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METHACRYLATE. THESIS ADVISOR : ASST. PROF. RAPEE
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COMPOSITE/ THERMAL STABILITY/ POLYMER- LiBH4 INTERACTION

In this thesis, nanoconfinement of LiBH4 in poly (methyl methacrylate)-co-
butyl methacrylate (PcB) compositing with multi-walled carbon nanotube (MWCNT),
denoted as nano LiBH4-PcB-MWCNT, was hypothesized not only to improve thermal
stability of polymer host, but also to reduce LiBH4/PcB interaction. As compared to
nanoconfined sample without MWCNT, thermal stability of polymer matrix was
significantly improved by MWCNT addition, for example, the total amount of gases
release due to thermal degradation from PcB in nanoconfined samples reduces by 86%
after doping with 0.1 wt. % of MWCNT. The reduction of LiBH4/PcB interaction is
confirmed by the ratio of B—H stretching peak area with respect to that of C=0
stretching (v(B—H)/v(C=0)) of FT-IR spectra. It is found that v(B-H)/v(C=0) ratio
significantly increases up to 78%. This is in agreement with B 1s XPS results, where
the relative amount of BxOy (x/y=3) to LiBH4 decreases after MWCNT doping. For
dehydrogenation kinetics, comparable amounts of H. released were obtained from both
nanoconfined samples in the 1% cycle, i.e., 6.7 and 6.6 wt. % H> with respect to LiBHa
content from nano LiBHs—PcB and nano LiBH4+—PcB-MWCNT, respectively. The slow
kinetics observed in nano LiBH4s—PcB—-MWCNT might be due to the random dispersion

of MWCNT in PcB hindering the diffusion of Hz in the polymer matrix. After
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rehydrogenation at 120 °C under 60 bar Hz, nano LiBHs~PcB-MWCNT exhibits the
amount of hydrogen reproducibility in the 2" cycle of 37.3% with respect to theoretical

hydrogen capacity, which is higher than that of nano LiBHs—PcB (20.0%).
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CHAPTER I

INTRODUCTION

1.1 Hydrogen energy

With global warming and decrease of fossil fuel, several attempts to investigate an
alternative clean and renewable energy are of interest. Hydrogen has attracted a great deal
of attention as a clean fuel for mobile and stationary applications because it can be used in
a fuel cell, producing energy free of any pollutant by—products. Hydrogen can be produced
in a sustainable way from water using solar, wind, nuclear energy, and also from biomass.
The replacement of gasoline fuelled combustion engines for transportation with hydrogen
fuel cell vehicles will significantly reduce both oil demand and air pollution. Hydrogen-
fuel cell cars are currently the focus of intense research and development activity
worldwide and are expected to reach commercial applications in 2015 (Tollefson, 2010).

Figure 1.1 shows a typical hydrogen cycle consisting of three major steps, which
are hydrogen production from renewable energy sources (solar), storage of hydrogen, and
its use in fuel cell to produce energy. Each of these steps is associated with significant
technical challenges that must be solved before the benefits of using hydrogen as an energy

carrier can be fully realized.



storage

sun

energy

electrolysis
2H,0 — 2H, + O,

Figure 1.1 Hydrogen cycle (Zdttel et al., 2008).

The energy from sunlight is converted into electricity by solar cells. The electricity
is used to split water into hydrogen and oxygen. The oxygen is released in the atmosphere
while the hydrogen is transported, stored, and distributed to fuel cell. Finally, hydrogen
and oxygen from air are reacted electrochemically in a fuel cell to produce electricity and

heat giving water as the by product (Figure 1.1).

1.2 Hydrogen fuel cells

Fuel cells are promising technology for use as a source of heat and electricity for
buildings, and as an electrical power source for electric motors propelling vehicles. A
proton exchange membrane fuel cell (PEMFC) is an electrochemical cell that is fed with
hydrogen, which is oxidized at the anode, and oxygen that is reduced at the cathode. The
protons released during the oxidation of hydrogen are conducted through the proton
exchange membrane to the cathode. Since the membrane is not electrically conductive, the

electrons released from hydrogen travel to the electrical circuit and an electrical current is



generated. These reactions and pathways are shown schematically in Figure 1.2.

Membrane
Electrode
Assembly (MEA)

Electrode —r—b

I Cathode

Proton Exchange
Membrane (PEM)
Catalyst Layer

Gas Diffusion Layer (GDL)

Gas Channel Current Collector

Figure 1.2 Schematic draw of a single proton exchange membrane fuel cell (Litster and

McLean, 2004).

The PEM fuel cell is consisted of gas diffusion layer (GDL), catalyst layers, and
proton exchange membrane. The membrane electrode assembly (MEA) is typically
sandwiched by two flow field plates that are often mirrored to make a bipolar plate when
cells are stacked in series for greater voltages. Typically, these components are fabricated
individually and then pressed together at high temperatures and pressures (Litster and
McLean, 2004). From Figure 1.2, the hydrogen gas flows to the anode and dissociate to
proton and electron:

2H; — AH* + de (1)

Afterwards, protons pass through the membrane to the cathode, while electrons



travel through an external circuit to the cathode. The flow of electrons through this circuit
creates the electricity. Oxygen gas, usually drawn from the outside air, flows to the cathode

and react with proton and electron to form water as this reaction:
O2 +4H" + 4e — 2HO + Heat 2

Overall reaction:

2H+ 02 —»  2H.0+ Heat 3)
The potential power generated by a fuel cell stack depends on the number and size
of the individual fuel cell that comprise the stack and the surface area of the PEM.
Therefore, to run fuel cell stacks efficiently, hydrogen storage materials with high capacity

IS required.

1.3 Hydrogen storage

Another crucial challenge facing the wide spread use of hydrogen as a fuel
especially for mobile applications is how to store hydrogen on-board in an efficient, safe
and cost effective way (Schlapbach and Zuttel, 2001). For hydrogen storage systems,
current options include storing hydrogen in its liquid form, as a compressed gas, and solid—
state hydrogen storage. The comparison of three major competing technologies for

hydrogen storage is shown in Table 1.



Table 1 Comparison of three major competing technologies for hydrogen storage. (Varin

et al., 2009)
Volumetric
Storage systems hydrogen capacity Drawbacks
(kgH2 m®)
Compressed hydrogen Safety problem due to enormous
gas under pressure 80 pressures; cost of pressurization;
MPa 36.0 large pressure drop during use;
hydrogen embrittlement of storage
tanks
Liquid hydrogen at Large thermal losses (open system);
cryogenic tank at 21 K 70.8 safety; cost of liquefaction
(252 °C)
Solid-state hydrides 80.0 - 160.0 None of the above

Liquid hydrogen is stored in cryogenic tanks at 21.2 K and ambient pressure.
Because of the low critical temperature of hydrogen (33 K), liquid hydrogen can only be
stored in a closed system. The volumetric density of liquid hydrogen is 70.8 kg m=. This
system has major drawbacks such as a big cost of liquefaction, safety issues associated
with the handling of cryogenic liquids and the problem of evaporative loss (Varin et al.,
2009).

For compressed gas storage, high pressure gas cylinders have a maximum pressure
of 20 MPa. New light weight composite cylinders have been developed and they can
support pressure up to 80 MPa. Hydrogen reaches a volumetric density of 36 kg m=,
approximately half as much as in its liquid state (Zuttel et al., 2003). The safety of
pressurized cylinders is an important issue of concern. Furthermore, the cost of
compression and large pressure drop during use are considered as the main obstacles for
practical uses of this system. In addition, because most of the system parts exposed to
hydrogen are metallic, hydrogen embrittlement of storage tanks is also a concern.

The highest volumetric densities of hydrogen are found in solid—state hydrogen



storages. The use of solid absorbers such as metallic hydrides is intrinsically safe and has
a volumetric capacity (80160 kg m=) higher than liquid hydrogen and compressed gas.
However, the gravimetric capacity, i.e. the weight of the stored hydrogen related to that of
retaining material, is low. Moreover, it is necessary to have materials that can easily release
and uptake hydrogen under acceptable pressure and temperature conditions. On the basis
of solid state hydrogen storage, hydrogen can be stored in following two different routes.
The first one is based on the chemical absorption of atomic hydrogen in simple or complex
light metallic hydrides, while the second one relies on the adsorption of molecular
hydrogen on high surface area materials (Principi et al., 2009).

The American Department of Energy (DOE) presented several requirements for an
on-board hydrogen storage system. To obtain an easy and safe system, a low operating
temperature and pressure system is desired. The requirements for effective on-board
hydrogen storage are:

) favorable thermodynamics of hydrogen absorption and desorption,

i) fast re/dehydrogenation kinetics,

iii) high storage capacity (> 9 wt. %H> by 2015),

iv) effective heat transfer,

V) high volumetric densities,

Vi) long cycle lifetime for hydrogen absorption/desorption,

vii)  high mechanical strength and durability,

viii)  high safety under the conditions used,

iX) cheap components and materials.

According to the US-DOE targets for a hydrogen storage system, several research

groups have focused on the solid-state hydrides, due to their high hydrogen storage



capacity. Nevertheless, there are still a lot of barriers that need to be overcome, because
almost metallic or complex hydrides have high hydrogen de/absorption temperatures and
poor kinetics of hydrogen exchange reactions. Moreover, some of them can release toxic
gases during the dehydrogenation process. Therefore, the development of solid-state

hydrides for on— board application is still in progress.



CHAPTER 11

LITERATURE REVIEW

2.1 Lithium borohydride (LiBHa)

Among various solid—state hydrogen storage materials (e.g., metal hydrides,
complex metal hydrides, nanocarbon materials, and metal organic frame—works), lithium
borohydride (LiBH4) is one of the most attractive complex hydrides for reversible
hydrogen storage, due to its high hydrogen storage capacity and hydrogen density of 18.5
wt. % H and 121 kg H, m=, respectively. The structure of LiBHa is orthorhombic at room
temperature (Harris et al., 1947). Each [BH4] ~anion is surrounded by four Li* cations and
vice versa for Li*, where both ions are in tetrahedral configurations (Li et al., 2011) (Figure

2.1).

b

Figure 2.1 Crystal structure of LiBH4 phases (a) orthorhombic and (b) hexagonal (Ngene,

2012).



For decomposition process of LiBH4, the phase transition of LiBH4 from the low
temperature phase (orthorhombic structure) to the high temperature phase (hexagonal
structure) was observed at a temperature around 110 °C (Figure 2.1). LiBH4 melts at 280
°C and releases hydrogen in the melted state in two steps as shown in the following
equations:

2LiBH;  —— 2LiH + 2B+ 3H, (1)
2LiH — % 2Lli+H )

At low temperature (100— 200 °C), only 0.3 wt. % H2 is released. In the temperature
range of 320-380 °C, 13.6 wt. % H> is theoretically released, corresponding to reaction
(1), while 4.5 wt. % H remain in the form of LiH. The latter requires up to 600 °C to
complete dehydrogenation, as shown in reaction (2) (Zuttel et al., 2003). Generally, only
reaction (1) is considered as dehydrogenation process of LiBHa4 because reaction (2)
requires too high desorption temperature. Furthermore, an alternative dehydrogenation
pathway through the formation of Li-B12H12 intermediate (reaction (3)) has been proposed
(Ozolins et al., 2009, Orimo et al., 2006, Friedrichs et al., 2010).

12LiBH4 — LioB1oH12 + 10LIH + 13H> 3)

Reaction (3) can theoretically result in 10 wt. % H». Recently, Friedrichs et al.
(2010) have reported that Li-B12Hi1> was formed through the reaction between BoHe,
derived from the thermal decomposition of LiBH4 and the remaining un-decomposed
LiBH4 during the dehydrogenation process. However, Li.B12H12 is an undesirable phase
because it causes the reduction of hydrogen content released from LiBHis. For
rehydrogenation, dehydrogenated products from reaction (1) can absorb H; to form LiBH4
as shown in reaction (4).

2LiH+2B+3H, — 2LiBH, (4)
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In principle, it is possible, but a rigorous condition (T = 690 °C, P (H2) = 200 MPa H,, 12
h.) is required to complete the rehydrogenation (Orimo et al., 2005). Therefore, to improve

the de/rehydrogenation properties of LiBH4, several approaches have been investigated.

2.2 Modification of LiBH4

2.2.1 Catalytic doping

The first method deals with catalytic doping. Zuttle et al. (2003) indicated that
desorption temperature of LiBHs could be lowered to 100 °C with the main hydrogen
desorption around 200 °C by adding SiO—powder (25 wt. %). However, there was an
undesired effect from addition of SiOg, i.e. the formation of diborane (B2He) during the
dehydrogenation process, which can damage downstream systems like fuel cells.
Moreover, some additives, such as metals (Mg and Al) (Yang etal., 2007), transition metals
(Niand Au) (Xiaetal., 2009), oxides (SiO2, Fe203, TiO-, etc.) (Yu et al., 2009), and halides
(TiCls, MgCl2, NiCly, etc.) (Au et al., 2008), were effective in reducing dehydrogenation
temperature of LiBHa.

Pendolino et al. (2009) studied the decomposition kinetics of LiBH4 with and
without boron additive under various hydrogen pressures. It was found that the addition of
boron reduced the dehydrogenation temperature and activation energy (Ea) of LiBH4 from
500 to 350 °C and from 59 + 2 to 54.8 £ 0.7 kJ/ mol, respectively. Concurrently, the sample
of LiBH4—Ni was reported to release the majority of hydrogen below 600 °C together with
complete rehydrogenation at 600 °C under 10 MPa H» (Xia et al., 2009). Yu et al. (2008)
investigated the hydrogen desorption properties of LiBH4 ball-milled with TiO2. With

respect to the mass ratio of 4:1 (LiBH4: TiOy), the onset temperature for LiBH4
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dehydrogenation reduced to 150 °C. It was declared that the destabilization of borohydride,
achieved via a redox reaction with the TiO> to form LiTiO, liberated all available hydrogen
from LiBHs. Furthermore, LiTiO2 could accelerate the decomposition of LiBH4 via the
formation of Li-O and TiBy, resulting in a total hydrogen release of 9.0 wt. % Ho.
Afterward, the effect of other metal oxides on the dehydrogenation of LiBH4 was further
studied. X-ray diffraction revealed that the destabilization of LiBH4 is obtained via the
redox reaction with metal oxides as in the following reaction:

LiBHs + MOy — LiMOx + B + 2H> (5)
The order of destabilization effect of metal oxides on LiBH4 was Fe2O3 > V205 > Nb,Os >
TiO2 > SiOz. It should be noted that milled LiBHs—Fe;Os sample (mass ratio of 1:2
(LiBH4:Fe203)) released 6 wt. % H> at temperature below 200 °C (Yu et al., 2009).

In addition, several metal halides, such as TiCls, TiFz, and ZnF, have been of
interest to destabilize LiBH4 based on cation exchange interaction, while some of them
(MgF2, MgCl,, CaCly, SrCls, and FeCls) did not function properly (Au et al., 2008). Milled
LiBHs —TiFs (mole ratio of 3:1) started to release hydrogen at approximately 100 °C, and
reached the storage capacity of 5.0 wt. % H> at 250 °C (Guo et al., 2010). The
mechanochemical process of 4LiBHs + VCln mixtures (with n = 2 and 3) produced
crystalline LiCl and excess LiBHa4. The reactions with VVCls had stronger thermodynamical
driving forces than with VCl, (Llamas—Jansa et al., 2011). LiBH4 that was significantly
destabilized by addition of FeCl;, CoCl; and NiCl, could perform the main
dehydrogenation in the temperature range of 230 °C to 300 °C, resulting in major hydrogen
desorption. It is important to mention that the addition of FeCl> and NiCl resulted in
complete hydrogen desorption of LiBH4, but CoCl, yielded the formation of a small

amount of BoHe (Zhang et al., 2010). Moreover, it was reported that ball milling of LiBH4
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with chloride of Ce and La produced Ce(BH4)3 and La(BH4)3, while fluoride of Ce and La
did not react with LiBH4 during ball milling at room temperature. The ball milled mixtures
demonstrated dehydrogenation temperatures around 220 — 320 °C, which were much lower
than that of pure LiBH4 (Zhang et al., 2010).

2.2.2 Composite materials

Not only metal halides and oxides were commonly used as additives in LiBH4
systems, but also metal hydrides and complex hydrides were regularly milled with LiBH4
to form reactive hydride composites (RCHSs). One of the typical LiBHs—RHCs is 2LiBHs—
MgH2. On the basis of the 2LiBHs+—MgH> dehydrogenation reaction (reaction (6)), the
formation of MgB: reduced the de/rehydrogenation enthalpy by 25 kJ/ (mol H>) at 400 °C
as compared with pure LiBH4 (Vajo et al., 2005).

2LiBH4 + MgH> <> 2LiH + MgB: + 4H> (6)

The theoretical hydrogen capacity of reaction (6) is 11.4 wt. % H». In addition,
LiBH4 can be modified by ball-milling with Al or Al containing compounds (Kang et al.,
2007, Mao et al., 2009, Ravnshaek et al., 2010). Kang et al. (2007) found that the LiBH4s—
Al system possessed a theoretical capacity of 8.5 wt. % Hz, and it could be reversible at
temperature between 400-450 °C. During cycling, AlB2 was formed in the dehydrogenated
state and disappeared in the hydrogenated state. This compound increases the stability of
the products, resulting in a lower desorption temperature of this system.

The composite of 6LiBHs—CaH> has recently received much attention, as it can
store a large amount of hydrogen (11.7 wt. % H2) through the following reaction (7)
(Ibikunle et al., 2009, Lim et al., 2010, Pinkerton et al., 2008):

6LiBHs + CaH,  <«—> 6LiH + CaBs + 10H. ©)
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The dehydrogenation reaction enthalpy of reaction (7) was in the range of 40.7—60.2 kJ/mol
H2 (Pinkerton et al., 2008). Moreover, LiBH4 could be destabilized by mixing with LiNH:
(2:1 molar ratio) and the mixture desorbed a large amount of hydrogen (11.9 wt. % H>) at
temperatures above 250 °C. However, it was found that not only hydrogen was released as
a product of this composite, but also a small amount of undesirable NHz was formed
simultaneously with H; release (Pinkerton et al., 2005). From the catalytic doping and
composite materials, solid-state hydrides are agglomerated when they were used for several
cycles. The agglomeration of hydride particles reduces the diffusion rate of hydrogen gas,

resulting in the reduction of the volumetric capacity of system (Figure 2.2).
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Figure 2.2 SEM-BSE images of 5 wt. % Fe-doped MgH?, ball milled for 10 h, after (a) 1°
cycle; (b) 22" cycles and (c) 47" cycles at 300 °C; (d) SEM-BSE images of pure MgH.,

ball milled for 10 h after 22" cycles, at 350 °C. (Montone et al., 2012)

2.2.3 Confinement in nanoporous hosts
With respect to the shorter diffusion distances between hydrogen molecules and the

other light elements within a nanoscale structure, resulting in faster de/ rehydrogenation
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rates (Gross et al., 2008), the third method to destabilize LiBH4 by confining LiBH4 in
nanoporous materials has been recently addressed. Ngene et al. (2010) prepared
LiBH4/SBA-15 by melt infiltration under hydrogen pressure. The result showed that
mesopores of SBA-15 was successfully filled with LiBH4, and that the long—range order
of the mesopores was maintained. The dehydriding temperature of nanoconfined LiBH4
was considerably reduced to 150 °C. However, reaction between SiO, and LiBH4 during
decomposition with formation of undesirable phases of Li»SiOsz and LisSiOs led to
irreversibility in the next cycle due to Li loss. In addition, Sun et al. (2012) reported that
the composite of LiBH4/SBA-15 prepared by solution impregnation revealed remarkable
onset dehydrogenation temperature at 45 °C together with 8.5 wt. % H within 10 min at
105 °C. Nevertheless, this system was also irreversible.

Due to the unwanted reaction between SiO and LiBHjs, inert carbon host materials
with nanoporous structures were introduced. Gross et al. (2008) demonstrated that the
carbon aerogel scaffold (CAS) served not only as a nanoscale structure—directing agent,
but also as a host medium for preventing particle growth during cycling. It was shown that
the dehydrogenation rate was improved considerably due to nanoconfinement in CAS, for
example, LiBH4 nanoconfined in CAS with 13 nm pore size could reach up to 50 times
faster dehydrogenation kinetics at 300 °C with respect to bulk LiBH4. Furthermore, the
effects of pore size from various types of CAS on LiBH4 desorption have been investigated.
Calorimetry signals of both structural phase transition (from o-LiBH4 to h-LiBH4) and
melting (h—LiBHa) of nanoconfined LiBH4 shifted to a lower temperature with respect to
the bulk material, and they finally disappeared with the pore size less than 4 nm due to the
amorphous state of LiBH4. Moreover, the reduction in the dehydrogenation temperature

and the lack of B2He formation were achieved when the pore size of CAS decreased (Liu
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et al., 2011). The melting and decomposition behavior of LiBH4 has been investigated in
the presence of highly ordered nanoporous hard carbon (NPC) with hexagonally packed 2
nm diameter columnar pores. The onset desorption temperature of premelted LiBH4+—NPC
was reduced from 460 to 220 °C. The signal of BHe during dehydrogenation was detected
in bulk LiBH4 and physical mixtures of LiBHs—NPC, while that of pre—-melted LiBH4—
NPC was negative. These results illustrated that the nanoframework altered the
decomposition pathway and eliminated the formation of B2He (Liu et al., 2010). Fang et
al. (2008) reported that the dehydrogenation temperature of LiBH4 incorporated into
activated carbon (AC) was lowered by 150 °C as compared with bulk LiBH4. The
dehydrogenation rate was increased by over one order of magnitude. Moreover, the
temperature and hydrogen pressure required for rehydrogenation were significantly
reduced. The nanoconfinement of metal hydrides in nanoporous hosts is an effective
method to destabilize LiBHs. However, temperature and hydrogen pressure required for

de/rehydrogenation of nanoconfined materials were still significantly high

2.3 Metal hydride polymer composites

The use of polymeric materials as an embedding matrix for hydride materials was
also reported. Pentimalli et al. (2009) reported the impregnation of active metal particles
in polymeric host. A ball milling in tumbling mode was used to prepare the composite of
LaNis—ABS with a high metal to powder weight ratio. The composite was further
consolidated by hot pressing and the pellets were characterized in term of their hydriding—
dehydriding properties. The materials did not the significant losses neither in loading
capacity nor kinetic properties as compared with the hydride material. It should be noted

that the polymeric host was stable along hydrogen release and uptake cycles. Furthermore,
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SEM images confirmed that the metal particles were still embedded in the polymeric matrix

even after a number of cycles as well as the overall dimensional integrity was retained

(Figure 2.3).
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Figure 2.3 H> desorption curves obtained by HP-DSC experiments of LaNi5-ABS pellet
consolidated at 175 °C (left side panel) and schematic representation of the consolidated
composite material evolution as a function of the cycling number (right side panel)

(Pentimalli et al., 2009).

Checchetto et al. (2009) studied the hydrogen storage capacity and sorption kinetics
of composite materials made of metal and alloy particles (Pd and LaNis, particle size of ~1
pm) embedded into hydrogen permeable polymers such as polysiloxane (PS), polyethylene
(PE), and polyvinylpyrolidone (PVP). No interaction between an activated metal surface
and polymeric chain was observed. The slow kinetics of the composite could be explained

by time comsumtion due to the H. diffusion process into the polymeric part of the
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composites. Moreover, the agglomeration of metal particles in polymer matrix were

detected (Figure 2.4)

(B)

Figure 2.4 SEM micrographs of as prepared PS—LaNi5 (A) and PVP—Pd (B) composites

(Checchetto et al., 2009).

Furthermore, Poly methyl methacrylate (PMMA) proposed as one of the hydrogen
permeable polymers with a high permeability ratio of H2/O2 (H2/O2 permeability ratio of
42.9 at 35 °C) was composited with metallic Mg nanocrystals (NCs) (Jeon et al., 2011).
The PMMA-NCs composite enabled both the storage of a high capacity of H> (up to 6 wt.
% H> at 200 °C) and rapid kinetics without using expensive heavy—metal catalysts (Figure

2.5).
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Figure 2.5 Hydrogen absorption curve at 200 °C and 35 bar H> of Mg-PMMA
nanocomposite and hydrogen absorption/desorption cycling of the nanocomposites at 200

°C (inset) (Jeon et al., 2011).

Due to high hydrogen permeability of PMMA, in which hydrogen could diffuse in
and out freely (Figure 2.6), the nanoconfinement of LiBH4 in PMMA pore network
structure led to fast hydrogen release from LiBH4 at low temperature (AT = 237 °C as
compared with pure LiBH4) (Huang et al., 2014). In addition, polymer host of PMMA
providing hydrophobic properties can prevent LiBH4 deterioration due to oxidation in

ambient condition.
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Figure 2.6 Schematic illustration of LiBH4 protected from oxygen and water by PMMA

(Huang et al., 2014).

Recently, Gosalawit-Utke et al. (2014) reported nanoconfined LiBH4 in a new host
material of poly (methyl methacrylate) —co—butyl methacrylate (PMMA-co-BM), denoted
as nano LiBHsPMMA-co-BM. Long butyl branches of PMMA-co-BM providing
superior amorphous degree and free volume to PMMA could benefit hydrogen
permeability. The results indicated that the nanoconfined sample started to release
hydrogen at ~80 °C and released up to 8.8 wt. % H> with respect to LiBH4 content within
4 h at 120 °C under vacuum. Moreover, the nano LiBHs+~PMMA-co-BM can be
rehydrogenated under considerably mild conditions of T = 140 °C and P(H.) = 50 bar.
However, the interaction between LiBH4 and pendant group of PMMA-co-BM led to the
reduction of hydrogen storage capacity. Also, the gas analysis results revealed that not only
hydrogen released from nano LiBHs—PMMA-co-BM, but also the gaseous products (CO,
COz, *CH3, and *OCH3) from thermal degradation of polymer matrix were detected.

In the this work, we intend to solve the problems of nano LiBH+~PMMA-co-BM;
that is, (i) to improve thermal stability of PMMA-co-BM host and (ii) to reduce the

interaction between LiBH4 and PMMA-co-BM. Therefore, an idea of polymer composite
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prepared from PMMA—co-BM and multi-walled carbon nanotube (MWCNT) for LiBH4

embedding is of interest.

2.4 Polymer/ Multi-walled carbon nanotube composite

Carbon nanotubes is well known as a material providing an excellent thermal
conductivity and good thermal stability, while most polymers exhibit a rather poor thermal
conductivity and degrade under the effect of temperature (Chipara et al., 2013). The
loading of polymeric matrices with carbon nanotubes usually increases the thermal
conductivity of the matrix, resulting typically in the enhancement of the thermal stability
of the polymer matrix (Chipara et al., 2009).

It was reported that the addition of multi-walled carbon nanotube (MWCNT) could
increase the glass transition (Ty), melting (Tm) and decomposition temperature (Tq) of
polymer matrix due to their constraint effect on the polymer segments and chains (Swain
et al., 2010). Kashiwaki et al. (2002) reported that the decomposition temperature of poly
(propylene) (PP) was significantly enhanced by 12 °C when compositing with 2 vol. % of

MWCNT (Figure 2.7).
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Figure 2.7 TGA analyses of normalized mass loss rate by the initial sample mass at a

heating rate of 10 °C/min in nitrogen atmosphere (Kashiwagki et al., 2002).

The uniform dispersion and interaction between polymer matrix and carbon nanotube play
the key role on the properties (i.e. mechanical strength, conductivity, thermal stability, and
etc.) of composite (Swain et al., 2010). There are three main mechanisms of interaction of
polymer matrix with carbon nanotubes (Bal and Samal, 2007):

(i) Micro-mechanical interlocking — Local non-uniformity along a CNT,
including varying diameter and bends/kinks at places as a result of non-hexagonal defects,
contribute to CNT-polymer adhesion by mechanical interlocking.

(if) Chemical bonding between the nanotubes and the matrix — This improves
interfacial interaction through ionic or covalent bond that enables a stress transfer.

(iii) Weak van der waals bonding between the CNT and matrix — Under no
chemical bonding between CNT-polymer, the origins of CNT-polymer interactions are

electrostatic and van der waals forces.
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To avoid the agglomeration of MWCNT in polymer matrix and to compromise the
thermal stability, hydrogen permeability, and hydrogen storage capacity, in this work only

0.1 wt. % of MWCNT was added to nano LiBHs—PMMA-co-BM system.

2.5 Research objectives

2.5.1 To prepare nonoconfined LiBH4 in PMMA-co-BM-MWCNT composite.

2.5.2 To improve thermal stability of PMMA-co—-BM and reduce the interaction
between LiBH4and PMMA-co-BM.

2.5.3 To study hydrogen storage properties, reversibility, and reaction mechanisms
during de/rehydrogenation of the nanoconfined LiBHs in PMMA-—co-BM-MWCNT

composite.



CHARPTER I

EXPERIMENTS

3.1 Sample preparation

3.1.1 Purification of tetrahydrofuran (THF)

Tetrahydrofuran (THF) (HPLC grade, QR&C™) was pre—dried overnight by
molecular sieves. Sodium metal (Na) and benzophenone of 5.0017 and 20.0006 g,
respectively, were added to 500.0 mL of pre—dried THF (Schwartz, 1978). The mixture
was refluxed under nitrogen atmosphere at 80 °C until a deep blue color was obtained. The
mixture was distilled at 70 °C under nitrogen atmosphere to obtain anhydrous THF.

3.1.2 Precipitation of poly (methyl methacrylate)—co—butyl methacrylate

Poly (methyl methacrylate)-co—butyl methacrylate (PMMA-co-BM) (Mw =
75,000 g/mol, Sigma Aldrich), shortly named PcB in this work of 20.4890 g was dissolved
in 100.0 mL anhydrous THF with continuous stirring to obtain homogeneous polymer
solution (20.0 % w/v). The PcB solution was precipitated in distillated n—hexane (AR
grade, QREC™) and dried at 90 °C for 24 h in vacuum oven to obtained dried PcB polymer
powder.

3.1.3 Synthesis of nanoconfined LiBH4 in PcB

The PcB polymer solution was prepared by dissolving 5.0656 g of PcB powder in
20.00 mL anhydrous THF with continuous stirring. Lithium borohydride (LiBH4) solution
(2 M in THF, Sigma Aldrich) of 15.00 mL was added to PcB polymer solution.

The mixture was stirred for approximately 10 min at room temperature in the glove box to
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obtain transparent gel. The gel was dried at room temperature in the glove box for several
days to achieve nanoconfined sample of LiBH4 in PcB, denoted as nano LiBHs—PcB.

3.1.4 Synthesis of nanoconfined LiBH4 in PcB-MWCNT composite

PcB polymer powder of 5.0745 g was dissolved in 20.00 mL anhydrous THF and
stirred to obtain PMMA—co—BM polymer solution. Multi-walled carbon nanotube
(MWCNT) of 0.0055 g (0.10 wt. % of MWCNT with respect to PcB content) was dispersed
homogeneously in PcB polymer solution by using ultra sonication for several hours. The
clear solution of PcB containing MWCNT was added with 10.00 mL LiBH4 solution (2 M
in THF, Sigma Aldrich) in the glove box and continuously stirred for approximately 10
min to obtain transparent gel. The gel was dried at room temperature in the glove box to

obtain nanoconfined LiBH4 in PcB composite, denoted as nano LiBHs—PcB-MWCNT.

3.2 Characterization

3.2.1 Scanning electron microscopy (SEM) and energy—dispersive X—ray
spectroscopy (EDS)

Scanning electron microscopy (SEM) was carried out with an Auriga (Zeiss,
Germany) at Institute of Materials Research, Helmholtz—Zentrum Geesthacht, Germany.
Nanoconfined sample of LiBHs+—PcB-MWCNT was deposited on the sample holder by
using silver glue (in n-butyl acetate). The powder sample was coated with platinum (Pt)
by using sputtering technique with a current of 30 mA for 30 s under vacuum. An
energy—dispersive X—ray spectroscopy (EDS)—elemental mapping were managed by an
apparatus from EDAX Inc., USA. Smart SEM and EDS Genesis programs were used for

morphological studies and elemental analysis of the sample, respectively.
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3.2.2 Differential scanning calorimetry (DSC) and mass spectroscopy (MS)

Dehydrogenation behaviors of nano LiBH4-PcB-MWCNT was measured by
simultaneous thermal analysis (STA) (a Netzsch, STA 449 F3 Jupiter). The signal of
hydrogen release during dehydrogenation was simultaneously detected by mass
spectrometer (a QMS 403C Aéolos Mass spectrometer, NETZSCH). The sample weight
of about 5-10 mg was loaded into Al2O3 crucible in the glove box under argon atmosphere.
The crucible was placed in a glass bottle and sealed by parafilm to protect oxidation during
transportation from the glove box to the apparatus. The samples were heated from 30 to

300 °C (AT/At =5 °C/ min) with nitrogen purge rate of 50 mL/min.

3.2.3 Kinetic measurement

De/rehydrogenation Kkinetics and hydrogen reproducibility of nanoconfined
samples were studied by using a laboratory scale setup of a Sievert-type apparatus (Figure
3.1). The powder sample of ~50-100 mg was packed in a high pressure stainless steel
sample holder (316SS, Swagelok) under argon atmosphere in the glove box, and
transferred to the Sievert—type apparatus. Two K-type thermocouples (-250—1,300 °C, SL
heater) were attached to the sample holder and to the furnace for measuring the temperature
change of the system during de/rehydrogenation. Pressure transducers (C206, Cole Parmer)
in the pressure range of 0-500 psig and 0-3000 psig were used to measure the pressure
changes due to hydrogen desorption and absorption, respectively. Thermocouples and
pressure transducers were connected to an Al2101 module convertor data logger (from
Wisco), measuring and transferring (every 1 s) the pressure and temperature changes of the
sample to the computer for further evaluation. Dehydrogenation of the samples was done

under an isothermal condition of 120 °C (vacuum) via a furnace controlled by a PID
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temperature controller. In the case of rehydrogenation, the dehydrogenated powder sample
was pressurized under 60 bar H> (purity= 99.999%) at 120 °C for 12 h. The amount of
hydrogen release and uptake is calculated based on the amount of LiBHa in the sample by

using ideal gas law (see in appendix A).
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V-2-V-7 = Ball valves
PG = Pressure gauge
PT-1 = High Pressure Transducer (0 - 3000 psig)
PT-2 = Low Pressure Transducer (0 - 500 psig)

TC-1, TC-2 = Thermo couple type K

Figure 3.1 Schematic diagram of Sieverts—type apparatus used in this research project

(Gosalawit-Utke et al., 2014).

3.2.4 Gas analysis

The analyses of gases released during dehydrogenation of nano LiBHs—PcB and
nano LiBH4+—PcB-MWCNT were carried out at Pavia Hydrogen Lab., C. S. G.I,,
Department of Chemistry, Physical Chemistry Division, University of Pavia, Italy. The
experiment was performed by connecting a manometric PCTPro—2000 apparatus with a
residual gas analyzer (RGA200, Setaram, France). The powder sample (~200 mg) was

loaded in the sample holder and transferred to the PCTPro—2000 apparatus. The
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measurement was done by heating the powder sample from room temperature to 300 °C
(5 °C/min) under vacuum.

3.2.5 Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FTIR) of standard samples (pristine
LiBHs4, PMMA—co—BM and PMMA-co—BM-MWCNT composite) and nanoconfined
LiBHs—PcB-MWCNT and LiBHs—PcB at different stages of before and after
dehydrogenation and after rehydrogenation were performed by using a Bruker, Model
Tensor 27. The sample was ground with anhydrous KBr (1:10 weight ratio of sample:
anhydrous KBr) and pressed under 3 tons for 2 min to obtain KBr pellet. FTIR spectrum
of each sample was obtained by assembling KBr pellet containing the sample in the FTIR
machine on the direction of infrared. The spectrum was recorded in the range of 4000—400
cm! with 32 scans at room temperature.

3.2.6 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was carried out at the Siam Photon
Laboratory, BL3.2a in the Synchrotron Light Research Institute (Public Organization),
Nakhon Ratchasima, Thailand. The powder sample of pristine LiBH4, nano LiBHs—PcB
and nano LiBH4+—PcB-MWCNT were held on the sample holders by using carbon glue
tape. Prior to the measurements, all prepared samples were placed in an ultrahigh vacuum
chamber for approximately 6 h. The photon energy of 400 eV was used to detect the signals
of Li 1s and B 1s. Each element was investigated at the kinetic energy step of 0.1 eV for 5
scans by using a CLAM2 analyzer. The multi spectra were analyzed by using a macro XPS

MS Excel 2007 (Windows XP) software.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Nanoconfinement of LiBH4 in PcB composite

To study sample morphology as well as elemental distribution and analysis, SEM
and EDS techniques were performed. Figure 4.1 (A) shows sample morphology where
elemental was taken into account. The homogeneous dispersion of boron atoms (from
LiBHa) in nanoscale is observed on the surface of the sample, confirming the existence of
LiBH4 in PcB—MWCNT composite matrix (Figure 4.1 (B)). Figure 4.1 (C) reveals the
distribution of carbon atoms from PcB —-MWCNT composite, where the agglomeration of
MWCNT is represented by green-bright area. Figure 4.1 (D) exhibits the amount of carbon
(C) and oxygen (O), which are the main elements in PcB —~MWCNT structure, together
with boron (B) of LiBH4. However, signal of lithium (Li) of LiBH4 is not detected due to

the limitation of EDS technique to light element.
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Figure 4.1 SEM image of nano LiBH4-PcB-MWCNT composite (A), Boron mapping

(B), Carbon mapping (C), and quantitative elemental analysis (D).
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4.2 Dehydrogenation and reversibility

To investigate the hydrogen desorption behavior of nanoconfined sample, DSC
measurements and H> mass spectroscopy were performed. From DSC results (Figure 4.2),
nano LiBHs—PcB-MWCNT exhibits an exothermic peak at 138 °C together with Ho MS
signal, corresponded to the combination of dehydrogenation and interaction between
polymer matrix and LiBHg as similar as nanoconfined sample of LiBHs—PcB (without

MWCNT) previously reported (Gosalawit—Utke et al., 2014).
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Figure 4.2 Dehydrogenation profile and Hz Mass of nano LiBHsPcB-MWCNT

composite

The theoretical hydrogen storage capacity of nanoconfined samples calculated from
the amount of all components in the samples are shown in Table 4.1. Nano LiBHs+—PcB
containing 11.5 wt. % of LiBH4 gives 1.60 wt. % H as theoretical hydrogen storage
capacity, while that of nano LiBHs—PcB-MWCNT consisting of 0.1 wt. % of MWCNT

and 8.0 wt. % of LiBHj4, is 1.1 wt. % H> (Table 4.1).



31

Table 4.1 Amount of components and theoretical hydrogen storage capacity of

nanoconfined samples

Amount of components Theoretical H2
Nanoconfined samples PcB MWCNT LiBH4 storage capacity
(9) (wt. %) (wt. %) (wt. %)
nano LiBH4-PcB 5.0656 - 115 1.60
nano LiBH4-PcB-MWCNT 5.0745 0.1 8.0 1.10

To study dehydrogenation kinetics, reversibility, and hydrogen reproducibility,
titration measurements of nanoconfined samples were performed by Sievert-type
apparatus. Dehydrogenation and rehydrogenation were carried out at the same temperature
of 120 °C under vacuum and 60 bar Hy, respectively. Regarding the hydrogen contents
desorbed during cycling, the results of nano LiBH4s—PcB are normalized by thermal
degradation of PcB (at 120 °C under vacuum for 6 h), while those of nano LiBHs—PcB—
MWCNT are by degradation of PcB-MWCNT composite under the same temperature,
pressure, and time condition. From Figure 4.3, nano LiBH4s—PcB released 0.78 wt. % H>
(48.8% of theoretical hydrogen storage capacity) during the 1% dehydrogenation within
3 h. The inferior hydrogen storage capacity to the theoretical value (1.60 wt. % H>) can be
due to the interaction between LiBH4 and methoxy (—OCHzs) branches of PcB formed
during sample preparation, discussed and reported in the previous studies (Gosalawit—Utke
etal., 2014). For the 2" cycle, it provides only 0.32 wt. % H, (20% of theoretical hydrogen
storage capacity).  Significant reduction in hydrogen content released in the 2"
dehydrogenation with respect to the 1% one can be due to (i) greater interaction between

LiBH4 and PcB matrix after cycling as previously reported (Gosalawit—Utke et al., 2014)
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and (ii) thermal degradation of PcB polymer matrix during cycling under temperature and

pressure.

—— LiBH,-PcB —— LiBH,-PcB-MWCNT
10 v 1 v 1 v 1 v 1 1 v 1 v 1 v 1 v 1
Temperature 1120
0.81 1% (0.78 wt.%)
é 0.6 - ) 0 1
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S 0.4- 2" (0.41 wt.%) |
2 2" (0.32 wt.%)
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o 0.2
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Temperature (°C)

Figure 4.3 Dehydrogenation kinetics of nanoconfined samples at 120 °C, under vacuum.

Nano LiBHs~PcB-MWCNT releases 0.53 and 0.41 wt. % Ho; i.e., approximately 48.4 and

37.3% of theoretical hydrogen storage capacity (1.10 wt. % H,), after 6 h during the 1% and

2" cycles, respectively. The deficient hydrogen storage capacity as compared with

theoretical value can be due to the interaction between LiBH4and PcB as in case of nano

LiBHs—PcB. It should be noted that the 2" dehydrogenation of nano LiBHs—PcB—

MWCNT can considerably preserve hydrogen content reproducibility (37.3%) as

compared with that of nano LiBHs+—PcB (20%). This can be due to thermal stability

improvement of nano LiBHs—PcB after compositing with MWCNT, further confirmed in

gas analyses. However, the slow kinetics observed in nano LiBH+~PcB-MWCNT could
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be due to the random arrangement of MWCNT in PcB hindering the diffusion of Hz in the

polymer matrix.

4.3 Thermal stability

To study thermal stability of PcB matrix of nanoconfined samples with and without

MWCNT doping during dehydrogenation, gas analyses were performed.
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Figure 4.4 Gas analysis during dehydrogenation of nano LiBHs+—PcB (A) and plot between

peak areas of gas desorption of nano LiBHs—PcB and temperature (B).
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From Figure 4.4, nano LiBH4s—PcB release hydrogen (H2) as the main gas in the
temperature range of 30—300 °C together with carbon monoxide (CO), carbon dioxide
(CO2), methyl radical (CHze), metoxy radical (CHzOe), and butoxy radical
(CH3CH2CH2CH20e). It was reported that CO, CO2, CHse, and CH30e are products of
thermal degradation of PMMA (Kashiwaki et al., 1986; Kashiwaki et al., 1989). In our
casse, butoxy radical is also detected due to thermal degradation of buthoxy branches in
PcB. Therefore, this can be concluded that not only dehydrogenation occurs in the
temperature range of 30—300 °C, but also partial thermal degradation of PcB.

Figure 4.4(B) shows onset dehydrogenation temperature of nano LiBHs—PcB at 80
°C together with the other gases and reaches its peak at 105 °C. The H> signal of nano
LiBH4—PcB ended at 135 °C, while the gases from thermal decomposition of polymer
matrix are still continued. It was reported in the previous work that the partial degradation
of PcB polymer matrix probably caused to the reduction in hydrogen reproducibility of
nanoconfined samples (Gosalawit et al., 2014).

In the case of nano LiBHs—PcB-MWCNT (Figure 4.5), it reveals the peaks of
gases desorption from both dehydrogenation and thermal decomposition of PcB as
obtained in nano LiBHs+—PcB (Figure 4.4 (A)). From Figure 4.5 (B), it is found that the
hydrogen starts to release at 85 °C. The peak temperature is at 130 °C and it ends at ~200
°C. The peak area of gases released from partial degradation of PcB starts to increase at
~120 °C, approximately 40 °C higher than that of nano LiBHs—PcB. This suggests that the
thermal stability of PcB polymer matrix is improved by compositing with 0.1 wt. % of

MWCNT.
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Figure 4.5 Gas analysis during dehydrogenation of nano LiBH4+~PcB-MWCNT (A) and
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From the gas analysis results (Figures 4.4 and 4.5), the dehydrogenation
temperature and amounts of gases desorbed due to thermal degradation of PcB at 120 °C
are summarized in Table 4.2. With respect to the peak area of H2 at 120 °C, relative amount
of CHse, CO, CO», CH30¢, and CH3CH>CH>CH20+ with respect to H2 of nano LiBHs—
PcB are 13.4, 6.9, 0.8, 16.3, and 26.9 %, respectively, while those of nano LiBH4s—PcB-
MWCNT are 0.9, 1.1, 0.2, 5.6, and 0.7%, respectively. The relative amount of gases release
from degradation of PcB is totally 64.3 and 9.0% for nano LiBH4—PcB and nano LiBHs—
PcB-MWCNT, respectively. From Table 4.2, it can be concluded that the thermal stability

of nano LiBH4—PcB is increased by compositing with MWCNT.

Table 4.2 Dehydrogenation temperature of nanoconfined samples and amount of gas

desorption from thermal degradation of PcB with respect to H> content at 120 °C.

Nanoconfined  Dehydrogenation Gas desorption from thermal degradation of PcB

samples temperature (°C) with respect to H, at 120 °C (%)

Ti Tp Tt CH:; H,O CO <OCH:; CO, «0OC4Ho Total

nano LiBHs—PcB 80 105 135 134 0 6.9 0.8 163 269 643

nano LiBH4—PcB-
85 130 190 09 05 11 0.2 5.6 0.7 9.0
MWCNT

Ti = Onset temperature, T, = peak temperature, and Tr = end temperature
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4.4 Reaction mechanisms and reversibility

In order to confirm that LiBH4 was confined in PcB—MWCNT composite and PcB
polymer matrix and to understand the reaction mechanisms during de/rehydrogenation,
nano LiBHs—PcB and nano LiBHs—PcB—MWCNT together with standard materials related

to nanoconfined samples were preliminary characterized by FT—IR technique.

T T T T T T Y T
J
o N~
-
o SN ()
[N
R
"y ' '
.
.
'_\,_\:’/'
S o
28
N(\I

Transmittance (%)

1640

2386
| 2298
2226
1126

T T T T T T T T T
3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 4.6 FT-IR spectra of LiBH4 (a), PcB (b), and PcCB-MWCNT (c).

For bulk LiBHa, Figure 4.6 (a) reveals the triplet peaks of B—H bond stretching and
bending at 2395-2234 and 1125 cm, respectively. The peak at 1640 cm™ refers to O-H
bond from the contamination of moisture in air during the experiments. PcB (Figure 4.6
(b)) and PcB-MWCNT (Figure 4.6 (c)) show vibrational peaks corresponding to C-H
stretching at 2956-2992 cm™ and C=O stretching of ester group at 1730 cm™. The
absorption peaks around 1448 and 1486 cm™ belong to asymmetric bending vibrations of

C—CHs and C—CH> bonds, respectively (Namouchi et al., 2009). The vibrational peaks at
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1387 and 752 cm™ can be attributed to the a—CHs group vibrations. The two doublet bands
at 1273-1242 and 1196-1154 cm™ are C-O stretching vibrations of ester group. The
vibrational peaks at 1060, 988-963 and 838 cm are the characteristic peaks of methylene
wagging, main chain C—C stretching and C=0 deformation, respectively (Velasco—Santos
et al., 2003; Matsushita et al., 2000). Due to similar FT—IR spectra of both PcB and PcB—
MWCNT composite, no chemical interaction between PcB and MWCNT is observed. This
results in agreement with previous report (Bal et al., 2007; Swain et al., 2010). The
interaction of polymer matrix and MWCNT is only weak van der waals bonding between
interface of nanotubes and the PcB matrix. Thus, the addition of MWCNT could increase
the thermal decomposition temperature of the polymer matrix due to their constraint effect
on the polymer segments and chains (Swain et al., 2010).

After nanoconfinement, nano LiIBH4—PcB exhibits all characteristic peaks of both
LiBH4 and PcB polymer matrix, confirming the existance of LiBH4 in PcB polymer matrix
(Figure 4.7 (A)). The sharp peak of B-O bond at 1370 cm™ and a shoulder at 1707 cm™, in
agreement with the B---OCHg interaction formed between [BH4] and PcB and Li*---O=C
interaction respectively, are observed as discussed in the previous report (Gosalawit—Utke
et al., 2014). The interactions between LiBH4 and PcB polymer matrix refer to partial
dehydrogenation of LiBH4 during nanoconfinement, leading to reduction of hydrogen
storage capacity in 1% dehydrogenation cycle.

After dehydrogenation at 120 °C under vacuum, the signals of B—H vibrations
disappear, hinting at complete dehydrogenation of nano LiBHs—PcB. For the spectrum after
rehydrogenation at 120 °C under 60 bar Hz, slight signals of LiBH4 are observed, referring
to partial reversibility of this sample. In the case of nano LiBHs—PcB-MWCNT,

vibrational peaks of B-H stretching (2386, 2293, and 2226 cm™) and bending (1126 cm™)
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of LiBH4 are significantly detected together with those of PcB in the sample before
desorption (Figure 4.7 (B)). A small shoulder at 1708 cm™ observed in nano LiBHs—PcB—
MWCNT refer to the interaction of carbonyl group of PcB with Li* ion of LiBHasas in case
of nano LiBH4s—PcB. Regarding the sample before desorption of nano LiBHs—PcB (Figure

4.7 (A)), vibrational peak of B—O bonds from B---OCHjs interaction is confirmed by the

sharp peak at 1383 cm™,
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Figure 4.7 FT—IR spectra of nano LiBH4s—PcB (A) and nano LiBH4+~PcB-MWCNT (B).
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However, there is only a small peak at 1387 cm™ in the case of nano LiBHs—PcB—
MWCNT. Together with a peak at 752 cm™, the small peak at 1387 cm™ of nano LiBH4—
PcB-MWCNT attributes mainly to characteristic vibrational peak of a—methyl group in
PcB (Figure 4.6 (b)). Due to insignificant signal of B---OCH3 interaction and considerably
vibrational peak of B—H bonds of nano LiBH4+PcB-MWCNT, it should be noted that the
interaction between [BH4]" and —OCH3 (B---OCHj3) can be reduced by adding small
amount of MWCNT. After dehydrogenation at 120 °C under vacuum, the peak intensity
of B-H vibrations of LiBHs decrease and the peak intensity is recovered after
rehydrogenation at 120 °C under 60 bar H,. The reproducibility of LiBH4 clearly confirms

that reversibility of nano LiBH4+—PcB-MWCNT.

4.5 LiBH4/ PcB interaction

Nanoconfined LiBHs in PcB-MWCNT composite is hypothesized not only to
improve thermal stability of polymer host, but also to reduce the interaction between LiBH4
and PcB. As discussed in the previous work (Gosalawit—Utke et al., 2014), Figure 4.8
reveals the interaction between LiBH4 and PcB polymer branched chains at -OCHs and
C=0 positions, i.e., Ha-xB---(OCH3)x, B---(OCHs3)s, and Li*---O=C. The formations of
H-x)B---(OCHz3)x and B---(OCHz3)4 interactions result in the cross linking of PcB polymer,
observed as gel formation during sample preparation. The formation of LiBH4/PcB
interaction leads to partial dehydrogenation of LiBH4 during sample preparation, resulting
in the reduction of hydrogen storage capacity of both nanoconfined samples in 1%

dehydrogenation cycle.
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Figure 4.8 Interactions between LiBHs and PcB polymer chains at —OCHs position
(H@axB---(OCHz)x and B---(OCH3)s, where (a + b= x) and at C=0O (Li+---O=C)

(Gosalawit-Utke et al., 2014).

To confirm that the LiBH4/PcB interaction was reduced after MWCNT doping, the
curve fitting and peak area of vibrational peaks belonging to B—H stretching (LiBH4) and
C=0 stretching (PcB) were calculated from FT-IR spectra of nanoconfined samples
(Figure 4.9 and Table 4.3). From Table 4.3, the v(B-H)/v(C=0) of nano LiBH4—PcB is
0.6, while that of nano LiBHs—PcB-MWCNT is 2.7. This result indicated that the partial
dehydrogenation of nano LiBH4—PcB during nanoconfinement is reduced by MWCNT

doping.
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Figure 4.9 FT—IR curve fitting of B—H and C=0 stretching peaks of nanoconfined samples

before H. desorption.

Table 4.3 Peak area of B—H and C=0 stretching peaks of nanoconfined samples, calculated

from curve fitting technique.

Peak area
Samples v(B-H) -0 vB-H/vC=0
(2226-2386 . (C=O) ratio
- (1730 cm't)
cm?t)

Before desorption
nano LiBHs—PcB 109.5 171.2 0.6
nano LiBH4s~PcB-MWCNT 12.2 4.5 2.7
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X-ray photoelectron spectroscopy (XPS) was used to confirm the ability of PcB
and PcB-MWCNT to prevent deterioration of LiBH4 by oxidation in air and humidity. In
addition, XPS technique is an alternative way to prove the reduction of LiBH4/PcB
interaction in this study. In Figure 4.10 (a), Li 1s spectra of pristine LiBH4 exhibits the
signal of Li2O at 55 eV (Deprez et al., 2011). In the case of B 1s, the signal of BxOy
(xly = 3) and B2Oz are observed at 187 eV and 192 eV, respectively (Figure 4.10 (a)
(Deprez et al., 2011). The formation of Li»O, BxOy (x/y = 3), and B20s is due to the reaction
of LiBH4 and Oz and/or humidity in air. In the case of nano LiBH4—PcB and nano LiBHs—
PcB-MWCNT (Figures 4.10 (b) and (c)), the Li 1s signal of LiH and LiBH4 are observed

at 54 and 56 eV, respectively (Haipinga et al., 2011; Fang, et al., 2011).
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Figure 4.10 Li 1s and B 1s XPS spectra of pristine LiBH4 (a), nano LiBHs—PcB (b), and

nano LiBH4s~PcB-MWCNT (c).
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For B 1s spectra, the characteristic peaks of BxOy (x/y = 3) and LiBH4 are observed at 187
and 188 eV, respectively (Haipinga et al., 2011; Deprez et al., 2011). Therefore, the signal
of LiBHa, observed in Li 1s and B 1s spectra of nano LiBH4+—PcB and nano LiBHs—PcB—
MWCNT, confirms the stability in air of LiBH4 after nanoconfinement in polymer matrix.

With respect to the signal of BxOy (x/y = 3) in B 1s spectrum, it should be refered
to the interactions between B atoms (from [BHa4]") of LiBH4 with methoxy groups and/or
buthoxy group of PcB. For LiH formation, it suggests partial dehydrogenation of LiBH4
during nanoconfinement as reported in previous work (Gosalawit-Utke et al., 2014).
Although the BxOy (x/y = 3) signals, corresponding to LiBH4/PcB interaction, is observed
in nano LiBH4+—PcB-MWCNT, the relative amount of BxOy (x/y = 3) with respect to LiBH4
of nano LiBHs—PcB-MWCNT is lower than that of nano LiBH4—PcB. This results confirm
that the interaction of LiBH4/PcB is reduced by doping small amount of MWCNT in nano

LiBHs—PcB.
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CONCLUSIONS

In this thesis, nanoconfined LiBH4 in PcB-MWCNT composite was successfully
prepared and named nano LiBHs—PcB-MWCNT. Nano LiBHs—PcB-MWCNT started to
release hydrogen at 85 °C (~4 times lower than the desorption temperature of milled
LiBH4). As compared to nanoconfined sample without MWCNT, thermal stability of
polymer matrix was significantly improved by MWCNT addition. For example, total
amount of gases release from thermal degradation of PcB in nanoconfined samples was
reduced by 55.3 % after doping with 0.1 wt. % of MWCNT. The reduction of LiBH4/PcB
interaction was confirmed by the ratio of B—H stretching peak area with respect to that of
C=0 stretching (v(B-H)/v(C=0)) from FT-IR spectra. It is found that v(B-H)/v(C=0)
ratio significantly increases up to 78%. This is in agreement with B 1s XPS results, where
the relative amount of BxOy (x/y=3) to LiBH4 decreases after MWCNT doping. For
dehydrogenation kinetics, comparable amounts of released H> were obtained from both
nanoconfined samples in the 1% cycle, i.e., 6.7 and 6.6 wt. % H» with respect to LiBH4
content from nano LiBHs—PcB and nano LiBH4+—PcB-MWCNT, respectively. The slow
kinetics observed in nano LiBHs—PcB-MWCNT might be due to the random dispersion of
MWCNT in PcB hindering the diffusion of H in the polymer matrix. After
rehydrogenation at 120 °C under 60 bar Hz, nano LiBHs—PcB— MWCNT exhibited the
amount of hydrogen reproducibility in the 2" cycle of 37.3% with respect to theoretical

hydrogen capacity, higher than that of nano LiBH4—PcB (20.0%).
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APPENDIX A

HYDROGEN STORAGE CAPACITY OF MATERIALS

A.1 Calculation of theoretical hydrogen storage capacity of samples
=  Amount of LiBH4 in samples
- Molecular weight of LiBH4 = 22 g/mol

- Pipet 10.00 mL of 2.0 M of LiBH4

=~ Amount of LiBH4 in samples ((2'0 M)x(10.00 mL

1000

) X 22 g/mol

04449

= Nanoconfined LiBH4 in PMMA-co-BM (LiBH4-PcB)

From amount of PMMA—co—BM (5.0565 g) and LiBH4 (0.66 g), wt. % of LiBHj4 in

PMMA—co—BM is calculated by:

Wt. % of LiBH4 in sample

( 0.66¢g
5.0565 g+0.66 g

) x 100
= 11.5wt. %
Based on 13.6 wt. % of Hz released by pure LiBHj, the theoretical of hydrogen capacity
of LiBHs—PcB is calculated by:

(13.6 x 11.5)
100

Wt. % of H»

1.6 wt. % H:



S7

= Nanoconfined LiBH4 in PMMA-co-BM-MWCNT composite (LiBHs-PcB-
MWCNT)
From amount of PMMA—co—BM (5.0745 g), MWCNT (0.0055 g) and LiBH4 (0.44 g),

wt. % of LiBH4 in PMMA—co—BM is calculated by:

0.44 g
5.0745 g+ 0.0055 g+ 0.44 g

Wt. % of LiBH4 in sample = ( ) x 100

8.0 wt. %
Based on 13.6 wt. % of H; released by pure LiBHa4, the theoretical of hydrogen

capacity of LiBH4—PcB is calculated by:

(13.6 x 8.0)
100

Wt. % of H»

1.1 wt. % H:

A.2 Calculation of hydrogen desorption capacity
= Theory
The amount of hydrogen release from samples will be calculated based on the
amount of LiBH4 in the sample by using the ideal gas law (Varin et al., 2009):

PV = nRT 1)

where, P is gas pressure (atm), V is gas volume (L), n is number of moles of gas (mole), T
is absolute temperature of gas (K), and R is the universal gas constant (0.08206 L- atm -
mol? - K1).

The relation between hydrogen pressure in the system and a number of hydrogen

moles at temperature (T) prior to de/rehydrogenation can be described by:
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P,V = n,RT 2)
After de/rehydrogenation, new values of hydrogen pressure and moles are as followed:
P,V = n,RT (3)
where, P1 > P, for rehydrogenation and Py < P, for dehydrogenation.
Therefore, the difference between number of hydrogen moles resulting from

rehydrogenation or dehydrogenation is calculated by the following equation:
An = n, — = AP L 4
n =1 np = RT 4
Where, AP = P1 — Pa.

The mass of absorbed or desorbed hydrogen can be calculated from the number of

moles of gas and molecular mass of hydrogen:

My, = 2016AP— (5)
When the hydrogen mass is known using equation (6). The hydrogen capacity (wt. %) of

the investigated materials can be calculated by:

Hydrogen capacity (wt. %) = Uy 100 (6)

Mass of sample

=  Amount of desorbed H: of LiBHs-PcB

- 1%t dehydrogenation cycle

P1= -0.60 atm P2=-1.33 atm

T= 120°C V =0.0240 L

R =0.08206 L-atm-K™*-mol* Sample weight = 0.1402 g
My, = 2016 x (—1.33 — (—0.60)) 00249

(0.08206 x (120 + 273))

=  551x10%g



Hydrogen capacity (wt. %) = 551 x 1077 x 100
0.1402 g
= 0.78 wt. %
2" dehydrogenation cycle
P1= -1.33atm Po= -1.04atm
T= 120°C V= 0.0240L
R =0.08206 L-atm-K*-mol* Sample weight = 0.1402 g
My, = 2016x(—1.04—(-1.33)) 0.0240
(0.08206 x (120 + 273))
= 4.35% 10% g
Hydrogen capacity (wt. %) 5 L35 X 107" x 100
0.1402 g
= 0.31 wt. %

Amount of desorbed H: of LiBH4+-PcB-MWCNT

- 1% dehydrogenation cycle

P:= 0.00 atm P, =0.412 atm

T= 120°C V =0.0213 L

R =0.08206 L-atm-K*-mol* Sample weight = 0.1030 g
My, = 2.016x(0.412—0) 00213

(0.08206 x (120 + 273))

5.48 x 10 g
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Hydrogen capacity (wt. %)

2" dehydrogenation cycle
P.= 0.00 atm
T= 120°C

R =0.08206 L-atm-K*-mol*

My

2

4.26 x 10% g

Hydrogen capacity (wt. %)

60

548 x 107 g
X 100

0.1030 g

0.53 wt. %

P,= 0.32atm
V= 0.0213L
Sample weight = 0.1030 ¢

0.0213

2.016 x (0.32 — 0)

(0.08206 x (120 + 273))

426 x 107*g

01030 g~ 100

0.41 wt. %
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