing to these exceptional properties they may find useful application in catalysis,
gas storage and gas separation. In particular the development of new metal-organic
frameworks has attracted a lot of interest for methane storage at room temperature.”*®
Some of the frameworks have possible application for sensing, due to changes in
colour, in the magnetic and in the luminescence properties upon adsorption of gases,
intercalation of molecules or reaction with solvents, respectively.””!

However, from an economic point of view, not all MOFs possessing high SSA come
into question for a large scale industrial application. In fact the cost of production of
the organic ligand limits the interest of industry to a reduced number of MOF
structures. In the past, most metal-organic frameworks were synthesized under
hydrothermal or solvothermal conditions and the synthesis was often slow and gave a
very low yield. Recently, new synthetic procedures which yield MOFs on a large
scale have been developed by BASF.”® This makes this class of porous materials

much more attractive for industrial applications than carbon materials for which

often only small sample masses are available. In addition, for the first time the
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possibility to synthesize MOFs electrochemically in aqueous solution and under
ambient conditions has been presented.”*”’

Another great advantage of crystalline metal-organic frameworks is the possibility to
apply X-ray diffraction analysis to exactly determine the framework structure. The
tailoring of these materials under diverse synthetic conditions is therefore supported
by the possibility to know how the individual building blocks assemble and form the

final structure.

2.2.3 Zeolites

Zeolites are three dimensional silicate structures built of TO4 tetrahedrons sharing all
four corners, where T typically indicates Si*" and AI*" ions. The general formula of
zeolites is My/,[(AlO2)(Si0,)y]-mH>0, where M is the non-framework exchangeable
cation. The T-O-T bonds are very flexible, so that the tetrahedral units can be linked
in a great number of different network topologies. Indeed, at least 28 different silica-
based frameworks exist. In addition, due to this flexibility the geometry of the
framework is able to adapt under diverse conditions of temperature, pressure and
chemical surrounding.”” To maintain the electro neutrality of the structure, for every
Si*" substituted with an aluminium ion there is an additional extra-framework metal
ion (M) adsorbed in the structure. The additional cations are usually alkali and earth
alkali metal ions. The ion exchange capacity of these materials depends on both the
size of the accommodating pores and on the charge of the cation. The presence of
strong electrostatic forces inside the channels and pores can produce strong
polarizing sites in the free volumes of the zeolite. The electrostatic field is produced
by the extra-framework metal ions and it increases with increasing charge and
decreasing size.

Some zeolites occur in nature, however most of them are produced synthetically
usually by hydrothermal crystallization of aluminosilicate gels.

Zeolites can have a very open microporous structure with different framework types
depending on the assembly of the tetrahedral building units. This assembly is
determined by the Si to Al ratio. Fig. 2.12 shows two different zeolite, type A (left)
and X and Y (right): In zeolite type A the sodalite cages, which are tertiary subunits
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possessing the form of a truncated octahedron, are connected with each other through
the square faces in a cubic framework, while in zeolite types X and Y the cages are
connected through the hexagonal faces. The zeolites X and Y differ only in the Si/Al
ratio but have identical frameworks. The anionic skeleton of zeolites is penetrated by
channels giving a honeycomb-like structure with relatively high specific surface area
up to ~ 800 m* g'. These channels are large enough to allow them to exchange
certain ions or adsorb water and small molecules without breaking down the
structure. Compared to MOFs, the framework of zeolites is thermally more stable
and resistant under harsh chemical conditions.

Because of these attractive properties, zeolites have been intensively applied for
technical purposes like gas adsorption, catalysis and ion exchange in aqueous
solution. The largest amount of synthetic zeolites are added to detergents to remove
Ca”™" and Mg®" cations from cleaning water but they find also application in the
removal of radioactive nuclei from nuclear waste.*” In catalysis zeolites are used in

oil refining, catalytic cracking and selective oxidation.

Fig. 2.12: Skeleton block of zeolite A (left), zeolite X and zeolite Y (right). Reproduced from
reference *!!, The corners represent Al or Si atoms and in the middle of every line is one oxygen

atom bridging two neighbouring Si or Al atoms.
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3 Experimental Techniques

3.1 Sieverts’ apparatus

Hydrogen adsorption isotherms were measured with a manually operated Sieverts’
apparatus. Even though the idea behind a volumetric measurement of hydrogen
sorption is very simple, many experimental errors can be introduced in this
technique. According to Tibbetts et al. these errors are responsible for the
exceptional results of hydrogen storage in carbon materials reported in the past.*?
Therefore, in this section a very detailed description of the sorption measurements is
reported.

The Sieverts’ apparatus consists of two calibrated volumes, i.e., reservoir and sample
cell, of 104 cm’ and 3.6 cm’, respectively, connected through a valve. All
components of this set up possess VCR connections. Owing to the design with small
volumes, the apparatus can be used to investigate even small quantities of material. A
schematic diagram of the apparatus is shown in fig. 3.1. The pressure inside the
reservoir is measured using a membrane pressure transducer with a sensitivity of
0.01 bar in the range of 1.3 bar to 100 bar. The system can be evacuated to a pressure

of 1-10°® mbar with a turbo molecular pump and the sample cell can be heated with

an external heater up to a temperature of approximately 770 K.

-

T,=298K

He H,

T,=77K

Fig. 3.1: Schematic diagram of the Sieverts’ apparatus.
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The apparatus was previously tested for leak absence and for accuracy through
calibration with the empty sample cell and with well known metal hydrides. The
storage capacity of a commercial ABs alloy of the type Mm(Ni,Al,Co,Mn,Fe)s was
measured for calibration, where Mm stands for a mixture of La, Ce, Nd, Pr and small
amounts of Ca. This alloy is normally used as the hydrogen containing electrode in
Ni-MH rechargeable batteries. The composition of the alloy was analysed through
energy dispersive X-Ray analysis (EDX), which yields an excess amount of Ni, Al,
Co, Mn, Fe, compared to the ABs composition. This amount accounts to 14% of the
total mass of the sample and does not contribute to the hydrogen storage capacity.
The presence of systematic errors in the measuring technique or of a leak in the set
up gives stronger deviations from the correct storage capacity in the case of smaller

421 Therefore, different quantities of ABs were used for the

sample masses.
calibration. In the absence of systematic errors the storage capacity is independent of
the quantity of sample used. For the calibration 3.2 g, 1.7 g and 0.142 g ABs powder
were used. The smallest quantity is comparable to the sample mass typically used for
the measurements on microporous samples (150 mg - 300 mg). The alloy powder
was activated within the first hydrogen absorption step. Independently of the mass of
ABs used for the measurement, a storage capacity of 1.3 £ 0.04 wt% at a hydrogen
pressure of 20 bar was obtained. This result is in good agreement with literature data

(~1.4 wt%)*, considering that 14 wt% of the sample does not contribute to the

hydrogen storage.

The hydrogen adsorption measurements of porous materials were performed using
ultra pure hydrogen gas (99.999%). In contrast to metal hydrides, which absorb
selectively hydrogen, nanostructured materials with high specific surface area can
adsorb all kind of gases. It is therefore essential for the measurements of hydrogen
physisorption in porous materials to use very pure hydrogen gas. Prior to the
measurement, the samples were heated for several hours at higher temperatures
under vacuum to remove moisture and adsorbed gases from the surface of the

sample.
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In order to evaluate the excess hydrogen storage capacity (sect. 2.1.2), the volume of
the sample has to be determined.”"! The density of a porous sample is most
appropriately measured using helium gas, whose adsorption can be neglected.!*”!
Nevertheless for materials possessing low density and high porosity the absolute
value of the sample’s volume determined with a simple He gas expansion is usually
affected by a high error. Therefore, an alternative method to measure the volume was
developed. This procedure requires a non porous sample for calibration. We used sea
sand whose density has been independently determined with an automatic gas
sorption system using nitrogen gas. This method gives very good results for non-
porous materials but cannot be used for porous samples which would adsorb
nitrogen. At room temperature a calibration curve for the Sieverts’ apparatus was
measured using helium gas and different quantities of sea sand. An initial He
pressure, Py, of typically 50 bar was introduced in the reservoir. Then the valve to the
sample cell containing a given mass of sea sand was opened and the pressure Py, is
recorded. The ratio P,/P,, versus the volume occupied by the sea sand sample gives a
linear calibration curve shown in figure 3.2. The errors were calculated considering

the sensitivity of the pressure transducer (i.e. 0.01 bar).
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Fig. 3.2: Calibration curve of the ratio P,/P,, for helium gas versus the volume of different

quantities of sea sand samples .
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When the experiment was performed on the porous sample, the ratio P,/P,, was
measured and using the calibration curve, the volume of the sample and the
corresponding helium density was determined.

After the helium-volume of the sample was measured, the hydrogen storage capacity
could be determined. The hydrogen uptake was measured at each temperature and
pressure for the porous sample and subsequently for a sea sand sample, which
occupied the same volume in the sample cell. Then the hydrogen pressure drop
measured under the same experimental conditions for the sea sand sample and for the
porous sample was compared. This comparison permits to eliminate small errors on
the storage capacity due to temperature gradients between the reservoir and the
sample cell, which arise especially at low temperature. The adsorption measurements
can be performed at different pressures up to approximately 70 bar either at room
temperature in a water bath, or at lower temperature by introducing only the sample
cell in liquid gases or liquid mixtures. For low temperature measurements typically
liquid nitrogen (77 K), liquid argon (87 K) or a mixture of ethanol and dry ice (200
K) were used. Each adsorption cycle of the isotherm was repeated for different
hydrogen pressures and after each adsorption the sample was evacuated and
degassed. This means that each storage value of an isotherm was obtained
independently from the previous step. In addition, the final pressure of each
adsorption step was measured after approximately 15-20 minutes, to ensure that

thermal equilibrium was reached inside the small volume of the apparatus.

At high hydrogen pressures the strong deviation from the ideal gas behaviour has to

be considered. For the calculation of the hydrogen storage capacity the corrected

ideal gas equation (3.1) termed to the second order was therefore used*®!, where the
compression factor Z for hydrogen is given in (3.2).
I LA 3.1)
Z R-T
Z =[1.000547 — (6.07-107")-T]+[0.000912 — (1.0653-10"°) - T]- P (32)

+[(7.373407 —0.0901-T)-107"]- P*
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P is the hydrogen pressure expressed in atmospheres and 7 the temperature, R is the
ideal gas constant and ¥ the volume.

For comparison figure 3.3 shows the hydrogen storage capacity which would be
estimated using the ideal gas equation for a non adsorbing sample of 150 mg, which
is comparable to the amount used in the present experiments. At 77 K and at a
hydrogen pressure of 60 bar a storage capacity of approximately 8 wt% for a non-
adsorbing material is calculated using the ideal gas equation. Even at room
temperature an uptake of 1.5 wt% would apparently occur at 60 bar by only

considering the ideal gas law.

Hydrogen storage [wt%]
F~
1

10

0 L L L L 0
0 20 40 60 80 100 120

Hydrogen pressure [bar]

Fig. 3.3: Apparent hydrogen storage capacity of a non-adsorbing material of 150 mg versus

pressure, evaluated using the ideal gas equation at RT (squares) and 77 K (circles).
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3.2 Thermal desorption spectroscopy (TDS)

Thermal desorption spectroscopy is a technique to study selectively the desorption of
gases from solids. For the desorption of hydrogen it is commonly applied to

47981 I this case due to the high

investigate metal hydrides and complex hydrides.
activation energies of desorption the experiment is usually performed at temperatures
above room temperature. Less commonly TDS has been used to study hydrogen
storage at low temperatures. The experimental difficulty in this case consists in
performing the temperature programmed desorption at very low temperatures.

Fig. 3.4 shows the setup which was especially designed in our laboratory to measure
desorption spectra of physisorbed hydrogen. The sample cell, (1), made of copper,
and the thermocouple, (2), are introduced into a copper block, (3), in order to warrant
a good thermal contact between sample and thermocouple. The copper block is
surrounded by a resistive heater, (5), and can be connected to the cold finger of a
flowing helium cryostat, (4), which allows to cool to 20 K. With a heat controller the
temperature can be regulated with different heating rates. The desorbed gases are
analysed by a quadrupole mass spectrometer, (7), which detects masses in the range
from 1 to 100 amu and possesses a sensitivity of 2107 'mbar.

Previous to the measurement the sample was heated in vacuum to remove moisture
and adsorbed molecules. Then, at room temperature a hydrogen pressure of 25 mbar
was introduced into the reactor and the sample is slowly cooled down to
approximately 20 K. The temperature was held at 20 K for approximately 30
minutes, to assure that sample and copper block were at the same temperature.
Subsequently the system was evacuated to remove the non-adsorbed hydrogen
molecules. Owing to the low temperatures of the sample, adsorbed H, sticks to the
surface of the adsorbent even under vacuum, while the free molecules can be easily
pumped off. Then the temperature program was started with a constant heating rate
of 0.03 K s or 0.1 K s and the signal of desorbed hydrogen was recorded with the
mass spectrometer. In addition the masses 1 and 18 of atomic hydrogen and water,

respectively, were measured.

31



[><] O

ik

]

He (I)

Fig. 3.4: Setup for thermal desorption spectroscopy. The indexed parts are: sample cell (1),
thermocouple (2), copper block (3), He cryostat (4), heater (5), pressure gauge (6), mass

spectrometer with turbo molecular pump (7), turbo molecular pump (8), hydrogen inlet (9).

Thermal desorption spectroscopy is a very selective and sensitive technique, and
usually sample masses of less than 3 mg are enough to measure accurately a
spectrum. In order to use TDS as a quantitative method a calibration is necessary.[*"!

In the region of linear response of the mass spectrometer and using a constant
pumping speed, the measured signal /(z), which is an ionisation current, is

proportional to the desorption rate as shown in eq. (3.3).

()

()=« &

(3.3)

Here a is the proportionality constant and n(z) the number of molecules desorbed at
the time 7.

Integrating (3.3) between the initial time ¢; and the final time #, gives:

JLI(t)dt -« j %dt (3.4)

to
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The integral on the left of equation (3.4) corresponds to the area, 4, of the desorption
curve, and the integral on the right is the total number N of desorbed hydrogen

molecules. Equation (3.4) can be written in the from

A=a-N (3.5

It is possible to measure the proportionality constant a by calibrating the instrument
with a well known standard. Pd powder has been used for the calibration. The Pd
sample is loaded at room temperature with 0.7 bar of hydrogen. The corresponding

amount of stored hydrogen can be calculated using equation (3.6) : P”

Inp, =—AT)+B(T)-x (3.6)

x is the H/Pd atomic ratio, pp; is the hydrogen pressure and A and B are temperature
dependent constants. Equation (3.6) yields at 0.7 bar a value x = 0.7, which
corresponds to a storage capacity of 0.66 wt%.

After the absorption, the PdH, 7 sample was rapidly cooled to approximately 20 K in
order to prevent hydrogen desorption during evacuation of the system, before starting
the temperature program. Fig. 3.5 shows the hydrogen desorption spectrum of PdHy 7
recorded with a heating rate of 0.1 K s'. Here the hydrogen pressure in vacuum and
the sample’s temperature are measured as a function of time. Owing to the constant
heating rate, the hydrogen pressure can as well be reported versus the applied
temperature. The two distinct peaks measured at 272 K and 320 K are attributed to
the B-region and to the a-+p-region of the phase diagram of PdH,.>"

The setup was also tested under the same experimental conditions, i.e. after
introducing a hydrogen pressure of 25 mbar and cooling down to 20 K, with the
empty sample cell and with sea sand. The amount of hydrogen which is simply
adsorbed on the walls of the setup and on of the sample cell accounts for a storage
capacity, which is less than 0.01 wt% on a sample of 3 mg and is therefore

negligible.
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Fig. 3.5: Thermal desorption spectrum of hydrogen in Pd obtained with a heating rate of 0.1 K
s™. The hydrogen pressure is reported versus time (black dots). The temperature is reported

versus time (blue line).

Thermal desorption spectroscopy is not only a technique, to measure the amount of
hydrogen adsorbed in a sample. More commonly it is applied to have information
about the interaction of the adsorbed molecules with the adsorbent. Indeed, high
desorption temperatures are characteristic of strong interactions between hydrogen
molecules and adsorption sites, while weakly adsorbed H, molecules are desorbed at
temperatures close to the critical temperature of hydrogen. A desorption spectrum
possessing more desorption maxima at different temperatures indicates the presence
of distinct adsorption sites possessing different potentials of adsorption.

TDS is often used to calculate the activation energy of desoprtion from the
temperature of the desorption maximum. Here, two methods are proposed, which
base on the measurement of the peak-maximum position: For coverage independent
desorption parameters and first-order kinetics the activation energy for desorption
correlates to the temperature of the peak maximum 77, and to the heating rate f,

according to the Redhead’s peak maximum method: %
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E= RTm[ln[ﬂj—&M} (3.7)
B

Here v is the pre-exponential factor for desorption, which describes the frequency of
vibration of the hydrogen molecule in the adsorbed phase. This equation is usually
applied to determine £ from a single spectrum, however a value for v has to be
chosen. The usual choice is 10" s™'. The second method is based on the heating rate
variation™?. The method requires a number of spectra corresponding to the same

initial coverage, but measured with different heating rates.

2
o £ £ (3.8)
B RT, R

m

Plotting In(T,*/p) versus 1/Ty, for different heating rates provides the activation
energy of desorption, £, from the slope. This method requires at least a change of
one order of magnitude in S to give accurate values of the activation energy of

desorption.

In conclusion thermal desorption spectroscopy is a technique which after calibration
offers the possibility to measure the amount of hydrogen desorbed from a sample and
to determine the temperature of desorption. The desorption temperature is related to
the activation energy of desorption and therefore to the affinity of the adsorbate with
the adsorbent. The number of desorption peaks present in a desorption curve is

correlated to the number of adsorption sites with different adsorption potential.
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3.3 Raman spectroscopy

The experimental set up used to study the Raman effect in free and adsorbed
hydrogen is shown in fig. 3.6. For these experiments a special Raman cell in stainless
steel and with a suprasil window was built (fig. 3.7), suitable for measurements at
low temperatures and both high pressures up to 30 bar and vacuum. Usually, only
half of the cell was filled with the porous sample, so that in the lower part, mainly the
signal of the adsorbed hydrogen was measured, while in the upper part of the cell it
was possible to measure the free hydrogen gas, under the same conditions of
temperature and pressure. The cell was introduced into a liquid helium flow cryostat
and the temperature was measured directly at the cell with a thermocouple. The
temperature of the Raman cell could be regulated with a heat controller and a
resistive heater between 4 K and 300 K. The hydrogen pressure inside the cell was
increased continuously between 0 and 22 bar. In addition, prior to the experiment the
sample were degassed by connecting the Raman cell directly to a turbo molecular
pump.

For excitation an Ar/ion laser with emission line at 514 nm was used. The unwanted
laser plasma lines were eliminated with a 30 cm prism monochromator. Then the
laser beam was directed through the window of the cryostat and through the window
of the Raman cell onto the sample (fig. 3.7 and 3.8) using a series of mirrors. The
scattered radiation was collected by a lens, collimated and directed into the triple
grating spectrometer of the type T 64000 equipped with a CCD camera. Depending
on the desired resolution the grating could be configured to work in subtractive or in
additive modus. In the additive configuration a best resolution of about 0.4 cm ™' was
reached, but in this case the spectral window was reduced to an interval of only 16
cm . In contrast, applying the subtractive modus the spectral window were increased
to about 400 cm ', but as a consequence the resolution of 1.6 cm™' was obtained. The
spectra were calibrated with the lines of an Ar or of a Xe-lamp near to the transitions

lines of hydrogen.
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Fig. 3.6: Simplified diagram of the setup for Raman experiments.
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Fig. 3.7: Section of the Raman cell with the connection to the hydrogen supply or the vacuum
pump. For simplicity the cryostat is omitted. The sample is positioned in front of the cell
window. A mirror reflects the radiation onto the window and onto the sample and the
backscattered radiation is collected by a lens.
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4. Carbon materials
4.1 Sample preparation and characterization

Various carbon materials possessing different texture and structure were obtained
from different suppliers worldwide for this study.

Firstly, different types of tubular carbon with specific structures were selected.
Amorphous carbon nanotubes were produced by DC arc discharge in an atmosphere
of hydrogen gas at temperatures above 300°C."”*! These nanotubes are hollow pipes
with a diameter ranging from 10 to 15 nm, and the walls show no long-range ordered
structure. In fact, the temperature in the arc discharge chamber is lowered very fast
due to the high thermal conductivity of hydrogen gas, used as a medium. This leads
to the development of an amorphous structure instead of highly ordered bundles of
nanotubes. Even without purification, these samples shows high levels of purity.
Single-walled carbon nanotubes (SWCNTs), produced with the HiPco™ (High
pressure CO disproportion) method, were purchased from CNI. This synthesis
produces a high yield of well ordered SWCNTSs with a narrow diameter distribution
around 1 nm, however, still containing metal catalyst particles. Owing to their high
atomic mass these metal particles reduce the specific surface area of the nanotubes.
Therefore, this material were purified by either selective oxidation and subsequent
HCI treatment (sample 1)°% or standard purification procedures giving 98 wt% of
SWCNTSs (sample IT)".

Additionally, we received SWCNTs prepared by graphite arc discharge evaporation
in helium atmosphere and collecting the soot from the cold walls of the reaction
chamber™). These samples contain typically a high fraction of amorphous carbon
and catalyst particles, which reduces the specific surface area compared to purified
SWCNTs.

Other samples were produced by cracking of liquid hydrocarbons in a low voltage
arc discharge or by resistive heating. This method results in a mixture of MWCNTs,
SWCNTs and polyhedral nanoparticles of different compositions and are called Ros

1 and Ros 3 by the producer.”®

'J. Vajo. Personal communication
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Secondly, disordered porous carbon samples from different suppliers were
investigated. Activated carbon I is similar to AX-21"), which can be obtained from
the reaction of coke with KOH, giving a product with cage-like type of porosity.
Activated carbons of the type like AX-21 possess a doubled specific surface area
compared to regular grade activated carbon. Porous carbon samples are carbon
materials with ordered pores of uniform size which were prepared by the pyrolysis of
sucrose (Ci2H2,01;) embedded in mesoporous silica of the type MCM-48.57" The
silica is used as template with well-defined porosity and is subsequently removed by
washing with HF. This synthesis yields spherical nanoporours carbon exhibiting

periodic arrays of pores.

The specific surface area and the pore dimension of the samples were measured with
an automatic gas sorption system using nitrogen gas at 77 K and applying the
multipoint BET method for the specific surface area, and the MP-method which is an
extension of the de Boer’s t-method for the micropore volume.”® The different
carbon nanostructures possess specific surface areas ranging from approximately 22
m” g ' to 2560 m”> g ', and high pore densities. The highest surface area, which was
measured for high grade activated carbon, is very close to the maximum theoretical
60]

surface of a graphene sheet of 2630 m”g ' if both sides are considered.!

Table 4-1 shows the texture properties of the investigated carbon materials.

Table 4-1: Texture properties of carbon nanostructures.

Sample BET SSA Average pore  Pore volume for pores with a
[m?g™] diameter [A]  radius <6.5 A [em’g”']

Activated carbon I 2564 11.8 0.75
Activated carbon 11 1857 13.9 0.65
Porous carbon I 1646 11.1 0.46
Activated carbon I1I 1065 18.2 0.49
Purified SWCNT I 1024 15.4 0.39
Porous carbon II 946 10.6 0.25
Purified SWCNT 11 854 17.1 0.36
Porous carbon II1 1164 12.3 0.38
Porous carbon IV 1515 9.9 0.37
Amorphous CNT 369 14.5 0.13
SWCNTs 124 15.5 0.05
Mixture of nanoparticles I 34 11.5 0.01
Mixture of nanoparticles IT 22 11.3 0.0065
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4.2 Volumetric measurements

4.2.1 Results

Figure 4.1 and 4.2 show the hydrogen adsorption isotherms of activated carbon I and
of purified SWCNTs II, respectively, at 77 K and at room temperature. Each point of
the adsorption isotherm was obtained independently from the previous one after
heating the sample at 473 K in vacuum. This explains why the uptake values can
have some scatter at higher hydrogen pressures. The adsorption process was very fast
and the equilibrium pressure was reached within a few seconds. During waiting for
another 15 minutes no further pressure change was observed.

At 77 K all investigated carbon materials show a type I adsorption isotherm with an
initial steep increase of the hydrogen uptake at low pressures and a horizontal plateau
at higher pressures. This type of isotherms is characteristic for monolayer adsorption
on microporous solids."*”! The adsorption isotherms at 77 K were described with a
Langmuir equation, which yields the saturation value, from the plateau of the fit (eq.
2.1). At room temperature the hydrogen adsorption isotherms of the carbon

nanostructures show a linear Henry-type behaviour.
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Fig. 4.1: Hydrogen adsorption isotherms of activated carbon at room temperature and at 77 K.

40



3.0

25 |

I
T l T=77K

2.0 |-

Hydrogen storage [wt%]

1.5
1.0
05 | T=298K
7 |
]
0.0 & L L L

0 10 20 30 40 50 60 70

H2 Pressure [bar]

Fig. 4.2: Hydrogen adsorption isotherms of purified SWCNTSs at room temperature and 77 K.

The hydrogen storage capacity and the shape of the isotherm are independent of the
number of adsorption cycles which clearly indicates that hydrogen is stored
reversibly in these carbon materials. Furthermore for activated carbon I the
measurements at pressures less than 1 bar were performed using a microbalance. The
good agreement of the uptake values measured volumetrically and gravimetrically is

a further proof of the accuracy of the measurements.

At 298 K all materials show a hydrogen storage capacity which is less than 0.5 wt%,
while a maximum uptake of 4.5 wt% is obtained at 77 K for high grade activated
carbon, which is the best material analysed. For samples possessing a specific
surface area less than 400 m” g™ very low storage capacities are obtained, so that it
was impossible to measure a whole adsorption isotherm. In fact, small uptakes at low
pressures are affected by substantial errors. For these samples only the hydrogen

storage capacity measured at the highest pressure is considered.

Table 4-2 shows the hydrogen adsorption properties of the investigated carbon

materials at 77 K and room temperature. The maximum uptake corresponds to the
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saturation value, which was obtained from the fit to the Langmuir equation. The error
on the hydrogen uptake was estimated considering on each point of the isotherm the
uncertainty deriving from the measurement of the sample’s volume. In addition the
larger the sample mass the smaller is the error calculated for the storage capacity.
The hydrogen uptake of the different carbon nanostructures is correlated to their BET
specific surface area, (fig. 4.3). In this case the hydrogen storage values of each
sample are the saturation values corresponding to the plateau of the isotherm at 77 K
and the uptake measured at a pressure of 65 bar at RT. An almost linear relation
between the storage capacity and the specific surface area is obtained both at room
temperature and at low temperature. Furthermore the uptake per SSA is independent
of the type of nanostructure investigated. The experimental curve has a slope of
(2.0-+ 0.2)-107 wt% m *g at 77 K and (0.23 + 0.05) 10 wt% m g at RT.

In addition, a good correlation is found between the hydrogen storage capacity and
the pore volume of the carbon samples considering small pores with a radius less
than 0.65 nm. Fig. 4.4 shows this correlation both at 77 K and at room temperature,

yielding a slope of (6.2 + 0.6) wt% cm g and (0.7 + 0.1) wt% cm g, respectively.

Tabelle 4-2: Hydrogen adsorption properties of carbon materials.

Sample Hydrogen storage | Hydrogen storage | Isotherm fig.

at saturation and | at 298 K and 65

77 K [wt%] bar [wt%]
Activated carbon I 44+04 0.5+0.1 Fig. 4.1
Activated carbon I1 3.8+0.2 0.37+0.06 Fig. A-2
Porous carbon I 2.7+0.5 02+0.1 Fig. A-3
Activated carbon II1 2.7+0.1 0.32+£0.05 Fig. A-1
Purified SWCNT I 2.1+£0.3 0.35+0.06 Fig. A-5
Porous carbon 11 22+0.3 0.22 +£0.06 Fig. A-4
Purified SWCNT II 24+0.3 0.32+0.06 Fig. 4.2
Porous carbon III 26+0.3 0.30 + 0.06 Fig. A-6
Porous carbon IV 33+£03 0.35+0.06 Fig. A-7
Amorphous CNT 09+0.5 0.1+0.1 -
SWCNTs 0.5+£0.6 0.1+£0.1 -
Mixture of nanoparticles I 0.1+0.1 0.0 +0.04 -
Mixture of nanoparticles IT 0.1+0.1 0.0 +0.04 -

42



theoretical .-~

hydrogen storage [wt%]

0 500 1000 1500 2000 2500 3000

BET SSA [m’g™]

Fig. 4.3: Hydrogen storage capacity as a function of the BET SSA at 77 K and room
temperature, compared with the theoretical model (dotted line) see 4.2.2.
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Fig. 4.4: Hydrogen storage capacity at 77 K and room temperature as a function of the pore
volume of small pores with radius less than 6.5 A.

4.2.2 Discussion
For all carbon nanostructures the adsorption isotherm at 77 K can be well described

by a Langmuir type equation (e.g. fig. 4.1). The applicability of the Langmuir model

together with the reversibility of the adsorption are strong indications that the
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predominant mechanism for hydrogen storage in carbon materials is physical
adsorption in the micropores and this is valid for all carbon nanostructures
investigated. For activated carbon I, which at 77 K possesses the highest uptake, an
adsorption potential of —5.3 kJ mol ' was determined using equation (2.6) and the
tabulated values of the entropy and the enthalpy of H.!®" This adsorption potential
has to be considered as an approximate value since the dependence between the
adsorption energy and coverage is neglected in the Langmuir model. Even this
evaluation gives a rough estimation, the low value clearly indicates that hydrogen is
physically adsorbed in this porous, carbonaceous material. Chemisorption of
hydrogen would require a more than ten times higher energy of adsorption. (> This
conclusion is also supported by the very fast kinetics of the adsorption process,
which is typical for non-activated physisorption.

In contrast to low temperature measurements, at room temperature the adsorption
isotherms are far from saturation and were described with a linear equation,
according to the Henry-type behaviour. In fact, at these temperatures the thermal
energy of the hydrogen gas corresponds to 6 kJ mol ', i.e. 5/2 RT, which is high
compared to the adsorption energy. Only fractional coverage takes place and the
adsorbed molecules behave like a two-dimensional ideal gas.

The experimental results show that the hydrogen storage capacity depends linearly
on the SSA of the carbon material both at room temperature and 77 K and is
independent of type of nanostructure, curvature or array of the graphene sheets. This
correlation indicates that for all carbon materials the hydrogen storage is based on
simple surface adsorption. Similar results of a linear relation between hydrogen
uptake and apparent specific surface area of carbon materials have been obtained by
Nijkamp et al.*® with a slope of 1.5-10° wt% m* g at a pressure of 1 bar and 77 K
and by Texier-Mandoki et al.l*" with a slope of 1.7-10° wt% m > g at 10 bar and 77
K.

The value obtained in this work (fig. 4.3) is 2.0-10° wt% m* g, which is slightly
higher than the previously reported values, since the measurements were performed
up to high pressures into the saturation regime. For the maximum hydrogen uptake

on a single graphene sheet, Ziittel proposed the following theoretical model:
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considering that the specific surface area S; of a graphene sheet is 1315 m* g ', the

amount of hydrogen adsorbed can be calculated according eq. (4.9):%”]

&

Sl Iti
4.;

me SN,
where Sy is the surface area occupied by a single hydrogen molecule, Ny the
Avogadro constant and M,q the molecular mass of the adsorbate. Sy is obtained
considering that the adsorbed monolayer has the density of liquid hydrogen and a

close packing of the molecules in a two dimensional layer, according to eq. 4.10:

Sy=-—dy) = (4.10)

ﬁ.(m f

2 \ PugNy

Here, dy is the diameter of the spherical molecule in the closed packed two-
dimensional layer and p,q is the density of the liquid adsorbate.

The theoretical model yields a maximum surface density of 228107 wt% m g (fig.
4.3). A comparison of the experimental value with this theoretical model shows that
hydrogen adsorbed on carbon materials at 77 K has a density which is approximately
80% of the density of liquid hydrogen. In contrast, much lower densities are obtained
at room temperature. Moreover, considering a close packed distribution of the
hydrogen molecules on the carbon surface the value obtained at 77 K corresponds to
a reticular distance of ~ 4.5 A. This surface density is equivalent to six hydrogen
molecules per 20 carbon hexagons. Theoretical calculations of hydrogen adsorbed on
graphene layers and large polycyclic aromatic hydrocarbons to represent the
graphitic surface, show that hydrogen is more strongly physisorbed above the
hexagon centre.!®®®”) The regular arrangement of hydrogen molecules above the
carbon hexagons which comes closest to the experimentally obtained value,
corresponds to a H, to hexagon ratio of 1:3 as shown in fig. 4.6. Assuming this
regular occupation the experimental value can be achieved by introducing

approximately 10 % of vacancies in the two-dimensional H,-lattice.
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Fig. 4.6: Closed packed distribution of hydrogen molecules with a lattice parameter of 4.26 A on

a carbon surface.

In addition, several investigations indicate that the hydrogen storage capacity
depends strongly on the micropore volume of the adsorbent material and not only on
the SSA. De la Casa-Lillo et al.® showed that at RT the hydrogen storage capacity
of activated carbons and activated carbon fibres is linearly correlated with the
micropore volume. These findings have been recently supported by studies on well-
defined microporous carbons produced using porous silica templates with uniform
pore size distribution'®”. Also in these ordered textured carbons the hydrogen uptake
at 77 K depends linearly on the micropore volume. Together these results give
evidence that not only the high specific surface area but especially the presence of
supermicropores, i.e. size smaller than 0.7 nm, is a crucial factor for hydrogen

6468091 Accordingly, the present results show that hydrogen

storage in carbons.!
storage is strongly correlated to the pore volume of the carbon samples especially for
pores with small radius ( < 0.65 nm) (fig. 4.4). Both correlations with the SSA and
with the pore volume of small pores suggest that hydrogen adsorption in these carbon
materials primarily takes place through micropore filling and that capillary

condensation does not occur.
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In conclusion, different carbon materials have been investigated with optimized
texture for hydrogen adsorption. The complete reversibility, the fast kinetics and the
low adsorption potential give evidence that hydrogen is adsorbed in molecular form
on the surface of carbon nanostructures, i.e. pure physisorption. The amount of
hydrogen physisorbed depends almost linearly on the specific surface area and the
pore volume of small pores both at 77 K and at RT and is independent of the type of
nanostructure. The experimental results are in good agreement with the theoretical

model of hydrogen adsorbed on a single graphene layer.
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4.3 Thermal desorption spectroscopy

4.3.1 Results

Figure 4.7 shows the spectrum of hydrogen adsorbed on activated carbon III obtained
with a constant heating rate of 0.1 K s™'. Prior to the measurements the sample was
exposed to a hydrogen pressure of 25 mbar and subsequently cooled to
approximately 20 K. The base pressure after evacuation was approximately 10~ Pa.
The pressure rise of hydrogen during desorption is three orders of magnitude above
the empty sample cell. The mass 18 corresponding to water was recorded over the
whole temperature range.

A small desorption peak of H>O is observed at temperatures of approximately 200 K
(fig. 4.7). However no desorption peak of water is observed in the temperature range

in which hydrogen is desorbed, i.e. between 20 and 100 K.
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Fig. 4.7: Desorption spectrum for activated carbon III obtained with a heating rate of 0.1 K s™.
Both mass 2 and mass 18 were recorded over the whole temperature range.

Figures 4.8 and 4.9 show the desorption spectrum of hydrogen in activated carbon

and in purified SWCNTs 11, respectively, in the range between 20 K and 120 K. The
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desorption curves were both recorded up to 370 K. Above 80 K the amount of
hydrogen desorbed is negligible (< 0.1 wt%) (Fig. 4.7).
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Fig. 4.8: Desorption spectrum of hydrogen in activated carbon with a heating rate of 0.1 K s
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Fig. 4.9: Desorption spectrum of hydrogen in SWCNTs with a heating rate of 0.1 Ks™.

Both spectra show a small shoulder around 25 K, which is often also observed at the

same temperature for other samples. Apart from this low-temperature shoulder, the
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shape of the thermal desorption spectra is different for both materials. For SWCNTs
the desorption curve exhibits two distinct peaks, one sharp peak at a temperature of
~34 K and a broad peak at ~51 K. In contrast, for activated carbon the spectrum
shows a single broad desorption peak with a maximum at approximately 37 K.

Using the calibration procedure shown in chapter 3.2 and measuring the area of the
desorption curve it is possible to calculate the amount of hydrogen desorbed from the
two carbon materials. The total amount of desorbed hydrogen corresponds to a
storage capacity of 2.6 wt% and 2.5 wt% for SWCNTs and activated carbon,
respectively. In both cases this amount corresponds with an error of 0.2 wt% to the
saturation uptake measured from the adsorption isotherms at 77 K and high hydrogen
pressures (fig. 4.1 and A-1), which yield a value of 2.4 wt% for SWCNTs and 2.7

wt% for activated carbon.

4.3.2. Discussion

The small desorption shoulder, which occurs at low temperatures (approximately 25
K) and is present for both carbon materials, can be attributed to some amount of
liquid hydrogen or to weak adsorption of hydrogen on top of the monolayer. Indeed
the desorption temperature corresponding to this shoulder is very near the critical
temperature of hydrogen.

The desorption spectrum of H, on SWCNTs shows, in addition, two well separated
desorption maxima, corresponding to different activation energies of desorption: a
sharp peak at approximately 34 K and a broader peak around 51 K. The presence of
two distinct peaks in the desorption spectrum is clear evidence that at least two
different adsorption sites for hydrogen exist in SWCNTSs, which possess different
adsorption potentials.

Considering the model of a two dimensional lattice of ordered nanotubes in a bundle,
four distinct sites, where hydrogen could be adsorbed, may be considered: the
surface, the grooves, the interstitial channels and the pores of open nanotubes (fig.
2.9). The binding energy of hydrogen on these sites has been theoretically calculated
to have the following order: E(channels)> E(grooves)> E(pores)> E(surface)"). No

treatment to open the tubes was performed on the sample of SWCNTs II, so that
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adsorption on the inner surface of the tubes can be excluded, unless defects in the
tube walls give access to hydrogen in the inner pores. The sample possesses an
apparent specific surface area of 854 m* g' measured with N, gas. This corresponds
to the theoretical value for a bundle of approximately 7 closed SWCNTs with a
diameter close to 1.3 nm.””” The SWCNTs investigated by TDS were produced by
the HIPco method, which typically yields a smaller tube diameter of about 1 nm.
Nevertheless, allowing a certain deviation, the experimental results can be explained
by this model, which estimates by Grand Canonical Monte Carlo simulations the
surface area and the potential energy of each adsorption site. The strongest sites are
the interstitial channels with a potential energy of 11 kJ mol'. However, these sites
contribute only with a SSA of 31 m* g ' of the bundle. Owing to this small value it is
possible to neglect the adsorption in the interstitial channels. The rest of the specific
surface area derives from the outer convex surface and the grooves which possess
theoretical potential energies of adsorption of 5 kJ mol ™' and 9 kJ mol ', respectively.
Considering this order of energies, the hydrogen desorption peak at 34 K which
corresponds to the lowest enthalpy of adsorption can be assigned to adsorption on the
external surface of the carbon nanotubes. In addition the sharpness of the peak
indicates that most of the molecules are adsorbed with similar energy on the surface.
The desorption peak observed at approximately 51 K can be correlated to hydrogen
adsorbed in the grooves. Similar results are obtained both from inelastic neutron
scattering (INS)"! and from low temperature hydrogen adsorption isotherms of
closed single-walled carbon nanotubes.’”! By INS Georgiev et al.”!! observed the
filling of stronger binding sites at low hydrogen coverage, which are assigned to the
grooves or the interstitial sites in a bundle of nanotubes. Finally, at higher coverage a
second weaker adsorption site is observed, assigned to physisorption on the convex

surface of the tube. T. Wilson et al.l’

came to the same conclusion observing a two
regime adsorption of hydrogen in the isotherms recorded at different temperatures:
adsorption on high energy binding sites and adsorption on the graphite-like outside
surface. In contrast to SWCNTs, the desorption spectrum of hydrogen in activated
carbon shows a broad maximum around 37 K, which corresponds to a broad

distribution of adsorption sites with similar energies. This result reflects the

disordered structure of activated carbon, which consists of distances between
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graphene layers ranging from a few A up to sizes of micropores as pointed out in

section 2.2.1.

A further comparison between the desorption behaviour of SWCNTs and activated
carbon is presented in fig. 4.10, which shows the relation between the surface
coverage, 0, and the temperature. At temperatures close to 20 K a coverage of 6 = 1
is assumed, since the amount adsorbed corresponds to the saturation value

determined at 77 K and high pressures (see 4.1 and A-1).
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Fig. 4.10: Coverage of hydrogen adsorbed on SWCNTs (blue squares) and on activated carbon

(red circles) versus temperature in vacuum.

At temperatures less than 40 K the desorption behaviour of hydrogen is similar for
both carbon samples. In fact, the low desorption temperatures have been attributed to
hydrogen weakly adsorbed on the external surface of the carbon material. The
external surface of nanotubes and activated carbon differs only by the curvature of
the nanotubes. The interaction of hydrogen with the external surface is therefore
expected to be almost equal for both types of carbon nanostructures which is in good
agreement with the desorption behaviour. Indeed, the heat of adsorption on a convex
tube surface has been estimated to be 3.4 kJ mol ' against 3.8 kJ mol' on a flat

graphite surface.”’! At higher desorption temperatures, i.e. higher energies, the
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adsorption potential is influenced by pore dimensions and pore distribution of the
adsorbent, which are different for activated carbon and SWCNTs. In SWCNTSs the
fractional coverage of hydrogen decreases more slowly with the temperature than in
activated carbon, indicating stronger interactions with H, molecules in the adsorption
sites of the nanotubes. Nevertheless, at temperature of about 80 K all hydrogen is
completely desorbed from both materials.

It is very difficult to estimate the activation energies of desorption from TDS,
especially when weak interactions between adsorbate and adsorbent are involved.
The Redhead’s analysis (eq. 3.7) yields an activation energy of desorption of 9 kJ
mol ™" and 13 kJ mol ™" for the two adsorption sites of SWCNTs and 10 kJ mol " for
activated carbon. Compared to the adsorption potential of only —5.3 kJ mol
calculated in section 4.2 for an activated carbon sample, the values of enthalpies
obtained from TDS are very high and probably overestimated. Also theoretical
calculations suggest under these conditions binding energies of only -9 kJ mole ' for
adsorption in the grooves and —5 kJ mole™" for physisorption on the outer surface.[’”
Furthermore similar values are obtained from the low temperature adsorption

isotherms.”?!

In summary, it has been shown that low temperature desorption spectroscopy is a
powerful technique to identify the adsorption sites for hydrogen in different carbon
materials. Moreover, after appropriate calibration TDS offers an alternative method
to measure the maximum hydrogen uptake of the adsorbent, corresponding to the
complete monolayer coverage. In addition, the low desorption temperatures indicate
that the adsorption of hydrogen on carbon materials takes place without strong
binding and that all hydrogen can be reversibly removed in vacuum at temperatures

above 80 K.
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4.4 Raman spectroscopy of adsorbed hydrogen in carbon materials

4.4.1 Results

Figure 4.10 shows the Q-branch of free hydrogen at room temperature and 20 bar.

The corresponding Q-lines are labelled in the figure. At RT the spectrum exhibits

four Q-lines corresponding to the initial rotational states with J =0, 1, 2 and 3.
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Fig. 4.10: Q-branch of hydrogen gas at 20 bar and room temperature.

In contrast, at temperatures of 40 K, only the Q(0) and Q(1)-lines can be observed,
due to the low population of the excited rotational levels.

Fig. 4.10 shows the symmetric Q(1) and the Q(0)-lines of free hydrogen at 40 K and
different pressures, obtained with a laser radiation of 514 nm. The Q(0)-line,
corresponding to J = 0, occurs at higher Raman shifts around 4162 cm™' (depending
on the pressure), while the Q(1)-line occurs at approximately 4154 cm .

Under the same conditions of temperature and pressure the Raman spectrum for
hydrogen was measured with the cell filled with macro crystalline natural graphite
(fig. 4.12). Graphite possesses a negligible porosity, and therefore it can be assumed
that the fraction of hydrogen adsorbed on the surface is insignificant. Therefore, the

spectrum is similar to that obtained when the Raman cell is filled only with hydrogen
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gas. The difference consists in smaller intensities of the Q-lines, due to the shorter

optical path of the radiation through the free hydrogen gas and in smaller
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Fig. 4.11: Q(1) and Q(0)-lines of free hydrogen at 40 K and at variable pressure.
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Fig. 4.12: Q(1) and Q(0)-lines of hydrogen in presence of graphite at 40 K and variable pressure.
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When the Raman cell is filled with SWCNTs, the spectrum of hydrogen in presence
of the sample exhibits at 40 K a different shape and pressure dependence (fig. 4.13).
In particular at low hydrogen pressures only one single Q(J)-peak is observed at
4162 and 4156 cm ' for J = 0 and J = 1, respectively. With increasing pressure a
shoulder at lower frequencies arises in both lines. Above 17 bar an additional peak
occurs at lower Raman shifts. Fig. 4.14 shows as an example the Q(1)-line at 40 K
and 20 bar, which can be fairly well described by three distinct peaks.

A comparison with the Raman spectrum of hydrogen on graphite, i.e. non-adsorbed
hydrogen, allows to assign the peak at lower Raman shifts in each Q-line to free
hydrogen gas (fig. A-9). Consequently the peaks at higher Raman shifts in each Q-
line can be attributed to adsorbed hydrogen. As for graphite (fig. 4.12), the peak of
free hydrogen is only visible at high pressures, due to the shorter optical path. In
contrast, the hydrogen adsorbed on the nanotubes gives rise to a stronger signal
already at low pressures, owing to its higher density. Accordingly, for SWCNTSs
sample I, which is a very compact powder, the optical path through the free hydrogen

gas is even smaller and only adsorbed hydrogen is measured (fig. A-8).
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Fig. 4.13: Q(1) and Q(0)-lines of hydrogen adsorbed on SWCNTs at 40 K and variable pressure.
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Fig. 4.14: Q(1)-line of hydrogen adsorbed on SWCNTs at 40 K and 20 bar. The dots show the

measured spectrum. The red line corresponds to the sum of the three peaks shown in blue.

However, at RT no difference is observed in the Raman spectrum of hydrogen
adsorbed on SWCNTs compared to free hydrogen gas. Fig. 4.15 reports the Raman

spectrum of free hydrogen compared to hydrogen in presence of SWCNTs at 298 K
and 20 bar.
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Fig. 4.15: Q(1) and Q(0)-line of free hydrogen gas (green) and hydrogen in presence of SWCNTSs

(red) at 20 bar and room temperature.
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The higher background corresponds to the signal produced by the nanotubes. The
positions of the Q-lines match perfectly for both spectra and no splitting is observed,

indicating that both spectra correspond to non adsorbed hydrogen gas.

Analogous measurements were performed for hydrogen physisorbed on activated
carbon, which in contrast to SWCNTs possesses a completely disordered
nanostructure. Fig. 4.16 shows the Q(1) and Q(0)-peaks of hydrogen adsorbed on
activated carbon at 40 K and different pressures.

A similar splitting in the Q-lines is observed for hydrogen adsorbed in activated
carbon as for SWCNTs. A closer analysis of the single spectrum, reveals that each
Q-line is composed of one peak assigned to adsorbed hydrogen and a second peak or
shoulder at lower Raman shifts. This peak occurs at the same frequency as hydrogen
gas measured in presence of graphite (fig. 4.12) and is therefore assigned to free H,.
However at the highest measured pressure (22 bar) a third peak at intermediate

frequencies between the two other peaks is observed.
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Fig. 4.16: Q(1) and Q(0)-lines of hydrogen adsorbed on activated carbon at 40 K and variable

pressure.

In addition to the Q-branch, the pure rotational transition for / = 0 — J = 2 was

measured for free and adsorbed hydrogen. Figures 4.17 and 4.18 show the Sy(0)-line
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at 40 K and variable pressure for hydrogen gas and for hydrogen adsorbed on
SWCNTs (sample I), respectively.
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Fig. 4.17: Sy(0)-line of free hydrogen at 40 K and variable pressure.
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Fig. 4.18: Sy(0)-line of hydrogen adsorbed on SWCNTSs (sample II).

As for the Q-branch, the contribution to the spectrum of the free hydrogen is
negligible for this sample. Therefore the So(0)-line measured in SWCNTs can be
assigned to purely adsorbed hydrogen. However, in contrast to the Q(0) and Q(1)-

line no splitting of the So(0)-line is observed.
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The pure rotational spectra both for free and adsorbed hydrogen consist of one
symmetric peak. For free hydrogen gas the S((0)-line shifts towards lower
wavenumbers with increasing pressure. In contrast, for H, on SWCNTs the Raman

shift of the line increases with pressure.

Apart from measuring the roto-vibrational spectrum of free and adsorbed hydrogen,
Raman spectroscopy was employed to identify and characterize the sample itself. In
fact single-walled carbon-nanotubes possess characteristic phonon modes, which are
influenced by the diameter, the metallic character and the presence of defects and
disorder. Figure 4.19 shows the Raman spectrum of the SWCNTs II sample obtained
with an excitation radiation of 514 nm. The three spectra correspond to the SWCNTs
under vacuum at room temperature and exposed to a hydrogen pressure of 20 bar at
room temperature and 40 K, respectively. Two distinct modes can be observed in
each spectrum: the G-band, or tangential mode, which is positioned around 1600
cm ! is assigned to the C-C bond in the graphitic structure; the D-band, around 1350
cm ', is related to the disorder or crystallographic defects located in the nanotube

walls or ends.”!
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Fig. 4.19: Raman spectrum of SWCNTs, under vacuum and at room temperature (blue), under

a hydrogen pressure of 20 bar, at room temperature (red) and 40 K (green).
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A comparison of the spectra of SWCNTs under different conditions of temperature
and hydrogen pressure shows almost no difference in the Raman spectrum of the
sample under vacuum and under hydrogen gas at room temperature. Even at 40 K
and 20 bar the shift of the tangential mode due to hydrogen adsorption accounts only
for +2 cm .

Raman spectra are recorded also for SWCNTs (sample 1) (fig. A-10), for activated
carbon (fig. A-11) and graphite (fig.A-12). Graphite exhibits a characteristic single

line around 1570 cm ' while activated carbon presents a G-band at 1600 cm ' and a

strong D-band at approximately 1340 cm™'
4.3.2 Discussion

The position of the Q-band of free hydrogen depends on the density and the pressure
of the hydrogen gas. It may be described conveniently in terms of a power series of

the density, p.[’*">7°!

[0()], =0 +a,p+b,p, (4.11)

where Q(J) is the frequency of the vibrational Raman transition of the free isolated
hydrogen molecule in the rotational state J, a; and b, are J-dependent and
temperature-dependent constants with |aj| >>| by/p|, a;< 0 and b,> 0. In particular, a,
depends on the isotropic intermolecular forces and on the vibrational coupling of
pairs of molecules. Eq. 4.11 derives from a combination of repulsive and attractive
intermolecular interactions, which at room temperature almost compensate each

other,[76]

so that no pressure dependence of the position of the Q-line is observed. In
contrast at low temperatures, i.e. at high hydrogen densities a downshift of the Q-
band position is observed with increasing pressure (fig. 4.8). In the investigated
pressure region a linear correlation between the position of the Q(J)-lines and the
pressure is obtained, indicating that the second order term is negligible (fig. 4.20).

For hydrogen adsorbed on a porous material the same dependence of the Q-line on

the density is assumed (eq. 4.11). However, the vibrational frequency of the adsorbed

61



molecule, O(J), and the intermolecular interaction, a; and b,, are expected to be
modified.

For SWCNTs at 40 K and high pressures each Q-line is composed of three peaks.
The peak at lower wavenumbers occurring only at high pressures is assigned to free
hydrogen gas, whereas the other two peaks are attributed to adsorbed hydrogen.
Figure 4.20 shows the position of these two peaks in the Q(1)-line as a function of
the pressure. In addition the pressure of the Q(1)-line in free hydrogen gas is shown.
For free hydrogen the Q(1)-line position depends linearly on the H, pressure, due to
the correlation to the density reported in eq. (4.11). The experimental curve for free
hydrogen gas yields a O(J) value of 4157.9 cm ' from the intercept and an a; value of
—0.18 cm ' bar ' from the slope. In contrast, the position of the two peaks attributed
to adsorbed hydrogen is independent of the applied hydrogen pressure. This indicates
that for the adsorbed hydrogen the density does not change with pressure in this
temperature and pressure region.

Nevertheless, if we assume that eq. (4.11) is valid also for hydrogen in the adsorbed
state, we can use it for a qualitative analysis of the spectra.

For a given pressure P and temperature 7 it is possible to write:
O] = 0™ +a,ply 4.12)

for free hydrogen, and

aas ads ads _ads ads asz
[o(D] = 00 +as* i + b1 i (4.13)

for adsorbed hydrogen.

For the adsorbed state the second order term cannot be neglected due to the high
densities of adsorbed hydrogen. The pressure dependence shown in fig. 4.20 can be
divided into two regions. In region I, at pressures below approximately 10 bar the Q-
line of the adsorbed hydrogen is shifted to lower values than that of the free
hydrogen. In region II, at higher pressures, Q-line is observed at higher Raman shifts

than for free H,.
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According to equation (4.12) and (4.13) one possible effect causing region I is:

()" <), (4.14)

where O(J)** and O(J)"* are the frequencies of the vibrational Raman transition of a
single adsorbed hydrogen molecule and of the isolated hydrogen gas molecule,

respectively.
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Fig. 4.20: Raman shift as a function of pressure for the Q(1)-peak of free hydrogen (red), and
for the two components of the Q(1)-peak attributed to adsorbed hydrogen in SWCNTs.

The shift of the Q-line of a single adsorbed molecule compared to the free molecule

is influenced by the Lennard-Jones potential between H, molecule and adsorbent and

can be expressed in the following form!"®:

wds e Krep Katt
Av=0())" -0(J) = E (4.16)

where the first term corresponds to the repulsive contribution between the hydrogen

molecule and the adsorbent at distance » from each other and the second term is the
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attractive contribution. Together with equation (4.14), A4v < 0 indicates that the
attractive term is stronger than the repulsive interaction, as expected when the
equilibrium is shifted on the side of the adsorption.

In contrast, region II can be related to higher densities of hydrogen in the adsorbed

state than in the gas, i.e.:

pis > Py (4.17)

Indeed, while a; is negativel’", b, is positivel’”), and becomes more important at
higher densities due to the quadratic term in equation (4.13). Similar conclusions
were obtained by Centrone et. al"® for hydrogen adsorbed on activated carbon.

The presence of two distinct peaks of the Q(J)-lines assigned to adsorbed hydrogen
in SWCNTs may indicate the presence of two different adsorption sites. This is in
good agreement with the thermal desorption measurements of hydrogen in SWCNTs,
which show two distinct desorption maxima. The possibility to use Raman
spectroscopy to identify different adsorption sites has been predicted by molecular
dynamics simulation of a single hydrogen molecule adsorbed in carbon nanotubes!”),
Owing to the small shift compared to free hydrogen gas, the peak occurring at
approximately 4155.5 cm ™' could as well be attributed to weak multilayer adsorption.
Similarly, Williams et al. observed for H, on SWCNTs and Cg at 85 K and pressures
below 8 bar a weak splitting in the Q-lines of hydrogen.”” In particular they could
identify for hydrogen on nanotubes a main central peak assigned to free hydrogen
gas and two weakly separated shoulders at higher and lower wavenumbers,
respectively, which were assigned to adsorbed hydrogen.

In all cases, the shift of the Q-lines between the free and the adsorbed hydrogen is
only a few wavenumbers (fig. 4.20). This small shift points to a very weak
interaction between adsorbate and adsorbent without any significant charge transfer.

1.7%) in measurements of the Raman

Similar results were obtained by Centrone et a
shift of H, on activated carbon. They observed at 40 K a shift of the peak assigned to
adsorbed hydrogen of approximately 2-3 cm ' towards higher frequencies compared
to free hydrogen. Similar small shifts are also obtained in the present work for

hydrogen on activated carbon (fig. 4.15) and on the SWCNTs sample I (fig. A-8)
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indicating that the adsorption is almost independent of the long-range order or
curvature of the graphene sheets and that the interaction of hydrogen with carbon
samples is comparable for both ordered and disordered carbonaceous materials.
Similar conclusions are obtained from the study of the rotational transition of para-
hydrogen in different carbon nanostructured by inelastic neutron scattering. *”!

In addition, the Raman spectra of free hydrogen and hydrogen on SWCNTs
measured at room temperature show no evident differences, indicating that the
amount of hydrogen adsorbed under these conditions is very small. This agrees with

the low uptake values determined from the adsorption isotherms (< 0.5 wt%).

Moreover, the pure rotational transition of free and adsorbed hydrogen has been
investigated. In figure 4.21 the Raman shift of the S(0)-line for adsorbed and free
hydrogen is plotted versus the applied hydrogen pressure at 40 K. For free hydrogen
gas the Raman shift is decreasing with increasing pressure, whereas for adsorbed

hydrogen it rises with pressure.
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Fig. 4.21: Raman shift of the Sy(0)-line of free hydrogen (blue squares) and of adsorbed

hydrogen (red circles) as a function of the hydrogen pressure at 40 K.
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For the Sy(0)-line position of free hydrogen gas a linear relation with the applied
pressure as for the Q-line has been obtained. This experimental relation yields a
slope of — 0.026 cm ™" bar .

For a linear molecule, which is free to rotate in the three dimensions, in the
approximation of the rigid rotor the rotational energy levels are given by equation

(4.17)

E,=BJ(J+1), (4.17)

where J is the rotational number and B the rotational constant. B is inversely
proportional to the square of the hydrogen bond length. If the rotational transition J =
0 — J = 2 is considered, the transition will occur approximately at Raman shifts of
6B. Extrapolating the experimental curve for free hydrogen gas at zero pressure (fig.
4.21), yields a value for 6B of 357.6 cm .

In contrast, for a molecule, which is completely confined to rotate in a plane, the

rotational energy levels are given by eq (4.18)

E,=BJ’ (4.18)

Here the transition between J = 0 and J = 2 would occur at Raman shifts equal to 4B
(238 cm), that is at lower frequencies than for a molecule which is free to rotate in
three dimensions. The Raman spectrum of an adsorbed hydrogen molecule which
rotates only on the surface, would therefore exhibit a So(0)-line at lower frequencies
of about 120 cm ™' compared to the free rotating molecule. For adsorbed hydrogen,
the experimental results show at lower pressures a downshift of the Sy(0)-line
compared to free hydrogen gas. However, here the shift corresponds to only —1 cm ',
which is comparable to the shift in liquid hydrogen.!®! This weak shift indicates that
the adsorbed molecule is able to rotate almost freely and that only a very weak
perturbation of the rotation takes place. This perturbation, even if small, reaches the
maximum value at low pressures, where the H,-H; interaction can be neglected and

the rotation of the hydrogen molecules is primarily influenced by the carbon surface.
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Schimmel et al. observed at 15 K the rotational transition J = 0 —J =1 of hydrogen
adsorbed in SWCNTs by inelastic neutron scattering. In contrast to Raman
spectroscopy, the change in the nuclear spin of the molecule is permitted in INS and
the transition with AJ = £1 can be observed. In their work a weak splitting of the
rotational peak into several components is assigned to different adsorption sites and
to multilayer formation. In contrast we could not observe such a splitting in the
rotational transition J = 0 — J = 2, while this splitting is observed for the vibrational

transition.

The Raman spectrum of the material itself shows characteristic modes of well
ordered single-walled carbon nanotubes (fig. 4.22). In contrast to graphite, which
exhibits only one single line corresponding to the tangential mode vibrations of the
carbon atoms (fig. A-12), the G-band of SWCNTs is composed of several peaks, due
to phonon wave confinement along the tubes’circumferential direction and to
symmetry breaking effect associated with the surface curvature.® This band is
sensitive to charge transfer from dopant addition to the nanotubes.™

At RT the spectra of the SWCNTSs in vacuum and exposed to a hydrogen pressure of
20 bar do not show any evident difference in position or intensity. Indeed, it has been
shown previously by uptake measurements, that at RT the adsorbed hydrogen is
highly diluted, and the effect of the adsorbed hydrogen on the nanotube sample are
expected to be very small. In contrast, at 40 K and 20 bar it can be assumed that
complete surface saturation with hydrogen is reached. As calculated in sect.4.2.2,
this corresponds to 6 hydrogen molecules adsorbed on 20 carbon hexagons. Despite
this relatively high concentration the shift of the tangential mode due to hydrogen
adsorption accounts only for +2 cm .

Rao et al. investigated the effect on the Raman spectrum of SWCNTSs upon charge

83] They found that the tangential mode was shifted to

transfer in doped nanotubes.
higher frequencies by about +24 cm ', for electron-accepting dopants, like bromine,
and to substantially lower frequencies for electron-donors, like potassium and
rubidium. Both effects indicate a strong charge transfer from or to the dopant. In
contrast for iodine, which is simply physisorbed on the surface of the nanotubes, they

found only a shift of about — 3 cm™'. A similar situation as for iodine adsorbed on
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SWCNTs is obtained in the present studies for adsorbed hydrogen. The weak shift is
a further indication of a weak dispersive interaction between hydrogen molecules and

SWCNTs occurring without charge transfer.
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4.5 Summary

A great variety of carbon materials possessing different nanostructures and texture
were investigated for hydrogen adsorption. The volumetric measurements show that
for all materials the adsorption isotherms possess the same shape. These were
described with a Langmuir model at 77 K and a Henry-type behaviour at room
temperature. The mechanism is further characterized by fast kinetics and by the
complete reversibility of the hydrogen adsorption/desorption process, indicating that
the mechanism for hydrogen storage in carbon materials is physical adsorption. The
best material, which is high grade activated carbon with an apparent specific surface
area near to the maximum theoretical surface of a double sided graphene sheet,
shows a maximum H; uptake of 4.5 wt% at 77 K. At room temperature all carbon
materials possess a storage capacity of less than 0.5 wt% at pressures of 65 bar. In
addition, it has been demonstrated that the storage capacity of carbon materials is
correlated with the specific surface area both at room temperature and 77 K and is
independent of the type of nanostructure, long range order, curvature or array of the
graphene sheets. The obtained correlation is in good agreement with the theoretical
model, and the maximum adsorbed density corresponds to 80% of the density of
liquid hydrogen. Even though the hydrogen uptake does not depend on the structure
of the carbon material, but on the SSA, different adsorption sites for H, can be
identified for diverse nanostructures. Thermal desorption spectra of hydrogen on
SWCNTs show the presence of two distinct adsorption sites for H, possessing
different activation energies for desorption. These were assigned to hydrogen
adsorbed on the convex surface of the tubes and in the grooves. In contrast, for
activated carbon a broad distribution of adsorption sites with similar potentials is
observed for hydrogen, which reflects the disordered structure of porous carbons.
Using an appropriate calibration it was possible to quantify the amount of hydrogen
desorbed from the distinct adsorption sites. For both materials the hydrogen is
desorbed in vacuum at temperatures less than 80 K, which further proves that simple
physical adsorption takes place and in good agreement with the adsorption results

this demonstrates that the process is completely reversible even at low temperatures.
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Furthermore, Raman spectroscopy was used to investigate both the effect of the
adsorbent on the hydrogen molecules as well as the effect of H, on the adsorbent. A
splitting in the Q-lines of hydrogen adsorbed on SWCNTs is observed at 40 K. In
particular at high pressure three different peak components are presents. Two of them
are assigned to adsorbed hydrogen, while the peak at lower frequencies corresponds
to free hydrogen gas. The shift in the Raman position of the Q-lines of adsorbed
hydrogen on SWCNTs compared to free hydrogen gas corresponds to less than 2 cm™
"at 40 K and 20 bar and similar shifts are obtained for H, adsorbed on activated
carbon. This weak shift indicates that no charge transfer takes place between the
hydrogen molecules and the carbon material. No difference between the spectrum of
free hydrogen and of hydrogen on SWCNTs is observed at room temperature and 20
bar, so that it is assumed that the amount of hydrogen adsorbed under these
conditions is very small compared to free hydrogen gas. This result is in perfect
agreement with the volumetric measurements which demonstrates that even at high
pressures only a small amount of hydrogen is adsorbed at room temperature.
Accordingly, no change in the Raman position is observed for the tangential mode of
the SWCNTs upon adsorption of hydrogen at room temperature and even at 40 K
and 20 bar the shift accounts for only +2 cm™ indicating a weak perturbation of the
TM mode owing to van der Waals interactions with hydrogen gas. In contrast to the
Q-branch of adsorbed hydrogen no splitting for the pure rotational transition /=0 —

J =2, 1.e. the Syp(0)-line is observed.
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5 Metal-organic frameworks

5.1 Sample preparation, structure and characterization

Different types of metal-organic frameworks, based on Zn*", Cu®", Ni**, and AI*" as
central metal ions and on different organic ligands were investigated.

MOF-5 or IRMOF-1 (Isoreticular metal-organic framework 1) consists of four Zn,O
clusters in octahedral subunits which are connected to each other by terephtalate
groups to give a three-dimensional very porous open network!®*. MOF-5 possesses
large channels of approximately 12 A in diameter. In reality the different orientation
of the ligand in the framework produces two types of pores with slightly different
diameter. Figure 5.1 shows the cubic unit cell of MOF-5 with the four ZnO4
tetrahedra (in yellow) at each corner of the cube, which share an oxygen atom in the
centre of the octahedral ZnsO(CO;)¢ subunit. The representation of the crystal

structure is obtained from single crystal data by Li at al.l**!

Fig. 5.1: MOF-5 unit cell, with four Zn,O tetrahedra (yellow), which give an octahedral subunit
at each corner of the cubic cell (Zn, green; O, red; C, grey; H, white).

Two types of MOF-5 samples have been investigated. High quality crystals of MOF-
5 were provided by BASF®**! and MOF-5 powder was prepared by a laboratory

small-scale synthesis®®.
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The high quality MOF-5 crystallites were produced applying a large scale and fast
synthesis which has been optimized compared to previously reported synthesis.*"*
This synthesis gives uniformly large crystals of MOF-5, which are activated at 60°C
in vacuum after washing with acetone. Electron micrographs reveal well-shaped
cubic crystals between 50 and 200 um diameter size (fig 5.2) and the powder X-ray
diffraction pattern' (fig. 5.3) fully matches the MOF-5 pattern derived from single
crystal structure datal*?).

The BET and Langmuir specific surface areas of this sample are 2296 m”> g™ and

3840 m® g, respectively. These value is slightly higher than reported by others!™”,

and they are three to four times higher than for the MOF-5 sample obtained from the
[86]

small scale synthesis.

Fig. 5.2: SEM (scanning electron microscope) picture of high quality MOF-5 cubic crystals with
an enlargement in the left corner.
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Fig. 5.3: Powder X-ray diffraction pattern (Cu Ka-radiation ) of MOF-5.

' Powder X-ray diffraction data were recorded with a Siemens D5000 powder diffractometer using
CuKo radiation and a secondary monochromator.
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This laboratory synthesis of MOF-5 was performed following Huang et al.:'*™! zinc
nitrate and the protonated form of benzenedicarboxilic acid (BDC) were dissolved in
dimethylformammide and triethylamine was slowly added to the solution.
Immediately after adding the organic base a white product appeared in the solution.
The same synthesis was repeated, adding 3 drops of H,O; to the solution of zinc
nitrate and BDC. The sample was activated by heating in vacuum at approximately
473 K for several hours. The X-ray diffraction pattern of the white solid are
congruent with a Le Bail profile matching®” based on the crystallographic data of Li
et al.’*! showing that the product has space group Fm-3m like MOF-5, with a refined
lattice parameter of 25.80 A (fig. B-1). When H,0, is added to the solution the
powder consists of cubic crystallites with a size of 500 nm, showing that the peroxide
favours the crystallization (fig. B-2). In contrast, without addition of H,O, the same
XRD-pattern is observed, but the crystallites are smaller and show no cubic shape
(fig B-3). This MOF-5 sample has a BET specific surface area (SSA) of 576 m* g
and Langmuir specific surface area of 1010 m* g ', three times smaller than the high
quality MOF-5 sample provided by BASF. This difference is obviously due to the
different synthetic procedure or activation of the sample, which have great influence
on the porosity of the material. In fact, after the synthesis the pores of the framework
still contain the organic solvent, which is removed during the activation. If the
activation procedure is not optimized, the removal of the solvent molecules can
partly induce the collapse of the framework, which leads to partially amorphous
regions that are not visible in the XRD pattern.

The crystal structure of the Zn-based metal-organic framework IRMOF-8"*! is in
principle identical to MOF-5. The difference is given only by the longer organic
ligand, which is naphtalene-2,6-dicarboxylate (NDC) in IRMOF-8. Owing to the
larger distance between the ZnsO(CO;)s clusters in the cubic structure, this
framework possesses larger pores than MOF-5. However, it is still unclear if
IRMOF-8 can build a catenated framework with two networks grown inside each
other” resulting in a structure with smaller pores compared to the non-catenated one.

Indeed frameworks possessing large pore size usually favour the formation of

% 0. Yaghi, oral communication at the “Heraeus seminar on hydrogen storage with novel
nanomaterials”, October 2005.
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catenated networks, which can accommodate the metal-carboxylate cluster of a
second network inside the first one. The IRMOF-8 sample was provided by BASF
and possesses a BET SSA of 1215 m* g ' and a Langmuir SSA of 1922 m* g ', close
to the values reported in literature.

Cu3(BTC),2(H,0)3 or Cu-BTC consists of Cuy(COO)4-paddle wheels with copper
dimers as four connectors and benzene-1,3,5-tricarboxylate as three connectors in a
cubic wide-open framework.”'””! Each Cu®*" ion is also coordinated by a water
molecule in axial position, which can easily be removed in vacuum or by heating at
temperatures above 373 K. The structure of Cu-BTC consists of main channels of a
square cross-section of ca 9 A in diameter and tetrahedral side pockets with a
diameter of ca 5 A which are connected to the main channels by a triangular window
of 3.5 A in diameter.”™ Figure 5.4 represents the unit cell of Cu-BTC along the [100]
direction and gives a direct view on the main channel. Figure 5.5 shows the same
structure along the [111] direction with a sight on the triangular windows of the
smaller side pockets. For simplicity a planar representation of the unit cell was
chosen in this last case. In order to give a three dimensional character to the figure,
the darker atoms indicate that their position is deeper in space along the [111]

direction than the brighter atoms. The crystallographic representation is based on the
91]

single crystal X-ray analysis of Chui et al.|

Fig. 5.4 (left): Unit cell of Cu-BTC along the [100] direction constructed from single crystal data
in reference® (Cu, green; O, red; C, grey; H white). The larger pore is in the middle of the cell.

Fig. 5.5 (right): View on the side pockets with triangular window along the [111] direction (Cu,
green; O, red; C, grey; H, white).
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Cu-BTC was provided by BASF and was produced by an electrochemical

procedure,””! which is a new synthetic method compared to the previously reported

[91-94]

synthesis under hydrothermal conditions . The obtained crystals have double

sided pyramidal shape and a size of maximum 6 pm (fig. 5.6). The powder XRD
pattern match perfectly with the single crystal analysis reported in literature”!! (fig.

5.7). The specific surface area of the sample is 1154 m* g ' and 1958 m* g’ using the

BET and the Langmuir equation, respectively, which is as high as reported for
[94]

crystals produced under hydrothermal conditions.

Figure 5.6: SEM picture of Cu3(BTC), crystals.
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Figure 5.7: Powder X-ray diffraction pattern (Cu Ka-radiation ) of Cu;(BTC).

The Ni-based metal-organic framework consists of Ni*" ions coordinated by 2,5-
dihydroxy-terephtalate giving a three-dimensional honeycomb-like network. At the

intersections of the honeycomb are helical chains of cis-edged connected nickel-
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oxygen octahedral, where one axial position is occupied by a water molecule. The
chains are connected by the organic ligand with three adjacent chains in the
honeycomb-like pore structure. The channels of this structure have a diameter of
approximately 11 A

The Ni-MOF was prepared through hydrothermal synthesis by Dietzel et al.””! and
activated by heating in vacuum for several hours at 100 °C. Fig. 5.8 shows the crystal
structure with the uniform channels of the Nickel based MOF, obtained from the X-

ray diffraction pattern reported in the work of Dietzel at al.””

Fig. 5.8 Crystal structure of the Ni-MOF, obtained from the X-Ray diffraction data reported in
reference!™! (Ni, green; O, red; C, grey; H white). The Nickel-oxygen polyedra are shown in
green. Here the axial position occupied by the H,O ligand is missing.

The Al-based MOF, provided by BASF, is a novel structure, which is still not
completely investigated. Fig. 5.9 shows a similar structure to that of the AI-MOF
sample with linear rows of aluminium-oxygen polyhedra connected with other four
rows by the organic ligand. This metal-organic framework possesses one-
dimensional channels. Due to the flexibility of the framework these channels can be
compressed to a certain extent, providing a rather broad distribution of pore
dimensions. The SEM picture of AI-MOF exhibits row-like crystallites which form

two-dimensional casually oriented platelets (fig.5.10).
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Fig. 5.9 (right): one dimensional channels, in the flexible framework of the in AI-MOF-like
structure’.

Fig 5.10 (left): Micrograph picture of AI-MOF.

MR 3677 is a Cu-based metal-organic framework provided by BASF, synthesized by
the same electrochemical procedure as Cu-BTC, and whose structure cannot be
reported because of a pending patent. The values of the BET and Langmuir specific

surface area are 359 m” g ' and 886 m” g ', respectively.

The multipoint BET and the Langmuir specific surface area of these samples were
measured with an automatic gas sorption system using nitrogen gas at 77 K and at
relative pressures of 0.05 < P/P, < 1. Previous to these measurements the samples
were degassed in vacuum and at 373 K overnight. Table 5-1 shows the surface
properties of the investigated MOFs. The difference between the values of the SSA
obtained with the BET and the Langmuir model for each structure is due to the fact
that both models cannot adequately describe the N, adsorption isotherms of a
microporous material, even though reproducing mathematically the shape of the
isotherm. Nevertheless, these methods are commonly applied to characterize the SSA
of microporous samples and can be used to compare similar porous materials. As an
example the N, adsorption isotherm of MOF-5 described by a linear Langmuir
equation over the whole P/P, range and by a BET-equation at low relative pressures

are shown in fig B-9 and B-10, respectively.

3 Picture provided by U. Miiller (BASF)
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Table 5-1: Specific surface area of metal-organic framewoks determined by nitrogen adsorption
at 77 K using the BET and the Langmuir model.

Sample Central metal-ion BET SSA m* g™ Langmuir SSA m? g—l
MOF-5 high quality'®”' Zn** 2296 3840
MOF-5 lab. synthesis®®! Zn** 572 1014
Cu-BTC™®! Cu** 1154 1958
MR 3677 Cu®’ 359 386
Al-MOF A" 933 1779
IRMOF-8 Zn*" 1215 1922
Ni-MOF'"*! Ni** 482 951
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5.1 Volumetric measurements

5.1.1 Results

Hydrogen storage measurements were performed at different temperatures using a
Sieverts’ apparatus. Previous to the measurements the samples were activated in
vacuum at temperatures of 373 to 473 K, depending on the thermal stability of the
MOF-compound. Through this activation procedure, still occluded solvent molecules
and adsorbed moisture were removed. The hydrogen adsorption isotherms were
measured at pressures between ~ 1 bar and 75 bar at different temperatures. Each
point of the isotherm was measured independently from the previous adsorption step
after degassing in vacuum at higher temperatures.

Figures 5.11 and 5.12 show the adsorption isotherms of MOF-5 and Cu-BTC at 298
K, 200 K, 87 K and 77 K. At low temperatures the isotherms show a type I profile
with an initial steep increase in the hydrogen uptake followed by a plateau at high
pressures. For dilute surface coverage at room temperature (RT) the isotherm is more
properly described through a linear Henry-type profile. Such types of isotherms are
typical for physical adsorption of H, in microporous materials and are also obtained
for hydrogen adsorption in carbon materials (see section 4.2). No change in the shape
of the isotherm is observed after several numbers of adsorption-desorption cycles,
indicating clearly the full reversibility of the adsorption process and the framework
stability upon adsorption. Similar isotherms are measured at 77 K and RT for the

other metal-organic frameworks (fig. B-4, B-5, B-6, B-7, B-8).

Using the Langmuir equation'®” to describe the isotherms at 77 K it is possible to
obtain the saturation or plateau value of the hydrogen storage (mg.), which
corresponds to the maximum of the hydrogen storage capacity. The adsorption

properties of the investigated MOFs are reported in table 5-2.
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Fig. 5.11: Adsorption isotherms of MOF-5 at 77 K (blue), 87 K (red), 200 K (green) described
with a Langmuir equation and 298 K (black) described with a linear equation.
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Fig 5.12 : Adsorption isotherms of Cu;(BTC), at 77 K (blue), 87 K (red), 200 K (green)
described with a Langmuir equation and 298 K (black) described with a linear equation.

With an uptake of 4.7 wt% at 50 bar and 77 K and a saturation value of 5.1 wt%
MOF-5 exhibits the highest hydrogen storage capacity of all investigated crystalline
microporous materials. Considering that the calculated crystal density of MOF-5 is

0.61 g cm *?! the maximum volumetric hydrogen uptake corresponds to a value of
33gl.

80



Table 5-2: Adsorption properties of the metal-organic frameworks.

0
Sample l7n7salt<[Wt ol f&tg/f]t z;l:eRT E:tt’l/f:]t Zl:ezoo K :,fgherm
and 65 bar and 60 bar
MOF-5 high quality™ 51403 0.3+0.1 0.9+0.1 Fig. 5.11
MOF-5 lab. synth.®® 1.6+0.2 0.18 +0.07 1.0+£0.2 Fig. B-4
Cu-BTC™®! 3.6+02 0.35+0.1 n.d Fig. 5.12
MR 3677 1.6+0.3 0.1£0.1 n.d Fig. B-8
AI-MOF 29+0.1 0.30 +0.05 n.d Fig. B-6
IRMOF-8 35402 0.25+0.07 n.d Fig. B-7
Ni-MOF"* 1.8+0.1 0.24 + 0,05 n.d Fig. B-5

For the MOF-5 sample prepared by the laboratory small scale synthesis a maximum
uptake of 1.6 wt% at 77 K was obtained. As mentioned previously, this sample had
about a three to four times smaller SSA than the high quality MOF-5 crystals due to
the different synthetic procedure. Therefore, the smaller hydrogen uptake value can
be attributed to the lower specific surface area.

Cu3(BTC), exhibits at 77 K an uptake of 3.6 wt%, which is smaller than for high
quality MOF-5. However compared to MOF-5 saturation is reached at much lower
pressures. For the Cu-MOF sample 90 % of the saturation value at 77 K is obtained
at a pressure of approximately 9 bar, whereas, MOF-5 needs a pressure of 40 bar to
reach 90% saturation. In addition Cu-BTC possesses a higher crystal density (0.96 g
cm )Y, so that a maximum volumetric uptake of 36 g 1™ is obtained.

At room temperature all samples show storage capacities less than 0.4 wt% but it is

possible to triple the uptake by lowering the temperature to about 200 K.

For all metal-organic frameworks the maximum hydrogen storage capacity (Mg,
table 5-2) is plotted versus the BET specific surface area (table 5-1) in figure 5.13.
An almost linear correlation is found independent of the framework type and of the
building units of the network, like metal-centre or organic ligand. In order to show
that this result is independent of the model used to determine the specific surface
area of MOFs the maximum hydrogen uptake is also correlated to the Langmuir SSA

in fig. B-11.
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Fig. 5.13: Saturation value of the hydrogen storage capacity correlated to the apparent BET
specific surface area. Corresponding metal centres are indicated.

5.2.2 Discussion

The highest maximum storage capacity of 5.1 wt% at 77 K is found for MOF-5,
which possesses the largest SSA of all investigated MOFs. This uptake value is
comparable with high grade activated carbon with a SSA of higher than 2500 m* g
(sect. 4.1). Later similar values have been independently confirmed by Dailly et al.
on high surface area MOF-5." Only recently higher hydrogen uptakes of 6.9 wt%
and 6.2 wt%’ were measured for metal-organic frameworks possessing BET specific
surface areas of 4746 m” g ' and 4024 m* g ', respectively®”. At room temperature a
storage capacity of less than 0.4 wt% was measured for MOF-5, which is in good
agreement with Monte Carlo simulations which yield an uptake of approximately 0.4
wt% at 65 bar.

Nevertheless, comparing different MOFs, reveals that the saturation is reached at
different pressures. Fig. 5.14 shows the adsorption isotherms for MOF-5 and Cu-
BTC. At pressures below 6 bar the hydrogen uptake is higher for Cu-BTC, then a

* The authors report 7.5 wt% and 6.7 wt%, however defining it as percent mass of hydrogen per mass
of sample, different from eq. 2.15
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crossover in the adsorption isotherms of the two MOFs is observed and at higher

pressures MOF-5 exhibits a larger storage capacity.

hydrogen storage [wt%]

0 | | |
0 10 20 30 40 50 60
hydrogen pressure [bar]

Fig. 5.14: Comparison between the adsorption isotherms of MOF-5 (red) and Cu-BTC (black) at
77 K.

This difference indicates a higher interaction energy between hydrogen and the
adsorbent in the case of Cu-BTC. Therefore, the isosteric enthalpy of adsorption was
calculated using the Clausius-Clapeyron equation (5.1) for the isotherms measured at
77 K and 87 K and neglecting any dependence of the adsorption enthalpy on the

coverage.
S BB PR (5.1)

Here 7; and 7, are 77 K and 87 K, p; and p, are the hydrogen pressures
corresponding to an equal fractional coverage 6, and a; and a, are the constants

derived from the linearized Langmuir equation (5.2) at 7 and 7>, respectively (fig 5).

(B
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where p is the equilibrium hydrogen pressure at a certain temperature 7.
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Fig. 5.15: Linearized Langmuir equation for a) MOF-5, and b) Cu-BTC at 77 K (squares) and
87 K (dots). The intercept with the vertical axis corresponds to the constant 1/a used to estimate
the heat of adsorption.

For MOF-5 and Cu-BTC an enthalpy of adsorption of — 3.8 kJ mol™' and — 4.5 kJ
mol ™', respectively is obtained. The Langmuir equation (5.2) is derived under the
assumption that the adsorption enthalpy is independent from the surface coverage.
Especially at low coverage this could lead to an underestimation of the adsorption
enthalpy, nevertheless, these low values are characteristic for physical adsorption of
hydrogen in metal-organic frameworks. Owing to the fact that each point of the
isotherm is individually measured, in the data occurs at high pressures. This leads to
a slight uncertainty for the saturation value resulting in a possible error of about + 0.8
kJ mol™" for the absolute value of the heat of adsorption. However, the error in the
difference between the two enthalpy values is considerably smaller. Furthermore,
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these results are in good agreement with the measurements of Dailly et al.
reported an enthalpy of adsorption of — 4.1 kJ mol™" for MOF-5 and with theoretical
calculations which yield a value of — 4.0 to — 4.2 kJ mol ™' "%, Recently low pressure
isotherms (< 1 bar) were reported for Cu-BTC at 77 K and 87 K, which yield an
isostheric heat of adsorption of — 6.1 kJ mol".1®! This higher value may be due to the
different pressure range which was used to determine the enthalpy.

Simultaneously with the present work, a new Cu-based MOF has been developed and

studied for hydrogen storage by the group of Yaghi.””! These authors assume that
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high affinity of hydrogen molecules with Cu-MOF is due to the presence of open
metal sites which are activated when water ligands are removed from the copper
centre. Open metal sites are in fact coordinatively unsaturated central metal ions,
which could induce a stronger polarization of the hydrogen molecule compared to
metal centres with fully occupied coordination positions. While MOF-5 does not
possess these highly active open metal sites, Cu-BTC does. Another possible
explanation for the different heat of adsorption between the two samples could be
attributed to different pore sizes. Indeed, small micropores produce an increased
adsorbate-adsorbent interaction potential. Also from theoretical calculations on
carbon structures it is well known that hydrogen adsorption is favoured in pores with
a small diameter.!"”! Under the assumption that this dependence is also valid for
metal-organic frameworks it would be reasonable that hydrogen is more strongly
adsorbed in Cu-BTC, which has two types of pores: the main pores of 9 A in
diameter and smaller pores with windows of 3.5 A.”¥ MOF-5 possesses bigger pores
of 12 A in diameter.™ Possibly both properties, open metal sites and pore size can

influence the adsorption behaviour of MOFs.

As for carbon materials also for MOFs a linear correlation between the maximum
hydrogen storage capacity at 77 K and the BET specific surface area is found.

Similar results were obtained for methane storage in metal-organic frameworks."*®! In

previous works'®”!

no such correlation was found for hydrogen storage in MOFs, at
77 K and a pressure of 1 bar, since under these conditions no saturation is reached.
As observed for MOF-5, and Cu3(BTC), the low pressure region of the adsorption
isotherm is strongly dependent on the strength of the interaction between hydrogen
molecules and the adsorbent. At low pressures the hydrogen uptake depends on both
the heat of adsorption and the specific surface area, therefore no simple correlation
can be observed. However, at pressures high enough to reach saturation the storage
capacity is only dependent on the SSA of the material.

Grand Canonical Monte Carlo simulations performed for different metal-organic
frameworks strongly support these experimental findings.” In their calculations the

authors find at low coverages a linear correlation between the hydrogen uptake and

the isosteric heat of adsorption of different MOFs. In contrast, at higher pressures the
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uptake is independent of the adsorption enthalpy and correlates with the SSA.
Initially it was unclear if a correlation between the SSA and the hydrogen storage
capacity may exist for MOFs®"! as it was found for carbonaceous materials (sect.
4.2) However, recently the linear correlation found in the present work has been

adopted by several groups and has been observed independently in other MOFs.*
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5.3 Thermal desorption spectroscopy of hydrogen in MOFs
5.3.1 Results

Figure 5.16 shows the desorption spectrum of hydrogen in Cu-BTC performed with
two distinct heating rates of 0.1 K s' and 0.03 K s, respectively. Prior to the
measurement the sample was loaded with a hydrogen pressure of 25 mbar and then
cooled down to 20 K.

Three distinct desorption peaks are observed for hydrogen in Cu-BTC with maxima
at approximately 25 K, 35 K and 50 K. Above 70 K the amount of desorbed
hydrogen is almost negligible. Nevertheless the spectra were recorded up to
temperatures of 370 K. The amount of hydrogen desorbed from Cu-BTC corresponds
to 4.5 £ 0.3 wt%.
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Fig. 5.16: Thermal desorption spectra of hydrogen desorbed from Cu-BTC. The red and the
blue spectra were obtained with a heating rate of 0.1 K s and 0.03 K s™', respectively.

Thermal desorption spectra of AI-MOF (fig. 5.17), of IRMOF-8, (fig. 5.18), and of
the Cu-based metal-organic framework, MR 3677, (fig. 5.19) were measured under

the same experimental conditions as for Cu-BTC.
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Fig. 5.17 (left): TDS spectra of hydrogen in AI-MOF with heating rates of 0.1 K s™' (red) and
0.03 K ' (blue).

In the desorption spectrum of hydrogen on the Al-based metal-organic framework a
main broad desorption peak with a maximum around 45 K and additionally a very
small peak at approximately 25 K are observed. The desorbed hydrogen corresponds

to an amount of 2.9 + 0.3 wt%.

Figure 5.18 shows the desorption spectrum of hydrogen in IRMOF-8 recorded with
the two heating rates. The TDS spectrum of IRMOF-8 exhibits several desorption
maxima: a very sharp peak at 25 K, a larger peak at 35 K with a shoulder at
temperatures of approximately 40 K, a small maximum at 60 K, and a very small
peak at 83 K accounting for less than 0.02 wt% of hydrogen. In total the area under

the desorption curve corresponds to 2.9 + 0.4 wt% hydrogen.

The desorption curve of the Cu-based metal-organic framework, MR 3677, is
recorded with heating rates of 0.1 K s and 0.03 K s™' (fig. 5.19). The curve presents
two desorption maxima at 27 K and 45 K, respectively, and a shoulder at a
temperature around 57 K. A total amount of 1.2 + 0.2 wt% of hydrogen is desorbed
from the surface of MR 3677.
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Fig. 5.18: TDS spectrum of hydrogen in IRMOF-8 obtained with a heating rate of 0.1 K s™'(red)
and 0.03 K s (blue).
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Fig. 5.19 (left): TDS spectra of hydrogen adsorbed on MR 3677 recorded with a heating rate of
0.1 Ks™ (red) and 0.03 K s' (blue).

5.3.2 Discussion

For all the investigated metal-organic frameworks desorption of hydrogen takes
place at temperatures between 20 K and 80 K. At higher temperatures the amount of

hydrogen desorbed is negligible (< 0.02 wt%). The low temperatures of desorption
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indicate a reversible character of the adsorption process in metal-organic
frameworks, which is typical for physisorption. This observation is in good
agreement with the gravimetric measurements performed by Rowsell et al. on MOF-
5 which show that at 77 K and under vacuum all hydrogen could be reversibly
removed from the surface.™®”

For all samples the desorption spectrum measured with a small heating rate is shifted
towards lower temperatures. This shift of the desorption maxima indicates that the
hydrogen release is thermally activated. For both heating rates the time-dependent
area under the desorption curve is almost equal and corresponds to the same amount
of desorbed hydrogen (eq. 3.5). In addition, the ratio between the temperature-
dependent area measured with rates of 0.1 K s and 0.03 K s corresponds to the
ratio between the heating rates.

All desorption spectra exhibit a hydrogen desorption peak at approximately 25 K
independent of the adsorbent material. Owing to the low temperature of desorption,
which is close to the evaporation temperature of hydrogen, this desorption peak is
assigned to liquid hydrogen or H, weakly adsorbed on top of the monolayer. In order
to calculate the amount of hydrogen which is desorbed from the surface of the metal-
organic framework the contribution of the desorption peak at 25 K was subtracted
from the total desorption area. The obtained values can be compared with the
maximum amount of hydrogen adsorbed at 77 K and high pressure which
corresponds to the saturation uptake of hydrogen. In table 5-3 these two quantities
are compared for MOFs and for the carbon materials investigated in sect. 4.3. The
errors reported in the last column of table 5-3 correspond to the standard deviation of
a series of measurements. However an additional uncertainty of ~ 10% should be
considered for the values measured from the area of the desorption spectrum, due to
the assumptions made for calibration and for the determination of the amount of
liquid hydrogen.

Nevertheless, a fairly good agreement of the two values is obtained for almost all
investigated samples. Only for the metal-organic framework sample MR 3677 and
IRMOF-8 a larger deviation is found. For MR3677 the hydrogen desorption
spectrum exhibits a very broad peak at 25 K, which has been excluded for the

determination of the amount of hydrogen desorbed. However, it is not clear if the
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entire quantity of hydrogen desorbed at this temperature is simply liquid H; or if
some amount is also adsorbed directly on the framework.

The comparable values obtained from thermal desorption spectroscopy and from the
high pressure adsorption isotherms demonstrate that under different physical
conditions complete monolayer coverage is obtained, i.e. 25 mbar at 20 K and high
pressures and 77 K. This gives confidence that all adsorption sites are occupied by
hydrogen molecules when the temperature program for desorption in vacuum is

started.

Table 5-3: Maximum hydrogen uptake of MOFs and carbon materials measured from the
adsorption isotherms at 77 K and high pressures compared to the total amount of hydrogen
desorbed, measured from the thermal desorption spectra.

Adsorbent Maximum uptake at 77K Amount desorbed in vacuum
(isotherm) [wt%] (TDS) [wt%]

AlI-MOF 29+0.1 2.8+0.2

Cu-BTC 3.6+0.2 33+0.2

MR 3677 1.6 +0.3 0.9+0.2
IRMOF-8 35+0.2 29+04
SWCNTs 24+03 2.6:0.1
Activated carbon 2.7+03 2.5+0.3

The hydrogen desorption curve of Cu-BTC shows additionally to the peak at 25 K
two distinct peaks (fig. 5.16). The presence of two desorption maxima is a strong
evidence for the existence of at least two distinct adsorption sites for hydrogen,
possessing different energies. As shown in the previous section Cu-BTC possesses
two different pores: larger channels of 9 A in diameter and smaller side pockets of
approximately 5 A in diameter. Grand Canonical Monte Carlo simulations for argon
adsorption in Cu-BTC, combined with experimental adsorption isotherms suggest
that these two pore types are distinct adsorption places for argon.” From static
energy optimization the authors obtain that the small side pockets are, with an
adsorption enthalpy of —14.5 kJ mol ', preferential adsorption sites for argon,
compared to the main channels which possess an adsorption enthalpy of only —2.4 kJ
mol .

Similar assumption can be made for hydrogen adsorbed in Cu-BTC. Indeed
hydrogen molecules, like argon atoms, are small enough to access the side pockets

through the triangular windows of 3.5 A in diameter. According to the studies of Ar
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adsorption, we can assume that the hydrogen desorption peak at higher temperatures,
which is related to higher adsorption energies, corresponds to the hydrogen adsorbed
in the small tetrahedral pockets. In contrast, the desorption maximum at 35 K is
assigned to hydrogen weakly adsorbed at the surface of the main pores. Owing to the
smaller polarizability of the hydrogen molecule compared to Ar atoms, different
adsorption enthalpies are expected for H, compared to Ar in the sites of Cu-BTC.

As mentioned in section 4.3 the absolute values of the adsorption enthalpies
measured from TDS seem to be overestimated. Nevertheless considering eq. (3.7) it
is possible to give a rough estimation of the relative ratio of the desorption energies
for the two distinct sites from the corresponding temperatures of desorption. A ratio
of 1.4 between the desorption temperatures of the two maxima indicates that
hydrogen is adsorbed in the tetrahedral side pockets with an enthalpy which is
approximately 1.4 times greater than in the larger pores. These main pores can
accommodate ca. 2 wt% of hydrogen, while an amount of 1.3 wt% can fit in the side
pockets. These values correspond to 6.0 molecules of hydrogen per formula unit or to
97 molecules per unit cell, in the larger pores and 4 H, molecules per formula unit or
63 molecules per unit cell in the smaller pores. Here the dehydrated form of Cu-BTC
is considered, i.e. 9675 g per unit cell and 605 g per mol of formula unit.

Similarly, IR-spectra of hydrogen adsorbed on Cu-BTC reported by Prepistino et al.
exhibit two groups of bands corresponding to hydrogen adsorbed in different sites.
The authors assign these two bands to adsorption of H, molecules in unspecific
interaction sites and to hydrogen coordinated to the copper centres, respectively,
rather than to adsorption in pores with different sizes.!””! Their result is in principle
compatible with the findings here presented if it is considered that in the smaller
pores the hydrogen molecules are more strongly influenced by the polarizing effect

of the Cu(II) centres than in the larger pores.

The desorption spectrum of hydrogen on AI-MOF exhibits additionally to the peak at
25 K only one broad desorption maximum at 45 K (fig. 5.17). In the previous section
the structure of AI-MOF has been described. AI-MOF possesses uniform one-
dimensional channels, however due to the very flexible structure, these can be

compressed to a certain extent. This leads to a broad distribution of pores with
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different diameters. Considering that different pore sizes correspond to different
potential depth for hydrogen adsorption this would correspond to a broad distribution
of desorption temperatures in the TDS curve. Therefore, the hydrogen desorption
spectrum of AI-MOF reflects the distribution of pore sizes in the crystalline structure,

in a similar way as obtained for disordered activated carbon.

Hydrogen adsorbed on IRMOF-8 exhibits a very complex desorption spectrum (fig.
5.18). At least four adsorption sites for H, corresponding to different desorption
temperatures can be identified in this framework. It is difficult to correlate the
available adsorption sites for hydrogen with the framework structure of IRMOF-8, as
it is still not completely understood if catenation takes place for this framework. The
large number of adsorption sites could be related to the fact that in IRMOF-8
interweaving can occur during the synthesis, i.e. the minimal displacement of two
catenated frameworks, providing a rather complex but well defined framework
structure. The effect of interweaving on the pore structure of MOFs has been
investigated by J. Rowsell and O. Yaghi.!"”! They showed that an interwoven MOF
possessing the same framework structure as IRMOF-8 exhibit two larger pores with
slightly different pore dimensions and 6 smaller cavities defined by the four Zn,OL;

d.l" For a non catenated framework possessing

units, where L stands for the ligan
the same building units only two larger pores exist, corresponding to two different
orientation of the ligand in the framework. The complex desorption spectrum of
hydrogen adsorbed on IRMOF-8, which exhibits at least 4 different adsorption sites,
may indicate an interwoven framework structure. The two small desorption maxima
at higher temperature could be associated with the smaller cavities which produce a
deeper adsorption potential, while the broad peak and the shoulder at 35 and 40 K,
respectively, are attributed to adsorption in the larger pores. Furthermore, it may be
as well possible that both frameworks, i.e. a non-catenated and an interwoven are
present in the sample which would lead to a smaller fraction of small pores. Fig. 5.20
shows the pore structure proposed by Rowsell and Yaghi for an interwoven cubic

framework. %"

93



Fig. 5.20: Pore structure of an interwoven framework proposed by Rowsell an Yaghi,
reproduced from reference 109 The grey and the coloured framework are catenated one in the
other. The green balls represent the smaller cavities and the yellow balls, the larger pores with
slightly different dimensions due to different orientation of the framework.

A comparison of the hydrogen desorption behaviour for all investigated metal-
organic frameworks is shown in fig. 5.21. The decrease of the surface coverage, 6, is
reported versus the desorption temperature. At low temperature the coverage is
higher than 1 as some amount of liquid hydrogen or hydrogen adsorbed on top of the

monolayer is present.
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Fig. 5.21: Hydrogen surface coverage versus the desorption temperature for MR 3677 (blue),
Al-MOF (black), IRMOF-8 (green) and Cu-BTC (black).
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The desorption temperature gives a qualitative measure of the interaction strength
between adsorbate and adsorbent. For mobile applications materials which possess
strong interaction with H, molecules are desirable. The two Cu-based metal-organic
frameworks show a very similar desorption behaviour. The hydrogen is released at
higher temperature, making Cu-based MOFs interesting candidates for hydrogen
physisorption. Of all these materials IRMOF-8 shows the less desirable desorption
behaviour, as most of the adsorbed H, is released under vacuum at very low
temperatures, indicating a weak adsorption potential for this metal-organic

framework.

To the best of my knowledge this is the first report on quantitative thermal
desorption spectroscopy of hydrogen in metal-organic frameworks. Moreover the
measurements have been extended down to 20 K which allows for the first time to
identify different adsorption sites in MOFs with this technique. In addition a
correlation between the pore-structure of MOFs and the potential adsorption sites has

been proposed.
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5.3 Raman spectroscopy of adsorbed hydrogen in Cu-BTC

5.3.1 Results

Hydrogen adsorption in Cu-BTC was investigated by inelastic light scattering both at
room temperature and at 40 K.

Previous to the measurements in the high pressure Raman cell, a spectrum of Cu-
BTC was recorded over a range of Raman shifts from 100 to 1400 cm ' with a
commercial Raman Microscope spectrometer using an excitation radiation of 632.82
nm (He-Ne laser) and with a laser power of 4 mW. In order to prevent hydration of
the sample, which could influence the spectrum of the framework, Cu-BTC had been
previously introduced under argon atmosphere into a sealed quartz tube. Fig 5.22
shows the Raman spectrum of dehydrated Cu-BTC in the range of 100 to 1050 cm .
Several distinct peaks are observed at 230 (I), 463 (I1), 515 (I1I), 745 (IV), 827 (V),
and 1005 cm ' (VI). The measured spectrum was subsequently used to recognize the

sample in the high pressure cell.
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Fig. 5.22: Raman spectrum of dehydrated Cu-BTC recorded under Ar-atmosphere.

The Raman spectra of hydrogen in Cu-BTC were recorded with a small laser power

of only 5 mW in order to avoid decomposition of the framework due to local
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overheating of the sample. In order to remove adsorbed moisture and the water
ligands coordinating the Cu®" ion, Cu-BTC was evacuated in situ for approximately
14 h, prior to the experiment.

The Q-branch of adsorbed hydrogen on Cu-BTC was recorded with an Ar-ion laser
emitting at 514 nm. The investigated region of Raman spectra lies in between 4000
and 4350 cm™' and a best resolution of 0.4 cm™' was achieved. Figure 5.23 shows the
Q(1) and Q(0)-line of H, on Cu-BTC and of free H, at 20 bar and 299 K. In both
cases the Q(1) and Q(0)-line are observed at 4156 and 4162 cm ', respectively. The
spectrum recorded for hydrogen on the MOF exhibits a higher background which

derives from the framework itself.
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Fig. 5.23: Q(1) and Q(0)-line of free hydrogen (blue line) and of hydrogen on Cu-BTC at 299 K
and 20 bar.

At 40 K the Raman spectra of hydrogen adsorbed on Cu-BTC were recorded at
pressures ranging from 8 bar to 22 bar. Figure 5.25 shows the Raman spectrum of
hydrogen adsorbed on Cu-BTC at 40 K and variable pressure with the Q(1)-line
around 4155 cm™' and Q(0)-line around 4162 cm .
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Fig. 5.24: Q(1) and Q(0)-lines of hydrogen adsorbed in Cu-BTC at 40 K and variable pressure.
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Fig. 5.25: Comparison between the Q-lines of hydrogen in presence of graphite (blue) and
hydrogen adsorbed on Cu-BTC (green) at 40 K and 22 bar.

At low hydrogen pressures the spectra exhibit a single peak for each Q-line,
occurring at 4156 and 4162 cm™' for J = 1 and J = 0, respectively. The area of this
peak increases with pressure, while the position does not change. At higher pressures
for each Q-line a second well defined peak occurs at lower frequencies. In figure
5.24 the symmetric Q-lines of hydrogen on graphite, i.e. non adsorbed hydrogen, are
compared to the Raman spectrum of H, adsorbed on the metal-organic framework

both recorded under the same experimental conditions, i.e 40 K and 22 bar. The peak
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component of hydrogen in Cu-BTC, which arises at lower Raman shifts, matches
very well with the Q(1) an Q(0)-line position of H, on non-porous graphite, i.e. at
4154.4 and 4160.5 cm . These peaks are therefore assigned to free hydrogen gas. In
contrast, the peak component at higher energies derives evidently from the adsorbed

hydrogen and is visible even at lower pressures.

5.3.2 Discussion

The vibrational properties of the Cu-BTC framework have been recently investigated
by Raman spectroscopy by Prestipino et al.®’”) A good agreement is found between
the spectrum presented in their work and the one observed in the present study. The
authors assigned the bands I, II and III, occurring at Raman shifts between 230 and
515 cm' to vibrations associated with the Cu-ions, while the vibrations at higher
frequencies are due to the organic part of the framework, i.e. benzene-tricarboxylate.
Moreover the three bands at 230, 463 and 515 cm ' are observed in this position only
for the dehydrated form of Cu-BTC indicating that the axial water ligands have been
removed in vacuum.

Hydrogen Raman spectra were measured both at 298 K and at low temperatures. At
room temperature similar spectra were recorded for free H, and for hydrogen
molecules in the presence of Cu-BTC. This confirms that the amount of hydrogen
adsorbed is negligible and that only free hydrogen gas can be observed by Raman
spectroscopy under these conditions. The obtained result is in good agreement with
the amount of hydrogen measured from the adsorption isotherms, which yielded an
uptake of only 0.13 wt% in Cu-BTC at 20 bar and 298 K. Similar results were
obtained from Raman spectra of hydrogen on SWCNTs measured at room
temperature (sect. 4.4). In contrast, at 40 K a clear difference between the lines of
free and adsorbed hydrogen is observed. The Raman position of the Q-line of
adsorbed hydrogen does not change with pressure and is shifted to higher frequencies
compared to free H,. The maximum displacement of the Q-line of adsorbed
hydrogen compared to free hydrogen molecules corresponds to a value of only 1.5
cm ', comparable to hydrogen adsorbed in SWCNTs and activated carbon (sect. 4.4).

As for hydrogen in carbon materials, this small value indicates physisorption of
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hydrogen in metal-organic frameworks taking place without charge transfer. At high
pressures the Q-line of adsorbed hydrogen is shifted towards higher frequencies
compared to the gas phase because the density of H, adsorbed on the surface of the
metal-organic framework is considerably higher than that of free hydrogen gas under
the same conditions of temperature and pressure. According to equation 4.11, at high
hydrogen densities the quadratic term of the virial expansion prevails and as a result
a shift of the Q(J)-line towards higher Raman shift is observed.

The thermal desorption spectrum of Cu-BTC shows the presence of two distinct
adsorption sites, while in the Raman spectrum of H, only one peak is related to

physisorbed hydrogen which could be a convolution of hydrogen in both sites.

Recently, Centrone et al. investigated hydrogen adsorption in MOF-5 by Raman
spectroscopy.'”"! Owing to the strong fluorescence produced by the MOF-5
framework in their measurements the Raman spectrum of adsorbed hydrogen is very
noisy. The authors observed for hydrogen at room temperature and deuterium at 40
K a strong shift of about 10 cm ' to lower energies of all the Q-lines of adsorbed H,
and D, compared to the gas phase. They attributed this shift to strong polarising sites
in MOF-5. In the present Raman measurements of Cu-BTC and carbon materials a
five times smaller shift is observed. Furthermore for Cu-BTC higher adsorption
enthalpies have been determined, compared to MOF-5. Further investigations are

therefore needed to clarify these discrepancies.
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5.5 Summary

Several metal-organic frameworks possessing different structure and composition
were investigated for hydrogen storage. Owing to the highest specific surface area
MOF-5, a Zn-based MOF, exhibits the highest gravimetric uptake with a saturation
value of 5.1 wt% at 77 K. However, at low pressures a higher uptake is observed in
Cu-BTC, which possesses smaller pores and so-called open metal-sites, i.e. metal
centres with unsaturated coordination positions. This crossover in the adsorption
isotherms is attributed to two factors: i) at low hydrogen pressures the hydrogen
uptake is influenced by the heat of adsorption, which is higher for hydrogen in Cu-
BTC, ii) at higher pressures the storage capacity is influenced by the specific surface
area of the adsorbent. In addition, it has been demonstrated, that for all investigated
MOFs the saturation value of the hydrogen uptake is correlated with the SSA, and is
independent of the type of framework or of the composition. These conclusions are
also supported by Grand Canonical Monte Carlo simulations reported in literature.”®
Moreover Cu-BTC exhibits also the highest volumetric hydrogen uptake of 36 g 1",
so that at moderate pressures this Cu-based MOF is the best candidate for hydrogen
storage. At room temperature all metal-organic frameworks possess a storage
capacity of less than 0.4 wt%, but the uptake can be tripled by lowering the
temperature to 200 K. The measured isosteric heat of adsorption for hydrogen on
MOFs corresponds to approximately 4 kJ mol™', a value which is characteristic for
physical adsorption. Moreover it has been shown that the adsorption/desorption
process is reversible, indicating that the frameworks are stable upon adsorption of
hydrogen.

Thermal desorption spectroscopy has been employed to identify the adsorption sites
for hydrogen in the well defined structures of MOFs. The desorption spectra show
that at temperatures below 80 K more than 99.98% of the hydrogen is desorbed
which is congruent with the low adsorption enthalpies determined from the
adsorption isotherms. Furthermore, the total amount of hydrogen adsorbed at 25
mbar and 20 K is equal to the saturation value measured at 77 K and high pressures.
For Cu-BTC two distinct adsorption sites, with different activation energies of

desorption are identified by TDS. These are assigned to hydrogen adsorption in the
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main pores which have a diameter of 11 A, and to adsorption in the smaller side
pockets. In contrast, AI-MOF exhibits a broad distribution of adsorption sites with
similar activation energies for desorption. This result is in good agreement with the
rather broad distribution of pore sizes in the Al-based framework. IRMOF-8 exhibits
a hydrogen desorption spectrum with four maxima which is possibly related to the
catenation of the framework. This phenomenon can lead to a complex pore structure.
The highest desorption temperatures were measured for the Cu-based metal organic
framework, which indicate stronger adsorption sites for hydrogen compared to the
other MOFs. Owing to the interesting hydrogen adsorption and desorption properties,
Cu-BTC was additionally investigated by Raman spectroscopy. At room temperature
and 20 bar the Q-lines of hydrogen on Cu-BTC and of free hydrogen are identical, as
the amount of hydrogen adsorbed under these conditions is very small. This result is
in good agreement with the low storage capacity measured from the adsorption
isotherm at RT (~0.1 wt% at 20 bar). At 40 K higher adsorption densities are
achieved and a shift of the Q-line of adsorbed hydrogen compared to free hydrogen
towards higher frequencies is measured. This shift corresponds to a value of 1.5 cm™
which indicates that hydrogen is adsorbed by weak van der Waals interactions and

that no charge transfer takes place between adsorbent and adsorbate.
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6 Comparison between nanostructured materials with high SSA

For metal-organic frameworks and carbon materials a linear correlation between the
hydrogen saturation uptake at 77 K and the BET apparent SSA has been found. In

figure 6.1 this correlation is shown both for MOFs and carbon materials.
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Fig. 6.1 : Maximum hydrogen storage capacity versus BET specific surface area, for MOFs (red

dots) and carbon materials (black dots).

The comparison can be extended to the results reported recently by Wong-Foy at al.
on MOFsP* and to the uptake measurements shown by Texier-Mandoki et al. on
porous carbons!® (fig. 6.2). Including these results a very broad range of hydrogen
uptake values and of apparent specific surface areas is covered both for MOFs and

for carbon materials.
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Fig. 6.2: Maximum hydrogen storage capacity versus BET SSA for MOFs reported in chapter
5.2 and by Wong-Foy et al.* (red dots), for carbon nanostructures reported in chapter 4.2 and

for porous carbons reported by Texier-Mandoki'®! (black dots).

In this comparison a third class of porous materials can be included, the zeolites.
Zeolites are completely inorganic and possess cations inside their cavities. Langmi et
al. have investigated a great number of zeolite types and have found that also for this
class of materials the uptake is a linear function of the specific surface area and is
rather independent of the zeolite structure!*'**!. Only for zeolites A and Rho, a slight
deviation is found due to the restricted access of nitrogen molecules in the small
pores of these structures. For almost all zeolites the saturation is reached at pressures
lower than 15 bar. Figure 6.3 shows a general correlation between the saturation
value for the hydrogen uptake and the BET specific surface area for MOFs (sect. 5.2

[34]) ]

and reference carbon nanostructures (sect. 4.2), porous carbon®” and

. [41,102
zeolites! 1121,

Storage data of prussian blue analogues, which are porous
coordination polymers of the type M3[Co(CN)g], are finally added."” The scattering
of the data may probably be attributed to an uncertainty in the measurements of the
apparent specific surface area using the BET model and the comparison of data from
different laboratories. Nevertheless, a general linear trend can be recognized for all

porous materials. These results show that, independently of texture, structure and
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composition, the specific surface area is the only property which determines the
maximum uptake of hydrogen in these materials.
Owing to the highest specific surface area, metal-organic frameworks exhibit the

highest maximum hydrogen uptake of all porous materials reported in literature.
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Fig. 6.3: maximum hydrogen uptake versus BET specific surface area for carbon nanostructure
(red circles), Zeolites (grey circles), MOFs (black circles) and prussian blue analogues (green

circles).

In addition, this general correlation is valid only if the saturation value of the
hydrogen uptake will be considered, which can be reached at different pressures for
different materials. Indeed, while for zeolites the hydrogen pressure for reaching the
maximum uptake is less than 15 bar, for MOFs it has been observed that the
hydrogen pressure at which the plateau of the adsorption isotherm is achieved, varies
considerably for different frameworks. Therefore, the found correlation cannot be
related to the affinity between hydrogen molecules and the adsorbent under

unsaturated conditions.
Another quantity which is important for the application of hydrogen storage

materials is the volumetric storage capacity, i.e. the amount of hydrogen stored per

volume of adsorbent. The carbon nanostructure with the highest gravimetric uptake
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of 4.5 wt% is high grade activated carbon, which is similar to AX-21.*) Considering
that this kind of activated carbon possesses a bulk density of 0.3 g cm™ ! this
uptake value corresponds to a volumetric storage capacity of only 14 g 1. For

SWCNTs, which can have bulk densities ranging from 1.3-14 g cm> 1%

a
volumetric uptake of approximately 33 g I'' is obtained. The metal-organic
frameworks MOF-5 and Cu-BTC show a maximum volumetric hydrogen uptake of
33 g 1" and 36 g 1" respectively, over twice the value for high grade activated
carbon. These values have been evaluated from the theoretical crystal density of
MOFs and not from the packing density of the material so that some deviation from
these values has to be considered for practical applications. The maximum
volumetric hydrogen storage capacity reported for zeolites at 77 K and 15 bar by
Langmi et al. corresponds to 31 g 1", for zeolite CaX, which possesses also the
highest gravimetric uptake of 2.19 wt%.!'*

Fig. 6.4 reports the gravimetric hydrogen uptake versus the volumetric storage
capacity for some selected metal-organic frameworks (MOF-5, Cu-BTC, Ni-MOF),
for high grade activated carbons and SWCNTs and for several zeolite types.!'”” The
best materials are those which possess both high gravimetric and volumetric uptake
and therefore occupy the upper left corner of the diagram. For MOFs the volumetric
hydrogen uptake strongly depends on the framework type, as the crystal density
varies considerably for different MOFs. Among all materials MOF-5 and Cu-BTC
exhibit both high gravimetric and volumetric uptake values. Zeolites Y and X have
volumetric hydrogen storage capacities which range from 21 g I'' to 31 g I'', but
show very low gravimetric storage capacities, due to the low SSA. The investigated
carbon materials have the disadvantage of possessing high gravimetric uptakes but
low volumetric storage capacity like in high grade activated carbon possessing low
bulk density, or the opposite situation like in carbon nanotubes. Both values, i.e.
gravimetric and volumetric uptake are here determined as saturation values from the
adsorption isotherms. In contrast, the storage capacity at low pressures is influenced
by the enthalpy of adsorption, which is strongly material dependent as it has been
observed for metal-organic frameworks (sect. 5.2). A different result will be
therefore obtained, if the hydrogen uptake at a smaller hydrogen pressures is

considered.

106



53
S
© B Carbon MOF-5
= 4 MOFs 4
st
bl AC
) [ ]
2
4
24
':9: Cu-BTC 4
@
E
g3
[=2]
SWCNTs g
2 | SWCNTs B
Ni-MOF 4
1
10 15 20 25 30 35

volumetric hydrogen uptake [g/l]

Fig. 6.4 Gravimetric hydrogen storage capacities versus volumetric hydrogen storage capacies
for some selected MOFs (Cu-BTC, MOF-5 and NI-MOF, red squares), for high grade activated
carbon (AC) and purified SWCNTs (black squares) and zeolites (grey dots)'*? at 77 K and at

pressures corresponding to the saturation.

As an example fig. 6.5 reports the gravimetric and volumetric hydrogen storage
capacity of the same materials as in fig. 6.4, however at a pressure of only 4 bar and
77 K. Under these conditions the gravimetric uptake of MOF-5 is smaller than for
high grade activated carbon, with comparable specific surface area and Cu-BTC
exhibits both higher gravimetric and volumetric uptake than MOF-5. This indicates
that far from saturation conditions the gravimetric and volumetric uptake are strongly

material dependent and the specific surface area plays a secondary role.

107



=
E- H Carbon
£ 4 MOFs
<
a5}
=1
c
L
(=]
2
24
=
° AC
= [ ]
[+
§ Cu-BTC
s 3 a4
= MOF-5

]

2 | m SWCNTs
SWCNTs H
Ni-MOF
]
1
5 10 15 20 25 30 35

volumetric hydrogen uptake [g/l]

Fig. 6.5 Gravimetric hydrogen storage capacities versus volumetric hydrogen storage capacities
for some selected MOFs (Cu-BTC, MOF-5 and NI-MOF, red squares), for high grade activated
carbon and purified SWCNTs (black squares) and zeolites (grey dots)'*? at 77 K and 4 bar.

108



7 Conclusions

Hydrogen adsorption on a great variety of carbon materials with ordered and
disordered structures and on metal-organic frameworks possessing different central
metal-ions and organic ligands, as well as different network topologies, have been
investigated.

Three experimental techniques, especially designed for studying low temperature
physisorption were used.

Storage capacities and adsorption isotherms were measured with a Sieverts’apparatus
up to high pressures and at different temperatures. This technique allowed to
investigate the adsorption of hydrogen on porous materials up to the saturation
regime, providing information on two important quantities for mobile applications:
the maximum uptake value and the hydrogen pressure necessary to reach it.
Especially for metal-organic framework this pressure regime was hardly investigated
before!*! and only recently a few reports on saturation of hydrogen in MOFs
appeared.**+*"!

Thermal desorption spectroscopy was used at low pressures and at temperatures
down to 20 K providing a spectrum of the adsorption sites for H,. Additionally,
through appropriate calibration this technique was successfully used as a quantitative
method.

Finally, the adsorption of hydrogen was studied by means of Raman spectroscopy at
room temperature and 40 K. Here the changes in the energy of the vibrational and
rotational transitions of adsorbed hydrogen compared to free hydrogen were
measured in order to study the effect of the adsorbent on H, molecules.

The obtained results are summarized in the following points:

1. Independent of the network topology of MOFs or of the long-range order in
carbon materials the maximum hydrogen uptake always correlates linearly
with the specific surface area. The comparison between different classes of
porous materials, including zeolites, showed that this correlation is material

independent under saturation conditions at 77 K.
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The correlation obtained on carbon materials confirms the results obtained by

[26]

Nijkamp et al. in the low pressure regime™"' and comes close to the values

obtained from the theoretical model'®”

where the density of liquid hydrogen
on a graphene sheet is considered. A comparison between the theoretical
value and the obtained experimental value showed that at 77 K the maximum
density of hydrogen adsorbed on carbon materials corresponds to
approximately 80% of the density of liquid hydrogen.

For metal-organic framework the correlation between maximum hydrogen
uptake and specific surface area was found here for the first time and
subsequently adopted and confirmed for different MOFs by other groups.”*¥
At room temperature all investigated materials exhibit storage capacities
lower than 0.5 wt%. However, high uptake values, up to ~5 wt%, were
obtained at 77 K both for carbon nanostructures and metal-organic
frameworks. Among these classes of porous materials the best samples are
high-grade activated carbon and MOF-5, respectively.

Furthermore, the desorption spectra of hydrogen adsorbed on different porous
materials show a relation between the hydrogen adsorption sites and the pore-
structure both for carbon materials and metal-organic frameworks. Pores with
different dimensions correspond to adsorption sites with different energy.
These are the first reports on TDS extended to very low temperatures of about
20 K to investigate the adsorption of hydrogen on porous materials. The
desorption spectra show that at about 80 K all hydrogen is already desorbed
from carbon materials and metal-organic frameworks under vacuum
conditions. Therefore, only if extended to very low temperatures, thermal
desorption spectroscopy can be employed to investigate hydrogen
physisorption on porous materials. Under these conditions this technique is a
powerful method to investigate the presence of different adsorption sites in
porous materials. Owing to the calibration with well known metal hydrides it
was possible to quantify the amount of hydrogen adsorbed in each site.

The results obtained on Raman spectroscopy of hydrogen adsorbed on
different porous carbonaceous samples at 40 K confirm the small difference

in the Raman shift of adsorbed and free hydrogen observed recently on



activated carbon.”® This small shift is characteristic for hydrogen adsorbed
through weak van der Waals forces on the surface of all carbonaceous
materials without any charge transfer between adsorbate and adsorbent.
Additionally, two distinct peak components were observed for hydrogen
adsorbed at high pressure and 40 K on SWCNTs, which indicate that H,
molecules are physisorbed on this sample with two different energies,
probably corresponding to two different adsorption sites. In addition, the TM-
mode of SWCNTs, which is typically sensitive to charge transfer from or to
the adsorbate was investigated. At 40 K and a hydrogen pressure of 20 bar the
frequency of this mode was shifted by only 2 cm ™. Both small shifts in the
lines of the adsorbate and of the adsorbent confirm the weak interaction
energies of the physisorption process.

The investigations on the S-band of adsorbed hydrogen, corresponding to the
pure rotation of the molecule, indicate that the H, molecules are almost free
to rotate on the surface of the SWCNTs.

Small shifts in wavelength of adsorbed compared to free hydrogen were also
obtained for H, on Cu-BTC, in contrast to previous results obtained on MOF-
5 [101]

The low number of publications on Raman spectroscopy of adsorbed
hydrogen indicates that this technique is still not completely recognized as a
tool to study hydrogen physisorption on porous materials. However, the
present results confirm the possibility to successfully use Raman
spectroscopy to investigate adsorbent-adsorbate interactions.

A comparison of two well defined metal-organic frameworks showed that
MOFs, which possess smaller pores exhibit a higher adsorption enthalpy and
higher storage capacities at low pressures, while at higher pressures the
specific surface area determines the hydrogen uptake. The correlation
between hydrogen uptake and adsorption enthalpy at low pressures and
specific surface area at high pressures was recently confirmed by Grand

Canonical Monte Carlo simulations on metal-organic frameworks.”™
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In the present work the physisorption of hydrogen in microporous materials was
systematically investigated applying different experimental techniques. The results
clearly indicate that a large specific surface area is needed for a high hydrogen
storage capacity and that small pores are necessary to increase the interaction energy.
This new understanding may help to tailor new materials with optimized hydrogen

storage properties.
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8. Zusammenfassung

Einleitung und Motivation

Wasserstoff ist der ideale Energietrager, da er vollig schadstofffrei verbrennt und
einen potentiell hohen Energiegehalt pro Masse besitzt. Die grof3te Herausforderung
fiir den Gebrauch von Wasserstoff als Kraftstoff fiir Fahrzeuge ist die
Wasserstoffspeicherung in sicheren und kostengiinstigen Systemen. Es existieren
zwei kommerzielle Methoden, um H; zu speichern: Wasserstoffgas in Druckflaschen
aus Stahl oder aus Verbundwerkstoffen und fliissiger Wasserstoff in
Tieftemperaturtanks. Beide Methoden haben schwerwiegende Nachteile, wie z.B.
das groe Volumen, das gasformiger Wasserstoff bei Raumtemperatur einnimmt
oder die tiefen Temperaturen von ca. 20 K, die noétig sind, um H; zu verfliissigen.

Eine mogliche Alternative ist die Wasserstoffspeicherung in leichten Festkorpern.
Man kann drei unterschiedliche Mechanismen dafiir unterscheiden: i) Dissoziation
von H, Molekiilen und Absorption in Metallen, ii) Bildung von Hydriden mit
ionischem Charakter und 1iii) Physisorption von Wasserstoffmolekiilen auf der

Oberfliche von pordsen Materialien.!

Im Vergleich zur chemischen Speicherung hat die physikalische Adsorption von H;
mehrere Vorteile. Durch Physisorption wird Wasserstoff reversibel gespeichert, und
da keine Energiebarriere zwischen der Gasphase und dem adsorbierten Zustand
besteht, ist eine schnelle Adsorptions- und Desorptionskinetik gewdhrleistet.
Aufgrund der niedrigen Adsorptionswirme, die in der Physisorption von Wasserstoff
frei wird, wiren keine zusitzlichen Warmeregelungssysteme in Kraftfahrzeugen
notwendig. Allerdings ist die niedrige Adsorptionsenthalpie auch der Grund dafiir,
dass durch molekulare Adsorption in pordsen Materialien nur bei tiefen

Temperaturen von ca. 80 K technologisch relevante Speicherdichten erreicht werden.

Die physikalische Adsorption eines Gases auf einem Festkorper kann als

Anreicherung von Molekiilen an der Grenzfliche zwischen der Oberfliche des
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Festkorpers und der Gasphase beschrieben werden.”! Zustindig fiir dieses Phinomen
sind attraktive van der Waals oder Londonsche Dispersionskrifte. Diese Art von
Wechselwirkung hat ihren Ursprung in der Anziehung zwischen fluktuierenden und
induzierten Dipolen zwischen Molekiilen in der Gasphase und Atomen auf der
Oberfliche des Festkorpers. Da es sich um einen Prozess an einer Oberfliche
handelt, sind hoch pordse Materialien mit hoher spezifischer Oberfliche fiir die

Physisorption von Wasserstoff besonders geeignet.

Ziel dieser Doktorarbeit ist es, pordse Materialien, die unterschiedliche Porositit,
Struktur und Zusammensetzung besitzen, fiir die physikalische Adsorption von
Wasserstoff zu untersuchen. Insbesondere werden zwei Klassen von potentiellen
Adsorbern mit hoher spezifischer Oberfliche erforscht: kohlenstoffbasierte
Materialien und metallorganische Geriiste. Durch unterschiedliche Messmethoden
soll vor allem den Zusammenhang zwischen der Wasserstoffaufnahme sowie der
Wechselwirkung mit H, Molekiilen und der Struktur und Textur des Adsorbers
verstanden werden. Nur dieses Verstidndnis kann zu einer Optimierung der Struktur
des Adsorbers fiir eine Steigerung der Wasserstoffaufnahme fiihren. Die
Messapparaturen, die flir diese Untersuchungen angewandt worden sind, wurden
aulerdem speziell konstruiert, um sehr groBe Druck- und Temperaturbereiche

abzudecken.

Messmethoden

Volumetrische Messungen:

Wasserstoffadsorptionsisothermen wurden bei unterschiedlichen Temperaturen von
77 bis 300 K und bei Driicken von 1,3 bis 70 bar mit einer manuell bedienten
Sieverts Apparatur, die aus kleinen Volumina besteht, gemessen. Der Einsatz von
kleinen Volumina erméglicht es auch fiir kleine Probenmassen (150 mg - 300 mg),
die Exzesswasserstoffaufnahme genau zu messen. Die Anlage wurde mit bekannten
Metallhydriden kalibriert, und Sand wurde als nicht adsorbierendes Referenzmaterial

benutzt.
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Thermische Desorptionspektroskopie (TDS):

Die Anlage fiir thermische Desorptionsspektroskopie wurde speziell gebaut, um bei
tiefen Temperaturen zu messen. Die Probe wurde bei einem Druck von 25 mbar mit
H; beladen und bis 20 K mit fliissigem He abgekiihlt. Die Temperatur der Probe
wurde dann mit einer konstanten Aufheizrate erhoht, und mit einem
Quadrupolmassenspektrometer wurde der Partialdruck des desorbierten Wasserstofts
im Vakuum gemessen. Durch diese Messmethode kann man untersuchen, bei
welcher Temperatur die H,-Molekiile von der Probe desorbiert werden. Diese
Temperatur hidngt mit der Aktivierungsenergie des Desorptionsprozesses zusammen.
Adsorptionspldtze mit unterschiedlicher Aktivierungsenergie ergeben dabei
verschiedene Maxima im Desorptionsspektrum. Nach einer geeigneten Kalibrierung
der Anlage mit Metallhydriden wurde auBerdem die Menge an desorbiertem
Wasserstoff bestimmt. Zum ersten Mal wurde thermische Desorptionsspektroskopie
quantitativ bei diesen tiefen Temperaturen fiir die Untersuchung von H,-Adsorption

angewandt.

Ramanspektroskopie:

Ramanspektroskopie ist eine optische Messmethode, die es ermdglicht, Vibrations-
und Rotationsiibergange von homonuklearen zweiatomigen Molekiilen wie H, zu
untersuchen. Dafilir wurde die das System Probe—Wasserstoff, mit einem Laser
bestrahlt und die Frequenz der zuriick gestreuten Strahlung gemessen. Die
Frequenzdifferenz zwischen eingehender Laserstrahlung und zuriick gestreuter
Strahlung enthidlt die Information {iber die Energiednderung des Systems im
Ubergang. In dieser Arbeit wurde die Ramanspektroskopie angewandt, um die
adsorbierte Wasserstoffphase zu untersuchen. Insbesondere wurden die Energie der
Rotations- und Vibrationsvorginge von freiem und adsorbiertem H, verglichen, da
man erwartet, dass die Ramanverschiebung eines Molekiils von dessen Umgebung
beeinflusst wird. Ramanspektroskopie wurde daher als Untersuchungsmethode

benutzt, um die Wechselwirkung von H; an den Adsorptionsplitzen zu erforschen.
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Porose Materialien

Kohlenstoffnanostrukturen

Verschiedene Kohlenstoffmaterialien mit unterschiedlicher Struktur und Textur
wurden fiir die Physisorption von Wasserstoff untersucht. Obwohl diese Materialien
alle aus graphitdhnlichen Kohlenstoffsechsecken bestehen, kann die Anordnung
dieser C-Hexagone fiir verschiedene Proben sehr unterschiedlich sein. Ein Beispiel
fiir eine geordnete Struktur sind einwandige Kohlenstoffnanoréhrchen, die in einem
Biindel ein zweidimensionales, geordnetes Gitter bilden (Fig. 2.9). Im Gegensatz
dazu sind in der Aktivkohle die Graphitplittchen regellos angeordnet, wodurch der
Abstand zwischen Kohlenstoffebenen von wenigen Angstrom, wie im Graphit, bis
zur MikroporengroBe variieren kann'**. AuBerdem wurden andere rohrenformige

Kohlenstoffmaterialien wie amorphe Nanoréhrchen!™!

und Mischungen aus
einwandigen und mehrwandigen Kohlenstoffnanordhrchen!®® untersucht. SchlieBlich
wurde pordser Kohlenstoff mit uniformer Porengréfle, die durch Anwendung einer
pordsen Matrize synthetisch erhalten werden kann, erforscht.”*”]

Die untersuchten Proben besitzen eine BET!'! (Brunauer-Emmet-Teller) spezifische

Oberfliche, die von 22 m?* g ' bis 2560 m” g ' reicht (Tab. 4-1).

Metallorganische Geriiste (MOFs)

Metallorganische Geriiste (MOFs) sind kristalline Koordinationspolymere, in denen
Metallionen als Konnektoren durch organische Linker in einem dreidimensionalen
und pordsen Netzwerk verbunden sind.*" Typerscherweise sind diese Konnektoren
Ionen der Ubergangsmetalle und die Linker aromatische Molekiile mit
Karboxylatgruppen, die das Metallion koordinieren. Durch die Vielfalt an
Metallionen und organischen Linkern, die eingesetzt werden konnen, ist es moglich,
eine Vielzahl von verschiedenen Strukturen mit unterschiedlicher Porengrofie

herzustellen.
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In dieser Arbeit wurden eine Reihe von MOFs mit unterschiedlicher Struktur und
bestehend aus verschiedenen Bausteinen untersucht. Diese besitzen BET spezifische

Oberflichen von 482 m? g ' bis 2296 m* g ' (Tabelle 5-1).

Ergebnisse und Diskussion

Kohlenstoffnanostrukturen

Fiir alle untersuchten Kohlenstoffmaterialien wurden die gleichen Isothermentypen
fiir die H-Adsorption erhalten: Bei 77 K zeigen alle Proben Typ I Isothermen mit
Séttigung und Monolagenbildung bei hohem Druck (z.B. Fig. 4.1, Fig. 4.2). Bei
Raumtemperatur (RT) steigt die Isotherme linear mit dem Druck an, was typisch fiir
niedrige Adsorbatkonzentrationen ist. Bei tiefen Temperaturen wurden die
Adsorptionsisothermen mit einem Langmuir Modell beschrieben, wihrend sich bei
RT die adsorbierten Molekiile wie ein ideales Gas verhalten weshalb die Isotherme
mit einer linearen Henry Gleichung angepasst wurden.

Der Mechanismus des Adsortions- und Desorptionsprozesses ist durch schnelle
Kinetik und komplette Reversibilitit charakterisiert, was darauf hinweist, dass
Wasserstoff auf Kohlenstoffmaterialien durch Physisorption gespeichert wird. Das
beste Material ist hoch pordse Aktivkohle, deren spezifische Oberfldche so grofl wie
die theoretische Oberfliche beider Seiten einer Graphitebene ist. Diese Probe
speichert bei 77 K 4.5 gew% Wasserstoff. Im Gegensatz dazu betrdgt die H»
Speicherkapazitit aller Materialien bei Raumtemperatur weniger als 0.5 gew% bei
einem Maximaldruck von 65 bar.

Es wurde gezeigt, dass die Wasserstoffaufnahme auf Kohlenstoffnanostrukturen
sowohl bei Raumtemperatur als auch bei 77 K mit ihrer spezifischen Oberflidche
linear korreliert und unabhéngig von weit reichender Ordnung, Kriimmung oder
Anordnung der Graphitpldttchen im Material ist (Fig. 4.3). Die erhaltene Korrelation

5] ynd die maximale

ist in guter Ubereinstimmung mit dem theoretischen Modell
gespeicherte Dichte entspricht 80% der Dichte von fliissigem Wasserstoff. Obwohl
die Wasserstoffaufnahme nicht von der Struktur des Materials abhidngt, sondern nur

von der spezifischen Oberfliche, wurden verschiedene Adsorptionsplétze fiir
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Wasserstoff auf Kohlenstoffmaterialien mit unterschiedlicher Struktur beobachtet.
Das thermische Desorptionspektrum von Wasserstoff auf einwandigen Nanorohrchen
weist eindeutig auf die Anwesenheit von zwei Adsorptionspldtzen mit
unterschiedlicher Energie hin, von denen H, bei unterschiedlicher Temperatur
desorbiert wird (Fig. 4.9). Diese Plitze wurden der konvexen Oberfldche der
Nanorohrchen und der Position zwischen zwei nebeneinander liegenden Rohrchen,
den so genannten ,grooves“, zugeordnet. Im Gegensatz dazu zeigt das
Desorptionsspektrum von H; auf Aktivkohle ein einziges, breites Maximum, das auf
eine Verteilung unterschiedlicher Adsorptionsplitze mit dhnlicher Energie hinweist
(Fig. 4.8). Dieses Spektrum spiegelt die Porenstruktur von Aktivkohle, die Poren mit
unterschiedlichem Radius von wenigen Angstrom bis MikroporengroBe besitzt
wieder. Bei beiden Materialien, Kohlenstoffnanorohrchen und Aktivkohle, wird bei
Temperaturen unter 80 K 99.98 % des gesamten Wasserstoffgehalts desorbiert, was
noch einmal zeigt, dass H, reversibel adsorbiert wird. Durch Kalibrierung der TDS-
Anlage war es moglich, quantitativ die Menge an desorbiertem Wasserstoff zu
bestimmen, die in beiden Féllen der Monolagenbedeckung entspricht.

Ramanspektroskopie wurde angewandt, um die Wechselwirkung des Adsorbers auf
die adsorbierten Wasserstoffmolekiile zu untersuchen. Insbesondere kann man in der
Q-Bande des Wasserstoffs, die dem Ubergang mit Av = 1 und AJ = 0 entspricht, bei
40 K und einem Druck von maximal 22 bar eine Aufspaltung in drei unterschiedliche
Maxima beobachten (Fig. 4.14). Ein Maximum wurde dem freien Wasserstoff
zugeordnet, wihrend die beiden anderen Maxima, die um maximal 2 em! zu
hoheren Ramanverschiebungen im Vergleich zu freiem Wasserstoff beobachtet
wurden, dem adsorbierten H, zugeordnet wurden. Der kleine Unterschied ist
charakteristisch fiir eine schwache van der Waals Wechselwirkung ohne
Ladungstransfer zwischen Adsorber und H2-Molek1'ilen.[76] Auflerdem wurde unter
gleichen Druck- und Temperaturbedingungen das Ramanspektrum der
Kohlenstoffnanoréhrchen untersucht (Fig. 4.19). Im Vergleich zur selben Probe in
Vakuum wurde unter Wasserstoffdruck und 40 K eine Verschiebung von nur 2 cm '
in der TM-Mode, einer -charakteristische Phonon-Mode von einwandigen

Kohlenstoffnanoréhrchen, gemessen. Dieses Ergebnis stimmt mit der kleinen
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Verschiebung, die man in den Ramanspektren des adsorbierten H, beobachtet hat,

uberein.

Metallorganische Gertiste:

Verschiedene metallorganische Geriiste mit unterschiedlicher Struktur und
Zusammensetzung wurden fiir die Physisorption von Wasserstoff vermessen.
Aufgrund der héchsten spezifischen Oberfliche zeigt MOF-522] ein Zn*"-basiertes
MOF mit einem Sittigungswert von 5.1 gew% bei 77 K die grofite
Wasserstoffaufnahme (Fig. 5.11). Allerdings ist bei niedrigem Druck die
Wasserstoffaufnahme in Cu-BTCP!, das kleinere Poren und ungesittigte Cu®'-
Zentren besitzt, groBer (Fig. 5.12, Fig. 5.14). Die unterschiedliche
Druckabhéngigkeit in den Adsorptionisothermen von Cu-BTC und MOF-5 hingt mit
zwel Faktoren zusammen: Bei niedrigen Driicken ist die
Wasserstoffspeicherkapazitit von der Adsorptionsenthalpie beeinflusst, die negativer
fiir die Adsorption von H, auf Cu-BTC ist. Im Gegensatz dazu ist bei hohem Druck
die Hy-Aufnahme von der spezifischen Oberfliche des Adsorbers, die fiir MOF-5
grofer ist als fiir Cu-BTC, abhéngig.

Es wurde auBerdem gezeigt, dass, dhnlich wie bei Kohlenstoffmaterialien, der
Sattigungswert der H,-Adsorptionsisothermen aller MOFs, mit der spezifischen
Oberflache der metall-organischen Geriiste korreliert und unabhédngig von ihrer
Struktur oder Zusammensetzung ist (Fig. 5.13). Diese Schlussfolgerungen stimmen
gut mit Grand Canonical Monte Carlo Simulationen aus der Literatur iiberein.”™

Bei Raumtemperatur ist die Wasserstoffspeichermenge in allen MOFs kleiner als 0.4
gew%, allerdings kann dieser Wert bei 200 K verdreifacht werden. Die isosterische
Adsorptionswirme von H; in den untersuchten MOFs entspricht ungefihr 4 kJ mol ',
ein Wert der charakteristisch fiir die Physisorption von Wasserstoff ist. Aulerdem
wurde gezeigt, dass Wasserstoff reversibel in MOFs gespeichert wird, was darauf
hinweist, dass metallorganische Geriiste durch Adsorption von H; nicht kollabieren.
Thermische Desorptionsspektroskopie wurde bei tiefen Temperaturen angewandt,
um die Adsorptionsplidtze in den genau definierten Strukturen der MOFs zu

bestimmen. Ahnlich wie bei Kohlenstoffmaterialien zeigen die Desorptionspektren
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von H, auf MOFs, dass in Vakuum bei Temperaturen bis 80 K der gesamte
Wasserstoffgehalt desorbiert wird (Fig. 5.21). Dieses Ergebnis stimmt mit den
niedrigen Adsorptionsenthalpien, die aus den Isothermen bestimmt wurden, iiberein.
Fir Cu-BTC wurden mit thermischer Desorptionsspektroskopie  zwei
Adsorptionszentren fiir H, mit unterschiedlicher Energie bestimmt (Fig. 5.16). Diese
wurden jeweils den Hauptporen, die einen Durchmesser von 11 A haben, und den
kleineren Seitenporen der Struktur zugeordnet. Analog dazu konnten fiir die anderen
metallorganischen Gerliste die Adsorptionspldtze, die durch die TDS Messungen
bestimmt wurden, mit der Porenstruktur des kristallinen Netzwerkes korreliert
werden. Cu-basierte metallorganische Gerliste zeigten unter allen MOF-Proben die
interessantesten ~ Eigenschaften  fiir die  Wasserstoffspeicherung:  Hohe
Wasserstoffaufnahme bei niedrigem Druck und hohe Desorptionstemperaturen, die
beide ein Hinweis fiir die stirkere Wechselwirkung von H, mit den Cu-MOFs im
Vergleich zu anderen metallorganischen Geriisten sind. Aus diesem Grund wurde die
Wasserstoffadsorption auf Cu-BTC auch mit Ramanspektroskopie untersucht.
Ahnlich wie bei Kohlenstoffnanordhrchen und Aktivkohle zeigt die Q-Linie von
molekularem Wasserstoff eine Aufspaltung. Ein Maximum dieser Linie wurde den
freien H,-Molekiilen zugeordnet, wéhrend das zweite Maximum, das ca. 1.5 cm ! zu
hoheren Wellenzahlen verschoben ist, von adsorbiertem Wasserstoff stammt (Fig.
5.24, Fig. 5.25). Die kleine Wellenzahlverschiebung im Vergleich zum freien
Wasserstoff zeigt, dass auch fiir metallorganische Geriiste die Speicherung von
Wasserstoff durch schwache van der Waals Krifte stattfindet und der

Ladungstransfer zwischen H,-Molekiilen und Adsorber vernachlissigt werden kann.

Schussfolgerungen

Zwei unterschiedliche Klassen von pordsen Materialien, kohlenstoffmatrialien und
metallorganische Geriiste, wurden fiir die Physisorption von Wasserstoff untersucht.
Ein Vergleich zwischen den hier vorgestellten Messungen und den Literaturdaten
iiber Zeolite und andere pordose Materialien, zeigten, dass flir alle Materialien die
maximale Speicherkapazitit bei 77 K dhnlich mit der spezifischen Oberfliche

korreliert und unabhéngig von der Zusammensetzung und der Struktur des Adsorbers
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ist. Allerdings ist der Druck, bei der dieser Sittigungswert erreicht wird, stark
materialabhdngig. So wurde zum Beispiel mit einem Vergleich zwischen zwei
metallorganischen Geriisten mit genau definierter Porenstruktur gezeigt, dass
Materialien mit kleineren Poren eine stirkere Wechselwirkung mit H,-Molekiilen
besitzen und daher bereits bei niedrigerem Druck den Séttigungswert erreichen.
Weiterhin wurde zum ersten Mal thermische Desorptionspektroskopie bei
Temperaturen nahe an 20 K fiir die Untersuchung von Wasserstoffspeicherung auf
Kohlenstoffmaterialien und metallorganischen Geriiste angewandt. Diese Methode
ermoglichte es, die Adsorptionsplitze mit der Porenstruktur des Adsorbers sowohl
fiir Kohlenstoffproben als auch fiir MOFs zu korrelieren. Aullerdem konnte man
durch geeignete Kalibrierung zum ersten Mal ein quantitatives Desorptionsspektrum
von Wasserstoff adsorbiert auf pordsen Materialien messen.

Die erhaltenen Ergebnisse zeigten, dass thermische Desorptionsspektroskopie bei
tiefen Temperaturen eine geeignete Methode zur Untersuchung von
Adsorptionspldtzen in pordosen Materialien ist und im Vergleich zu anderen,
aufwendigeren Methoden, wie inelastische Neutronenbeugung, eingesetzt werden
kann. AuBBerdem wurde die Ramanspektroskopie als alternative Methode benutzt, um
die Umgebung des adsorbierten Wasserstoffs zu untersuchen und Informationen iiber
die Wechselwirkung mit dem Adsorber zu erhalten.

Die benutzen Messmethoden sind im Bereich der Physisorption von Wasserstoff
aulerdem vollkommen neu, so sind in der Literatur keine quantitative TDS-
Messungen bei tiefen Temperaturen bekannt, welche die Identifizierung von
Wasserstoffadsorptionsplitzen in pordsen Materialien ermoglichen.
Ramanspektroskopie fiir die Untersuchung von adsorbiertem H, wurde zum ersten

79]

Mal im Jahr 2002 auf Kohlenstoffnanordhrchen angewandt,'”” zwei weitere Arbeiten

iiber Aktivkohle und MOF-5 erschienen erst im letzten Jahr.’®!"!

] Die geringe
Anzahl an Publikationen iiber Ramanmessungen zur Untersuchung der
Wechselwirkung von H, mit porosen Materialien zeigt, dass das Potential dieser
Messmethode noch nicht vollig erkannt worden ist. Mit Messungen auf
unterschiedlichen Kohlenstoffmaterialien, wie einwandige Nanoréhrchen und

Aktivkohle wurde in dieser Arbeit gezeigt, dass bei tiefen Temperaturen

Ramanspektroskopie erfolgreich fiir diese Art von Untersuchungen eingesetzt
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werden kann. Die erhaltenen Ergebnisse bestétigen frithere Arbeiten, in Bezug der
kleinen Verschiebungen der Ramanlinien entsprechend der Vibration von
adsorbiertem im Vergleich zum freien Wasserstoff. AuBerdem wurde die
Untersuchung auch auf die Rotation von den adsorbierten Wasserstoffmolekiilen und
auf die Phonon-Mode der Nanorohrchen erweitert. Die Ramanmessungen von
Wasserstoff auf Cu-basierten metallorganischen Geriisten unterscheiden sich stark
von den Ergebnissen aus der Literatur, sind allerdings in guter Ubereinstimmung mit
den Messungen auf Kohlenstoffproben.

In den letzten zwei Jahren ist die Anzahl an Publikationen iiber MOFs deutlich
gestiegen, was das grofle wissenschaftliche Interesse an diesen Systemen beweist. In
dieser Doktorarbeit wurden neue metallorganische Geriiste untersucht und neue
Erkenntnisse iiber MOFs, die schon bekannt waren aber nur beschrinkt untersucht
worden waren, erbracht. So hatte man z. B. die Speicherkapazitit in MOF-5 und
IRMOF-8 schon in 2004 bei niedrigen Driicken untersucht.®”) In dieser Doktorarbeit
wurden die Adsorptionsisothermen bis in den Sittigungsbereich gemessen und die
Untersuchungen auf die Unterschiede zwischen verschiedenen MOFs konzentriert.
So wurde auch zum ersten Mal die Korrelation zwischen maximalem
Adsorptionswert und spezifischer Oberfliache auch fiir MOFs erkannt, die spater auch
von anderen Gruppen bestitigt wurde.**!

Die hier vorgestellten Ergebnisse zeigen eine Moglichkeit auf, pordse Materialien so
zu strukturieren, dass technologisch relevante Wasserstoffdichten erreicht werden
konnen. Dementsprechend wurde nachgewiesen, dass nicht nur eine hohe spezifische
Oberfliache ausschlaggebend ist, sondern auch die Porenstruktur des Adsorbers.
Kleine Poren erwiesen sich als notwendig, um auch bei niedrigem Druck hohe

Speicherkapazititen zu erreichen.
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Appendix A
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Fig. A-1 (left): Hydrogen adsorption isotherm of activated carbon III, measured at 77 K (circles)
and room temperature (squares).

Fig. A-2 (right): Hydrogen adsorption isotherm of activated carbon II, measured at 77 K
(circles) and room temperature (squares).
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Fig. A-3 (left): Hydrogen adsorption isotherm of porous carbon I, measured at 77 K (circles)
and room temperature (squares).

Fig. A-4 (right): Hydrogen adsorption isotherm of porous carbon II, measured at 77 K (circles)
and room temperature (squares).
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Fig. A-5: Hydrogen adsorption isotherm of purified SWCNTs I, measured at 77 K (circles) and

room temperature (squares).
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Fig. A-6 (left): Hydrogen adsorption isotherm of porous carbon III, measured at 77 K (circles)

and room temperature (squares).

Fig. A-7: Hydrogen adsorption isotherm of porous carbon IV, measured at 77 K (circles) and

room temperature (squares).
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Fig. A-8 (left): Q(1) and Q(0) lines of hydrogen adsorbed on SWCNTs sample I at 40 K and
variable pressure.

Fig. A-9 (right): Q(0) and Q(1)-line of hydrogen adsorbed on SWCNTs sample II at 40 K and 20
bar (blue) compared to the Q(0) and Q(1) line of hydrogen in presence of graphite at 40 K and
20 bar (red). Owing to the small intensity of the lines of hydrogen in presence of graphite, two
different intensity scales are chosen.
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Fig. A-10 (left): Raman spectrum of SWCNTSs sample I, obtained with a laser radiation of 514
nm.

Fig. A-11 (right): Raman spectrum of activated carbon, obtained with a laser radiation of 514
nm.
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Fig. A-12: Raman spectrum of graphite, obtained with a laser radiation of 514 nm
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Appendix B
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Fig. B-1: X-Ray diffraction pattern of MOF obtained with the laboratory synthesis, the Le Bail
profile matching in black, the difference between measured and calculated intensities in blue
and Bragg-position for MOF-5 in green.'®

laboratory synthesis adding H,0,.%"

Fig. B-3 (right): SEM picture of cubic crystallites of MOF-5 produced through the small scale
laboratory synthesis, without H,0,."*¢!
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Fig. B-4 (left): Hydrogen adsorption isotherm of MOF-5 at 77 K (circles) and 298 K (squares),
prepared by laboratory synthesis.

Fig B-5 (right): Hydrogen adsorption isotherm of Ni-MOF (circles) at 77 K and 298 K (squares).
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Fig. B-6 (left): Hydrogen adsorption isotherm of AI-MOF at 77 K (squares) and 298K (circles).

Fig. B-7 (right): Hydrogen adsorption isotherm of IRMOF-8 measured at 77 K (squares) and

298
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Fig. B-8: Hydrogen adsorption isotherm of MR 3677 measured at 77 K (squares) and 298 K

(circles).
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Fig. B-9 (left): BET-plot of the N, adsorption isotherms of MOF-5 at 77 K, P/P, is the relative

pressure and V the volume of the adsorbed gas.

Fig. B-10 (right): Langmuir-plot of the N, adsorption isotherm of MOF-5 at 77 K, P/P, is the
relative pressure and V the volume of the adsorbed gas.
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Fig. B-11: Saturation value of the hydrogen storage capacity of MOFs correlated to the
Langmuir specific surface area. Corresponding metal centres are indicated.
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