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Abstract 

Hydrogen is an ideal energy carrier as it only produces water as a by- 

product. However, technical and social issues first need to be overcome in 

order to achieve such economy. In particular, this work focuses on solid 

state hydrogen storage as it is a key technological challenge. Herein, poten- 

tial candidates currently investigated are porous materials that physisorb 

molecular hydrogen with fast kinetics and good reversibility in order to meet 

mobile transportation requirements. The goal is to be able to optimize the 

sorption properties of a compound by tuning critical parameters such as its 

pore size and/or its specific surface area. Carbon nanofibres were investi- 

gated as potentially cost-efficient materials. Engineering routes such as the 

integration of hetero-species by nitrogen doping and exfoliation / intercala- 

tion were performed on various carbon nanostructures affecting the surface 
topology of the engineered compounds compared to the as-prepared mate- 

rials although the excess uptakes at 77 K and 20 bar remained low ca. 0.6 

wt. %. Metal-organic frameworks are a promising class of porous materials 

and are currently strong competitors as hydrogen storage media thanks to 

their flexibility in structure design. A series of Cu (II) - frameworks have 

been found to have exceptional sorption properties at 77 K and 20 bar up 
to 7 wt. %. The successful combination of neutron techniques at NIST-CNR 

and ISIS-RAL enabled a clear insight of the adsorption site distribution of 
two Cu (11) - frameworks using para-H2 and D2 as probing gases. A com- 

mon feature for the MOFs investigated was that dihydrogen preferentially 

coordinated to the exposed metal centres ca. 2.4 A, followed by sorption at 
two discrete sites located within triangular windows connecting the MOF 

cavities. It revealed the co-existence of preferential site-specific with non- 

site specific adsorption within the pore structure which is different from the 

common concept of dihydrogen interacting with a homogeneous surface. It 

1 



was also possible to follow the dynamics of hydrogen molecules at different 

coverage of the surface through the rotational transitions of the para-H2 

molecule. 
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Chapter 1 

Introduction 

This chapter introduces the hydrogen economy. It will help to identify the 

needs and the main objectives for this alternative economy. In particular, 
technical aspects will be addressed from the point of view of the hydrogen 

production, storage, and delivery. At the same time, we will see that social 
issues generated by the potential integration of this new technology are also 
essential for the hydrogen economy to be achieved. 

1.1 Hydrogen Economy 

Hydrogen is a clean energy carrier and an attractive alternative for fossil 

fuels as its reaction with oxygen releases energy with the only by-product 
being water. The energy crisis in 1973 gave an early indication of the disad- 

vantages of an oil based economy often subject to the geo-political climate 
although the oil market has formed a central part in the modern world. 
Recently more and more efforts are being invested towards alternative en- 
ergies. In combination with other renewable resources, a hydrogen energy / 

economy has been proposed as a long-term solution which would secure the 

energy supply but also reduce carbon emissions especially from the grow- 
ing transportation sector (U. S. Department of Energy, 2009a). A series of 
targets for transportation have been set by the US department of energy 
(DoE) in order to deliver a comparable performance and price to current ve- 
hicles (U. S. Department of Energy, 2009a). It is therefore essential to clearly 
identify the main technical, social and political challenges to achieve a sus- 
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INTRODUCTION 

tainable hydrogen economy. Figure 1.1 depicts potential energy sources for 

generating H2 and potential end uses'. It, also highlights that hy(Irogen is an 

enenry carrier as opposed to an energy source. n. n. 

NIGH 
EFFICIENCY r. 
RELIABILITY 

1012 r4mpmmop- 

Dos to i but cd 
Genýýraticon 

ZERO/NEAR 
ZERO 

EMISSIONS 

FI -I I re 1.1: 1 'otellt IiII clici-gy -, 0 11 rc(-, fOr ge I ler it tII I" iIII (I putc I it ia I ('I I( I t, 
(U. S. Department of Energy. 2006). 

1.2 Education 

Exhihitions and small-scale projects are compulsory if one wimt,, to facill- 

tate the integration of new technologies. The European community funded 

cleaii urban transport, for eiiropc (CUTE) project ran 27 hydrogen-poNvere(l 

fiiel cell regular service buses over a period of two years in 9 European 

inner citY areas (HYFLEET: CUTE. 2004. CUTE. 2004). A range of shni- 
lar innovative. public-outreach demonstration prograins are being illitijite(I 

around the world aimed at demonstrating the fcaslbihtý- of small-scale in- 

tegnited hydrogen energy infrastructures and improving the public per(-ep- 

timi. These are field-tests with direct feedbacks to validate and integrate 

the, "(, ilew technologies. In higher education, fundimiental and appile(I re- 

search programs were also created to develop the technology required for 

a sustainable hydrogen economy. For instance, UK scient ists are current 1Y 

lookiii, -), at the socio-econoinic. political and scientific aspect, s of the hPli-o- 

gen economy as part of the United Kingdoin sustainable li'NArogen energy 
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consortium (UKSHEC), funded by the British Government through the en- 

gineering and physical sciences research council (EPSR, Q (UK-SHEC, 2007, 

EPSRC). European research training networks involving early stage and ex- 

perienced researchers through the FP6 are dedicated to inore specific targets 

such as the hydrogen storage issue within hydrogen storage research train- 

ing network (H)-TRAIN)and novel efficient solid storage for H2 (NESSHY) 

projects (HyTRAIN, 2005, NESSHY, 2006). These examples illustrate the 

scientific conuminity's commitincill, to pronlote IIY(11. og(, Il technologies and 

provide the skills training needed for a future hydrogen econonly. They are 

also the platform where an easy and open access to accurate information is 

provided. In particular, this work is part of the HyTRAIN research train- 

ing network (ESR6) involving the division of fuels and power technology 

research from the University of Nottingham and the instituto dei sistel"i 

complessi - consigho nazionale delle ricerche (ISC-CNB. ) in Italy. 

1.3 Production 

Although hydrogen is one of the most abundant elements, on carth, it is 

always chernically bound to other elements to forin stable, compounds like 

water, bioinass or hydrocarbons. It, is flierefore es'selitial to find i11('Xpc11s1vC 

and efficient routes to separate hydrogen froin non-fossil natural resource., -,. 
This step requires energy such as heat, light, or electricity to achieve the 

process (U. S. Department of Energy, 2009b). Hydrogen can be derived froin 

noil-renewable resources with nuclear energy or hydrocarbons however these. 

are short-terin solutions as it raises wwste management issues (U. S. Depart- 

nient of Energy, 2009d). It is also possible to obtain hydrogen from hydrogen 

natural carriers such as water and bioniass. Water electrolysis is the most 

common method to separate hydrogen from water (U. S. Department of Eii- 

ergy, 2009c). Solar energy can be used to produce electricity for electrolysis 
but also to generate H2 directly either photo- catalytically or by therilio- 

chemical processes at high temperature ca. tip to 2000 'C. However this 

i-nethod presents obvious practical limitations. Here the main challenge is 

to develop and expand low cost production technologies. In the long terin 
it should be limited to production techniques froin renewable resources. 
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1. INTRODUCTION 

1.4 Storage 

The clialleriges depend oil the hydrogen use: for large and inedium-scale 

utilizations such as hydrogen tanks for industrial applications or refuelling 

station, hydrogen will be preferentially stored as a gas or liquid phase. For 

on-board applications vehicles require compact, light, safe, and low cost con- 

tainment. The DoE targets are by 2010 to develop and verify on-board hy- 

drogcii storage systems achieving 1.5 k\Vli. kg-1 (6 wt. %), 0.9 kNN'li. L-1 and 

4 $. ký, Vh-' (U. S. Department of Energy. 2009a). By 2015, targets are to de- 

velop and verify on-board hydrogeii storage systems achieving 1.8 k\\'Ii. kg- 1 

(9 vit. %), 1.3 kWhL- 1. and 2 S. M11-1. A combustion engine of an average 

vehicle requires 28 kg of petrol within a range of 400 kiii which is equivalent 

to 4 kg- of hydrogen using cm-rent fuel cells (U. S. Department of Energy, 

20091)). Figure 1.2 shows the graviiiietric and voluinetric hydro-en storage 

capacities for mobile application requirements and their costs (U. S. Depart- 

inent of Energy, 2009e). Hig, h pressure tanks and hydrogen liquification are 

obviously not, favourable Storage solutions and cannot incet the DoE targets 

because of overpressure issues and low condensation temperatures required. 
Solid state hydrogen storage was proposed as the most promising and 

efficielit Path. It involves two different mechanisms: First, molecular hy(Ii-o- 

gen can he physically adsorbed on a surface at cryogenic temperatures and 

reas, onable pressures (see section 2.1.1). Hydrogen molecules can be easily 

vxtrýictcd from the surface thanks to the weak van der Waals interaction 

between the gws (adsorhate) and the surface (adsorbent). Other materials 

can also dissociate the hydrogen molecules mid form a chemical bound with 

atomic hydrogeu (sce section 2.1.2). With such materials hydrogen can be 

retneved (mly at, hig-h temperature. The challenge for mobile applications 

is to be able to fill an(I (lischarge hydrogen in a reasonable hine. In essence, 

the inaterial needs to have fast cycling kinetics, goo(I reversibilitY with an 

ex(I'llent, lifecycle 1111der ambient con(litions as shown in Figure 1.3 (U. S. 

Department of Energy, 2009b). Scientists have been investigating a wide 

range (A materials such as metal-hy(Iride and porous materials in order to 

match DoE targets. 
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Figure 1.2: Gravinietric and voluinetric targets for 2010 and 2015. Status of 
current technologies relative to key system performance and cost targets (inset) 
(U. S. Department of Energy, 2009e). 

1.5 Delivery 

Currently hydrogen is either used on-site where it is produced or supplied 
to industry for chemical uses. The challenge here is to lower the cost of 
delivery technologies from decentralized hydrogen production points to re- 
fuelling stations for hydrogen- powered applications and storage facilities. 

It is currently transported either as a gas or as a liquid using tanks and 

pipelines. Efficient compression and liquefaction technologies are to be de- 

veloped for long distance delivery and stationary use (U. S. Department of 
Energy, 2009f). Hydrogen enibrittlenient issues are also of the great interest, 

therefore institutions will have to decide oil the level of specific upgrades or 

completely change the existing deliver 
'v system in order to integrate hydro- 

gen for a more common use. This will heavily influence the costs in terins 

of technology and safety. 
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Figure 1.3: Technical systein targets: On-board hydrogen storage for light-duty 

vehic-les (U. S. Department of Energy, 20091)). 

1.6 Conclusions 

A large scale adoption of these novel energy technologies will undeniably 

change the face of our society. The scenarios and roadinaps Nvill have to take 

into account technical and social hurdles inentione(I earlier for a 
hydrogen economy. It will also have to meet inarket-based requirements 
for all the costs, transitions towards a new energy system, its jjjýjijjt(, njjjjce, 

and overall performance. The focus of this work is' the solid state hYdrogell 

storage wspect of the problem using phYsisorbing materials. In the next 

chapters, we will try to identifý, and investigate the key parameters respon- 

, sil)](, for the sorption properties of a series of compounds potential candj(ljjt(ý 

as lry(irogen storage media. 
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Chapter 2 

Literature Review 

In the previous chapter, general aspects of the hydrogen economy wew 

introduced. Herein, technical challenges for solid state hydrogen storage 

will be addressed with at first fundamental inechanisms involved. Current 

potential candidates will be also reviewed with their strengths, weaknesses 

and potential engineering routes to improve their sorption properties as 

reported in the literature. 

2.1 Fundamental Principles 

2.1.1 Physisorption 

Physisorption is a non-dissociative physical adsorption of a molecule (ad- 

sorbate) on a solid surface (adsorbent). It is the direct result of resonant 
fluctuations of the charge distributions also called dispersive interactions or 

van der Waals' interaction. Molecules are physisorbed onto a surface. The 

simplest approximation for this interaction is the Lennard-Jones potential 

with no activation energy leading to a shallow well (Lennard-Jolies and De- 

vonshire, 1936) (Figure 2.1). The interaction potential strongly depends 

on rotational and vibrational energies of the adsorbate and the symmetry 

of the adsorption site and / or the surface (McClurg et al., 1997). The 

equilibrium distance, ro, is of the order of one molecular radius. As the 

surface- molecule distance, r, increases the interaction reduces to zero and 
the molecule is free of the surface. An adsorbed molecule is kept at a dis- 

tance, ro, from the surface because of the repulsive contribution at low r. 
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Figure 2.1: Interaction potential curves for hydrogen molecular physisorption and 
atomic chemisorption (Attard and Barnes, 1998). 

The binding energy or adsorption energy is of the order of 0.01-0.1 eV 
(1-15 Umol-'). Due to this weak van der Waals interaction with no en- 

ergy barrier, physisorption is in general fast but occurs only at cryogenic 
temperature. Only the first monolayer of adsorbate molecules experiences 
the surface potential, the second monolayer of gaseous molecules do not 
interact directly with the surface but with the first monolayer and so on. 
Therefore, the binding energy of the second layer of adsorbate molecules 
is similar to the latent heat of sublimation or vaporization of the adsor- 
bate. Gas sorption studies at liquid nitrogen ca. 77 K are very common, 

consequently, in the case of H2 gas the adsorption of the H2 molecules at 

a temperature greater than the boiling point leads to the adsorption of 

up to one single monolayer while for N2 adsorption multi-layers can oc- 

cur (Brunauer et al., 1938). Typical materials physisorbing H2 molecules 

are porous compounds such as carbon based materials (Dillon et al., 1997, 

Dillon and Heben, 2001, Schlapbach and Ziittel, 2001, Walker, 2008), metal- 

organic frameworks (Blake et al., 1999, Lin et al., 2003, Yaghi et al., 2003, 

Jia et al., 2006, Yang et al., 2008), or zeolites (Yang et al., 2005a, b, 2006, 
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2.1. Fundamental Principles 

2007). For a uniform adsorption energy, the fractional coverage of the sur- 
face is usually defined by 0: 

O(P) = 
Number of adsorption sites occupied by the adsorbate (2. i) Total number of surface adsorption sites 

A complete monolayer is obtained for 0=1. The amount of adsorbate 
on a surface is determined at equilibrium over a range of pressures at con- 
stant temperature: the result O(p) is an adsorption isotherm. It is possible 
to classify each material regarding their adsorption behaviour, their pore 
structure and the number of monolayers formed according to the Brunauer, 
Denning, Denning, Teller (BDDT) classification as shown on Figure 2.2 
(Brunauer et al., 1940). A type I isotherm (Langmuir isotherm) is typical 

of microporous materials at low temperature starting with a linear fast ad- 
sorption (Henry's law) and at higher pressure a plateau corresponding to a 
complete monolayer. The coverage O(p) can also be defined here by: 

e(p) = 
Kp (2.2) 

1+Kp 

with K the equilibrium constant, and p the pressure. 

0 

Figure 2.2: Five types of van der Waals adsorption isotherms (Brunauer et al., 
1940). 

However, as with all models, the Langmuir adsorption isotherm is based on 
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the severe approximation of a uniforin adsorption site distribution with all 

the m1sorption sites being equivalent. This is often not the case NA-Ith for 

exmilple t he of Specific ad"orpt loll sit es to lll('l al cent rcs, ill inct al- 

organic fraineworks (Dinca et, al., 2006). At low pressure both localized 

and 11011- loc alized phYsisorption are possible depending oil the correspond- 

ing binding energies or heats of adsorption. The isosteric heat of adsorption 

of a gas oil a solid surface is exothermic and is related to the type of bond- 

ing between it molecule and the surface. However, this also depends oil the 

surfitce coverage O(p) as intra-molecular interactions oil the surface occur 

as adsorption sites are popuLited. Instead the isosteric enthalpy of adsorp- 

tion \H'), 
_) 

is measured at similar coverage 0 on two isotherms (TI > T2). 

Therefore as the surface coverage increases (Attard and Barnes, 1998): 

pi AH 1 
/) 11 

log 
(1). 

)) o- 
(2.3) 

I3 Ti T-2 

2.1.2 Cliciiiisorption 

Chemisorphon Is ý1 disso(-Ditivc inechanisin and involves a chemical bond 

with a covalent c1mracter betwelen the ndsorbite mid the adsorbent. It also 

(1111'Crs froill strong physilso"Wion as the inolecule is often dissociated before 

rencting with the surface. In Figure 2.1, considering the potential curve of a 

inolectile ýipproachiiig a solid surfiice, in order for the molecule to chemically 

rem-l'. it, 11111st' Overconle an activation energy barrier (or dissociation eliergy), 
E'dis' represent, cd by the crossing of the two curves. The position of the 

crossing point determines whether the chemisorption is activated or not. 
lit gencral for Eji, >0 the ineclianisin is kictivited and requires energy 
to cheinicilly adsorb and release H2 with LaNi5 and its alloys being aii 

exception (Sclilapkich mid Zlittel, 2001). 

2.2 Metal-Hydrides 

Metal, inter-metallic compounds and alloys react with hydrogen to fol-11, 

solid ilictal-hydrogen compounds also cnlled metýd-liydridcs which involves 

a bulk reaction as opposed to i surface phenomenon. The therino 

of a metal-hydride formation froll, gascous 11. ý'(Irogcn is monitored using a 
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2.3. Kubas Complex 

pressure - composition isotherm (Figure 2.3). The pressure increases with 
the C/H composition until a plateau region is reached corresponding to 
the amount of H2 stored. 

T, ii-phase 

100 
ci-phase 

loo c 

10. 
C. 

9 :t ci + ß-phage % 

25 C 

0c 

0.1 il ' 000.2 0.4 0160.8 1.0 
cý, (WM) 

Figure 2.3: The vertical axis indicates the corresponding hydrogen pressure. 
From the slope of the van't Hoff plot, experimental values of the enthalpy of 
hydride formation H can be evaluated. The plateau pressure Pcq(T) as a func- 
tion of temperature is related to the changes H and S of enthalpy and entropy, 
rcspectivclyý by the van't Hoff eqI1,16011: III(PullPe2q) = (-AHIR)(IIT) + ASIR. 
Data were taken for LaNi5 (Schlapbach and Zattel, 2001). 

Metal-hydrides exhibit stronger hydrogen interactions (50- 100 U. niol- 1) 

than molecular physisorption (4-10 Un-iol-') but the activation (or dis'soci- 

ation) process limits their potential application for hydrogen storage because 

of a poor reversibility and slow kinetics although compounds such as LaNi5 

showed good hydrogen capacities ca. 2 wt. 10'o at room temperature and 2 bar 
but are limited by the heavy elements such as La and Ni (Schlapbach and 
Ziittel, 2001). 

2.3 Kubas Complex 

Kubas reported in 1984 a new type of chemical bonding with a stable H2 

molecule coordinated to a metal center within the complex M(CO)3(PR3)2(H2) 
identified by infrared spectroscopy where M= Mo, W; R= Cy, -z-Pr3 
which forms a phosphine (Kubas et al., 1984, Kubas, 2001). The molecular- 
hydrogen complex forms a sigma complex wherein a o-bonding electron pair 
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(H-H) binds a ligand to a metal (Figure 2.4). This holds from the right 
balance between the back donation from a filled metal d orbital to the o, * 

orbital of the H-H bond. 

,0 

R3 HM 
oc 1 --s- M- 1 
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/H 
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/H 
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\H 
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hydride 

Figure 2.4: W(CO)3 complexes and H-H stretch within complex (Kubas 2001). 

H2 is first stretched to about 20 % of its free value and reacts by oxida- 
tive addition with the metal center. 112-complexes exhibit various H-H bond 
lengths ranging from 0.8 to 1.36 A. Hydrogen can be store in its molecular 
form or split into two atoms. The binding energy range of interest, in order 
to meet the DOE 2015 targets, is between 10-50 kJ. mol-1. In essence it 

represents an intermediate bonding type between the non-dissociative ph- 
ysisorption and the dissociative chernisorption, most likely maintaining the 
H2 molecular form as found for Kubas complexes. Fundamental principles 
of sorption for solid state hydrogen storage were covered. Fast kinetics and 
low density compounds with good reversibility are targeted to meet the 
DoE requirements. Two important classes of materials physisorbing molec- 
ular hydrogen will be reviewed: carbon based materials and metal-organic 
frameworks. 

2.4 Carbon Materials 

Three types of carbon materials will be addressed: activated carbons (ACs), 

carbon nanotubes (CNTs) and graphitic nanofibres (GNFs). This section 
will review the structural parameters responsible for hydrogen sorption and 
the potential engineering routes to enhance hydrogen capacity as reported 
by the literature. 
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2.4. Carbon Materials 

2.4.1 Activated Carbons 

AC materials were amongst the first carbon adsorbents investigated. Back 

in 1966, Kidnay and Hiza were one of the first groups working on adsorption 
properties of ACs at low temperature (Kidnay and Hiza, 1966). ACs result 
from the thermal and / or chemical activation of carbon-rich precursors. 
The thermal activation consists of a heat treatment at a temperature range 
of 700 'C and 1000 'C under a static atmosphere or dynamic flow of oxidiz- 
ing gas such asC02,02or air. The chemical activation is essentially based 

on chemical reactions with dehydrating substances such as ZnC12, H3PO3 

or KOH at temperatures between. 500 OC and 800 'C (Strobel et al., 2006). 
Chemical agents are usually removed afterwards by evaporation or simply 
washed. Commercial samples with high specific surface areas up to 3000 

2 _1 M. 9 are currently available and therefore interesting for sorption appli- 
cations (Chahine and Bose, 1994, Hirscher and Panella, 2005). In general 
a typical isotherm of an AC sample is that of a microporous type I, with 
hydrogen weight uptakes up to 6.7 wt. 1116 at 77 K and 20 bar (Yang et al., 
2005b). 

1s 

i_ 

sý 
0 goo 1000 1600 2000 2600 3000 

"'U" - Im"Ol 

Figure 2.5: Linear relationship between hydrogen storage capacity for different 
carbon samples and the specific surface area at 77 K and 70 bar (Hirscher and 
Panella, 2005). 

ACs can exhibit either a wide range of pores of different size with micro- 
pores (width <2 nm), mesopores (width 2-50 nm), and macropores (width 
> 50 nm) (Figure 2.6) or just one type of pore with a narrow pore size 
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distribution (Purewal et al., 2009). The pore size is a critical parameter as 

1111cropores tend to be Occupied first with H, ) molecules compared to bigger 

pores (Boliquerol ct al., 199, S). Thcsc porcs are most benclicial because 

the surface potentials on the walls overlap and allow the creation of niore 

favourable adsorption sites for H2 111010(-'IIICS With all optiIIIIIIii diameter 

around 7A and a heat of adsorption up to 9 Uinol-' at low covcrýlge of 

tlie surface (Dillon et, al., 1997, Strobel et al., 1999. Dillon an(l Heben. 2001, 

Strobel et al.. 2006. \Vang and Jolinson. 1999). Above cryogenic tenipera- 

tures an(I under niodcratc pressure, pure AC, -, are not, as efficient because of 
Oic weak van der Walls' interactions, between the surface and H. ) molecules. 

III principle, the entire Surface can Interact with H, ) molecules but only 

inicro-pores are strong enouggh to retain the H2 molecules. However, up to 

flow it is still difficult to combined Ilio-11 surface area and a narrow pore siZC 
dist'ributdoll due to the sample preparation. III practice. physical / thermal 

treatments are used to achieve the optimum pore. size distribution (Pure- 

wal et, al., 2009). However, H, adsorption enthalpy is not necessarilY the 

absolute key parameter. Purewall et al. showed that ACs with a low H. ) 
adsorption eiltlmlpy' a broad pore size distribution and a hi-h surface area 
had it higlier H2 a, (1So1'PtIOI1 ('itimcity than thosc with a high a(Isorption en- 
flialpy, a narrow pore size distribution and a low surface area. However, 

to our kilowledge no systematic study regarding tile effect of the pore Size 

(list riblition and the surface area upon physisorption has been reported up 
to now. 

ACs remain good call(lidates for solid hydrogen storage as they exhibit: 
high specific surface area, good reversibility and fast kinetics at cryogenic 
temperatures, and pressures up to 30 NlPa. Despite the van der Waals' 
interactions, these materials are relatively low-cost candidates. Here the 

clialleww is to develop enginecring routes that would allow ACs materials 
to combine ail optimized pore size distribution and a high surface area. 

2.4.2 Fullerenes 

First it is important to distintgnilsh graphene froin graphite. Grapheile is 

a single hiýyer of cal-holl atoills Within the graphite structure. it silliply 
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ma-p- 

Micropores 

Figure 2.6: Two dimensional representation of the pore structure of granillar 
activated carbon (B. odriguez-Reiiioso, 2002). 

represents the building unit for CNTs and fullerenes (Dresselliatis et al., 
1992,1995,1998, Dresselhaus, 1999, Dresselhaus et al., 1999, Dresselhaus 

and Avouris, 2001, Dresselbaus and Endo, 2001, Dresselhaus, 2004). The 

first carbon nano-inaterials discovered was (Cw) III 
1985 and as the result of 12 pentagonal cells being added to hexagonal cells 
formed by a graphene sheet (Figure 2.7) (Kroto et al., 1985). 

a) b) 

Figure 2.7: a) C60 fUllCrellO. b) C6o doped with Ti atoms in dark blue (cxolledral 
site) (Yildirirn et al., 2005). 

In general pure fullerenes are very poor surface area materials typically 

around 10 to 50 1112. g- 1 with no open pores structure and very low hy- 

drogen storage capacity. Howevcr, first-principle calculations reported by 
different, groups on C60 (Yi1dirini et al., 2005) ca. 7 to 8 wo'o under am- 
bient conditions and other buckyballs (Zhang et al., 2009), demonstrated 
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their potential sorption properties where transition metals stich as Ti were 

coordinated to the fullerene. Brosha ct al. reported 2.6 wt. % of hydrogen 

released at 673 K after 1101'O. "'enatIon Of C60 (Broslia et al.. 1999). How- 

ever, the high temperature, the poor reversihility and the slow kinetics were 
not favourable for mobile ipplication. Ye ct al. even reported an improve- 

inent Of the hYdrogen storag-e capacities of fulleritc samples (mixture Of C60 

and ('70) increased from an initial value of 0.4 u4. % for the first cycle to a 
capacity of 4.4 wt. % for the fourth cYcle at 77 K (Ye et al., 2000). 

2.4.3 Manotubes 

2.4.3.1 Single-Walled Carbon Nanotubes 

Single-walled carbon nanottibes (SWCNTs) consist, of a graphene shect 
rolled cylindrically with nanoinctre size diameters tYpically from I to 15 

nin and a fullerene-like cap at each end (Figure 2.8. a). The presence of 
dangling bonds corre's'polids to high energy stýites which favours the cur- 
vature of the grapliene la. v(ýr (Loiiie, 2001, Dresselliatis. 1999. Dresselliatis 

and Endo, 2001) combining planar ,, 1)2 with soine sp' bondings. Therefore 
SWCNTs with sniall diameter will 1mve a more reactive surface than SNN'C- 
NTs with infinite diameter equivalent to pure graplicile layers (Clieng et al., 
2005). There are many ways to fold a graphene sheet to obtain a SNN'CNT 
depending Oil the orientation of the hexagonal network: arinchair. zigzag. 
-md chiral types (Dresselliaus et, al., 1995) (Figure 2.8.1)). 

(b) 

Roll-up 

IMA 
gf2phGOO Sheet SVMT 

Figure 2.8: a) Grapliciic shco nffled up to forin a-SWCNT, 1)) SWCNT coilfigli- 
ration: (a) Armchair, (b) Zigzag, and (c) Chiral with fullerene caps at each end. 
Reproduced froin (Strobel et al., 2006). 
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2.4. Carbon Materials 

Early work suggested radial and circumferential quantum confineinents 
inside the hollow centre (endohedral site) where H2 molecules would be 

adsorbed with a density close that the liquid density although this was 

extrapolated from a low SWCNT concentration sample measured at low 

temperature (Dillon et al., 1997). Instead Benard and Cliahine showed 
that pores can be created from the packing of SWCNTs. They also found 

that the highest H2 capacity would be with SWCNTs having tube diameter 

of 12-14 A and separated by 6-7 A which is consistent with a pore size of 

around 6-7 A (Figure 2.9) (Benard and Chahine, 2007). Wang and John- 

son also simulated the sorption properties of an isolated SWCNT, arrays of 
SWCNTs and an idealized carbon slit pore and found that the latter showed 
better sorption capacities at low temperature with a pore size around 7A 

characterised by the distance between two CNTs . SWCNTs have surface, 

areas up to 1000 M2 g-1 as reported by Poirier et al. after heat treatment 

of commercial samples (CNI) (Poirier et al., 2006). 

Excess adsorption vs Tube diameter and lattice spacing 

N 

Z 

C 

O 

H EKess 
a(ýýpoon 

1.10 1.26 
1-26 1.42 
1.42 I. Sa 
Lss 1.74 
1.74 1.92 
1,92 2AO 
2.10 2.28 
2.28 2.46 
2.46 2,64 
2.64 2.82 

2,82 

Figure 2.9: Contour plot of excess density adsorbed as a function of SWCNT 
diameter and lattice spacing at 77 K and I atin (bundle of seven units), ob- 
tained using grand canonical Monte-Carlo simulations of adsorption of hydrogen 
on a SWCNT. The hydrogen-carbon interactions were modelled using standard 
Lennard -Jones potential (Benard and Chahine, 2007). 

2.4.3.2 Multi-Walled Carbon Nanotubes 

Multi-walled carbon nanotubes (MWCNTs) are composed of layers of nested 
concentric cylinders of graphene with a hollow center terminated by a 
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2. LITERATURE REVIEW 

fullerene-like cap at each end. They are usuallY microns in length. The 

concentric nanottibes which can vary froin 2 to 50 are separated from one, 

another by a distance of approximately 0.34 nin. The inner and outer di- 

aineters are typically 2-10 and 15-30 nin respect ively. It was in fact the first 

tYpe of carbon nanottibes discovered back in 1991 bY Iijima while vaporizing 

carbon in an electric arc discharge (Iijima, 1991). Then- synthesis Ims been 

improved with are discharge process, laser ablation, and decomposition of 
hydrocarbons through chemical vapour deposition. Considering a bundle 

of '. \I%VCNTh, different a(I-sorption sites were suggested by Pradhan et al. 
(Pradhan et al., 2002) and later by Melancon and Beiiard (Melancon and 
Benard. 2004) for physisorbed H2 molecules (Figure 2.10): the groove, the 

chaimel, the surface and the core. While the first three are opened and ac- 

ce, "ible to H2 111ole"lleS (exoliedral sites), the latter is blocked by ffillerene- 

like caps and is, only accessible after removing (endoliedral site). In essence, 
N1%VCNTs and SWCNI's have similm adsorption properties which depend 

more on tlicir diameters and their packing arramenient than on their chi- 

rality. Here. the challenge is to optimize these two parameters. 
As-prepared CNTs are usually heterogeneous with a mixture of S\\'C- 

_.... ___ 
I/ 

NO 

Figure 2.10: Adsorption site distribution within a bundle of CNTs (Pradhan 
et al., 2002). 

NTs, '. \, I\VCNTs of various diameters and withsoine amorphous phases (e. g.: 
soot). It is always necessary to purify the sample in order to remove any 
undesired species depending on the quality of the as-prepared sninple. For I. 
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2.4. Carbon Materials 

SWNCTs and 'NIWCNTs, parameters such as structural defects, tube diam- 

eter, length, arrangements of tubes in bundles will determine the sorption 

properties of the nanotube (Rzepka et al., 1998). Theoretical calculations 
21 have shown that a grapheile sheet with a specific surface area of 1.315 ill g- 

would correspond to a hydrogen storage capacity of 2 wt. % or 0.4 H per 
carbon at 77 K (Schlapbach and ZiAtel, 2001). 

2.4-3.3 Graphitic Nanofibres 

The nomenclaturc gathers under thc saine terminology graphitic ilaijolibrC 

and graphitic fibre. The foriner consist of fibres with nanometre size diani- 

- is used for fibres of larger eters typically 10 nni to 100 nin, while the lattei 0 
diarneters. Whereas SWCNTs, MWCNTs and fullerenes are graphenestruc- 
tures with a hollow centre, GNFs consists of graphitic plailes stacked with 

various angular orientations with respect to the fibre axis (Figure 2.12). 

Therefore the surface topology is totally different from that of SWCNTs 

and MWCNTs. 

0 
n/2 

9 

Figure 2.11: Scheme of GNF types: A) Platelet and B) Herringbone (McCaldin 

et al., 2006). 

The graphitic planes are stacked at different angles with r(!,,,, puct to the 

fibre axis leading to two types of GNFs: herringbone (with 0<0< fl, and 2 
platelet (with 0 GNFs as shown on Figure 2.11. Herringbone. type 2 

GNFs can either have a hollow or filled core structure while platelet type 
GNFs do not exhibit any hollow core. The cheapest and most flexible way 
of producing GNFs is by chernical vapor deposition (CVD). An excellent 
review of the catalytic synthesis of carbon nanotubcs and nanofibres (, an 
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he found in (De Jong and Geus, 2000). Both the therniod. vitainics of the 

steady-state growth and the nucleation phase of the CVD are now reason- 

. 1bly Well understood ýls the thermal decompositi0ii of it carbon containing 

gas Over olle swle of it Inctill catillYst followed bY the growth Of graphific 

plailes Oil t It(' other side. Hoogellnuld proposed a good inodel for t It(' Illicle- 

atioll Wid HIC gl'ONA'th I)IM. S0 (Hoogeni-aad, 1995). 'I'll(, choice Of the lIl(, tjjl 

catal. vst, is it prillmi-Y parailleter as it should be able to dissolve the carboll 

to [OI-Ill ýt 1110 ýd-carbidc. Alsirup ýdso relmord iliýo specilic F, ce s Of' 
Hic Illetal particle wolild fcivOur cit1wr Hic fce(ktock decomposition aild/or 
Hic tillcleation Of, basal planes. For instance Ni (110) and Ni (100) surfaces 

MV 11111CII more active For methane dissociation than is the Ni (111) surface 
to HIC 1,1I'O1A'tII Of' CM-bOII fibl-cs, (Schouten et al.. 1977ý 1979. Alstrup. 1.9m). 
ThC CM, bOll Would tholl diffuse thi-Owdi thr bulk iind ()it the surfacc Of tile 

catalYst. 'I'lle cill-boll source I's gellerallY a mixture of IlYdrocal-bolis and 
hydrogell gilses flowilig dyiimmcýdly over the mctýtl catalyst. Nolan ct al. 
ý, llggwstvd th; 0 11. ) gas Is (1, critical paraincter for the GNF --rowth as H can 
tel-11111i; lte t he large imillbel. of dailgling bonds at t he edges of grlpllite la 

, N- 
er's ý1\, Oidlllg t lic fol-Ilint ion of close struct urcs siuch its flillerviles and CNTS 

\N-itli no datigling bOnds (Nolmi ct al., 1998). 

The metal catalyst can he prepared by Nvet catalysis, thill fill,,. sol-gel, 
tI lick meta I catalyst, colh )ids t, ecl II ii(ples de pe 11( 1iIIgmIt he ýII )p I ic, It io I I. It is 

usually a trallsition metal (or alloys of') Ni. Co. Fe which caii be cither oil a 
sl1b, "trate (support, ed catalyst) or as a Mi jumilm (inisallmuml catalyst) 
(Figure 2.12). The size of a supported particle is typically 10-50 imi mid 
Hrollild 100 11111 for all 1111supporte(I calalyst. 'I'll(, CVD ushig the floathig 

(atalys'l is the most prmllisýilig, Hexible alld clicape-it cMnlytic method to 

pr()duce (, NF,,. Moreover (, NF,,, geiierated 1) 
,v 

CVD call be uscd directly 

withmit fill, 11wr purificalion miless the metal calalyst and the amorpli(qls. 
carboll are to be removed. The catalýlic (lo, composition of the feedst, ock gas 
occurs at temperatilres varying typ4ally h-om 500 -C to 1000 V which is 
highly (-()rivlatcd to thu NmAho; (at abY no ivity (M) et A. My. 

N F's ýI re chi I racter Is(, ( I bY tI Ic I I. (I NIIIw ter, le II gt 11. grap II It h )asý II plailes, 
stacking angles, and surface texture. It Is POSsIble to s. v"thesize GNFs 
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NX-It'llill a railg, c of dialileters and longths hY pla. ving \\-It 11 Hw Ilid I he sIz(1 

of tIw catnlYst. '111 d Ille react ion tom pe rýo mv (11mimi d hm 01L 2()()5,2006, 

McCid(lin 0 al.. 2006). Thc 1111ý11 1/, (, ()1,1 ]w III(I ý11 Iml I I('I(' will d(I cl-IIIIII(I 
tlIC (11ý11110(1- Of tIW t1h1V Wllcycýls III(' tclllpel'ýIl 11re will llilvc ýI (til-ect elfccl 

lipoll its' At, hiph tomperot III-(, i he mirle; oJoii sl ; Irls ho- 
fore the Illetal. is clitil-ek- covered I)v t he cm-boll. This lemis to lil"ll growl 11 

rates, NvIlich IlloY be desirable f(ff IIIIISS-producl loll s1vilt hosis bilt \vIt II I he 

dismIvoill ýIgc of liýlvilw -I-vsl ýIllilw (-ýIrh(m hc lil wc ; 1xIs. AI 1( 'w(. 1. `I 
lc'ss ( 

telliperat'llre ill(' 1110'al cata, lystjgas oild Ilwkil ci1tiIIYSt/cýII-h()Il lilt el-hwes 
ýIlv saturýdc([ as ill(' (liffilsioll mid iillrlcýdl(al ýtlv I.; I111ey slow which giVCS 
CNFs with lmrdly any ; miorpholis philsa's ill ill(' celitre. Ill IlworY 11w 

ý11. vtlcgrowtll \vIll lilt orkwe 
exists. llmveverý ill alillost, all ille (-, Is(ýs ill(, grmoll Is st'OpIwd hecim. se (d 

clicilpsulilted 1110,11 Iml-ticles or simplY bY ille Ilser. 

,o3 
() P 

Figure 2.12: (, 1) Schematic repre"'('11titiol I shmvi I Ig tI le keY "t cps iI It Iw ý%rmvt II (d 
a GNF. 1. Adsorptionaii(I (]ccoIII p()Sit I(,,, ofllvdrocýlrhol I gn"' ilt tIw Imilich-tIn's 
in tel-fi wc ol It I I(, frol It h Icc ofI he cýi I it Iys t pýirt I cIc. 2.1 )j1hu-; iOii I)() I It III (mg II 
the cýtt; llll I N-st pi I rticle. : J. Pivcipl II im I (d cý I I* bm 1 ;0tI Ic 1); 1 I-t ldc- I I; II Io I, b re iIII cl-face 
oil the I-cal. face of, the calal ' vst particle (h) Schetwitic represetitati0ii (d ;I GNI' 
that Ims ceilsed o. . ýllowtll (Ille to a cal-boll over kl. ver' formllig over the lemling I'm-c 
(Rodriguez, 1993). 

GNIN productO by CVD arc gciwrýdlv pill-ified ill h) 1-cillme t, I)c 

Illetal catalYst all(I the aillorpholls p1m, "sc oll the "'111-hice depoildill", (m it, "' 

tit iliznt imi (ý lc('ýddhi vt ýd. . 
2()()(; ). Ill geiwrýll I"S ýIlv 1(m, sul- 

Gwe mm (SSA) innUTWIs typhAy mmid I(H) 112., g 1 111(1 
low hy(II-o"fell st, orngv capacitics less thim I wt. '10 (ýd 77 1ý mid 105 Imr) 

Ilmi, gh ("Irly st'lldies reported their exceplioll; 1I IýIdillg h) im 
olltbill-st Of interest, I'm. C', NFs compomids (Chimibevs 0 ; d., Tyj)icýd 
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GNF isotherms reveal a micro-porous behaviour similar to CNTs. The ad- 

sorption site distribution on GNFs is slightly different from that for carbon 

nanotubes since GNFs often do not have a hollow centre. The adsorption 

occurs essentially on the external surface of the graphitic fibre (exohedral 

sites). The only way to enhance the physisorption is either to increase 

the low specific surface area (more delocalized adsorption sites) or to add 
specific hetero-atoms onto the surface (more specific adsorption sites) in 

order to affect locally change the electronic structure of the carbon atoms. 
The graphitic interlayer distance ca. 3.354 A does not take into account 
the electron cloud around each carbon which makes it too small for the 

spontaneous intercalation of "free" 112 molecules ca. 2.9 A. Therefore, the 

expansion within the graphitic plates surely will be essential for any signifi- 
cant uptake in graphite structures. The next paragraphs will introduce two 

engineering options. 

2.5 Nitrogen Doping 

The creation of more adsorption sites for hydrogen molecules could be an 
alternative for low surface area materials. Up to now the direct effect of 
hetero-species regarding their position within the carbon network, and their 
doping level upon the hydrogen interactions are not fully understood. In lay- 

ered sý' carbon systems, hetero-atomic species doping could locally change 
the electronic structure. For instance, if B (one electron less than C) replaces 
some atoms C in a graphene layer, the electronic structure lacks one elec- 
tron, which leads to a p-type character. From the chemical point of view, 
the resulting structure is more likely to react with donor-type molecules. 
In the case N doping (one electron more than C) the electronic structure 
exceeds with one electron which either gives a p- or n-type character de- 

pending on the N-doping level and the number of C removed (via sub- 
stitution) (Terrones 2004). Density functional theory (DFT) calculations 
on B/ N-doped SWCNTs showed in case of H2 molecular physisorption, 
both B- and N-doping would decrease the adsorption energies in SWCNTs. 
Sankaran et al. suggested atomic hydrogen chemisorbed onto the surface of 
carbon nanotubes with an elongated H-H bond length ca. 0.825 A but with 
unphysical dissociation energies ca. 0.22 eV (Sankaran and Viswanathan, 
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2008, Sankaran et al., 2008). Extensive work was carried out on BN-doped 
fullerenes and other carbon nanostructures suggesting it would enhance hy- 
drogen interactions (Oku et al., 2001a, b, 2006) but little work was reported 
on N-doping of graphite-like structures for hydrogen storage. Instead N in- 

corporation onto carbon compounds was studied because it would enhance 
their conduction properties (Terrones et al., 2004) or for their catalytic 
growth (He et al., 2006, Zheng et al., 2006). In the first attempts to in- 
tegrate N species within the carbon network, substitution reactions such 
as the pyrolysis of N containing source with SWCNs were commonly used. 
Terrones et al. proposed an efficient route to produce large arrays of CN. ' 
nanofibres by pyrolysis of ferrocene / melamine mixtures at high temper- 
ature (Terrones et al., 1999). The nanostructures exhibited 2% N-doping 
level. More recently, Glerup et al. reported on N-doped carbon nanostruc- 
tures using directly aerosol method initially developed for pristine CNTS 

with N doping level upto 20 atom % (Glerup et al., 2003). However, no 
sorption investigation was carried out on both studies. Badzian et al. syn- 
thesized N-doped carbon nanotubes by CVD diamond synthesis and addi- 
tion of nitrogen gas to the CH4 / H2 gas mixture. The resulting compounds 
showed 0.7 wt. /"o' gravimetrically at room temperature and 6 MPa (Badzian 

et al., 2001). Low cost and efficient production methods are essential for 

potential hydrogen storage media. More recently, Yang et al. successfully 
reported on the N-doping synthesis of microporous carbon using zeolites 
template and an organic precursor as carbon-nitrogen source (Yang et al., 
2005a). 

2.6 Exfoliation Via Intercalation 

The location of hetero-atomic species within the carbon network is not 
limited to its apparent surface. It is possible to obtain graphite interca- 
lated compounds (GICs) and expand the graphitic inter-layers because of 
the weak van der Waals interaction between layers associated with the sý' 
bonding in graphite (Schaffautl, 1841). The intercalation phenomenon oc- 
curs in general with highly anisotropic layered structures with very weak 
interlayer forces compared to intra-layer bonding using the chemical inte- 

gration of atomic or molecular species between graphitic layers. A large 
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number of reagents call be intercalated into graphitic inaterials. The pe- 

riodicity regarding the graphitic layers is also known as the, intercalation 

stage n (Figure 2.13, t). It simply represents the number of graphitic lay- 

ers between adjacent intercalate layers and call be easily idcutlfic(l bY x-ray 
diffraction (XIM) technique 2.13.1)). For instance GICs compoilials 

prepared by chemical oxidation are usually stage I to 4. 
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A A A 
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Figure 2.13: a) Possible intercalation stages of K intercalated GIC. b) X-ray 

powder diffraction patterns of diffcrunt stage GICs (Dressellmits and Dressellmus. 

2002). 

GICs 
were mainly studied 

for their 

electrical properties a-s they are de- 

terinincd by the donor / acceptor character of the intercalate. III g(,,, (, I. al 
donor GICs are formed with alkali inetal Iv Rb. Cs, and Li, or other alkali 

carth metals and inctal alloys. For acceptor GICs, Lewis acid iIIteI-(, alaI&s 

such as Br2 or strong Br611sted acids such as H,, SO. l and IiNO: t call also 
be used. The size and chemical affinity of a molecule determines whether 

or not the intercalation is possible. K and Li intercalated GIC,, have 1well 

allvadY inve'stigated for solid hydrogen storage purposes. Clien ct al. re- 
ported oil Li- K- intercalated carbon iianotubes Nvith exceptiollal sorptioll 

capacity ca. 20 u)t. Yg at rooin temperature although it wms later t") explained 
that the ineasured change was due to moisture containination (C hell vt al., 
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1999). Toyoda et al. exfoliated intercalated graphite flakes by thermal 

shock at high temperature ca. 1000 'C (Toyoda et al., 20011)). Exfoliated 

graphitic compounds were widely investigated as thernial insulators and re- 

cent studies reported on good sorption properties of heavy oil. The idea is 

to use intercalent agents and a thermal shock in order to rapidly increase 

the graphitic interlayer space. Lueking ct al. successfully exfollated GNFs 

following the same experimental procedure as Toyoda and managed to cre- 

ate small pockets of 50-100 A (Figure 2.14). Although no XR, D experiment 

was made, nitrogen adsorption experiments revealed an exceptional increilse 

of the surface area ca. 47 to 550 M2. g- 1. However the pore size achieved 

remains too large compared to a 5-10 A inicro-pore (Dieking et al., 2007). 

Lo -()" 

Figure 2.14: TE-M analysis of EGNF-1000. Dark and light regions, are observed 
in the fibers (a and b) after exfoliation. Certain fiber regions (arrows) with large 

expansion indicate fiber rupture. (c) SAED pattern of the nanofiber in (b). (002). 
(100) and (110) diffraction features can be observed. The inset is a schematic 
model of the cup-stack-ed crystalline structure of the fiber after exfoliation; those 
segments of the fiber keeping the graphite spacing between cups (- 3.35 A) are 
responsible for the (002) diffraction spots observed in the SAED pattern (Lueking 

et al., 2007). 

A wide range of carbon inaterials have been extensively studied for solid 
hydrogen storage. However these are only operational at cryogenic tem- 

peratures and moderate pressures. Many improvements remain to be done 
but some pathways are being investigated depending on the topology of 
the compound. For open pore materials with high surface areas such ACs., 
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the pore size is essential as 5-10 A alicro-pores tend to be first occupied 

and interact more. strongly with H2 molecules than iiiacro-pores. Quantum 

ý111(1 overhipping poicntials ýirc possiblc on curvc(l surfaces and low 

temperature. Therefore, it is crucial to target compounds with uniform iiii- 

cropores and high surface areas. Low surface area carbon iianostruct tires 

such as SWCNTs, NIWCNTs, and GNFs cannot follow thesaine. functional- 

izing path as ACs. Some groups have been trying to increase the number of 

adsorption sites. with heterogeneous atomic doping (Terrones et al.. 2004). 

nitercalation (Dresselhaus and Dressellimis. 2002), and / or exfoliation with 

thermal shock of intercalated compounds (To. voda et al.. 2001a, 2002b, a, 

2003). The goal of this chapter was to present and compare standard car- 

bon nanostructures which would physisorb molecular hYdrogen. However, 

it has also highlighted that these as-prepared inaterials are not, rea6v to 

meet the DOE targets. 

2.7 Metal-Organic Frameworks 

Nletal-organic frainework (MOF) materials are a class of very versatile 

porous and highly crystalline solids forined via the connection of inetal ions 

or clusters with exodentate ligand bridges. Lately there lias been an increas- 

ing interest for these open structures MOF conipoun(Is (Blake et al.. 1999, 

Yaghi et al., 2003, Lin, 2008) and their potential application for catalysis 
(Chang et al., 2004), gas storage (Rowsell et al., 2005), and gas separation 
(Ferey, 2000.2001, Chen ct al.. 2005, Kitaura et, al., 2003). For the hydrogen 

ecolionlY to bc ýIchicvcd' NIOF compoun(ls' offer the compositional flexibil- 

ity at, the molecular level re(Iiiired to obtain high surface area (tYpicallY 

froin 800 in 2. g- 1 to 5000 1112.9-1) and crystallinc compolind" Willi Specific 

pore inetrics and chernical properties (Dillon et al.. 1997, Schlapbach and 
Zlittel. 2001). Here current strategies to enhance hYdrogen interactions will 
be addressed. 

2.7.1 Pore Structure 

It Us essential for a porous material to exhibit, a pore size (list ributdon centred 

on 7A and combined with a high surface ami, (Dillon and Heben, 2001). 
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In general, the pore structure is ruled by the nature of the organic ligand 

and its connectivity with the metal nodes. For instance the NOTT-100 se- 

ries is a family of Cu (11) - frameworks based on copper paddle-wheel units 

with different organic ligailds. The geometry of the pores changes with the 
length of the organic linkers (Figure 2.15) (Lin et al., 2006a). 

NOTT-100 NOTT-101 NOTT-102 

Figure 2.15: From the left MOF-505 (NOTT-100), NOTT-101, and NOTT-102 

cage structures with elliptical (grey sphere) and spherical (yellow sphere) cages. 
Bond colour code: Blue: Copper, Grey: Carbon, Red: Oxygen. No hydrogen 
bonds shown for clarity (Lin et al., 2006a). 

Some MOFs such as MIL-53 reveal structural transitions in temperature 
leading to a breathing effect from an open (close) - pore to a close (open) 

- pore structure by adsorbing different guest inolecules (Serre et al.. 2002, 

Loiseau et al., 2004) (Figure 2.16). Later neutron investigations confirmed 
the thermal hysteresis behaviour between the two configurations (Liu ct al.. 
2008). Such effect would allow a pore wall to hold and release H2 molecules 
at specific temperatures. The interpenetratioii and interweaving of cate- 
nated networks are also two possible alternatives to obtain various pore 
configurations as reported by Yaghi and his co-workers (Yaghi et al., 2003). 
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The interpenetration represents all the pore configurations allowing the re- 
duction of the pore size while the interweaving results in the reinforcement 

of inutual networks by reducing the space voids (Figure 2.17). 

4,1010, ll. ý, 41- 
oh; 

Figure 2.16: NIIL-53(Al) pore structure obtained from neutroll powder diffrac- 

tion experiments collected at room temperature after heating to 450 K (a) and 
cooling to 77 K (b). -MIL-53(Al) exists either as all open-pored (a) phase or ýi 
predominantly closed-pored phase (b), depending oil the thermal history (Lin 

et al., 2008). 

aý 

Figure 2.17: a) Schematic representation of the repeated unit. b) mid (1) Inter- 

penetration of' two identical catenated units allowing the reduction of the pore 
dimension b. v different Pore configurations. c) Interweavillo results ill the total 

rc(luction of the pore size (Rows(, Il and Yaghi, 2005). 

2.7.2 Metal Centres 

In cssenm, metal-no(les are based on the (1-block transition elements. These 

arc connecte(I to the organic linkers vin bridging linkers such as carbox. v- 
late groups. In some cases, it is possible to remove the solvent molecule 
coordinated from the inetal-nodc by thernml treatment and leading to a 
coordiuntively unsaturated metal centre. The presence of stich species has 
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proved to increase hydrogen binding strength in MOF compounds. This 

was undeniably inspired by Kubas complexes discovery in 1984 (Kubas 

et al., 1984, Kubas, 2001). Early infra-red studies Prestipino et al. re- 

ported for the first time on hydrogen interactions with ail open metal site 

within a CU3-(BTC)2 (BTC = 1,3,5-benzenetricarboxylate) MOF, HKUST- 

I (Prestipino et al., 2006) (Figure 2.18). Neutron powder diffraction stud- 
ies of [1\4n]3[(\4n4CI)(BTT)81 by Dinea et al. revealed D2 adsorbed onto the 
Mn centre with a D2-Mn distance of 2.27 A which is longer than that for 

a Kubas complex ca. 1.7-2.0 A (Dinca et al., 2006). Later Peterson et al. 
investigated the adsorption site distribution using neutron powder diffrac- 

tion technique at 4K and showed the exposed copper center as the first 

site populated with a D2-Cu distance of 2.39 (1) A (Peterson et al., 2006). 

Much care should be also taken during the process as this can also lead to 

structural damage and / or misinterpretation of the data (Hafizovic et al., 
2007). 

Figure 2.18: On the left: Dicopper (11) tetracarboxylate building block for 
HKUST- I (Chui et al., 1999). On the right HKUST- I cage structure with spher- 
ical (grey sphere) and secondary (khaki sphere) cages. Bond colour code: Blue: 
Cu, Red: 0, Grey: C. No hydrogen bonds shown for clarity. 

Not all MOF materials exhibit a coordinatively unsaturated metal centre. 
Isoreticular metal-organic framework (IRMOF) series is a family of Zn- 
based clusters (ZI140) connected by various organic linkers (Figure 2.19). 
The most famous example is 

Tý1\40F-5 of composition Zn40(BDC), i (BDC 

= 1,4-benzenedicarboxylate). Inelastic neutron scattering experiments on 
IR, N1OFs showed the Z1140 environment as a less favourable adsorption site 
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compared to the carboxylate group. 

A 

Figure 2.19: MOF-5 (A). IRNIOF-6 (B). all(] IRMOF-S (C) pore structure. Oil 

cach of the corners is a chister [OZli, I(CO2)61 of all oxygen-centred Zii., tetralie- 
dron that is bridged by six carboxylates of an organic linker (Zii. blue polyhedron: 
0, red spheres; C, black spheres). The large yellow spheres represent the largest 

sphere that Would fit ill the cavities without touching the vaii der Wnals atoins 
of the frameworks. Hydrogen atoins have been omitted (Rosi et al.. 2003). 

Vitillo et al. showed the important role of the inetal centres on three solvent 
free NIOF compounds IINUST-1 (Cu 2+), CPO-27-Ni (N i2+) and NIOF-5 

(Zii) where the inetal centres are accessible and exposed for the first two 

inaterials, and inaccessible and unexposed for the latter. Althou. -Ii CPO- 

27-Ni had the highest hydrogen binding energy ca. 13.5 U. inol-'. it AN-as 

not enough to overcome its low BET surface area ca. 1200 1112. g-I compared 

to that for 11KUST-1 (15: 32 1112. g- I) and 'MOF-5 (700-3400 ni 2. g-1) (Figure 

9.90) (Hafizovic et al.. 2007, Vitillo et al.. 2008). Another consequence of 
the presence of these ('Xl)oS('(l inetal centres is the increase of the so-called 
hydrogen surface packing density 

. 
(SPD) reported for the first time by Liu 

And his co-workers, with NIOF-74 ca. 3.5.10-5 g. in 2 compared to that for 

solid fl, ) phase ca. 2.8.10 -5 ,. 1112 (Figure. 2.23). This was also correlated n 
with a shorter D2-D2 distance ca. 2.85 A at 4K and 0 Pa (Liii et al., 2008) 

instead of 3.6 A for solid D2 (Figure 2.21). 

In essence potential NIOF can(li(lates would combine high surface area, 

with an optimized pore size and the presence of coonlinated iiiisature(I 

metal centres. The role of the inctal center and of the organic ligand upon 

the adsorption properties will be addressed lat, er in this work using neutron 

techniques. 
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Figure 2.20: Dependence of the Langinuir surface area on the adsorbed H2 

amounts at 77 K and 45 bar (volurnetric values) for the three MOFs under inves- 

tigation. Values taken from the literature: MOF-5,3 HKUST-1,3 and CPO-27-Ni. 

The dependence of the H-H shift for the most energetic complexes on the hydro- 

gen uptake is also shown (para-H2 has been used as reference, gray squares). For 

CPO-27-Ni, the barycenter of the 4028 and 4035 cm-1 bands has been considered 
(Vitillo et al., 2008). 
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Figure 2.21: The H2 surface packing density, SPID, as a function of N2 BET 

surface. The horizontal dashed line shows the SPD for typical carbon material, 
where every 500 1112. g-I of N2 BET surface area can adsorb I wt. % of H2. Solid 

green (gray) curves show the lines for gravinietric uptake of 6 and 9 wt. %, which is 

the product of SPD and S. One-dimensional nanoscale tube like structure formed 
from adsorbed D2. D2 molecules (large green (gray) balls) adsorbed in MOF- 
74 form a one-diniensional nanoscale tube like structure. (Only the first three 

adsorption sites are shown) (Liu et al., 2008). 

2.8 Conclusions 

Fundamental principles were introduced in order to understand the hydro- 

gen interactions with physisorbing materials. In particular, carbon nanos- 
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tructures and MOFs were reported. The pore size distribution and the 

specific surface area were identified as the key parameters responsible for 
the hydrogen capacity. However, while most of current studies extensively 
report on hydrogen uptakes under certain conditions of temperature and 
pressure, there is a real need to understand the exact position and be- 
haviour / orientation of the hydrogen molecule at different coverage of the 
surface. First, this work aims at investigating the hydrogen interactions 

of as-prepared and engineered carbon materials. In a second part, high 

crystalline materials with exceptional sorption properties will be reported 
combining state-of-the-art techniques. 
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Chapter 3 

Experimental 

First, synthesis of graphitic nanofibres (GNFs) will be addressed in this 

chapter. Two engineering options for GNFs were proposed in order to test 
their flexibility in design and improve their sorption properties. In a second 
part, highly crystalline Cu (II) - frameworks NOTT-100, NOTT-101 and 
NOTT-102 [CU2(L' 2,3)] provided by the research group of Prof. Martin 
Schri5der from the School of Chemistry at the University of Nottingham 

will be reported. The details of the preparation can be found elsewhere 
(Lin et al., 2006b). Sorption and structural characterisation methods will 
be addressed and combined with neutron experiments for the Cu (II) - 
frameworks. 

3.1 Synthesis 

Undoped and N-doped GNFs were prepared by thermal decomposition of 
C2H4 gas and a mixture of C2H4 with various amines respectively over dif- 
ferent metal catalysts (Bououdina et al., 2005). Three catalysts precursors 
were investigated NiO, Fe203 and C0304 and respectively prepared from 

the precipitation reaction of nickel (II) nitrate (Fisher), iron (III) nitrate 
(Fisher), and cobalt (II) nitrate (Fisher) mixed with 2M ammonia solution 
(Fisher). The dried precipitates were subsequently calcined at 300 `C for 3 
h to yield the oxide precursor. The amount of catalyst, the reaction time, 

and the total gas flow were kept constant, at 0.05 g, 2 11, and 100 CM3 min-' 
respectively. The catalyst precursor was heated up to the set-point temper- 
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ature under a dynamic flow of argon gas at 100 cm 3 min-1 and with a ramp 

rate of 10 'C. min-I in a temperature controlled horizontal tube furnace 

(Figure 3.1). Hydrogen gas was first flowed in to reduce the precursor for 

at least two hours and evacuated prior to flowing the feedstock gas. 

Boat with 
Catalyst Particles 

Gas Inlet Gas Exhaust 

Environmentally 
Controlled Zone 

Figure 3.1- Horizontal tube furnace used for undoped GNF growths and N-doping 
experiments. 

The temperature of the reaction was set between 500 and 7000C. For 
the undoped GNF, the carbon source was composed of ethene, C2H4 (BOC, 
99.999%) and hydrogen, H2 (BOC, 99.99%), using mass flow controllers 
(MKS Ltd. ) to provide C2H4/H2 gas mixture of 100/0,80/20,50/50,20/80 

and 5/95, while maintaining a total flow of 100 cn13 -min-1. For the N-doping 

growths, the feedstock gas was bubbled through a Dreschel bottle containing 
either ethylamine (CH3CH2NH2), diethylamine (CH3CH2NHCH2CH3), or 
triethylamine (N(CH2CH3)3), leading to different C-H-N containing gases 
in the tube furnace. A gas bottle would have been much easier to implement 
to the original tube furnace, however all the bottles available are a mixture 
of Ar and amines with a 4: 1 molar ratio. At the end of each experiment, all 
reacting gases present in the tube furnace were evacuated before allowing the 
samples to cool down to room temperature under Ar atmosphere in order to 
stop the growth and avoid any undesired structure at lower temperature. All 
preparations were repeated to ensure reproducibility. The CVD procedure 
for the two types of GNFs was similar and is summarized on the Figure 3.2. 
CHN analysis were also performed at the School of Chemistry (University 

of Nottingham) using the elemental analyzer CE-440 (Exeter Analytical, 
Inc. )a in order to quantify the C, H, and N contents within each N-doped 

sample. 
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Figure 3.2: CVD procedure with 4 different phases. For the N-doping experi- 
ments, different amines were added to the C2H4: H2 gas mixture. 

3.2 Exfoliation of Intercalated Compounds 

Exfoliation of graphite flakes (University of Salford) and undoped GNFS 

were investigated using methods described in the literature (Toyoda et al., 
2001a, 2003, Lueking et al., 2007). Approximately 1g of carbon material 
was stirred with a total mixture of 100 mL concentrated sulfuric and nitric 
acid with acid ratios of 4: 1 and 1: 1 at room temperature for 4 h. The acid 
treated compounds were then rinsed with water until neutralized, filtered 

and dried at 200 'C. The dried yield was then exposed to a thermal shock 
at either 800 IC, 900 'C, and 1000 'C under air. 

3.3 Thermal Activation 

For porous compounds, prior to any sorption, structural, and spectroscopic 
investigations, carbon materials and Cu (II) - frameworks were degassed 

at specific temperatures under dynamic vacuum in order to safely remove 

solvents and / or moisture from the micropores avoiding any structural dam- 

age. The carbon materials were degassed at 300 OC under dynamic vacuum 
for 4h while the Cu (II) - frameworks NOTT-100 (MOF-505), NOTT-101, 

and NOTT-102 were thermally activated at lower temperatures, 130 'C for 

NOTT-100 and 140 OC for the other two samples, under dynamic vacuum 
for 12 h (Lin et al., 2006a). This removed the solvent from the micropores 

as well as the water molecules coordinated to the Cu (II) sites, leading to 

stable unsaturated metal centres (Figure 3.3). The formula unit of each 
desolvated sample is [CU208H6C161, [CU208HlOC221, and [CU208H14C28j- 
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Thermal activation 

Figure 3.3: On the left: Paddle-wheel unit within the non-activated NOTT-100, 
NOTT-101, and NOTT-102 with two water molecules attached onto the copper 
sites. On the right: degassed sample with two exposed copper centres. Colour 

code: Blue: copper; Red: oxygen; Grey: carbon. No hydrogen bonds shown 
for clarity. Water molecules are removed from the copper sites after thermal 
treatment. 

3.4 Sorption Properties Characterisation 

3.4.1 Gravimetric Method 

3.4.1.1 Theory 

It is essential to be able to determine accurately the amount of hydrogen 

adsorbed / released by a sample under certain condition of temperature 

and pressure. The gravimetric method is commonly used for the determi- 

nation of equilibrium sorption isotherms (Benham and Ross, 1989, Broom 

and Moretto, 2007). It provides a direct measurement of the hydrogen up- 
take capacity by measuring the mass of hydrogen adsorbed. The ratio of 
the adsorbate mass over that of the adsorbent-adsorbate system determines 

the hydrogen uptake capacity at a fixed temperature and pressure: 

wt. %(T, p) = 
MH2 

MH2 + MS 

For porous materials, the adsorption phase of an isotherm occurs when 
the hydrogen gas is introduced into the sample cell, whereas the desorp- 
tion phase is obtained as the hydrogen gas is gradually removed from the 

sample cell at fixed temperature. Each point of the isotherm is collected 
isobarically until the thermodynamic equilibrium is reached. A series of 
isotherms at different temperatures can also lead to thermodynamic prop- 

erties such as the isosteric enthalpy of adsorption for porous compounds or 
in the case of hydrides the heat of hydride formation or decomposition (see 
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section 2.1) (Rouquerol et al., 1980, Attard and Barnes, 1998). In general 
an isotherm determines the reversibility of the hydrogen sorption / desorp- 
tion mechanism. Hysteresis behaviour can be related to the pore structure 
of the sample (see section 2.1.1) or simply to slow kinetics. Typical sources 
of errors mainly come from the high sensitivity of the measurement to en- 
vironmental conditions: 

This method is highly sensitive to the sample temperature stability. 
A common problem for an isotherm at low temperature is the temper- 

ature difference between the sample (usually at 77 K) and the flowing 

gas introduced (usually at room temperature) which leads to convec- 
tion phenomena and mass fluctuations. This increases the acquisition 
time for each data point. 

Purity of the hydrogen gas is also important since any moisture con- 
tamination would lead to an overestimation of the real H2 uptakes. 

Low density materials such as activated carbon or GNFs are more 
affected by the buoyancy effect which increases with the pressure. 
This is easily corrected if the sample's skeletal density is known. 

At each pressure point, the mass of the sample must be corrected from the 
buoyancy contribution following Archimedes's principal. The upthrust due 
to buoyancy, Cb, for a solid of density p,, and mass m,, in a gas of density 
pg, is determined by: 

cb: 
-,.,.,: 

Pg 
(3.2) 

PS 

In our case, at each pressure step, the sample adsorbed a certain amount of 
H2 gas while being in equilibrium with the remaining H2 gas phase. Includ- 
ing the contribution of the adsorbed gas phase, Eq. (3.2) can be written as: 

Cb :: 2 Mref - 
ýH2 

+ Madsoroea , 
PH2_ 

+A (3.3) 
ps Padsorbed 

where m,, f is the mass of the sample with nothing adsorbed, Madsorbed is 
the mass of the gas adsorbed, and A is the instrumental function. The H2 
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gas density, pH, , is defined by its gas molar mass, Af, the pressure, p, and 
gas compressibility Z (p, T): 

ALP 
PH' = Z(p, T). R. T 

(3.4) 

where R is the typical gas constant. The sample mass, m(p), during the 

experiment is determined at each pressure step, p, by: 

M(P) Mref + Madsorbed (P) (3.5) 

It is therefore easy to retrieve the expression of the hydrogen weight uptake 
as in Eq. (3.1). 

3.4.1.2 Experimental 

Hydrogen isotherms were measured on an intelligence gravimetric analyzer 
(IGA) (IGA-003 Hidenanalytical). Prior to the sorption characterisation, 
carbon materials and Cu (II) - frameworks were degassed (see section 3.3). 
After the degas, the desolvated sample was weighed in order to fix the 
reference mass. Hydrogen gas (BOC, 99.999% purity) was passed through 
a nitrogen cold trap to eliminate any moisture in the gas. Experiments 

were run in static mode. During the adsorption phase, pressure steps of Jo 

inbar per ineasureinent were used for the first 500 inbar, followed I)y looo 
mbar steps up to a maximum pressure of 20 bar. The pressure increases 

were controlled at a rate of 10 mbar. min-'. The desorption cycle followed 

a similar series of pressure steps. The equilibrium time was fixed to 30 
min for each pressure point to ensure thermal and pressure stability before 

acquisition ca. ± 0.1 'C and ± 0.1 mbar. 

3.4.2 BET Method 

3.4.2.1 Theory 

The surface area measurements are discussed in this section. The most 
widely used method to determine the surface area of a material involves the 
Brunauer Emmett Teller (BET) equation (Brunauer et al., 1938): 
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11-+C1-p (3.6) 
W. (-L 

- 1)) 
Km-C wmc PO 

PO 

W is the weight of the gas adsorbed at a relative pressure, (2) and W,,, 
PO 

is the weight of the adsorbate used. C is the BET constant and is related 
to the energy of adsorption in the first monolayer. A BET measurement 
consists in a measuring a nitrogen adsorption / desorption isotherm at low 

temperature as W the amount of N gas adsorbed as a function of the rel- 
ative pressure Z. In general only the low (P) region ca. 0.05 to 0.35 of a PO PO 
BET plot leads to a linear behaviour -W(-1-jr-, and -L. The multi-point BET 

PO ) PO 
method requires at least three points within this region. The slope, 5, and 
the intercept, i, are determined graphically and defined as: 

C-1 (3.7) 
wl". c 

1 (3.8) 
wll. c 

This leads to W, the weight of the first monolayer adsorbed onto the sur- 
face: 

(3.9) 
S+i 

The total surface area of the sample is written as: 

st = 
W,. NA. Acs (3.10) 

m 

with A,, the cross-sectional area, NA the Avogadro's number, and M the 
molecular weight. The specific surface area of the sample, S, is the quantity 
of most interest: 

st 
w 

(3.11) 

It is also possible to determine quickly the BET surface area of a sample 
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by limiting the number of points within the linear region. The single point 

method implies that the intercept, i, in the BET equation is close enough 

to zero. Therefore Eq. (3.6) is simplified and becomes: 

1 C-1 p (3.12) wm-. c*po 
PO 

In the low pressure region, the ideal gas equation is a good approximation 

and thus: 

lvm = W. (l -. 
2-) 

= 
ý. V. m 

. 
(I - -ý-) (3.13) 

Po R. T Po 

which leads to St the total surface area: 

st = 
p. VN. Acs (1 _ _L) (3.14) 

R. T A 

Different adsorbates can be used depending on the C BET constant. N2 

is the most widely used adsorbate since in general its C constant (50-250) 

allows a good cross sectional area A,,. However, given the kinetic diameter 

of N2 ca. 3.6 A, the smallest pores a N2 molecule can infiltrate is 7A which 

underestimates the available surface area for H2 molecules which have a 
kinetic diameter of 2.9 A. Smaller molecule such as C02 (ca. 3.3 A) could 
be more appropriate for probing smaller pores. 

3.4.2.2 Experimental 

The surface area measurements of carbon materials were done using the 

Autosorb-1 (Quantachrome). Approximately 1g of carbon material was 
loaded and degassed at 300 'C for 5h under dynamic vacuum. The solvent 
free sample was then weighed and loaded into the nitrogen cell. Typically 

multi-points BET analysis was used in order to cover the linear Z pressure PO 
region ca. 0.1-0.3 -L. The pressure steps were fixed to 0.03 units of Z with PO PO 
an equilibrium time equal to 10 min per pressure point. The BET measure- 
ments on Cu (II) - frameworks were run on the IGA-003 (Hidenanalytical) 

using N2 gas prior to undertaking the hydrogen uptake measurements in or- 
der not to waste any sample. Approximately 33 mg of as prepared sample 
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were loaded onto the micro-scale pan. 5- points BET measurements were 

used within the linear 0.1-0.3 Z pressure region. PO 

3.5 Structural Characterisation and Spectroscopy 

3.5.1 Týansmission Electron Microscopy 

3.5.1.1 Theory 

Transmission electron microscopy (TEM) technique was used to investigate 

the surface topology, morphology, composition, and crystallographic struc- 

ture of the undoped, N-doped, and exfoliated GNFs produced. This tech- 

nique is a powerful tool which allows a resolution up to 0.1-0.5 nm which is 

significantly higher than a typical optical microscope ca. 0.2 Jim. The elec- 
trons are guided along an evacuated column through a series of conden 

' 
ser 

lenses and apertures before they hit the sample and go through another set 

of lenses and apertures and create an image of the target zone (Figure 3.4). 

The carbon nanostructure within a sample can be identified using selected 

area diffraction (SAD): for instance a platelet nanofibre would produce two 

arcs (one pair of diffraction arcs from the basal plane, d(002) which would be 

superimposed along the fibre axis; a herringbone nanofibre would produce 
four arcs (two pairs) at an angle to the fibre axis; and a MWCNT would 

produce two arcs (one pair) which would be superimposed on either side 

of the fibre axis (Edwards, 1989, Bououdina et al., 2006, McCaldin et al., 
2006). 

3.5.1.2 Experimental 

TEM and SAD were used to characterise the carbon samples produced by 
CVD. Samples were prepared by placing drops of a sonicated propan-2-ol 
suspension onto a holey carbon TEM grid (Agar). Two electron microscopes 
were used, (1) a JEOL JEM-2000FX II microscope operating at 200 keV 

and (2) a JtOL JEM-4000FX microscope operating at 400 keV. 
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Figure 3.4: Representation of a TEM instrument (Edwards, 1989). 

3.5.2 X-Ray Powder Diffraction 

3.5.2.1 Theory 

X-rays are electromagnetic waves with a much shorter wavelength than vis- 
ible light, typically in the range of 0.1-100 A. XRD techniques measure the 
intensity of X-rays scattered from electrons bound to atoms yielding infor- 

mation at the atomic level. It is a bulk technique with a limited depth of 

penetration typically few microns. The beam is generated by the bombard- 

ment of high energy electrons ca. 10-100 keV coming from an X-ray tube 

onto a target leading to the electron core emission. An outer shell electron 
immediately fills the vacant position and an X-ray photon is emitted accord- 
ing to the energy conservation principle. For a perfect crystal, a reciprocal 
vector in the reciprocal space, 7(h, k, l), is defined by: 

Th, kj = hd* + kb* + lc* (3.15) 

where h, k, l are integers, e, b*, and c* define the reciprocal unit cell vectors 
and (21r)3 /vo represents the volume of a reciprocal unit cell: 
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ä* = 
27r 

bxc (3.16) 
VO 

b* 27r 
cxa (3.17) 

VO 
21r b (3.18) 
VO 

where a, b, c define the unit cell vectors in the real space. Each vector r(h, k, l) 

of the reciprocal space corresponds to a series of parallel lattice planes in 

the real space separated by a distance d(h, k, j) defined by: 

dh, k, l ..: 
1 

(3.19) 
17'h, k, l I 

During an XRD experiment, for a given reflection h, k, l the quantity mea- 

sured is the intensity, I(h, k, l) , which is proportional to the module of the 

structure factor F(h, k, l): 

Ih, k, l X lFh, 
k, l 

12 fl. exp (iQ. R, ). exp (-87r2QI. (U, )') 12 (3.20) 

where f, is the form factor of the elementl at the position Ri = xa + 

yb + zc and corrected by its thermal mean square displacement (UI)2. The 

scattering vector, Q, is the difference between the diffracted wavevector, kf, 

and the incident wavevector ki: 

Q=kf -k, (3.21) 

Only elastic events will be considered which means that there is no exchange 

of energy. The intensity collected (Eq. (3.20)) will be strong in some direc- 

tions (constructive interference) if the scattering vector, Q, is a reciprocal 

vector (i. e.: Q : ": 7hkl) and rather weak in other directions (destructive in- 

terference). This was first formulated by Bragg (Eq. (3.22)). For a given 
h, k, 1, constructive interferences only occur if the difference path, 5, be- 

tween two waves with an incident angle, OB, on two parallel lattice planes 
(Figure 3.5) is a multiple n=0, ±1, ±2... of the wavelength A. A more 
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N 

Figure 3.5: Simplified path geometry of an incident and a diffracted beam by two 
atoms M and N from two (hkl) lattice planes separated by a distance dhkj. The 
scattering vector, Q, is defined by: Q= kf -ki 

realistic picture was proposed by Bloss with two atoms shifted from their 
equilibrium position (Bloss, 1971). 

J= nA =2 ldh, k, l I- sin OB (3.22) 

In the case of a powder sample, the orientation condition, Q T(hkl)g is 
always satisfied. X-ray powder diffraction (XRPD) technique is one of the 
most common structural characterisation methods available. It provides a 
quick structural analysis of a sample. However, X-rays are sensitive to the 
electron cloud (as a function of the Z) and therefore it is difficult to gain 
information on light elements in the presence of heavier elements. More 
details can be found in elsewhere (Dinnebier and Billinge, 2008). 

3.5.2.2 Crystallite Size 

The mean crystallite size can be deduced from several parameters such as: 
the half width, w, of a peak as introduced by Scherrer als-o defined as the 
full width at half maximum (FWHM) (Scherrer, 1918). The relevant size 
parameter, f-,, is related to the FWHM by: 

ew = 
I, (,. A 

(3.23) FWHM. COS OB 
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where K,, is the Scherrer's constant and A is the wavelength. K,, is often 

approximated to 1 in the case of spherical crystallite distribution which does 

not necessary apply to every sample. 

The integral breadth, 8, as introduced by Laue et al. is defined as the in- 

tegrated area of the peak over its maximum intensity f,, (Laue et al., 1926): 

f (20)d2O (3.24) 
f. 

The crystallite size Ep is related to 0 by: 

A 
COS OB (3.25) 

The Scherrer's equation is commonly used to determine a rough approxima- 
tion of the domain size and using the FWHM as a starting point. However, 

this approach does not take the size distribution into account since all the 

crystallites are not of the same size. It is therefore more sensible to use 60 as 

an estimate of the crystallite domains or layers depending on the materials 
(Dinnebier and Billinge, 2008). 

3.5.2.3 Experimental 

Carbon materials and Cu (II) - framework compounds were investigated on 
the D8 advance X-ray instrument (Bruker) with a Cu K,, X-ray source, a 
Gobbel mirror to correct for sample height fluctuations and a sol-X detector. 
Each carbon material was loaded onto a silicon wafer. The instrument was 
set with a 20 angular range from 5 to 100 ' and an angular step of 0.1 ' 

per minute for a total time of 2h per sample. The Cu (II) - frameworks 

were degassed under specific conditions (see section 3.3). Each solvent free 

MOF sample was then transferred into a glove-box and loaded onto a silicon 
wafer covered by amorphous tape to avoid any moisture contamination. The 
XRPD data of desolvated samples were collected at room temperature for 
2h within a 20 angular range of 5 0-35 ". 
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3.5.3 Neutron Scattering 

Neutron scattering techniques are a powerful tool to investigate bulk prop- 

erties of materials with no structural damage. This is essentially due to the 

neutral charge of the neutron and the rather weak neutron-matter inter- 

action. The neutron is also a sensitive probe of the nuclear and magnetic 
structure and not the electronic cloud which allows neutron techniques to 
detect light elements in the presence of heavier elements such as atomic / 

molecular hydrogen as opposed to X-ray techniques. The use of neutron to 

probe magnetic properties, is not relevant to the work reported here and is 
therefore not covered in this chapter. After some intrinsic neutron proper- 
ties are described, neutron powder diffraction (NPD) and inelastic neutron 
scattering (INS) principles will be addressed. The energy, E, of a neutron 
with a mass, m, and a wave vector, k, is commonly defined by: 

Wk 2 

(3.26) 2m,, 

where h= -L with, h, the Planck's constant. Neutrons are usually classified 21r 

according to their incident energy as cold (0.1-10 meV), thermal (10-100 

meV), hot (100-500meV) or epithermal (> 500 meV) neutrons. The key 

variables are the amounts of energy, w, and the momentum, Q, transferred 
from the incident neutron as determined by: 

hw = Ei - Ef (3.27) 

k, - kf (3.28) 

where w is the angular frequency, Ej, is the energy corresponding to the 
initial wave vector, ki, of the incident neutron and Ef, is the energy corre- 
sponding to the final wave vector, kf, of the scattered neutron. The quantity 
measured during a neutron scattering experiment is the double differen- 
tial scattering cross section (DDSCS) (dor/dQdE), which represents the 
amount of neutrons of incident energy, Ej, and a wave vector, ki, scattered 
into an element of solid angle, dQ, in the direction (20,0) with an energy 
comprised between E' and E'+dE' and the wave vector comprised between 
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k' and k'+dk' (Foderaro, 1971). The differential scattering cross section for 

any molecular system is: 

do, "'f kf (TQ) 
= Ti I (kf, Tf I f7, I ki, XF, ) 12 (3.29) 

I xPi) and I Tf), are the initial and final I sample, neutron spin ) states. 
1ý represents the neutron-matter interaction and can be in general be de- 

scribed by the Fermi pseudo-potential: 

27rh2 6, J(r- RI) (3.30) 
M, 

where 61 represents the scattering length operator of the 1th element. The 

DDSCS is: 

d 2or lpf kf 
dQdE') xp, ki 

1: pTi - 11: (qf f 161. exp (iQ. Ri) I xp, ) 12,6(rU,; + ET, - Eqf) (3.31) 
%Ff "Pi I 

The sum is averaged over the isotope distributions, the nuclear spin orienta- 
tions and positions. pp, is the probability for the system (sample-neutron) 
to be in the Tj initial state. Ep, and Epf are the energies corresponding to 
Tj and Tf states. A different way of writing the J function in Eq. (3.31) is: 

+ Epf) dt exp (- it (hw + Ep, - Ep f 
(3.32) 

27rh 
-.. 

n 

For any molecular system in an initial state described by the wave function 

xPi, the DDSCS is: 

(d 20,1 kf 1: '+00 
dQdEI) total 

: -- 27r h ý-j- 
fI co 

dt exp (-iwt) 

2 

exp -it(Ei - Ef) 
I (qff 1 61. exp (iQ. Rl) I Tj) 1 (3.33) 
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3.5.3.1 Neutron Powder Diffraction 

During a total diffraction experiment all scattered neutrons are detected 

regardless of their final energy Ef. Therefore, the relevant quantity mea- 

sured is the differential scattering cross section (doIdQ) elastic. In the case of total 

an elastic neutron diffraction experiment only neutrons elastically scattered 

are detected and therefore: 

do, elastic 
12 

= I(Q)=jE-Fj. exp(iQ. Ri) =ETl. bb', *,. exp(iQ. (Rj-Rj, )) 
(TO 

total 

(3.34) 

where each element 1 of the sample is characterized by its scattering length, 
bl, averaged over nuclear spin orientations and isotope distributions. 

TI-. b *j, = 
t2 

+ 61,1, (-b2 _ 
t2) (3.35) 

where J is the Kr6necker symbol. Using Eq. (3.35), it is possible to separate 
Eq. (3.34) into a coherent and incoherent contribution: 

= 
(dor )e astic 

+ do, elastic 1*( 
do, eiastic 

(3.36) 
UQ ) 

total 
j9- 

Co 
d9) 

inc 

with: 

do, elastic 
Tj-. Fj,. exp (i Q. (RI - RI, )) (3.37) TO 

coh 

and: 

da elastic 
-2 O'inc 

TO =E 
k2- 

47r 
(3.38) 

) 

inc I 

where ui,,, is the incoherent cross section. As we can see in Eq. (3.38), the 
incoherent part does not contain any structural information, and only the 
coherent part (Eq. (3.37)) is relevant for an elastic process. For a large 
crystal one can show that (Lovesey, 1984): 
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lEexp(iQ. Rl)l 2=N. 
(27r)3 

-E 
J(Q - 7h, k, l) (3.39) 

1 VO 

This shows that there is no Bragg scattering unless the momentum transfer, 

Q, is a reciprocal vector T(h, kj). In the case of more than one atom per unit 

cell, Eq. (3.37) can be generalized introducing the FN(T(h, k, l)) nuclear unit 

cell structure factor: 

FN (rh, 
k, l) -61. exp 

(i7h, k, I. Ri). exp (-WI) (3.40) 

da elastic (27r)3. 
T(h, k, l))- 

IF 12 (3.41) 
dQ 

) 

coh 

N. 
VO 

N(7h, k, l) 
7'(h, k, l) 

where exp(-WI) is the Debye-Waller factor and represents the thermal 

atomic displacement of the 1th element. The static approximation assumes 
that the incident energy, Ej, is large compared with the internal excitation 

energies of the sample. In this case, kf ý- ki, the initial and final scattering 

wavevectors are taken close to their elastic value so that: 

JQJ = lkf - kil = 2ki sinOB = 47r sin OB (3.42) 
A 

3.5.3.2 Inelastic Neutron Scattering 

In the case of energy exchange between the incident neutrons and the sam- 

ple, the spectrum collected is a function of the energy, hw, and momentum, 
Q, transfer and not of ki or kr. One can infer information about the dy- 

namic of individual atoms and their spatial correlations through transitions 
between internal atomic (or molecular) energy levels (Newton, 1982). 

3.5.3.2.1 Quantum Rotor 

In the Born- Oppenheimer approximation and if the coupling effects are ne- 
glected, degrees of freedom can be treated separately. At low temperatures, 
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ca. 4 K, the diatomic molecule is considered as a rigid body in its vibrational 
ground state where only molecular rotations are considered. An initial state 
for a free molecule is described by its rotational and nuclear spin states i. e.: 
I -J) I -s) (Cohen-Tannoudji et al., 1977). Therefore, Eq. (3.31) can be 
written as: 

it kf (dQdE') 

j ki 

E pjs. IE(s'Jl I ý, exp (iQ. R,, ) IS J) 12.6 (hW+ Ei - Ey) (3.43) 
J, S, J,, Sl n 

3.5.3.2.2 Homonuclear Diatomic Molecule 

For a free rotating H2 molecule as represented in Figure 3.6. a, under the 
Born Oppenheimer approximation the rotational wavefunctions I J) are the 
well known spherical harmonics, YJ (0,0) with no radial components. J M 

0,1,2... and M=0, ± 1, ± 2, ± J... are the angular momentum 
quantum numbers. Each hydrogen atom is a half-integer spin particle and 
therefore H2 has to obey Fermi's statistics, which is expressed through the 
Pauli's principle. The exchange operator P1,2 applied to the total wave- 
function IJs 1) YJ (0, s) leads to: M 

j (09 S) p1,2 J) S) --2 
(±1)YM (3.44) 

The operator P1,2 exchanges the nuclei position of two indistinguishable 
particles by applying r --ý -r. Therefore Eq. (3.44) is also equivalent to: 

Yj (7r - 0,0 + Ir) = (- 1)'. YM' (0,0) (3.45) 

In order to satisfy Eq. (3.45), the even numbered rotational states (J = 
0,2 ... ) are to be combined with anti-symmetric nuclear spin states and the 
odd rotational states (J = 1,3 ... ) with symmetric nuclear spin states, lead- 
ing respectively to two important species para-112 and ortho-H2. In normal 
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H2 gas, the ortho-H2 / para-H2 ratio is 3: 1. For H2 the molecular ground 
state is J=0 which corresponds to para-H2 whereas for D2 it is ortho-D2 
J=1 as shown below in Figure 3.6. b (Silvera et al., 1978, Silvera, 1980). 

z 

y 

free Hydrogen 
molecule 

x 

3 

Rotational ltvels of iS 

50%SK 
10 

Yoo 
13) 
K K 

ý_S 

K 

Para H I Ortho H 
100 1-1 

(a) (b) 

Ylm 

Figure 3.6: a) H2 molecule with the angular coordinates (0,0). b) Rotational 
energy diagram of para-H2 and ortho-D2 (Silvera et al., 1978, Silvera, 1980). 

For a free H2 molecule initially in aIJ even, s even ) state (i. e.: para-H2 
molecule) and its vibrational ground state, the double differential scattering 
cross section is: 

d 2, ine 1 kf 
h Q2 Pi 

(d9dE' 
4*ki 

? 
1: 

) 

rotation Jeven 

O'coh 
Z (2J+ 1) exp 

ßM 
(Ei, - Ei + E, _ hW)2 Fieven-+Jleven 

1 

Jleven 

(_ 
h2Q2 

+ Uinc E (2J'+ 1) exp 
ßM (Ei, - Ei + E, _ liW)2 Fieven-+Jlodd 

Jlodd 
n2Q2 

1 

(3.46) 

where O'coh and aj, are the coherent and incoherent cross section of atomic 
hydrogen and 0= --L. mu, represents the mass of the dihydrogen molecule. kT 

E, is the molecular recoil energy and is equal to: 
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E, 
h2Q2 
4mH, 

(3.47) 

The exponential term describes a free centre of mass (CoM) which is a good 

approximation for a gas. The molecular structure factors, Fieven-+Jleveni 

and, FJeven-+Jloddi were introduced and represent the contribution from the 

(Jeven -4 Yeven) and (Jeven -+ Yodd) rotational transitions: 

il+i J, jm2 
j2 

(Q-re) 
Fieven--+Jleven z` 

Z (2m + 1) 
00 0) n2 (3.48) 

M=IJI-JI 
jl+j J, Jm2 j2 

(2-_re) 
Fieven->Jloddý Z (2m+1) 

00 0) m2 
(3.49) 

M=IJI-JI 

J, JM 
corresponds to the 3j symbols. j' (Q-e) represents the Bessel 

(00 

0) M2 

function of order m. r, is the equilibrium distance between two hydrogen 

atoms. For solid para-H2, only the (J = 0) state is populated, the rotational 
transitions allowed by neutron spin exchange are limited to (J =1 +- 0), 
(J =0 +- 0) and (J =2 +- 0). Therefore, Eq. (3.46) can be simplified and 
becomes: 

dlu inc kf ßM 
dQdE')rotation 4 

lk, 
Výr-h2Q2 

coh Foo exp 
ßM 

(E J, _Ej+Er_ 
iiW)2 

le, ( (_ 
h2Q2 

5FO-+2 eXP 
0" 

(E 
J, _Ej+Er_ 

hW)2 
(- 

h2Q2 

30'ineF0-->, exp 
ßM (Ei, - Ei + E, - hw)' (3.50) 

(_ 
n2Q2 

Where Fo, o, Fo, j, and Fo-+2 are defined by: 
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Fo-, o =0 
( 0 0 ) 'j2 

0 
(Q r. (3.51) 

0 0 0 2 

, 
Fo, 1 =3( 

0 1) 2 
j2 1 

(Q. r�) (3.52) 
0 0 0 2 

2 FO-+2 =5( 
0 2) 

2 

j2 
2 

re) (3.53) (Q 
0 0 0 2 

The energy associated with the rotational state IJ even) is Ej = J(J + 

1). B,,, t with, B,,, t, the rotational constant defined by: 

ij (3.54) 

I is the moment of inertia of the H2 molecule and is determined by: 

2 MH2. rH-H (3.55) 

Therefore the first rotational transitions for a para-H2 molecule in the 

ground state are: 

El - Eo = 2B, ýt = 14.7meV = 118cm-1 corresponding to (J=14--O) 

E2- Eo = 6Brot = 44. lmeV = 354cm-1 corresponding to (J=2+-O) 

3.5.3.2.3 Homonuclear Diatomic Molecular Gas 

Eq. (3.50) showed the DDSCS for an isolated molecule in its vibrational 
ground state. For any diatomic molecular system in its vibrational ground 
state and an initial rotational state described by an initial wave function, 
Ti, it is possible to write the DDSCS (Eq. (3.31)) as the sum of two con- 
tributions (Young and Koppel, 1964): 
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inc 1 kf 
dQdEI 

)total 
= T7rh ii 

+00 
dt. exp (it 

hw - Ej + Ef 
)[G(t), af + G(t),,,., ] (3.56) 

foo 

f 

We introduced the self and multi-scattering functions G(t),,, If and G(t),,,., 

respectively referring to the scattering from two particles of a single molecule 
and from two particles of two different molecules: 

2 

G(t)self (Tf 61. exp (iQ. Ri) I Ti) (3.57) 

and: 

1: exp (-iQ. Rj)61+ I qf). 

Rf 1 61. exP (-iQ. Ri) I Ti) (3.58) 

The DDSCS in Eq. (3.56) can be written as: 

,d 

20, inc d20, inc 

+( 
d'u ) inc 

(3.59) dQdE' 
) 

total dQdEI 
) 

self dQdE' 
ms 

2 inc The relevant DDSCS for the self scattering term, (d orldQdE%elf , is the 
same as that for the isolated molecule Eq. (3.50). 

3.5.3.2.4 Molecular Vibrations 

It is possible to write the time dependent atomic position, RI(t), as the 
sum of internal, ul(t), (intramolecular) and external, ri(t), (intermolecular 
or phonons) vibrations. ri(t) describes the CoM motion also known as the 
translational motion while ul(t) represents the atomic positions with the 
CoM as the origin so that: 
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n 
Ul(t) 

Rl (t) = r, (t) + (- 1) .2, n=1,2 (3.60) 

The self and multi scattering terms introduced earlier in Eq. (3.56) can be 

written as: 

2 

G(t)self 6,. exp (iQ. ri + (- 1), ' Q'u', ) (3.61) 
1 n=l 12 

Q ul - 1 (qli exp (-iQ. rl - i(-l)P 
2 
-')bl'p I %Pf) 

154j n, p=l 

bl^n. exp (iQ. ri +i (- 1)'ul.! 
4) IT j) (3.62) 
2 

Only the intramolecular motion term in G(t),,, If Eq. (3.56) is relevant. At 
low temperature (ca. 4K in our case), the expression for the Vth mode of 
an harmonic oscillator of amplitude u(t) and incoherent scattering cross 
section ai,,,, is (Mitchell et al., 2004): 

d2o, inc 
Cin, kf (Q. U)2n 

dQdE' 

) 

self, intra 47r ki n! 
exp 3 

n=O represents the elastic line: 

d2a inc O'inckf 

dWE') self, intra 47r k, 3 

n=1 represents the fundamental: 

(d 20. inc 

= 
Uinc ýf 

(Q. U)2 dQdT-1) 
self, intra 47r . ki . exp 3 

n=2 represents the 1" overtone: 

d'a inc 

= 
O'inc 

. 

ýf- 

exp dQdE-1 
) 

self, intra 47r ki 23 

(3.63) 

(3.64) 

(3.65) 

(3.66) 
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where the Debye-Waller factor, exp(-(Q. U)2/3), was introduced and rep- 
resents the atomic thermal displacements. In general, in combining the 

rotational and vibrational part, the self scattering DDSCS per unit of solid 
angle and energy transfer measured during an inelastic neutron scattering 
experiment can be written as: 

( d2o, inc 

d2dEI)self 
d 2a inc d 2a inc d2 or ) inc 

dQdE')self, 
intra 

(dQdE) 

rotation dSIdEl self, com 

Finstrument (3-67) 

where the instrument resolution function, Finstrument, and the DDSCS de- 

scribing the CoM motion in G(t),, If are convoluted for a complete expres- 
sion. 

3.5.3.2.5 Solid Phase 

The DDSCS for solid para-hydrogen is different from that for the para- 
hydrogen in the gas phase (Eq. (3.46)). In fact, while the rotational levels 

remain unchanged, the CoM is not free any longer. The DDSCS is now: 

(d 20, inc 

= 
lk f 1] pi exp (-21V(Q)) dQdE')rotation 4 ki Jeven 

oh 
Z (2X + 1)Fieven-->Jlevend(liW + Ei, - Ei + E�)+ 

Jleven 

Uinc 
Z (2J'+ 1)Fieven->Jloddä(hW + Ei, - Ei + E,. ) (3.68) 
Jlodd 

1 

The Debye-Waller factor was kept, representing the mean atomic thermal 
displacements, The INS spectrum of solid para-H2 is mainly composed of 
one sharp peak at 14.7 meV (or 118 cm-1) which corresponds to the (j=1 
+- 0) rotational transition and a Gaussian hump centred at meV (Lovesey, 
1984, Mitchell et al., 2004). The rotational transition (J=2 +- 0) can also 
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be observed at 44.1 meV (354 cm-') (Figure 3.7). 

0 

(c) 

(a) 

0 2000 4000 6000 9000 
Wavenwrba / cre 

Figure 3.7: Solid para-112 INS spectrum collected at 4K on the neutron spec- 
trometer TOSCA at ISIS-RAL (Mitchell et al., 2004). 

3.5.3.2.6 Rotations of a Homonuclear Diatomic Molecule in a 
Hindering Potential 

In this work molecular hydrogen was used as a probe of its local environment 
through the study of its rotational transitions which can be either strongly 
or weakly perturbed by the interaction with the adsorption sites. Close 

to an adsorption site, para-1-12 molecules are not free to rotate any longer 

and start to experience the adsorption potential 'ý(z, 0,0) which depends 

on the z the distance of approach, and orientations of the molecule (Figure 
3.6a). Therefore the spherical harmonics YMJ =IJ, M) are no longer good 
eigenfunctions and the new Hamiltonian is: 

li : -- 71freeH2 + V(Z7 01 0) (3.69) 

Using the perturbation theory the element of the diagonal is: 

1'L(J, J', M, M') = 

J(J+1)B,,, tJj, j, Jm, m, +(Yj,, M, Ilý(z, O, O)lYj, m) (3-70) 
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The goal is to find the right potential V(z, 0,0) for a given adsorption site 

in order to match the INS spectrum with adsorbed para-1-12 (White and 
Lassettre, 1960). 

3.5.3.2.7 Hydrogen Deuteride 

It is also possible to derive similar DDSCS for a homonuclear diatomic 

molecule initially in aI Jodd) state (i. e.: ortho-112 and ortho-D2) (Lovesey, 

1984). Another type of molecular hydrogen of interest is hydrogen deuteride 

molecule which is not subject to the same selection rules as para-112 (D2) or 

ortho-H2 (D2) since H and D are two distinguishable particles. In this case 

there is no quantum nuclear spin and spatial correlation. The self scattering 
DDSCS for solid HD in its rotational and vibrational ground state is similar 
to Eq. (3.56) (Colognesi et al., 2009): 

inc 
O'inckf 

47r ki 
E Pi dSIdE') rotation 

- 
Jeven 

exp (-2W(Q)) - 
E(2J'+ 1). jj2, (Q. lr-RI)6(rw+Ej-Ej, +E, ) (3.71) 
JP 

The rotational transitions allowed are (J =1 +- 0), (J =0 4- 0) and (J = 
2 *-- 0). The (J =1 +- 0) rotational transition remains the most intense 

INS feature at 10.9 meV (Figure 3.8). Features at 5.1 meV, 16.0 meV are 

replica of the density of phonon states while the small peak at 14.4 meV has 

not been assigned yet. At higher energy transfer ca. 32.9 meV it is possible 
to witness (J =2 +- 0) rotational transition. 

The use of HD gas compared to para-112 gas as a molecular probe allows the 

separation of the rotational lines from the vibrational lines as the respective 

rotational constants BHD and BH, can be related. If the centre of the HD 

molecule coincides with the centre of the bond: 

Brot(HD) 3- Br,, t (H2) (3.72) 
4 

If the centre of the HD molecule is taken as the centre of gravity: 
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Figure 3.8. Solid HD INS spectra obtained on TOSCA (Colognesi et al., 2009). 

2 
B,,, t(HD) =5. B,,, t(H2) (3.73) 

Therefore, one would expect a shift of a pure rotational line. 

3.5.3.2.8 Response Function 

The response function or scattering law for N particles is defined as: 

S(Q, W) =1 27rhN 
+00 

Oo 
dtexp(-iwt)y: (exp(-Q. Ri). exp(iQ. Rl, (t))) (3.74) 

I'l, 

The term ( exp(-Q. Rj). exp(iQ. Rj, (t)) represents the thermal average. 
Therefore, it is possible to obtain the scattering law from the DDSCS using: 

d'o, incoherent 
O'in, kf 

dQdE' 
) 

inelastic 
= 

47r T, S(Q, W) (3.75) 

3.5.3.3 Neutron Powder Diffraction Experiments 

The neutron powder diffraction (NPD) data were collected at the Na- 
tional Institute of Standards and Technology - Center for Neutron Research 
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(NIST-CNB) (Gaithersburg, US) using the constant wavelength high - r(, s- 

0111tioll pow(lel, diffract Oil wt cr BTI NIST (2006)and m the pulsed Ilellti-oll 

source, Rutherford Appletoti kthorntory. ISIS-RAL (Oxfor(I. UK) using 

the time of flight Gencral Material pow(ler diffrmJoinctcr GEM (Ilanilon, 

2005). Only the Cu (11) - frameworks investigated by neutron tech- 

niques. Prior to t1w neuti-mi experiments. NOTT-101. and NOTT-102 Nvere 

theriliallY activated following the saille (section thermill actiVil- 

tioll) and vielding solvent five sample imisses, of 1.7 and 1.9 g. XRPD 

expci-iments prior to loading-up the ""allIpIcs colifirille(t the quality aild ill- 

tegrity of the desoh"Ited sainples for the neutron experiments. 

A sample NvIth all C-11 bonds deuterated would re(juire less time for ac- 

quisition ill NPD, becmise of dic large incoherent cross scctioll of' 11 NN'llich 

is olic onler of, Ina" lilt 11(1(' higher thall t1lat, of aliv 0 licr element (T,,,, (D) 

2.05 kirn, (Tj... (II) = 80-3 barn. Ilowever. this, is SY11theticallY 11111-calisti(I 

ml(l. js Shown bY Pet'ersoli ct, al., acceptable (hiti (-, ill be collectc(I from 

lmtlvesývlnples (Peterson et al., 2006). D., gaswas used instead (411, gas, as 
lia's it, more t, avourable scattering ratio with a sinaller hicolierent 

scatfering crosssectiol III Io resu it ablef'Or NP D experiments. All tI iesample", 

were loade(I ill it vailadil till ""alliple vessel. Vanadium Ilas lio Coherent cross 

section, which illealls t'llat, the vailadillill call is licarIv Invisible to liciltroll"'. 
All the (bita were collected at 4 IsL ill order t, o minimize any broadening 

I'l-0111 the Debye-WO11cr t'actor. NPI) experilliclit" 1,011owc(l thc sallie 

(1xi)(11,1111011tal procedure Starting wit'll the collection of the bare illateri'll Sig- 

mil iiii(ler vaciiiiin f'or t2 h ill the case of BTI and appromillatel 'v 
1000 pA 

oil In order to l(lentify adsorption sites, known miounts, of normal 
1)2 w("'(' "it ro("'(. "' tot he Si IIII ple fro IIIiI ci IIiI )I. i It ed vol IIII Ie i It rool II 

Willperat'llre. These samples Nvere calculated to be 0.5.1.0.1.5,2.0, aii(I : M) 

of D, per ('11 site. Mier collection of t lic bare inat, erial signial. t he 
sample was heated up to 50 11.1, dosed with thedesired D. ) ilillollilt and cooled 

Imck down to .1 
I\ f'Or anot, her dat, 'I acquisition, having allowed ('11ough tillic 

f'Or t'lle Sample to reach aild pres'sure ('(111111hrin. These steps were 

repeat, ed fin. each aliquot of' D, As tlic baratron connected to Ille saillpl(, 
(. (, Il indicated Zero pressure bef'Ore cooling) to -1 K. it was assumed that all 
t It(, D2 gaS "'Its ollt'" tll(' (111 (11) - frainework. 
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The high iv'so)hltion cmislailt wavc1cligth 11cuti-ml p(m'(1cl. diffrach)II10(! 1. 

BTI was cmilig-111-c(I using a ('ý(. (:, )Il) jjj()jj()(. jjj, ()nri1()v wilh a T) 1iI kc- 

offamýje. A= 2AUS7 (2) A. awl hPlAW Mhunt imi 47 inimho 4 an- were 

lised. I)ata weiv (1011141 mer a 20 range ()f 1.3-16G. 3 ' wilh a stel) sixe (d 

0.05 (Figure 3.9a). Time )I' flight nculi. ()n dilh-m-tion 111cilsim, 11wills, wclv 

also carried mit mi the GE-NI diff, yachmicter. An (ýI. ang(-Iypc ci. p)slal wa. " 

used to cool the sýunple. A gas ImIldling system c(milected to a hirlm plimp 

was m4l fow the gns low(ling, Diff1mohm (Lita iis ý, hmoion ()fneulnm I Inle- 

Of-flighl were (WHOW frmn the sainjoe in three ()f ihe doeut()r hanks, 

CCn(red lt 20 = 9A. ISM, 311.631 anol qL I with a cmistant hcam univent 

ca. 1000 pA (Figure 3.9h). This c(n. resimilds to a d-space rangc h(ml 0.3 A 

tý() 20 A with it hesi rcmdution (, I' AQIQ - 0.31(X k)v the hackward an,, de. 

The (hila were normalize(I to the wavelength di"'tribliti(In ()I* the incident 

neliti-ml beam, and I'm-11sed into 5 separate hi. st, ()gram"', (me 1'()I. cach (; I", \l 

detector honk. 

A... l7k 

ok 

IwA, 6&I 

Figm-c 3.9: BT-1 histrument n's viewed fr(mll lbove. For sim refil-clice. li"t" I Imt 

111k, dith-actollictcr rottills P, apploý, mlwtcl N, t),, (, nit-wi. h) A scht-matic 
laYwI( of the detector banks of t he (Ictector irr; iv (I jimnon. 2005). 

3.5.3.4 Inelastic Neutron Scattering Eweriments 

INS experinictils mi Cii (11) - frallww(wks were carried ()III ()II the Filt, cl. All- 

alyzer New r(m Spect rmiwl (,,. 1ý,,, \Ns (I (, I ill.. 2(m, J) ; it N ISTJ'N R ýmd 

oil '1'(), '-); CA (Cl()l()giwsi ct al., 2002) nt IsIS-PAL to cmilplellwilt the Nl'l) 

Studies. In m-der to the tw() liciltr(ml studies. a sillillill. 
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3. ExPERIMENTAL 

tal procedure as for the NPD work was applied with equivalent amounts 

of para-1-12 dosed onto the sample ca. 0.5,1.0,1.5,2.0 and 3.0 para-1-12 

molecules per Cu site. A converting cell was used to change nornial-1-12 into 

a para-1-12 manifold in the presence of a paramagnetic catalyst at low tem- 

perature. The INS data were collected at 4 K, while each para-1-12 loading 

was made at 50 K. 

FANS is all in(lirect ncutroll spectrollicter using the beryllium liltcr lo fix 

the neutron final energy, Ef, of the neutron detected to 5 meV. It was 

configured for use with a pyrolytic graphite monochrornator 002 Bragg re- 
flection and 20' horizontal collimation before and after the monochromator 
(Figures 3.10a, 3.11a, and 3.11b). 

Bearn Stop, -Detectors 
Shielding 

He Filter 
Swnple Graphite FUter 

- CoMmater 
He Fam 

Monachromator 

Sidoiding 

, gv- e- 

liac k%Cgttering 
anal> �en 

TOSCA 

Far-A ard 
analý -. er-. 

(a) (h) 

Figure 3.10: A schematic layout of FANS and TOSCA reproduced from (NIST) 
and (ISIS-RAL) 

TOSCA is also an indirect geometry spectrometer with the neutron fiIial 

energy, Ef, fixed to 3.5 ineV (Figure 3.10b). It is up to now the worl(I's best 

crystal analyzer neutron spectrometer including analyzer-detectors modules 
in both backward and forward scattering. The excellent resolution in Figure 
3.12a limits the instrument to two trajectories along the (Q. ýý) space as seen 
in Figure 3.121). A gas handling system was connected to a turbo pump 
in order to dose para-1-12 and HD gases. The INS data were also collected 
at 4K with a constant bealn current of 1000 /jA per acquisition. All the 
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3.5. Structural Characterisation and Spectroscopy 

()b---d VAnL% RýA*kw f- FANS 
1 11 

-C 6 

4 

05-0 1110 150 'MC 

Ewa (CMV) 

(a) (b) 

Figure 3.11: a) Energy resolution of FANS. The pyrolytic graphite nionochroina- 
tor 002 with 20' horizontal colliniation before and after the monochroinator. h) 
FANS (Q, w) trajectories (NIST, 2006). 

intensities S(Q, w) will be reported separately for the back and the forward 

scattering banks since the corresponding (Q, w) trajectory depends on the 

angular position of the detector (Figure 3.12b). This has its importance in 

the case of peak fitting analysis especially at low energy transfer. However 

for a qualitative description often only the total signal collected S(Q, W)t,, t,, l 
ý SM U))back + SM W)forward is provided. 

Relative energy resolution 
7 

Lit 

2 

TFXA 
TOSCA-1 
TOSCA-11 

IS- 

Is- 

9 
ýzl 

8 

50 100 t5o M 250 300 350 400 11 11 
E (MOV) I (M) 2m 3(m) 4(X) 5W 

hw (111CV) 
(a) (b) 

Figure 3.12: a) Energy resolution of TOSCA-11 compared to earlier versions 
TOSCA-1 and TXFA (ISC-CNR). b) (Q, w) trajectories of the back (B) and 
forward (F) scattering banks on TOSCA (ISC-CNR). 
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3. EXPERIMENTAL 

3.5.4 Rietveld Analysis 

The Rietveld method was introduced first by Hugo Rietveld in the case 

of constant wavelength neutron powder diffraction data (Rietveld, DO). 

It describes the whole-pattern-fitting of a simulated to an observed X-Ray 

and/or neutron powder pattern using a least-square refinement procedure 

and taking diffraction effects, structural models, experimental conditions 

and instrumental parameters into account. It also generates direct feed- 

backs at each step of the refinement allowing one to choose the right sets 
of parameters to refine. It would be difficult to cover all the details of 
a full refinement instead this section proposes a general strategy for the 

refinement of constant wavelength and time of flight NPD data from a non- 
magnetic sample. Guidelines of a Rietveld refinement for XRD data can 
be found in (Von Dreele et al., 1982, Toby, 2001, Dinnebier and Billinge, 
2008, Walker, 2008). In general for each phase two sets of parameters are 
to be considered: profile and structural parameters. Profile parameters 
are instrumental parameters such as the zero position of the detectors, the 
background, and the peak shape functions, but also the sample geometry 
and unit cell parameters while structural parameters consists of atomic po- 
sitions, fractional occupancies and thermal parameters. The least-square 

refinement is achieved by minimizing the function M: 

M wi [yi (obs) - yj (calc)]' (3.76) 

The summation is done over all the intensity points, yi, (observed or calcu- 
lated) of the pattern with their relative weight wi. The quality of a least 

square refinement can be directly monitored by the difference plot between 
the calculated - observed patterns combined with the minimization of the 
residual weighed-profile, R,, p, and the reduced, X2, value: 

Rwp wi [yi (obs) - yi (ca1C)12 )1/2 

(3.77) Ei wi [yi (obs)]2 

Rexp =N 
N-P 

)1/2 

(3.78) 
(Ei 

wi[yi(obs)12 

x2= 
R�, p (3.79) R, xp 
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3.5. Structural Characterisation and Spectroscopy 

N is the number of observations and P is the number of parameters refined. 
The difference plot can give an idea of the parameters to refine and should 
always be computed at each step of the refinement. Other R values based 

on the calculated and observed structure factors Fhkl are also available: 

RF ý 

Ehkl lFhkl(obs) - Fhkl(calc) 1 (3.80) 
EhkilFhkl(obs) I 

RB : -- 

EhkllIhki(obs)- Ihkl(calc) 1 (3-81) 
Ehkl I Ihk, (obs) I 

With: 
ý2 (3.82) Ih, k, l ý MFh, k, l 

m= multiPlicity (Cox and Papoular, 1996). 

In general, a good refinement starts with a good quality sample and data 

appropriately collected. Profile parameters such as instrumental parameters 
are usually obtained from a standard sample under the same experimental 

conditions. Unit cell, background, detector positions, scale factor and profile 
function parameters are first to be refined. Then once all the observations 

are indexed, the atomic parameters can vary. They fix the relative position 
and height of each indexed peak. Atoms with the highest cross section are 
to be refined first. At the beginning of the calculation, it is essential to 

allow only one or two parameters to vary at the same time as they tend to 
be highly correlated (correlation matrix). As the refinement progress more 
and more parameters can vary simultaneously. Some geometric constraints 
can also be added to describe better the sample. 
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Chapter 4 

Carbon Nanostructures For Hydrogen 
Storage 

Herein results from a series of experiments on carbon materials will be re- 

ported and discussed. The aim was to synthesize GNF samples and to 

investigate potential engineering routes to enhance hydrogen interactions 

with graphitic nanofibres either by adding hetero-atoinic species within the 

carbon network or by increasing the specific surface area available. The 

advantages and inconvenients of such methods will be discussed regarding 
their flexibility in design and their application for possible scaling-up. First 

results of a commercial activated carbon will be given for comparison pur- 

poses. 

4.1 Results 

Activated Carbon 

A Maxsorb activated carbon sample with a high BET SSA of 3182 m2 g-I I 
was measured using 7 points within the 0.04-0.28 -P- linear region (Fig- 

PO 
ure 4.1). The pore size was found to be less than 25.7 A. Excess hydrogen 

gravimetric uptakes up to 5.1 wt. 115 of a commercial activated carbon sample 
(Maxsorb) are reported on Figure 4.2. This is typical isotherm type I for mi- 
croporous materials showing reversibility regarding adsorption/desorption 
phases and no hysteris. 
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Figure 4.1: BET plot of activated carbon sample ('\Iaxsorb) within the 0.04 
0.28 -L linear region. PO 
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Figure 4.2: Hydrogen isotherin for activated carbon , imiple (Maxsorh) 
at 77 K and 20 bar. 

4.1.2 As-Prepared GNFs 

A scries of non-doped GNFs were synthesized by CVD using a Illixtilre 
of ethene and hydrogen at a constant molar ratio of 80: 20 and vilriolls 
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1. Results 

temperatures. Two metal catalyst precursors, NiO and C0304, were used. 
TEM images of as prepared Ni-550 and Co-550 are shown in Figures 4.3 

and 4.4 revealed in both cases a higher content of herringbone type GNFs- 

The surface topology of the herringbone fibres within Ni-550 was serrated. 
These were used for the exfoliation experiments (see section 4.1.4). 

pr 
b) 

Figure 4.3: TEM images of Ni-550 as prepared herringbone GNFs- 

Figure 4.4: TEM images of as prepared platelet GNFs: a) Ni-550 and b) Co-550. 

Figures 500 'C, 550 'C, and 600 'C. In both cases, the main peak was 
found at 26.0 0 which corresponds to the graphitic (002) plane, with a 3.354 
A d-spacing. The other peaks at 44.53 ', 51-93 ', 76.41 u, and at 44-17 

51.46 ', 75.82 0 respectively confirm the presence of Ni and Co metal 
catalysts in the final product. (004) can also be observed at 43 '. 
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4. CARBON NANOSTRUCTUIlEs FOR HYDROGEN STORAGE 
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Figure 4.5: a) XRPD of Ni-500, Ni-550and Ni-600.1)) XRPD of Co-500, Co-550. 
Co-600. The data were collectedat room temperature. Baselines were subtracted. 

The CVD results and sorption propertics of each siunple are reported in 

Table 4.1. The highest yields (carbon inass to catalyst precursor inass ra- 

tio) were obtained at 550 T with 3.42 g and 1.90 g respectively for NiO 

aiid C0304 using approximately a constant weight of 50 ing of catalyst, pre- 

cursors. Sample nomenclature will be reported as catalyst and followed by 

CVD temperature, (,.! j.: Co-550 will refer to a GNF sample obtained using 
Co: ýO. j catalyst precursor at 550 T. The crystallite size analysis were made 

over 4 GNFs samples, therefore only qualitative conchisions can be drawn 

froin it. Hydrogen isotherms for Ni-600 and Co-550 are reported in Figures 

4.6a and 4.61). These are representative isotherms of the GNFssYnthesized. 

All the isotherins obtained were type 1. Ni-600 isotherin does not, recover 
the initial sample weight after desorption which is probabl. y due to a kinctic 

effect. Therefore. we will suppose that the hy(lrogen adsorption/desorption 

mechanism is fully reversible. The step during the adsorption phase in Fig- 

ure 4.61) is an experimeiital artefact. Both GNF sal"Ples exhibit low excess 
hydrogen graviinetric uptakes ca. 0.28 and 0.20 wt. YO With low BET surface 
areas ca. 56.56 1112., -I and 45 1112.9-1 respectively -, vithin the 0.08 0.32 -L pu linear region with 6 imilti-points BET (Figure. 4.7). The BET plot is also 
representative for the general trend of the GNFs synthesized. For Ni-600, 

the average pore size was found similler than 13.5 A. The average pore vol- 
uine was 2.8.1()2 C1113.9- 1. 
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4.1. Results 

Table 4.1: Non-doped GNF growth parameters. BET surface area measurements 
and H2 uptakes at 77 K and 20 bar are reported. 

Catalyst Temperature Catalyst Carbon BET H2 

Sample precursor (11C) weight yield SSA uptake 
(g) (g) (M2. g - 1) (Wt. 70) 

Ni-500 NiO 500 0.0507 2.19 0.28 
Ni-550 NiO 550 0.0580 3.42 - 0.27 
Ni-600 NiO 600 0.0512 2.82 57.56 0.27 
Co-500 C0304 500 0.0516 1.20 - 0.21 
Co-550 C0304 550 0.0517 1.90 45.10 0.20 
Co-600 C0304 600 0.0538 0.14 - - 

0.30- 

0.25- 

0.20- 

Adsorption 
D-rpt, nn 

(P 
c 

x 0.00 F 
0s IQ 

Pressurt I bar 

0.25 

10.20 

0 
0-0.15 

0.10 

LOS 

0.00 

(a) (b) 

Figure 4.6: a) Hydrogen isotherm of Ni-600 and b) Hydrogen adsorPtion curve 
of Co-550 measured at 77 K and 20 bar. 

4.1.3 Nitrogen Doped GNFs 

Nitrogen doping experiments were carried out using mixtures of ethylamine 

or diethylamine, as a carbon-nitrogen (CN) source, with and without ethene 
in the feedstock at CVD temperatures of 500')C and 550 'C. Sample nomen- 
clattire includes the feedstock gases where EA and DEA refer to ethylanune 
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CARBON NANOSTRUCTUREs Foii HYDROGEN STORAGE 

zW1! c 3i ýz ý 4': 

Figure 4.7: BET plot of Ni-600 within the 0.08-0.32 -P- linear region. PO 

and diethYlainine respectivelY, c. g.: EA-Ethene-Ni-500 refers to a G-NF saiii- 

ple obtained using ethylainine/ethene feedstock over a NiO catalyst precur- 

sor M, 500 "C'. In Figures 4.8,4.9a an(l 4.91). diffraction lines, corresponding 

to Co and Ni are more intense for low yield G-NFs and for N-doped G. NFs 

obtailic(l with ctily1mililic as the only CN source while thc (002) diffraction 

peaks are ])road and Nveak. The opposite trend Nvas found for N-doped G-NFs 

oboined with a mixture of ainine and ethene. The TENI and SAD analvsis 

shown in Figure 4.10 revealed a high herringbone type content within EA- 

Ethene-Ni-500. and DEA-Ethenc-Ni-550, while inore platelet GNFs were 
f0und within IJA-Eýtlicii(-CO-550 sample with a topology diftcrent From the 

platelet", follild earlier With the mi(loped GNFs Ni-5.50 and jilliple,. 

In Table 4.2 N-doping 1(, %-(, Is, BET surfaceareas and llý'drogcn uplakes are 

reported. The N atomic conteifts obtained bY CHN analYsis were bvt%N-(, (ýjj 
0.95 V and 3.32 V with t, he high N contents corresponding to low N-i(, I(I 

samples. Hydrogen isotherms of representative N-doped GNFs are showl, 
in Figures 4.11a and 4.111). These tYpe I isotherms showed full reversibility 

with respect to the hydrogen adsorption With 110 hysteresis as the illitial ga's 
free sample weight is retrieved at the end of the desorption plmsc. 
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1. Results 
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Figure 4.8: XRPD of the as prepared EA-(Ethene)-Co- samples. The data were 
collected at room temperature. Ba-selines were subtracted. 
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Figu re 4.9: XR, PD of the as prepared EA -Ni- an d EA-Ethene-Ni- samples. The 
data were collected at room temperature. Baselines were subtracted. 
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. ý-- kh-N 
13 

Figure 4.10: TETM iniages: it) Herringbone type EA-Ethene-Ni-500 and b) 

Platelet type EA-Ethene-Co-550. c) TETM iniage of herringbone type DEA- 

Ethene-Ni-550. 

Table 4.2: N-doped GNF growth parameters using a mixture of ethviamine. 
ethene and hydrogen. BET surface area H2 weight uptakes and N n1(,, LSiu, (, - 
inents are also reported. 

Catalyst Sample N BET H2 

Sample precursor yield atomic SSA uptake 
Weight (g) (g) content (1112., -1) 

0 
(,, Vt. % 

EA-Ethene- i-500 0.0507 1.60 0.95 180 0.35 
EA-Etliene-Ni-550 0.0580 0.35 2.45 - - 
EA-Etliene-Co-500 0.0516 1.37 0.97 - - 
EA-Ethene-Co-550 0.0517 1.30 1.68 189 0.38 

DEA-Etliene-Ni-500 0.0510 1.13 1.60 180 0.38 
DEA-Ethene-Co-500 0.0500 0.70 3.32 203 0.41 

Ads., Vti.. 
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Figure 4.11: a) Hydrogen isotherm of EA-Ethene-Co-550 measured at 77 K and 
20 bar. b) Hydrogen isotherin of DEA-Ethene-Ni-550 ineasured at 77 K and 20 
bar. 
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1. Results 

4.1.4 Exfoliation of Intercalated GNFs 

Intercalatc(l compoun(Is of graphitc flakes ( University of Salford) Ni-550 

and EA-Ethene-Co-550 were exfoliated via thernial shock at different tem- 

peratures. Ni-550 and EA-Ethene-Co-550 were chosen because of their ser- 

rated surfaces. TEM iiiiages in Figure 4.12 shows the general effect of 
the intercalation and exfoliation process upon the morphology of the GNFs 

treated with a clear change of the GNF outer surface compared to the as- 

prepared material. A general consequence of it was that it was not possible 
to perform a clear SAD analysis from the exfoliated and intercalated GNFs- 
The XRPD patterns of I-Ni and I-Co showed a small shift of the (002) peak 
from 26.02 ' to 24.40 ' and 25.57 ' respectively corresponding to changes in 

the d-spacing fron-i 3.42 A to 3.64 A and 3.48 A. Both (002) peaks showed 

a loss of intensity compared to the starting materials. After exfoliation 
their intensity increased but also shifted back to 26', for all the exfoliation 
temperatures (Figures 4.13a, 4.13b and 4.14). Table 4.3 reports on the 

sorption and structural characteristics obtained from gravinietric, BET, and 
XRPD rneasurements of as-prepared, intercalated and exfoliated samples. 
Sample nomenclature includes either the exfoliation temperature followed 
by the type of GNF exfoliated (e. g.: E700-Ni (Co) refers to Ni-550 (EA- 
Ethene-Co-550) exfoliated at 700 'C) or the intercalation of GNFs (e. g.: 
I-Ni (Co) corresponds to Ni-550 (EA-Ethene-Co-550) intercalated). The 

b) 

200nm 

Figure 4.12: TEM images: a) As prepared I-Ni and b) herringbone type EIOOO- 
Ni. 

BET SSA and the hydrogen sorption properties (Figure 4.15) of the inter- 

calated and exfoliated GNFs were higher than that for the starting GNFs, 
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Figure 4.13: a) XR, PD of E700-Ni, E800-Ni, E900-Ni, EIOOO-Ni and I-Ni. b) 
XRPD of I-Co and EIOOO-Co. Tlie data were collected at room temperature. Base- 
lines were subtracted. 

6000 Raw graphite flakes 
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Figure 4.14: XR, PD of m-prepared, intercalated, and exfoliated gniphit(ý flakc". 
The data were collected at room tenipci-ature. The intewsitv for the raw graphite 
flakes was reduced by one order of magnitude for comparison. Baselines Nvere 
subtracted. 

the, SSAs being an or(ler of magnitude higher. This general trend seems 

also to be independent of the GNFs vised and the exfoliatioil temperature. 
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4.2. Discussion 

Table 4.3: Sorption and structural properties of as prepared, intercalated, and 
exfoliated carbon compounds. 

Sample 
BET 
SSA 

(M 2.9-1) 

H2 

uptake 
(Wt. 

IWO 

d(002) 

E700-Ni 314 0.48 3.39 
E800-Ni 353 0.49 3.39 
E900-Ni - - 3.39 
EIOOO-Ni 355 0.48 3.40 
EIOOO-Co 244 - 3.40 

I-Ni 130 0.29 3.64 
I-Co 120 - 3.48 

Graphite 45 - 3.36 
E-graphite 250 - 3.38 
I-graphite 55 - 3.36 

S 

. 21 
1 

10 

Figure 4.15: Hydrogen adsorption curve of as prepared EIOOO-Co. The data were 
collected at 77 K and 20 bar. 

4.2 Discussion 

For all GNFs synthesized, the crystallinity and the surface topology are key 

parameters as hydrogen adsorbents. The crystallinity of the graphitic planes 
is directly related to the shape, intensity, integrated area and position of 
the (002) peak which is often the main peak detected. Similar conclusions 
can be drawn from (004) peak. For instance the crystallite size analysis 
reported in Table 4.4 shows that Ni-500 and Ni-600 exhibit higher crys- 
tallinity than Ni-550. The trend is easier to follow with Co-GNF series as 
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4. CARBON NANOSTRUCTUREs FOR HYDROGEN STORAGE 

their crystallinity increases with the temperature. This would either suggest 
a different catalytic behaviour of the carbon source with the metal catalyst 
(De Jong and Geus, 2000). One can also notice a different behaviour for 

peaks related to Ni and Co metal catalysts. At a given temperature the car- 
bon source decomposes faster (or slower) on one side of the metal catalyst 
than the carbon forms into graphitic layers on the other side of the metal 
catalyst which leads to smaller crystalline domains. This highly depends 

on the carbon-source and the metal catalyst used. For instance in order to 
improve the crystallinity of undoped GNFs, one would avoid temperatures 

close to 550 'C for Ni and higher than 600 'C for Co. However, such crys- 
talline domains are still very small compared to highly crystalline materials. 

Table 4.4: Crystallite size analysis for undoped GNFs from XRPD data using 
gaussian profiles of the (002) reflection. 

Sample Center 
(0) 

Integrated 
area (a. u) 

FWHM Maximum 
Intensity (a. u) 

Crystallite size 
Laue (nm) 

Ni-500 26.07 1649.59 1.94 797.55 0.76 
Ni-550 25.99 3292.60 2.28 1357.84 0.65 
Ni-600 26.08 3655.28 1.92 1784.08 0.77 
Co-500 25-94 2088.03 2.19 894.70 0.68 
Co-550 25.96 2707.02 1.88 1352.06 0.79 
Co-600 26-10 645.32 1.60 379.31 0.93 

Similar conclusions can be drawn for the N-doping experiments. The 
N-doped GNFs synthesized using a mixture of amines and ethene with Ni 

and Co catalysts have bigger crystalline domains at temperatures close to 
550 'C, although the use of the amine and ethene mixture does not affect 
the crystallinity of the N-doped GNFs using a Co catalyst. In general, 
the use of amine as the only CN source was not sufficient to yield decent 

amount of samples even though the crystallinity was similar to N-doped 
GNFs obtained with the amine/ethene mixture. This might be due to a 
higher local presence of N during the CVD process hindering the formation 

of more regular graphene layer. The TEM analysis also confirmed a very 
close surface topology between the sets of samples with mainly a serrated 
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surface. The N-doped GNFs did not exhibit any significant improvement of 
the hydrogen storage capacity but only an increase of the BET surface area 

compared to the as-prepared GNFs. In the first instance this could be due 

to their serrated surface. However, the role of the N species is not entirely 

clear. It is, therefore, essential to be able to locate the interstitial and/or 

substituted N species in the carbon structure (Nevidomskyy et al., 2003, 

Terrones et al., 2004) in order to identify their role upon the sorption prop- 

erties. The mixture ethene with different amines has not been successful. 

Table 4.5: Crystallite size analysis for N-doped GNFs from XRPD data using 
Gaussian profiles. 

Sample 
Center 

(0) 
Integrated 

area 
(a. u) 

FWHM 
(1) 

Maximum 
Intensity 

(a. u) 

Crystallite 
Size 

Laue (nm) 

EA-Ni-500 26.05 2194.43 2.37 1036.97 0.67 
EA-Ni-550 26.13 2199.28 2.01 925.51 0.75 
EA-Ni-500 25.89 2873.81 2.32 1163.32 0.64 

EA-(ethene)-Ni-550 25.95 1354.87 2.01 632.19 0.74 
EA-(ethene)-Ni-600 26.22 709.27 2.35 283.13 0.63 

EA-Co-500 25.85 1373.09 2.15 598.75 0.69 
EA-Co-550 26.25 655.92 2.08 296.81 0.72 
EA-Co-600 26.47 661.65 2.38 261.49 0.62 

EA-(ethene)-Co-500 25.87 1964.93 2.18 845.94 0.68 
EA-(ethene)-Co-550 25.96 2316.17 2.21 983.61 0.67 
EA-(ethene)-Co-600 26.03 1607.92 2.35 642.57 0.67 

The CHN analysis revealed relatively high N-doping contents ca. 10 % 

using the amines as the only carbon-nitrogen. This was also characterized 
by poor yields. The amount of N-doped GNFs synthesized significantly im- 

proved when using a mixture of ethene with amines but also with a lower 

N-doping level and a maximum of 3 %. The N-doping method used in this 

work relied on the decomposition of different organic precursors. Earlier 

work by Yang et al. and Xia et al., successfully reported on N-doping carbon 
zeolite template using CVD procedure with acetonitrile (Xia and Mokaya, 
2004, Xia et al., 2005, Yang et al., 2005b). They managed to incorporate N 
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species with up to 8% and keeping the surface area of the zeolite template 

around 1900 rn 2. g-1. The N-doping levels achieved in our work are com- 

parable with those reported in the literature and using a similar method. 
Shalagina et al. also synthesized GNF usingC2H4: NH3 mixture with aN 
doping level up to 7% (Shalagina et al., 2007). The thermal decomposition 

of an organic precursor during CVD or a post-treatment of carbon ma- 
terials under N2 atmosphere requires relatively high temperatures usually 

above 500 OC to allow catalytic activity or breaking of nitrogen molecules 
(ca. 280 U) (Badzian et al., 2001). Choi et al. and Tang et al. suggested 
that the N species were not stable at these temperatures on a graphene and 

proposed instead a new N-doping method at lower temperatures using a 
two step condensation reaction and a glassware reactor achieving up to 50 
% of N content (Tang et al., 2004, Choi et al., 2005). In general, a lot of 

work has been reported on N-doping on carbon based materials for hydro- 

gen storage, although to our knowledge there was no systematic theoretical 

work showing the real effect of the N atomic position within the carbon 
network and the best C: H ratio required to enhance H interactions. 

Intercalation experiments were performed on undoped and N-doped GNFs 

using a mixture of nitric and sulfuric acids. No peak at low angle on the 
XRPD patterns was observed which suggests that no obvious ordered inter- 

calation staging occurred (Dresselhaus and Dresselhaus, 2002). However, 

this was also true for the graphite flake sample, which visually showed a 

very large volume expansion upon thermal shock, evidence that intercala- 

tion had occurred. The success of the exfoliation method highly depends on 
the degree of intercalation prior to thermal shock. The thermal treatment 

aimed at very rapid degassing of the intercalated species in the hope to leave 

a stable expanded host structure. Table 4.6 shows very small crystalline 
domains for exfoliated GNFs similar to as-prepared GNFs and smaller in 

the cases of intercalated GNFs. The change in crystallinity is evidence for 

some intercalation disrupting the ordered stacking of the graphene layers. 
The heat treatment after intercalation helps with the graphitization of the 
GNFs. This is observed as the crystallite size increases with temperature. 

The intercalation process was not obvious because of the heterogeneous 
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Table 4.6: Crystallite size analysis for exfoliated and intercalated GNFs from 
XRPD data using Gaussian profiles. 

Center Integrated FWHM Maximum Crystallite 
Sample (0) area (0) Intensity Size 

(a. u) (a. u) Laue (nm) 
E800-Ni 26.21 2231.85 2.19 956.29 0.68 
E900-Ni 26.35 3088.92 2.44 1188.67 0.61 
E1000-Ni 26.14 3214.26 1.71 1757.10 0.86 

I-Ni 26.60 1137.93 4.29 248.99 0.34 
E1000-Co 25.47 2052.74 3.65 528.96 0.80 

I-Co 26.08 3475.07 1.87 1749.10 0.41 

GNFs obtained by CVD. The GNFs used for exfoliation mainly contained 
mixtures of platelets and herringbones fibres with different length, diam- 

eter, and topology. The intercalation/exfoliat ion conditions were verified 
as being effective, as demonstrated using crystalline graphite flakes which 
showed a large volume expansion open after thermal shock. Using these very 
same conditions, there was less obvious volume expansion observed. Inves- 
tigating the morphology of the GNFs after thermal shock showed that the 

nanofibres had lost their characteristic shapes. This indicates that some ex- 
foliation occurred, although it is reasonable to assume that this was limited 
to the surface of the GNFs. Hence it would appear that the intercalation 
was limited to only the surface. An obvious difference between the GNFS 

and the graphite flakes are the degree of crystallinity. It is very likely that 
the less planar graphene sheets found for the GNFs create a higher energy 
barrier to the diffusion of ions in between the layers. The defects within 
the layers may form stronger interactions with adjacent layers making it 
harder for the interlayer spacing to be increased. Or these defects may af- 
fect the delocalised7r-system, affecting the charge transfer from the ions to 
the layers. The sorption properties of the exfoliated GNFs showed a little 
improvement compared to N-doped and undoped GNFs, and an increase of 
the BET surface area. However these values are still significantly lower than 
that for Maxsorb reported earlier. AC compounds are microporous materi- 
als with high surface area which allows them to have exceptional sorption 
properties (Hirscher and Panella, 2005, Yang et al., 2005b, 2007). Rom a 
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topological point of view, GNFs are inert materials, with little porosity and 
low surface area where H2 molecules are only physically adsorbed onto the 

surface rather than chemically reacting with it. Pradhan et al. determined 

the location of adsorption sites onto a bundle of CNTs with preferential 

adsorption starting with the channel, the groove, the pore and the surface 
depending on the surface area available (Pradhan et al., 2002). From a 

geometric point of view, this adsorption site distribution is also valid for a 
bundle of GNFs except with the hollow centre. In practice inelastic neutron 

scattering experiments showed that the binding energies between a carbon 
host and a H2 molecule were rather weak (Brown et al., 2000, Georgiev 

et al., 2004, Mitchell et al., 2004). It is clear that the increase of the sur- 
face area and the number of micropores will be a very difficult route to 

reach sorption properties equivalent to AC compounds. Instead another 

possibility would be the creation of specific adsorption sites with metal cat- 

alysts usually transition metals such as Pd, Pt or Ti. These hetero-atornic 

species would either increase the binding energies for H2 molecules (strong 

physisorption) or dissociate H2 (Brown et al., 2000, Georgiev et al., 2004, 

Mitchell et al., 2004, Yildirirn and Hartman, 2005). 

4.3 Conclusions 

Undoped GNFs were successfully produced by CVD using two different 

metal catalysts and show similar sorption properties as reported in the 
literature. The integration of hetero-species via N-doping gave N-doping 

content also comparable to data from similar experiments already reported 
but with a change of the surface topology compared to the as-prepared 
GNFs. The sorption investigation of the N-doped GNFs showed low hydro- 

gen capacities and of the same order as the as-prepared GNFs. In order to 
increase the surface area and increase the number of adsorption sites, GNFs 

were intercalated and exfoliated. The study of their sorption and structural 
properties, revealed an increase of the surface area while no significant im- 

provement of the hydrogen uptakes compared to the starting materials. 
This was explained by the mixture of less ordered platelet and herringbone 

types GNFs. In practice, it was found difficult through these strategies to 

narrow the micropore size distribution and to increase the BET surface area 
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for the GNFs. Highly crystalline carbon based nanostructures would unde- 

niably allow an easier hetero-species enrichment and ion diffusion through 

the graphitic interlayer and a more homogenous thermal behaviour. 
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Chapter 5 

Metal-Organic Frameworks 

This chapter will present and discuss the results from the investigation of 
Cu (II) - frameworks. The work will help to better understand sorption 

properties of a series of highly crystalline and homogenous MOF samples 

with exceptional sorption properties. Combining traditional and more so- 

phisticated techniques, new insights of the hydrogen interactions with the 

host structure will be given. 

5.1 Introduction 

MOF compounds exhibit high crystallinity and great flexibility in pore de- 

sign which is a great advantage compared to activated carbons and car- 
bon nanotubes (see section 2.5). This chapter reports on the investigation 

of molecular hydrogen interactions with three copper (H) - frameworks: 

NOTT-100, NOTT-101, and NOTT-102 (Figure 5.1) provided by the re- 

search group of Prof. Martin Schr6der from the School of Chemistry at the 
University of Nottingham. The samples are part of a series of MOF com- 

pounds based on copper paddle-wheel units connected by different organic 
ligands (Lin et al., 2006b, Lin, 2008, Lin et al., 2009). In these investiga- 

tions, Lin et al. showed the nature of the linker could significantly affect 
the sorption properties using volumetric and gravimetric measurements. 
The present work aimed at providing a detailed map of the adsorption site 
distribution and a better understanding of hydrogen behaviour within the 
first three samples of the MOF series combining neutron techniques. X-ray 
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power diffraction (XRPD) experiments were performed prior to the neu- 
tron experiments in order to confirm the quality and integrity of the solvent 
free samples. The neutron data were collected at two neutron facilities 

the National Institute of Standards and Technology - Center for Neutron 

Research (NIST-CNR, Gaithersburg) and ISIS- R utherford Appleton Lab- 

oratory (Oxford, UK) combining neutron powder diffraction (NPD) and 
inelastic neutron scattering (INS) techniques. 

5.2 Materials 

Three Cii (11) - frameworks MOF-505 (NOTT-100), NOTT-101. and NOTT- 
12 were investigated. These samples exhibit the sanie cage structure with a 
spherical and an elliptical cage as shown in Figure 5. L Each spherical cage 
is surrounded by eight elliptical cages. Each elliptical cage shares the two 

axial and six equatorial windows of the spherical cage. An ellipsoidal cage 
is surrounded by eight spherical cages sharing the two axial windows and 
three elongated windows in the upper half and three in the lower half of the 
cage. HKUST-1 is also introduced for comparison purposes. HKUST-l is 

a very similar Cu (11) - framework which is a plienyl-L 3.5- t, ricarboxy late 

or Cu-BTC (Chui et al., 1999). It also exhibits a spherical cage and a sec- 
ondary cage connected by similar triangular windows as in the NOTT-100 

series (Figure 5.2) , alt hough t here are significant differences in t lie st ruct tire 
of these cages because of the organic linker in HKUST-1. A spherical cage 
is surrounded by eight secondary cages connected by a triangular window 
and six other spherical cages connected by a square window formed by four 
paddle wheel units. Its secondary cages are formed by six paddle-wheels 
connected by phenyl rings and four carboxylate groups. 
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NOTT-100 NOTT-101 

Figure 5.1: From the left NIOF-505 (NOTT-100), NOTT-101, and NOTT-102 

cage structures with elliptical (grey sphere) and spherical (yellow sphere) cages. 
Bond colour code: Blue: Copper, Grey: Carbon, Red: Oxygen. No hydrogen 
for clarity. Crystal structures were obtained from (Lin et al., 20061)). Image 

generated using DIAMOND software. 

V 

I 

Figure 5.2: On the right: HKUST-1 cage structure with spherical (grey sphere) 
and secondary (kaki sphere) cages. On the left: triangular windows common to 
HKUST-1 and NOTT-100 series. Bond colour code: Blue: Cu, Red: 0, Grey: 
C. No hydrogen bonds for clarity. Crystal structure obtained from (Chui et al., 
1999). Image generated using DIAMOND software. 
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5.3 Results 

5.3.1 X-Ray Powder Diffraction 

XR, PD experiments oit the NOTT-100 series were carried out prior to the 

neutron experiments to confirm the quality and integrity of the desolvated 

samples and compared with simulated patterns. The XRPD ineasurements 

on NOTTIOO, NOTT-101 and NOTT-102 were performed and repeated by 
Dr. Xiang Lin (Figures 5.3.5.4a, and 5.41)). The simulated patterns were 
obtained using the crystallographic data available mid Xlercury 2.2 by the 
Cambridge Crystallographic Database Centre (Caiiil)ridgeCr. Nýstallogral)liic- 
DataCentre, 2008). 

NMI 
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Noww" 
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Figure 5.3: Comparison of the simulated using Mercury 2.2 and the experimental 
XR, PD patterns of the solvent free NOTT-100 degassed at 130 'C. 
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Figure 5.4: Comparison of the simulated using Mercury 2.2 and experimental 
XRPD patterns of the solvent free NOTT-101 (a) and NOTT-102 (b) degassed 
at 140 'C. 
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5.3. Results 

5.3.2 Neutron Powder Diffraction 

The NPD data were collected with good statistics for NOTT-101 on BTI 

and NOTT-102 on GEM with various D2 gas loadings and are shown in 

Figures 5.5a and 5.5b respectively. The structure of the host framework 

material of each Cu (11) - framework was obtained from previously reported 
X-ray single crystal experiments (Lin et al., 2006b). There were neither ex- 
tra fcaturcs nor significant peak shifts witIj D2 loadings suggesting that the 

structure of the host material was not affected significantly after adsorption 

of D2 gas. 
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Figure 5.5: a) NPD patterns of the desolvated NOTT-101 with various D2 gas 
loadings per Cu site collected on BTI at 4 K. No error bars. b) NPD patterns 
of the desolvated NOTT-102 with various D2 gas loadings per Cu site (forward 

scattering bank). The data were collected on GEM at 4 K. No error bars. 

Tile refinements of the gas free samples were in excellent agreement 
with the crystallographic data available (Figure 5. G). The differential 

nuclear scattering density Fourier map (Figure 5.7) extracted from each 
NPD pattern clearly led to three identifiable adsorption sites populated 

on NOTT-101 while NOTT-102 revealed four preferential adsorption sites 
(Figure 5.8). 
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Figure 5.6: a) Bare NOTT-101 and b) NOTT-102 Rietveld refinenient as im- 

plemented within GSAS-EXPGUI (forward scattering bank). The data were 

collected on BTI at 4 K. No error bars. 
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Fioure 5.7: Difference nuclear scattering density Fourier map (yellow) showing 0 
sites A and B within the triangulir window common to NOTT-101 and NOTT- 
102. Colour code: Blue: Cu, Red: 0, Grey: C. No hydrogen atonis shown for 

clarity. One copper-paddle wheel was removed. Image was obtained using the 
visualization prograin VESTA (Moinina and Immi, 2008). 

Tables 5.1 and 5.2 summarize the results from the Rietveld refinements 

with general good agreement between the sinnilated patterns and observed 
data. Tables 5.3 and 5.4 also show that at similar surface coverage the 

adsorption site distribution found within each NOTT compounds is very 
close. Site AI, 2. BI, 2 and CI, 2 will be referred to site A. B and C iv- 
spectively for NOTT-101 mid NOTT-102. The Cii (11) centre (sites A1.2 
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frI 
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Figure 5.8: NOTT-101 and NOTT-102 D2 adsorption sites identified in the ellip- 
tical (grey sphere) and spherical (yellow sphere) cages. Top right: view fro", the 
elliptical cage looking at the top of the, spherical cage, site BI, 2 is in the III'ddle 
of the window between to the three phenyl rings. Site CI, 2 is Obscured by site 
BI, 2. Bottom right (one paddle-wheel was removed for clarity): site AJ, 2 is to the 

copper centre inside the spherical cage, site B1,2 is at the bottom of the elliptical 
cage close to the phenyl rings and site C 1,2 is on the same 3-fold axis of site Bi 

within the spherical cage. There was an extra site D2 just above site Ai, 2 (tOP 

right one site D2 was removed to reveal site AI, 2). Bond colour code: Blue: Cu, 
Red: 0, Grey: C. No hydrogen atoms shown for clarity. 

within NOTT-101 and NOTT-102 respcctively) was folilid to be Hic first, 

site populated with a Cu-D2 (centroid) distance 2.5 A and 2.4 A, the D2 
being located at the apex of a distorted square base pyramid (Figure 5-8). 
The second adsorption site (sites B1,2) is located at either end of the el- 
liptical cage co-ordinating to the three phenyl rings which, along with the 

copper paddle wheel units, form a 3-fold symmetrical window between the 

spherical and elliptical cages. The third adsorption site (sitesCI, 2) is on the 

same three-fold symmetry axis as sites BI, 2, but within the spherical cage 
and close to the six oxygen atoms on the copper paddle wheel units. For 
NOTT-102, a fourth site, D2, was shown to be above site B2 close to the 
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hydrogen atoms. It is also found that no adsorption site was fully occupied 
during the D2 loading even at the last high surface coverage as shown by 
Tables 5.5 and 5.6. The distances site to site are reported in Tables 5.7 

and 5.8. No physical constraints were used during the Rietveld refinements. 
Instead we allowed the D2 molecules to move freely. 

Table 5.1- Unit cell parameters for NOTT-101 determined by Rietveld refinement 
for each D2 gas loading and goodness of fit. 

D2/CU Lattice parameters (A) 
ac 

-Background 
Rwp (%) Rp (%) 

Dwd X2 

0.0 18-6263 38.5969 2.80 2.13 0.990 1.198 
0.46 18.6227 38.5950 2.94 2.20 1.183 1.020 
0.91 18.6240 38.6303 2.99 2.49 1.063 1.175 
1.82 18.6152 38.6589 3.6 2.84 1.072 1.093 
2.73 18.6201 38.6352 4.41 3.2 0.714 1.8 

Table 5.2: Unit cell parameters for NOTT-102 determined by Rietveld refinement 
for each D2 gas loading and goodness of fit. 

D2/CU Lattice parameters (A) 
aC 

-Background 
Rwp (%) Rp (%) 

Dwd X2 

0.0 18.5698 52.3011 0.99 1.07 0.696 3.547 
0.5 18.5630 52.3380 1.13 1.22 0.577 3.648 
1.0 18.5585 52.3823 1.42 1.46 0.506 5.055 
2.0 18.5482 52.4190 1.72 1.81 0.376 6.904 
3.0 18.5472 52.4060 2.27 2.38 0.277 9.449 
5.0 18.3650 51-9151 2.60 2.80 0.272 5.870 
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Table 5.3: Fractional atomic positions and thermal parameters at 3.0 D2 per Cu 
within NOTT-101. 

Adsorption Fractional Atomic Positions Uiso 
sites x y z 

Site A, 0.1383 0.5691 0.0776 0.027 
Site B, 0.6666 0.3333 0.0763 0.147 
Site C, 0.3333 0.6666 0.0177 0.085 

Table 5.4: Fractional atomic positions and thermal parameters at 3.0 D2 per Cu 
within NOTT-102. 

Adsorption Ractional Atomic Positions Uj", 
sites x y z 

Site A2 0.1003 0.8998 0.8906 0.027 
Site B2 0.6666 0.3333 0.1040 0.0135 
Site C2 0.6666 0.3333 0.1785 0.0128 
Site D2 0.7657 0.2342 0.0746 0.0351 

Table 5.5: Fractional occupancies for NOTT-101 adsorption sites at 3.0 D2 per 
Cu within NOTT-101. 

Adsorption Fractional Occupancies 
sites 0.46D2/CU 0.91D2/CU 1.82D2/Cu 2.73D2/CU 

Site A, 0.3223 0.5446 0.7206 0.806 
Site B, 0 0.1104 0.1802 0.3331 
Site C, 0 0 0.2486 0.3233 

Table 5.6: Fractional occupancies for NOTT-102 adsorption sites at 3.0 D2 per 
Cu within NOTT-102. 

Adsorption Fractional Occupancies 
sites 0.5 D2/CU 1.0 D2/Cu 2.0 D2/Cu 3.0 D2/Cu 5.0 D2/CU 

bite A2 0.39 0.68 0.72 0.72 0.72 
Site B2 0.08 0.20 0.22 0.27 0.29 
Site C2 0.00 0.09 0.20 0.24 0.31 
Site D2 0.00 0.00 0.18 0.40 0.65 

93 



5. METAL-ORGANic FRAMEWORKS 

Table 5.7: Shortest distance site-site within NOTT-101. 
Distance site-site (A) Site A, Site B, Site C, 

Site A, 0.00 3.98 6.78 
Site, B, - 0.00 3.63 
Site C, - 0.00 

Table 5.8: Shortest distance site-site within NOTT-102. 
Distance site-site (A) Site A2 Site B., Site C2 Site D2 

Site A2 0.00 3.61 6.42 7.41 
Site B2 

- 0.00 3.69 6.31 
Site C2 

- 0.00 3.63 
Site D2 - 

0.00 

5.3.3 Inelastic Neutron Scattering 

INS data were collected for NOTT-101 using the constant wavelength spec- 

troinetcr FANS and for NOTT-102 using the tinic of flight spcOroincter 
TOSCA. The as collected INS spectra of NOTT-101 with various para-H2 

gas loadings are shown in Figure 5.9. Apparent peaks at low energy ca. 
6 iiieV and 7 iiieV were assigned to the pyrolytic graphite monochroniator 

and, therefore, were not considered further. The first loading was made 

with normal-H2 gas due to para-1-12 not available. Higher loadings were 

made with para-H2 gas. No shift in the position of the INS peaks was 

observed as the para-H2 gas loading was increased. The bare material spec- 
trum revealed two features at 7.84 meV and 11.71 meV overlapping with the 
INS features coming from the H2 dynamics as the surface coverage increases. 

The TOSCA spectra for NOTT-102 with various para-142 gas loadings are 

reported with respect to the back and forward scattering detector banks 

With S(QýW)ba, k and S(Q, W)forward in Figures 5.10 and 5.11 respectively 

where the gas free spectrum showed two distinct features at 4.78 nleV and 
8.90 ineV. As for NOTT-101 INS spectra, these peaks overlapped with those 
from the adsorbed H2- 

The INS spectra reported in Figures 5.12 and 5.13 are from a similar 
INS experiment on NOTT-102 with different HD gas loadings. Variolis 

amounts of HD gas were aliquoted from a calibrated volume to reach 0.5.1.0, 
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Figure 5.9: As collected INS spectra of NOTT-Wl with various para-1-12 "Idings 
per Cu site. The data were collected on FANS at 4 K. Error bars are. smaller 
than the symbols. The first loading wýLs made with norinal-112 gas. 

1.5,2.0,2.5, and 3.0 HD molecules per Cu. For this experiment additional 

amount, of sample was loaded into the vanadium can to reach a final sailiple 
mass of 1.940 g with a similar total beam current of 1000 pA. As for NOTT- 
101 INS spectra, no shift in the position of the INS peaks was observed as 
the para-1-12 and HD gas loading were increased. Figure 5.14 shows the 
bare material spectruin before the para-1-12 and the HD loadings normalized 
to the same amount and confirming the integrity of both samples prior to 
HD loadings. 
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Figure 5.14: As collected S(QI W)back of the gas free NOTT-102 before tile para- 
H2 (black line) and the HD (red line) experiments. The intensity of the lst sample 
has been normalized to the saine amount as for the 2 nd sample. No error bars 

for clarity. 

5.4 Discussions 

This section will discuss the neutron results obtained froin N. PD and INS 

experiments for NOTT-101 and NOTT-102. This will help to identify the 

effect of a different organic Iniker upon the physisorption inechailisin. A 

comparison will be given with those obtained on HKUST-1 (Peterson et al., 

2006. Liu et al., 2007a). 

5.4.1 Neuti-on Powder Diffraction 

Three adsorption sites were identified within NOTT-101 (Figure 5.8) and 

four within NOTT-102 with the copper site the first to be populated on 
both samples. The Cu-D2 distance found was 2.51 and 2.39 A respectively 

which are similar to that found for HKUST-1. ca. 2.39 (1) A (Peterson 

et al., 2006). It is highly probable that for a similar surface coverage, a shii- 

ilar adsorption site distribution applies to NOTT-100 although this has yet 

to be proved using neutron techniques. From a topological point of vieNV. 

the NPD results for the NOTT samples show preferential adsorption within 

the spherical cages at low surface coverage ca. 0.5 D2 per Cu (sites AI, 2)- 
The elliptical cages are also populated with sites B1,2 ý)Ut With Smaller oc- 

cupancies than site A1.2 respectively. At higher coverage third sites C1,2 

are occupied. One might think that the C1,2 sites will be blocked because 
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of occupancy of the A1,2 and B1,2 sites, but this ignores the fact that on 
dosing to a higher level the sample was heated up to 50 K, at which temper- 

attire there will be significant (liffusion of D2 gas, he. 11ce ellabling t, ll(' h1ling 

Of C1,2 sites. The filling order of sinaller. then larger, pores is consistent 

with the theory of micropore filling (Rouquerol et al., 1998). Also it was 

not possible to account for all the D2 loaded onto the NOTT samples dur- 

ing the experiments. Although the adsorption site distribution was clearly 
identified oil both compounds. nearly 20 V, of D2 gas was not accounted 
for even at high surface coverage. This is different behaviour for 1iKUST-1 

where for instance the copper site is occupied at 90 Vo at 0.5 D2 per Cu 

compared to 60 (/o for NOTT samples. A simple explanation will be given 
later with the INS discussion (see section 5.4.2). The site to site distance. s 

appear to be physically consistent with the intermolecular distances within 

solid H2 (D2) ca. 3.8 A (3.6 A) (Silvera, 1980). This was not the case with 
HKUST-1 where some site to site distances were found to be around 3.20 

(1) A (Peterson et al., 2006). In our case the presence of coordinated un- 

saturated metal centres di(l not, affect the inter-ino1ccular D2-D2 distance- 

This was recently suggested by Liu ct al. who showed that, the presence 

of coordinated unsaturated inetal centres in some IMOFs could increa-se the 
hydrogen packing density higher than that of the solid phase ca. 3.5-10-5 

g. m 2 against 2.8.10-5 g. 1112 for solid H2 (Liu et al., 2008). It was assumed 
that the copper sites A1,2 within the paddle wheel are equivalent. The en- 

vironnient of the copper sites seems to be the same. This could be seen 

with the Cu-Cu axis which is aligned with the hydrogen molecule, always 
pointing towards two spherical cages. This ineans that the environment of 
the site A1,2 on either side of the paddle wheel remains the same (Figure 

5.15. a). This is not always the case especially with samples containing Inore 
than two cages (Yan et al., 2009). 

It is also important to notice that all the D2 gas seenis to be --trapped" 
within the triangular windows which act like a funnel between the cages. 
The other type of windows connecting two spherical cages do not seciii to 

participate in the adsorption process. Hence, to improve the adsorption 
properties for such MOF structures, a possible option would be to increase 
the number of these triangular windows within the structure at which there 
are the strongest sorption interactioiLs (Figure 5.15. b). 
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Figure 5.15: a) Equivalence of the sites A, on both side of the paddle-wheel for 

NOTT-101. b) Tyiangular windows connecting a spherical and elliptical cage. 
Colour bond: Red 0; Blue: Cu; Grey: Carbon. No hydrogen atonis shown for 

clarity. 

5.4.2 Inelastic Neutron Scattering 

For NOTT-101. difference INS spectra for two subsequent para-1-12 loadings 

arc shown in Figure 5.17 allowing thc identification of the molecular hy- 

drogen spectra with respect to that of the bare material. It also reveals 
the contribution of the newly adsorbed para-1-12 with respect to the para- 
H2 from the previous loading (i. e.: spectrum obtained at 1.0 para-1-12 Was 

subtracted from the spectrum collected at 2.0 para-1-12 and so on. ). As the 

number of hydrogen species increases, the amount of neutrons interacting 

with the sample also decreases. Therefore, the difference of INS spectra 

ininiinizes this effect from one loading to the next one so that each INS fea- 

ture can be assigned to the dynamics of molecular H2 with the associated 

adsorption site being occupied. 

INS peaks for the first loading were found at 9.11 ineV, 12.21 ineV, 18.99 

ineV, 23.42 rneV, 25.91 rneV, 29.17 ineV and 32.73 meV (peaks 1.2,4b, 

4c, 5,6,7 and 8). At higher loadings three further peaks appeared at 14.22 

n1eV, 16.82 meV and 21.88 ineV (peaks 3,4a, and 4d). Peaks 6,7, and 8 

seern to form a sequence of equally spaced peaks, which suggests a similar 
physical origin. As the para-1-12 loading was increased, there were no shifts 
in the position of any of the INS peaks. Each INS feature was fitted using 
Gaussian functions (Figure 5.17. a). The difference INS spectra allow us 
to deconvolute peak 4 into a clear sequence of four peaks 4a, 4b, 4c and 
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Figure 5.16: Difference INS spectra for NOTT-101 between two subsequent para- 
H2 loadings; collected on FANS. The baselines were not subtracted. Error bars 
are smaller than the symbols. 

4d which was not obvious from the as collected INS data in Figure 5.10. 
Given the instrument resolution of FANS for this energy, ca. 1.3 ineV this 
is the simplest approximation for the deconvolution. Peak 1,2 and 3 were 
simply fitted with only one Gaussian function as they were symmetrical 
although significantly broader than the corresponding energy resolution ca. 
1.2,1.2 and 1.3 iiieV respectively. The integrated area of each INS peak was 
plotted as a function of para-1-12 loadings in Figure 5.17. b. It wa's found 

that the integrated areas were still increasing which means that no site had 
been fully occupied even at the highest loading of 2.79 para-1-12 molecules, 
in agreement with the NPD data. 

We can combine the NPD results with the INS peak deconvolution. 
Therefore: 

e Peak 1,4b, 4c, 5,6,7 and 8 can be assigned to para-H2 adsorbed onto 
A1. 
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Figure 5.17: a) Peak deconvolution of the difference NOTT-101 INS spectra ob- 
tained between 2.79-1.89 para-1-12 per Cu collected on FANS at 4 K. The baseline 

was subtracted. Error bars are represented. b) Integrated areas of NOTT-101 
INS peaks as function of para-H2 loadings from the difference NOTT-101 INS 

spectra. 

9 Peak 2 can be related to para-l12 on B I. 

* Peak 3,4a and 4d can be related to para-H2 on C1. 

The Figure 5-17b shows the evolution of the integrated area of the main 

peaks i. e.: 1,2,3,4a, 41), 4c, and 4d. It is found that the integrated areas are 

still increasing and that there is no site saturation even at the last loading, 

which is consistent with NPD results found carlicr. Difference INS spectra 
for NOTT-102 obtained from two subsequent para-1-12 gas dosings (i. e.: 
showing the spectra for only the extra para-1-12adsorbed with each loading) 

are reported respectively for the back and forward scattering detector bank,,, 
(Figures 5.18 and 5.19). INS features were revealed as the para-1-12 ga-8 

- incrcases. For both detector banks. an(l using thc differvii(v INS loadiii,, 11, 
spectra: 

At 0.5 para-H2 per Cu, peaks were found at 8.55 meV. 9.45 ineV, 13.51 

ineV, 15.73 nieV, 16.96 nieV, 17.95 meV, 19.07 ineV, 20.42 nieV, 26.09 

nieV, and 33.12 meV (peaks 1,2,3c, 3d, 3e, 51), 5c, 5d. 6.7 and 8). 

At 1.0 para-112 per Cu, a new peak was observed at 11.59 meV (peak 

3a). Previous features were still present. Peak 3c, 3d and 3e were not 
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present any longer in the difference INS spectrum meaning that no 

change in intensity was observed in the as-collected data. 

9 At 1.5 para-H2 per Cu, no new peaks were found. Previous features 

were still present except froin 3c, 3d and 3e. 3c, 3d, and 3e did not 

show any variation in intensity. 

At 2.0 para-H2 per Cu, the intensity was recovered and new peaks were 
found at 12.50 meV, 14.47 rneV, 14.87 meV and 17-06 meV and 19.30 

nieV (peaks 31), 4a, 4b, 5a and 5d). Previous features are present. 

At 3.0 para-H2 per Cu, no new peak was observed. Peak 1,2,51), and 
5c did not show any further increase in intensity. 
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Figure 5.18: S(Q1 W)bark of the difference INS spectra obtained for two subsequent 
para-1-12 gas loadings per Cu site for NOTT-102 collected at 4K on TOSCA Error 
bars are represented. 

In general, TOSCA spectra are richer than those obtained oil FANS. 

Figure 5.20 show the deconvolution of INS peaks at 0.5-0.0 and 3.0-2.0 

para-H2 loadings per Cu respectively for the backscattering detector bank. 
The downside is that TOSCA runs normally require long collection tinies 
to achieve good statistics. 
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Figure 5.19: S(Q, W)forivard of the difference INS spcctra, obtained for two subse- 
quent para-1-12 gas loadings per Cu site for NOTT-102 collected at 4K on TOSCA 
Error bars are represented. 

Combining the INS spectra with the NPD results collected on GENI. each 
INS feature from Figures 5.21 was assigned to the interaction of niole. cu- 
lar para-1-12 with the corresponding adsorption site populated. In order to 

identify the contribution of each adsorption site, it was assuined that the 

relative intensities of INS features are proportional to the site occupancies 

so that: 

9 Peak 1,2,5b, 5c, 5e, 6, and 7 are related to the para-H., molecules 

mlsorbed onto the copper site A2 ws their intensities seem to be follow 

the occupancy of site A2. 

Peak 3c, 3d and 3e seeiii to only appear at 0.5 and 1.0 para-H2 Per Or 

and therefore, and could riot be assigned to any particular site since 
the NPD work did riot reveal any site following the saine behaviour. 

Peak 3a corresponds to para-H2 molecules populating site B, which 
start being populated it 1.0 para-H2 per Cu. 
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Figure 5.20: Peak deconvolution for NOTT-102 spectrum from the S(Q, LC)b,, ck 
of 0.5-0.0 and 3.0-2.0 para-H2 loadings collected on TOSCA at 4 K. Baseline was 
subtracted. Error bars are represented. 

Peak 3b, 4a, 4b, 5a and 5d correspond to para-H2 Illojecules populat- 
ing site C2 which starts being occupied at 2.0 para-H2 per Cu. 

At higher energy transfer, it was not possible to identify and assign more 
INS features. Similar difference INS spectra for NOTT-102 obtained froin 

two subsequent, HD dosings are also reported in Figure 5.21. The difference 
INS spectra with HD loadings show a worse signal to noise ratio than those 

obtained with para-H2 gas loadings even though more sample was used. 
Given the poorer statistics, it was only possible to deconvolute the INS 

feat Ilres from the difference spcctra 0.5-0.0 and 1.0-0.5 HD per Cu: 

At 0.5 HD per Cu, INS peaks were found at 8.39 iiieV, 9.10 ineV, 
13.24 meV, 15.73 ineV, 17.14 meV, 20.16 ineV and 28.23 meV (peak 

1,2,3,4,5,6,7and 8). 

At 1.0 HD per Cu, new peaks occurred at 33.31 nieV and 35.42 rneV 
(peak 9 and 10). 

The difference between the spectrum collected at 0.5 HD and the gas 
free spectrum reveals INS features corresponding to HD molecules adsorbed 
onto the copper site A2 as suggested by the NPD work (Figure 5.22) i-C.: 

peak 1,2,3,4,5,6,7,8. The difference INS spectra 1.0 - 0.5 also showed 
the two extra peaks at 33-31 nieV (peak 9) and 35.42 ineV (peak 10) which 
can be assigned to HD molecules adsorbed on B2. 

105 

meuuý onevy 1ý I ýv 



iNIETAL-ORGANic 
FRAMEWORKS 

0. a 1 

oýO 

42 

0,6 Oýs-OýO HO : Cu 

10 20 30 10 20 30 
Neutron energy loss ý MOV Neutron energy loss I M*V 

.21.0 0.5 MD: Cu 
2 0.5-0.0 HD: Cu 1 0.0 D 

C 
0.2 345 

4 13 7 

100 

0 

20 30 10 
Noutron entrgy loss I wwV Noutma orwrgy Im I nwv 

a 

Figure 5.21: S(Q, W)back and S(Q, W)forward of the diffcrence INS spectra between 
two subsequent HD gas loadings per Cu site for NOTT-102 collected at 4K on 
TOSCA. Error bars also represented. 
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Figure 5.22: Peak deconvolution of NOTT-102 spectruin from the S(Q, C, ý)b,,,. ký of 
0.5-0.0 HD loadings collected on TOSCA at 4 K. Error bars are represented. 

Figure 5.23 shows the INS spectra for HKUST-1 collected on FANS at 
4 K. The sequence of peaks is similar to that obtained for NOTT-101 x\-ith: 

Peak I at 9.2 meV assigned to para-1-12 interacting with the site t') I A, 
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Peak 2 at 12.9 meV corresponding to para-H2 interacting with a sec- 

ond site. 

9 Peak 3 at 14.8 meV corresponding to para-H2 with a third site. 

At lower energy transfer it is difficult to identify ally INS feature dile to 

the poor statistics collected. INS spectra at 1.5 HD were not considered for 

the analysis. 
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Figure 5.23: INS spectra for HKUST-1 on FANS with various amount of para-H2 
gas. Data were collected at 4 K. The bare material spectrum was subtracted 
from each spectrum. Error bars are smaller than the symbols (Liu et al., 2007b). 

The hydrogen molecule was treated according to the Young and Kop- 

pel model and considered as a rigid rotor (Young and Koppel, 1964). This 

means that the H-H (D-D / H-D) distance is constant which is consistent 

with IR. results reported by Bordiga et al. showing a small shift of the 

H-H bond stretch (Bordiga et al., 2007). Early neutron work on MOF-5 

suggested yet a variation of the rotational constant B although this has not 
been proved so far (Rosi et al., 2003). More recent work also suggests similar 

variation of the rotational constant, B (Raiiiirez-Ciiesta et al., 2007a, b). In 

solid hydrogen, H2 molecules are free to rotate due to weak intermolecular 

interactions. The anisotropy and the symmetry of the external potential 

corresponding to an adsorption site can lift the degeneracy of unpertlirbed 

.1 rotational energy levels. In the present case, for a para-112 manifold, the 
J level of interest is J=1 which would lead to two energy levels M=0 and 
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M=±1. For example, for a rotational transition, one would expect a 
peak shifted at lower energy transfer and its complementary peak at higher 

energy transfer. The split between these new energy levels depends on the 

nature of the adsorption potential. In an isotropic potential the rotational 
J energy levels are also perturbed, but the original degeneracy is preserved 
which implies a shift of the corresponding INS peak on the left side of the 
14.7 meV free rotor line. Physically, an adsorption site simply hinders the 

rotations of the 1-12molecule either in or out-of plane rotation in the Sim- 
plest case. Current models divide the motion of the hindered rotor as a 
combination of in-plane and out-of plane rotations which correspond to the 
H2 in a (J = 1, M=± 1) and (J = 1, M= 0) rotational states (Brunauer 

et al., 1938, Brown et al., 2000). 

NOTT-102 INS spectra revealed two features at 8.55 and 9.45 meV in- 

stead of one for NOTT-101 (9.11 meV) and HKUST-1 (9.20 meV) spectra. 
These INS features were assigned to the hydrogen adsorbed onto the cop- 
per sites. This is essentially due to the higher instrumental resolution of 
TOSCA compared to that on FANS, even though the TOSCA data had a 
worse signal to noise ratio. From a geometric point of view, site A, and 
A2 are equivalent and should therefore, lead to a similar sequence of INS 

peaks. This is consistent with the FWHM of the NOTT-101 peak 1 which 
was significantly larger than HKUST-1 peak 1 (ca. 2.1 meV and 1.4 meV 
respectively) and than the actual instrument resolution achievable on FANS 
(ca. 1.2 meV). Sites B, and B2 also offer a very similar environment for H2 

molecules therefore, one would expect very close INS features. This is also 
consistent with the INS spectra as site B, was related to a single peak at 
12.21 meV while two peaks were accounted for the B2 site, at 11.94 meV 
and 13.32 meV. The FWHM of NOTT-101 peak at 12.21 meV is close to 
the instrumental resolution achievable on FANS ca. 1.5 meV and 1.3 meV 
respectively suggesting that it can be deconvoluted as a single feature. The 
third sites were assigned to two peaks at 14-22 meV and 16.82 meV for site 
C, and to three peaks at 12.51 meV, 13.95 meV, 16.93 meV and 19.32 meV 
for site C2. NOTT-101 peak at 14.22 meV shows a FWHNI slightly higher 
than the instrumental resolution (ca. 1.9 meV and 1.4 meV respectively). 
This is consistent with the INS work as there was no NOTT-101 INS peak 
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decreasing in intensity. In essence, the adsorption site distributions and the 
filling order for NOTT-101 and NOTT-102 were found to be nearly iden- 
tical. Moreover, the position of the rotational lines for each samples were 
different suggesting that the interaction potentials experienced by hydrogen 

molecules were also different. The ligands used for NOTT-101 and NOTT- 
102 were found to have little effect upon the adsorption site distribution 

and the filling order. Also this work showed that the H2 interaction with 
the copper site remained unchanged. Instead the length of the ligand only 
affected the rotational barrier of the secondary sites since the rotational 
lines appeared at a different energy transfer, The INS peak deconvolution 
for the FANS data is obviously resolution limited although faster data col- 
lection and better signal to noise ratio were achieved compared to TOSCA 
data. The physical origin for the sequence of peaks at 13.51 meV, 15.73 

meV and 16.96 meV remains unclear. It was assumed that these were not 
related to the para-112 adsorbed onto site A2. At 1.5 para-H2 per Cu, these 

peaks seem to saturate in intensity suggesting that the corresponding ad- 
sorption site is either no longer occupied or fully saturated. However, the 
NPD work did not show any site with such behaviour. The as-collected INS 

spectra (Figure 5.13) showed that these peaks do not disappear and were 
not present on the gas free spectrum. 

According to the current model, an INS feature at low energy transfer as- 
sociated to a second peak at higher energy transfer can be treated as (J = 
1, M= ±1) +- (J = 0, M= 0) and (J = 1, M= 0) 4- (J = 0, M= 0) 

rotational transitions. In the case of lift of degeneracy of the (J = 1, M= 
± 1) energy level, this can lead to a doublet and could be a possible ex- 
planation for the doublet centred around 10 meV observed on the TOSCA 
data although this has not been proved, and only observed with zeolites 
samples (Ramirez-Cuesta et al., 2007b). Given the present data, this model 
is the simplest explanation without introducing a zero-point energy argu- 
ment (Mitchell et al., 2004) as used by FitzGerald et al. (FitzGerald et al., 
1999). A recent neutron investigation on HKUST-1 combined with DFT 

calculations assigned the INS peak corresponding to the copper site at low 

energy transfer to (J = 1, M=± 1) +- (J = 0, M= 0) rotational transition 
suggesting also that it was not possible to witness its complementary fea- 
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ture corresponding to the rotational transition (J = 1, M= 0) +- (J = 0, 

M= 0) given the range of energy transfer available on FANS (Brown et al., 
2009). For all samples, the sequence of peaks at higher energy transfer ca. 
25 meV is not well resolved and was not considered any further. This is 

a real challenge to find ways to allowing higher rotational transitions. For 

comparison, Georgiev et al. found one INS feature very close to that for 

free rotor at 14.7 meV from para-112 manifold adsorbed onto an activated 

carbon sample. They concluded on a 2D planar rotor behaviour of the H2 

molecule although a complete mixing of the J=1 rotational states. An ear- 
lier study reported on SWCNTs also showed a similar INS feature observed 

at 14.5 meV using para-112 loadings and concluding on weak hindrance of 
the hydrogen molecule (Georgiev et al., 2004,2005,2006a, b). This shows 
that MOFs in general do not exhibit the same interaction potential as acti- 

vated carbon samples and SWCNTs / MWCNTs since the NOTT-100 INS 

rotational lines have been shifted from 14.7 meV. 

Intriguingly one can notice the increase of the overall background with the 

para-112 gas loading which is more obvious for NOTT-101 and NOTT-102 

spectra than for those obtained for HKUST-1. This is due to the non-site 

specific adsorption of para-112 i. e.: where para-112 molecules are randomly 

adsorbed through the pores. This is in agreement with the NPD results 

shown earlier (i. e.: the occupancy of specific sites did not account for all 
the D2) and corresponds to the increased molecular recoil with dosing in 

the INS data. This could be explained by the BET SSA of the NOTT series 
around 2900 m 2. g-1 higher than that for HKUST-1 ca. 1532 rn2. g-I which 
offers more non-site specific adsorption. The peak at 14.74 rneV accounts 
for the freely rotating para-112 molecules. As the strong sites were already 
populated the remaining H2 molecules were adsorbed onto non-sites specific 
locations. 

The second series of experiments with HD gas loadings were more com- 
plicated than expected. HD molecule is an asymmetric molecule with a 
rotational constant different from that of the hydrogen molecule depending 

on whether the centre of the bond or the centre of gravity of the molecule 
is considered. Therefore, a pure rotational line is expected to occur at 75% 
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and 66% respectively of the energy loss value for the free rotor. At 0.5 

para-112 per Cu we assumed that the NOTT-102 INS doublet around 9 

meV was due to the rotational transitions. However, at similar HD cover- 

age, the strongest peak was a similar doublet centred at 9 meV which did 

not correspond to any of the peaks found in the para-H2 study. Also there 

was a doublet or singlet peak observed around 6 meV. At higher loading 

the quality of the data was rather poor to undertake the analysis. A sec- 

ond series of experiments with longer collection time is needed. Only a few 

investigations successfully reported on the shift of the pure rotational line 

using para-112 and HD gas (Ulivi et al., 2007). 

Let us now compare NOTT-100 series and HKUST-1 sorption properties. 
D2 gas loadings on NOTT-101 and NOTT-102 were done up to 2.52 and 5 

molecules of D2 per Cu site at 50 K respectively which is equivalent to a 

pressure up to 0.94 bar and 2.28 bar respectively (for the 77 K isotherm). 
Each spherical cage within HKUST-1 contains twelve Cu sites, a greater 

concentration of these Cu sites than for the NOTT samples with only six 

similar Cu sites within a spherical cage. This could explain the higher hy- 

drogen uptake of HKUST-1 compared to NOTT-101 and NOTT102 at low 

coverage (respectively below 0.23 and 0.46 bar, as shown in Figures 5.31 

and 5.32). NOTT-100 hydrogen uptakes are always higher than HICUST-1 

although the cage structure is similar to NOTT-101 and NOTT-102. This 

may imply different behaviour for the same active site distributions due 

to a smaller cage topology. A successful NPD experiment on NOTT-100 

would allow a direct comparison of the site occupancies between NOTT- 
100 and HKUST-1 at various coverage of the surface. NPD and INS results 
for NOTT samples showed different sorption behaviour from HKUST-1 in 

which the Cu (II) sorption sites were fully occupied at a loading of 2.0 D2 

per Cu site. In NOTT-101 however at 1.68 D2 and 2.52 D2 per Cu site, the 
fractional occupancy was respectively 72% and 80% with sites B, and C, 

starting to be populated. The same filling order was- observed with NOTT- 
102 and site B2 and C2 occupied without saturating the copper sites. This 

suggests that the secondary sites in HKUST-1 do not compete with the Cu 
(II) sites as effectively as sites B1,2 and C1,2 in NOTT-101 and NOTT-102. 
The Cu-D2 distance on all the samples was similar which also suggests a 
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Figure 5.24: a) NOTT-100, NOTT-101, NOTT-102 isothernis at 77 K using the 
IGA-003. Inset represents the lower pressure region of the isotherin (1) < 0.8 bar). 
b) Conversion curves pressure / hydrogen weight uptake for NOTT-100. NOTT- 
101, and NOTT-102 within the low pressure region (p < 0.8 bar). HKUST-1 
data reproduced from (Peterson et al., 2006). NOTT data reproduced froin (Lin 
et al., 2006b). 

similar strength of adsorption interaction to Cu (11) in the NOTT-100 series 

and HKUST-I. The Figure 5.24. a represents the isotherms of each Cu (11) 

- frameworks identifying 4 pressures of interest. Figure 5.24. b shows the 

same data but dispkkying the hydrogen uptake per niole of Cu sites. 

For p<p, excess hydrogen weight uptakes are as follows: NOTT- 

101 < NOTT-102 < HKUST-I < NOTT-100. This region limited 

by initial loadings between 0 and 1.5 H2 per Cu for NOTT-101 and 
0 and 1.2 H2 per Cu for HKUST-I. At p=p, for the NOTT-100 

series, sites AI, 2, BI, 2, and CI, 2 are already populated but not fully 

occupied. At this coverage, NOTT-100 store inore hydrogen molecules 
than HKUST-1, NOTT-101, and NOTT-102. In other words, this also 
ineans that above 1.5 H2 per Cu, NOTT-101 will store more H2 than 
HKUST-1. 

ý'or PI 'ýý P "-' P2 the order of hydrogen capacity is NOTT-102 < 
HKUST-I < NOTT-101 < NOTT-100. NOTT-101 and NOTT-100 
have higher excess hydrogen uptake than HKUST-1 while NOTT-102 

capacity is still lower. This region covers loadings froin 1.6 to 2.4 H2 
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per Cu for NOTT-102 and from 1.2 to 1.6 H2 per Cu for HKUST-1. 

At pý P2 or 2.4 and 1.6 H2 per Cu for NOTT-102 and HKUST-1, 

NOTT-102 will store more H2 than HKUST-1. 

For P2 "-' P`ý P3 the order of hydrogen capacity is HKUST-1 < NOTT- 

102 < NOTT-101 < NOTT-100. Now HKUST-I capacity is lower 

than for the NOTT-100 series. At p=p., or 3.7 H2 per Cu, NOTT- 

101 will store more H2 than NOTT-100. 

For P3 <p<p, l the order of hydrogen capacity is HKUST-1 < 'NOTT- 

102 < NOTT-100 < NOTT-101. NOTT-100 shows less than NOTT- 

101 but it is still higher than NOTT-102. At p= P4 or 4.9 H2 per 
Cu, NOTT-102 will store more H, than NOTT-100. For p4 < 1) the 

order of hydrogen capacity is HKUST-I < NOTT-100 < NOTT-102 < 

NOTT-101. NOTT-101 and NOTT-102 are now higher than NOTT- 

100. 

Essentially for P4 <p the sorption dynamic of the Cii (11) 
- 

fraineworks 

is ruled by the distribution of specific adsorption sitcs AI, 2, BI, 2, illid CI, 2 
but also by the cage topology. At higher coverage, it is inainly the spe- 

cific surface area that is responsible for the hydrogen uptakes with a linear 

effect, upon flie IIY(11-og(, Il capacity. However, it, would be intcresting to ()p- 

timize the elliptical cage into smaller pockets where randoinly distributed 

H2 molecules could be adsorbed onto the surface. The second type of cage 

within HKUST-I is probably a too sinall volume leading to a low BET sur- 

face area available ca. 1532 n, 2. g-I Wlli(, Il is SigIllfiCalitly 1(ýSS thal, that, of 

NOTT-101. 

Being able to identify and characterize hydrogen adsorption sites is essential 
for hydrogen storage applications as this will help to design compounds with 
the desired structure to maxiinise the hydrogen capacities. This study has 

identified the site (listributioii withiri Cu (11) - framework materials. The 
dynamics of the H2 molecule with its local environment, is still not clearly 
defined and the theory need to be further refined. This study has also coin- 
pared earlier neutron studies on a similar Cu (11) - framework which helped 
to understand the importance of the distribution of sorption sites for such 
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compounds, the importance of specific adsorption sites at low loadings and 

non-specific site sorption on the general pore walls at higher loadings. This 

information will help aid the design of MOFs for hydrogen storage applica- 

tions. For example, at low pressures (p < 0.04 bar at 77K) (Figure 5.24. b), 

H2 molecules directly interacted with the coordinatively unsaturated copper 

sites. It was also found that the secondary adsorption sites within NOTT- 

101, and NOTT-102 were occupied earlier than within HKUST-1 as the 

Rietveld analysis of the two studies concluded. One can notice that the 

secondary sites are all located within triangular windows formed by copper 

paddle-wheel units and connecting the two types of cages. It would still be 

interesting to minimize the pore size within the NOTT-101 and NOTT-102 

elliptical cage to 7A in an attempt to achieve a smaller pore size, but with 

similar surface area and create more favourable sorption properties. 

5.5 Conclusions 

NPD and INS techniques were combined in order to understand interactions 

of H2 molecules adsorbed on NOTT-101 and NOTT-102. For both samples, 

a similar adsorption site distribution was found with up to four adsorption 

sites identified: the Cu (II) co-ordination site was the first one populated 
hindering the rotations of H2 molecules. The Cu-D2 distances were found 

around 2.5 A which is consistent with the literature. Two other sites B1,2 

and C1,2 were identified. Although B1,2 were very close, they did not have 

the same effect on H2 molecules as corresponding rotational lines were ob- 

served at different energy transfer suggesting different rotational barriers. 

Similar conclusion can be drawn for sites C1,2. The ligand was found to have 

little effect upon the adsorption site distribution and the filling order. Also 

this work showed that the H2 interaction with the copper site was remained 

unchanged. Instead the length of the ligand only affected the rotational 
barrier of the secondary sites. 
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Chapter 6 

Summary and Conclusions 

This last chapter summarizes strengths and weaknesses of GNFs and MOFS 
investigated in this work as solid state hydrogen storage media. It highlights 

main results from engineering options tested on GNF samples to enhance 
hydrogen interactions and the neutron work on Cu (II) - MOR The future 

work to be done for each type of material will be suggested in order to 

achieve the hydrogen economy. 

6.1 Pore Size 

GNF samples were successfully synthesized using CVD method but revealed 
a very broad pore size distribution and a low crystallinity as shown by BET, 
TEM and XRPD analysis. The CVD technique using a floating catalyst 
does not allow any flexibility regarding the design pore size distribution 

around 7 A. Instead, we observed an unusual serrated surface with smaller 
slit pores along the surface. It was not possible to identify the origin of the 

slits created. Therefore, being able to tune the GNF pore size remains a 
very difficult task. Carbon templates using CVD method have proved to 
be successful (Yang et al., 2005b) and could be an interesting option which 
would overcome this problem, as they can reproduce the framework struc- 
ture of the initial host. MOFs are highly crystalline compounds and offer a 
more flexible range of structures thanks to the wide variety of metal clus- 
ters and organic ligands that can be combined. This represents an easier 
option compared to a post-synthesis treatment. The topology of the cage 
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is important as small cages are expected to be populated first and interact 

more with hydrogen molecules. In fact, our neutron investigation confirmed 

that only a fraction of the elliptical cage was used during physisorption and 

that the connection between the spherical and elliptical cages was essential. 

It was shown that the hydrogen was preferentially adsorbed within trian- 

gular windows formed by three copper paddle-wheels units connected by 

the carboxylate groups. This raises the issue of the hydrogen diffusion path 

through the pores. It is important to identify and understand hydrogen 

diffusion paths in order to improve the hydrogen dynamics within the pores 

to access adsorption sites. 

6.2 Specific Surface Area 

Exfoliation experiments on GNFs did not show any significant improve- 

ment of the surface area. The expansion of the graphitic interlayer after 

thermal shock relied on a successful intercalation of hetero-species within 
the graphitic layers. This method required highly crystalline and homoge- 

neous samples which was not the case for the as-prepared GNFs. However, 

the newly created slit pores within the serrated surface of the GNFs could 
be exploited if one can control the parameters responsible for the surface 
topology. Earlier work showed that the surface area available played a sig- 

nificant role only at high coverage of the surface. This was often shown as 

a linear relationship between the surface area and the sorption properties. 
In particular, earlier neutron work showed that on a type I isotherm, the 

plateau of the adsorption/desorption curve at high coverage of the surface 

was driven by the physisorption on the surface area available. Our neutron 

work on NOTT samples showed that the surface area available favours the 

presence of non-specific adsorption sites where weak physisorption occurs. 
The specific surface area is also correlated to the apparent density of the 

material in that high surface area materials have lower apparent densities. 

This is a clear advantage in terms of gravimetric capacity although it would 
lower the volumetric capacity. 
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6.3 Adsorption Site Distribution 

N-doping experiments on GNFs aimed at changing the local electronic struc- 
ture of the carbon network in order to enhance the hydrogen interactions. 
However, the N-doped GNFs did not show anysignificant improvements of 
the sorption properties. This was probably due to the nature of the organic 
precursor. Our neutron work combining neutron powder diffraction and 
inelastic neutron scattering techniques confirmed the existence of specific 
adsorption sites within NOTT-101 and NOTT-102. In particular the pres- 
ence coordinatively unsaturated copper centres explained the adsorption 
mechanism at low coverage of the surface. It was also shown that for these 
NOTT samples, secondary sites close to the organic ligand were also able 
to compete with the copper sites. In fact it is the distribution of specific 
sites within the cage that rules the H2 adsorption/desorption process. Once 

the specific sites are being occupied, the surface area allows the hydrogen 

molecule to be physisorbed via non-site specific adsorption. 

6.4 Conclusions 

Herein, we reported on the successful preparation of a series of GNFs us- 
ing the CVD method combined with two catalyst precursors. The sorption 
investigation of the as-prepared materials revealed low hydrogen capacity 
which is consistent with the reported value. TEM images showed the pres- 
ence of GNF with unusual serrated surfaces although the BET surface area 
was still low typically of the order of 50 ml. g-1. The N-doping growth us- 
ing an organic precursor composed of ethene and / or amines successfully 
produced N-doped GNFs which were composed of a heterogeneous mixture 
of platelet and herringbone type GNFs with up to 4%N doping level. 
Gravimetric sorption investigations did not report any significant improve- 

ment of the hydrogen capacity compared to the as-prepared GNFs. The 

second experimental option was to increase the surface area by expand- 
ing the graphitic interlayer after rapid thermal degas. The exfoliation of 
the GNFs relied on the ionic intercalation of the graphitic planes and on 
the stability of the ion free carbon structure after heat treatment. The 
presence of different types of less ordered GNFs for the starting material 
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most likely hindered the ionic intercalation. The surface area of the inter- 

calated/exfoliated GNFs increased by one order of magnitude compared to 

the as-prepared GNFs. However, these improvements only correlated with 

modest improvements in the hydrogen capacity ca. 0.6 wt. 76 at 77 K and 20 
bar. The engineering routes attempted for this research project to enhance 
the hydrogen capacity of carbon nanostructures did not lead to any signif- 
icant improvement compared to as-prepared samples, although exfoliated 

compounds exhibited higher BET surface areas. 

A series of MOF materials were succesfully investigated combining NPD 

and INS techniques. In order to improve these potential candidates for solid 

state hydrogen storage, it was essential to locate hydrogen adsorption sites 

and characterise the behaviour of adsorbed molecular hydrogen. The NPD 

work showed adsorption on specific sites with a similar filling order for 

NOTT-101 (A,, 131, and Cj) and NOTT-102 (A2, B2, and C2) with the 

Cu site as the first site populated with a Cu-D2 distance close to 2.5 A. Dur- 

ing the refinement, the fractional occupancy of each site showed that part 

of the hydrogen molecules was adsorbed onto non-specific sites as opposed 
to sites A1,2, B1,2, and C1,2 but also that sites B1,2, and C1,2 before sites 
A1,2, were fully occupied. We showed the importance of the coordinatively 

unsaturated metal centres but also the existence of other specific sites close 
to the organic ligand and capable of competing with the metal centres which 
is in agreement with the molecular recoil witnessed by INS study. The NPD 

work showed that the adsorption site distribution and the filling order were 
independent of the organic ligand. This was not reflected by the INS anal- 

ysis which showed that similar secondary sites (e. g.: B, and B2) exhibited 
different rotational barriers. It suggested that similar rotational barriers 

were only found for the Cu sites which is consistent with their isosteric 

heat of adsorption in the zero-pressure limit as reported in the literature. 

The NPD and INS work confirmed that the adsorption mechanism is not 

uniform with the existence of discrete adsorption site. It also showed that 
hydrogen molecules adsorbed onto non-specific sites were different from free 

hydrogen molecules in the solid phase. Neutron data were successfully col- 
lected at low coverage of the surface, highlighting the role of the strongest 

sites. It was not possible to apply similar methods to investigate the role 
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of the surface area upon the sorption properties although most of the work 
reported on the subject in the literature assumed a uniform behaviour of 
the hydrogen molecule on the surface. 

In this work, we emphasized the importance of highly crystalline and 
homogenous materials for solid state hydrogen storage. The distribution of 
specific adsorption sites combined with the pore size are two key parameters 
responsible for favourable sorption properties. MOFs exhibit these primary 
characteristics. This work also confirmed that MOFs with coordinatively 
unsaturated metal centres are very promising materials for hydrogen storage 
applications. 

6.5 Future Work 

Rom an adsorbent point of view, carbon based materials reported in this 

work were cost efficient and relatively easy to synthesize. Although high 

yields were obtained, GNFs produced showed low crystallinity and were 
heterogeneous which dramatically affected the behaviour of the sample re- 
quired during doping and exfoliation/intercalation experiments. Carbon 
templates are exciting candidates for solid state hydrogen storage as they 

combine the host-structure framework of the zeolites template and the low 

gravimetric density of the carbon materials (Yang et al., 2005a). One of 
the main advantages of these materials is the flexibility of the size and the 
shape of the pore replicated. 

The neutron investigation on NOTT-101 and NOTT-102 confirmed the co- 
existence of site specific (strong) and non-site specific (weak) adsorption 
sites for molecular hydrogen, showing that the adsorption site distribution 
is not necessarily uniform like a homogeneous surface but can be discrete 

with preferential adsorption sites such as coordinatively unsaturated metal 
centres. In fact, it was seen that it is the combination of the site distribu- 
tion, the high surface area and the pore size that improved the physisorp- 
tion properties. Lately, another Cu (II) - framework NOTT-112 showed 
exceptional sorption properties at 77 K and 20 bar (Yan et al., 2009) with 
asymmetric Cu sites. It combined the high surface area of the NOTT-100 
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samples and the Cu site distribution of HKUST-l. Rom a characterisation 
point of view, we saw throughout our INS work that current models do 

not provide a general scattering law for adsorbed H2 molecule. Therefore, 
theoretical work is required to fully understand the behaviour of adsorbed 
hydrogen molecules. For instance, one will have to generalize the scattering 
law from the well known Young and Koppel's model for any interaction 

potential including rotation-vibration coupling close to an adsorption site. 
Density functional theory calculations and semi-empirical methods are cur- 
rently being combined to test and validate different models (Brown et al., 
2009, Colognesi et al., 2009). 
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