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Abstract

Hydrogen is often proposed as the suitable cleahdnd energy vector for the near future.
Before the widespread use of hydrogen and thezedaln of a hydrogen economy become
reality, several issue must be addressed, maimdyeck to the efficiency and costs of the
hydrogen production, delivery and utilization. lmarficular, safe and efficient hydrogen
storage is a key issue. Compressed hydrogen higgsgre cylinders and liquid hydrogen
cryogenic systems, used today to store hydrogesd haggh energy amounts and have severe
safety implications.

In this thesis, the results of the research agtimt solid state hydrogen storage are reported.
Different types of materials have been investigategotential candidates to store hydrogen.
Among hydrides, a study of the ball milling effext the LaN§ intermetallic alloy has been
carried out; some unexpected results have beermnetitand then explained on the basis of
the experimental evidences. A composite systemdbasecalcium borohydride (complex
hydride) and magnesium hydride (light metal hydrilas been studied starting from ball
milling a dehydrogenated form; the effect of mifjiime, partial substitution of magnesium
diboride, and addition of dopants, on the sorppamperties of the starting system have been
investigated. As a low cost alternative, mangaredde incorporated in a functionalized
polymer has been studied and interesting hydroggadaty values have been measured at
temperatures at which high efficiency polymer elgdgte (PEM) fuel cells are fed with
hydrogen. As an applicative system, a hydrogeragotank for a small car prototype has
been designed, built and tested; the final achigertbrmances of the system are reported
and compared with the customer requirements.
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Preface

Never as today, the need of new and clean enengge® has been felt as necessary at a
world scale. Besides the strategic role that thesession of energy assets has on the
economical independence of a country, there isytaa environmental global question,
related to the still increasing use of fossil fu@iich cannot be ignored or deferred anymore.

In this view, clean renewable energy sources @alar, wind, hydro-, geothermal, tides,
waves, etc..) as well as alternative fuels (bicgliesioethanol, hydrogen) and energy vector
systems (hydrogen, batteries) are being intensigélyglied in order to achieve suitable
alternatives to fossil fuels.

In particular, hydrogen is an interesting potentiahdidate both as energy vector and
clean fuel[1]. For this reason, great research efforts as veefirovate and public funds are
addressed to make it a real suitable alterng#ije

The experimental work reported in this thesis wdagda contribution in this direction, as
it deals with the study of different materials astemtial candidates for efficient and safe
hydrogen storage, and with the development of adgeh tank for applicative purposes. The
thesis is organized as follows.

Chapter 1 introduces the issues related to the potential sprkad use of hydrogen as
efficient energy vector and clean fuel.

Chapter 2 deals with the problem of hydrogen storage and difierent classes of
materials considered as potential candidates fdrdgen storage in solid state; the theory of
hydrogen sorption phenomena in these materialsaamdef overview of the state of art are
reported.

In Chapter 3 the main laboratory techniques used during theexgental activity are
described. The ball milling process and the relateeld instruments for sample preparation
are introduced. A brief description of the charaetion methods, such as differential
scanning calorimetry, X-ray powder diffraction adetay absorption techniques, as well the
Sieverts type manometric/volumetric apparatus for hydrogerption evaluation are reported.
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In the three subsequent chapters, the resulteadtperimental investigations on different
systems for solid state hydrogen storage are regp@mnd discussed. In particul@hapter 4
presents some new unexpected results during anriexgrgal campaign on Lablialloy
samples. Chapter 5 deals with the formation of the reactive hydridemposite
Ca(BH,).+MgH, from the ball milled binary system CaHMgB, and with the effect of the
milling time on its hydrogen sorption propertiesoidover, the effect of magnesium diboride
partial or total substitution with aluminum dibagidn the initial system, as well as the
addition of some doping agents on the sorption ¢gnitgs of the CaltAIB, system have
been investigated and discussed. napter 6, a low cost composite constituted by a
polymer-based system with inserted manganese dsgigeesented and the results of the
hydrogen sorption tests are giveérhapter 7 reports part of the activity carried out during a
research period at the Helmholtz Zentrum Geesth@dBG), Germany. The experimental
work there has been focused on the developmenthyideogen storage tank for a city car
prototype. The results of the preliminary measur@sdor the hydrogen tank design, the
preparation of the hydrogen storage material, a$ agethe results on the hydrogen tank
constructed and tested in various configuratioes@ported.

Finally, an outlook and the concluding remarks be work presented in the thesis are
given inChapter 8.
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[1]

[2]

A. Zittel, A. Borgshulte, L. SchlapbadHydrogen as a future energy carrjai/hiley-
WCH (2008).

DOE Office of Energy Efficiency and Renewable Enekyydrogen,Fuel Cells &

Infrastructure Technologies Program Multi- Year Bash, Development and
Demonstration Planavailable at:

http:// www.eere.enerqgy.gov/hydrogenandfuelcellgmy







Chapter 1

Hydrogen for a sustainable future

1.1 Introduction

The continuous growth of world population and thesite-need of the under-
developed/developing Countries of reaching the ecocal and living standards of the
industrial ones, creates the relentless increasgregnhouse gases (GHGs) emissions, in
particular carbon dioxide (G in the atmospheréigure 1.1).

Concentrations of Greenhouse Gases from O to 2005

¥

Temperature Change {°F)

0, (ppm), N,O (ppb)

Atmaspheric 04 Concentration (ppm)
w
2

2501 f | 1 1600
0 500 1000 1500 2000
Year Year

Figure 1.1 GHGs concentrations in the atmosphere Figure 1.2 Surface temperature and G&bncentration
from the year 0 to the year 20001]. in the atmosphere from 1845 to 20032].

Correspondingly to the industrial development, ¢bacentration of C@®raised up during
the last two centuries, reaching nowadays valueseaB80 ppmv (the most recent detection
in August 2011 from the Mauna Loa Observatdryg] in Hawaii is already 390 ppmv!). It is
estimated that the 30 % of the €€missions comes from transportation, thus caugddrily
part of a) human activity. The correspondence betwine global warming and the €O
concentration has been reported since tieceditury by Tyndall and Arrhenitj$.4] and has
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a clear evidence from the trend of the last decdtigsre 1.2). Ice cores drawn from
Greenland, Antarctica, and tropical mountain gleacghow how throughout Earth’s history
the climate has varied, sometimes considerably;, #feo show that in the past large changes
in climate have happened very quickly (tens of ggageologically-speakinfi..5]. However,
past warming does not automatically mean that tsdasarming is also natural. Recent
warming and sensible changes, such as oceans dedelacidity rise, glaciers shrinking,
extreme season temperatures, have been shown tdudeto human industrialization
processes. This implies that corrective measues@eded today in order to control the,CO
emissionsFigure 1.3shows a prediction of the global temperature, k@mtperature and GO
concentration for the 2century, based on the current emissions andaistg into account
the possible feedback effect of the £@e on the ability of seas and forests to abswmrdb
process the carbon dioxidé.6].

=
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Figure 1.3Prediction of CQ concentration and global and land temperaturestfiar 21" century, with three
different scenarios: simulation neglecting dire@£&nduced climate changes (blue line), simulatiothwi
fixed (= not affected) vegetation (dot-dashed lis@hulation with variable vegetation (red line).

Actually, a big challenge that the world must faoday is to allow the industrial and
technological growth without causing environmemtabalances. What is more, together with
the environmental question, the limited reservesfasisil fuels force the industrialized
Countries to purse technologies of energy prodoctad utilization from alterative and
possibly renewable sources. As obvious, the whoestipn implies economical, political and
social choices and consequences that will affectatbrld population already in the next and
middle-term future.

The use of a clean fuel, producible by means oéwetble energy sources and with the
possibility to be transported and distributed sa#eld cheaply, would have a huge impact on
this issue, creating possibilities of new and ofstim global scenarios. Hydrogen has been
claimed to be the suitable substance to replacl ol since the 1970s, and more recently
the question of the hydrogen-based economy gog @dhio as a new possible perspective for
the world’s developmerji..7]. The potentiality of the use hydrogen for a susthie future is
discussed in the next paragraphs.
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1.2 Hydrogen as clean fuel and energy carrier

1.2.1 Main physical properties of hydrogen

Hydrogen is the most abundant element in the usé/eit is the fuel of the stars and, in
particular, of our Sun. It is present in the Ealtimost everywhere, in the largest amount bond
with oxygen in the water and with carbon in the dfogérbons, while only traces of hydrogen
gas are present in the atmosphere.

Hydrogen does not have colour, flavour or coloud d@nis not toxic, but it is highly
flammable. Its boiling point is -252.8 °C at presswf 1 bar, thus it is a gas at room
temperature. Except for helium, all other gases swkds at the temperature of liquid
hydrogen. It is the lightest chemical element, watomic mass of 1.00794 a.nfl.The
hydrogen biatomic molecule (dihydrogen) is the $esalone, with a bond length of about
0.74 A (just for comparison, the oxygen bi-atomic molechbs a diameter of around/is
and a H-H bond energy of 432 kJ/mol. Other mainspa properties of hydrogen are
reported inable 1.1.

Table 1.1Some physical and chemical properties of the eléahand molecular hydrogen substance; where not
specified, the reported values refers to IUPAStandard Temperature and Pressure (S@dt)ditions]1.8].

Elemental Hydrogen

Electron configuration 1s1
Electronegativity (Pauling scale) 2.20
lonization energies 1st: 1312.0 kJ- ol
1H 99.985%
Isotopes 2H 0.015%
3H 0.015%
Molecular Hydrogen
Critical point 239.96 °C, 13.15 bar Density at 0 °C, 1 bar  0.08988 g/drh
Triple point -259.35 °C, 0.0704 bar Liquid depsit m.p. 0.070 g/cin
Melting point -259.14 °C Solid density at m.p. 68 g/cm
Boiling point -252.87 °C Liquid density at b.p. 0@099 g-crh
Heat of fusion 0.117 kJ-mdl Liquid composition 100% Orto
Heat of - . 75% Orto,
vaporization 0.904 kJ-mot Gas composition 25% Para
Molar heat capacity 28.836 J-moK™ Crystal structure hexagonal
Thermal | 0.1805 W-m* K™ Magnetic ordering diamagnetic
conductivity

@ It is the acronym for atomic mass unit, used thidate mass on an atomic or molecular scale.defined as
one twelfth of the rest mass of an unbound neat@h of*°C in its nuclear and electronic ground state and it
has a value of 1.660538921(73)x4'kg.

® |nternational Union of Pure and Applied ChemistiyPAC), is an international, non-governmental and
objective body for advance and use of chemicahseidor scientific purposes (http://www.iupac.org/)
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1.2.2 Hydrogen as a fuel

Hydrogen is highly flammable: in air it burns iretvide range of concentration, 4-75 vol%
and detonates in the range 18-59 vol%, even thdegbnation can occur only in small and
confined spaced..9]. Intable 1.2a comparison among the physical properties of Jorlas
reported. It is evident how the heating value passnunit of a fuel increases as the hydrogen
content increasdg4.10]; thus hydrogen itself is able to provide the hggr@mbustion energy
per mass unit. Hydrogen burns with a flame almasisible during the daytime with a
temperature up to 2045 °C. Although its dangerossreome features of hydrogen reduce the
risks during an accidental fire. Hydrogen is lessnimable with respect to gasoline, with a
autoignition temperature more than 250 °C highantthat of the gasoling.11]. Hydrogen
gas is fifteen times lighter than air and it difssupwards more than five times faster than
nitrogen (the nitrogen percentage in the air mixtisraround 72%); for these reasons, when
hydrogen burns, it is consumed very quickly andhidmes always upwards. In addition, the
thermal radiation of hydrogen flame has a low wength, thus easily absorbable by the
atmosphere. Fuels, such as gasoline, diesel°l,p@tural gas, are heavier than hydrogen and
need more time to be dispersed in the air, thupikgehe fire zone close for longer time. It
has been experimentally demonstrated how a gasi@thear burns for 20-30 min, with
respect to 1-2 min for an analogous hydrogen-fedica?]. the low thermal radiation of the
hydrogen flame reduces the possibility for neighbwu materials to go up in flames, thus
reducing fire time and toxic emissions due to costion.

Table 1.2Comparison among some physical properties of hyeliand some other fuels.

. Heat of combustiorAH.°) Autoignition .
Chemlpal _ _ _ temperature F!ar_nm_ab|I_|ty
Fuel composition Higher Heating  Lower Heating t 1at limits in air
(average) Value (HHVY?  Value (LHV)? a °Ca m %]
[kJ/kg] [kJ/kg] [°Cl]
Coal C >91.5% H>3.7%
(Anthracite) 0>2.5% S~1.0% 34.1 33.3 600 N.A.
others-4.3%
Diesel C“%'S;/EO ";;13'2%’ 45.9 43.0 210 18
. 0
((rfisc‘t’ggg) CiHis 46.7 425 206 1-6
Propane GHg 48.9 45.8 470 2-10
Methane CH 55.5 50.1 537 4-16
Hydrogen H 141.9 120.1 400 4-75

© LPG is the acronym of Liquefied Petroleum Gas,laanfable gas mixture of light alkanes; its main
component is propane (for this reason, sometimesrtixture is indicate as Liquefied Propane Gas) itunsl
used as a fuel in heating appliances and vehicles.

@ The lower heating value corresponds to the heatiged by the combustion reaction with the produseter
in the final state of the reaction (usually vapohipher heating value is the total heat amouiaigb the heat
obtained by the produced water condensation isideres.
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The hydrogen combustion reaction with oxygen isftlewing:
H, + % Q — HO0 AH° = 286 kJ/math, = 141.9 kJ/kg (1.1)

where water is the only product, together with hdtere is no production of pollutant
substances, such as S®Q, thin powders, CO, CQtypical of combustion processes with
fossil fuels. Even though vapour is a greenhouseigaan be definitively considered not as a
pollutant, if it is used to gain further energy ity condensation. However, usually a fuel is
not burn in oxygen, but in air, which is much easgeprovide and directly available in the
Earth’s atmosphere. In this case the combustionydfogen could produce traces of NO
due to the presence of nitrogen in the air mixtiireigh temperatures are reached during the
combustion process. In internal combustion eng{h@gs) or burners, hydrogen chemical
energy is converted to thermal energy with thecefficy limitations related to a thermal
machine, according t€arnots principle[1.13]. Then, if electrical or mechanical energy has
to be produced, the efficiency of the further casian energy steps should be considered.
More energy can be obtained from the hydrogen bgus fuel cell, where the energy content
of the fuel is converted directly to electrical ege[1.14]. Figure 1.4 reports a schematic
drawing of a hydrogen fuel cell. Two electrodeso@a and cathode) are separated by a
membrane, but the presence of an electrolyte altbevsnigration of Hions from the anode
to the cathode. The involved electrochemical reastare:

anode reaction (oxidation): H—- 2H +26¢ (1.2)

cathode reaction (reduction): %3 26+2H — H0 (1.3)

Figure 1.4Hydrogen-air fuel cell (image from Fuel Cell Today)

The anode is the negative electrode, where theolygdr molecules break and atoms get
ionized, supplying electrons to the electrical aitcAt the cathode (positive electrode), the
electrons coming from the electrical circuit aredio ionize the oxygen molecules present in
the air mixture. The ionized hydrogen and oxygeomast definitively form water molecules.
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The overall cell-reaction is the hydrogen combumstieaction(1.1) reported above, which is
the sum of the reactions occurring at the two foell electrodes. The electrochemical
conversion generates heat, which must be removedder to keep the process temperature
constant.

The electrochemical process is based on the reag#ises ionization. The bond between the
two atoms of the hydrogen molecule is quite wed?2 (KWJ/mol), so that the gas can be easily
ionized. Differently from hydrogen, other fuels,chuas methane (CH have stronger
molecular bond so that part of the electrical ptg¢produced by the fuel cell should be used
to ionize the fuel gas (anodic overpotentfal)l5]. Some electrode overpotential is actually
needed also in the hydrogen fuel cell, but at #ihade in this case, in order to ionize the
oxidative oxygen gas, which has a stronger moledudad than hydrogen. For this purpose
noble metals (Pt in particular) based alloys and-mable metals (other transition metals)
oxides can be used as electrocatajistss]. Although batteries and fuel cells have the same
working principle, as both convert the chemicalgmbial of some species in electrical power,
fuel cells can run theoretically continuously ifetfuel and the oxidative (i.e. combustive)
agent are fed. Differently, the batteries durati®round to the availability of the internal
reacting species (i.e. the chemical charge), whatsumes during the energy production up
to depletion.

Fuel cells are used in assembled configurationeddstacks”[1.17], where the cells are
set in series by means of bipolar plates for tbevfof gasesfigure 1.5); for larger power
supply systems, different stacks are assembledotm f‘modules”. With this modular
configuration fuel cells systems can supply powerwide ranges with low efficiency
variation.

Membrane

Flow channel Bipolar plate
Cathode/
electrolyte/
anode
assemblies

Gas diffusion layer

Figure 1.5Schematic drawings of a fuel cell cross-sectiom Wwipolar plates (left) and a fuel cells stack {rij

The internal combustion engine of a car fed byifdasls converts about 20% of the fuel
energy into used power; instead, typically, fuell gower generation systems today in
operation achieve 40% to 50% fuel-to-electricitfiog#ncy. In combination with a turbine,
fuel cell electrical efficiencies can exceed 60% amen cogeneration is used, fuel utilization
can reach 85%. Different types of fuel cells ared)glepending on the application, each type
presenting advantages and drawbacksabie 1.3 a schematic comparison among the most
used types of fuel cells is shoyin18].
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Even though the fuel cell technology is alreadyaatmature stage for application,
improvements, such as durability, reliability, nrakecost reduction (e.g. for the electrodes
catalysts), efficiency, are still needed in ordeimcrease the appetite for the hydrogen use as
a fuel alternative to the fossil ones.

Table 1.3Comparison among the most used types of fuel[dellg].

Type of

Proton Exchange

Phosphoric

Molten

temperature not suitable
for cogeneration

electrolyte

« Large size/weight

Direct Methanol Alkaline ; Solid Oxide
Fuel Cell Membrane (DMFC) (AFC) Acid Carbonate (SOFC)
(FC) (PEMFC) (PAFC) (MCFC)
—>
temperature 50-100 T 50-100 € 60-120 C 150-220C 600-700 € 650-1000C
olymeric olymeric . potassium, . .
POy, poly potassium hosphori id di d doped zirconium
(poly-perflurosulfonic acid) | (poly-perflurosulfonic acid) . phosphoric aci sodium an i
electrolyte hydroxide . oxide
membrane membrane lithium carbonate
. 53-58 %
electrical ! o o o o o
efficienc (transportation) 20-25 % 60 % 32-38% 45-47 % 34-43 %
Y 25-35 % (stationary)
system output < 1kW - 250 kW <1.5kW 10 KW - 100 kW | 50 kW -1 MW | < 1kW -1 MW | 5KkW - 3 MW
* back-up power . . . . . .
. portable power « industrial ] « industrial ] « industrial ]
aoplications . Frans ortation « consumer goods (laptops,| * space cogeneration cogeneration cogeneration
pp portat mobile phones, etc...) « military « distributed « large distributed | « large distributed
. Il distributed
;?r?eragsog ute generation generation generation
« High efficiency
. « Fuel flexibility
« Higher overall . . .
. . 2 N « High efficiency « Can use a variety
?grl'rz;:)enczoéiitﬁljﬁges « High energy storage « High efficiency ig;céengfglm;h « Fuel flexibility of catalysts
advantages management problems « No reforming needed « Cathode reaction « Increased « Can use a variety |« Solid electrolyte
« Low temperature « Easy storage and faster in alkaline tolerance to of catalysts reduces electrolyte
« Quick start-u transport electrolyte imourities in « Suitable for management
P hySrogen cogeneration problems
« Suitable for
cogeneration
« High temperature
+ Requires expensive « High temperature enhances
a P h * Requires speeds corrosion corrosion and
. ;ﬁ.“ilySts itivity to fuel : Efx(p:%nsflve r?m?vald expensive and breakdown of breakdown of cell
nigh sensitivity to Tue « Low power output o 21rom Iuel an platinum catalysts cell components components
drawbacks impurities air streams required | , |\ cirrentand |+ Complex + Slow start-up
* Waste heat at low to protect the power electrolyte - Brittleness of

management

« Slow start-up

ceramic electrolyte
with thermal
cycling

1.3 Hydrogen production

As already mentioned, hydrogen is abundant almestyeshere in the Earth, but bond to
other elements; thus its potentiality in being useda clean alternative fuel is strictly
connected to the possibility to make it availab$e paure substance. In the following two
subsections the main methods used today to prddgdregen are briefly discussed.

1.3.1 Production from fossil fuels
The world hydrogen production is about 500 billiofis® per yeaf1.19]; one third of this
amount is produced as a by-product of industriatgsses, such as hydrocarbons cracking or
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chlorine-soda process. The main part of hydrogeabisined from fossil sources through
processes which produce the so-called “Syngas’y(thesis gas), i.e. a mixture of carbon
monoxide and hydrogen, fundamental intermediatettierindustrial synthesis of important
chemical commodities, such as ammonia and meth&nom the carbon monoxide of the
syngas further hydrogen can be produced by théheric “water gas shift reaction”:
CO+HO —» CO+H, AH® = - 41 kJ/mol (1.4)

The processes used for the production of the syragm® preliminary step for the final
hydrogen production, are reported beldw20].
1) Natural gas Steam Reforming or Methane Steam Reafgr(8MR) With this method,
half of the world hydrogen production and more tkf@a 90% in U.S. is provided. The
reaction to produce the syngas is:

CH;+HO — CO+3H AH® = - 192 kJ/mol (1.5)
Syngas

Methane (natural gas) reacts with vapour on a Milgst at temperature of 700-800 °C.
Even though the reaction is favoured by the lowsguee (four moles of gases are
produced from two moles of reacting gases), usualpressure of 20-25 bar is used,
both for this and the following water gas shift agan. This is because both syngas
mixture and hydrogen are more marketable as corsguegas. An excess of vapour is
usually employed in order to prevent the side feacof methane with some coke,
formed during the process. If hydrocarbons heawian methane are feed to the process,
an adiabatic “prereformer” is used as previous estagactor, to convert the heavier
hydrocarbons to CK CO, CQ and H, thus increasing the overall process efficiency,
even with a larger variety of loads. The water ghst reaction is then conducted at
130 °C.

2) Hydrocarbons partial oxidationWith this process hydrogen can be obtained from
light hydrocarbons (e.g. methane or LGP mixture) aom heavier ones (e.g. heating
oil) as well. The general reaction for the syngasipction is:

CiHn+n2Q — nCO+m/2H AH <0 (1.6)
Syngas
The partial oxidation is performed with air or, avieetter, oxygen. Catalyzed process
occurs at 800 °C and atmospheric pressure; if telysh is used, temperature of 1200-
1500 °C and pressure of 20-30 bar are needed. &ber \gas shift reaction completes
the carbon oxidation, producing about 70% of thérbgen of the overall process.
3) Coal gasification The carbon contained in coal reacts with watemdothermic way;

but also partial or full coal carbon oxidation in@r oxygen is performed in order to use
the heat of the two exothermic reactighs3) and(1.9) for the whole process:

C+¥HO — CO+ AH°® =-111 kJ/mol 1.7
2 H 3 (1.7)
Syngas



Hydrogen for the future 13

C+%Q — CO AH® = -111 kJ/mol (1.8)
C+0 — CO AH® = -394 kJ/mol (1.9)

Further hydrogen is then obtained through the wgser shift reaction performed at 400-
500 °C using iron and chrome catalysts.

As shown, the hydrogen production methods fromilfdgels give the greenhouses gases
CO and CQ as co- or by-product, due to the presence of canbthe initial load, as well as
other pollutants, due to the high temperature effifocesses and depending on the presence
of sulfur in the initial load. Thus, from the ersrmental point of view, the production of
hydrogen by these methods seems not to be an adearilowever, the huge amount of
carbon mono- and di-oxide could be reduced as femlssions to the atmosphere, by
performing carbon capture sequestration (CCS) éngdrticular ecosystemfl.21] or
geological formations, especially the same weltsnfrwhich the fossil fuels are extracted
[1.22]. In this way, the use of hydrogen, even producgdfdssil sources, could be an
advantage if compared to the direct use of fosegilsf for transportation.

1.3.2 Production from renewable sources
Hydrogen can be produce in a sustainable way fratemand biomass.

Biomass is renewable, abundant and easy to use. t@wdife cycle, net C@emission is
nearly zero due to the photosynthesis of greentplfin23]. The hydrogen production
processes from biomass can be divided in two gerei@gories: thermochemical and
biological processes. The thermochemical procemses

* combustion;
e pyrolysis;
* liquefaction;
» gasification;
» ethanol reforming;
while the biological processes include:
e direct biophotolysis;
e indirect biophotolysis;
* biological water-gas shift reaction;
» photo-fermentation;
» dark-fermentation.

All these processes still need research effortstasis, even though at different levels, to
become viable methods at the industrial scale. Wewethe availability of the different
starting substances makes these processes vergsiig; in particular, biological dark
fermentation is a promising hydrogen productionhodtfor the commercial use in the future,
while thermochemical pyrolysis and gasification amnomically viable and will become
competitive with the conventional natural gas refimg method.
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Hydrogen can be obtained from water with differer@thods, among which the electrolysis
is the easiest and economically conveniér4]. With this process the water molecule are
divided in hydrogen and oxygen gases by mean ottredgy, according to the
electrochemical reaction:

H,O + electricity—> H, + 2 Q (1.10)

As it can be noticed, this reaction is exactly tipposite of the hydrogen combusti@dnl),
occurring in the fuel cell, producing electricityhus, if the hydrogen obtained from water
electrolysis is used in the fuel cells, again wasepbtained and the “hydrogen cycle” is
performed by using electricity. This cycle occursaisustainable way if the electricity needed
for the electrolysis is obtained from renewablergpesources, such as solar (photovoltaic and
thermodynamic), wind, waves, tides. However the leywill become economically
convenient once the cost of the energy productromfrenewable sources will decrease
reaching a competitive lev§l.25]. It must be underlined that the use of hydrogeeresgy
vector can give a fundamental contribution for thloitation of these natural sources to
produce electricity, due to their fickleness inbdime and intensity. Some of the energy
produced and not used can be chemically storegidrogen, which would return it in periods
when the energy demand is higher than the eneguption rate.

Besides electrolysis, other less efficient watdititspy methods can be used to produce
hydrogen. Thermolysis is a water breaking process#sg high temperatures, viz. 800-
1000 °C for water dissociation; in order to redtis temperature, various energy sources are
adopted, above all solar thermal energy. Waterbsadissociated to produce hydrogen also
by photoconversion, where solar energy is exploitedsemiconductors, catalysts and
membranes based systems to split the water moletoléydrogen and oxygd.26].

Combinations of the cited methods for hydrogen potidn from water are also used. For
example, in thermochemical water splitting, thehhigmperatures of thermolysis can be
reduced if catalysts and other reactive intermediare used for the occurring chemical
reactions to produce hydrogen from wafér27]. Photoconversion can also be used to
produce the electricity for the water electrolysis:this case, a photoelectrochemical cell
(PEC) is use(i1.28].

Power coming from nuclear plants can be used t é&ectrolysis or thermolysis; the used
fuel in this case is still a fossil type one, aasl,it is known, its use has critical environmental
(nuclear waste management) and safety (accidenfswer plants) implications. At this
regards, it must be considered that recently (20hpprtant countries of the European Union,
such as Germany and lItaly, decided not to procesthare with further investments on
nuclear power generation and decreed the dismgndfithe already existing plants.
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1.4 Hydrogen distribution

Once produced and before being used, hydrogen beustelivered and distributed. As
reported abovetdble 1.2, hydrogen has the highest heating value per maisgmong fuels;
however the energy content in hydrogen is lowen thther fuels, if compared per volumetric
unit, because of the low density of gas and liquydrogen {able 1.1). This determinates
higher costs for hydrogen transportation, compaoedther gaseous fuels. Today pipelines
are present only close to the places where hydragyenoduced or used. In US about 2000
km of hydrogen pipelines are already installed,clhis a minimum amount if compared to
the about 2 million of km of the natural gas naéibnetwork[1.29]. There are technological
aspects and problems that must be considered éouglke of long pipelines for hydrogen
delivery, such as: hydrogen potential embrittlerfieint the base steel and in the welds used
for pipelines construction, the costs of the hy@rogompression stations, the prevention of
hydrogen leakage from pipelines and other contaminmeaterials. The building of wide
reliable and suitable pipelines is strictly coneecto the development of a hydrogen-based
economy and needs huge initial investméht30].

Hydrogen can also be compressed and liquefiedderdo increase its density. However
both the methods require not negligible energieeéch the desired conditions, i.e. pressure
up to hundreds of bar or cryogenic temperaturgsXF253 °C at 1 bar). Anyway, these are
preferred options for long distances hydrogen @ejivif pipelines are absent. In particular,
liquefied hydrogen is preferred for its higher dgnand transportation is performed in super-
insulated cryogenic tank trucks or barges.

The approach of a more distributed production seerhge
a more convenient alternative to big hydrogen pectido
plants and long distance hydrogen delivery: in thiy,
hydrogen would be produced close to the end useepla
However, centralized production assures lower proda
costs, due to the greater economies of scales.
comparison of the two alternatives and mixed siesaf [EEES
central/distributed hydrogen production are beiogsidered
to address the potential investments. In all treesathere is
always a big issue, which must be considered irerotd
assure continuous hydrogen availability for thersis¢éhe
possibility to store the produced hydrogégure 1.6). The RoreiGtie

Enerngy Source

%
&9&} Froduction

stored fuel would be available in stationary apglmns Figure 1.6 The hydrogen use
(houses, industries, refuelling stations, etc..Qrird) cycle [1.31]: in red frame the

demand peaks, and would be the tanks content frhfldrogen storage, a fundamental
hydrogen fed vehicles. This issue, which constituiee SteP for the development of a
topics of this thesis, is discussed in the nexptdra hydrogen-based economy.

©) Hydrogen embrittlement consists in the hydrogesogftion inside the steel, causing loss of dugtiind
change of the material to brittle, with the expesiar cracks and thus sealing failure.
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Chapter 2

Methods for hydrogen storage

2.1 The problem of hydrogen storage

The possibility to store hydrogen in efficient asafe way would give a huge boost to the
development of the hydrogen economy and would ot fead to a clean revolution in
transportation. Today hydrogen is stored mainly casnpressed gas in high pressure
containers or liquid hydrogen in cryogenic vess8lsth methods require high energy for
compression and liquefaction, respectively, andgmesafety issues, due to the high pressure
in the first case and to the high hydrogen volgtiand flammability in the second one.
Research is still focused on the improvement ofstifety and the efficiency of these systems
in order to allow spread applications. However, poessed and/or liquefied hydrogen
systems have inherently limited efficiency and afi@r energy density, and for this reason,
alternative methods are needed for suitable hydragierage systems. In the last decade
increasing research efforts as well as public amndae investments are being employed for
the study of different systems as potential hydnograge candidates. The Department Of
Energy (DOE) of United States of America periodicéikes the targets for suitable hydrogen
storage systems, on the basis of the researchgadgrhese targets refer to a driving range of
400-500 km for a light duty vehicle, for which 4k§ of hydrogen are needed to feed a PEM
fuel cells powertrain onboard. table 2.1the last official DOE’s targets (2007) as welllas
revised values after the 2011 interim updaté] are reported.



20 Chapter 2
Table 2.1Technical system targets for onboard hydrogen sfeifar light duty vehicles
) 2007 targets 2011 targets
Storage Parameter Units
2010 2015 Ultimatg 2017  Ultimate
Energy Density
kWh/kg 15 1,8 2,5 1,8 2,5
System Gravimetric Capacity kgH./kg 0,045 0,055 0,075 0,055 0,075
wit% 4,5% 5,5% 7,5% 5,5% 7,5%
System Volumetric Capacity KWh/L 0,9 13 2,3 13 2,3
kgH,/L 0,028 0,040 0,070 0,040 0,07(
Durability/Operability
Operating ambient temperature °C 30/50  -40/60  -40/60| -40/60  -40/6D

(stable performances)

Min/Max deliver temperature °C -40/85 -40/85 -40/85 -40/85 -40/85
Operational cycle life cycles 1000 1500 1500 1500 50
Min delivery pressure from storage

system bar (abs) 5FC/ 5FC/ 3FC/ | 5FC/ 3FC/

(FC = Fuel Cell, ICE = internal 35ICE 35ICE 35ICE | 35ICE 35ICE

combustion engine)

Max delivery pressure from storage

system . 12FC/ 12FC/

(FC = Fuel Cell, ICE = internal bar (abs) 12FC 12FC 12F¢ 35ICE 35ICE

combustion engine)

Charging/Discharging Rates
min 4,2 3,3 25 3,3 2,5
System fill time (5 k ’ ' ' ' '

y (5 kg {kgHzlmin 1,2 15 2.0 15 2.0
Minimum flow rate (g/s)/lkW 0,02 0,02 0,02 0,02 0,02
Start time to full flow (20 °C) s 5 5 5 5 5
Start time to full flow (-20 °C) s 15 15 15 15 15
Transient responget operating temp.)

10% - 90% and 90% - 0% S 0,75 0,75 0,75 0,75 0,75

On the chart ofiigure 2.1, several different studied systems for hydrogesrasfe are
located, referring to their gravimetric and volunetapacities, and the areas corresponding
to the last official 2007 DOE’s targets for 201@&915 are indicated.
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Figure 2.1Hydrogen storage densities for various systemstcg@o$chlapbach and Zittel, Nature, 2022].
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As evident, there are several materials largelyil flloth gravimetric and volumetric
capacity requirements, however for these matesaise disadvantages should be overcome
to make them a suitable solution, the serious aegbthe working temperature. Actually,
there is still not any system able to reach all desired targets, especially for vehicular
application.

In the following sections both technologies mostiged today for hydrogen storage
(compressed and liquid hydrogen), as well as theidate systems and methods investigated
as safer and more efficient alternatives, are ptese

2.1.1 Compressed hydrogen gas

Pressure vessels are used to store high pressumpressed hydrogen up to 800 bar,
depending on the limits of authorization by thecsfie Country’s law. The vessel body can
be constituted by single metals or alloys (steklmaum, titanium) or lighter materials
composites, e.g. glass fibres reinforced polymé&RPs) or carbon fibres reinforced
polymers (CFRPs) surrounding a metal or plastierli2.3]. In any case, higher pressure
containers need thicker walls so that an increas®lumetric hydrogen capacity corresponds
to a lower gravimetric hydrogen density in the egst Moreover, at high density the
volumetric behaviour of the hydrogen gas is famfrthe ideal gas and a doubling of the
pressure corresponds to an increase of only 40-&Q0¥e hydrogen amount. This determines,
for each material, a maximum pressure value afteiclwalso the volumetric hydrogen
density of the system decreasgsufe 2.1). There are also examples of hybrid high pressure
vessels partially filled with hydrogen storage miats, in order to increase the volumetric
hydrogen density, despite a reduction of gravimédtyidrogen percentage.4]. Usually, high
pressure vessels are constituted by cylinders,ulsecéhis shape is the best compromise
between volume occupancy and technical buildingsaes; however cylinders do not
optimize the space inside a car, and this mustlde take into account for the placement
onboard.

Pressurized hydrogen can also be stored in gldgs)snicroballoons (GMBs). The small
(typically, up to 500 um diameter) spheres aredilvith hydrogen at high pressure (350-700
bar) and high temperature (> 300 °C) by permeatidnigh pressure vessels. Then they are
cooled (residual hydrogen pressure inside is tYlpic00 bar) and transferred to a vessel,
which will host them inside the car. The releaséyafrogen from the sphere is then driven by
the temperature increase. In this way, inhererafg ow pressure hydrogen tank can be used
with a demonstrated hydrogen capacity of 5.4 wt%wever these methods have specific
drawbacks, such as: a) the need to recharge tlexespin separated high pressure and high
temperature vessels, b) the slow lost of hydrogem fthe microspheres occurring at room
temperatures, c) the difficult management of hydrogelease-response at the needed
temperatures, higher than 300 °C, also not comleatitih PEM fuel cells, d) the breakage of
spheres material, occurring after different chagfischarging cycles. Researchers are
engaged in improving the spheres constituent nateriorder to reduce drawbacks and wall
thicknesd2.5].
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2.1.2 Liquid hydrogen

Hydrogen can be liquefied at -252 °C (21 K) at aanbpressure, and in any case, no liquid
hydrogen is present above the critical temperavfir40 °C (33 K). This implies that, for
safety reason, liquid hydrogen can be stored omlppen containers: if refrigerating and
insulating fail, the pressure in a close storaggiesy could increase up to“*1Bar at room
temperature. For the liquefied hydrogen the gratrimend volumetric densities are 100 wt%
and 70 kgh/m®, respectively (sedigure 2.1); however, if all the cryogenic system is
considered, typically the values decrease respgtto 7.5 wt% and 33 kgim?®, which are
still interesting values for a hydrogen storagetesys The big problem of this technology is
the energetic efficiency. Liquid hydrogen is proeldanainly by Joule-Thompson effect on
pre-cooled hydrogen: differently from other gasdggjrogen warms upon expansion at room
temperature, and its inversion temperature, undechwcooling expansion occurs, is just -
71 °C (202 K). In general, an energy lost of 30940occurs during liquid hydrogen
production. Hydrogen boil-off losses, as a restiteat leak from the cryogenic tank, must be
also considered. These losses are function of sizape (in particular surface-to-volume
ratio) and thermal insulation of the container,iwitlues up to 0.4 % of the stored liquid per
day. The high energy amount needed to liquefy hyeinp together with the boil-off losses
limit the use of liquid hydrogen vessels to apgima where the fuel is consumed in short
time and costs are not a primary issue (spacetanyii However, from the infrastructural
point of view studies are in progress, comparing energy loss connected with the use of
liquid hydrogen with the advantages to easily tpansit in reduced volumes also for long
distances.

As applicative examples, Toyofa.6] and Hondd2.7] produced cars with fuel cells fed by
compressed hydrogen tanks. Liquid hydrogen tanke baen used for cars model by BMW
[2.8], city buses by Mercedes-Benz, while AeroVironmdatveloped and tested the first
Unmanned Aerial Vehicle (UAV). Companies such asiBg, Lange Aviation, and the
German Aerospace Center are testing liquid hydrogeks for manned and unmanned
airplane. There are also examples of trucks fuetlgdchydrogen in pressurized cryogenic
vessel prototype, where hydrogen can be stored ibdiquid or gaseous forrf2.9]. In any
case, the perplexity of people toward the safetyonfipressed and/or liquefied hydrogen tank
is also a factor that should be taken into accoutite view of vehicles equipping.

2.2 Hydrogen sorption

When a gas substance interacts with the surfaaecohdensed (i.e. liquid or solid) phase, a
phenomenon ophysisorptionor chemisorptionoccurs. In the case ghysisorption weak
intermolecular Van der Waals forces (deriving fréoctuation of charge distributions and
responsible for the non-ideal behaviour of gases fan the vapours condensation) cause
binding of the gas on the condensed material seirflcchemisorptionthe involved forces
are valence forces, analogous to those resporisitiiee formations of chemical compounds.
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Both physisorption and chemisorption mechanisms ban represented by a one-
dimensional diagram of potential energy vs the aise from the interacting surface
(Lennard-Jones potenti§?.10]), as reported irigure 2.2. Hydrogen can interact with the
surface in molecular form or already as atoms leef@aching the gas-condensed phase
interface: the curves of the two cases are sepghtatehe hydrogen molecule dissociation
energy b (218 kJ/molH). Atomic hydrogen approaches andrauis with the surface up to a
minimum energy value, corresponding to the ovecdlemisorption energy £ (= -50
kJ/molH). Instead, in case of physorption, the raxtéon of molecular hydrogen with the
surface is less intense and the system stabilizésasphysisorption energy, indicated with
Ep. For hydrogen molecule, an increase of the pakatiergy is needed to come closer to the
interacting surface; further approach can causéaamge in the interaction and determine
hydrogen dissociation after a certain potential rgyebarrier (intersection with the
chemisorption curve). In this case, the hydrogessatiiation can be energetically favourable
if the intersection is below the zero referencergyeand the overall energy for the
dissociation of hydrogen is\k; on the contrary, if the intersection is above 2beo reference
energy level, the overall energy s required for the dissociation process.
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Figure 2.20ne-dimensional Lennard-Jones potential curvepfysisorption(dashed line)chemisorption
(dotted-dashed line) and absorption (dotted linechanism$2.11].

When the process is limited to physisorption, oacgaonolayer of gas is deposited on the
surface, the further approaching gas interacts thighfirst deposited layer. Thus, the energy
for the deposition of the second and the furthgera corresponds to the sublimation or
vaporization heat of the gas substance and, coesdguat temperatures higher than the
boiling point only a single layer can be deposit€bkarly, the amount of deposited gas in the
first layer increases as the surface area increaddgionally, the energy of the physisorption
process is enhanced by the presence of small sizs,pdue to the overlap of the attractive
forces of the opposite walls on the gas substdpaethis reason, materials with both high
surface area and small pores size are preferredymtesized. However, the estimation of
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actual surface area and pore size becomes moreudtifior very high surface area materials
with pores of nanometric dimensions. The reliapitf the measurements becomes highly
dependent on the dimension of the molecule of #&l probe gas and on the used methods,
such as Langmuir isotherrfza 12] or Brunauer Emmett and Teller (BET) theizyl 3].

Up to now, the interaction of the gas with the scef has been described. A further and
more common distinction is done between the temiseption and absorption, adopted for a
gas interacting with a condensed surface. ddheorptionprocess is the enrichment of one or
more components in the interfacial layer, so thatghenomenon is limited to the surface of
the condensed material. On the contradysorptionoccurs when the overall phenomenon
involves also the bulk of the condensed materike §eneral ternsorptionis used when
neither adsorption or absorption phenomenon isifspécsimilarly the suffix —ateqorbatg
refers to the taken-up substance (i.e. the gasile wient gorbenj refers to the sorbing
substance (i.e. the condensed material). Ultimatdigorption and absorption refer to the
location of the sorbed species with respect o trbent, i.e. surface or bulk, respectively.
Still referring tofigure 2.2, after the chemisorption occurred and the minimamargy after
hydrogen dissociation is reached, the system calvevwith the diffusion of atomic
hydrogen from the stable superficial chemisorptaies into the bulk absorption sites: the
overall feature of the process can be either emdotic or exothermic (the latter being the
common case). The energy of the absorption site&dsand the net stabilization energy is
EpiFr.

Evidently, the exposed model describes an idea cdisa gas interacting with a clean
surface, e.g. metal. In general, the real caseoi® mariegated, for example with presence of
oxides on the surface, which limits the interactannterface and the diffusion of the atomic
hydrogen inside the bulk material.

A particular method sometimes used to enhancentieeaiction between the hydrogen gas
and a high specific area material used to storedggh is théhydrogen spilloverWith this
method, the high surface area material is usedsabsirate and receives hydrogen, which has
already interacted at the gas-solid interface waitbther material (e.g. a metal), put on the top
of the substrate. The hydrogen transfer from ttends to the substrate is ensurediblking
bridgesbetween the substrate and the active material.

2.3 Hydrides

After chemisorption on the surface, the hydrogematcan jump to the undersurface layers
and start diffusing inside the material’'s (typigalh metal) bulk. In this case, absorption
occurs and a new material forms, thalride Depending on the type of the created bond with
hydrogen, the compound is classified@sc, metallic (or meta), or covalent hydrideMetal
hydrides are also-called interstitial hydridesttes hydrogen occupies interstitial sites of the
crystal lattice. For metal hydrides, tpeessure composition isother(RCI) curves describe
the hydride formation procesigure 2.3). PCls are thermodynamic curves, where each point
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corresponds to the final concentration of hydroigeide the material at a certain pressure and
for the selected temperature. The region on thesldé of the bell-shaped profile describes
the state of a solid solution-phase) with hydrogen dissolved inside the mefaltoua limit
H/M ratio usually less than 0.1 and with a corregpog expansion of the metal lattice of 2-3
A per hydrogen atorf2.14]. For concentrations higher than 0.1 H/M the hyelndhase -
phase) starts nucleating and growing. If the irgeeaf the hydride phase occurs at constant
pressure, the region of the isotherm “inside th€ saows a flat plateau. Once the hydride
phase is completely formed, the material showastble maximum hydrogen capacity: after
this value, a further increase in hydrogen conegioin needs a strong increase of the pressure.
The plateau region becomes shorter as the tempem@itthe isotherm increases, up to a final
value T, above whichu-phase an@-phase are not distinguishable anymore.

IN peg 4 !

~ & H

IN Peo(T2)

Cq uT
Figure 2.3Pressure Composition Isotherms (PCI) curves (ki) Van't Hott
plot (right) for the hydride formatiof2.15].

2.3.1 Thermodynamics of hydrogen absorption and hydrides stability
The equilibrium between the solid solutiarphase and the hydrigephase in presence of
hydrogen gas pressure is given by the equalith@Gibbs free energy to zero:

AG =G’ - RTInp—Zq =AH° -TAS® - RTIn p‘;‘* = (2.1)
peq peq
Peg _ AH® AS° _
=  In—= - Van't Hoffequation (2.2)
p%, RT R quat

The Van't Hoff equation represents a straight line in the coatds 1/T and Irp(ec{poea),
whereAH°/R is the slope andAS°/R is the intersection with y-axes. Thus, if RGtves at
different temperatures are acquired and equilibripmessures measured, it is possible to
obtain thevVan’t Hoff plot and hence calculate the hydride formationddad enthalpyAH®)
and standard entropyn$°). As a first approximation, for an absorptiongess in which the
initial hydrogen gas is included as atoms in thk bfia solid phase, the standard entropy can
be assumed equal to the opposite of the standampgrof the hydrogen gas formatiohS°
~ - S%H = -130 J/K-molH. Considering reactior{2.2), this implies that, to reach an
equilibrium pressure of 1 bar at 300 K, the staddarmation enthalpynAH® should be -39.2
kJ/molH,. The heat exchange in reversible way during aiphAlshemical process is given
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by AQ = T AS; this implies that in a hydrogen absorption psscde heat is released by the
system to the environment, i.e. the process ishexotic. Reversely, hydrogen release from
the hydride is an endothermic process and usualy imust be supplied to the system; this is
not necessary if hydrogen release spontaneouslur®cat room temperature and the
environment itself can supply the needed heat. iBhp®ssible depending on the difference at
room temperature between the hydride equilibriuespure and the current pressure of the
environment where hydrogen must be released (drifonce). According to equatiof2.2),
this difference depends mainly on the process nthiee. on the stability of the hydride with
respect to the dehydrogenated system. For the ialatenvestigated as hydrogen storage
candidates, typical reference parameters for tmmparison are the equilibrium pressure at
room temperature (25 °C) or, dually, the tempegtoorresponding to an equilibrium
pressure of 1 bar, both depending on the absofdsorption reaction enthalpy.

Some general rules of thumb can be consideredéohydrides stability, on the basis of the
research results collected up to now.

In general, transition elements with electronegtivm the range 1.35-1.82 (Allen-Rochow
scale [2.16]) do not form stable interstitial hydrides. Exceps are vanadium (1.45),
chromium (1.56), molybdenum (1.30), technetium §)L.Referring to the crystal lattice, the
stability of a hydrogen atom inside an interstisae can be assumed as the weighted average
of the stabilities of the corresponding binary hgds of the neighbouring atoms.

The enthalpy of formation of binary ionic and mdtgtlrides can be calculated according to
different computing models. Simpler methods, sushs@miempirical models based on the
rigid electronic band theof.17], the Born-Haber calculations (more indicated &omic-type
hydrides), or theMiedeméas model (more suitable for metal hydrides) areaative because
of the little computation effort needed; howeves thvel of their accuracy is limited and they
usually tends to overestimate the reaction enthalsgording to theMiedemas model, the
more stable the intermetallic compound is, the &able the corresponding hydride is, and
viceversa[2.18]. Miedemas model has also been extended for the estimaiforeaction
enthalpy in ternary hydridd®.19]. Other more complex computational approaches, agch
Effective Medium Theory (EMT) and Density Functibfideory (DFT) as well aab initio
calculations are used in order to develop morerateulescription models.

For covalent complex hydrides, such as tetrahydaibe (borohydrides) and
tetrahydroalanates (alanates), the stability isndotio increase linearly with the Pauling
electronegativity of the cation elemégat20].

In recent years the concept of hydridestabilizationhas been introduced by Vajo and
Olson[2.21]. The idea is schematically describedigure 2.4. The high reaction enthalpy of
a generic desorption process from hydride,Ablvardthe dehydrogenated phase A and H
gas can be reduced if another species B is inteiuto the system, in a way that the ,AB
compound forms, more stable than A. In these camdit the system cycles between Aahd
ABx with a lower enthalpy reaction. Thus the introtwctof the B component destabilizes
the hydride with respect to the previous desorppimtess which forms A. The reduction of
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the reaction enthalpy corresponds to a lower teatper for absorption/desorption
equilibrium pressure of 1 bar, according/tan’t Hoff equation(2.2).

A +H, Dehydrogenated state
2 AH large,
T(1 bar) high

Y Y

Stabilized (alloy) state
2 ABy+H, AH smaller,
T(1 bar) lower

ENTHALPY

Y ¥V _AH,+xB Hydrogenated state
Figure 2.4 The destabilization of a hydride (AKldue to the introduction of a different phase [B1].

Following this idea, the Reactive Hydride Compo§R&IC) approach was invented in 2004
independently by two different groupg.22] [2.23] According to this approach, two (or
more) dehydrogenated compounds react during hydedga, forming one, two or more
hydrides. The cycling process occurs with reacéinthalpies lower than those of the systems
with the single hydrides.

Nanoscaling of the hydrides can also bring to aabse in desorption energy. The high
surface area available at nanoscale gives strdhgeite to interface energy contributions,
such as surface tension, molar volume and excedacsuenergy, which can shift the
equilibrium of the correspondent macroscopic systeward dehydrogenated specj224].
Nanoconfinementf hydrides can be achieved by using light malemnanoscaffolds, such as
carbon aerogel, graphite, activated carbon, cafibens, silica. The main problems related to
the use of these scaffolds are the additional weigth the consequent reduction of the
overall hydrogen capacity of the systems, and tliicdties in maintaining the
nanoconfinement after many hydrogen absorptionfgésn cycles (durability of the
nanostructure).

2.3.2 Kinetics

The kinetic of hydrogen absorption/desorption istexl to different steps constituting the
overall process, e.g. hydrogen molecular splitbtngecombining and species mobility at the
interacting surface, diffusion of hydrogen atomsl arther species inside the bulk, phases
nucleation and growth, etc... Each of these stagesitangly affect the whole process, and
sometimes create high energy barrier for the psot¢esproceed. This implies that, even
though the thermodynamic is favourable, the procassbe kinetically blocked. This fact can
be sometimes misunderstood, and thermodynamicaliimit can be erroneously attributed to
the system. Actually, it can also happen that lieenhodynamics of an absorption process can
remain totally hidden if high temperatures are usearder to overcome the slow kinetics. In
fact, according to the PCI curves, equilibrium pgrags increases with increasing temperatures,
and with the use of high temperature, the system mass from a kinetic block to a
thermodynamic one. For example, before the worBagdanow and Schwickardj2.25] on
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the effect of Ti-doping on hydrogen absorption gmies of sodium alanate, few results on
the thermodynamic of this system were obtained,tduge slow kinetics of the process and
the difficulties to reach thermodynamic equilibriwonditions.

In general, the kinetics of an absorption processl®e enhanced in different ways, besides
with temperature. As in the just mentioned samigalysts addition can provide active sites
for hydrogen dissociation at the gas/material fat& and create diffusion paths from the
surface to the bulk. For hydrogen storage by piptgor, the catalyst is the active material
supplying hydrogen to the high surface area matesied as substrate (hydrogen spillover).

Grain boundaries constitute defects of the crystlstructure of the materials, where an
intimate contact between different orientationgtms same phase or between different phases
can create enhanced diffusion paths for the hydragems.

Nanostructuring increases the surface area to wwluatio, thus increasing the active
surface and shortening the diffusion path insidelblk. Both alloying of hydrogen storage
material with catalysts as well as generation decs and particle size reduction can be
achieved by the high energy ball milling technigdescribed in the next chapter, as materials
preparation method.

Similar effects of mechanical milling, as regara@stigle size reduction and defects creation,
can be determined also by hydrogen absorption/gésorcycling. The diffusion of hydrogen
inside the material creates lattice expansion aadks formation, generating also new clean
surfaces. This effect is indicated decrepitationand can be used as an alternative to
mechanical milling, as discussedcimapter 7.

In the following subsections and in the next sexgia brief overview on the main solid state
hydrogen storage materials is given, on the bakithe state of art recently reported by
Darren[2.26].

2.3.3 Interstitial hydrides

The study of metallic hydrides began nearly 150ryesgo, with the discovery of the
hydrogen-absorbing properties of palladium by Them@aaham2.27]. Work beginning in
the 1960s resulted in the later commercialisatioNiokel-Metal Hydride (Ni-MH) batteries,
in which the negative electrode material forms m@terimetallic hydride. For mobile storage
applications, the gravimetric capacity of many listiial hydrides is relatively low, but some
of these compounds show remarkable and practicdfolggn absorption and desorption
characteristics.

| ntermetallic compounds are typically constituted by two metallic comporeemA and B,
which tend to form AR and BH stable and an unstable hydrides, respectively.rébaltant
intermetallic hydride #B,H;, where m and n are integers and z is a real nymbkrthen
tend to have an enthalpy of formatidihiag intermediate betweetH, andAHg. Varying the
ratio n/m,AHag can be shifted in either direction. Generally, tbenponents A and B can be
fully or partially substituted by other elementsrelflatively similar size or chemistry. Families
of intermetallic compounds forming hydrides are sAB\;B;, AB3;, AB,, AB and AB
compoundg2.28]. Some intermetallics, principally Mg-based compagisuch as MdNi and
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Mg.Cu, form stoichiometric hydride complexes upon loggmation and can therefore be
categorised as complex transition metal hydriddserahan interstitial intermetallic hydrides.
Furthermore, there are interesting cases, sucheastermetallic compound LaMNi, that
forms a mixed hybrid hydride (LaMNiH7), consisting of NiH tetrahedra and interstitial H-
ions.

ABs compoundsThe archetypal of this group of intermetallic qguunds forming hydrides
is the LaNi alloy. This substance has an enthalpy of formatbnl5.7 kJ/molH and an
enthalpy of decomposition of 15.1 kJ/molld.29] and shows a reversible gravimetric
capacity around 1.3 wt92.28]. LaNis and some other binary ABompounds, such as CaNi
can be subjected to significant disproportionatowl therefore lose their reversible capacity
during hydrogen cycling. However, these compouratslze modified via partial substitution
to reduce the disproportionation. The most effecgubstituent for this purpose for Lahs
Sn, with a composition of LabliSr, where x= 0.2 [2.30]. For economic reasons,
mischmetal (Mm), a naturally occurring mixture afe earths, can be substituted to La as the
A component. A elements are usually one or moréheflanthanides, or Ca, or Y and Zr,
while the nature of the B elements is more varisush as Co, Al, Mn, Fe, Cu, Sn, Si and Ti,
as either full or partial replacing componef2<28] [2.31] More than 470 records for AB
compounds are currently listed in the Sandia Natidraboratories (US) Metal Hydride
Properties databa$2.32]. It can be seen clearly that the gravimetric gfereapacity of these
materials is substantially lower than the curret DOE target for mobile hydrogen storage
applications. However, the ABased intermetallics show some remarkable cycling
properties including excellent resistance to gaseompurity contamination, good long term
cycling stability and a high volumetric storage sign) and they are therefore prime examples
of practically effective reversible hydrogen staragaterials.

AB, compoundsThe A elements are typically from group 4 (Ti, Hf) or lanthanides (La,
Ce, Pr, and so on), whereas the B element cantfasition or non-transition metal, with a
preference for V, Cr, Mn and Fe. The Sandia dawpa82] currently includes more than
620 records for AB compounds. Like the ABcompounds, they can show a range of
hydriding properties depending on the elemental prmsttion. A
Tio.08Zr0.0Lr0.0sVo4F&@.0dMnN1 s alloy has been used as hydrogen fuel tank in et fte
Daimler vans and automobilg& 33]. This is an example of how ABtype alloys, along with
the ABs-based compounds, form conventional interstitiataiie hydrides that work well in
real applications, by satisfying many of the regdiperformance criteria.

AB Compoundsin comparison to the number of different ABnd AB compositions
reported in the literature, the number of AB compuasi of interest for hydrogen storage is
fairly limited and less than 250 records are cutydisted in the Sandia databg&e32]. The
most interesting compound of this class is TiFehw maximum hydrogen storage capacity
of 1.86 wt% and a reversible value of 1.5 w2@8]. It has an ordered Body-Centered Cubic
(BCC) structure, and shows two distinct plateaugsimydrogen absorption isotherm. Partial
substitution of Fe with Mn and Ni can be used talifyothe hydrogen absorption behaviour,
by lowering the pressure of the first ambient terapge isotherm plateau, and therefore
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stabilizing the hydride with respect to pure TiR¢ith respect to AB compounds, for AB
alloy the activation is more difficult and the siingty to gaseous impurities is significantly
higher.

Salid solution_alloys can be obtained by dissolving one or more hydregesorbing
metallic elements in another one, which shows @stiang hydrogen storage properties too.
Unlike the intermetallics compounds described abthwese materials do not necessarily have
stoichiometric or near-stoichiometric compositiofisey can be formed from a number of
host solvents, including Pd, Ti, Zr and V; thermoawyic data for many solid solution alloy
hydride compositions have been given by FukaB4]. Pd-based alloys suffer from low
gravimetric capacities and the high cost of palladiwhile Ti and Zr-based solid solutions
tend to be too stable. Vanadium-based alloys hasen bfound to possess favourable
absorption properties, but vanadium is prohibigvexpensive. The use of lower cost alloys,
such as ferrovanadium, has shown to be an alteenatid so Fe containing V-based solid
solution alloys have been tes{@d28]. For example, Ti-V-Fe (14.sV49.0-€5) and Ti—-V-Cr—
Mn alloys can approach 4 wt% of hydrogen capacifiz85], but they need elevated
temperatures in the range 520-745 K to absorbgelbgdrogen. The pressure-composition
isotherms for these materials show two plateausyto€h only the higher pressure plateau
can be considered for hydrogen storage applicatibmsrefore, in a practical pressure range,
the reversible capacity is significantly lower thdme maximum capacity quoted above at
around 2.5 wt%. Solid solution alloys containing #o-called Laves-phase and BCC phases,
such as Ti-V-Mn, Ti-V-Cr and Ti—V-Cr— Mn compoundgth different compositional
variations can be found in literaty2 36].

2.3.4 Promising modified binary hydrides

Among binary alkaline or alkaline-earth metal hygeés (usually ionic hydrides), the
partially covalent magnesium hydride, MgHs the one with the best hydrogen storage
properties. Actually, MgH has attracted by far the most attention as a patestorage
material. Along with it, there are two other img@ort binary hydrides that should also be
mentioned: the covalent hydride Alldnd the metallic hydrides PgH

Aluminum _hydride, AlH3 is of interest for hydrogen storage due to itshhigavimetric
storage capacity of 10.1 wt%2.37]. However, it is effectively non-reversible, withim
realistic hydrogen pressure range for a practittabge unit and therefore requires offboard
regeneration, which is an unfavourable process botimomically and energetically speaking
[2.38]. AlH3 is an example of a kinetically stabilized hydrogtorage materigR.39], as it
has high equilibrium hydrogen pressures at amhb@mperature but in these conditions does
not desorb appreciable amounts of hydrogen du@ndi& limitations.

Palladium hydrides, PdH«. As mentioned above, palladium was the first titaors metal
element to be studied as hydrogen absorbing mbf2ré8]. It is actually poorly practical as
a storage material because of its relatively higbrating temperature and low gravimetric
capacity, as well as its high cost. However, itdsoskome interest because of the results
obtained on the nanoscale mate[faliO] [2.41] The results show interesting differences in
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hydrogen absorption behaviour of the nanoscalethgiam compared to the bulk material
and, for this reason, research is being activetgyed on.

Magnesium _hydride, MgH». It is an attractive potential storage materiatehese of its
gravimetric capacity of 7.66 wt%. However, in admtto its high thermodynamic stability
(AH = -75 kJ/molH), the kinetics of hydride formation and decompositfor the bulk
material is too slow for practical purpog@s42]. However, the kinetics has been improved
significantly using mechanical milling both withdmithout catalytic additives, although the
temperatures required for hydrogen desorption @selsystems are still too high for practical
applications. The most successful catalyst foundidate appears to be py [2.43]. The
reasons for the enhanced absorption and desormtes are not yet understood and some
authors suggest that additives induce further ipg#tticles or grains size reduction during
the milling process, rather than act catalytica?y44]. Alternative methods of producing
nanoscale magnesium have been reported, e.g.oeleetmical synthesi®.45]. In addition to
the kinetic enhancement, there are some theoreteaénces that a reduced particle size can
alter the thermodynamics of Mg-based systems. Airand density functional theory
(DFT) calculations, reported by Wagemans ef2a#6], demonstrate that there may be some
potential for nanoscale magnesium hydride to p®vydrogen storage capabilities in a
practical temperature range, although further wiortkis area is needed.

2.3.5 Complex hydrides

In complex hydrides atomic hydrogen is bound cavdfjeto a light element, forming a
complex anion (i.e. [AlW", [NH]%, [NHJ]", [BH4]) that is ionically connected to a metallic
cation. Hydrogen is then released by decomposiiiothe host material into two or more
components.

Alanates. The most representative compound for this groupoafplex hydrides is sodium
alanate, NaAlli The decomposition process of this compound irelihe following two
steps:

3NaAH, — NaAH, +2Al+3H, 3.73 wt% (2.3)

Na,AlH, - 3 NaH + Al +g H 5.93 wt% (2.4)

The reactiong2.3) and (2.4) occur approximately at 215 °C (488 K) and 250 323( K),
respectively. The overall amount of hydrogen reddaim the two steps is 7.5 wt%, referring
to the initial NaAlH, compound. The further step of NaH dehydrogenatioocurs above
425 °C (698 K), temperature too high for practicgtirogen storage purposes. According to
the two steps above, two plateaus appears in thel@ at 210 °C, at 154 bar and 210 bar
of hydrogen pressure, respectivily47]. As already mentioned, the work of Bogdarcand
Schwickardi[2.48] constituted a breakthrough for the consideratiosodium alanate and for
complex hydrides in general, as hydrogen storagdidates, as the addition of TiQin this
system showed remarkable effect on the reversikalitd the kinetics of the hydrogenation
process. Subsequently, the doping method has bg@oved[2.49] and other chlorides have
been identified as effective catalysts, such asl$dCeCh and Pr(d [2.50]. With these
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improvements, Ti-doped NaAlHreadily desorbs hydrogen at temperatures aroufd°C2
(373 K) and can be rehydrogenated at 170°C (448tK)p0 bar of hydrogen pressiyizes1].
Other alanates are being studied for hydrogen ggonacluding LiAlH,, KAIH 4, Mg(AlH ).
and Ca(AlH),, with theoretical gravimetric hydrogen capacitiegorted intable 2.2

Table 2.2Key properties of the main interesting alanates.

Alanate Theoretical capacity [H wt%] | Desorption temperature [°C]
LiAIH 4 10.6 190
NaAlH, 7.5 120
KAIH 4 5.7 300
Mg(AIH 4), 9.3 140
Ca(AlH,), 7.8 > 230

Other mixed Al-coordinated compounds with alkalidaalkali-earth metals have been
reported in literature as potential candidatessfaid state hydrogen storage. Examples are:
Na&LiAlH s, KoNaAlHg, KsLIAIH ¢ and LiMg(AIH,)3 [2.37] [2.52] and others, with lower
hydrogen capacities, such as Mg-Li—AlEH53], Mg—Ca—Al-H, Li—-Ca—Al-H and Na—Ca—
Al-H [2.54] composites, and Mg-Na—Al-H, Mg—K-Al-H and Ca-K-Al-compounds
[2.55]. In general, a better understanding of the Ti-dgpble, still not completely clear, will
hopefully guide to the improvements of hydrogenrage properties of these promising
materials.

Nitrides, amides, imides. The Li-N—H system as a candidate for hydrogen gtoveas first
investigated by Chen et §2.56]. Upon hydrogenation, the lithium nitridesNi forms lithium
imide (LiNH), lithium amide (LINH) and lithium nitride hydride (LNH), but only the first
two hydrogenated compounds take part to the rederdnydrogenation process. The
dehydrogenation reactions are the following:

LINH,+2LiH « LiNH+LH+H, 5.19 wt% (2.5)

LINH+LH+H, - LIN+2H, 5.47 wt% (2.6)

The overall amount of hydrogen released in the steps is 10.4 wt%, referring to the
initial system LiNH + 2 LiH. However, dehydrogenation of the imideuiegs high vacuum
and temperatures above 600 [K56], which are unsuitable conditions for applications.
Differently, TiCls-catalyzed reaction between the amide and the amideversible under
more moderate conditions, i.eged = 150 -250 °C, s = 30 bar[2.57] [2.58] with a
reversible capacity of 5.19 wt%. A number of otkenilar materials have been studied as
hydrogen storage media, including the ternary Mg{dHRbNH,, CsNH compounds and
Ca—N-H system, and the quaternary and higher sgstérCa—N—-H, Li—Al-N-H, Na—Mg—
N-H, Na—Ca—N-H, Mg—Ca—N-H and Li-Mg—Ca—N{259]. In general, together with high
hydrogenation and dehydrogenation temperaturegr atbmmon drawbacks for Li—N-H
systems are air or moisture sensitivity and thelutam of ammonia during the
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dehydrogenation reactid®.60], the latter causing degradation of samples duong term
cycling and poisoning for PEM fuel cell membraf2$1].

Borohydrides and _ammonia borane. Complex hydrides with the highest gravimetric
hydrogen capacities belong to this group. Lithivondlydride, LiBH,, contains 18.5 wt% of
hydrogen, and releases it through one of the fotiguwo reaction$2.62]:

LIBH, - Li+ B+2H, 18.51 wt% (2.7)
LIBH, ~ LiH+ B+ g H, 13.88 wt% (2.7)

However, the decomposition temperature is too foghpractical purposes. According to
Orimo et al.[2.59], LiBH, releases three of its four hydrogen atoms uportimgeat 280 °C
(553 K), with an enthalpy of decomposition of -8&F¥molH. LiH is very stable and its
dehydrogenation occurs only above 727 °C (1000 Nvertheless, the dehydrogenation
reaction of LiBH, is a reversible process, although rehydrogenatemuires elevated
pressures and temperatures of 350 bar at 600 TKB@ANd 200 bar at 690 °C (963 K). Other
interesting and studied alkali and alkaline-eartatats borohydrides are NaBHKBHs,
Mg(BH,4), and Ca(BH),, whose gravimetric hydrogen capacities are ligtedble 2.3

Table 2.3Key properties of the main interesting borohydrides

Borohydrides | Theoretical capacity [H, wt%] | Desorption temperature [°C]
LiBH,4 18.5 280
NaBH, 10.6 350
KBH,4 7.4 125
Mg(BH.,), 14.9 320
Ca(BHy), 11.6 260

However, full hydrogenation cannot be reversiblyhiaged at practical temperatures.
Moreover, similarly to imide and amides, borohydadare moisture sensitive and can desorb
borane, which, even at trace levels, would causagé capacity loss during cycling and fuel
cell damage. According to the reactive hydride cosites strategy, mentioned snbsection
2.3.1, destabilization of complex hydrides via mixingtlwiother compounds has been
attempted, in particular concerning LiBMth additives such as hydrides (MgH
magnesium salts (MgFMgS; and MgSe), elemental metals (Al), alloys, oxides (f)@nd
carbon. For complex hydrides in general, this apginds being intensely considered.

Along with the cited borohydrides another clas®@fon-complexes is the one of ammonia
borane-based compounds MBiHy, being x an integer from 1 to 4. These materiaks a
sometimes indicated dlsermal hydrideg2.63]. For these compounds, as x decreases from 4
to 1, the theoretical hydrogen storage densities gmm 6.1 to 7.2 wt%, and the temperature
of decomposition toward the corresponding lighterabe (x-1) goes from less that 25 °C to
more than 500 °C. For example, for x = 4 is:

NH,BH, - NH.,BH,+H, 6.13 wt% (2.8)
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with a decomposition temperature lower than 25Tk problems for ammonia boranes are
the irreversibility of the desorption reactions fgoiard regeneration is needed), the high
hydrogen decomposition temperatures as x increasels,of course, the presence of borane
together with H gas as decomposition products, which would ca&dé fiel cells poisoning.

Complex_transition _metal hydrides. These are mainly complexes of magnesium with
transition metals, e.g. MBeHs, Mg:NiH4, MgsMnH7, and MgCoHs [2.65]. For hydrogen
storage applications, this class of compounds mufiem the same problems as the other
complex hydrides described above, namely the higgorption and desorption temperatures.
Mg:NiH,4 is probably the material in this group more stdds® far as a candidate for
hydrogen storage. It has a gravimetric hydrogenaci&p of 3.6 wt%, an enthalpy of
formation of -32.3 kJ/molH and requires temperauabove 247 °C (520) K for hydrogen
desorption, and still higher temperatures for gsan. The found reduction of desorption
temperatures by ball milling corresponds to a rédacof the storage capacity to 1.6 wt%
[2.66].

Figure 2.5 reports theVan't Hoff plots of some of the species cited in this section
belonging to intermetallic and complex hydrides.rédugh comparison of their relative
thermodynamic stability can be made by compariegstbpe of the lines, which represent the
hydriding process enthalpy, according to reactibf).
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Figure 2.5Van't Hoff plots of some intermetallic and comphgxirides[2.2].
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2.4 High surface area materials

Differently from the hydrides previously presentedhich store atomic hydrogen inside
their crystal lattice, the materials reported irs thection host molecular hydrogen on their
surface by adsorption. Thus, for this material,sbhdace area extent and the amount and size
of the pores are the key features. According tactiveent IUPAC classification scherfi263],
pores can be divided by size into three categonestopores of dimensions below 2 nm,
mesoporesbetween 2 and 50 nm, anthcroporesgreater than 50 nm. The porous materials
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being considered for physisorbed molecular hydragerage are predominantly microporous.
They can also be classified as ultramicroporouf) pore dimensions less than 0.7 nm, close
to the size of a single hydrogen molecule. At tHesgth scales the adsorption potentials of
the opposing pore walls overlap, which significanticreases the density of the adsorbed
hydrogen, compared to the gas phase, at any gareperature and pressure. In general, for
adsorption process of a gas on a solid surfacegrtimunt of the adsorbate is a function of the
partial pressure in the gas bulk phase. The measunteof the amount of gas adsorbed over a
range of partial pressures at constant temperajives an adsorption isotherm. Many
different types of isotherms have been observethénliterature, but a general qualitative
classification by IUPAC indicates six main types aifsorption isotherms, as reported in
figure 2.6.

I bid m
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Figure 2.6 The IUPAC classification for adsorption isotherf@$3].

Hydrogen adsorption by microporous materials iralai gives type | (described by
Langmuir) isotherms. In general, the kinetics ofdimgen adsorption by microporous
materials are very rapid, which is practically astegeous for hydrogen storage, but low
temperatures are required to achieve significapacities at useful storage pressures. Low
temperature storage requires cooling, which inblytadds to the weight of a storage unit
and diminishes the energetic efficiency of the @yst. The hydrogen adsorption capacity of
microporous materials synthesized and studied upote is too low for practical use. In
particular, the low volumetric hydrogen density gldonot be neglected, even for future
possible system with satisfying gravimetric hydnogapacity. In order to develop suitable
systems, the aim is to enhance the interactioryafdgen with the constituting materials.

2.4.1 Carbon structures

Different types of microporous carbon structurevehattracted interest for hydrogen
storage, includingactivated carbonscarbon nanotubesnd carbon nanofibresand, more
recently,templated carbonsCarbon has a low molar mass, it is chemicallplstat can be
synthesised in a number of different forms, andlpoed in large amounts with relatively low
Ccosts.
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Activated carbon. It is a porous form of carbon that can be synsieesvia both chemical
and physical activation methods. Depending on ththod and the raw material, the resultant
carbon will have a specific, although not necefsatearly defined, pore structure with a
wide size distribution. This is in contrast to trgstalline adsorbents, such as the zeolites or
Metal-Organic Frameworks (MOFs), which have a welfined pore size and pore geometry.
Carbons are also challenging to be characterisattaely, as demonstrated by the variability
in the results of a recent interlaboratory st{1¢7]. As a reference value, gravimetric storage
capacities of 5.5 wt% at 77 K has been recentiypdied by Yirim et a[2.68]. In addition to
the experimental characterisation difficulties, mitidg work on these materials is
significantly limited by the lack of knowledge redang their microstructure, which is
difficult to be characterised, due to the fact thativated carbons are X-ray and neutron
amorphous.

Carbon _nanotubes (CNTs). These are cylindrical nanostructures formed frmihs of
graphene. They can have diameters of 0.7 nm upueral nanometres and form single and
multi-walled (i.e. concentric) tubes that form dgsacked bundles. In a work of 19@2769],
potential room temperature storage capacities 405#t% was reported, a value derived
from a rather optimistic extrapolation of thermasdrption data. Measured on a sample
consisting of an estimated 0.1-0.2 wt% of nanotufplee remainder of the sample was
uncharacterised soot). The high temperature desorpeak claimed to indicate the ambient
temperature storage capabilities of the nanotubgpkawas later shown by Hirscher et al.
[2.70] to be due to metal nanoparticles deposited dumimgiltrasonic purification process.
Although modelling work has predicted the possipitif relatively high storage capacities in
nanotube structures, the reported values are radegrithan those for activated carbons and it
therefore appears that they offer no significantaatage over other forms of carbon, which
can be considerably easier to synthesise in langatgies.

Carbon _nanofibres. They consist of graphene layers, stacked togethewarious
orientations with respect to the axis of the fibneJuding parallel and perpendicular, as well
as intermediately angled (so-calladrringbong configurations. In a work of 199R.71],
incredibly high hydrogen capacities for carbon rfdmmes of up to 67 wt% were claimed. This
hydrogen density corresponds to an H/C atomic raficaround 24, indicating that the
measured capacities were significantly overesticha&ibsequent studies of both nanotubes
and nanofibres produced a wide range of valuese mdrwhich substantiated these initial
claims, and an interesting controversy develd@et]. Although this issue has not yet been
resolved completely, carbon nanotubes and carbowfibaes, as well as other carbon
nanostructures, such as fullerenes and carbon namlseem not to be resolutive for the
problem of hydrogen storage.

Templated carbons. These are a form of microporous or mesoporoubocartypically
synthesised by introducing a carbon precursor, sgcbucrose or acetonitrile, into the pores
of an inorganic template. Carbonisation and thessgbent removal of the template results in
a pore structure, that is relatively well definesnpared to activated carbon. There have been
a number of studies on these materials with thgekrcapacity reported to date being 6.9
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wit% for a zeolite-templated carbon at 77 K and 20[®.73]. Unlike activated carbons, these
materials show evidence of microstructural ordeah¥-ray diffraction measurements.

2.4.2 Organic and inorganic nanotubes

Along with carbon, many other organic and inorgamaterials are used to synthesize
nanotubes, such as: boron nitride (BN), titaniutfidel (TiS;), molybdenum sulfide (Mo,
titanium oxide (TiQ), tungsten carbide (WC), silicon and silicon cdeb(SC). In general, the
hydrogen sorption properties of some of these nadgesppear very interesting, e.g. hydrogen
capacity of 4.2 wt% has been reported for collag@Bdnanotubes at 10 MPa and ambient
temperaturg2.74]. Moreover, the ability of some multiwalled nanagskto intercalate other
specieqd2.75] provides a possible proposed mechanism that alldd significant amounts
of hydrogen to be stored at practical temperaturéswever, the suitability of these
nanostructured materials for a large scale apphicatsuch as automotive transportation,
remains an open question.

2.4.3 Zeolites

Zeolites are microporous aluminosilicates formeaimrAlO, and SiQ tetrahedra. They
have a range of practical applications that exglegir ion exchange, molecular sieving and
catalytic properties. The term zeolite is oftendus® describe also compounds with similar
structures, that are formed by elements other Alaand Si, including P, Ga, Ge, B and Be,
but these materials are also knownzastypesThese materials form a variety of different
structures, all with crystalline nature, which ggivilaem uniform cavities and channels in the
microporous regime, with high specific surface araad large pore volumes. Nevertheless,
the hydrogen storage capacities reported in tamtiire have, to date, been fairly low. Vitillo
et al.[2.76] tabulated a number of the experimentally deterchimgdrogen uptakes, with the
highest reported value of 1.81 wt% at 77 K or abd®ere recently, a hydrogen storage value
of 2.55 wt% has been reported for Na-X at 77 K &4ddbar[2.77]. Theoretical calculations an
simulations indicate possible hydrogen storage @tipa around 4.6 wt%, which are still low
with comparison to the challenging US DOE storag&tesn targets. Similarly to carbons,
zeolites can be easily produced at industrial sddt@eover, among microporous adsorbent
material, zeolites have some significant practiadVantages. They possess high thermal
stability in comparison to metal-organic framewodssl organic polymers. Their crystalline
nature allows easy characterisation and they havelladefined and understood pore size in
comparison with activated carbon. For this reaslogy are considered as model systems for
the further investigation of the interaction of hygen with microporous materials.

2.4.4 Metal-Organic Frameworks (MOFs)

Metal-Organic Frameworks (MOFs) are crystalline rgamic-organic hybrid solids
consisting of metal ions or clusters linked by migabridges. The archetypal MOF is
Zn40(bdc), where bdc stands for 1,4-benzenedicagtates which is commonly known as
either MOF-5 or IRMOF-1. This material consistsznficoxide clusters joined by benzene
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linkers. The acronyms used to indicate the MOFsaatdollow any particular pattern but tend
to refer to either the material type or the reseen®’ institution. Hundreds of different MOFs
have been studied for their hydrogen adsorptiorpgtees. Tabulated data compiled by
Thomas[2.78] indicate maximum hydrogen uptakes at 77 K in thege 1.0-7.5 wt%,
however, usually, values are close to 1-1.5 wt% rwheeasurements conditions approach
ambient temperature and pressure. An interestiaiyife of MOFs is the presenceexiposed
metalsin the pores, which could enhance the hydrogefasearinteraction and thus catalyse
the hydrogen uptake. This aspect offers the pronoisaleveloping MOFs with much
improved storage properties. Another interestimeeasis the so-callefifamework flexibility

for which MOFs can give hysteresis, unusual for phgsisorption process, with hydrogen
release pressures higher than adsorption ones. MQ&greater promise as potential storage
media than zeolites, as the reported gravimetrpaciéies are significantly higher and the
unique features, such as structural flexibility aexposed metal sites, give them more
potential for future development. However, theseemals tend to be less robust than zeolites
and microporous carbons, because they exhibit Idhemmal stability. Nevertheless, their
commercialisation is already underway, principaly BASF who market a series of
framework materials under the trade naBasolitd, demonstrating that practical application
and use of these materials on an industrial seatearly feasible.

2.4.5 Organic polymers

There are three main classes of microporous orgasligners that have emerged recently
as potential candidates for adsorptive hydrogerag&gpolymers of intrinsic microporosity
(PIMs), hypercrosslinked polyme $iCPs) andcovalent organic framework&OFs)[2.79].
Similarly to MOFs and zeolites, COFs are crystalliwhereas PIMs and HCPs, similarly to
activated carbon, have a disordered structure amhat be characterised by X-ray and
neutron diffraction. PIMs are rigid and contortecaaromolecules, unable to pack space
efficiently, thus forming a microporous network wihigh BET surface areas in the range
500—1100 rfig [2.80]. HCPs derive a similarly high degree of micropiyosand hence high
BET surface areas, from a high density of crosslinke covalent chemical bonds that occur
between macromolecules in polymeric materfal81]. COFs are instead crystalline networks,
formed exclusively from the light elements H, B, @,and Si, which are linked by strong
covalent bondq2.82]. A rough comparison among the three types of acganlymers,
indicates, at 77 K and pressure in the region e1®0 bar, a hydrogen capacities around 3
wt% for PIMs and HCPs, whereas for COFs valuedigés higher have been measured and
impressive values up to 18.9 wt% have been obtdigesimulationg2.82].

In addition to PIMs, HCPs and COFs, the hydrogesogation behaviour of a number of
other organic polymers have been reported in tleealure. Early results, indicating high
hydrogen uptake by HCL-treated conducting polymposyaniline and polypyrrole, were not
successfully reproduced by other researcf®83]. Although the uptakes of the investigated
polymers are not outstanding so far, these syswmattractive as potential storage media
due to the light elements from which they are faidmend the easiness in synthesising. One
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disadvantage in comparison to other microporousiané their relatively low thermal
stability, which means that care must be takentmaiduce thermal decomposition during the
degassing process.

2.5 Other systems for hydrogen storage

Other systems are being investigated as alternatindidates for hydrogen storage purpose;
however, with comparison to the results alreadyioled for hydrides and the high surface
materials cited above, investigation on these systs in general at a still earlier stage. Here
below these further alternativgs63] are briefly presented.

2.5.1 Clathrates

These are inclusion compounds or cage structuresefbin hydrogen-bonded networks of
water. They have long been known due to their getige in natural gas and oil pipelines.
The guest molecules can include species such dmnetnitrogen, carbon dioxide and argon,
as well hydrogen. Although pure hydrogen clathiatdrates are stable only at high pressures
or low temperatures, a recent work has shown tiegt tan be stabilized under near-ambient
conditions, by using an organic promoter such &mhgdrofuran (THF)2.84]. There are
three clathrate hydrate structures, namely slaisél sH, and the latter two have been studied
for their hydrogen storage properties. A potertiidrogen storage capacity of 1 wt% for sllI-
type clathrates has been confirmed after a firgication of 4 wt%.[2.85]. Recently,
hydrogen storage in the sH-type phase has beergedpwith estimated capacities in the
region of 1.4 wt%42.86].

2.5.2 lonic liquids

These liquids are composed of cations and aniodsnait at or below 100 °C (373 K)
[2.87]. Their negligible vapour pressure makes them enwmentally friendly with respect to
the volatile organic solvents used in many indaktand chemical processes. Stracke et al.
[2.88] recently reported the potential of imidazoliumiohquids for hydrogen storage, with
a volumetric hydrogen capacity of up to 30§ However, the dehydrogenation temperature
of the Pd/C-catalysed materialas in the region 230 to 300 °C (503 to 573 K) dimel
hydrogenation time was approximately 100 hours.s€hgerformances are not encouraging,
but refers to only one of more than a million siennic liquids, and many more binary and
ternary one$2.87].

2.5.3 NaBH, solutions
NaBH, aqueous solutions can be used as a liquid hydrstggage medium. The catalytic
hydrolysis reaction is:

NaBH, , +2H O, - 4H , +NaBQy 10.92 wt% (2.9)
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The main advantage with using NaBBbolutions is that they allows safe and contro#abl
onboard generation of HThe main disadvantage is that the reaction proda80, must be
regenerated back to NaBldffboard. Although the use of NaBHolutions in vehicles may
be prohibitive due to high regeneration costs (khbe reduced from present 50 USD/kg to <
1 USD/kg[2.63]), there do exist few commercial companies (Miliemm Cell - USA and
MERIT - Japan) that promote this technology, us&tgortable and stationary applications.

2.5.4 Rechargeable organic liquids

Some organic liquids can also be used to indiresttye hydrogen in liquid form. Once the
hydrogen is released, they must be regeneratedanrtib One example of a rechargeable
organic liquid process is the dehydrogenation othyleyclohexane (@Hi4) to toluene
(C7Hg):

C,Hy, o " C Hg ot 3H © 6.16 wt% (2.10)

The ideal reactiori2.10) yields a gravimetric and volumetric,l¢nergy storage density of
6.2 wt.% and 43 kg ¥m°, respectively. As for the methylicicloexane, tyflicahe organic
liquids involved in these processes are hazardoaierials, as they react with oxidants in
explosive ways. This means that it is necessapettorm detailed safety and toxicity studies
in the view of applications.

2.5.5 Chemical hydrides (H,O-reactive)

Alkaline and alkaline earth metals can react by rbldis, producing hydrogen and
hydroxides. In this case, the term chemical hydisdesed. These systems can be handled in a
semi-liquid form, such as mineral oil slurry. Ingtorm, hydrides can be pumped and safely
handled. Controlled injection of & during vehicle operation is used to generatevid
hydrolysis reactions. The liberation of 4 exothermic and does not require waste heat from
the vehicle power source. The overview of the hlydie reactions for the most common
chemical hydrides is provided table 2.4 and shows that the theoretical potential storage
density is around 5-8 wt.%. In practical systemsg @pproach for NaH is to encapsulate
small spheres in polymeric shells. In general, Mgkbbably offers the best combination of
H.-yield and cost. The key R&D question to be facethe cost of regenerating the material.
Actually, this is an energy intensive process, #dnd doubtful that cost can be reduced to
vehicle targets.

Table 2.4Hydrolysis reactions and theoretical hydrogen stalensities for the main chemical hydrides.

] ) Theoretical H,
Hydrolysis reaction ]
capacity [wt%]

LiH + H,0 — H, + LiOH 7.8
NaH + HO — H, + NaOH 4.8
MgH, + 2 HO — 2 H, + Mg(OH), 6.5

CaH, + 2 HO — 2 H, + Ca(OH) 5.2
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Chapter 3

Experimental m ethods

and instruments

3.1 Introduction

The main experimental techniques used during tiperaxental activity are reported in this
chapter. The next section describes the ball miltechnique, used to prepare the samples
belonging to all the systems discussed in all tilewing chapters, except for the polymer-
based onesclapter 6). Subsequently, an overview of the methods anttuments for the
evaluation of the hydrogen sorption propertieshef iaterials is given (gas sorption analyzer
and coupled volumetric-calorimetric measurementskeactions 3.3and 3.5 In between
(section 3.4 a brief description of differential scanning a@eetry (DSC) technique is
reported.Section 3.6gives an outline of the system used for the deaightest of a hydrogen
storage tank. In the subsequent sections, someeteraf background theory on the methods
used for the structural investigations are giveddifional information on the used techniques
and experimental conditions are reported in thie¥ohg chapters, along with the discussion
on the experimental results.

3.2 The ball milling technique

This method is used to grind materials for différparposes and applications, such as new
materials, minerals, building materials, metallufgyl], ceramicq3.2], fire proof materials,
as well as medicing8.3], agricultural chemicals, foof®.4], health products. The material to
be ground is inserted inside the milling vial tdgatwith the milling media, which usually are
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balls, beads, shots, or less commonly, rods or eatgn The mill motor and driving
components produce the vial motion, which causashas between the milling media (balls)
and the material to be ground inside the vial. firtgest pursued purpose of the ball milling is
the reduction of particle size of the ground maletogether with the uniform mixing.
However other processes, like wet (if some solieptesent inside the vial) or dry synthesis,
or mechanical alloying, can occur due to the high energy collisions, tiw material
particles undergo whenever they are in betweenl ahé the vial's walls, or two ball8.5].

Depending on the movement that the milling viakubject to, there are different type of
mill, each type with specific features and prodgciparticular effects on the grounded
material. Shakers and vibrator mills are also iatid as high efficiency mills, due to the finer
pulverization they assure if compared to other sypemill at the same power consumption
conditions[3.6]. Planetary mills use rotation to generate the mmerd of the material and the
grinding media inside the milling vial. As the nameélicates, in addition to rotation around
the vial axis, a revolution motion occurs, buthe bpposite directiorfigure 3.1).
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Figure 3.1 Here above, a schematic drawinig
reported, showing the two opposite ratat motions ir
a planetary mill. Figure on the right showfse layout o
an attritor mill, also suitable for wet synthesis.

inlet

For this kind of mill, a key factor to be takenardccount is the so-called “critical speed”,
indicated as the speed after which the grindingiasthrt rotating with the same angular
speed and direction of the milling vial, thus sggiynreducing the energy of the collisions.
Higher temperatures can be achieved inside théanttype mills, compared to the vibrating-
type oneg3.7], and this fact has some implication in the managerof the milling operation
and conditions. For example, high temperatures aaur even at the minimum rotation
speed needed to crush down the material, and @su#t the powder can sinter and adhere to
the inner milling vial walls; because of this faggpending on the material and the operative
conditions, hard blocks can stuck to walls can kmdypced, rather than loose powder. An
example of this phenomenon is reported and disdussgnapter 7.
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The presence of the impeller and the balls createsombination of forces, such as
compression, moment, shear. For this reason, latsattritor type mill is indicated as a high
efficiency milling equipment. Shearing action igent in the attritor mill as the balls spin
with different verse during their random movemehis feature, which is less intense in other
types of milling equipment, generates efficienindimng and creates more spherical particles
[3.8]. The attritor mill is versatile both for dry anatagrinding (usually batch) processes.

With high energy ball milling non-equilibrium progges (e.g. mechanical alloying) can
occur, allowing the formation of metastable phasebjch cannot be synthesized by
conventional method$3.9]. This advantage can be exploited also for the h&gi of
hydrogenated phases of materials, such as hydiedds/drogen storage. In fact, the milling
process can be performed with a hydrogen atmosphgde the milling vial, thus making the
hydrogen patrticipating as a reactant, as well asntlaterial to be ground, in the so-called
“reactive milling” process. In this regard, temperas achievable due to the milling process
together with the exothermic effect of the hydrogdasorption reaction must be taken into
account in order to avoid overpressure inside tiienogn chamber. The temperature raising
can be contrasted by using external coolant, mfaitjon systems, or more easily, by
alternating milling and pause intervals, rathentparform one single milling run. According
to the property of materials, dry grinding or wainding can be adopted, as well as
continuous or interval grinding.

Another big advantage of the ball milling is thespibility to scale it up easily to the
industrial level, especially for the vibrating-typgquipment. In general, ball milling is a batch
process, where the milling chamber is filled wikie tmilling media and the material to be
ground, and then closed before starting the pro@dss the process, the ground material is
discharged and separated from the milling mediazeNbeless, there are also examples of
industrial ball milling process, that use a conéimapen-circuit layout, feeding from one side
the material and discharging the final product frdme other end, already classified and
separated from the grinding me(ital0].

By setting the parameters of the ball milling pEg;at is possible to tailor a material for the
required application. For example, the particlee ©f products can be changed by adjusting
different parameters, i.e. feeding amount, type aradle of grinding media, amplitude and
frequency of vibration or speed of rotation. In usttial processes the mill can also be
connected with classifiers in series to gain préesluwith even narrow particle size
distribution, while the retained particles can beught back for a further milling stage.

Due to the high energy collisions and the consefgsigass on the materials, the potential
risk of material contamination from milling media wal should always be considered. In
order to minimized this effect, especially for apations where material purity is a key
factor, special resistant and few contaminativeemat such as high manganese content steel,
stainless steel, aluminium oxide, zirconium oxidaartz, tungsten carbide, silicon nitride,
can be adopted.

In the course of the experimental work reportethia thesis, different types of mills have
been used. For all the milling procedures adoptesl material constituting the used milling
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vials is hardened steel, while stainless steelsbaill 10 mm diameter have been used as
milling media (igure 3.2). The used ball to powder ratio (BPR) is alwaysth@t is a value

in the range (10-20) commonly used to guaranteaffecient number of collisions per time
unit. In order to avoid the heating of the sampleirdy the milling process, for all the
grinders, an alternate sequence of milling/pauss has been adopted, each step (milling or
pause) lastingl5-20 min. Here below the modelshef tsed ball milling equipment are
described.

The Spex 8000Nshaker mill {igure 3.3) has been used to prepare samples of the,CaH
MgB,-AlB, composites for the study reported c¢hapter 5 It is an efficient, compact
laboratory mill, with a single milling vial for matials processing up to 10-15 g, depending
on the material density. The 5 cm amplitude and01i2@ motion creates an intense shaking
and allows the efficient milling.

Figure 3.2Hardened steel milling vials and 10 mn Figure 3.3 Shaker mill SPEX8000N. On
stainless steel balls used as milling media. the left side the vial’s allocation is visible.

A planetary millerPulverisette 6(P6) by Fritsch has been used to prepare the lsaNi
samples for the study reported dhapter 4: a rotation speed of 240 rpm (the maximum
rotation speed for this equipment is 650 rpm) heenbused to grind the material in a 225 ml
stainless steel vial.

A bigger planetary mill of the same series frontdet, i.e. thd?ulverisette §P5), has been
used for the milling tests of the intermetallicogiHydralloyC5’, reported irchapter 7. The
mill is able to host four milling vials of 225 maeh, thus potentially reducing by four times
the time needed to process the material with teeipus mono-vial equipment. However, for
this mill the maximum rotation speed is lower, 480 rpm. The two described planetary
mills described are reportedfigure 3.4.

Figure 3.4 Pulverisette
seriesplanetary mills: on th
left picture, the P6 with or
single vial; on the righ
picture, the P5 able to ho
up to four vials.
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Both the used planetary mills are equipped withragammable logic controller (PLC) to
set rotation speed and milling/pause cycling timesvell. For the adopted shaker mill a PLC
modulus has been implemented and a remote conai®lbleen configured to manage the
milling/pause intervals.

3.3 Gas sorption analyzer

The investigation of the hydrogen sorption progsriof the materials has been carried out
using the automati€ieverts type equipmenPCTPro2000by Setaram The Sieverts method
is based on the use of calibrated volumes to etealhi@ absorbed or desorbed (i.e. released)
amount of a gas in or from a solid matefi&tl1]. The known volumes of the sample holder
and of the process gas reservoir are put in contatian each other when the test starts. By
measuring the temperature and the pressure of/gtens, the amount of the gas phase can be
calculated using an appropriate equation of sfite decrease or the increase of the gas
amount from the initial value is respectively ime@ted as an absorption or a desorption of
the gas substance.

As an alternative to the manometric-volumetric rodth used in theSieverts type
apparatus, other instruments use flowmeters ttuateathe amount of the hydrogen flown
from the gas reservoir to the sample holder (ire @dsabsorption) or contrariwise (in case of
desorption). By measuring the temperature and presd the sample holder, the hydrogen in
the gas phase is calculated and then the absorlbsorbed hydrogen amount is obtained by
difference with that totally flown. The advantadetlis method with respect to ti&everts
one, based on calibrated volumes, is the posgilbdikeep the pressure of the sample holder
strictly constant throughout the sorption test. ldoer, flowmeters are in general critical
components as regards the measurement relialititthey are suitable for a specific flowrate
range. In fact, it must be taken into account timabrder to charge fast the sample holder with
hydrogen (to reach the desired pressure), a hayh it needed; on the contrary, in order to
follow the sorption test up to saturation, eveittielflow of hydrogen should be detected and
correctly measured.

With the Sieverts type apparatus, both kinetics and thermodynameasurements can be
performed, even though for the latter a system auttomated procedures is quite essential, as
it is discussed below.

Figure 3.5 shows the main window of tHeCT-Pro2000graphical user interface (GUI),
developed inLabVIEW environment. A schematic drawing of the equipnsendyout is
shown. The sample holder (autoclave) can be pagbmmunication with modular volumes,
which act as gas reservoirs. The supplied gas yeogen, as process gas for the sorption
tests, and helium, as utility gas for purging olunae calibration operations; besides, nitrogen
Is used to activate the pneumatic valves, indicatedumbers (green-coloured when open).
Vent line allows the pressure discharge, while uglothe vacuum line the system can be
evacuated. The limit pressure for the instrumentheoretically 200 bar (full scale of the



54 Chapter 3

pressure reducer), even though a limit value ofdatOis suggested, especially for experiment
at high temperatures. A programmable temperatunetralter is used to manage the

temperature of the sample holder up to 400 °C,evarother controller keeps the reservoir
volumes at around 30 °C. Special sample holdersal® available for measurements in

cryogenic conditions.

L3l
> 1]
——————— l
o .

mxm an

Figure 3.5Snapshot of the LabVIEW user interface main windbtie PCT-Pro2000 instrument.

Single kinetic absorption or desorption curves @bgained by setting different pressure
values in the selected gas reservoir and the sahgdter, initially isolated. Once the two
volumes have been put in communication each othersorption process starts and proceeds
up to the final equilibrium situation (i.e. satuoat, in case of absorption). Kinetic curves at
different temperatures can be used to evaluataliberption/desorption rate constant and the
activation energy. Irchapters 4-7, which deal with the experimental results, kinetizves
for different systems are reported.

Thermodynamic information can also be derived gording the Pressure-Composition
Isotherms (PCIs). These pressure-composition (guasjuilibrium curves are obtained
performing a sequence of kinetic measurementseasing step by step the system pressure,
at the same temperature (isothermal conditiongh @aint of the PCI is the final hydrogen
concentration of a kinetic curve obtained at aaserpressure. PCl measurements take usually
a long time, and the slower the system kineticatithe used temperature, the longer is the
time needed for the measurement. Thus, to perfd@inieasurements in reasonable time, a
programmable automatic apparatus is essential, @ssidering that the system pressure
should be changed at each kinetic step. Duringetiperimental work, PCI curves have been
obtained for the LaNisystem and results are reported and discussedhjter 4.

Cycling measurements can also be performed autcatigtivith thePCT-Pro2000 Cycle-
kinetics option allows measuring a sequence ofradted absorption /desorption curves with
settable different conditions for both two kindtest. This is a very useful tool in order to
investigate important properties of the material igdrogen storage, for example: a) the
material activation period before reaching the mmaxn sorption performances; b) the
durability of the material, i.e. the ability to ke¢he performances after n sorption cycles. The
cycling configuration has been used to investighte properties of the intermetallic alloy
used for the applicative system describedniapter 7.
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Figure 3.6 shows an example of a test settings window of”R€&-Pro2000equipment’s
graphical user interface, in particular the oneduser cycle-kinetics measurements: in
addition to the general inputs of the experimerdn{a and sample information), the gas
reservoir volume and pressure, as well as the idaréitme are settable both for absorption
and desorption processes. Other tools allow thenggation of the saved data points during
the tests (asymptotic) or the skip to the followistigp once an acceptable equilibrium is
reached (equilibrium test) as well as in-line datarection due to temperature changes. All
the calculations for thBCT-Pro2000are made bidyDatasoftware.

I System Parameters | Kinetics I PCT I Cycle-Life

Sample Information

MgH2+5mol%Nb205+1wtsC absCyclekin,320C,1.2-15bar 12:05:52 PM
A 07/21/2008

Sample from Filippe Agresti.

MNote: Blue parameters are indicators and can not be changed, whereas
/L parameters are controls that may be changed while a measurement is running

4

L

@ 5000 B oo

| 1.5000_| 20.00
[The equilibrium test starts after this amount of time

Figure 3.6 Parameters setting window for a cycle-kinetics sogament.

3.4 Differential scanning calorimetry (DSC)

A number of processes occurring inside physicaifibal systems are connected to heat
exchange and thermal effects. In general, the ditheocalorimetryis the evaluation of the
amount of heat, Q, acquired or released by theestusl/stem, when it changes temperature
(i.e. heating or cooling) or it is involved in t&formations, such as chemical reactions or
phase transitions. By measuring both temperatudeeanhanged heat in isobaric conditions,
it is possible to evaluate properties, such as ipdreat capacity, latent heat, reaction
enthalpies[3.12]. In a DSC equipment, the temperatures of the sampter investigation
and of a reference system are kept almost equal @aer, while performing a temperature
program (i.e. a sequence of temperature contratades, such as, heating, isothermal, or



56 Chapter 3

cooling), and collecting the data at regular inddsvecanningmode). Usually, the DSC
instrument are designed to work with small amowfitsamples (up to 100 mg), and this is the
case for the DSC instruments used during the exyartial work reported on this thesis.
Figure 3.7 schematically describes the oven zone ofDIB%C-1 (Mettler Toled9 instrument,
used for the measurements on Labamples, whose results are reportedhiapter 4. Two
pans are located in the two indicated housingntheerial to be studied is inserted inside the
sample pan, while the other pan hosts the referertoe oven heating is uniformly assured
and controlled by the use of a set of resistanselsematically indicated in the figure as
“central resistance”. The temperatures of the sanf{p) and of the referencel{) are
measured during the scan by two thermocouplesecsisply. On the basis of the difference
betweenTs andTg, an electro-thermal device supplies the additidveat in order to makés
andTg coincide. This additional heat is supplied by Jaffect with a filament (resistande)
close to the sample or the reference pan. Fronntkasity of the electric currentf), on the
filament, the additional powel(t), is calculated as:

P()=i2() [R :% (3.1)
which is then equal to the heat flux. For test @enked in isobaric conditions, this amount is

also equal to the enthalpy flux, which is the signa typical DSC measurement curve.

insulating material \ A
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electro-thermal device resistance Temperatu re

Figure 3.7 The scheme on the left represents the sectiortygfieal DSC instruma oven, with the sample a
the reference housing and heating devices (resisfarmhe graph on the right reports the main (idléahtures o
a DSC curve (see the text for the explanation).

As explained above, the sample and reference teyes are kept equal each other by
using local heating resistances. For systems iclwbnly heating occurs, at the considered
range temperatures, the signal reported on a D8 ¢ actually the difference between the
heat flux on the sample and the reference:

(S DDA ] rmened s

In the last expression on the rightis the heating rate, and andc are the masses and the
specific heat capacities of the sample and theaete, respectively (in isobaric conditions).
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In order to evaluate the specific heat of the sammhce the heating rate and the sample mass
are known, the reference contribution

aQ .
( dt jbaseline ﬂ i Cp,r (3.3)

must be subtracted. This contribution can be evatbwith an analogous measurement with
the same reference, but in which the sample pamgy; the corresponding obtained curve is
called baseline In the experiment performed during the report@geemental work, no
reference sample was used, i.e. the reference asrbéen kept empty. In this case, the
baseline has essentially no contribution, as it banverified by an experiment with two
identical empty pans (in fact, the baseline depamdmtrinsic properties of the system, such
as thermal isolation or temperature controller ayicg, and on the amount of the gas
replaced by the sample inside the pan).

If the sample undergo to other processes, besieasny, such as phase transition, defects
annealing or chemical reactions, there would berotbntributions to the total enthalpy flux,
each of them being generally indicated as:

(Z_?J:ApHX%X%:'BKApHX n},x;—‘i] (3.4)
wherea is the process progress fraction aladdt is the process progress rate. Once the onset
temperaturefigure 3.7) is reached, the process starts with a small tlhaés, it accelerates up
to a maximum rate, and finally it ends again witlsraall rate. For this reason, the single
process is represented by a peak. In a DSC pletctirespondence of the acquired heat
(endothermic process) with the sign of the y-axistbe specified. Ifigure 3.7, the y-axis
orientation indicates released heat, i.e. an exoticefeature. Endothermic features can
indicate processes such as melting, vaporizationnocase of hydrogen storage materials,
hydrogen release, as well as decomposition in géseechapter 5). The annealing of the
material surface and bulk, are indicated by exotiherfeatures, due to the release of the
energy excess present in unordered systems wiihecedo the corresponding ordered
structures. It is to note from equati¢d.4) that the specific enthalpy of a process can be
evaluated by integrating the corresponding peakedhe heating rate and the sample mass
are known. This is the principle on which the hyo release enthalpies are calculated for
the hydrogen storage systems discussethapter 5, by a coupled manometric-calorimetric
measurements method, which is also described ingkiesection.

In order to reduce or eliminate the possibilitydeigradation for the oxygen- and moisture-
sensitive materials studied for hydrogen storagalesl sample holders or pans have been
used for both the two calorimeters used duringetkgerimentsDSC-1 (Mettler-Toled9 for
simple calorimetric measurementsh@pter 4) and SensysDSC instrument Setaran for
coupled manometric-calorimetric measuremertisagpter 5). In both cases, the sample
holders and pans have been filled with the sampudesaaled inside an argon filled glove-box.
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3.5 Coupled calorimetric — volumetric measurements

As reported inchapter 2, the enthalpy of the absorption/desorption praeessan be
obtained by fitting the different plateau presswaedifferent temperatures with than’t Hoff
plot. Each plateau pressure can be obtained bymparig a PCI measurement at a certain
temperature. As discussed above, for systems \ath sorption kinetics PCI curves are not
easy to be obtained for systems with slow kinedisd the measurements take in general a
very long time (days or weeks).

An alternative and much faster method to evalula¢eenthalpy of the hydrogen sorption
reaction is based on a single absorption/desorptiorin a coupled manometric-calorimetric
system, where both absorbed/desorbed hydrogen d@raondrhe thermal effects are evaluated.
During the experimental activity reported in thiesis, these tests have been performed by
coupling theSieverts type gas sorption analyzBCT-Pro2000with aSensy®SC instrument
(by Setaram. As procedure for both hydrogen absorption antbase processes, a
temperature programmed experiment is performedptéssure of the experiment is set at the
beginning, then the sample is heated from an Indraperature up to a final one, at a selected
heating rate. In this way, temperature programniggbiption (TPA) or desorption (TPD)
experiments can be performed on a sample. The amobtime gas absorbed or released by the
sample during the temperature programmed experingemvaluated by the manomeric
instrument as it happens for a simple kinetic mesment, while the calorimeter provides the
heat flow profile with the increasing temperatufée integration of the calorimetric peak
corresponding to the absorption (exothermic) oogegn (endothermic) reaction gives the
full enthalpy of the process; this value, normalize the measured absorbed or desorbed
hydrogen amount gives the enthalpy per mass uné.cEll of the high pressure calorimeter is
connected to the manometric instrument by a stretdi8” stainless steel tube with internal
volume around 6 ml; in this way the pressure ineeedue to the sample heating is negligible
for the correct absorbed/desorbed amount evalugBd8]. As an example, the diagram
obtained by coupled measurement for a full absomfdiesorption cycle on a Mg-based
system is reported ifigure 3.8: it is noticeable how the enthalpy values obtaimethe two
sorption processes are very simflari4].
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T 5] 2 69 KJ/molHz 400 amount during the temperatu
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3.6 Test Station

In chapter 7 the design and the development of an hydrogemagtorank for a vehicular
application is presented. During the experimentatkwon this issue, a homemade tank test
system, developed &telmoltz Zentrum Geesthacht (HZ&G¥sermany, has been used. All the
preliminary tests on the hydrogen storage matesatl for the tank, as well as the test of the
tank with the different adopted configurations, édeen performed with this system, which
is hereafter indicated as “Test Station” (§gere 3.9 for a schematic layout). The hydrogen
storage tank can be connected to the system ated tas to a limit pressure of 100 bar. Two
feeding lines of hydrogen and helium are presenfpracess and flushing gas, respectively. A
big volume is installed in the discharge line ter@ase the system pressure during hydrogen
discharge: this allows hydrogen to come out fromvént line into the environment (inside a
cupboard) only at reduced pressures. Eight pneamalves (FV) are manually controlled by
the user through a graphical user interface (GU) are used to set the desired test mode
(absorption, desorption, volume calibration, pugyinTwo flow controller units (FCUS),
operating respectively in the range 0.1-10 NI/mid 40-200 NI/min, are used to regulate the
gas flux. The smaller inner diameter adopted fa s$tainless steel lines (6mm) is large
enough to create negligible pressure drop throbgHlow path. There is no pressure reducer
in the system, but only a pressure transducer (R®-theasure the current pressure value; the
pressure inside the tank is controlled only by fafijug the gas flowrate. One thermocouple
gives the temperature of the gas inside the liwbgde up to five thermocouples can be used
to measure the tank temperaturefidgure 3.9 only one of five, the TT-2, is indicated).

FV-8
vacuum pump

big volume for
discharge

PI-1
1,7 bara CH_ (o=

Figure 3.9 Snapshot of a Graphic User Interface (GUI) windstwpwing a schematic layout of the Test Station.
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All the calculation and data recording are perfainiby a home-developed software in
LabVIEW environment. The software provides safety bloeksich prevent the opening of
the valves in a selective way, in order to avosksidue to incorrect procedures adopted by
the user. Additional technical details on the T&sition are reported in refereri@el5].

The issue concerning the drawbacks for systemg udkmwmeters for the evaluation of
hydrogen sorption properties of materials has ladeady mentioned isection 3.3 Together
with this aspect, the implication of the Test Statlayout for the simulation of the tank
operative conditions for vehicular application isadissed irthapter 7.

3.7 X-ray powder diffraction (XRPD)

This non-destructive technique has been adoptedtHerinvestigation of the crystal
structure of the studied samples. In 1912, the @earphysicist Max von Laue found that the
diffraction of X-rays can be used to get information the crystal structure of materials. A
crystal is constituted by unit cells, regularly eaped in the three dimensions. The atoms
constituting the material are arranged in fixeditpms on the cells. The material striking X-
rays are scattered by the atoms and only undezicerdndition, diffraction occurs.

3.7.1 Crystal lattice geometry

Referring tofigure 3.10, the vectors, b, c identify the unit cell of a crystal in the three
dimensions, as well as the direction of the crisgaaphic axes. The corresponding Greek (
£, v) and capital lettersA B, C) indicate, respectively, the corresponding angles faces,
opposite to the vectors. The three paramedgebs ¢, are called lattice (or cell) constants (or
parameters) and describe the cell size, as wétleadistance of two adjoining cells.

C

I M i Figure 3.10Example of unit cell.

In 1845,A. Bravaisidentified seven primary types of unit cells foetcrystalline systems,
on the basis on their possible symmetries (cul@tragonal, orthorhombic, monoclinic,
triclinic, trigonal, and hexagonal). Actually, tip@ssible presence of other atomic position
centred on the lattice faces or inside, determinesxtension of the possible different lattice
structures to fourteen possilBeavais lattices[3.16], shown infigure 3.11. Three nodes of
the lattice identify a crystal planggqure 3.12). If a plane cross the three crystallographic axes
in the three nodes of the latticenf, 0, 0}, {0, m,, 0}, {0, O, mg}, the three index g, mp, mg}
give the crystal plane orientation. However, rath®n m;, m, and mg, their reciprocal
numbersh=1/my, k=1/m,, |I=1/mg, are commonly used to identify the orientatiomgfiane.
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Figure 3.12Orientations of

Figure 3.11The fourteen Bravais lattices .
crystallographic planes.

The indicesh, k, | are calledMiller indices, are integers and inversely proportionaihe
intersection of the crystal plane with the crystgtbphic axes. Thus, for examplemif=x, i.e.
the crystal plane is parallel to tlaevector, the correspondirndiller index ish=0. Infigure
3.12 different families of parallel crystal planes afe@wn, together with their corresponding
orientations. According to a spread convention,rtegative values of the Miller indices are
marked with a line above the numbers.

On the basis of the different type dravais lattice, symmetry axes and related
perpendicular planes, 230 space groups have beetified for crystals, and are indicated
referring to theHermann-Maguinnotation. All the information on the space groups
contained in thénternational Table for Crystallography

3.7.2 The Bragg’s law

Referring tofigure 3.13 atoms A and B occupy two respective sites onpe@llel crystal
planes, situated at distandeThe two wavelets 1 and 2 of the X-ray beam asettesed by
atoms A and B, respectively, producing reflectedelats, among which, the ones indicated
by 1’ and 2’, forming with the atoms planes the saangled as the incident beam.
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dsing
—e o 2 ° *—

Figure 3.13The Bragg formulation of the X-ray diffraction.

The diffraction occurs when the reflected wavetgt® constructive interference each other,
i.e. when they are in phase. This occurs when itfierehce path between the two wavelets
before and after the incidence, viz. PB+BQ, is dtipla of the beam wavelength This
condition can be written as follows:

A = 2dsing N g=_M

— > — (3.5)
2sind 2

which is theBraggs law and it is valid for any set of parallel ctgfsplanes. As the diffraction

described above is extended to the three dimensibtie real space, the three intelybiler

indices,h, k, |, are used to describe the orientation of the @iffediffraction planes, which

are also-calledeflections(i.e. orientation of the reflection planes).

3.7.3 Used experimental XRPD facilities
Laboratory X-ray diffraction set-up, using a Ca Kource, and synchrotron light have been
used to perform XRPD experiments during the expeniiad activity reported in this thesis.
Laboratory set-up has been adopted for the XRPBunements for the systems reported in
chapters 4 (LaNis system),5 (Ca-MgB>-AIB, system) ands (SP-MnO system). For each
used instrument, Bragg-Brentanogeometry and a Cu Kradiation source have been used.
Figure 3.14reports the schematization and a set-up of sugpheadf apparatus.

Goniometer

Detector
[/ | detector

| L
# X-ray tube

Monochromator.

Receiving
slit

Anti-scatter
slit

—— divergence slit anti-scatter slit / diffracted Soller slit
j beam
2 . % @ 5 monochromatoy
@ Divergence
) 9 f T soller slit slit B
receiving slit

tube focus
sample stage/'

Sample stage

Figure 3.14Left: schematization of the optical components ainithe light path in Bragg-Brentano
diffractometer. Right: an example of a diffractoeretet-up.
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The X-rays are emitted by the Cw Kadiation source; the beam is then collimated sigg
Solleranddivergencsslits, which minimize respectively the side andahxiivergences of the
beam. The collimated beam strikes the sample ataaent angle). The diffracted radiation
is then acquired by the detector, after being m@ted by analogous slits used for the primary
beam. Monochromators are used for both the prinaay the diffracted beam. In order to
arrange the primary and the diffracted beam as#ime angle with respect to the sample, the
detector rotates with a speed, which is the doabthee sample’s one, referring to the primary
beam direction. As the sample covers a macro-aréaei sample stage, the instrument layout
manages th@arafocusing effedn order to converge and focus the diffracted béaward
the receiving slits and then to the detector. Tkhus,source and the detector are located at the
same distance from the axis of the sample plandghengample must be as flat as possible and
placed on the axis of the goniometer.

X-ray powder diffraction measurements have alsonbg@erformed at theElettra
synchrotron facility (Trieste, Italy), as reportedchapter 5 for the CaH+AIB, system. The
synchrotron radiation (SR) used for the study ofdemsed matter and surfaces, is emitted by
high energy charged particles (usually electronkilenvprotons in the protosynchrotrons)
running with a curve path (and thus acceleratesidenthe synchrotron ring. The energy of
the emitted beam is a function of the particle masd speed, and of the curvature radius
[3.17]. At MCX1 beam line of theElettra facility, the XRPD experiments have been
performed with a wavelength of 0.8i\7(the energy of the emitting electrons of the cantr
ring is 2.0-2.4 GeV). Compared with the laboratgryay diffraction set-ups, the synchrotron
radiation has better features, such has high levitilliance®, collimation and polarization.
Moreover, the high intensify of the beam allows much more reliable data caectvith
better resolutions in a short timehe Debye-Scherregeometry used in the SR-XRPD set-up
is reported irfigure 3.15

Figure 3.15 Debye-Scherrer geometry: the cones (left), produme the dlffracuon of the beam in the
differently oriented crystallites are acquired asgs (centre) by the detector, placed perpendidyltr the
primary beam. The figure shows an ideal rings paftée. with a good statistics of the orientatioite
conventional diffraction pattern in theé@2limension can be obtained by integrating the ripgttern along
the radius coordinate,

®) The brilliance is the amount of energy coming from a unitarycalngle and passing through the surface
unit in the unitary time: thus, it is indicated@swer for the surface and solid angle unit.

© Theintensityis the amount of energy coming from the wholedsafigle and passing through the surface unit
in the unitary time: thus, it is defined as powarthe surface unit.
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When the beam strikes a polycrystalline sampleraldéation is diffracted according to the
different orientations of the crystallites. Thefdittion cones in the figure represent the node
of the reciprocal lattice of the material crystall. The diffracted radiation is then collected
by the detector, placed in a plane perpendiculdhéodirect beam direction, resulting in the
typical diffraction concentric ringsigure 3.15 centre). Generally, not all the orientations are
statistically well distributed, so that some rirgggild be not well defined or reliable: in this
case, the rotation of the sample (usually) aroumavas perpendicular to the direct beam
direction can improve the orientation statistichke Tdiffraction patterns with the reflections
intensity versus thef2angle can be obtained by integrating part of orftitie‘cake” (figure
3.15 right side) along the radius coordinatePrograms, e.g=IT2D, are suitable for this
purpose. As mentioned, the synchrotron light all@eguiring diffraction patterns in short
time and, due to thBebye-Scherregeometry, in all the selected 2ange. This means that
the evolution of the crystal phases of a changmmgme can be followed by consecutive
acquisitions. At theMCX1 beam line of theElettra facility, the high flux (1011 photons/s)
synchrotron radiation allows periodical acquisisoon the investigated samples. Pressure
resistant quartz capillaries have been charged wyttrogenated powder inside an argon
filled glove box, and then sealed, in order to dvoontact with air. The diffraction patterns
have been acquired while performing a temperatuogram, in order to cause hydrogen
desorption from the material. The results of thea@aalysis are reporteddhapter 6.

3.7.4 The Rietveld method

The X-ray diffraction patterns of the investigatgimples have been analyzed by using a
Rietveldmethod-based program, in order to obtain qualigatind quantitative information on
the samples crystal structure. TRietveldmethod was developed since 1969 to refine crystal
and magnetic structures, starting from neutron powdiffraction patterns recorded at a fixed
wavelength3.18]. Subsequently, the method was successfully addptetie qualitative and
quantitative analysis of both neutron and X-ray gendiffraction patterns, obtained at fixed
scattering angle, as well as at fixed wavelerigthh9]. The method considers the structural
and microstructural parameters of the crystal phawesent inside the measured sample.
Starting from input information and data suppligdtte user, iterative procedures are used in
order to refine the structure of each single ciystase (cell parameters, atomic positions and
Debye-Wallerfactors). The method aims at minimizing the residuaction weighted sum of
squares (WSS)

WSS=Z \(\I( P - iFalc)z where W = = (3.6)

I | exP

by fitting the entire profile of the diffraction fiarn to a calculated profile. The method
considers the profile intensities obtained at e&6hangle from the measured powder
diffraction pattern, and it is not based on intégglasingle or overlapping intensities of the
diffraction diagram.
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Thus, 1;¥? and1;°* indicate the experimental and calculated intersitiehilew; represents
the contribution of each intensity to the whole dpem. The single intensity at eacld 2
position is calculated as:

Nphases . N peaks

f
7 =5 Z V_Jzz Lk‘Fk,j‘z 51(23 ‘2@,1') Rj A+ bkg (3.7)
j

j=1 k=1

in which the contribution of each single phase dadgeach phase, the peaks contributions
are considered. Thehase scale factd§ depends on the beam intensy the phase volume
fractionf; and the phase cell volunwg according to:

_ o
S=3 v? (3.8)

Lk is theLorentz polarization factoand depends on the instrument set-up parametsis, s
as geometry, monochromator (anglg detector and sample positioning (angt. Zor a
Bragg-Brentananstrument is:

D= P Colg ( 29) where: P =cos’ ( 27) (3.9)
2(1+P) sir? 6 cod

Fi; is ageneralized structure factpmwhich takes into accounts different parametarts, i
particular: themultiplicity m¢ of the k peak reflections (i.e. the number of symmetry-
equivalent reflections contributing to the singlserved peak) with the Miller indicels k 1),
the Debye-Walletemperature factoB, and theatomic scattering factof,, according to the
following equation:

2
sin’ @

2 N B i +ky, +
Fi| =mD] fe " A (é’"(hxn ' 'X“)) (3.10)
n=1

whereN is the number of atoms,, y,, Z, are the coordinates of the single atom ansl the
wavelength X-ray beam.

Coming back to equatior{3.7), the term S(&;-26y;) is the profile shape function
representative of the line broadening, i.e. thesld the peaks (e.g. half width at half or full
maximum).

Pk is thepreferred orientation functioindicating the texture degree) aAglis the phase
absorption factoy proportional to the inverse of thmear absorption coefficient of the
sample A=1/2u).

Finally, the value of the instrumebackgroundunction is expressed by:

Ny
bkg = Z a(26)" (3.11)
n=0
In order to obtain a good refinement of a diffrantipattern, the more are the available

starting information, the better is the obtaingdHifectively, the initial fit obtained just with

a, = polynomial coefficient
where: _ .
Ny = polynomial degres
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the input data should not be much different from fimal one, in order to reach calculation
convergence with few iterations and changing as legrameters as possible. Different
parameters can be used to indicate the goodna$e dit, even though their value depends
also on the experimental apparatus and the measpestrum. Together with the cit¥dS$
which should be minimized as much as possible,ftwutvhich no reference value can be
indicated, theR,, factor is more significant for the evaluation of the qtyabf the obtained
fit:

wss=Y" w #o- ) > [w (Iiexp_licalc)T
where W = Ijxp RNp e Z|:\NI Iiepr2

(3.12)

The Rvpvalue does not depend on the absolute value ahtaesities, but the background
and the number of the peaks have effect on itahtiqular, the higher is the background and
the less is the number of the peaks, the highénaspossibility to obtain a good fit. As a
rough reference, ®Rp value minor than 0.1 can be considered as an iaolicaf a god fit for
a medium complex phase, while for a complex phasg. (mnonoclinic or triclinic) values
minor than 0.15 are acceptable values. Of coumsesylstems with many different phases and
peaks in the corresponding diffraction pattern, tberence maximum value for a good
refinement increases.

Different Rietveldprograms have been developed and are availaldeMi&UD (Material
Analysis Using Diffraction) program has been used the quantitative and qualitative
analysis of the XRPD spectra, reportectivapters 4and5. This program was developed in
late 90’ [3.20] and from there onwards, new improved versions Hmeen released, taking
into account more parameters. TMAUD program is indicated as good for quantitative phase
analysis, size-strain and texture. A graphical usirface allows the insertion of the initial
instrument and phase information. As a good proeedor the refinement of a diffraction
pattern, a first manual adjustment of some parasiesech as cell parameters, intensities and
background, is suggested. Then, a sequence of atitorafining procedures is available. In
this way, iterations can be performed by adjustiaj,each step groups of parameters
regarding background, phases, microstructure, arystructure, texture and strain,
respectively. Together with the final fit, the vesuof the considered parameters, e.g. phase
fractions and crystallite sizes, are reported aslte of the calculation.

3.8 X-ray absorption spectroscopy (XAS)

This technique is based on the measurement of tfag/ dbsorption coefficient of the atoms,
as a function of the striking radiation energy. Hbsorption coefficient mostly decreases as
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the radiation energf increases (i.e. the X-ray become more penetrategept for some
specific energy values, for which the radiationsieongly absorbed by the material gind
sharply raise-up. The absorption peaks are duehéo radiation-matter interaction by
photoelectric effect: in a single event, an atoraxsited by a striking photon and releases an
electron of an inner atomic orbital (e.g. 1s). Hmergy excess not absorbed by the atom is
transferred to the photoelectron, which scatteitt Wie atoms around the origin-atom. The
quantum interference of the electron wavefunctidog to the scattering (the electron
interferes with itself), generates the XAS signal.

";ﬁi\?\\ = :

5|
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2 5 10 20 50 100
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Figure 3.16Semi-empirical trend of the X-ray absorption ve $itriking beam energy for a platinum (Z=78)
atom. In this log-log graph the absorption is exgzed in terms of cross sectienwhich is proportional to the

absorption coefficienit (=o-n,, where B is the volume density of target particles). Thapdr shows the
absorption edges corresponding to the emissiom@fphotoelectrons from different atomic orbitals{1§,,),

L1 (2s12), L2 (2p112), Lz (2ps12) and M, (3s12).

As shown on thégure 3.16, the higher energy absorption edge (K) for plating around
80 keV, falling in the “hard” X-rays region, whitee low energy edge Ms around 3.3 keV,
situated in the “soft” X-rays range. Different regs of the X-ray absorption spectrum can be
investigated in order to obtain different infornmation a material, even though a strong part
of the information corresponds to the edge, and ttunstitutes a small part of the whole
signal. According to this, XAS investigations reguithe use of a radiation with high
brilliance, variable a large range of energy, st avith a fine tuning (the X-ray beam should
have an energy bandwidth of few eV or less, in otderesolve the spectra). This can be
found at synchrotron facilities, while rather pasrthe possibility to perform experiment in
small laboratory set-ups. Different acronyms intBkoaxperiments performed on the different
region of the absorption spectrum, respectively. N&& (X-ray absorption Near-Edge
Spectroscopy) measurements are performed typitefpre the edge and up 60-100 eV
above the edge, while EXAFS (Extended X-ray AbsorpEine Structure) measurements are
extended to the limit of the absorption spectrumgéneral, as the space region of the sample
investigated by XAS concerns an atom (type) andsitgoundings, this technique gives
information on the local structure of the sampld aan be considered as ideal complement to
the X-ray diffraction technique for the study of/stalline materials. By performing EXAFS
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experiments, information such as coordination nusibenteratomic distances and local
disorder, can be obtained, while XANES is useful ftting information of oxidation
numbers and geometry.

3.8.1 The EXAFS technique

As mentioned above, the photoelectron liberatedhleystriking photon propagates due to
the energy excess not absorbed by the central dtbmpropagation occurs as a spherical
wave, which can be back scattered by the near-beiging atoms and thus interfere with
itself. This quantum interference is, in fact, afehe effects related to the emission of a core
electron (e.g. the electron can also be transfexweahother bond level), but it is the main
phenomenon that leads the experimental region GAESX The amplitude and phase of the
scattered photoelectron depends on its mass amgyeaed on the type and position of the
surrounding atoms. In general, by varying the eparfgthe beam, and thus of the excited
photoelectron, the quantum interference can benaltieely constructive or destructive, thus
producing an oscillating signal. The EXAFS signgk), is evaluated in the wavevectors
domain as a sum of contributions corresponding ter@ain number of scattering events.
Figure 3.17 shows the EXAFS signal for two of the possiblehpatf the photoelectron in a
MnO samplg3.21].
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: f I' III Il‘II II-II " I L
Il | I f\
i , A
i (| |I li i |I! ||I. | [ ’r
5 L AT L l, 4 W O L o
':, 0 —— .'I. I'I | | I - | | | I | L .l 14, : 0 ailaN A s
* L NMOYAYTLVEETYT YT b = L
L r I |I | | | | | | . |1 | R r
[ N S = 0
144 | |
-2t /RIS |II |”| I.,' || —al
I I-I -I I', II II‘,II "al Y
—4L ' . i by ¥ . ' . —4L . . . . . .
0 2 4 6 8 1 12 14 0 2 4 6 8 w12 14
k(A k(A7

Figure 3.17 EXAFS signals corresponding to two of the possgaéhs for the photoelectron in a MnO
sample. The “legs” number (Nleg) indicates the nemlpf the consecutive scattering events until the
photoelectron comes back to central absorbing atom. The degeneracy is the munob possible identical
paths of the same type for the system, and thairibations are taken into account in the showeghal. Reff ic
the effective maximum distance from the centrahatachieved with the path. The path is calculatét an ab
initio method—based program, FEFF 8.4. The sigeahiltiply by kto emphasize the oscillatory behaviour.

Above the edge and in the fine structure regiontipie scattering can be considered, as the
method converges, while this is not sure for meaments at lower energies. The total
absorption coefficienj/(E) can be considered as the absorption coefficienthef single
(central) atomyuo(E), corrected by a term proportional to the EXAFShalgand taking into
account the contributions of the photoelectrontscag by the near neighbouring atoms, i.e.
u=po(1+y) or y=(u-mo) po. Stern Sayersand Lytle [3.22] [3.23] proposed the following
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simple and extremely useful equation fokvhich is by now indicated as the standard EXAFS
equation:

X =-8Y

—  kr?

3cog 4 | (R e_Tr sin(2 kr+ 25, (K+ arg(/f (k).

with k=,/2h—r}(E— &)

where the contributions of the scattering atomeektive positiorr, from the central atoms
are summed. In the expressions abamgis the (rest) mass the electron liberated from the
central atomEp is the energy of the edgé, is the angle between the X-ray polarization
vector €) andr, |fi(k)] andarg(fi(k)) are the modulus and the phase of the complexrefect
scattering amplitude for each atom. Moreover, #renty; take into account the phase shift
due to the effect on the phase of waves with sgeaifgular momenturhwhen they scatter
from a spherical potentialmuffin-tin potential), while § and the photoelectron mean free
path e account for losses of coherence due to multiedacéixcitations. It is to note that the
factor 1/f accounts for the photoelectron intensity decr¢as® from the central atom to the
near scattering atom and the other way back. Emuéii13) contains some approximations,
the strongest one being the neglecting of multgdattering. This approximation is not
suggested particularly when the absorbing atom #o&l scatterers are collinear. The
contributions from multiple scattering oscillate maoapidly the longer the path length, thus
they can be confused with single scattering witarar atom, among the neighbouring ones.
Some expressions have been proposeg, fiaking into account the multiple scatteri@g4].

In an EXAFS experiment, an average over many sitélse sample is performed. Depending
on the position, the results may vary, due to tlarind quantum zero point motions, but also
for heterogeneity and disorder of the sample. Tile¢éirhe of the core hole, created by the
energy absorption by the central atom and thediimar of the photoelectron, has a lifetime
approximately 1dtimes shorter than periods of the interatomications, thus the variations
cited above will affect the single EXAFS measuretn&€he motion due the temperature gives
an oscillatory contribution to the phase factor,ilevithe disorder provides a Gaussian
damping factor, calledDebye-Waller factor(as the analogous for XRD), due to the
overlapping of signals with different frequencyresponding to different path lengths. For
randomly oriented polycrystalline or solution saengh isotropic average over angles must be
performed. In this case, the contributions fromnaoof the same atomic number and at
similar distances from the absorbing central atoay mot be resolvable from each other, and
atoms must be conceptually grouped together intwrtination shells”, thus modifying

equation (A4.1) to the following one:
2R

N Q 2.2
x(k) = —Z@\ f;(e*®e™” sin@kR + 25, (k) +arg(f; (k)) (3.14)
—~ kR

(3.13)

whereN, is the number of atoms in tf{& coordination shell, and tHeebye-Waller factor;
is the mean square variation of distances f/rfor the atoms in th@" coordination shell.
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This last quantity is also indicated as mean sqreagive displacement (MSRD) and, as it is
explained above, it gives an indication of the diso in the local crystal structure of the
measured material.

XAS spectra can be acquired in transmission ordscence mode. The former is the most
straightforward, in which the striking radiationdathe one transmitted by the sample are
measured. The latter is used when the sample idikoied or absorbs too much: in this case,
the fluorescence radiation, due to the absorbimgnatdlisexcitation is measured. Another
method, similar to fluorescence mode, is the aebdectrield mode, where, during relaxation,
electrons emitted form the surface of the sampdecansidered, rather than the photons of
the fluorescence radiation.

3.9 Other experimental techniques

The techniques described in the previous sectiange Heen primarily used for the
experimental activity reported in this thesis. tfd@ion, some experimental results showed in
the next chapters refer to other experimental nasthitn this regard, a brief introduction for
each technique is given in the related chapterrbefporting and commenting the results.
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Chapter 4

Investigation on the

nanostructured LaNi 5 alloy

4.1 Motivation for this study

The intermetallic LaNi alloy is one of the most studied solid-state hgero storage
materials — a preferred choice for the prototymdesys using hydrogen fuel. For this material
hydrogen absorption and release process can berped at room temperature and not high
pressure (e.g. equilibrium LajliaNisHe plateau pressure is 2 bar at 298 4K1].

As a well known material, it appeared as an idta@hdard to be used in order to test the
Sieverts type equipment and other experimental devicesddor the evaluation of hydrogen
sorption properties of the materials, at the ITAnstitute for Advanced Technology —
laboratory, where most of the experimental workorggd in this thesis has been carried out.
Within this context, an experimental campaign oMisacompound has been performed in
order to set-up the instrumentation, but intergginduring this time, some unexpected and
remarkable information on such a material have ldgained. It was found that unlike some
other potential hydrogen storage materials, thatvsfaster hydrogen absorption-desorption
kinetics upon nanostructuring, the long-time ballling of the bulk LaNs has an adverse
effect on the hydrogen sorption reactiphs].

In this chapter, the study carried out on nanosired LaNi powders is presented.
Different experimental techniques, such as volulm@tranometric measurements, differential
scanning calorimetry (DSC), X-ray powder diffractiq XRPD), together with X-ray
absorption fine structure spectroscopy (EXAFS),eh&een used to investigate different
LaNis samples. A brief description of the volumetric-roaretric measurements, DSC, XRPD
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and EXAFS are given isections3.3, 3.4, 3.7 and 3.8, respectively. Further details on these
techniques can be obtained from the cited refesetiwein.

4.2 Effect of ball milling time on the hydrogen sor ption properties
of LaNi 5

Hydrogen storage grade LaNiurchased by Sigma-Aldrich was used for the pitesteraly.
Ball milling of this materials was carried out inFRITSCHplanetary mill Pulverisette §
using a hardened steel vial and stainless sted, lzdla speed of 240 rotations-per-minute
with a ball to powder ratio of about 10. Milling waarried out in cycles of 20 minutes
milling and 20 minutes pause to avoid the heatinthe powders during the milling process.
Different samples were prepared by milling for eiéfnt times, i.e. 2, 5, 10, 15, 20 and 100 h.

Figure 4.1 shows the PCI absorption curves (Re-hydrogenat&ing5 °C for one as
received and three ball milled (2, 20 and 100 hNikasamples. Pressure Composition
Isotherms (PCIs) curves of the ball milled samplesquite different compared to the PCI of
the as-received sample.
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Figure 4.1Re-hydrogenation PCI curves at 35 °C for (a) asereed, (b) 2 h milled, (c) 20 h
milled and (d) 100 h milled LaNsamples.
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As shown infigure 4.1, at pressures below 20 bar, the maximum hydrogeage capacity
of LaNis decreases gradually by increasing the milling tifibere is also a noticeable
increase in the plateau pressure for the 2 h am@@hh milled samples. For the 100 h milled
sample, there is almost no plateau region in thiecRve.

The X-ray diffraction (XRD) studies of Jurczyk et. ahow that such a pressure—
composition behaviour is due to amorphised lsgidirticles/4.3]. According to what reported
in this cited work, the amorphous phase does noftriboite to the hydride phase formation,
and this causes a decrease in the hydrogen staragacity with increase in the
amorphisation.

Ball milling is a non-equilibrium procegd.4], and thus, by using it, there are chances for
the creation of some phases, which are otherwifieudi to form. The reduction in the
storage capacity observed in the ball milled samptaild be due to either the formation of a
non-absorbing amorphous phd44e3], or other effects that ball milling process getesaon
the material’s lattice. The cause, as it will belamed below, looks like the latter.

Although the results shown ifigure 4.1 suggest that the hydrogen storage capacity
decreases by increasing the ball milling time,ralependent kinetic measurement with a high
starting pressure (around 100 bar), reportedigore 4.2, showed that the 100 h milled
sample absorbs hydrogen up to the expected maxioapacity, but with slow absorption
kinetics, if compared to the as-received sample.

Hydrogen concentration (wt.%)

0 50 100 150 200 250 300
time (minutes)
Figure 4.2 Absorption kinetics for 100h ball milled sample €apcircles) at 35 °C and
100 bar of hydrogen pressure. The correspondinyedor the as-received LaNis also
reported for comparison (continuous line).

Under identical conditions with an applied pressafe20 bar, the 100 h milled sample
hardly absorbs any hydrogen, as it is also eviftent the PCI curve shown iigure 4.1 (d).
These results support the idea that there is ngt reom-absorbing phase, but rather the
presence of an effect that hinders the hydrogeakeptt the same pressure at which as
received LaNj sample achieves the full hydrogen capacity. Ineabs of this hindering
effect, one would have expected the ball-milled isgddwder to be a better hydrogen storage
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media with faster kinetics, if compared with therailled material. However, possibly due to
the formation of an anomalous state that is vesystant to hydrogen absorption at low
pressures, the ball-milled LaNpowders show rather poor hydrogen storage pr@serti
compared to the un-milled samples. X-ray diffracteand X-ray absorption measurements,
performed on the LalNisamples, gave some elements for the interpretafitime ball milling
effect [4.5] [4.6], which determines the resistance to the hydrogeptisn properties. The
results are presented and discussexbations 4.6and4.7.

It is interesting to note that some of the eaditedieg4.7] [4.8] showed an improvement in
the kinetics of the ball milled Lablsamples, where the milling times were significahawer
than in the present case. As shown in one of simeitas study[4.9], such short ball milling
time only leads to particle size reduction up tav fenicrometers. Scanning electron
microscopy studies on the cycled samples showattat a couple of absorption—desorption
cycles, average particle size of LaNget reduced and become of the order of few
micrometerd4.10]. Thus, ball milling for times lower than 1 h, essally leads to somewhat
similar effects as that of the hydrogen absorpti@serption cycling; actually, that effect is
known as “decrepitation” of the materidl.11]. Thus, short-time ball milling can lead to an
improvement in the kinetics of LajNsamples compared to un-activated powders.

A careful look at the data presentedigure 4.1 reveals that for the milled samples there is
a significant absorption at very low pressuresti@hpart of the PCIs), whereas for the un-
milled samplefigure 4.1(a), there is almost no absorption until the appjeessure reaches
a value close to the plateau pressure. As mentieader, milling causes defects creation and
particles size reduction. The hydrogen intake oleskrfor the milled samples at very low
pressures is mostly due to the hydrogen adsorptidhe defect-states in the surface. If only
the low pressure hydrogen sorption processes arsidared, the ball milled samples have
clearly higher performances. Annealing can leathéoremoval of such surface defect-states,
and hence the hydrogen intake observed at low ymesdor the milled samples are not
expected for the ball-milled-and-annealed sampledeed this is found to be true for
annealed samples, as will be discussed later tegeitih other effects of such a thermal
treatment on the sorption properties of Ladamples.

4.3 Impurity analysis

Although ball milling is very effective for the nastructuring of the powdered samples,
there are chances of incorporation of very smalbams of impurities, coming from the
erosion of the milling media. Such an effect wagnsen an earlier study involving
LaNisAlpg samples prepared by mechanical-alloyifdy12], where Auger electron
spectroscopy is used to study the effect of théasarcontamination due to the ball milling
process. In this cited work, the system showedIainmydrogenation results as the present
case and the authors attributed it to the presehite Fe impurities in the ground powders.
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In the present case, also one may expect a slggttamination in the ball milled samples,
the amount of impurities increasing with the inseaf the milling time. Besides, the effect
of such impurities would be more prominent towasdsller size particle, especially in the
nanometre regime, and hence the highest time nsledple is supposed to have the largest
contamination. Proton induced X-ray emission (PIXBjng 3 MeV H ions is a powerful
quantitative technique for the impurity analypisl3]. It is based on the analysis of the X-
rays generated by the relaxation of an atom prelyostruck by a proton beam. Electrons of
inner shells of the target atom can be expulsechvpnetons strike. X-rays are emitted by the
expulsed electrons, while they return to the oagshells. The type of the emitted X-rays is
strictly related to the nature of the target atdimus, PIXE provides an elemental analysis of
the sample. The probability of X-ray productionnfrehe sample depends on the total number
of incident protons, as well as on the protons gynefrhe greater is the protons flux, the
greater is the probability for X-ray production.d@iantitative analysis is to be ensured, then
both of these factors must be accurately known. iftiermation that PIXE technique
provides is in the range of few micrometres andcketine results do not get affected by
surface process, like segregation of impurified4]. PIXE results from the milled samples
indicated that no heavy elements impurities likedfe present above the ppm-levels (the
detection limit of PIXE) in the long-time ball mel samples. The iron presence was checked
by comparing the PIXE spectra of the milled samplégh a standard sample containing 10
ppm of Fe. These results clearly indicate that &etaimination, whether present, cannot
induce prominent effects in the present ball-mikagnples. Thus, it is most probable that the
long time ball milling induces the creation of soraeomalous state in Lad\i causing
resistance to the hydrogen absorption.

4.4 DSC studies

Upon several absorption-desorption cycles the halkis is found to contain particles with
a reduced grain size together with many defectsdasidcationg4.15]. DSC is one of the
effective methods to study the annealing-behavafulattice defects in LaNj because an
excess energy of lattice defects can be detectedtlyi as exothermic features in the heating
run of DSC[4.16].

Figure 4.3 shows the DSC curves of both an as-received saamole well activated Laili
(a sample which underwent several absorption-désargycles) powders. There is hardly
any feature in the DSC plot of the as received $aitgolid line). In contrast, for the activated
LaNis sample (open circles), the DSC curve shows anredtbheat flow signal from 200 °C
onwards. Under this condition, in order to seedheealing effects more clearly, an isotherm
of 500 °C for 10 min has been added at the endheffirst run, before performing the
subsequent scan. The curve after this annealib®@t’C (filled circles) is more similar to
that of the as-received sample, a result in agraemigh the results reported by Nakamura et
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al [4.16]. Figure 4.4shows the results of the first, second and thir€D&s on a 10 h milled
sample. The three curves have been obtained wihséime procedure as above, with an
isothermal segment in between. Unlike the as-receisample, the 10 h milled sample
showed an enhanced heat flow in the DSC curvesrSeand third DSC runs on the 10 h
milled samples show similar annealing behaviouthas of the cycled sample. These results
clearly show that the ball milling introduce defedh the LaNj lattice in addition to the
particle size reduction.
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Figure 4.5shows the results of the DSC measurements on sarmallemilled for different
times. For clarity, the results are presented nedahframes with identical y-scale. In each
frame, the profile of the as-received (and not egtlsample is also included for comparison
(solid line). In all samples one can observe thecefof defects similar to that of the cycled
sample (seéigure 4.3). In addition, the heat flow is found to increasith increasing the
milling time indicating an increase in the defed¢ssity.
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4.5 Effect of the annealing on the hydrogen sorptio n properties

The 20h and 100 h ball-milled samples were furitadied after an annealing under high
vacuum at 730 °C for 1 h. The re-hydrogenation B@wes (i.e. second PCI run, after

activation) at 35 °C of the ball milled and anndatamples are shownfigure 4.6.
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Figure 4.6Re-hydrogenation PCI curves at 35 °C  Figure 4.7 Dehydrogenation PCI curves at 35 °C
for milled-and-annealed LaNi samples (solid for the annealed LaNsamples (open circles): (a) as-
circles): (a) 2 h, (b) 20 h and (c) 100 h. In dilet received, (b) 20 h milled and (c) 100 h milled.alh
cases, the re-hydrogenation curve corresponding tthe cases, the dehydrogenation curves corresponding
the as-received sample before annealing (opemo the as-received sample before annealing (solid
circles) is also included for comparison. circles) is also included for comparison.
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For comparison, the re-hydrogenation data corredipgrto the as-received sample is also
included in the figure. This comparison shows ttitre is a clear increase in the plateau
pressure of the ball milled and annealed samples.plateau pressure is found to increase by
increasing the milling time. A comparison betwdeyres 4.1 and 4.6 clearly shows the
difference in the low-pressure—absorption behavioiuthe as milled and the milled-and-
annealed samples (initial parts of the PCI curvés).mentioned earlier, for the annealed
samples there is almost no absorption at very Imggures. This is due to the absence of the
surface defects that were causing adsorption ircdéise of the milled samples. The maximum
absorption capacity of the ball-milled samplesraftenealing is almost identical to that of the
as-received sample; however, there is a differencie plateau pressure. This change is
maximum for the 100 h milled-and-annealed sampte dehydrogenation PCI curves of the
ball-milled-and-annealed samples at 35 °C are shawrigure 4.7. As expected, the
dehydrogenation PCI curves of the as-received samifgr annealing have exactly the same
behaviour as that of the sample before annealirapfg(a)]. Interestingly, there is also a good
overlap between the dehydrogenation PCI curve ®2th h milled-and-annealed sample and
that of the as-received sample [graph (b)]. Howewecase of the 100 h milled-and-annealed
sample, there is a significant increase in the dedgenation plateau as compared to the as-
received sample. It is interesting to recall tlmathe as milled case, the 100 h milled sample
did not show any plateau in the re-hydrogenatiacgss (below 20 bar).

To investigate more deeply the cause of the posoration properties of the long time ball
milled samples, XRPD and EXAFS studies have beeredaout. Below the details and
results about these measurements are reported.

4.6 XRPD analysis

These measurements were carried out using a custme-laboratory XRPD set-up with
Cu K-u radiation.Rietveldmethod refinements of the diffraction data wereried out in
order to obtain the structural parameters. A bdes§cription of theRietveld refinement
method as well on the XRPD is describedduation 3.70f this thesis. The refinements of the
XRPD spectra have been performed using the freevaid packag®AUD [4.17] based on
the Rietveldrefining methodFigure 4.8 presents the XRPD pattern corresponding to the bulk
(i.e. not milled) LaN§ sample. The curve calculated as a fit of the erpartal pattern is also
reported, as well as the different reflections tdd from the refinement. From the
difference spectrum reported, it is clear thatdesumed crystal structure gives an excellent
descriptions of the experimental data. A schematiagram of the LaNiunit-cell used for
the refinement is shown in the inset of the figufbe excellent agreement between the
experimental and the calculated curve implies ttie structural model used for the
refinement is in fact the long-range structurehaf $ystem. The structural model of the LaNi
is well established from the earlier studigsl18] [4.19] [4.20] [4.21] [4.22] [4.23]and
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belongs to the hexagonal Ca@ype with P6/mmm symmetry. The refinement results
(reflections, atomic positions and thermal factdedtice parameters, etc) obtained in the
present case are consistent with these earliertseegod some of them are listedafle 4.1
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Figure 4.8 XRPD pattern (blue open circles) obtained for Lablilk (i.e. not milled) sample. The fitting

(red) and the difference (grey) curves and the tified reflections (black numbers) are reported,aigained
from the Rietveld refinement performed with the NDA&bftware. The inset shows the Cg®wpe cell of
LaNis, where the larger spheres represent the La atoms.

Once established the structure of the bulk lsatiie structure of the 20 h and 100 h milled
samples is now discussed. The XRPD patterns camelspg to these three samples are
shown infigure 4.9. The 20 and 100 h milled samples have all theatiffon peaks as the
bulk sample, however, the peaks intensities araddo be progressively damped and peaks
are become broadened with the increasing millingetiSuch features in the XRPD profiles
are typical of the nanoparticles. The fitting (dplcurves, obtained with the refinement of the
experimental patterns (open circles) are also dedun the figure.

Counts (arb. units)

30 40 50 60 70 80
20

Figure 4.9Comparison among XRPD patterns of the bulk (re@h @illed (blue) and 100h milled (green)
samples. The curves calculated by Rietveld refinewfethe experimental patterns (open circles) iauded
as solid lines. With increasing milling time, difftion peaks are getting broader with reduced istisn
indicating nanostructuring.
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The refinements for the 20 h and 100 h milled saswplere carried out using the same
LaNis structural model as that given abodesummary of the refinement results, obtained by
using theMAUD software packagpt.24] and including the estimated crystallite sizestiar
20 and 100 h milled samples, are giveteinle 4.1 Although the milled samples are found to
have identical crystal structure as the bulk, teasponding lattice parameters result slightly
different: in particular the lattice parametarandb are found to become progressively lower
with increasing milling time.

Table 4.1Results of theRietveld refinements performed on the experimeXRPD spectra

Sample Rwp(%) d=b (A) c (A) Crystallite size (nm)
bulk 1.45 5.0160(4) 3.9836(3) -

20h 49 5.0106(6) 4001(8) 12.3(+3)

100 h 20 4.975(3) 4.036(4) 8.3(+5)

LaNig space group P6/mmma=8=90, y=120. La (sitela) x 0.0, y 0.0, z 0.0; Ni (site 2c) x
1/3,y 2/3, 2 0.0; Ni (site 3g) x 1/2, y 0.0, z 1/2.

As known, the reduction of particle size up to maeter range can increase the kinetics, but
can also cause a favourable change in the thernaodlgs of the hydrogen sorption, lowering
the reactions energetics, decreasing the hydrogkase temperature, and improving the
system reversibility{4.25]. This is because of the coexistence of differesmid@tions at
nanoscale, enhancing the material reactivity, saghhe increase of the surface to volume
ratio (and thus also an higher contribution of pégiption), the increase on the number of
absorption sites, and the lower binding energynmalk metallic cluster, also due to a lower
coordination effect on the surfaces. Moreover, esrsequence of the higher surface area and
the surface effects, the catalysts action is erdddc26]. However, in order to cause such a
modification of thermodynamics, particles size dddae reduced up to 1-2 nm, and this can
be obtained by using light scaffolds with high sod area, e.g. carbon based nanomaterials
[4.27][4.28] [4.29]. In this case, surface energies and material priegeof the materials at
nanoscale offer the opportunity to tune the energeif hydrogen adsorption. However, in
the case of our nanostructured Laklamples, even the crystallite sizes are bigger thase
that should be achieve, in order to have a favderabange on system thermodynamics. In
addition, the ball milling process, while reducitig crystallite size, seems also to cause the
material to be more resistant to hydrogen absarpéiod release. For this reason, further
investigations have been performed in order tafgléne causes.

4.7 EXAFS measurements

XRPD is a long-range structural probe and givdsrimation on the average crystal
structure of the system. In many cases, to gaireranderstanding, local structural probes are
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quite useful. EXAFS is a powerful local structutathniques providing site selected local
structural information. As a recent example, EXARB8asurements on the superconducting
FeSe.xTec have provided evidence for the nanoscale chempitase separation, which were
not seen by the average structural prdde®0]. To deeper investigate the ball milling effect,
responsible of the poor absorption properties efltimg time ball milled LaNisamples, X-
ray absorption studies have been carried out at XAEamline of thétlettra synchrotron
radiation facility, in Trieste (ltaly). La 4edge and Ni K-edge X-ray absorption
measurements have been performed on 4 aéinples. The temperature of the measurements
was 90 K for the former and 80 and 300 K for theelatype of measurement; three ionization
chambers mounted in series were used for simulteneweasurements on the sample and a
reference. As mentioned earlier, a brief descnptd the EXAFS techniques is reported in
section 3.80f this thesis.

Figure 4.10shows EXAFS oscillations (multiplied ) extracted from room temperature
Ni K-edge extended X-ray absorption spectra, meason the LaNipowders with variable
ball milling time. The EXAFS amplitude decreasefimimcreasing milling time. The decrease
is substantial for the 20 h milled powders compdwethe bulk (i.e. as prepared), while the
changes from 20 to 100 h are not so significardidentally, such a damping is known to
occur in several systems when the bulk is nandastred. For example, Au, Cu, Ni and Te
nanoparticle§4.31] [4.32] [4.33] [4.34] nanocrystalline Fe prepared by ball milligg35],
substrate-free Pd nanopatrticles prepared by eviporid.36] and Ge[4.37] and Pt[4.38]
nanoclusters synthesized by ion implantation amadoto show a systematic damping of the
EXAFS oscillations compared to the bulk.

LaNi s

T=300K

Figure 4.10 EXAFS oscillations
(multiplied by k3) extracted from room
temperature Ni K-edge extended X-ray
absorption spectra of LaNivith different
ball miling times. Legends indicate
milling times, where 0 h correspond to the
unmilled (bulk) sample. With increasing
milling time the EXAFS oscillations are
getting damped, indicating
nanostructuring and an enhanced atomic
disorder (as explained below).
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As in the XRPD case, first the analysis of the bséimple was performed, in order to
extract the quantitative local structural inforroati Later the same analysis procedure was
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applied to milled samplest-igure 4.11 shows theFourier transform (FT) magnitude
corresponding to the EXAFS oscillations of the buwmple, revealing the real space
information. FTs were performed in tkeange 2.9-17 A.

Figure 4.11 Fourier Transforms
(FT) of the EXAFS oscillations
(multiplied by k3), extracted from
temperature Ni K-edge extended X-
ray absorption of the bulk LapNi
sample, and showing the real space
information. The main peak
corresponds to the contributions of
the three Ni-Ni and Ni-La single
scatterings, for the two types of Ni
central atoms (Ni 3g and Ni 2c,
highlighted in red in the inset). The
fitting curve (red) obtained with a
five coordination shells model
shows a good overlap with the
experimental data (blue) in the
main peak region.

E LaNi_
- (T=80 K)

IFT(KX (k)|

In order to obtain quantitative information, the &S oscillations have been modelled by
using a standard proceduj4.39], according to which one starts considering theraye
structure of the compound. From the average straictiata inferred from the XRPD, two
distinct Ni sites can be identified in the crystalucture. These sites are highlighted in red in
the structural model given in the insetfiofure 4.11. Different near-neighbour arrangements
for the two Ni sites make the Ni K-edge EXAFS meaments somewhat complicated. The
structural configuration of LaNligives rise to three Ni—Ni near neighbours distantg.46,
2.5, and2.85 A) and two Ni—-La near-neighbour distandéa g, andB.2 A). For a proper
treatment of the Ni K-edge EXAFS data of LgNt is important to consider the presence of
the two distinct Ni sites mentioned above. From &g site, the first three types of near
neighbours are four Ni atoms @.46, four at2.51 A and four La atoms &B.2 A, whereas
from the Ni 2c site, the first three types of neaighbours are six Ni atoms @.46 A, two
Ni atoms atf2.85 A, and two La atoms aR.89 A. As the EXAFS signal from the two Ni
sites cannot be distinguished, we have adoptedtaochef weighted average from the two Ni
site contributions to model the dd#B5]. It is to be recalled that the earlier EXAFS sésdon
this system have over looked this fact and assubmégdan average Ni—Ni distance for the
analysis of the EXAFS datd.40] [4.41] [4.42]. The main peak in the FT (iimgure 4.11
between 1.3 and 3.4 A) is due to the Ni-Ni and Misingle scatterings. This corresponds to
the above discussed three near neighbour conwitmifrom both the two Ni sites. To obtain
quantitative information, the EXAFS signal has beeodelled using th&VinXASprogram
[4.43] with calculated phase and amplitude functions frora FEFF7 program [4.44].
According to the description of the EXAFS technigueported insection 3.8 the EXAFS
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amplitudes depend on several factors and can beessmped by the following general
equation: ) 2R
X09=Y “I';F? £, (R We ™ Sin[2kR +24 (k)] (4.1)
whereN; is the number of neighbouring atoms at distaR¢es?” is the passive electrons
reduction factorFi(k,R) is the backscattering amplitudeis the photoelectron mean free path
and o is the correlatedebye-Wallerfactor (DWF), measuring the mean square relative
displacements (MSRDs) of the photo-absorber-batiescaair. Apart from these, the
photoelectron energy origif, and the phase shifts details should be knowradtiheen used
a conventional procedure to analyze the EXAFS $iffhd5] with five coordination shells
(three Ni-Ni and two Ni-La distances). Except fdmetradial distancesR; and the
corresponding DWFs, all other parameters were ket in the least squares fit. The co-
ordination numbers were fixed to the weighted ageraf the same from the two Ni sites. The
passive electron reduction factay ®/as kept to 1. ThEy was fixed to -8.9 eV. The number
of independent data poinkg,g was 18 for the present analysis. The five shéllddscribed
above is also included in the FTs as solid red lireverify the quality of such a modelling,
one can look into the filtered EXAFS oscillatiormresponding to the modelled r-space, and
the related fitting curve, reportedfigure 4.12. There is an excellent agreement between the
model data and the experiments, indicating thatubed model[4.5] gives an excellent
description of the local structure around Ni.

Figure 4.12 Comparison between the
experimental data (blue) and the model
(red) for Ni K-edge extended X-ray
absorption oscillations (multiplied by k3)
for the bulk LaNj sample.
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We have applied the same model to the milled sanies found that such a modeling
gives a good description of the milled samples e, @s shown itiigure 4.13

————
. LaNi
L 5
- (T=80K) |

Figure 4.13 Fourier Transforms
(FTs) of the EXAFS oscillations
(multiplied by k3), extracted from
temperature Ni K-edge extended X-
i : 1 ray absorption of the Lahli
5 f SR RIS samples. The figure reports both

6 8 10 .12 14 16 | .
Kk (A-l) the experimental data (open
circles) and the fitting curves (solid
lines) for the bulk sample and the
samples ball-milled for different
times. The used model shows a
good agreement  with  the
experimental data in the region of
the main peak, related to the Ni-Ni
and Ni-La near-neighbours single
scattering contributions.
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The near neighbours bond lengths and the meanesgelative displacement of the bond
pairs obtained from the model above are givenbtetaelow.
Table 42 Near-neighbour distances and mean square relatigplacements (MSRDs), resulting from the

guantitative analysis of Ni k-edge extended XAS,dperformed with the WIinXAS prograj.43] with
calculated phase and amplitude parameters usingfFREfrogram(4.44].

Milling | distance| @° distance| o2 distance| o? distance| o2 distance| o2
time Ni'Ni(]_) Ni'Ni(l) Ni'Ni(z) Ni'Ni(z) Ni'Ni(3) Ni'Ni(3) Ni'La(l) Ni'La(]_) Ni'La(z) Ni'La(z)
[h] [A] [A? [A] [A? [A] (A% [A] [A? [A] [A?
2,4600 2,5900 2,8000 2,9300 3,1904
0 +002 0,0039 +002 0,0084 +002 0,0047 +002 0,0056 +002 0,0046
2,4600 2,5802 2,8000 2,9300 3,1804
2 +002 0,0049 +002 0,0085 +002 0,0063 +002 0,0064 +002 0,0067
2,4600 2,5765 2,7578 2,9300 3,1900
20 +004 0,0049 +004 0,0090 +004 0,0065 +004 0,0080 +004 0,0080
2,4600 2,6445 2,7247 2,9300 3,1076
100 +006 0,0078 +006 0,0124 +006 0,0132 +006 0,0081 +006 0,0100

Unlike the Ni sites, local atomic configuration findhe La site surroundings is simpler, due
to the presence of a single crystallographic dittne La atoms in the unit-cell. Thus, La-L
EXAFS can be used to obtain complementary locacsiral information. In this case, tke
range available is limited (only up to 9&1), due to the occurrence of the Ni K-edge
absorption. Although limited, this k-range is sciint to obtain the near-neighbour bond
lengths and corresponding MSRDs around the La §doh Fourier transforms (FTs) of the
EXAFS oscillations extracted from the La-&dge extended X-ray absorption spectra,
measured at 90 K on the LaNiowders with variable ball milling time are shownfigure
4.14
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Figure 4.14 Fourier transforms (FTs) of the Lasledge EXAFS oscillations showing partial atomic
distribution around the La atom. FTs are performastween ki, = 2.5 AT and knax = 9.8 AL using a
Gaussian window. A model fit with two shells repréigg the two La—Ni near neighbours (solid ling) i
also included.
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Indeed, a large damping of the signal is clearBnsia the FT amplitude for all the atomic
pairs, revealing an overall decrease of the indéadces by increasing milling timieis to be
underlined that this kind of a large damping wasaeen in the Ni K-edge EXAFS results
shown earlier. Similar to the Ni K-edge case, therage structure of Lallhas been used as
the input also in this case. In the crystal unit,dea atoms occupy the 1a site, whereas Ni
atoms have two different positions, viz. 3g andTte unit cell of LaNj contains 1 La atom,

3 Ni atoms at 3g sites and 2 Ni atoms at 2c sitethis structural configuration, considering
La as a central atom, there are six Ni atoms astartte ~ 2.8% (2c sites) and 12 Ni atoms
at a distance ~ 3.2 (3g sites). To analyze the EXAFS signal, a stahgaocedure has been
adopted. For the Laztedge measurements a two shells fitting has beed (s®lid lines in
figure 4.14), where the two shells radii correspond to theéatlises between the two types of
Ni atoms from the central La one, respectively. Tear neighbour distances and the
corresponding MSRDs obtained from the Laedge EXAFS spectra analysis are presented
in figure 4.15 While the first La—Ni distance (correspondingtihe six Ni atoms at the 2c
sites) is found to show negligible changes withlingl time, the second La—Ni distance
(corresponding to the 12 Ni atoms at the 3g siiegpund to decrease with milling time.
However, the MSRDs corresponding to both the degtarare found to increase by increasing
milling time, indicating increased atomic disordiere to milling. These results are consistent
with the information derived from the Ni K-edge EKS& spectra analysis.

2.89 I | T T 1 | T T T | T T 1 | T T T | 1T | T 3.2
| (La-Ni); B
288 b @®----pr----- Lt o 319
I ]
ot B 3 ]
g e » = o
o 287 [ \ ] 18
B | |
286 — £ . (La-Ni), — 317
5 Tz o v
= et o
7 | | | | | = Figure 4.15The near-neighbour La
285 +r+++r+++r+++r+++r+++r+ 316 o
i ) i Ni distances (upper graph) and the
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0 20 40 60 80 100 guide to eyes.
Milling time (hours)



88 Chapter 4

As well as for the ball milling, also the effect &imples annealing (already shown for the
PCI measurements) can be explained referring to EX£esultsFigure 4.16shows the FTs
of the La ls-edge EXAFS data for the 20 and 100 h milled-anukeated samples, along with
the data from the bulk sample. For the 20 h mipesvders, annealing seems to restore the
near neighbour distances to the bulk value. Theralso a substantial improvement in the
atomic order, as evidenced by the enhancemenkimtgnitude of the FTs after annealing,
which closely follows the pattern of the bulk. Ow totherhand, for the 100 h milled sample,
the high temperature annealing seems to be ingrifito restore the interatomic distances
and the atomic order. In this case, a somewhatfisignt enhancement in the intensity of the
peak corresponding to the first two set of neagimeours figure 4.16) may appear to
indicate an enhanced atomic ordering. However, a careful armslysveals that this
enhancement in peak intensity is not symmetrigdHertwo sets of near-neighbours, unlike in
the 20 h case. As discussed earlier, lomge ball milling results in substantial disordeyim
the systemand high temperature annealing of such a disordgystém carpossibly bring
random ordering, causing a small fraction of dhiginal Ni sites to be occupied by La. Such a
random locabrdering can cause enhancement in the FT inteakitye annealed sample due
to the larger atomic scattering factor of theavier element La compared to the lighter
element Ni. The absena# the enhancement in FT magnitudes correspondirigefurther
shells (other peaks) supports the above conjecture.
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Figure 4.16 Fourier transforms (FTs) of the Ladedge EXAFS oscillations measured before (solig) lin
and after (dotted line) the high temperature animgal The atomic order seems to be substantiallyored
for the 20 h ball-milled sample after annealing,ilwithe 100 h ball-milled sample seems to retaiyda
disorder even after annealing. The FT of the balkgle is also shown for comparison (dashed line).

Referring to the hydrogen sorption curves, showthefirst part of this chapter, it is found
that thecapacity decreases gradually with the increasitigroling time. However, capacity
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can be regained by the high temperature annedghftgr annealing, the equilibriurplateau
pressure, where the continuous conversion otitpbase to th@ phase (hydride) occurs, is
found to be highest for the 100 h ball millsgimples. Results from Ladedge and Ni K edge
EXAFS clearly indicate that there is decrease in the near-neighbour distances and an
increase in theorresponding MSRDs for the nanoparticles of lsagibduced byong-time

ball milling of the bulk. High temperature annedgliis found to result in only some random
local ordering in the systenthus incapable of restoring the global atomic order
nanostructured.aNis. This increased atomic disorder in the nanostrediphase may be one

of the main reasons behind thehanced resistance towards the hydrogenationaeaitthe
longtime ball milled LaNs.

4.8 Summary

In this chapter, a study of the influence of ballling process on the hydrogen sorption
properties of LaNiis provided. The obtained PCI curves show a deer@athe absorption
properties of the material at pressure below 2Q a&arthe milling time increases, while a
kinetic measurement at higher pressure revealddthkatotal capacity is anyway achieved
also for long time (100 h) milled sample. DSC measents indicate how ball milling
creates defects on the material, in an increasing ag the ball milling time increase. This is
also confirmed by the larger absorption at very [messure, i.e. below 1 bar, showed by in
the PCI curves. The effect of an annealing treatrigerevealed from both the PCl and DSC
curves, which show a regain of the features ofrtiagerial as those before the ball milling
treatment. The calorimetric profiles indicate aew#$ annealing, which is confirmed by the
lost of hydrogen absorbed amount in the rehydragem&CI curves at pressure below 1 bar,
for milled and annealed samples. In addition, afber annealing, both the rehydrogenation
and dehydrogenation PCI curves show a regain intdted hydrogen capacity at pressure
below 20 bar. However, in any case, the annealiegthent results less effective for long
time milled (100 h) samples.

In order to deeper explore the reason of the retihgerogen uptake in the milled sample
and the effect of the annealing, investigationtmndverage (i.e. long range) and local crystal
structure of the material have been performed by RRand EXAFS studies, respectively. A
Rietveldmethod-based qualitative and quantitative anglyssformed on XRPD spectra of
the ball milled samples, showed a strong agreeretween the LaNicrystal structure as
known by literature and the model used to fit thgpegimental data. The experimental
patterns of the milled samples indicate nanostrirgjuof the material, and the quantitative
analysis shows a decrease of the cell parameter<rgstallites size, as the milling time
increases. However, this does not cause an impravieon hydrogen sorption properties, but
rather the ball milling reduces hydrogen sorptioaperties, as it has been found from PCI
measurements. Ni K-edge and Lagddge extended X-ray absorption measurements have
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been performed at thelettra (Trieste, Italy) synchrotron facility. By thesevastigations, a
reasonable motivation of the reduced hydrogen akisor properties for the ball milled
samples has been proposed. Once the good agreefminet model used to fit the EXAFS
data has been verified, a quantitative analysidkas performed on the absorption spectra of
the LaNg ball milled samples. Results show that, as thdingiltime increases, the near-
neighbours distances decrease, according to thepaelmeters reduction revealed by the
refinements of XRPD patterns. Moreover, the mearasgjrelative displacements of the bond
lengths increase, thus revealing disorder in tleallorystal structure of the milled samples.
The reduction of the interatomic distances andpitesence of local structural disorder are
created by milling process and may cause an ert@gyer to the absorption uptake on the
material. Fourier transforms of the EXAFS oscitdas of the milled and annealed samples
confirm that annealing is useful for bringing batle system toward the conditions of the
original unmilled one, even though this does naiues for long time (100 h) milled samples.
Finally, long range (XRPD) and short range invesi@ns on the crystal structure of the
LaNis samples corroborate the results found with PCIRSE measurements and provided a
reasonable motivation of the effect of the balllimg time and of a possible subsequent
annealing treatment.
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Chapter 5

Calcium borohydride-based

reactive hydride composites

5.1 The system

Complex hydrides are being intensely studied asnmiog hydrogen storage materials
because of their high theoretical hydrogen capdéity]. Among them, the borohydrides,
substances containing the anion [BHoordinated by ionic bonds to one or more cations,
have the highest theoretical hydrogen capacitiéh, twve maximum represented by the LiBH
(18.4 wt%) and Be[Bl], (20.7 wt%, but the use of this material would berenproblematic
because of the beryllium powders’ toxicity). Forsttkind of materials high working
temperatures and slow sorption kinetics are thenndaawbacks and research efforts are
focused on the reduction of these hurdles. For pligpose, one route is the addition of
substances, like catalysts and destabilizing agsuath as transition metal oxides and halides
and other hydrides, in the so-called reactive lgrcomposites (RHCs) strategy (see
subsection 2.3.), where two or more hydrides are mixed and usegther to obtain a
composed system with better performances if contpi@réhe single species. Another route is
the nanoconfinement of the hydrides themselves sotdfolds, to maintain their size at the
nanometric scale during cycling. All these solusioshould improve the system working
conditions despite an acceptable reduction of floedgen capacity.

Together with complex hydrides, other light metgditides[5.2], such as Mghland AlH;
have been proposed and are still studied for hysr@gorage because of their high theoretical
hydrogen capacity, but high working temperaturesséitl a drawback.

Calcium borohydride has been attracted much attemti the last years: it has been shown
to release about 9.0 wt % of hydrogen when hegpetb 650 °C[5.3]. Magnesium hydride
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MgH: is a light alkaline-earth metal hydride, it releasmore than 7 wit% of hydrogen at
300 °C and is probably the most studied metal loigdralso investigated for possible practical
applications[5.4] [5.5] [5.6] It has been shown that, according to the readtiy@ride
composites (RHCs) strategip.7] [5.8], the system Ca(BhHb+MgH, shows interesting
properties if compared to the single species, andhis reason we decided to focused on it.
The influence of milling time on the formation dfi¢ hydrogenated system starting from
calcium hydride Cakland magnesium boride MglBas been studied. Later on the effect of
the addition of aluminum boride A}Bon the kinetics and thermodynamics of the hydrogen
sorption processes has been investigated.

5.2 Sample preparation and measurement conditions

All the samples were ball milled in Spex8000Mshaker mixer/mill for different milling
times (from 2 min to 900 min), using 15 min milliagd 15 min pause steps to avoid sample
heating inside the hardened steel milling vial. tAk powders have been handled inside an Ar
filled glove box MBraun) with moisture and oxygen level kept below 1 ppm.

Amounts of powder ranging from 0.45 to 0.65 g wam&goduced in the automatic
manometric Sieverls type gas reaction analyzeBRCTPro-2000 by Setaram A brief
description on this experimental apparatus and nigde is reported insection 3.3
Concerning the hydrogen absorption tests, the ssnpére charged with an initial pressure
of 120 bar, then a temperature ramp from room teatpes to 360 °C was performed at
5 °C/min rate, followed by an isothermal step (fapt1400 min or 3000 min) at 360 °C.
Isothermal dehydrogenation runs were performedhenabsorbed samples at 390 °C under
static vacuum. For the coupled manometric — calemiim measurements, 50 mg of the
samples hydrogenated in the manometric apparatus vaded in the high pressure cell of
the Sensysapparatus under Ar atmosphere inside the glove twen the powders were
subjected to a thermal programmed desorption (TPBasurement performed by heating
from room temperature to 580 °C at 2 °C/min. Sorf@ments on differential scanning
calorimetry (DSC), the opportunity of using the ptd manometric-calorimetric
measurements and the TPD measurement techniquieseebed irsections 3.4and 3.5 of
the thesis. X-ray powder diffraction (XRPD) measoeats have been performed using a
Bruker D8 Advance diffractometer with Bragg-Brentano getny and Cu & radiation.
Rietveldrefinements on the XRPD profiles have been peréairmsing the softwarklAUD
[5.9]. More information on the XRPD technique, as well an theRietveld Refinement
method, is reported isections 3.7and the references therein.
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5.3 Results and Discussions

5.3.1 Effect of milling time on the system CaH,+MgB, system
Calcium borohydride and magnesium hydride can kaiméd from calcium hydride and
magnesium boridfs.10] according to the reaction:

CaH, + Mg, + 4 — Ca(BH), + MgH, theoretical Hcontent =8.39 wt% (5.1)

Before performing hydrogenation, different sampésCaH+MgB, where milled for with
different milling time, viz. 2, 90, 450 and 900 miRigure 5.1 shows the XRPD pattern
obtained for the 90 min milled sample. The resutsthe Rietveld refinement on the
experimental data showed thailling does not lead to the formation of any nehage.
Additional results of the refinement are reportedhe appendix to this chapter. Also for the
samples milled for 2 min and 450 min, XRPD spewteae acquired and refined.
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g 10f Wt%
Q CaH, 48
z MgB, 52
g
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Figure 5.1 XRPD patterns for Caj+MgB, after milling for 90 min. The fitting curve (solithe) and the
distribution of the phases (inset), as resultshefRietveld refinement, are also reported.

Table 5.1 (shown later) reports a comparison of the cryigtalsizes for the different
samples, as obtained from the spectra refinemastexpected, the crystallite sizes decrease
as the milling time increase, due to the high epegngnding Eection 3.3. For each milled
sample, an hydrogenation test was performedSiesgerts type apparatus at 360 °C and 120
bar of initial hydrogen pressure. figure 5.2 the initial part of the obtained kinetic curves (up
to 200 min) is reported. The effect of milling pess on the material is evident, as the kinetics

improves as the milling time increases.
3 -

2 min BM Figure 5.2 Effect of milling time on
* 90 min BM the absorption kinetics (first 200 min)

450 min BM .
+ 900 min BM for CaH,+MgB, milled samples.
Absorption was performed at 360°C
and starting hydrogen pressure = 120
bar. The crystallite size reduction
improves the hydrogenation kinetics
as milling time increases. The 450 min
milled sample shows the fastest
50 100 150 200 kinetics in the initial part of the

Time [min] charging procedure.

Absorbed Hz amount [wt%]

[w]
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It is worth noting that, curiously, the sample ®ullfor 450 min shows the best kinetics just
at the beginning, getting worse with respect to206 min milled sample after 0.5 h. After
the first 200 min, the hydrogen absorption proceeels slowly. For the 90 min milled
sample, a long time measurement was performed aldation was reached at a hydrogen
capacity of 6.6 wt% (after 8000 min, i.e. 5.5 daygferring to reaction 5.1, the saturation
value indicates that, at the used conditions, tis¢esn does not reach full absorption, and it
shows very slow kinetics. The XRPD pattern of treHgE-MgB, 90 min milled sample after
hydrogenation for 3000 min (with achieved hydrogapacity of 5.7 wt%) is reported in
figure 5.3. The Rietveld analysisreveals a strong presence of the intermediate phase
CaMgsH14 [5.10], together with the desired borohydride, magneshydride and small
amounts of still unreacted initial compounds, tlmesfirming that full absorption did not
occur. The inset shows the distribution of the ede@ crystal phases, as obtained from the
refinement. Additional refinement data are reportethe appendix to the chapter.
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Figure 5.3XRPD pattern for the Caj4MgB, 90 min milled sample after hydrogenation for 300id at
360°C and initial hydrogen pressure of 120 bar. TRietveld analysis shows a strong presence of the
intermediate hydrogenated phase ;Mg:H.4 (39 wt%), together with the desired hydrated pridu
Ca(BH,), and MgH and some still unreacted MgBThe insets show calculated weight content of the
detected constituent phases and the calculatedapdRD profile (in red) for the CagsH, 4 phase.

Once the absence of full absorption was ascertdua, desorption kinetics and the
reversibility of the system were investigated. Aaption run at 390 °C under static vacuum
showed the release of the full amount of the prgshp absorbed hydrogen. The desorption
kinetics is found to be much faster than the pdisogption oneFigure 5.4 (left) shows the
absorption and the desorption curves recordedhferd0 min milled sample, which takes
3600 min to reach 6.0 wt % of hydrogen content, fatig desorbs in 2400 min at 390 °C,
with 90 % of the hydrogen content released in tts¢ 300 min.
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Figure 5.4 Left. Sorption kinetics (T = 360°C) comparison the CaH+MgB, 90 min milled sample:
desorption is faster than absorption (90% of théaltabsorbed amount is released in 300 min). Re-
hydrogenation (¥ absorption) curve is also shown, indicating tHa system is not fully reversible.

Right. XRPD pattern for CaHtMgB, milled for 90 min, hydrogenated and subsequerdBodbed. The fitting
curve (solid line) and the distribution of the pbas(inset), as results of the Rietveld refinemard, also
reported

The fact that the system fully desorbs was alsoficoaed by the Rietveld analysis
performed on the XRPD spectrum of the same sanfpge @esorption flgure 5.4, right):
there is not presence of any hydrogenated phasesptefor the starting compound CaH
However, unbound magnesium is also present in iaddito the starting boride, thus
suggesting the presence of some amorphous boraephat detected by diffraction, and
indicating a not full reversibility of the systeifihe second hydrogenation run for the 90 min
milled sample after full desorption is also repdrie Figure 5.4 (left). As it can be seen, the
re-hydrogenated system shows a lower capacity ithdhe first absorption, indicating that
full reversibility is not achieved.

Coupled manometric-calorimetric measurements ¢s@¢@on 3.9 were performed on the
samples ball-milled for different times after thest hydrogenation run. As an example, the
results for the 90 min milled sample are showfigare 5.5, where, both calorimetric signal
and the corresponding hydrogen released amountepoeted. The curve where obtained by
heating the sample with a heating ramp of 2 °C/min.

0

ﬁ 0 Figure 5.5 Temperature programmed
E f % desorption (TPD) measurements performed
E 0 g by the coupled manometric (Sieverts’) —
= i calorimetric (DSC) system. The figure shows
E 2 E the desorption profiles for CatiMgB, 90
A [ — ~__[¥® min milled samples after a first absorption at
o .5 1= H."OBC _ _ _ 48% | g 360°C and 120 bar.

100 200 300 400 500

Temperatura (“C)
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Table 5.1summarizes the effects of ball milling on the logkn sorption properties of the
CaH+MgB; system. The fifth column reports the amount ofrbgen released by the four
samples after a first hydrogenation for 1400 mirthat conditions previously described. As
clearly visible, the hydrogen and then desorbeduarnimcreases as the milling time increases,
thus confirming that the storage capacity improwvgh the mechanical treatment.

Table 5.1 Results obtained by XRPD, manometric and coupledomatric-calorimetric measurements on
CaH,+MgB, milled samples. Milling time has a clear effect mywder size, hydrogen capacity and release
onset temperature. Crystallites sizes (with estioma¢rror of 5%) for CaH2 and MgB2 have been ohedias

a result of Rietveld analysis performed on theqratt by the software MAU[3.9].

Goodness | crystallites H, desorbed
of the size for the as| amount after | hydrogen | AH double-

sample Rieveld | milled samples hydrogenation| release peak

refinements [A] for 1400 min | onset [°C]| [kJ/molH,]
[Rwp% ] CaH, | MgB, [wt%]

(CaH; + MgB,) as milled for 2 min 17.8 1261 876 3.2 348 49.0
(CaH, + MgBy) as milled for 90 min 14.2 230 | 356 4.6 346 49.7
(Ca + MgBy) as milled for 450 min ~ 13.2 157 | 282 4.9 338 49.5

(CaH, + MgB;) as milled for 900 mi+ - - - 5.8 336 50.7

Concerning the calorimetric profile, according tbhatreported in recent studigs3][5.10],
the first main peak starting at around 130 °C carattributed to the transition of Ca(Bkl
from thea-phase (stable at room temperature) toppase. In the range 150-190 °C other
small endothermic features are present, probalaicating other structural changes of the
borohydride {-phase) or loss of coordination waferl1].

In the region between 340 °C and 440 °C a douldé palicates the hydrogen release from
the borohydride phase, forming the intermediateeshikydrogenated phase /8&sH14, in
addition to Cahll, Mg, B and H (peak on the left). Then, CaHMg, B and H form from this
mixed phase (peak on the right). In our experimediterently from the cited work5.10],
there is rather an overlap of these two peaks dévere used the same heating rate, i.e.
2.0 °C/min. It must be noted that no clean peakiesponding to the hydrogen release from
MgH, appears, as this compound releases hydrogenang iinside the double peak region
[5.11]. In table 5.1 the double peak onset temperature and the desorptthalpy are
reported: the latter remains quite constant (x/tkl error), thus suggesting that there is no
remarkable difference in the chemical nature ofghases present in the samples, while the
former confirms a better behaviour of the samplékedifor longer time.

5.3.2 Addition of AlB»

In order to improve the sorption performance of sigetem, in particular its reversibility,
the addition of aluminum boride has been testedumdum and magnesium form mixed
borides[5.12], which can be prepared by high energy ball mil[g 3]. The investigation on
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the effect of AIBon the studied system is justified by the fact &, and MgB, having the
same layered crystal structure, present a loweprdposition temperature (920 °C and
800 °C, respectivelyb.14] compared to either boron or other metal boridéss indicates a
lower lattice energy (absolute value) and thuswaetanertness. It has been supposed that the
compatibility between Al and Mg could in principicilitate the formation of borides, rather
than unbound boron, during the hydrogen releaseegees; this could improve the desorption
kinetics, as already suggested in an other irk5], and make the system more reversible.
For this reason CaH'2MgB,+2AIB, and CaH+AIB, mixtures have been prepared and
tested. For these two samples the following reastltave been considered, respectively:

Cahb + % MgB + Y% AIB, + /oH, — Ca(BH), + % Mgh + %Al 7.32wt% (5.2)
Carb + AB, + 3K — Ca(BH), + Al 6.25 Wt% (5.3)

in which is assumed that a) both borides take tpattte formation of borohydride, b) all Mg
of the MgB reacts to form Mgkland c) Al does not absorb hydrogen, due to ittign
limitations (as reported isubsection 2.3 Both samples were prepared by 90 min ball
milling following the same procedure used for thaHz+MgB, mixture. Hydrogenation at
360 °C with an initial hydrogen pressure of 120Wwas performed for 3000 min on these two
samples, as well as on the GaNIgB, 90 min milled sample for comparisoiigure 5.6
shows the XRPD patterns obtained for the @aB,sample after absorption. Th&aetveld
analysis suggested the presence of borohydridealamiinum together with some unreacted
calcium hydride, thus indicating that the assumeattion(5.3) occurred, even though full
hydrogenation was not achieved also in this case.
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Figure 5.6 XRPD pattern for Caki-AlIB, milled for 90 min and hydrogenated. The inset show
calculated weight content of the constituent phaas®btained from the Rietveld refinement.

In figure 5.7 the coupled manometric — calorimetric measurempet®rmed on the two
samples containing AlBare shown. If we consider the theoretical capaoc#fgrring to
reactiong5.1), (5.2), and(5.3), it can be stated that there is a strong increaifee absorption
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relative percentage for the CatAIB, sample, as it releases the 96% of the full thewakti
hydrogen capacity, while there is no improvemenemvitboth borides are present. What is
more, the absolute value of 5.9 wt% denotes amasti@g hydrogen capacity for the system
CaH:+AIB,. A summary of the results obtained on the thréerdint studied systems is given
in table 5.2 Interestingly, a reduction of the specific enflyabf the desorption process
confirms the better behaviour of the GalIB, system, differently from what calculated by
Wolverton et al[5.16].
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Figure 5.7 Coupled calorimetric-volumetric measurements durandemperature programmed desorption
(TPD) for two systems where MgBas been, respectively, partially and totally gitbted by AIB: a)
CaH,+¥2MgB,+%2AIB, ; b) CaH,+AIB,. The samples where ball milled for 90 min and thbsorbed at 360 °C
undei 120 bar of hydrogen pressu

Desorption runs were also performed at 390 °C amdewn static vacuum on both the
systems containing AIB Also in this case the best result was obtainedh® binary mixture
containing aluminum boride, which released all pheviously absorbed hydrogen amount in
just 100 min, while the system with the two boridesorbed in thrice this time, which is still
better than the desorption time needed by the,&lsligB, system figure 5.8).

Time [min]
0 50 100 150 200 250 300
0%
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o -30% ; —— CaH,+MgB;
@ 4004
o A% CaHy+1/2MgB, +1/2AIB,
= -50% -
L -60% - e CaH+AIB 5
é -70% -
T -80% -

-90% -

-100% -

Figure 5.8 Comparison among the hydrogen desorption curvéiseothree studied
systems, after the first hydrogenation.
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In addition, a second hydrogenation test showedb#teer behaviour of the CatHAIB,
binary system, which was able to restore the highgdrogen capacity percentage if referred
to the theoretical capacities of each system, @srted intable 5.2

Table 5.2Comparison among binary and ternary samples comgigB, and/or AlB. The best behaviour
is shown by the binary system containing aluminonde.

H, released | H, released
theoretical H, re-absorbed
amount after amount |H,release AH double-
hydrogen amount referred
sample hydrogenation referredto | onset peak
capacity to theoretical
for 3000 min | theoretical [°C] [kJ/molH,]
[wt%] capacity
[wt%] capacity
CaH, + MgB,
( ) g ) 8.34 5.8 70 % 343 51.4 16 %
90 min milled
CahH, + ¥2 MgB, + %2 AlB,
( ) ) J ) 7.32 4.1 56 % 346 58.0 18 %
90 min milled
(CaH, + AIB)
] ) 6.25 5.9 94 % 341 45.3 21 %
90 min milled

At the MCX beam line of the Elettra synchrotronTineste (ltaly)in situ synchrotron
radiation X-ray powder diffraction (SR-XRPD) meamments have been performed in order
to follow the dehydrogenation process of the sys@ahb+AIB, after its hydrogenation. A
brief introduction to the SR-XRPD is reported dnbsection 3.7.3along with additional
details on the performed measuremefigure 5.9 reports the evolution of the diffraction
patterns obtained at various temperatures. As ¢xpebelow 200 °C the low temperature
phase changes to theandy- phase$5.17], stable at high temperature.

3000

2500 -

2000 —

1500 —

Intensisty counts

1000 —

500 | &

0

410°C
Figure 5.9 In situ SR-XRPD
measurements during a TPD run
under Ar atmosphere for the
sample CaHtAIB, after a
previous hydrogenation
360 °C and 10 bar of H
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Above 300 °C the borohydride releases hydrogen @ak, forms again. However, as
reported inable 5.2 the system shows poor reversibility, with onlg 1% of the theoretical
capacity during the second hydrogenation. As maetipthis value is anyway higher than the
one obtained for the system with Mg place of AlB. By The enhanced reversibility of the
system with the latter can be explained simplylenliase of the relative absorption yield of
the two systems. In other words, the second hydratgen shows reduced hydrogen capacity
for the two systems, but interestingly the ratidre two values is rather the same for first and
second hydrogenation (or, equally, it is alwaysdame the ratio of the achieved capacity for
the two systems).

As reported by Barkhordarian et §.10], the positive effect of MgB with respect to
amorphous boron, on the synthesis of calcium balotly, seems to be due to the particular
layered structure of the former. In this structuvéh spatial group P6/mmm, boron atoms are
located between layers of magnesium. Each boran &aonnected to a maximum of three
other boron atoms by covalent’dgnds, while the bonds with the magnesium atonthef
layers are of metallic type. Instead,dnandp- polymorphs, pure born is connected to five
other atoms in icosahedral units. The enhanceducalborohydride formation, by using
MgB. as reactant, instead of boron, seems to be dilre tower energy needed to detach the
boron atoms from the reactant structure. Moreaber magnesium of the layers could have a
catalytic effect, by forming intermediate speciathviMg-B-H bonds, such as Mggi,. As
mentioned above, AlBwas chosen to be tested in order to improve teesy performances,
because of its similarity with MgB Similarly to magnesium boride, aluminum boride kize
same spatial group P6/mmm and layered strudtude3]. Thus, similar positive effects are
provided by the AIB structure toward the borohydride formation, wiglspect to other boron
compounds. In addition, the enhanced yields in lngtdde could be ascribed to the catalytic
action of more reactive Al-B-H intermediates, ortte lower (even high) stability of the
aluminum diboride with respect to magnesium bofalso confirmed by a lower, even very
high, melting temperature). However no such a typpphases were identified by the XRPD
measurements performed.

Nuclear magnetic resonance (NMR) spectroscopyteclanique providing information on
the molecular structure of the analyzed samplefid-State NMR spectroscopy is a useful
technique to detect solid phases that do not ptesdong range order, thus being hardly
detected by diffraction techniqugS.19]. NMR is based on the analysis of the radiation
emitted by an atom nucleus, when its spin comek bac¢he original state, under a strong
applied magnetic field. Initially, the magnetizatigector, due to the distribution of the atoms
spin, performs a precession around the directigdhe@fipplied magnetic field. The precession
angle can be changed by irradiating the systeresormance conditions with radio frequency
(RF) waves. Once the RF perturbation ends, the etagion relaxes to the initial
equilibrium value, thus producing the NMR signahidsignal is typical of the element, but it
is also affected by its chemical surrounding, whpebduces a shift of the signal obtained for
that atomic species (e, 1°C, *F, *®Na, *'P) in a reference compound.
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Some preliminary measurements were performed bgsaarch group dtniversity of
Aarhus (Sweden), on our CatiMgB, and CaH+AIB, samples, by using'B magic angle
spinning (MASY) NMR spectroscopy. The used instrumenVarian INOVA-400 (9.39 T)
spectrometer with a home-built CP/MAS probe for B routside diameter rotors. The
spectra were obtained at room temperature usinigtdirend-capped zirconia (PSZ) rotors
packed in an argon filled glovebox. In these praiamy measurements, the chemical shifts,
referenced to neatz;B-O(CH,CHj3),, showed presence afB for the hydrogenated and then
dehydrogenated CaHMgB,. According to what reported above, the presenqaucé boron,
not detected by XRPD (séigure 5.4, right), reduce the absorption properties of tystesm,
as confirmed by the low capacity registered dutimg re-hydrogenation test. The chemical
shifts measured for the corresponding gaMB, dehydrogenated sample could not detect
pure boron, but revealed presence of g£aibt suggested bin situ SR-XRPD at high
temperatures. In CaBeach boron atom is connected to at least fourrdibeon atoms via
covalent bonds. This means that, according to wépbrted above, the formation of the
borohydride starting from CaBequires more energy than that needed with a idibavith
layered structure, such as MgBr AlB.. In fact, Ronnebro et Majzoub.20] showed that
CaBs can be hydrogenated to calcium borohydride at hpgessure (700 bar) and high
temperature (400-440 °C), while Wang et[al21] experienced even stronger kinetics barrier
to the process. Bonatto Minella et {8.22] experienced the positive effect of fluorinated
catalysts (Tik and Nbk) on the reversibility of calcium borohydride. lact, while no re-
hydrogenation occurred at 350 °C and 130 bar fdr 4 calcium borohydride previously
dehydrogenated at 450 °C and vacuum, for the depstgm partial reversibility occurs with
the same hydrogenation conditions. This was astrioethe presence of Caknd the
intermediate CaBH1, as dehydrogenation products of calcium borohydrigected by'B
MAS NMR measurements. In the analogous measurenmantsur samples, CgaBwas
revealed on the CaHAIB, system, as mentioned above, while this no formatb this
compound was detected for the GaMgB, system, differently from what reported by Kim
et al. [5.3]. It is to note that recently Gosalawit-Utke et [&l23] could detect amorphous
CaBs by Ramanspectroscopy on the dehydrogenated system Ca(BM4J-.

For the NMR measurements on our systems, no refereamples of CaBH;, or other Ca-
Al-H products could be measured, thus, the chensbéts revealing the presence of this
species could not be taken into account. Howevetthe base of what reported above, it is
like the substitution of MgBwith AIB, facilitates the formation of CgBand possibly of
CaB,Hi, to0), thus improving the system reversibility, garly to what occurs by the
addition of fluorinated catalysts to calcium bordhgle. However, it must be noted that the
enhancement of the system reversibility, with tBeduexperimental conditions (350-360°C
and 120-130 bar), due to the formation of Gald in contrast with the results of the
previously cited works by Ronnebro’s and Wang'sugio

@ |n a solid material, dipoles interactions, i.ee thuclei reciprocal interactions, cause a signifid&oadening
of the NMR signal (in liquids this problem is reddcby the brownian motion of the molecules). Thaipeles
interactions can be avoided by positioning the sarapthe “magic” angl®,, = 54.74° (co¥,,=1/3) with the
magnetic field and by rotating the sample at higdesl.
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This suggest that the enhance reversibility cdadddue to the presence of the ternary
intermediates species, or to the presence of thwiflated catalysts, rather than to GaB
formation. Another possibility which could be catesied in order to investigate the second
hydrogenation of the CafAIB, system is the formation of calcium alanate Ca(MHAs
reported by Kabbour et §b.24] calcium alanate can be theoretically formed afptenatures
below 300°C starting from Catand Al and in a two step reaction, through thentatron of
the intermediate compound CaAlHHowever, up to now, along with the traditionahgesis
form CaH and CaCl[5.25], calcium alanate has been obtained by wet chefi@8][5.27],
mechano{5.28] or mechanochemic#b.29] synthesis, involving solvents (THF, DEE, ect.)
and/or various starting compounds, such as £#&0CI; and other alanats. Thus no synthesis
from compounds containing only calcium, aluminund &ydrogen (or even magnesium) has
been performed. Further investigation on the g&#iB, after first absorption/desorption
cycle, as well as on the re-hydrogenated systemsehneduled, in order to identify the
constituting species and give more elements for dlagification of the absorption and
desorption mechanism of the system. Looking agatheaevolution of thén situ diffraction
patterns during the temperature programmed desagpgimall change in the formed Al and
unracted AIB peaks suggest that Al purely turns back toAlBhis is in line with the still
poor reversibility of the system (21%) obtainedhatihe second absorption rumlfle 5.2, as
well as on the formation or amorphous boron coe@ispecies, as discussed above.

5.3.3 Tests with possible catalysts

In order to improve the performance of the GaiMB, system, the possible catalysing
action of halides has been tested. The choserystaalere two fluorinated substances,sTiF
and Nbk and a mixture of chlorides, AIGITICI3. The choice of the fluorinated dopants was
suggested by the fact that the presence of fluaromgaining substances in similar Ca(pH
based systems seemed to improve the system perfoesiadue to partial fluoride anion
substitution, according to what reported in presioworks[5.22] [5.23] [5.30] The latter was
chosen because of the presence of aluminum inatadysts mixture as well as in one of the
starting compounds (A}, so that a potential affinity between the two @ege has been
consideredFigure 5.10reports the comparison of the first absorptiorvearfor samples of
CaH:+AIB; in which 5 wt% of dopant has been added. As camotieed, the absorption tests
do not indicate any improvement due to the usdneftésted additives. Anyway, the systems
in which niobium and titanium fluorides have beeaided, respectively, showed a better
kinetics, if compared to the system with the twéoddes mixture as additive. For the NpF
this could be ascribed to its lower melting point CC), that allowed a better dispersion of
the catalyst in the system during milling becauistne liquid state, as reported Bpngeatet
al. [5.31] for desorption kinetics of Ca(Bh3.
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Figure 5.10 Comparison of
first absorptior curves for the
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Anyway, as evident in the figure, both the fluosdgave similar results (despite the high
melting point of Tik, i.e. 1200 °C), thus suggesting that in genemlpiiesence of fluorine in
the mixture, rather than the chlorine, gives betésults. However, as already underlined,
even the addition of the fluorides did not imprdoke performances of the undoped system, as
regards the hydrogen uptake. Instead, the presante dopants improved the desorption
Kinetics, as reported iimgure 5.11.
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It is interesting to note that, once again, a fluaied specie has a better influence than the
chlorides mixture. Coupled manometric — calorintetneasurements, were also performed on
the systems with the additives, as well as on thdoped CaktAIB, mixture. The
measurements are performed under static vacuurwigimé heating ramp of 2°C/min up to a
final temperature of 550 °C. hable 5.3the results obtained with the coupled measurements
are compared and summarized. The lower desorbediranshown for the doped systems
comes from the lower absorbed amount during theiqgue absorption tests, lasted 3000 min.
As a general positive effect, the tested dopamteiddhe specific energies for the hydrogen
release at least by 200 J/g. In particular, Nb&uses an even more appreciable enthalpy
reduction, with a difference of about 100 J/g, witspect to the other tested dopants.
However, only the use of NblEaused an increase of the hydrogen release @mspéetature.
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Table 5.3Summary of the results obtained by the additionatélysts to the Cajt AIB, system.

final
samples ball milled for 90 min andeleased k| H, release| AH main
absorbed for 3000 min amount | onset [°C] | peak [J/g]
[wt%)]
CaH, + AIB, 5.9 347 887
Cah, + AIB; + 5wt% NbF 5.4 386 584
CaH, + AIB; + 5wt% TiR 51 339 675
CaH, + AIB; + 5wt% (AICL+TiCls) 4.2 338 671

Interestingly, although the effect of the testegatds is positive for hydrogen release, and
not for the absorption kinetics, a similarity cam fuggested for the behaviour of the NbF
dopant. In both cases, NbBeems to be the best additive substance amongdtezl ones,
Moreover, both absorption and desorption testsaledea delayed effect of this substance: in
fact, during the first minutes of absorption ruNfF~ shows the worse behaviour and only
after 50 min revealed its final effect. Similarlguring the desorption test with the
programmed temperature ramp, it causes a higheofgd release onset temperature (i.e. a
delay in the hydrogen release start) of the systamh,as a good effect, it accelerates the
release reaction (more narrow and intense peakgine 5.12) and reduces the reaction
energy.
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As discussed, among the tested dopantssShBwed the best effect for hydrogen release
for the CaH+AIB, system. Due to the presence of the fluorinatedlygstt some fluorine
containing volatile compounds can be formed and tpes could be present in the released
mixture, together with hydrogen. This is a very artant aspect, which should be taking into
account for material for hydrogen storage, whiahsapposed to be used in hydrogen storage
systems for fuel cells feeding. Compounds such yadfluoric acid (HF) and diborane
(B2He) can cause corrosion in various components offukeé cells and, at the same time,
cause loss of fluorine or boron from the systemoider to check the presence of such
compounds, an analysis of the gas released by#tens CabHAIB »+5wt%NbFs, ball milled
for 90 min and hydrogenated as described abovepesisrmed by mass spectroscopy (MS).
As known, with this technique it is possible tonitfy molecular species, even when in traces
amount. The technique is based on the separatioonsefon the base of their mass/charge
ratio. In a mass spectrometer, the sample’s madscaite ionized because of the interaction
with a striking electron beam with know energy. Téwcited molecules are unstable and
divide into ions, according to typical known scheme@epending on their chemical structure.
Usually a positive polarization is used for thesda be analyzed, so that anions and electrons
are collected by a positive electrode, while catiare driven toward the detector. As the ions
must be free to move inside the spectrometer, Wgluum must be ensured. On the basis of
the mass/charge ratio the cations are then selbgtéte detector and the primitive molecular
species are identified. Various types of detectnm be used, quadrupole being the most
common one. The analysis on our sample was pertbrnyecoupling thePCT-Pro2000
Sieverls type apparatus to a residual gas analyBB6APrq by Setaram for real-time
compositional analysis on the gas released fro Severls apparatus chamber. The
quadrupole detector of tHRGAProis able to discriminate chemical species up to26@u.

ol

Ladtio Figure 5.13Results of the MS analysis
on the gas released by the
CaH,+AIB,+5wt%NbFR; hydrogenated
sample. The graph on top shows the
released gas (reputedly,,Hamount. The
two lower graphs indicate that vapour of
heavy species, coming from the
sl | | | | - spectrometer oil pump, are detected,
0 20 40 60 80 together with hydrogen.
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The three graphs ifigure 5.13 show the results of the analysis. The graph orrépprts
the hydrogen release amount up to the temperatut&0°C, reached with a heating ramp of
2 °C/min. Below, the graph on the left shows thecsfpmeter signal, indicating the partial
pressure of hydrogen and another component, whiattentified with the vacuum pump oil.
This is also confirmed by the mass spectrum orritjie, were the main peak represents the
hydrogen. The vacuum pump oil is constituted bycese with molecular mass higher than
38 a.m.u., while no other peaks belonging neitbeffE (20) or BHg (28) are revealed, thus
indicating that the gas released from the sampés dwt contain any poison or corroding
agent for fuel cells. The mass spectrum shown alb@sacquired 24 min after the test start
in an acquisition time of 30 sec. Subsequentlyespectra were acquired at regular intervals
form the released gas, in order to register pakgtiange of the gas mixture composition,
which however did not occur.

5.4 Summary

In this chapter, a study on a calcium-based readtixdride (RHC) composite is reported.
The experiment activity started with the investigatof the hydrogen sorption properties of
the system CaptMgB,, from which the RHC Ca(Bphp+MgH, can be obtained upon
hydrogenation. The used operative conditions leathé formation of the desired products,
together with an intermediate species, which hisdell hydrogenation of the system. The
increase in ball milling time, tested up to 900 penhances the system kinetics and this is
connected to the reduction of the particles sizehyldrogenation and second hydrogenation
of the system showed only partial reversibility thie system, due to the formation of
amorphous boron. In order to improve the hydrogeptsn properties of the system, partial
and total substitution of the magnesium diboridéhwthe similar species aluminum boride
was tested. The results of the first absorptioriqesn cycle on the new systems indicated
that partial (half) substitution did not cause amprovement on the first hydrogenation,
while total substitution leads to better performesicin particular, even with a lower
theoretical hydrogen absorption capacity, the systaH+AIB, showed the same amount of
absorbed hydrogen, thus considerably increasingethetion yield. In addition, it was found
that the presence of AJBn the initial mixture improves the reversibiligf the system. A
comparison of the experimental evidences with #sellts present in the literature on calcium
borohydride-based systems, suggest that the peesenélB, has positive effect on the
formation of boron containing intermediate phasesich improve the system reversibility.
Actually, this is and effect which was found ineliéture to be provided also by the use of
fluorinated catalysts. Some additives have beemedess potential catalysts for the
CaH:+AIB, system. While no positive effect was found on abison kinetics, the tested
substances were found to improve the hydrogen seleeocess. In particular, NbEan be
indicated as the best additives, similarly to wiggtorted in the literature for other calcium-
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based systems. The analysis of the gas releaséugduwydrogen desorption in the NpF
doped system did not show any evidence of spehegscan potentially damage a fuel cell.
Finally, with the study reported in this chapteoy® information is given on the system
CaH:+AIB,, never reported before in the literature as argi@iehydrogen storage medium.
More investigations on the hydrogenated, dehydragehand rehydrogenated systems are
needed in order to clarify the reactions path &us assess the actual potential of the system
for hydrogen storage.
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Appendix to chapter 5

The table below report additional results of Rietveldrefinement performed with the
MAUD [5.9] software package on the experimental XRPD patt&nog/n inChapter 5.

sample: CaktMgB,; 90 min milled {igure 5.1)  [Ry,% = 14.2]
cell parametersﬁ{]
phases wit% structure space group
a b c
CaH, 48 orthorombic Pnma 5.957(4) 3.603(8) 6.821(9
MgB., 52 hexagonal P6/mmm 3.086(9) 3.524 (7
sample: Cak#MgB, 90 min milled and hydrogenatefigire 5.3)  [Ry,% = 8.4]
cell parametersﬁ'{l
phases wt% structure space group
a b c
B-Ca(BHy)2 23 tetragonal P-4 6.916(0) 4.478 (8)
v-Ca(BH,), 13 orthorombic Pbca 13.579(3) 8.149(8) 7.506(9
CaMg3zH14 39 hexagonal P-62m 6.300(1) 6.877(6)
MgH, 6 tetragonal P42/mnm 4.514(1) 3.006(7)
MgB., 19 hexagonal P6/mmm 3.080(0) 3.529(3

sample: Cak+MgB, 90 min milled, hydrogenated and dehydrogenatedre 5.4, left)

[Ry% = 16.6]

cell parametersﬁ'{l
phases wit% structure space grogp
a b C
CaH, 49 orthorombic Pnma 5.996(2) 3.604(8) 6.819(6
Mg 36 hexagonal P63/mmc 3.213(3) 5.217(2
MgB., 52 hexagonal P6/mmm 3.040(3) 3.528(0
sample: Cak#tAIB, 90 min milled and hydrogenatetigfire 5.6)  [Ryp% = 23.8]
cell parametersﬁ[l
phases wt% structure space group
a b c
v-Ca(BH,), 52 orthorombic Pbca 13.016(0) 8.782(7 7.558(0
CaH, 14 orthorombic Pnma 5.965(8) 3.605(2 6.824(9
Al 30 cubic Fm-3m 4.053(9)
AlB, 4 hexagonal P6/mmm 3.009 3.262







Chapter 6

Hydrogen storage in a

polymer-based system

6.1 Polymeric materials for hydrogen storage

As reported inchapter 2, together with metal hydrides, high surface aresenials are
studied as potential candidates to store hydrogenthis kind of materials, such as carbon
nanostructures (carbon nanotubes, nanohorns, fiae®gel, fullerenes, graphite), metal-
organic frameworks (MOFs) and zeolites, the sorptieechanism is typically a physisorption
of the molecular hydrogen, which deposits on th#éase material as a mono-layer or multi-
layers. However, in some cases, chemisorption aauroand interface interactions are
stronger, even for a process still limited to theface (adsorption). For this reason, the main
feature that affects the hydrogen capacity in theaterials is the extent of the surface area
and the size of the pores, while the bulk doesptay any role in hosting the hydrogen.
Actually, this is the main issue that hampers the of these high surface area materials as
hydrogen storage system. Moreover, the interactibthese materials with hydrogen is
regulated by low energies forcaga Der WaalsH-bonding); this implies that the maximum
hydrogen amount is stored at cryogenic temperatanek high hydrogen pressure, where
these types of bonds can exist and hydrogen refeasethe surface does not occur. For this
reason, these materials are preferred to be usestadfolds for other hydrogen storage
materials (hydrides), rather than alone for hydmogwrage. The scaffolds would have the
role to host the active material and maintain ithe nanometer range: the nanometer size
particles of the material would offer high surfacerea for hydrogen
dissociation/recombination mechanisms, and reddd@gsion paths for the growing phases.
In this way, the hydrogen sorption kinetics and thermodynamics of the system can be
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theoretically improved. Unfortunately, the hydrogarption cycles in critical conditions can
cause high mechanical stress on the porous matedatihe collapse of its structure.

Also polymeric materials can be used as scaffoldsmatrices to host hydrogen storage
materials. In fact, up to now, no polymer can b#idated as a material with high hydrogen
storage capacity. For example, some resj@t$] [6.2] on conducting polymers such as
polyaniline and polypyrrole with claimed high cajpgpocould not be confirmed by other
groups[6.3], even when the material was prepared as a nangsppaymer6.4].

In composite systems, the elasticity of polymerns loa used to damp down the mechanical
stress that the embedded hydrogen storage magigala metal hydride) can undergo during
sorption cycles. What is more, at this time therstill the open question whether the hosting
polymer plays a role in modifying the hydrogen atgw capacity of a metal hydride. For
example, depending on the charge of the hydrogeciesy a combination of covalent, ionic,
metallic, H-bonds and/an Der Waalsinteractions could exist within and between the
polymer chains and/or with the metal hydride. Fradicals present within the polymer
structure could further participate in hydrogen erent through the polymer netwdk5].
Other important aspects that make polymer-basaémgsattractive for hydrogen storage are
the low density and costs of the materials and rifatively easiness in synthesizing,
functionalizing and loading the polymer matrix.

Some transition metal oxides, such as ;Tg&dd MnQ, have been tested as dopants to
improve the hydrogen sorption properties of lighdtats[6.6] [6.7] and compleX6.8] [6.9]
hydrides.

This chapter reports the results of the investgaton the hydrogen sorption on
functionalized PolyEhterEtherKetone (PEEK) in whibnO, has been incorporated. The
samples were prepared and characterized with \atexhniques by a research group of the
Institute for Advanced Energy Technolog{EBAE), Messina (Italy). The author contributed
with the characterization of the hydrogen sorppooperties of the synthesised powders. Both
preparation and various characterizations of tis¢esy are reported in the present chapter.

6.2 Samples description

High performanceVictreX’ PEEK™ 450 PF (figure 6.1) has been chosen due to its
mechanical and chemical resistafi6el0], and purchased in form of powder. The material
has been functionalized by chlorosulfonation reectvith the procedures reported[6111]
and here described. At first, the commercial polyhses been dried under vacuum in an oven,
at 80 °C for 4 h. The dry polymer has been functised via an electrophilic aromatic
substitution with chlorosulfonic acidAldrich) at 30 °C under stirring for 24 h, in order to
obtain a highly sulfonated PEEK with a sulfonatidegree of roughly 100%6.12]. The
material obtained by chlorosulfonation is the preou of the final target product, and is
hereafter indicated also with the acronym SPCloj@dulfonated PEEK).
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Figure 6.1PEEK monomer unit: before (left) and after (rigtite chlorosulfonation.

The SPCI has been precipitated in cold water angptetely dried in an oven at 70 and 120
°C. Subsequently, with the addition of the polymer to acid solution of KMn@ with
different concentrations, the reaction has beenethiout. The KMnQ@ solution has been
added to the precursor, under stirring at room tatpre for 2.5 h, and then the temperature
has been increased to 50 °C and maintained foerdiit reaction times. The acid
environment determines the reduction reaction oOMio MnQ,, as reported below:

MnO; + 4H + 3é — MnO, + 2HO (6.1)
During the reaction time, the initially yellow poher changed its colour until it became a
dark brown, meaning that the formation of mangamesde occurred. After the reaction at 50
°C, the obtained sample has been washed sevees timtil obtaining a neutral pH. On the
liquid filtered during the first rinse of the matdr a chloride test has been performed with
AgNO; 1M: in all the cases the filtered liquid turnedctoudy because of AgCI precipitation,
thus indicating that GMnQO, anionic exchange occurred. After the rinses, tmaple has
been stirred in water at 50 °C for 15 h, subsedyelnied in an oven at 80 °C for 2 h and then
finally ground. The acronym that is adopted herenicate the so prepared material is
SPMnQ (sulfonated PEEK with incorporated manganese Qxide mentioned, samples
have been prepared in different conditions, varyonth KMnQ, solution concentration and
the duration at T = 50 °C of the ‘BInO4 anionic exchange reaction. The three used
combinations of these two parameters and the celditained samples are reportetle 6.1
The third column shows the ratio between the KMr&nount and the chlorosulfonated
polymer amount, used for the anionic exchange i@acftThe fifth column shows the
manganese oxide concentration calculated afterikkggpart of the sample inside an oven
while heating from room temperature to 1100 °C #meh at 1100° °C for 1h. After this
treatment all the polymer is decomposed and theéeoseémains, the initial oxide percentage is
then calculated referred to the initial weighs it is noticeable, both reaction time at 50 °C
and permanganate percentage for the anionic exeheeartion strongly affects the final
manganese oxide concentration (last column).

Table 6.1Samples synthesis conditions.

ClI'/MnOg4
mmol KMnO, . manganese
sample [KMnQ] exchange reaction .
/ gr SPCI oxide %
at 50 °C
SPMnQ-A 0.02M 2 1h 15
SPMnQ-B 0.02M 2 3h 20
SPMnQ-C 0.1 M 10 3h 78
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In order to ascertain whether the formation of fnectionalizing manganese oxide
occurred, as it was supposed, the precursor lfieechlorosulfonated polymer, SPCI) and the
obtained powders have been dispersed in waterten@i has been monitored. The highly
chlorosulfonated precursor decreased the pH front®.3.8; this indicated that besides
chlorosulfonation also simple sulfonation (${) is present, which is responsible of the
presence of acid groups. For the water with digzepolymer, the measured pH moved from
3.8 to higher values, with the increasing (supppsedie value. For SPMnfA, B, C the pH
was 4.5, 5.1 and more than 6, respectively. Thesllte actually confirm the formation of
manganese oxide, according to what reported bydyat al.[6.13]. In fact, metal oxides in
an agueous suspension tend to form hydroxyl graupgheir surfaces. Chemisorption can
occur, with the water molecules becoming singly rdomted on the surface; after
coordination, dissociative chemisorption by the srmoent of protons to form hydroxyl
groups can occur. Also Tamura et [@.14] examined hydroxyl groups specifically on the
surface of manganese dioxide by a titration teamiq he basicity of the hydroxyl groups
would cause the deviation of the suspension pH rtdwalues higher than 3.8.

In order to corroborate the results of the pH temtsthe actual presence of manganese oxide
inside the prepared sample, other techniques wseel and the qualitative analyses are

reported in the next section. Subsequently, thelteesf the hydrogen absorption tests on the

prepared samples, performed with a volumetric-matommethod, are reported.

6.3 Samples characterization

The polymer functionalization and the differentaiconcentrations determine differences
on the appearance of the samples, at both macrenamd scales. The picturesigure 6.2
show a progressive “hardening” of the system, madile to the increase of the manganese
oxide percentage: the spongy consistency of theKP#khishes and totally disappears in
sample SPMn@C with the highest oxide content.

P

Figure 6.2Top line: PEEK before (left) and after(right) thielorosulfonation treatment. Bottom line: the
three samples SPMn@ (left), SPMn@B (centre) SPMn@C (right).
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6.3.1 XRPD measurements

Figure 6.3 shows the X-ray powder diffraction patterns obtditg using a Philips X-ray
automated diffractometer (modeW3710 with Cu Ka radiation source. ThegBragg angles
were scanned between 5° and 100°. The resultseoX®RPD analysis confirm th&end
discussed on the basis of the pictures shown alhovact, the semi-crystalline PEEK (azure
curve) changes to amorphous after the chlorosuitemareatment (SPCI, blue curve). Then,
as the oxide content increases, the diffractiotepad of the samples show a bigger intensity
of the crystalline Mn@ peaks, compared to the intensity of the amorphmmak. The inset
shows in a zoomed scale the diffraction patternthef sample with the highest oxide
percentagetéble 6.1): the oxide peaks at 12°, 38° and 67° corresponithé barnesite-type
manganese oxidé.15], with a lamellar structure, potentially suitabbe fnolecular hydrogen
intercalation.
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Figure 6.3XRD patterns for the polymer before and after cbdmifonation treatment, and
for the three samples with incorporated manganesgeo

6.3.2 Electron microscopy analysis

In order to deeper investigate the morphology &f phepared samples, an analysis with
scanning electron microscope (SEM) and transmisslectron microscope (TEM) has been
performed. In general an electron microscope usedextron beam (generated by a filament
and a high voltage), differently from the opticalcroscope, for which radiation is used. The
resolution of a microscope is in general inverg@lyportional to the wavelength of the used
radiation. The photons of the light have a highavelength with respect to the electron
beam, and thus, the electron microscopes achiewh rhigher resolution than the optical
ones. In a SEM several particles are emitted froendample struck by the electron beam,
among which electrons. The emitted electrons atectid and converted into electrical
pulses. The primary electron beam performs a scaa tectangular part of the sample, in
sequence of rows. Typically, the magnification pded by a SEM can reach 300000x and
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the resolution can achieve 1 nm for some advancedels. Infigure 6.4 images of the
prepared samples, obtained with a field emissi@amrsicg electron microscogthilips XL30

S FEG are reported. In the SEM images the PEEK pastielee clearly visible, with a
diameter up to 5Qum (image a), while the chlorosulfonated polymereadly shows a
filament-like consistency (image b). The comparisoh the three samples with the
incorporated manganese oxide, at 5000x magnificgtroages c, d, €), shows the increase of
the oxide crystals distribution inside the polymeatrix, as the oxide content increases (see
table 6.1). A 30000x magnification image of the sample SPMAQ already shows the
formation of white oxide agglomerates with sizeusr@d 200 nm (image c’).

A

Figure 6.4SEM images. Top row: PEEK (left) and, SPCI (riglsgntral row: SPMn@A and SpMn@A
with higher magnification; bottom row: SPMg®8 (left), SPMn®-C (right).
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The method proposed IBrunauer EmmetandTeller (BET method6.16]) is nowadays the
most used method for the evaluation of the spesiiidace area for a microporous material.
As the method earlier proposed bhgngmuir [6.17], it is based on the evaluation of the
volume of a gas (usually JNadsorbed on the sample surface. From the evaiuati the
volume of the first layer of the adsorbate on thetemal’'s surface, the surface area amount
can be obtained. Differently frolrangmuirs theory, the BET method takes into account the
possible formation of further adsorbate layers, ordy the first one, covering the material’s
surface. In general, the measurements are perfobyadotherms (at this regard, see also
introductions tosections2.2 and 2.4 of this thesis) at low temperature (77 K) and atale
pressures, but below the saturation pressure tfiee.pressure at which the adsorbate is
saturated with its gas, at the temperature of xper@ment).

BET measurements at 77 K under\Were performed on the sample SPM#Oas well as
on the PEEK before functionalization. Results iatkcthat the surface area remained in the
range 10-23 fig also after the manganese oxide insertion. TYlgicides have a surface
area above 200 7y, thus the BET measurements for the system stiggasthe formed
oxides have been incorporated in the polymeric imatr

However, as already noticed with SEM images, osigglomerates form and increase in the
polymeric matrix, as the oxide contents increagesconfirmation of this trend is also
deducible from TEM analysis, which has been perémiim order to deeper investigate the
samples morphology. Differently from what occursanSEM, in a transmission electron
microscope, the electron beam pass through thelsambpich must be very thin, i.e. 50-500
nm. The beam, which already crossed the samplenle&aged by special lenses in order to
provide high magnification of the crossed samplage Typically, the resolution of a TEM
is about 0.2 nm (i.e. 500000 times the resolutibra dwuman eye)Figure 6.5 shows the
images of the samples, obtained by usirghdips CM12transmission electron microscope
with a LaBs filament and accelerating voltage of 120 kV. Tyy@dal needle-type morphology
of the oxide, reported in literature, is clearlgibie already for the sample SPMn®. A
further magnification of this sample shows regiavith reticular planes with similar inter-
distances. In sample SPMpB the region where the oxide is present shows ghdhri
concentration of needles, according to the highedeoconcentrationtéble 6.1). A more
significant difference is visible in sample SPMrO where, together with an increased
number and concentration of needles, the imageigiteh magnification shows reticular
planes with different inter-distances. This suggés¢ presence of other oxides, with different
manganese/oxygen ratio respect to Mn8uch as MyOs, or other mixed K-Mn oxides,
whose diffraction peaks overlap with those of MnO
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RMnO-A

Figure 6.5Five TEM images of the three samples with incorfeataxide.

By using the suitable microprobe of the SEM, anrgnealispersive X-ray spectroscopy
(EDX) analysis was performed on the samples. Tleiyental microanalysis is based on the
measurement of the energy and the distributiomefiitensity of the X-ray generated on the
sample by the striking electron beam. In fact, aiheebeam strikes the material, some K or M
electrons of the material are ejected and the ajets excited. The X-rays produced by the
atom relaxation can be emitted or cause an innetoplectric effect, thus emitting Auger
electrons. In the first case, X-ray photons arecetd by an energy dispersion (ED) detector,
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which take into account the electron-hole couplesegated by X-ray passing through the
detector material. By the interpretation of theuoeld electric signals, the nature of the
element producing the X-rays can be revealed. &belts of the EDX analysis are reported in
figure 6.6 and confirm the increase of the trend indicatedaye 6.1, as regards the oxide
amount inside the polymer. Nevertheless, presehspearies from parent compounds, such
as Cl and K, is also revealed, thus suggestingttteafinionic exchange reaction did not go to
completion (sample SPMn€R), or that some mixed K-Mn oxides have been fairfsample
SPMnQ-C), as already suggested by TEM images.
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6.4 Hydrogenation

The synthesized composites SPM) SPMnQ-B, SPMnQ-C (table 6.1 have been
tested with regard to their hydrogen sorption proge By using &2CT-Pro2000(Setaran
Sieverls type gas sorption analyzer (se=ction 3.3, kinetic hydrogenation curves have been
obtained. The tests have been performed at 50 W 149 °C, which are temperatures
compatible with PEM fuel cell operative conditiori®r each test, a sequence of different
steps of hydrogen pressure was used to chargathples: in particular, in all the tests, 10,
20, 40, 60 bar of hydrogen pressure have been ethagosequently once the system reached
the saturation each time with the current condgidrhe tests lasted 1200 min in totabure
6.7 shows the hydrogenation curves obtained for theetsamples at 110 °C. The maximum
hydrogen uptake increases as the manganese oxidentdnside the sample increases.
Interestingly, for sample SPMne the hydrogen saturation (0.10 wt%) is reacheth i
hydrogen pressure (i.e. 40 bar) lower than thatiegd¢or sample SPMn&B (60 bar). It must
be observed that for the test on SPMiBOthe curve was affected by fluctuation of the
hydrogen reservoir temperature, which caused th#élai®n visible in the graph; however,
this mishap seemed not to affect the average estimaf the hydrogen absorbed amount at
saturation, which is around 0.18 wt%.
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A remarkable result was obtained for the sample 8BMC, with the highest oxide content
(table 6.7): the sample showed a high hydrogen capacity, epegpto the other samples,
already at 10 bar of hydrogen pressure. Once thiersywas approaching the saturation at 10
bar, a following step directly at 60 bar was usedider to reach the maximum hydrogen
amount before 1200 min. Surprisingly, the samples whle to reach more than 1 wt% of
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hydrogen capacity, which is, at the best of thén@ts knowledge, a value never reached up
to now for polymer-based systems at room or higgeperature. Actually, this is a hydrogen
storage capacity comparable to that of transiticetals and/or rare earth alloys powders,
commonly used for hydrogen storage applicationteriperature below 150 °C. However,
differently from polymer-based systems, these all@re in general expensive, often
pyrophoric, and must be reduced in size with medaarprocess (e.g. high energy ball
milling) before being used. Unfortunately, it wast rpossible to test the most interesting
sample SPMn@C for desorption. This is one of the tests thatehbeen scheduled and that
will be performed, once other amount of materiall Wwe synthesized with the procedure
described in this chapter. All the samples wereceaged after performing the first
hydrogenation at 110 °C. Only for a further SPM#O sample a desorption test was
performed at 110 °C and 2 bar of hydrogen presstitey, the first hydrogenation. However,
the desorption test could not give reliable data o main reasons connected each other. As
described insection 3.3 of the thesis, when a manometric-volumetric mearsent,
performed with &éieverts type apparatus, starts, the sample holder amdettervoir volumes
are instantly put in communication each other. @bsorbed/desorbed hydrogen amount is
then calculated on the basis of the change ofytbem global pressure. For desorption tests,
usually a high reservoir volume (about 1 %must be used in order to keep the system
pressure at low values for sample previously hyeinaged at high pressure. This means that
even small variations of the big reservoir tempertcan affect the calculation, especially
whit low desorbed amounts. Referring to the hydnaged sample SPMnA, this was just
the case, because of the low hydrogen capacityevaD.1 wi%) achieved at the end of the
first hydrogenation test at 80 bar. Surely, mot&lée desorption data can be obtained with
sample SPMn@C, whose measurement are already scheduled, asnmesh

It is worth to underline that, as visiblefigure 6.7, for sample SPMn&A a decrease of the
stored hydrogen occurred after the system reachedsaturation value and this trend
continued even during the following and higher pugs step. This behaviour was registered
also for other samples tested at 110 °C, wherey &500 min and even with 80 bar of
hydrogen pressure, the system showed a decreadtsehytdrogen capacity (data not shown).
As the decrease of the hydrogen absorbed amountsosome time after the sample reached
saturation, it could be hypothesized that the phewn is due to the effect of the
temperature on the system kept for a long timel@t°C. This seems not to be the case, as the
samples were previously evacuated in a high vac(ifh mbar) furnace at 100 °C, before
the hydrogenation test. This thermal treatment peaformed in order to remove the moisture
potentially present in such hygroscopic materiéle results of the hydrogenation tests show
a hydrogen capacity that seems to be in line wighnhanganese oxide inside the samples, as
reported intable 6.1 The sample with almost the 80% of Mn@chieved the highest
hydrogen capacity with operative conditions notaldar hydrogen adsorption process, even
for materials with very high surface area (3008gn[6.18][6.19] This suggests at least a
chemisorption effect of the material surface, oerea chemical interaction of the hydrogen
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with the bulk of the material. The evident increas¢he hydrogen uptake at 60 bar, for both
sample SPMn@B and -C suggest the presence of a clear thernamdignbehaviour of the
system, similarly to what happens in metal hydridesgether with desorption tests, further
investigation on the structure and nature of thérbgenated system will help to interpret the
nature of the interaction of the material with thgrogen and to clarify the cause of such
encouraging results. Investigations are in progedss to clarify the cause of the hydrogen
capacity reduction during the long time hydrogesratun.

6.5 Summary

This chapter reports the preliminary study on tlgdrbigen sorption properties of a high
surface area functionalized polymer, PolyEhterEb&wne (PEEK), in which Mn©should
have been incorporated. The work reported in thésis refers to a collaboration recently
started off by the author with a research groupthd Institute for Advanced Energy
Technologies(ITAE), Messina (Italy). The samples were prepared ahdracterized
morphologically, as well as by XRD, by the lattertmer. The preliminary tests on hydrogen
storage properties of the prepared samples weferpexd by the author. In order to give
more information on the tested materials, prepamnatietails and the results of the various
characterizations are reported.

Commercial PEEK™ was at first functionalized by chlorosulfonatioeaction, thus
preparing the precursor (here indicated by thergenoSPCI). Then, by an exchange reaction
of chloride with permanganate, this chemical spggae which manganese is bound to the
oxygen, is inserted in the material. The resulta pH test, performed on a water suspension
of the prepared powders, suggest that actually araesg oxide formed and was incorporated
in the polymer matrix. By varying permanganate emtation and the anionic exchange
reaction time at 50 °C, three different systemsehbeen prepared with respective oxide
concentrations. The change of the powder appearasceéhe hypothetical oxide content
increases, is investigated also by electron miogcSEM and TEM images confirm the
presence of (crystalline) species dispersed irpthgmer matrix, as evidenced also by XRD
measurements and suggested by BET measuremente clutface area extent. However,
TEM images suggest, the presence of other speniasldition to manganese oxide, and this
is also confirmed by elemental EDX analysis. Voltneemanometric measurements have
been performed in order to evaluate the hydroggmaaty of the prepared samples.
Hydrogenation curves have been obtained at 11h8iCagth consecutive steps of increasing
pressures up to 80 bar. While poor hydrogen capacits measured for the sample with
lower oxide content, the interesting value of 1 witfs found for the sample with almost the
80 wt% of oxide. This actually constitutes a swsimgly result for a system for which surface
sorption mechanism was expected. In particular ptiessure values at which the maximum
hydrogen capacity was reached is well below the dfX0used at room temperature for tests
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on other potential hydrogen adsorption candidateenads with high surface area up to 3000
m?/g. Even more surprisingly, the value of about %vaf stored hydrogen was reached at the
temperature of 110 °C. These results seem to suggeshemical interaction between
hydrogen and the material, also possibly extenddte bulk, rather than the presence solely
of weak forces, typical of physisorption. Unforttelg, reliable desorption measurements
could not be performed during the period dedicdtethe experimental activity reported in
this chapter, and the synthesis of new powder agress in order to repeat the experiments
here presented and to perform other tests, inajudiesorption. In addition, further
investigation on the structure and nature of thdrbgenated system are scheduled as a
proceeding work for this seemingly promising lovsteystem.
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Chapter 7

Design and building of a solid

state hydrogen storage tank

7.1 The task

Together with the research on suitable materialssédid state hydrogen storage, another
big issue for the development of alternative falks is the technological progress and know
how in the storage vessel, as well as in the adyemhithe whole storage system, which must
be interfaced with the immediately following seaoof the power train, typically fuel cells,
internal combustion engines (ICEs), and burners.

In this view, a stage period of three and a halhthe atHelmholtz Zentrum Geesthacht
(HZG) — Nanotechnology Department — Germany, has beeaoté to research activity on the
design and building of a solid state hydrogen gf@rank, as the main task. This activity was
carried out in the frame of theNfos’ project in collaboration among automotive supplie
Strahle and Hesgshe universities of Merseberg and GiebichenstwdFortis Saxonia[7.1].
The project had as aim the development of a veldclee constructed with eco friendly and
sustainable materials, and which could crediblyetalart in theShell Eco-marathdfi. In
addition, the vehicle should be capable of carrdndyiver and passengers in regular day-to-
day traffic conditions. The task assignedHZG is the design and the construction of a
suitable hydrogen storage tank for tNes car, according to the requirements in terms of
occupied space and hydrogen supply.

(@) Shell Eco-marathons a periodical international competition in whistudents energy efficient vehicle,
designed and built by students, compete in a detragive race. More information at:
http://www.shell.com/home/content/ecomarathon/
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The total requested amount of hydrogen to be pealidith the storage system is at least
400 NI, which is equivalent to 33.4 g (the densitynydrogen at 1 atm and 21°C is 0.08347
kg/m® [7.2]). 25 NI/min are requested as an initial boostdbteast 1 min, then the average
gas supply should be of 400 NI/h (= 6.7 NI/minphold up to the requested amount of total
released hydrogen, or more. tible 7.1 a summary of the hydrogen supply requirements
from Fortis Saxoniaare reported anfigure 7.1 shows the space available for the tank inside
the car.

Table 7.1Base requirements for Nios concept car tank.

Hydrogen flowrate [NI/h] Total
N hydrogen
Initial Average
amount
25 NI/min 6.7 NI/min 400 NI
for 1 min (440 NI/h) Figure 7.1Usable space for the tank inside the Nios

car: schematic drawing (left) and location insidigkt)

With this values, the project focuses on a hydrogigoply system, which is intermediate
between the laboratory scale, where typically feantgs of materials (and much less than 1g
of stored hydrogen) are used for the measuremeamd, the fully scale for vehicular
applications, where 4-6 kg of hydrogen are reque&ie a 500 km driving range, with the
ability to refuel in times comparable to convendblCE vehicleg7.3].

The car is not supposed to be equipped with eléddrsystem for the heat exchange with
liquids and no particular requirements concernirggweight of the hydrogen tank were stated
from the customer. For this reason, it was choseactive storage medium a material able to
work at room temperature, despite the consequeénicti®n in specific hydrogen capacity of
the system. The results of the work are discussduis chapter.

7.2 Preliminary tests

The material chosen for the preliminary test ineordo design theNios tank is the
commercial producHydralloyC5® from GfE Company (Germany). This material has been
chosen among some type of commercial “room tempezatlloys already present at the
HZG Institute as stock (seeble 7.2for a comparison among these materials). For ésegd
of the system, a maximum hydrogen pressure of 80nisae the tank has been considered,
while a value of 2 bar for the released hydroges assumed as sufficient for the fuel supply
to the PEM-hydrogen-air fuel cell designed for tae. According to the values reported in
table 7.2 the commercial produ¢tydralloyC5® was chosen, since it shows a fair difference
of the pressure values at equilibrium (values dt tapacity) with respect to the values
chosen for the hydrogen absorption and releas¢éhtorapplication < 30 bar and> 2 bar,
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respectively), thus assuring a good driving forhbptocesses. Actually, the values reported
for this alloy are not the ones at room temperatowe at around 44°C, so the validity of the
just reported assumption had to be born out withespreliminary experiments.

Table 7.2 Bast comparison of the types of room temperature allajrsady present as sto

Commercial _ - )
N Supplier Composition Plateau pressure Blcapacity
ame

Mn51,31%Ti 27,13%
HydralloyC5 GfE V 13,95%Fe 2,98%
Zr 2,97%Al 0,27%
La18,4%Ce8,2%
HydralloyE60/0 | GfE Pr1,6%Nd3,2%
Ni64,2%Sn3,6%

Abs:20 bar (T=44,4°C) | Abs: 1,81 wt%
Des:12,6 bar(T=44°C) Des: 1,77 wt%

Abs: 4,56 bar (T=21,8 °C)| Abs: 1,42 wt%
Des:2,11 bar (T=18,7°C) | Des: 1,38 wt%

MPD
Hy— Stor Technology LaNis 1,35 bar(T=21,8°C) 1,37 wt%
Corporation
(Ti, V, Fe, Mn)
Ecka Eckart - Weeke N.A. N.A.
+ 5 Wt%Al

In order to obtain the necessary information fer design of the tank, some tests have been
performed on a 500 chinternal volume cylinder charged with about 1 KgHydralloyC5®
previously milled for 10 min on an high efficienattritor mill. This simple tank was prepared
to be used for another prototype car frbortis SaxoniacalledSax3[7.4].

The cylinder was connected to a testing system,edaftom now onward “Test Station”:
this apparatus was developedHzG in the recent yearg.5] to perform tests of hydrogen
tanks inside the operative range of 0.1 — 100 Mi/afiflow rate and up to 100 bar of pressure.
The gas flow rate can be measured and managechyséhof two flow control units (FCUS)
with two different operative ranges: 0.1-10 NI/nand 10-200 NI/min, respectively. Thus,
one of the information used by the software of Tlest Station to evaluate the absorbed or
desorbed amount of hydrogen is the amount of flolwadrogen measured from the FCUs.
The other input data for the calculations are émegterature and the pressure, used to estimate
the amount of hydrogen in the free volume gas phasieg the Van Der Waals equation of
state. The Test Station is configured in a way thaing hydrogen absorption or release tests,
the set pressure value can be maintained untiyldeogen flow rate, toward the tank in case
of adsorption, or from the tank in case of desorptidoes not reach the limit value of 0.2
NI/min. This is because beyond this value the amurof the low range flow control
diminishes significantly. The set pressure valughaf experiment can be achieved after a
transient time needed to bring the tank at theré@gressure; this could be considered as the
time needed to fill/discharge the hydrogen in/frthra tank up to the final set pressure of the
experiment. However, it must be taken into accoinatt absorption/release in/from the
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material already starts during this initial perid&fter the initial transient time the system
proceeds in isobaric conditions up to the conclusitthe test.

This fact implies that, if also the temperaturetiod tank is controlled (using a thermal
insulation for the tank and a heat exchanger), e a&s the pressure, the system would
operate in a way similar to the instruments usedtli@ basic research on the sorption
properties of hydrogen storage materials (manoofetdumetricSieveris type apparatus or
others based on flowmeters).

Thus, the Test Station was initially designed witie idea of a scale-up process from the
point of view of the study on hydrogen storage male Later on the implications of this fact
on the test from an applicative point of view via# discussed.

The first results obtained with the Test StationtlemSax3tank are reported ifigure 7.2,
where absorption and release curves of the ficgicBs are shown. The curves were obtained
without any forced heat exchange on the systent) witonstant room temperature set at
21°C, and with a pressure of 30 bar and 2 bar éntid tank, respectively for absorption and

desorption. Only the small range FCU was usedhabthe maximum achievable flow rate is
10 Nl/min.
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Figure 7.2First 3 sorption cycles on the Sax3 tank: absorpfieft) and desorption (right) curves.

The powder immediately showed its absorption paréorces already in the first cycle,
while an improvement for the desorption is visilslghe runs following the first one. Every
absorption test was conducted on the system aftergaevacuation period (at least 5h) under
continuous vacuum: the powder showed a reprodutité absorbed amount of 1.65 wt%,
which is not far from the one declared by the comumaésupplier (able 7.2. The desorption
curves indicate that the reversible cycling capgacitorking within the selected pressure
values of 30 bar and 2 bar for a cycle, is 1.35 W& both absorption and release processes
there is a discontinuity in the first part of therees, after which the kinetics decreases in a
continuous way up to the plateau. This is becaasanentioned above, there is a transient
time used to let the system reach the desired wgniressure as soon as possible. The sharp
change in the slope is due to the sudden reducdtiahe flow rate, which was manually
operated once the system reached the desired presdue; from that moment onward each
test proceeded in isobaric conditions.
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Four thermocouples uniformly distributed along tbglinder on its external surface
registered the temperature during each test. Wétconditions reported above the local limit
temperatures of the cylinder's external surfaceew@t °C during the hydrogen absorption
and 2 °C during the desorption, due to the exotieeand endothermic effects of the two
processes, respectively. This limit temperaturesiiccorepresent a problem for the
environment in which the tank will be placed and tlee surrounding surfaces and parts: in
addition, the limit temperatures would be even moitcal as the environment temperature
inside the car will move away from the room tempaes (21°C) used for the tests.
Moreover, a strong deviation from the referencepierature of 44 °C for good performance
(seetable 7.2 could stop or slow down the gas-solid reaction.

For this reason, other three cycles have been mpeefb using two small fans, with the
configuration showed iriigure 7.4, to force and enhance the heat exchange between th
cylinder and the surrounding air of the room. Sisipgly, the use of the two fans improved
the absorption and desorption kinetics in a sigaiit way, as shown figure 7.3.
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Figure 7.3 Effect of the use of the fans (green curves) orhjfieogen absorption (left) and desorption
(right) kinetics. For comparison two curves obtaineithout the use of fans'tand 7" cycles, blue and
pink curves, respectively.

The effect of the forced heat exchange on the kime$ less powerful in the initial part,
where the absorption and release processes ardyngaiven by the fast change in the
pressure of the system, before reaching the fiesired pressure of the test (2 bar). The local
limit temperatures registered with this new confegion were 57 °C and 6 °C, less critical
than those obtained without the use of the fans.

Figure 7.4The Sax3 hydrogen tank,
consisting in a SS 500 ml internal
volume cylinder. The thermocouples
on the cylinder surface and the
positions of the twfans are visible.

_—
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After the three cycles with the use of the fansngrd4,5,6), a further cycle (run 7) was
performed with the initial configuration (run 1,2\8ithout any forced heat exchange, in order
to check whether the better results during the iptesvthree cycles where due to a sort of
powder activation, rather than to the effect offdnes. As can be easily noticed, tecycle’s
curves (pink coloured) overlap to the last curvisteeusing the fans {Bcycle, blue coloured
curves), confirming that the better behaviour ig dini the presence of the fans. The powder
reaches its performances since tffecgcle and maintains the reversibility and kinetiéthe
sorption processes in the following cycles.

In order to obtain useful information for the desigf the Nios car tank, referring to the
requirements reported otable 7.1, two average hydrogen desorption rates have been
considered in two regions of the graphsigure 7.3, respectively: a) initial range 0.00-0.25
wt% , b) medium range 0.35-1.00 wt%. The lineamigs of the curves obtained without the
use of the fans give 0.0145 wt%/min for the initethge and 0.0044 wt%/min for the medium
range. In terms of available hydrogen volumetrmaflrate, the average values in the two
ranges were: 2 NI/min and 0.6 NI/min, respectivéihg initial flow rate being enhanced by
the discharge of the high pressure gas phase itistedank from 30 bar to 2 bar. As expected,
the corresponding values for the experiments with fans are higher: 2.6 NI/min and 1.1
NI/min, for the initial and medium range, respeelyv It is worth to underline that the use of
the fans redouble the performances of the systetmdanmiddle range, where the process
speed corresponds to the desorption kinetics optiveder in isobaric (2 bar) and isothermal
(room temperature) conditions. One should refey thnge as the average hydrogen supply to
the car’s fuel cell.

An indication of the opportunity of the use of ttveo fans can be obtained by comparing
the net output power from the tank in the two casdth and without fans. The power
consumption of the two fans is between 20-25 Wefich fan. As reported above, the output
power from the tank in the medium range is 0.6 Ni/and 1.1 NI/min, without and with fans,
respectively. This is equivalent to 101 W and 185 ddhsidering the lower heating value
(LHV) of the hydrogen = 121 MJ/kg. If an efficienoy 70% is assumed for the fuel cell and
if the power needed for the two fans is suppliedh®y/fuel cell itself, the net final available
power for the car in the medium range would be A¥.7and 84.6 W in the two cases,
respectively. Thus the use of the fans will inceslag 20% the available power in the medium
range, but will use the 35% of the total power gatesl by the fuel cell. This result would
recommend the use of the fans only when the hydrogte rather than the total amount of
supplied hydrogen is the critical aspect; furthemman this case the advantage for the use of
the fan would be higher as higher the fuel ceicedficy is.

In table 7.3 a summary of the results of the tests on Sa@3prototype hydrogen tank is
reported.
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Table 7.3Summary of the results obtained on the Sax3 tattkthe test station. A schematic comparison of
the results with the two different configurationgthout fans and with two fans, is reported.

Absorption ' Desorption Medium rangg
Fuel Cell
total H, total H, i ,
Forced hed max min H, desorption rate output power
amount amount
exchange local local (efficiency = 0.7)
(air) temper. temper.|Initial range Medium range Total Net two
ota
[N [9] [°C] [NI] [a] [°C] |(©.0-025wt%) (0,35 - 1,00 wi%) Wi fans
[NI/min] [NI/min] [W]
0.6
none 226.1 18.9| 61.4 |[180.7 15.1 2.1 2.0 70.7 70.7
(= 0.0044 Wt%/mir)
. 1.1
with 2 fangd 222.1 18.5| 56.7 |182.3 15.2 5.8 2.6 129.6 84.6
(=0.0079 wt%/mih

7.3 Tank design

The data obtained on ti&ax3tank were used to design thgos car hydrogen reservoir,
according to the base requirements frbartis Saxonia(table 7.1). The main requirements
we focussed on were the hydrogen average flowab#00 NI/h and the total amount of
hydrogen of 400 NI. As a first approximation foretimitial flow rate of 25 NI/min for 1
minute, it was assumed that this rate would be Isegbfrom the hydrogen gas phase inside
the tank during the transient from 30 bar to 2 Bdre following conservative assumptions
were made in order to have some safety margin erfittal performances of the designed
tank; they are reported here below:

a) for the average hydrogen rate, calculations weredsing the medium range average
rate obtained on th®ax3tank without the use of the two fans: 0.0044 wt%/m

b) the cycle capacity was considered reduced to 198, wthile the measured one was
1.35 wit%;

c) the HydralloyC5® density was calculated in first approximation las average value
between the weighted mean based on the alloy’s esitign (6343 kg/m) and the
apparent density of the as received material, imfof flakes (3868 kg/f). This
assumption is conservative because the free spateeedn the flakes is high and
thus the contribution of the as received matenmdasent density to the calculated
average density makes it smaller;

d) the powder expansion inside the tank, during thdrdgenation process was supposed
to be 20%: this is in general an high value alsdtie kind of material7.6];

e) the expanded powder would occupy only the 80% efdylinder internal volume;
thus even more free space is considered.
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It is to be noted that each hypothesis reported@ball have effect on the calculation of
the suitable tank volume, which would be comparét ¥he physical space available inside
the car. In particular, the first assumption istet to the hydrogen desorption kinetics of the
alloy and will have effect on the calculation oéttotal amount of powder necessary to fulfil
the average hydrogen supply rate of 400 NI/h (= MUMmin). The second hypothesis is
connected to the estimation of the total amoumhaterial needed to release at least 400 NI of
hydrogen. Finally, all the other assumptions valid to the calculation of the tank volume to
host the previously estimated amount of powder.

The calculations gave:

» total amount of alloy to reach 400 NI/h = 12.6 kg;
e total available hydrogen amount = 1818 NI;
» total volume of the tank = 3.7 |

The second result states that the limiting faabdiutfil the customer’s base requirements is
the hydrogen release kinetics of the alloy, ratthen its hydrogen capacity: in fact, the
calculated amount of alloy necessary to reach ésaed hydrogen rate will supply more than
4.5 times the minimum amount of requested hydr¢ge NI).

As said, the calculated tank volume should be caifipavith the available space inside the
car. In order to optimize the use of the availadpace a series of commercial cylinders and
fittings from SwageloR have been selected and 13 stainless steel cydingigh a 300 ml
internal volume were chosen to host the materialyway, since the available space inside
the car is able to host 15 cylinders of the setetgpe, the final designed layout of the tank is
the one reported irigure 7.5. Three rows, named from now onwards “racks”, ofefi
cylinders each can be locate inside the car: twihénabove part of the box and the third in
the bottom part, below a sustain plate.

Figure 7.5 Schematic designed layout of the Nios car's hyenogtorage tank: the blue
cylinders indicate the volume occupied by the cofioes and fittings for each row of five
cylinders; in grey colour the SS cylinders that wé filled with the HydralloyC%
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7.4 Alloy’s preparation

TheHydralloyC5’ is received from the dealer in form of flakes, gfhare small stones with
a distributed size around 1.5 cm. In order to re¢hehsame conditions for the alloy used for
the Sax3tank, ball milling process was supposed to be ts@hprove the hydrogen sorption
kinetics of as received material. This techniqusedufor mechanosynthesis of the alloys,
causes particle size reduction, thus increasin@thige surface of the alloy and reducing the
diffusion paths for the hydrogen inside the matefra7]. However, the high efficiency
attritor mill employed for the batch used for tBax3was not available and thus another
solution had to be found. Actually, this seemed&oan hard problem because of the huge
total amount of powder needed for the system @tl@2.6 kg for 13 cylinders). The attritor
mill is in fact able to process around 1kg of powiteone run and, just because of the high
efficiency of this milling type, each run could akeen only of ten minutes. This time is in
fact sufficient to obtain loose powder, with a kallpowder ratio (BPR) of 10, and these were
the conditions used for ti&ax3alloy’s powder. The high amount of powder necesfarthe
new tank could not be processed in a realistic tintle a shaker mill, e.g., the Spex8000, due
to the small amount of material that can be inseindts vial: less than 20 g per run. For this
reason, an attempt was done with a big planetaltyRulverisette 5equipped with four vials
of 250 ml each. In order to compensate the lowkcieficy of the planetary mill typg/.8]
the milling time was initially set to 1h; using &R = 10 and a 50% filling percentage of the
vials: in this way it was possible to charge aro800 g ofHydralloyC5® flakes for the first
test run.

4

Figure 7.6 The three types of equipment available for the méling process; from left to right:
attritor mill, shaker mill and planetary mill.

The result of the milling process performed is shamfigure 7.7. Unfortunately, the use of
planetary mill was not able to create loose powet rather all the ground material got stuck
to the internal walls of the vial, forming a haayér of agglomerated powder, which grows as
the milling time increases, and that cannot be rad@way easily. This hard agglomerate is
located at a certain high of the internal wall loé¢ tvial and is identical for all the four vials
charged in the planetary mill. Other attempts Wothier milling time were performed in order
to reduce the heating up of the powder and thysdwent the sticking effect. Nevertheless,
even using a milling time of 5 min, all the proddgegowder remained stuck to the internal
walls of the vial, while not all the flakes wera@gmented to fine powder but some of them
just broken in smaller size particles. Similarlye tchange in the rotation speed of the milling
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(from 300 to 400 rpm) did not show any improvemdiiite formation of the hard stuck layer
is a not rare phenomenon during the milling procdsstermetallic alloyd7.9], [7.10] and

can be originated by specific features, like eogighness on the internal surface of the vial,
which would act as a centre of nucleation. In gahéhe presence of a hard layer stuck to the
inner wall of the vial and on the balls surfaceanected to the high temperature that the
powder particles reach when they are involved enditashes of the balls each other and of the
balls to the vial's walls. This is anyway not dilgacconnected to the milling efficiency, as it
was demonstrated by Takacs and Hdiir§1]. Consequently, whenever the temperature may
be high enough to influence a mechanochemical itgacir alloying process, it has to be
considered as an independent parameter. The lbafletature is found to be lower in the
SPEX 800Ghaker mill and it is cooler when flat-ended rattian round-ended vial is used,
although the milling intensity follows the oppositend. Vibratory and shaker mills, such as
the SPEX 8000 Mixer MiJlrun at relatively low temperature (< 100 °C), lshHemperatures
over 200 °C are typical in planetary mills opergtat similar milling intensities. The same
authors suggest that the higher ball temperatwssltr from more oblique collisions and
friction, while the lower temperature but higheteimsity of the shaker mill with flat-ended
vial is due to the larger proportion of frontal lezibns.

Figure 7.7 The internal view of a planetary mill vial, befofeft) and after (right) the milling
process: the red lines marlff the region where the hard agglomerated formedhanwall, as well
as in the bottom ring.

High temperatures are achieved also in the higicieficy attritor mill, and this is
confirmed by the lack of material in the input/auttpnass balance that occurred during the
previous milling process of the alloy used tothié Sax3tank.

Thus, because there was no way to obtain milled deowfrom the as received
HydralloyC5® flakes, it was decided to investigate the podsjbib fill the cylinders of the
Nios car tank directly with the original flakes and gerform some preliminary hydrogen
sorption cycles of the material in order to calmedo-called hydrogen “decrepitation”. In fact,
during absorption and desorption cycles hydrogéusis inside the material causing internal
stress and subsequent cracks that determinesl@aitie reduction and specific surface area
increase. Thus the first hydrogen sorption cyckss ltave effects similar to the ball milling
operated for a short tim@.12], and improve the hydrogen sorption kinetics. Altyudhe
hydrogen decrepitation is an alternative routepeesto other mechanosynthesis, to prepare
high surface area alloys.11].
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Before starting the cylinders filling operationspge preliminary tests have been performed
on theHydralloyC%® flakes to check the validity of the new hypothegi g of flakes were
introduced in the sample holder of tB&everts apparatusPCT-Pro2000 and 8 hydrogen
absorption/desorption cycles were performed atteomsemperature of 25°C and pressure of
30 bar and 2 bar, respectively. A continuous vacstage was used at the end of each cycle
and before starting the following one, in ordertdtally evacuate the sample before each
absorption run. The cycle-kinetics test behavigustiown infigure 7.8, which is a snapshot
of the equipment software window, during the fipaft of the test.

System | Parameters | Kinetics | PCT Cycle-Life
Data Uit Pressure Temperature Total time dt Cycle Index AoarD
1.6202 v w. ratio / wt.% H 29.1675 | [bar] 26.0311  [[°C] 16.68 | [hours] | 33.023 | [sec] 16 Absorption
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Figure 7.8 Cycle-kinetics test on new HydralloyC5 flakes: iieterial shows reproducible behaviour and a
constant cycle capacity of 1.5 wt% (desorption da®). Also the intermediate evacuation stagescarly
visible at the end of the desorption runs platethe: released amount during the evacuation reachesame
absorbed amount during the previous absorption(gingle points at -1.7 wt%).

As shown in the graph, the material cycled in rdpoible way up to the end of the test. It
absorbed the 1.65 wt% of hydrogen at 30 bar, wisch capacity value not far from the one
reported by the dealetaple 7.2. The released hydrogen amount is 1.5 wt% at 2dwmathis
can be indicated as the reversible capacity fontheerial in the chosen operative conditions.
It is important to mention that the tested matewals taken from a batch supplied by the
dealer in a plastic bag inside a not air-proof metmn; this means that the flakes were
potentially exposed to atmosphere for many dayyway, for a better practice, the material
was kept inside a glove box (with oxygen and mo&toncentration below 20 ppm), once
the can was open and the plastic bag with the $lakeide was taken out. Nevertheless, the
results of the cycle-kinetics test showed thatgbtential contact with air did not affect the
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material performances. Moreover, the material slilbg@d and reproducible behaviour just
after the second cycle. After cycling, the matediicharged from the sample holder was in
form of loose powderfigure 7.9), definitively confirming that decrepitation occed in an
effective way and thus endorsing the possibilityiltahe cylinders of the designadios car
tank directly with the as receivétidralloyC5® flakes.

L 4 :

Figure 7.9 As receivedHydralloyC5 flakes (left) and the powder obtained
by cycling with the PCT-Pro2000 equipment(right).

7.5 Tank building and testing

The apparent density of the as receivytiralloyC5® in form of flakes was previously
estimated as 3868 kg?mAs previously mentioned isection 7.3 this value was considered,
together with the one obtained as weighted avebaged on the material composition and the
molecular weight of the species (i.e. 6343 K/rin order to calculate an indicative average
density of the material, that resulted of 5100 Kg/m

Thus, the density of the material in flakes is lowy&an the value used for calculations. Each
cylinder of theNios tank was filled as much as possible almost uh¢oentrance edge, but
only about 950 g of material could go inside, while design calculations suggested 1.3 kg
of loose powder for each cylinder. This differercmild have different implications on the
system performances. For example, if the origimsighed number of 13 cylinders was used,
the powder could not be enough to ensure the ageatg of hydrogen supply. On the other
side, the higher free volume inside the tank wondilease the amount of hydrogen in the gas
phase available for the initial boost (25 NI/mieyjuired for the car. Nevertheless, as reported
before, some conservative assumptions during teignief the tank were done, so that there
was a reasonable confidence in the suitability hef tank performances, even with less
powder inside each cylinder.

The tank building has been performed by differeteps, with the addition of other
components, to build a larger unit, after the téghe previous smaller one; in this way a sort
of small range scale-up process was performed ketfggeach time the particular occurring
issues and comparing the results to the desiresl one
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7.5.1 Tests with one cylinder
At first, only one cylinder of 300 ml internal vaohe (igure 7.10 and with 961 g of
HydralloyC5® flakes inside was tested.

Figure 7.10The first cylinder of the Nios car’s tank: internadlume = 300 ml,
amount of material inside = 961 g.

Figure 7.11shows the behaviour of the system in the first fogdrogen absorption/release
cycles. Desorption curves show similar resultsampared to the&sax3tank: the material
reaches reproducible performances starting fromséeend cycle. Looking at the absorption
runs, the first one is characterized by an applresitange curve: this is because the
experiment was performed at pressure higher thanuted for the following absorption tests
(80 bar instead than 30 bar). This experiment glhdri pressure was performed to test the
absence of leaks in the system and acts as afisstrption run for the tank itself. Anyway,
just because of the higher pressure inside the thekinitial part of the graph, corresponding
to the pressure decrease up to the desired presB@dar, is more consistent, while the
higher final capacity value (1.9 wt%) is probablyedo a lower accuracy in the calculation of
the software at higher hydrogen pressures. Moreowmrestingly, the curve clearly shows
once again the effect of the two fans’ use. In,fdw fans have been activated after an initial
part, during which the system warmed up to 53 °@ did not cooled down: once the fans
were turned on, the temperature quickly drp dovel (scattered curve) and this caused a
strong increase of the absorption kinetics.
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Figure 7.11Four hydrogen absorption (left) and desorption ffigcurves for the first cylinder of the Nios
car's tank. The mean temperature profile(red cumidhe tank surface during the first absorptiomiig also

shown.

From the second cycle onwards, the system showsahHydrogen absorbed amount of
1.65 wt% and, , with the desorption at 2 bar, sergble capacity of 1.5 wt%: these are
exactly the values obtained with the measuremeatfopned in theSieverls apparatus.



146 Chapter 7

However, as shown ifigure 7.12, the kinetics measured by tBéeverts apparatus is much
faster than the one measured with the Test Sta@e of the factor that generate this
difference is the temperature profile during the:tthe temperature controller of tBeeverts
apparatus guarantees a constant value temper&t2se°G, while the environment around the
Test Station and the forced air exchange maintaihedemperature in the range 17-23 °C.
However, the difference in the kinetics is moreeljkto be ascribed to the difference in the
phenomena that change with the scale-up proceds asudiffusion of the hydrogen gas in the
powder bulk, heat transfer, hydrogenated/ dehydraigel phases nucleation and growing.
The comparison clearly shows how these phenomenardranced when only few grams of
material are used, while they become more and wrireal when systems in bigger scale are
considered.

+ absorption 3 PCT-Pro2000 -+ absorption 3 Test Station + desorption 3 PCT-Pro2000  « desorption 3 Test Station
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Figure 7.12Comparison of the third cycle absorption and desiorpcurves, obtained with the PCT-Pro2000
Sieverts’ type apparatus (red) and the Test Stgtidune).

The reversible capacity (1.5wt%) is even highentkize one measured for tiEax3tank
(1.35 wt%) with the powder previously milled in tagritor mill. These results combined with
the conservative assumptions made during the tasigd, when a lower cycle capacity of 1.2
wt% was considered to estimate the minimum amodnpawder needed for the tank,
contributes to improve the effective tank perforecarReferring to these first results obtained
with the new and not milled powder, it is importamtunderline that the material was exposed
to air for some hours, before the connection of ¢hender (which was filled inside the
glovebox) to the valve and then to the Test Stafidris fact highlights two important aspects:
a) the low or none effect that normal atmosphei® drathe material when it is in form of
flakes (as received), b) the powerful role of tieerépitation process for the activation of the
material.

7.5.2 First rack testing

After the test on only one cylinder, a set of Siray¢rs was tested. The cylinders were
arranged in a row, called “rackFigure 7.13. The rack is provided with a main ball valve
and a safety relief valve to protect it againstrpuessure. Four thermocouples have been
positioned on 4 of the 5 cylinders to record theperatures during the tests. The same two
fans used for the previous tests were put abovedble to force heat exchange with the
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surrounding air in order to countervail the thermfiécts of the hydrogen sorption processes.
Almost 5 kg (4718 g) ofHydralloyC5® were charged inside the five cylinders.

Thermocouples

] main valve .
Figure 7.13The Rack | of the Nios car’s tank: 5 cylinders witternal volume of 300 ml each. The total
amount of HydralloyC5 inside is 4718 g. On the fraiew (left) and on the rear view (right) the vedvand the
thermocouples, respectively, are indicated.

In Figure 7.14the three first hydrogen sorption curves are shodmexpected from the
results obtained byievers apparatus during the test of one cylinder, thtaltabsorbed
amount is around 1.65 wt% and the desorption cundisate 1.5 wt% of reversible capacity,
which corresponds to 840 NI or 70 g of hydrogen.rd&dwer, and similarly to the previous
tests, the system reached its steady behaviowdylieter the second cycle.
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Figure 7.14 Hydrogen absorption (left) and release (right) @xlfor the Rack 1 of the Nios car’s tank.
Average rat of hydrogen desorption in the extended middle eaffijpm 0.35 wt% to 1.40 wt%) are show for
1%'and 3 cycles curves.

The average hydrogen desorption rate in the midatige of the desorption curves (0.35-
1.00 wt%) was 3.4 NI/min for the third cycle andnsidering an extended middle range up to
1.40 wt%, the average value was 3.1 NI/min. Thu#) this rack configuration, the power
necessary to feed the two fans (45 W) is only 28 bf the total output power from the fuel
cell (with efficiency of 0.7). The system alreadyfils the customer’s minimum requirement



148 Chapter 7

as regards the total amount of hydrogen (400 N)jjenit is still far as regards the hydrogen
supply to the fuel cell (6.7 NI/min). However, ggideeply with the results analysis, with a
comparison between the average hydrogen desonaties in the extended middle range for
the cylinder 1 (0.97 NI/min) and the rack | (3.1/min) configurations, it can be easily
noticed that there was no proportional correlatmthe powder amount used in the two cases,
respectively. In particular, the rack | configuastishowed a desorption rate lower than the
expected one: it was likely there was somehow drhimce to the hydrogen release in this
bigger system. Actually, this is also recognizditen the shape of the desorption curves of
figure 7.15 compared to those iigure 7.14: the previous one showed a linear behaviour,
not a progressive approach to the plateau, indigathat there was a limiting phenomenon
acting on the system and affecting its kineticse Thuse cannot be ascribed to a too small
size of the line and tube fittings of the systemtltey were opportunely chosen with a 6 mm
internal diameter size, which allows high gas fiate.

In order to deeper investigate the system behavadesorption run was performed using
the large range flow control unit, FCU-2, insteddiee FCU-1. Here below the schematic
layout of the Test Station is reported.

wt% NI

0,0 T T T T
o A 100 200 300 400

_O; _Xavg rate = 8.0 NI/min |
06 k{ ------------------- .
= N\ —_ot des. amount = 700 K

released H:

o .. totdes. amount = 1.2 wt%
T2 - time [min]

h Figure 7.15 Desorption run with the use of the
wide range (10-200 NI/min) flow controller FCU-2
(see the Test Station scheme on the left). Thé tota
amount of released hydrogen is higher than the
minimum requirement (400 NI), even though the showed vahresunderestimated (see the text for the
explanation). Also the achieved average hydrogew ffate (8.0 NI/min) is higher than the customer
requirement (6.7 NI/min). For the schematic layofithe Test Station (see alsmtion 3.5).

In this case the initial set point of the FCU-2 wE&4 NI/min; this value was chosen
because it is the double of the minimum flow regumient indicated by the customer (400
NI/h = 6.7 NI/min). Once the system reached therddgressure of 2 bar, after the transient
time and similarly to the other previous tests, H@J-2 set point was regulated in order to
keep this constant pressure in the system. Thefuse large range flow controller caused a
strong increase in the hydrogen release rate,dbosnstrating that the limiting effect in the
previous test with the rack | configuration was du¢he flow controller unit. Considering the
range from the beginning up to 400 NI (which is th@mimum amount requested from the
customer) of released hydrogen, the average hydrdgsorption rate was 8.0 NI/mimg(re
7.195, while the previous test with the FCU-1 gave Rlfinin (value derivable froniigure
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7.14). This confirms how the small range flow controllstrongly limits the system
potentiality. The measured average value indicdtatithe system is already able to fulfil two
of the requirements from the customer: more thahMiOof hydrogen can be supplied with an
average rate (8.0 NI/min) higher than the requestedd(6.7 NI/min). Despite the fact that the
test of the rack | set-up with the FCU-2 showddgher potentiality of the system, it must be
underlined that, as a result of the test, onlylt#ewt% of released hydrogen was measured.
This discrepancy, if compared to the 1.5 wt% oladinvith the previous tests, must be
ascribed to the use of the FCU-2 itself. In falog tange in which this flow controller has a
good reliability is 10-200 NI/min, thus once therremt flow goes below 10 NI/min, as it
happened after the transient time to reach andkbep 2 bar, the equipment underestimates
the amount of hydrogen flown.

7.5.3 Two racks (I+11) configuration testing

The subsequent step of the tank scaling up prasdhbe test of the system with two rows of
five cylinders each. The total amount of powderdua&h this configuration is 9481 g. The
two improving of the previous stages, i.e. a) tee af the two cooling fans and b) the use of
the FCU-2, were both used since the beginning duhe test with the configuration with two
racks.

Thermocouples

Figure 7.16 The hydrogen storage tank: 10 cylinders of 300ndrimal volume each, are assembled in two
rows (Racks I+l). Four thermocouples used to ragishe temperature on the cylinders surface, asiéle in
the rear view (left), while the main valve and thgef valve to protect the system against overgues, are
indicated for both the rows in the front view (righ

The so assembled hydrogen tank is suitable asdegfae space that the customer indicates
available inside theNios car (igure 7.1). Actually, the described scale-up steps
configurations are following the designed layoutyiously proposed as a solution for the
space optimization. Thus, taking into accountlradl déther requested performances of the tank,
it can be noticed that the only one fulfilmentistiissing is the initial high hydrogen flow: the
tank should in fact be able to ensure a hydrogeplgwf 25 NI/min during the first minute of
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run. In order to check whether the racks I+l sys{ggure 7.16) is able to satisfy this issue,
a test with the starting high flow rate of 25 Nlimwas performed. This set point was kept for
the whole transient time up to the system achiévbdr, then the flow was regulated to keep
the pressure at 2 bar. The results of the tesea@ted infigure 7.17: the system supplied 25
NI/min not only for 1 min, but rather for about 9m{540 s); after this time the final pressure
of 2 bar is reached. In order to keep a constagssure of 2 bar the flow was manually
decreased step by step to 10 NI/min; after thatedhe necessary flow rate to keep 2 bar
inside the tank went below 10 NI/min (limit value have a good reliability of the FCU-2),
the test was interrupted. After a while neededlfow and pressure stabilization, the isobaric
region lasted about 40 min (pink ovale) and therbgdn flow rate remained in the range 10-
13 NI/min, which is almost the double of the averfigw requested from the customer.
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Figure 7.17 Hydrogen release test on the tank with 10 cylindemanged in two rows (Racks). The
hydrogen flow rate of 25 NI/min is ensured for ab®umin up to the system reaches 2 bar; then thigaisc
part corresponds hydrogen supply rate above 10 iN}/mith a quas-stationary part lasting about 40 min
(pink circle).

Thus, in the end, the tank already with 10 cylisdafrthe configuration racks I+Il is able to
largely overcome the minimum requirements, witlotaltamount of released hydrogen equal
to 140 g (around 1680 NI), which is the 1,5 wt%laé powder total weight. Referring to the
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available space inside the tank and to the desid¢engulit of figure 7.5, there is still the
opportunity to add a third rack with five cylindens order to further increase the car
performances in terms of power and total drivingge For this reason, the frame with
fittings and connecting parts of the rack Il wa®ady prepared and other cylinders already
filled.

Regarding the use of the two flow controller unit$ias already been underlined how much
critical is their reliability during the measurenterand how these instruments can affect
themselves the system efficiency. For exampletdabeperformed with the FCU-2 in the rack
| configuration demonstrated how the feed of thdrbgen from the tank was strongly limited
by the FCU-1, even far away from its working lirfwthich is 10 NI/min).

It is important to underline once again that tigdralloyC5’, charged in form of flakes
inside the cylinders, remained in contact withfairsome hours before connecting the system
to the Test Station. This fact, together with th@ence of the performances of the material,
close to the ones declared by the supplier anddeible, already after the second-third
cycle and for all the scaled tested configuratioosnstitutes a strong evidence of the
versatility of the tanks based on this room temijpeeaalloy. An additional powerful feature
is the possibility to reduce the size of the mate&riparticle to loose powder simply by
decrepitation, which occurs already in the firstitogen sorption cycles, thus suggesting that
the onerous process of ball milling can be avoiftedsuch a system. As demonstrated, the
tank developed for thBios car successfully fulfils the customer requiremeagsegards the
PEM fuel cell hydrogen supply and occupies onlyt pathe provided space inside the car.
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Concluding remarks

As described inchapter 1, hydrogen storage is a key issue for the developroé a
hydrogen-based economy and, for this reason, @sedforts are currently in progress in
order to achieve efficient and safe hydrogen s®mgtems. In this frame, an experimental
work on different systems for solid state hydrogéarage has been carried out. According to
the purposes of the PhD course in Applied Physind,to the strong applicative character of
this research topic, the experimental activity bagn performed taking into account the
potentiality of the studied systems for applicasicand technological development. Rather
than focusing on a single type material, differaysstems have been considered and
investigatedTheir different nature allowed an overview on tlaious options for solid state
hydrogen storage and, at the current state ofoarttheir actual perspectives as suitable
candidates for this purpose. Following the appNeatnission, in addition to the study on
candidate materials, a real-world prototype systefimhydrogen storage for automotive
application has been developed. This has providedescues on the concrete issues in
designing, building and testing a solid state hgdrostorage tank, in the view of interfacing
it with a fuel cell.

As regards the study carried out on materials, @amgs representative of each main class
of hydrides, such as intermetallic alloys, binaryditdes, complex hydrides, have been
considered in the reported research activity.

The first presented experimental workhgpter 4) concerns the investigation on the
intermetallic alloy LaNi. As this is a well know and studied compound, &s hbeen
considered, at the beginning of the experimentaliag as a standard reference compound,
in order to calibrate and test some new acquirettumentation, used for characterizing
hydrogen sorption properties of the materialsak been found that long time ball milling has
a negative effect on the hydrogen sorption progertif this material, differently from what
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occurs in other cases (e.g. MgHThe causes of such an effect have been invéstigaoth
with long range and short range structural analykiscal crystal structure (EXAFS)
measurements revealed that long time ball milliagses a decrease of interatomic distances
and an increase of local structural disorder, wihictder the hydrogen uptake and hydrogen
release from the material. Annealing treatment®hmen found to be useful for the regain of
the sorption properties of the material for powderiied up to 20 h, but not for samples
milled for very long time (100 h). Lahlias well as other intermetallic alloys, is alredeyng
used as room temperature material for solid stgt#dgen storage in prototype or already
commercial tanks for both vehicular and statiorgpplications. Thus, the results obtained on
the long time ball milled LaNican give a contribution to the preparation proceslwn this
material. In general, especially for large scalecpsses, the opportunity of the ball milling
technique should always be compared with the effetta number of hydrogen
absorption/desorption cycles. For example, as showrmapter 7, the decrepitation of the
material due to few hydrogen sorption cycles cae gesults similar to ball milling.

According to the promising destabilization approatkhe reactive hydride composites (see
subsection 2.3.1of this thesis), the second reported study corscartwo compounds system,
CaH,+MgB,, from which the reactive hydride composite (RHG(BH,),+MgH, can be
synthesised upon hydrogenation. Thus, in this Bystmagnesium hydride, i.e. the binary
hydride with the higher performances obtained upntwsv, and calcium borohydride, a
complex hydride with high theoretical hydrogen din$ave been considered. The effect of
ball milling time on the hydrogen absorption prdjger of the system has been studied, and it
was found that, differently from Lablithe hydrogen absorption and desorption kinetes f
this system improves as milling time increases. padial and total substitution of MgB
with AIB, has been tested in order to improve the systefompeances. The total substitution
has been found to increase the experimental gramemeapacity and to show a higher
reversibility. The reason for this has been disedsslso referring to the existing literature.
Different dopants have been tested to further iwmprthe properties of the CatAlB,
composite. Among the tested additives, the flusedaones have been found to increase
hydrogen desorption kinetics, while no positiveeetfhas been noted on the absorption. In
particular, Nbk has given the best results on the desorption psp@dthough with a delayed
effect on the system. The gas mixture releasedhby5ivt%Nbk-doped system has been
analyzed and no fuel cell corroding or damagingntsgydave been detected. While this
studied RHC system is not yet ready for the appboadue to the still limited reversibility,
low kinetics and high working temperatures, howetee introduction of AlB shows some
interesting effect on improving the propertiestod material. This could give useful elements
for enhancing the performances of high hydrogeraciéyp materials, such as borohydrides
and borohydrides-based RHC.

The third studied material system is a low costypar-based compound, constituted by
manganese oxide, incorporated in a sulfonated-gwyetherketone (S-PEEK) matrix. The
characterization of the samples has shown thateoriocapsulation occurred at different
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levels, depending on the preparation procedure® mteasurements on the hydrogen
absorption properties have shown a capacity of % at temperature of 110 °C, which is
interesting for this type of systems. This value lb@en obtained for the sample with the
highest oxide content, and, in general, the hydraggacity has been found to increase as the
oxide content increases. The interesting prelinyimasults obtained on this system, at not
common conditions for hydrogen physisorption matsyisuggest also the possibility of a
chemical nature of the hydrogen-material interaxtiorhis still makes interesting such a low
cost and versatile system, for which more invettiga are in progress. If a reversible
hydrogen uptake will be proved, this material cooftér a powerful alternative to the room
temperature intermetallic alloys, currently usedsome applications.

As mentioned, as a further contribution to the mapive nature of the scientific work
carried out, a storage system for vehicular purpdses been developed. It consists of a
hydride-based hydrogen storage tank developed wip e city-car prototype. The chosen
hydrogen storage material is a commercial room &atpre intermetallic alloy, analogous to
the studied LaNimaterial, with storage capacity of 1.8 wt%. Theidge has been carried out,
taking into account the issues related to the didbensolid state hydrogen storage material
tank for its coupling with the customer’s fuel callan integrated system. The tests on the
designed and assembled tank have shown the fulfiloiall the customer’s requirements,
and the optimization of the provided space instie dar still allows enlarging the designed
modular tank. During this applicative work, manytical practical aspects had to be faced,
such as the material preparation in larger scdie, thermal effects of the hydrogen
absorption/desorption reactions, as well as théalsility of the testing system from the
applicative point of view, rather than from thathcerning only the characterization of the
hydrogen storage material at larger scales.

Hence, the experimental work carried out duringRh® course and reported in this thesis
shows a heterogeneous study on new potential gpfmmhydrogen storage, a current key
issue for the spread use of the hydrogen basedh ¢enologies. Solid state hydrogen
storage systems have been investigated, with bathrrals science and base research aspects,
but in a view of potential applications, an examplevhich has been already developed and
reported.
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