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Abstract

Hydrogen storage is one of the critical technologies needed on thetqaards
commercialization fomobile applications.In the past few years, a range of new light
weight hydrogen containing material has been discoveredgeibld storageroperties.
Among them,lithium borohydride (LiBH) sodium borohydride (NaB# and calcium
borohydride (Ca(Bk)2) have shown promisingesults to be used as solid state hydrogen

storage material.

In this work, we have determined equilibrium vapor presswéediBH4 NaBH;: and
Ca(BHs)2 obtained by Torsion effusion thermogravimetric methRdsultsor all the three
hydrides exhibited that small fraction of the materials showed congruency, and sublimed
as gaseous compound, but the majority of the material showed incongruent vaporization
Two Knudsen cells of 0.3 and 0.6mm orifice size was employed to measure the total vapor
pressures. AWhitmanMotzfeldt methodis used toextrapolatethe measured vapor

pressures to zero orifice sitecalculatehe equilibrium vapor pressures.

In the case of LiBHwe found that ~2% of the material evaporated congruently (ki#BH
Y L is@)Hccording tahe equationd €0Q jO —————  p8IX 0 T@ ®
and rest as incongruent vaporizatio.itd, B, and hydrogen gas according to the equation
AETQ0 —2— 8 U Y T® 0 With DHevap= 62.475.9 kJ/mol of H,

DSevap= 47.05 13 J/mol of H.K. The NaBH also had somewhat similar behavior, with

~9% congruent evaporatioand equilibrium vapor pressure equationl db C



oX p® and 91% incongruent decomposition to Na and Boron metal, and

hydrogen gas. Thenthalpy of vaporizatiorDHevap= 147.2 6.4kJ/molh andDSevap= 142
°28 kJ/molh.K (550-650K). The Ca(BH). exhibited similar vaporization bewiar with
congruency of ~ 3.2%The decompositionproduct are CaH and Boron metal with
evolution of hydrogen gas varying with the press@guation as & £0Qj 0

8 ¢® X T v L The enthalpy and entropgf vaporization, DHevap=

29.9 3.3kJ/molH, DSevap=49.14° 2.9 J/molH.K (400-650K) respectively More details

of the properties of the vaporization such partial pressures of effusing gases, Gibbs energies
of vaporization, molecular weight of effusing gases, as well as decompgsitidacts,
evaporatiorreactions, thermodynamic modeling of the digmamionation of these three

compounds are discussed in this dissertation.
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1 Research motivation and objectives

1.1 Hydrogen storage, challenges and applications

Hydrogen storage is one of thaitical technologies needed on thetlpaowards
commercialization fomobile applications. Anodern commercially available carth an
efficient combustion enginean cover a range of 400 km using roughly 24 kg (30 liter) of
gavline. To cover thesamerange,it requires8 kg of hydrogengas burnt using a
combustion engin@r 4 kg of hydrogen usingnelectric motor anduel cell [1]. Hydrogen

is therefore a good fuel in terms of mdss not volume At room temperature and
atmosphericpressure, 4 kg of molecular gasz(Hvould occupy a volume of 467,
corresponding to adfloon with a diameter d meter This volume requires significant
compaction in sizéo be practical for use in cars. The volume of gas relative to a typical
car is shown irFigurel-1, where it is possible to see that significant reductions in volume
can be obtained by comgssing, liquefying or solid statgydrogenstoragg1]. Figurel1-2
represents a few astorage materials which arecentlybeingevaluatedby other research
groups It shows gravimetric against volumetric hydrogen storage density. The most
effective material will be one that has the maximum gravimetn@volumetric storage
density. InFigure 1-2, methane shows highest gravimetric hydrogen density of the

compounds.



"H, (200 bar)

Figurel-1: Relative volume required to store 4 kg of hydrogen usasgegus storage at
200 bar, cryogenic liquid, Labils, and MgNiH4, compared to a small cHt].
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160 - J— ’
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Figurel-2: Stored hydrogen per mass and per volytie.

Other materials such as LaNs and BaReld have exceptional volumetric hydrage

densities. However, there areadbacks to these two materiathe hydrogenation of



BaReH is notareversiblereactionand LaNsHs is reversiblebut not within the required
rangeof temperature and presswspecified by DOE Also, theyhave poor gravimetric

storage densities due to the presence of heavy metal fithms

In addition tothe hydrogen density, desorption temperature must also be consfdered
practical applicationFigure 1-3 shows the gravimetric hydrogen storage density against
desorption temperature, together with th&.IDoE targets [2]. For the usdth a fuel cell,

ideally the temperature shidube between 0 and 100%@r practicalvehicularand mobile

applications.
16 Y
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Figure 1-3: Comparison between observed hydrogen capacity and desorption/
decomposition temperature and the 2009 US DoE taj2jets

1.2 Storage of hydrogen as a compresseasg

Three isotopes of hydrogen angdrogen or protium (H), deuterium (D), and the unstable

tritium (T). All theseisotopes of hydrogen form covalent molecules like Bb, and T,



respectively, because of the single electron in the atom. The phase diagram of the hydrogen
molecule His shown irFigurel-4. At low temperatures, hydrogen is a solid with a density

of 70.6 kg-m? at-262°C, and a gas at higher temperes with a density of 0.08@-n

at 0°C and a pressure of 1 bar. Hydrogen is a liquid in a small zone betweadgpld¢hant

critical points with a density of 70.8 kg-hat-253°C[3].

At ambent temperature (298.15 K), hydrogen gas is described by the Van der Waals

equation4]:
0w 88— dB- Equation1-1

where P is the gas pressure, V the volume, T the absolute temperagirtnennumber of
moles andR the gas constant, a is the dipole interaction or repulsion constant, and b is the
volume occupiedy the hydrogen molecules. The reasmnthe low critical temperature

(Tc = 33 K) of the hydrogen is th&rong repulsive interaction between hydrogémms
[4].

| H Metal

Liquid metal

Pressure [bar]

10° 10' 10> RT ¢’ 10' 10° 10°
Temperature [K]

Figurel-4: Primitive phase diagram for hydrog¢a].



Compressed gas cylinders are the most common method of storing hydrogehices
(Toyota Mirai, Hyundai Tucsorcurrently on the markgt due toa wellestablished
technologyin compressing gasses and high pressure cylinder manufacitypigal high
pressure tanks can store up to B@fand to store 4Kg of Ht requires a internal volume

of 225 liters (~60 gallon)State of the arhigh pressure tanks made of carbon fiber
compositesand aluminuntan store up to 600bar and when it is full can store 4%yH
mass In compressing hydrogeméd density of hywbgen increasewith increasing the
pressure bugravimetric densitydeaeases,herefore consequentlhgravimetric density is

sacrificed foimprovedvolumetric densitjd].

Safety is one of the biggest concerns associated with pressurized cylinders since vehicles
are can involve in accidents also the compressioof gassedtself is dangerous and
comgicatedprocessNevertheless, the relatively low volumetric hydrogen density of these

high-pressure gas cylinders is the critical drawback for this technidalB).

1.3 Storage of liquefied lydrogen

Condensation into liquiform or even solid hydrogen is particularly attractive from the
point of view of increasing the mass per volume. The density of liquid hydrogen is 70.8
kgm™ (70.6 kgm™ for solid hydrogen). But the condensation temperature of hydrogen at
1 bar isi 252.7 °C and the vaporization enthalpy at the boiling point is 452'kJ1RgTo
transform gaseous hydrogen into liquidldiarpressure, the gas should be cooled(®

K (-423.17 °F/-252.87 °C) Liquid hydrogen is beingsed as fuel in launching of s

shuttlesbefore[1]. If stored in a closed system, the pressure at standard temperature could



increase dramatically due to vaporizatamasa result liquid hydrogen can only be stored
in an open system like a vessel with free spactanks equippewith pressure release
valve Compared to compression of the gasignificant amount of energy is required to
liquefy hydrogen. Together with the losses of hydrogen threughorationthe net energy
difference limits the range of application of liquigtdnogen due to the overall cos].
Therefore, heat transfer through the container le@@stly to the loss of hydrogefhe
loss of hydrogen in larger containers is less, becagerl containers have a smaller
surface to volume ratio than small containers. A Lockheed militgry aircraft and a
Tupolevsupersonic aircraft have been flowith enginegueledby liquid hydrogen. BMW
havealsobuilt an automated liquitydrogen filling statioras a prototypeand developed
and tested sevalrcars running with hydrogen usistate of the artessels to reduce losses

by evaporatioril].

1.4 Storage of hydrogernvia chemical reaction

Hydrogen is generated through a cleahreaction ofmetals and chemical compounds
with water These reactions are not easilyesible, and if this process to be used
sustainaly in a mobile applicatiorthen the byproducts would need to be removed from

the vehicle and regeneratet piece of sodiunfloating on waterproduceshydrogen is a

good demonstration of this process. Two sodium atoms react with two water molecules to

produce one hydrogen molecule and two sodium hydroxide molecules (N&QHl)

NaBH: + 2H:O Y NAa-BID Equation1-2



This process has a giawetric storage density of 3 Wb. Similar process using Léan
increase thbydrogen storage density 6.3 mass %d] . The main challenge of this storage
method is reversibility of reactions and cohtwbthermal reduction of the metahd as a
result, DOE has a ngo for hydrolysis of NaBk and reaction base hydrogen storage

methodd2].

1.5 Solid state hydrogen storagdarea of interest in the present work)

It is possible to increase the density of hydrogen beyond what can be achieved via
compression or liquefaction throughblid statehydrogen storage. This is possible because

in many hydridetype materials, hydrogen gacked with HH distances as small as 2.1
Angstroms, resulting in hydrogen densities up to 17Q/g,Hvhich istwice greater than

the density ohydrogenin liquid form. The strength othe bondbetween hydrogen and a

host material ranges from weak vam téaalsbonds inphysisorpton of molecular H, to

the strong ionic beding of atomic hydrogef8].

Groups 1, 2and 3 light metalsuch as lithium, mgnesium, boron @naluminum.all are
capalte of forming metahydrogen complexe3heir biggest advantage is thieiw weight
and thehigh number ofhydrogen atoms per metal, which is two in many cdsethese
complex hydrides, the hydrogen is locatedhe corners of a tetrahedretructurewith
boron or aluminum in the centef the unit cell[9]. In this group, theLiBH4 compound
with the highest gravimetric hydrogen storage dersity8 wbo, is a potentiahydrogen

storage material for mobile applicatioh$BH 4 desorbs three of four hydrogen atoms on



heating to 600°C, forming LiH and boron, accounting for thet9owof the hydrogen

released10].

In this dissertationwe limit the scope of our discussion to thos#egories of storage
materials which arehte most relevant aneceived the most atteah from the research
community LiBH4, NaBH; and Ca(BH). have shown promising properties as hydrogen
storage materiallThe main focus of this work is vaper pressureasueements ohiBH 4,

NaBH; and Ca(BH).. Using the vapor pressure results can help us to determine the
thermodynamic properties of these metal borohydrides. These fundamental properties can
help engineers and scientists to better understand the nattine bfydrogen storage

capability of these compounds.



2 Literature review

2.1 Review on hydrides

The term hydride imainlynamed after binary compounds that hydrogen forms wittr othe
elementsHydride compoundssuallyform with mostelemens, except adw noble gases
[6]. Gibb has defined a hydride as a compound in whicketisea metal to hydrogen bond
in the structurg9, 11]. The imporance of this definition i; the nature of thlydrogen
bond(which can beovalent, ionic and metallicDften, for metallic hydrides, the reaction
betweerhydrogen andnetal resultsn arangeof compositios and with propertiethat are
verydifferent from thanitial metal. Although there has been saanguments to whether
such phases are compoundssolid lution, the definition willinclude bothwhether or
not an exat stoichiometric ratioexist. Theremay be a number ofreasons for
nonstoichiometrian metal hydrideslt may be due tdrace impurities in the hydrogen
which can inhibit the uptake dtie hydrogen by the metampuritiesin the metal, or to

incomplete hydridig reactionduring the synthesis of the compouftls].

Hydrogen reacts dtightemperatures with many transition metals and their alloys to form
hydrides. The electropositive elements are the most reagweents toward hydrogen

(i.e. Sc, Y, lanthanides, actinidgs The binary hydrides of the transition metals are
predominantly metallic in character and are usually referred to as metallic hydrides. They
are good conductors, have a migtalor graphitelike appearanceMany of these
compounds(MHp), show large deviations from idestbichiometrign = 1, 2, 3) and can

exist as multiphaser solid solutiorsystemsunder different pressure and temperatiites
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lattice structure isimilar to themetal with hydrogen atoms on the interstitial siseghey

are also called interstitial hydrides. This type of structure is limited to the compositions
MH, MH2, and MH, with the hydrogen atoms octahedral or tetrahedral vacandiethe

metal lattice,or a combination of the twdl'he reaction of hydgen gas with a metal is
called the absorption process and can be described in teamgpbfied onedimensional

potential energy curv@=igure2-1) [3].

300+ ‘
GAS INTERFACE METAL
2H+M
200+
23
3
£ 100+
i‘“. endothermic
3
= activated /\/\/\/\
H,+M
0 l —x
physisorbed /\/\/\/\
chemisorbed exothermic
-100- | |
«—d

Figure2-1: Energy fo desorption of hydrogen to the metal and forming metal hygBide
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2.2 Classification of hydrides

In recent years, the hydrides have bekassified into three main categori@4]:

1. Classical metal hydrides
2. Chemcal hydrides

3. Complex hydrides.

Chemical hydrides, such as ammonia,sNEb.1%), methanol C¥DH (8.9%), and others
can be used to generate hydroges The development of light metal complex hydrides
was shownby Bogdainovic and Schwickadi in 199in which normally nonreversible
hydrides such as NaAlHvere shown to become reversible by the addition of transition
metatbased catalystgl2]. The current focus of research on hydrides is for vehicular
development and complex hydridbsve shown greapotential tosaisfy US DOE

FreedomCAR goalfl2, 13]

Complex hydrides aresually saltlike materials in which hydrogen is bound to the central
atoms covalently In general, complex hydrides have the chemical formuiléy, where
A is occupied by elements of the alkalimedaalkaline earth metals, and iseither B or

Al [14].

The formation of metal hydrides is typically exothermic and hydrogen desorption from the
hydrides can be achieved endothermally urgietablethermodynamic conditiof&5].
Over the years a number of alloys/intermetallics have been designed for a variety of

applicationg16-18]. For mobileand vehiculamapplications, the hydride should possess
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good hydridng/dehydriding properties, optimum kinetics at reasonably low temperatures

(25-100°C)to be used commercial applicatids 12].

Many metal hydrides are stable at ambient conditions, and the exothermic formation
enthalpy fo these compauds reflects the strorgpnding between metal and H atojhg).

Figure2-2, column 1 shows aaverview of the properties of conventional metal hydrides

Conventional Complex Sorbent Chemical
Hydrides Hydrides Systems Hydrides
Ex. LaNiH, Ex.NeAlH, | Ex. MOF-5 Ex. NH;BH,

8.8 |exne #ulh | o
¢, %8 ).x -} C‘ b

bog exine| gl

@=H@®=La@=N | @=H @=A P=Na =H,accessible |(@=H @=N P=8B

surface

General Trends

Hydrogen forms a
metallic bond with
the host metal
atoms

Vol. Capacity

Hydrogen
covalently bonded
as stable
“complex” anions

Physisorption of

sorbent

molecular hydrogen
to high surface area

Hydrogen covalently
bonded in material
& utilized as single

use 'fuel’

Y

Grav. Capacity
Reversibility
Thermodynamics
Kinetics
Efficiency

Conventional Hydrides
Complex Hydrides
Sorbent Systems
Chemical Hydrides

Desorption Enthalpy (AH)

on-board
___[eversible

exothermic 0 endothermic

Figure 2-2: Overview of the properties of the major hydrogen storage materials classes.
Red indicates significant challenges remain towards achieving DOE targets; Green

signifies satisfactory performance; Yellow indicates some improvement is red8jred.

In interstitial hydridesthe crystal structure of the metal does not change upon insertion of
the hydrogen atonExamples of interstitial hydrides inclugalladium hydridePdH, (Vii

Tiit Fe)H2 and LaNsHy (seeTable2-1, reactions 1 and 2). In other cases, a new structural
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type is formed upon hydrogen incorporatidiixamples of these smlled structural

hydrides include Mgkland AlHs (Table2-1, reactions 3 and 9).

For use in automotive applications, however, the gratnmcapacity of conventional
metal hydridess generally too low, or the thermodynamics of H bonding is either too
strong or too weak for easy hydrogaesorption/adsorptior-or example, alane (ABj

has dargegravimetric capacity~10 wt%).Neverthelessdueto a weakbondenergy( H
=5i 8 kJ/mol h), it is not possibleéo directly recharge alane from Al and.Dn the other
hand, Magnesium hydride (Mgk) also has ahigh gravimetric capacity, but the bond
energy of thiscompoundisdo s t r o n g75kJ/mpdl H)7regbiting ~290 °C to desorb
H> at 0.1 MPa. Mtal hydrides with more moderab®nd energies, such asnadium
hydride,VH2 and LaNiHx, havedecenthermodynamicé qoH 1433)/nol H,Table2-1),

but have limited gravimetric densitigg.
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Table2-1: Summary of thermodynamic and theoretical capacity data thoggn storage

reactions of selectadetal hydridesftom [8] and therein references)

Rxn g Hz/L
no. Reaction Wit% Ha (ideal) (ideal) Reversible? AHq.. ASges
1 LaNisHg s == LaNis + 3.25H-> 1.5 100 Y 30.8 108
2 VossTig FeposH2z == VoasTipFepes + Ha 3.7 ~ 1707 Y 43.2 140
3 MgH: == Mg + Ha 7.7 109 Y 62.3" 65.8-75.2 131°
42 NaAlH, = [/3Na;AlH; + 2/3A1 + H.* 3.7 52 Y 37
4b Na;AlHg == 3NaH + Al + 1.5H," 1.9 43 Y 47
5 Mg(NH,), + 2LiH = Li;Mg(NH), + 2H, 5.6 66 Y 38.9-44.1, 48"
6 LiBH; == LiH + B + 3/2H; 13.9 93 Y/ 628" 67, 74 115, 103"
6a  12LiBH; = Li,B,,H;» + 10LiH + 13H,  10.0 33 444 97"
6b Li-B-Hy> == 2LiH + 12B + 5H; 6.5 60 117 1207
7 2LiBH4 + MgH; == MgB, + 2LiH + 4H; 11.6 96 Y 504, 41 108"
8 LisBN;H;g == LizBN: + LiNH» + 4H, 8.9 (=10)'" 88 N 12.8" m*
9 AlH; = Al + 3/2H, 10 148 N 46”78
10a  NHBH; = [NH,BH.], + H, 6.5 96 N 6217
10b  [NH,BH,], = [NHBH], + H, 7.0 (10a + 10b) N —40% —(23.9-15.4)
11 MOF-17T:H, = MOF-177 + H," 7.5 (surface excess) 49 Y 4.4

11 (absolute, (absolute)

incl. Ha gas)
12 MOF-5:H; == MOF-5 + Hy" 7.1 (surface excess) 66 Y 38

10 {absolute, (absolute)

incl. H, gas)

“ Includes Ti dopant. * Calculated. © 7 = 77 K, P = 7 MPa. ¢ Using moderate temperatures and H. pressures (7 < 300 °C; P -
¢ Based on VHa. / 15.5 MPa, 873 K.

2.3 Complex hydrides:

Groups 1, 2, and 3 light metals such as lithium, magnesium, boron and aluraloog,

with nitrogen, all are capable of forming a number of misyalrogen complexg0-22].
Thesecompoundsre interesting because of their low weightl the number of hydrogen
atomper nretal The main difference between these complex hydrides and metallic hydrides

is a transition to ionic and covalent bonding of the absorbed hydrogen.

Light elements and more covalent hydrides, such as BlHz and NH have high energy
densities but they dempose to very stable elements, B, Al andwhich are very difficult
to refuel with hydrogerfor on board advehicleapplication All three compounds readily

react with ionic hydrides, e.g. alkali MH, forming LiBHNaAlHs and LiNH. This class
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of mateial contains stable solids, which aeasierto work with and consist of an
electropositive counter ion and a coordination complex where hydrogen is covalently
bonded, i.e. [BH", [AIH4]" and [NH]' [23]. In these complex hydrides, the hydrogen is
often located in the corners of a tetrahedron with boron or aluminum in the center. The
negative charge of the anion, [BHand [AlH4], is compensated by a cation metal, e.g. Li

or Na the hydride complexes of borane, the borohydrides MYBid tetrahydroaluinates
M(AIH 4) are interesting storage materials. They have stable compositiateeochpose

only at elevated temperaturfy. Bogdanovic et al[24] showeddesorptioradsorption
isotherms for NaAlH at temperatures of 180°C and 210°C. NaA#dsorbs and desorbs

hydrogen up to 4.2 mass%hey proposed twatep reaction for decomposition of NaAlH

as follow:
3NaAlHs Y NAHe+ 2Al + 3H, (3.7 wt%) Equation2-1
NasAlHeY 3 NaH + ABOwW%)3/ 2 H Equation2-2

And the enthalpy for tle dissociation reaction was determined to be 37 k3.mod 47

kJ/molfor the first and second dissociation reactions respectj2ély

The structures of monmetallic borohydrides range from ionicdomplexstructures, e.g.
Mg(BH4)2 and Ca(BH)2, and molecular structures, e.g. Al(Bkland Zr(BH)a, show
increasing degrees of directionalitydacovalencyn the bonding23]. Table2-2 lists some
of the important complex hydrides and theydrogen storage capacif5] (please notice

the capacity of commercially available compounds)
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Table2-2: Selected complex hydrides [25]

Hydride Wt % Availability or Syn. Reference
LiAIH4 10.5 Commercially Available

LiBH, 18.2 Commercially Available
Al(BHa)3 20.0 J. Am. Chem Soc.,75, 209 (1953)
LiAIH(BH4), 15.2 | British Patents 840,572 and 863,491
Mg(AlHz), 9.3 Inorg. Chem., 9, 325 (1970)
Mg(BHa)> 14.8 Inorg. Chem., 11, 929 (1972)
Ca(AlHq), 1.7 J. Inorg. Nucl. Chem., 1, 317 (1955)
Ca(BH4)2 11.4 | Synthetic procedure to be developed
NaAlH, 75 Commercially Available
NaBH, 10.5 Commercially Available
Ti(BH4)3 12.9 | J. Am. Chem Soc., 71, 2488 (1949)
Ti(AlH4)4 9.3 Synthetic procedure to be developed
Zr(BHa)s 8.8 J. Am. Chem Soc., 71, 2488 (1949)
Fe(BH,)s 11.9 | Synthetic procedure to be developed

In general, brohydrides haveery high available hydrogen masstBat meet the current

U.S. Department of Energy targets. Amides have reaction kinetics and hydrogen
gravimetric capacityhich both approach practical viability. However, all of the complex
hydrides currently have practical limitions that must be overcome. Alanates have
insufficient reversible capacity whereabprohydrides suffer from slow kinetics and
amides are by both capacity and kinetic limitations as well as undesirable evolution of

ammonig26].
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2.4 Metal Borohydrides

Alkali and alkaliearth metal brohydrides are ionic, with the anionic [BH4jroup
countered by an adti metalcation in a 1:1 ratioBorohydrides, or tetrahydroboratesso
have benthe subject of numerous stedidue to their use aseagent in the reduction of
organic compounds. The borohydride creates invariabalentbonds through a three
centertwo eledron bridging hydrogen in monodentate, bidentate and tatkemanner, as
shown inFigure2-3. The simplest known boron hydrogen anion is borohydride iong[BH

Borohydrides can make covalent complexes with transition metals.

H
P H
M—H— B ~-H ) \ / M e B —H

» ~u N, N, ¥

Monodentate coordination Bidentate coordination Tridentate coordination

Figure2-3: Borohydride bonding configuratid@7]

Covalent borohydrids can often be synthesizedereby substitution of the [BH4jroup

occurs with a halide ion.
MClh+ nABH. Y M ( 8.H nACI Equation2-3

Interest in borohydrideas hydrogen storageparkedafter Grochalaet al published a
summary of gravimetric storage densitie2004[28]. Complex hydrides in the form of
borohydrideshave the potentiabtsatisfy many of the demands, notably high gravimetric

and volumetric storageapacitiesWith such a large number of different borohydrides there
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are some that satisfy more criteria than others. Some borohydaddse used abom
temperaturewhile others have decompogih temperatures above 300{29]. Many
borohydrides have been successfully sysitedl, as summarized figure 2-4 and it

shows most of the metals can form borohyeliegdmplexe$27].

H He
Li | Be B |C |[N |O |F |Ne
Na | Mg Al |S1 |P |S |Cl| As

K |Ca [S¢e |Ti |V |[Cr |Mn|Fe |Co|Ni|Cu |Zn |Ga|Ge|As|Se |Br|Kr

BRb|Sr |Y [Zr |[Nb |[Mo (Te |Ru |Rh |Pd |Ag |Cd |In |[Sn [Sh |[Te|I | Xe

Cs |Ba |La |Hf [Ta |W |(Re [Os [Ir [Pt |Au |Hg [Tl [Pb |Bi |Po | At|Rn

i =]

Ce |Pr |Nd |Pm [Sm [Eu |Gd |[Tb |Dy |Ho |Er |Tm |Yb |Lu

Th ([Pa |U (Np |Pu |Am |Cm |Bk [Cf |Es |[Fm |Md |No |Lr

Figure2-4: The periodic table of elements, with known borohydrideglexesshown in
green[27].

Four general methods are used forgihesisof metal borohydrides:

|.  addition of diborane, B1e, to metal hydrides
[I.  reaction of BHe with metal alkyls or metal alkoxides
lll.  reaction of metal hydrides with boron compounds
IV. exchange reaction between metal borohydrides and other metals salts, mostly

halides.
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In complex hydrides, such as metal borohydrides, hydrogen gravimetric and volumetric
densities can reach as high as 18.4 wt % and 102°Kg/m, in LiBHs), but the strong
bondsfor hydrogen in these materiale not allow complex hydrides to desorb hydrogen

at ambient conditionsfiectively. Also, diring the decomposition process intedrate
phases are formed that prevent these materials from storing hydrogen reaerdilotyits

their application as storagéenerallythe decomposition of metal borohydrides M(BH
proceeds in two different pathways depending on whether a stable binary hydride (i.e.,

MHy) or elemental metal (M) is the final prodwetnot These arg30]:

MBHs)Y M + nBz + (2n)H Equation2-4

M(BH4)nY  MHF nB + (2nx/2)H; Equation2-5

Usually, the decompositiorprocess in M(BH)n is accompanied by the formation of an
intermediate compound. For erple, early studies by Orimo et. §6], using Raman
Spectroscopyidentified dodecaborane, {B12]* | as a dominant intermediate phase and

proposed the following hydriding (dehydriding) process:
LiBH4Y 1/ 3B2H:4+i5/6 LiH + 13/12 H+ B + 32H: Equation2-6

P. Jenna et a[30] hasstudied thestability of potential intermediate phases containing
BsH8' andBi2H12? Tionsproduced during the decomposition of Na@Hvg(BHa)2, and
Y(BH4)3 using DFT. They found that while N&Bi2Hi» is the most stablespecies
borohydride and intermediate N phase, the results adissimilar for Mg and Y
borohydrides. Thereferred intermediate phase during the decompositidtgéBHa)2 is
Mg(BsHs)2, while both Y(BHs)s and Y2(BizHi2)3 could be found in the intermediate

products ofY(BH4)3. Konoplev and Bakuling31] showed that the decomposition of
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Mg(BH4)2 was a twestep process where the Mg(BkHdecomposes to MgHwith the
evolution of hydrogen in the first step and the subsequent decompositionMdgthmto

Mg and B accompanied by additional hydrogen release.

Mg(BHs)2 Y Mg@g#H2B+3HY Mg + 2B + H Equation2-7

Mg(BHs)2Y M@g#H2B+3HY MgB4H, Equation2-8

Results of a study by Chlopek et al. [32] basegimultaneous TGA, DSC and MS show
that the thermal decomposition of Mg(Btlproceeds via four or more endothermic steps
with Mg, MgB, and MgB; found as decomposition products degi@g ontemperature. Li

et al. [32] had initially proposed from their TG and PCT measurements asasel
theoretical studies that fdg(BHa)2 an intermediate product dgB12H12> was a possible
intermediate product in the multistep decomposition of Mg{Bts shown in the

equations (39):

Mg(BH4)2Y 5/ 6 M@/6IMgBH12+13/6HY M@H2B+3HY Mg + 2B +

Equation2-9

4 H
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2.4.1 Lithium Borohydride LiBH 4

Lithium tetrahydroborate, LiBE is an important energy material with a range of
significant properties. As a potential hydrogen storage material, it is the lightest of the
tetrahydroboratewith volumetric and gravimetric hydrogen densities of 121 kg3ind

18.5 mass% respective[$3]. LiBH4 is saltlike and sensitive to moisturend not to
oxygen, which is a crystalline material with melting point at 2Z%r 278°C and desities

0.681 or 0.6@)cm' 3 at 25°C.

Currently, LiBH: is one of the main candidates for vehicular hydrogen storage application
because of its high gravimetric and volumetric hydrogen capacity of 18.5 wt % and a 121
kg Hz m? respectively[10]. The crystal structure of LiBHat room temperature is
orthorhombic with space group of Pnma. As the temperature is increase up to 408K, the
structure undergoes ghasetransition and becomes hexagonal with the space grbup o
P63mc[34]. It is found that upon increasing temperature, hydrogen releases in several
reaction steps and temperature regifd€s 3538]. The low temperaturansformation

from the orthorhombic phase liberates only 0.3 wt%arbgdn. The high temperature phase
liberaes up to 13.5 wt% of hydrogen which is ab8uhol of H per LiBH. A total of 4.5

wt% of the hydrogen remains as LiH in the decomposition prdd0¢t36] Desorption

of hydrogen results in LiH and solid B Due t o st ab%40.7kJ, itso f Lit
desorption proceeds at temperatures above 1000K and therefore not usually assessable in
practical application$35]. Orimo et al.[39] studied the decomposition of LiBHiISing

XRD and observed the diffraction peak corresponding to LiH at {88K Reaction 210
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has been reported to be the pathway for hleemal decomposition of pure LiBkt high

temperature.

LiBH4(s)= LiH(s)+ Bs) + 3/2 H (g) Equation2-10

Xia et al.[33] stwlied the desorptionof LiBFHusi ng PCT i sot her ms.

60.76 kdmol Hz and 91.21J¥mol? H, according to the Van Hoff equati¢#0]. Zhang
et al.[41] showed that the thermal stability of LiBldan be reduced by the addition of
SrH: as catalyst for decomposition The desorption enthalpy change for LiBStH,

system is 48kJ.mdlIH., which is reduced by 26kJ.mbH, compared to pure LiBH

In 1940, Schlesinger at. synthesized LiBkby the reaction of ethyl lithium with diborane
(B2He). The direct reaction (EQ-11) of LiH with diborane under suitable conditions can
synthesize LiBH[42]

LiH + 1/2B2He = LiBH4 Equation2-11

Direct synthesis from the Li,,Band hydrogen (Eq-12) at 550 700°C has been reported
for LiBH4. The reaction kinetics can be enhanced by forming a binary daBipound
(e.g., LiBs, LiB3, and LiB, et.)[33, 43]

Li+B+2H2Y LiBH4 Equation2-12

Cakanyildrim et al studied the formation of LiBHsing mechanical milling of LiH and B

and showed the formation of LiBtdnder H atmospher44].

Soulie et al[34] studied the structure of tHew temperature orthorhombic (0BH 4)

phase and the high temperaihexagonal @iBH 4) phaseAt room temperature-iBH 4

T h e
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phase has an orthorhombic structure amth&space group with cell dimensions a=

7.17858 A°, b= 4.43686 A° and c= 6.80321 A° at 293¢ 45]

Figure2-5 shows that in orthorhombic LiBHetrahedral onions ([BH3]are aligned along
the two orthogonal directions and are heavily distorted with respect to bond lergth (B

1.041.28 A) and bondragle (HB-H 85.1-120.1°)[34, 45]

b)
Figure2-5: Crystal structure of LiBHphases: Pnma (a), P63mc [84].

At 381K, LiBH4 undergoes a structural phase transition to a hexagonal superionic phase
with a Li* ionic conductivity of the order of 10S.cm®. The crystal structure and, in
particular, the endemic disorder in LiBHre the maincomponents of these diverse

propertiesThis transformatioms a reconstructive ordelisorder transformatiof46].

The thermal hydrogen desorption from LiBl#berates the four hydrogen in the compound
upon melting at 280 °C and decomposes into LiH and B. the #helesorption spectrum
(Figure 2-6) exhibits four endothermic peaks. The peaks are attributed to polymorphic
transformation around 110 °C, melting at 280 °C, the hydrogen desorption and when three
of the four hydrogen are desorb&t680 °C. The calculated enthalgdi=-177.4 kJ/mol

H2 and entropygB=-238.7 J¥'mol* H, of decomposition are naompatiblewith the

valuesmeasuredrom indirect measurement$ the stability. Alsgthe value of the entropy
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is too high and cannot lexplained, because the standard entropy for hydrogen is 130 JK
mol* H,. Additives to tetrahydroborates, e.g. Si€anlower the hydrogen desorption
temperature for LiBk by approximately 100K, which can be explairesztording to a

catalytic effect and rna destabilization of the compl¢29].

TheDTA of LiBH4 at very low heating rate (0.5 K/min) exhibits three distinct desorption
peaks Figure2-7). It showsthat the desorption mechamsnvolves several steps due to

formation of intermediate produsct

TIK]

Figure 2-6: Integrated thermal desorption spectra for LiBhkeasured at various heating

rates (values in figure in K/min29].

Figure2-7 summarizes the energy levels for the hydrogen desorption reaction of LiBH
considering the enthalpy of the reactants. The most stable state ig iniBHe low
temperaturestructure Pnma, which is transformed into the high temperature modification
P63mc at 391 K, followed by melting at around 280 @onsequentlydesoption of

hydrogen is observedesulting in LiH and solid BDue to the high stability of LiHgHs=



25

-90.7 kJ), its desorption proceeds at temperature above 1000K and is therefore not usually

accessible in technical applicatid@$].

A

AH| Li B, 2H,

AHO
-194.15 kJ

H_
P
LiH

—
Pnma

BH,

418 iy |_|BH
v LIBH4\T

Li, B, 2H,
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90.73 kJ

LiH, 1/, B,H,

f\S - f92.JK‘

AH
17.8 kJ

‘_

LiH + B + 3/, H,

.‘ y
AH
91.68 kJ

756%) LIBH4

P&,mec

A,
103.42 kJ

Figure2-7: Schematic enthalpy diagram of the phases and intermediate products of LiBH

[35].

Orimo et. al[38] studied the decomposition of LiBtnd concluded that LiBistarts to

change into an intermediate compound at thgptrature range over 700 K. Although the

compound does not show longnge ordering for th&KRD measurement, the local

atomistic structure can be investigated by the laser Raman spectroscopy. The Rama

spectroscopy result§igure2-8) showed thathe B H stretching moes appear at higher

frequencies whildBi H bending modes have lower frequencies as compared to those of

LiBH4, while These features are fairly consistesith the theoretical calculation on the

monoclinic LbBi2H1z, consisting of Li and [BizH12] ions, as a possible intermediate

compound of LiBH.
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Figure2-8: ( a) C aphooan made feduenties oi,B12H12 and (b) laser Raman
spectra of LiBH [38].

Zhang et. al.[47] reported he dehydrogenatioréhydrogenation properties of a new

reactive system LiBHSrH; Figure2-9gi ves t he vanotdsdS3dbdystempl ot o
by using the dehydrogenation equilibrium pressures at 4.0 wt.8&ccording to the

equation shown ifrigure2-9, the enthalpy and entropy changes for the dehydrogenation

of the LiBH4/SrH. systemcalculated ag8 kJ/mol H and 82 J/(mol K) K respectively.

The @S value her e itgpical \aluechoe1l30 JAmof K) ifor mastt f r o m
metal hydrides whiclean be mainly attributed to the higher entropy of LiBRan LiH,

and the | ower @S v al ueiumvdehytirogenationutdmperaiure. a h i
For the LiBHY/SrH, system, extrapolain of the linear behavior shovim Figure2-9 gives

the T(0.1 MPa) value of 582 K. Compared with the pure LiBke addition of Srkllowers
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the enthalpy change ofetydrogenation by 26 kJ/moloHHence, the stability of the
LiBH 4/SrH, system decreasesnsiderably

-8.2
8.4
8.6 Ink =-7707.9/T + 1.8779
. -8.8
= 9.0

1.30 1.35

1.40

145 1.50
1000/T (K1)

Figure2-9: V a n 0 t ploHfar thé dehydrogenation of the LiBtSrH, system
2.4.2 Sodium Borohydride NaBH

Sodium tetrahydroborate (NaB}i shortly called sodium borohydride, is widely used as

reducing agent in industrial and laboratory applicat[dB8s50]. Due to its large volumetric
(115kg of B m®) and gravimetric (10.7 mass%) hydrogeapacity NaBH: has a high

potential to be used as as hydrogen storage material for mobile appli¢3&ipns

Two processes for manufacturiNgBHs have been commercialized. Probably ¢lasiest

oneis borate method, where methyl borate reacts with sodium hydride in mineral oil (Eq.
3-13). This reation does not require higbressure but occurs at 2280 °C, to melt and

the intermediate Na[HB(Bs)]. Dissolution of reaction mixture in water and extraction

with isopropyl amine gives the dyhydrate that can be dissolved by heating vacuum to give
pure NaBH [42].
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4NaBH; + B(OCHs)s = NaBH; + 3NaOCH Equation2-13

The borosilicate process déoped by Bayer (Eq3-14) uses less expensive boron

compounds but requires higher temperaturei(800 °C) and hydrogen pressure.
(Na&B4O7 + 7 SIQ) + 16 Na + 8 H=4 NaBH: + 7 NaSiOs Equation2-14

Due to thepotential use of NaBHfor hydrogenstorageby catalytic hydrolysis, its
regeneration from the borate NaB@ being studied intensivelyhe use of calcium

hydride (Eq.3-15) for this purpose is the most favolalapproach42].
NaBQ; + 2 Cakk = NaBH; + 2 CaO Equation2-15

Extensive studies have been undertaken on the use of Nald hydrogen storage
material. Most of these studies focused on hydrogen release via catalyzed hydrolysis of
NaBH; [51-54] However due to the formation of stable NaB®at cannot be recycled
efficiently, DOE recently recommended a-go for NaBH hydrolysis as a hydrogen
source for vehiculaapplicationg2, 55]. An alternative method to release the hydrogen
from NaBH; is by thermal decomposition intoeHB and Na (or IdH). However, like most

alkali borohydrides, NaBHis thermodynamically very stable (standard enthalpy of
formationcqaH°=-188.6 kJ per mol NaBHand entropy of formation S°=101.3 fiper mol

NaBHs) [55].

NaBH;s crystallizes in three different polymorphs. At ambient conditions (STP), the cubic
Uphasethe b-phase exists at low temperature, while dghghase is only observed in high
temperature. Thermodynamic stabiligetermined by calculating the enthalpy of

formation,qaH°=-245.5 kJ per mol of NaBHormed at OK, a value that becom&40.73
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kJ per mol by including the zeqmint energy contributio of Na, UB, Hz, andNaBH..
The heat of formation is calculated as the difference between the total electric energy of
NaBHs and the pure phase of Na (bdzB (rhombohedrg| and hydrogen gas, according

to the following reactiof56]:
Nags) + U-B(s) + 2Hzg) = NaBHus) Equation2-16

Pressure concentration isotherms in the temperature range of 600 to 700 °C are measured
during thedecompositiorof NaBHs. Each isotherm displays a single plateau, indicative

a onestep reactionHigure2-10).

Pressure [bar]

-
il
1
1

— 700°C
—650°C
——600°C

Flow=2sccm | Flow=1sccm | Flow=0.5sccm

Mass % of Hp

Figure2-10: PCT isotherms measured at a constant hydrogen flow of 2 (a), 1 (b) and 0.5
(c) c? (STP) mint [56].

For agiven temperature the plateau pressure depends on the applied hydrogen flow and
increases with a decreaseflow, demonstratinghat the kinetic of the material is slow. If
In(PsedPo) is plotted as a function of hydrogen flow, a straight line can b=lfib the

measured points and the plateau pressure is extrapolated to equilibrium pregsoatce



30

at zero flow. Extrapolatioresultsaret s ed as equi |l i bri ushowanodt F
in Figure2-11, in which filled symbols correspond to the measured plateau pressures and

open symbols to the extrapolated values lie in straight line.

Temperature (°C)

700 650 600 550
3.0 T T T T T T T
extrapolation to
2.5 A
equilibrium (flow = 0 sccm) 10
1 flow = 0.5 sccm ]
2.0 flow = 1 sccm |
—_ flow = 2 sccm 1%
o 1€
g 1.5 ;
e ’
£ 14
1.0- 1£
0.54
0.0 —
1 T T T T T T T T .
1.05 1.10 1.15 1.20 1.25

1000/T (K")

Figure2-11:  V a n @lot of the pglateau pressures for desorption of NaBH(Ps/Po)

is plotted as a function of the inverses temperatureThi@ cross bar reflects the error bars

[56].

Applying the Vanot Hof f e ( tha teactiom are fouhde e nt
oqH=108t3 kJ per mol HandppS = 13 3 N3 J / KrespeetivelynTodse valdies H

are used to calculatbe decomposition temperature for NaBHdec= o H# 586+ 10

°C as can be seenhigure2-11. Furthermore Martelli et a]56] have studied the stability

and decomposition of NaBHand reported that the compound decomposes in one step

(unlike othe complex metals hydrides) to Na and an unidentified boron rich pb@lsén
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their reportno further report was made on identification of the composition of the boron

rich phases and reversibility of the hydrogen desorptiasreported

Figure 2-12. X-ray diffraction pattern of the two products after desorption. The filled
symbols represent the detected peaks and the empty symbols the upleadsrand the
empty symbols the lmown peak$56].

Martelli et al[56] studied the stability and hydrogen decomposition of Na@bl PCT
isotherms under constant hydrogows. Using Van Hoff equation, the enthalpy and
entropy of the reaction are abei©08kJ/mol of Hand 133 J/K per mol of Hespectively.

They found that the decomposition occurs in one step due to one plateau observed in
isotherns. Also elemental Nanal a Bor boronrrich secondary phase was identified in the
residue by Xray diffraction and no NaH was observed. Brocks ef54l] proposed a
possible scenario for decomposition of NaBusing DFT calculations. [Bif lons
decompose into thnd BH molecules. The Hons remain in the lattice, locally ceerting

NaBH: into NaH. This sbstitutionprobablyoccurs at the surface of NaBkleasingBHa.





































































































































































































































































































































































