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Lithium amide (LiNH,) is one of the most promising hydrogen storage materials
due to its high theoretical hydrogen content (8.7 wt. %) and low cost. However, NH,
gas released during LiNH, decomposition is poisonous for PEMFCs’ catalysts. Although
the reactive hydride composites (RHCs) between LiNH, and LiH can solve this problem,
partial emission of NH; and poor kinetics with the enhanced cycling numbers are
observed. High-energy ball milling as well as catalytic and additive doping have been
proposed to improve the properties of LiNH,-LiH composite. In the present work, the
effects of transition metal-based catalyst (TiF,) and multi-walled carbon nanotubes
(MWCNTSs) on de/rehydrogenation performance of compacted LiNH,-LiH in small
hydrogen storage tank are discussed. Catalytic effects of TiF4, on hydrogen
dissociation/recombination and the improved thermal conductivity and hydrogen
permeability from MWCNTs benefit hydrogen sorption. The single-step reaction and
lower temperature in range of 150-350 °C (100 °C lower than the compacted LiNH,-LiH
without additives) together with long plateau temperature and constant hydrogen flow
rate (50 sccm) up to 30 min during dehydrogenation in the small tank are presented.
The hydrogen capacities during de/rehydrogenation cycles increase from 1.90-2.40 to
3.10-4.70 wt. % H, (from 29 to up to 80% of theoretical capacity). Interestingly, LisTiN3
detected upon cycling absorbs NHs to form LisTiN3(NH,),, favoring hydrogen sorption
properties of LiNH,-LiH system. However, the expansion/contraction of the pellet
samples upon de/rehydrogenation cycles results in deformation and/or cracks. This
possibly causes NHj release during cycling. The idea of sandwiching LiNH,-LiH pellet
with LiH layers (10-30 wt. %) is proposed. The LiH-sandwiched LiNH,-LiH pellets show
no sign of NH; release with the hydrogen capacitates of 3.5-4.0 wt. % H, in the 1%
cycle. Upon cycling (the 2"-6" cycles), the decomposition of LiH-sandwiched LiNH,-LiH



Y

pellets with 10 wt. % LiH shows NHj; signal, while that with 30 wt. % LiH releases only
hydrogen with the storage capacities of 2.3-2.6 wt. % H,. Effective dehydrogenation
and reversibility of the 30 wt. % LiH-sandwiched LiNH,-LiH pellet are explained by not
only sufficient content and mechanical stability of LiH layers but also the formation of

the new active phases (LiH;_F, and Li,NH;_,F)).
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CHAPTER |
INTRODUCTION

1.1 Hydrogen energy

Alternative energies are of significant interest regarding the increase in global
temperature, air pollution, and demand for fossil fuels with the depletion of crude oil
resources. From Figure 1.1, the release of CO, per capita during 2001-2019 increases
from 1.65 to 1.75 tCO,/MWh in the afrika, whereas that in Europe decreases
continuously to ~ 1.00 tCO,/MWh (Dematteis et al., 2021). These trends are the
implementation of greater uses of renewable energies in Europe that are beneficial in

the reduction of CO, emissions.
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Figure 1.1 Global carbon dioxide (CO,) production per electricity (Dematteis et al.,
2021).

For Thailand, the government has drafted a plan to reduce greenhouse gas emissions,

mostly from transportations and industries by aiming to increase the use of renewable.



energy up to 8-20% of the country's energy consumption within 2036(Thailand Power
Development Plan, 2015). One of the most efficient renewable energies is hydrogen
energy because of its high energy density (142 MJ kg), great variety of sources (e.g.,
water, biomass, and organic matters), and low environmental impact (e.g., use in fuel
cells) (Jain et al., 2010). Hydrogen is classified based on how the production process

impacts the environment (Figure 1.2).

2020 . 2030

GREY . BLUE =D GREEN %
HYDROGEN e HYDROGEN JNi HYDROGEN

2
S JON! ¢ 5L @ &

COAL REFORMING NATURAL GAS REFORMING WATER ELECTROLYSIS
NATURAL GAS BIOMETHANE (GASIFICATION)
BIOMETHANE BIOMASS

TRANSPORTATION & STORAGE

& o & (W —

TRANSPORTATION CHEMICAL INDUSTRIES ENERGY &. STORAGE LIQUEFACTION & EXPORT

Figure 1.2 Visualization of the hydrogen production routes with a specific color.

(http://www.chemdus.be/blue-green-gray-the-colors-of-hydrogen/).

Firstly, brown or gray hydrogen is produced by gasification or steam methane reforming
(SMR) of hydrocarbon or fossil fuels. The products are a mixture of H, and CO,.
Therefore, this method does not reduce carbon even though hydrogen gas is clean
energy. Next, blue hydrogen uses hydrocarbon or fossil fuels as raw materials, while
the obtained CO, is captured and used to produce other forms of renewable fuels.
(Carbon Capture & Storage Technology). The last one is green hydrogen, which
produced no CO, emissions using clean electricity from renewable energy sources,

such as solar or wind power, to electrolyze water splitting. Among all hydrogen types,



green hydrogen is the most environmentally friendly (Hydrogen, 2021). Hydrogen
energy is classified into two categories according to applications, i.e., (1) portable
energy storage systems often used in applications requiring fast charging, such as
mobile phones and electric vehicles and (2) stationary energy storage systems.
Hydrogen energy in all sections consists of productions, storages, and utilizations in
the fuel cell system (Jena et al,, 2011). From Figure 1.3, hydrogen is produced from
water splitting using renewable sources (e.g., sun and wind) through an electrolyzer,
stored in the storage tank, and supplied to fuel cells to produce electricity. (Sharaf and
Orhan et al., 2014). Our work has been focused on hydrogen storage materials and

systems.

HYDROGEN CYCLE

R STORAGE

M+ 13H, - MH

SUN

ENERGY

ELECTROLYSIS
2H,0~ 2H,4 0,

ENERGY

COMBUSTION

Figure 1.3 Hydrogen cycle (Jena, 2011).

2.2 Hydrogen storages methods and applications

Hydrogen can be stored by physical- and material- based methods (Figure 1.4)
(Ren et al,, 2017). For the physical-based method, the current technology practically
used in the market is compressed hydrogen gas under 70 MPa with gravimetric and
volumetric capacities of 5.7 wt. % H, and 40 gH,/L, respectively. Although hydrogen
capacities of the compressed gas is satisfied according to US-DOE targets (Table 2), its
heavy and bulky tank as well as safety concerns due to high pressure still obstruct the
practical uses. For cryogenic liquid, hydrogen is stored at low temperature (<20K) to

obtain higher volumetric hydrogen capacity (70 kgH,m™). However, large thermal losses



and the cost of insulation for storage tanks and hydrogen stations hinder its
applications. Thus, physically and chemically material-based storage methods have
been proposed. Hydrogen can be stored physically in microporous materials with high
surface area through Van der Waals interaction and chemically in metal and complex

hydrides (Ren et al., 2017).

How is hydrogen stored?

Physical-based Material-based
Compressed Cold/Cryo
Gas Compressed
Q Ez‘ﬂé
L|quud Interstitial Complex Chemical
hyd a hyd tids hyd E088

Ex. MOF-5 Ex. BN-methyl Ex. LaNisHg EX. NaAIHA Ex. NH;BH,

A < . cyclopentane e i @
%% SR
45 '& e X @

q P@=HO=AD=Na @=H @=N Q=8B

= H,accessible
surface

Figure 1.4 Hydrogen storage methods (Rambhujun et al., 2020).

Physisorption-based microporous materials include carbons, zeolites, and metal-
organic frameworks (MOFs). They adsorb molecular hydrogen in their porous structures
and hydrogen storage capacity depends on the specific surface area. In chemisorption,
chemical reactions between metals or alloys with hydrogen provide high theoretical
volumetric and gravimetric capacities of 40-120 kgH, m™ and 5- 18 wt. % H,,
respectively. Nevertheless, high operating temperature and pressure conditions for
de/rehydrogenation, for example, rehydrogenation of LiBH, at ~600 °C under 155 bar
H, for >12 h (He et al., 2019), slow kinetics, and release of by-product gases poisoning
fuel cell catalyst, and membranes (e.g., B,Hg from LiBH; and NHs; from LiNH,) (Yan et
al., 2012) obstruct the application of hydrides as hydrogen storage materials.



Table 1.1 Targets of material-based automotive hydrogen storage systems set by the

US-DOE. ( https://www.energy.gov/eere/fuelcells/doe-technical-targets-onboard-hydro-

gen-storage-light-duty-vehicles)

Gravimetric Volumetric Temperature Pressure
Storage System density density (°C) (bar Hy)
Targets (kg Hy/kg (kg Hy/L system)
system)
2025 0.055 0.040 -40-85 5-12
Ultimate 0.065 0.050 -40-85 5-12
Gravimetric Volumetric Temperature Pressure
Current Status density density (°C) (bar Hy)
(kg Hy/kg (kg Hy/L
system) system)
Metal Hydride (MH): 12 12 125 0.2-10
NaAlH,4
Sorbent: MOF-5 38 21 -193 100
Chemical hydrogen 46 40 - -

(CH) Storage: Off-
Board Regenerable

(AB)

In this work, we aim not only to improve kinetics and hydrogen capacities of

hydrides approaching the 2020 US-DOE targets (Table 1.2) (Huang et al., 2021) but also

upscaling to hydrogen storage tank. Among several solid-state hydrides, lithium amide

(LiNH,) is one of the most promising materials for reversible hydrogen storages because

it contains high theoretical hydrogen content of 8.7 wt. % (Figure 1.5) (Miceli, 2010).

However, ammonia (NH;) released upon decomposition of LiNH, (equation (1.1)), toxic

to fuel cell catalysts must be suppressed (Yao et al., 2007).

2LiNH, — Li,NH + NH,

(1.1)


https://www.energy.gov/eere/fuelcells/doe-technical-targets-onboard-hydro-%20gen-storage-light-duty-vehicles
https://www.energy.gov/eere/fuelcells/doe-technical-targets-onboard-hydro-%20gen-storage-light-duty-vehicles
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Figure 1.5 Theoretical hydrogen storage capacities of hydrogen storage materials

(Miceli, G. (2010)).

To use LiNH, as hydrogen storage material, reactive hydride composites (RHCs)
between LiNH, and other hydrides, such as LiNH,-MgH, (Xilin et al., 2014), LiNH,-LiAlH,4
(Dolotkoet al., 2011), LiNH,-LiBH,4 (Liu et al., 2009), LiNH,-MgH,-LiBH, (Wang et al., 2015),
and LiNH,-Ca(BH); (Yua et al,, 2011) have been proposed. Among all LiNH,-based
composites, LiNH,-LiH is one of the best-performing materials for storing hydrogen due
to its relatively low operating temperature, good reversibility, and low cost (Fernandez
et al., 2013). Nevertheless, partial emission of NH; as well as poor kinetics, especially
with the enhanced cycling numbers are observed. Thus, this work focuses on kinetic
improvement and suppression of NHs release of LiNH,-LiH composite by compaction
into the pellets and sandwiching with LiH layer. Moreover, hydrogen storage

performance in the small hydrogen storage tank is studied.
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CHAPTER Il
LITERATURE REVIEW

2.1 Hydrogen storage in metal hydrides

Hydrogen chemisorption in the forms of metal and complex hydrides consists
of dissociation of hydrogen molecule, diffusion of hydrogen atoms into interstitial sites
of metal and formation of M-H bond (Figure 2.1(A)). Nucleation and growth of hydride
will occur under moderate temperatures and pressures following the pressure-
composition (PCT) isotherms (Figure 2.1(B)(i)) (Klebanoff, 2016). The PCT curve is the
correlation between the equilibrium pressure and the hydrogen storage content at
temperature settings. The a-phase region corresponds to the formation of metal
hydride at low pressures. The plateau region is in accordance with the equilibrium of
a and B phases. Nucleation and growth of the metal hydride refer to g-phase region.
The plateau region in the PCT plot indicates the reversible hydrogen content.
Considering van’t Hoff equation (2.1), enthalpy (AH) and entropy (AS) of hydride
formation can be obtained from slope and y-intercept of the van’t Hoff plot (Figure

2.1(BXi).

AH AS
In(Peq/Po) = S T (2.1)

Where Peq is the plateau pressure, T is the temperature, Po is the reference pressure
(1 bar), R is the gas constant (R = 8.314 J.mol™. K!), AH and AS are the enthalpy and

entropy changes, respectively.

The enthalpy of metal hydrides relates to the heat during hydrogen absorption

and desorption. To obtain equilibrium pressure (Pe,) of 1 bar at 40-150 °C, an operating
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temperature of fuel cell, AH of 30- 55 kJ/mol with constant AS (130 J/mol K) is required
(zuttle, 2008).

L
e
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< >
H, desorbed H, absorbed
B (i) PCT curve (ii) Van't Hoff plot
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Figure 2.1 Hydride formation (a and B phase) (A), PCT curves (i) and van’t Hoff plot (ii) (B)
(Modi et al., 2021).

Thus, metal hydrides with high hydrogen capacity and suitable thermodynamic properties
are challenging for hydrogen storage materials. Another barrier for the practical application
of metal hydrides is kinetic, considering a rate-limiting step for a particular reaction. From
Figure 2.2(A), during absorption hydrogen gas is physisorption onto the surface of metal
hydride (step 1). Then, hydrogen molecules dissociate into atoms, further occupying and
penetrating into the interstitial sites of the host metal (steps 2 and 3). When the amount
of hydrogen increases, diffusion through the hydride layer occurs (step 4) to complete
hydride formation. For desorption, metal hydride decomposes into metal and hydrogen

(step 1). Hydrogen atom diffuses through metal (step 2) and to the surface (step 3). Finally,
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the recombination of hydrogen atoms into molecules (step 4), releasing to the

environment (step 5).

a Phase

B Phase

5 step

4 step

3 step

Figure 2.2 Steps for the absorption (A) and desorption (B) of the metal hydrides. (Jain et

al., 2018).

The chemical reaction's activation energy (E.) presents a barrier in the reaction pathway,
in which many hydrides show significantly high Ea. To practically use metal hydride, rapid
hydrogen de/rehydrogenation at moderate temperature is needed. Catalytic doping is of
interest due to lowering Ea without any changes in chemical structures of reactants and
products as well as thermodynamic properties (Zittle, 2008). Ea can be investigated by

differential scanning calorimetry (DSC) technique and Kissinger equation (2.2).
2) _—Ea
In (B/T2p) - RTp + In(ko) (2.2)

where B is the heating rate (°C/min), Tp is the peak desorption temperature, R is the gas

constant (8.314 J mol* K), Ea is the activation energy, and Ko is a constant.



12

2.2 LiNH,/Li,NH and their tuning strategies

Although other metal hydrides and/or complex hydrides following Figure 1.5 have
accomplished high gravimetric and volumetric hydrogen capacities, their dehydrogenation
temperatures are still high due to the large enthalpy. LiNH,/Li,NH system is one of the
most competitive materials for hydrogen storage because of their suitable gravimetric and
volumetric capacities according to the U.S. (DOE) (5.5 wt. % and 40 ¢H,/L, respectively)
(Partnership., 2017). LiNH, consists of Li* cation and NH,™ anionic group with tetragonal by
space group of /-4, which preferred an anti-fluorite with the arrangement of Li in a
tetrahedral hole and N in a cubic close-packed. However, LiNH, decomposes into Li,NH
and NH; at 373-375 °C under vacuum (equation (2.3)) instead of hydrogen. Thus, LiNH,-LiH
composite has been proposed, which the obtained NH; further reacts with LiH to form
Li,NH and H, (equation (2.4)). However, the deterioration of LiH due to hydrolysis/oxidation
led to NH; emission, resulting in poisoning proton exchange membranes (PEMFCs) and poor
hydrogen capacity (Shaw et al., 2008). Moreover, poor kinetics due to slow NH; diffusion
through the Li,NH coated on the LiNH, core and deficient interfaces between LiH and NH,
are serious issues (Chen et al., 2002). Regarding the previous work reported by Chen et al.
(2003) and Chen et al. (2002), overall reaction for LiNH,-LiH decomposition (equation (2.5))
provides the storage capacity of 6.5 wt. % H,.

2LiNH, —>  Li;NH + NH5 (2.3)
2LiH + NH; —>  Li,NH + 2H, (2.4)
LiNH, + LiH —>  LipNH + H, (2.5)

For Li,NH, it has two crystal structures of Fm-3m and Imma space group as low-
temperature (LT) and high-temperature (HT) phases, respectively (Juza, 1951). Phase
transition of Li,NH from the LT to the HT can be detected at 400-500 K. During the
decomposition of LiNH,, the rate-limiting step is NH; formation at the interface of

LiNH,/Li,NH (Figure 2.3).
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LiNH, /Li,NH NHs

interface

Figure 2.3 The decomposition path of the LiNH,/Li,NH (Miceli et al., 2010).

Several approaches to improve de/rehydrogenation kinetics and suppress NH; emission of
LiNH,-LiH composites, including nanoparticle preparation and catalytic doping have been
reported. Varin et al. (2010) studied the effects of milling time and LiNH,: LiH molar ratio.
When the milling time increased up to 25 h, the grain size of LiNH,-LiH composite

decreased, enhancing specific surface area. (Figure 2.4(A)).
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Figure 2.4 The specific surface area to ball milling time of the LiNH,-LiH composite (A) and

DSC profiles for varied milling time (B).
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Dehydrogenation temperature decreased with the increase of milling time up to 25 h
(Figure 2.4(B)). From Table 2.1, not only milling time but also the enhancement of LiH

content benefits dehydrogenation kinetics.

Table 2.1 Summary of the DSC profiles for LiNH,-LiH by varied milling time and LiH molar

ratio.

Molar ratio DSC peak (°C)
Milling time
(LiNH,-LiH) T (onset) T (main)
(h)
0 1:1 268 324.7
1 1:1 212 272.5
5 1:1 196.2 250.2
25 1:1 186 235.2
25 141 .2 183.4 239.2
25 1:1.4 180.3 234.1
100 1:1 187.2 245

When the milling time increased, the onset temperature decreases from 268 °C to 180 °C
because most LiNH, could effectively react with LiH. The latter was explained by good
contact between LiNH, and LiH particles. In the case of LiNH, : LiH mole ratios increasing
from 1:1 to 1:1.4, onset desorption temperature decreased because of excess LiH

overcoming hydrolysis/oxidation into LiOH or Li,O.

Furthermore, various additives and/or catalysts, such as metal hydrides (LiH, NaH,
KH, MgH,, CaH,, and TiH, (Amica et al., 2015), graphite (Varin et al., 2011), nitrides, and Ti-
Li-N compounds (TiN, BN and LisTiN5 (Aguey-Zinsou et al., 2007), (Nayebossadri et al., 2011),
(Du et al., 2015), halides (AlCl; (Ferna'ndez Albanesi et al., 2013), MgCl, (Davies et al.,
2015), CeF,
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(Lin et al., 2018), KF (Dong et al., 2016), RbF (Dong et al,, 2017), amide KNH, (Ping et al,,
2019), and oxides (LiIOH, NaOH, KOH (Dong et al., 2015), and LiTi,O, (Zhang et al., 2015)
have been studied to improve hydrogen sorption properties of LiNH,-LiH composite. Amica
et al. (2015) studied chemical interactions during hydrogen cycling of LiNH,-1.6LiH doped
with MH, (M = Mg, Ca, Ti). The results showed that LiNH, doped with MgH, and CaH,
produced the solid solutions of Li,Mg(NH), and CaNH-Ca(NH,),, revealing superior
de/rehydrogenation kinetics (Figure 2.5). However, TiH, showed poorer kinetics with
respect to MgH, - and CaH, — doped samples. This can be explained by the fact that TiH,
presented direct contact with LiNH, and LiH, whereas MgH, and CaH, interacted with LiNH,.
Furthermore, Dong et al. (2016) reported the positive effects of potassium fluoride (KF) on
the LiNH,-LiH composite, in which the cycling stability of LiNH,-LiH was enhanced after
doping with KF (Figure 2.6).

04 cosrtergiem
A (A) , | f(f'" (B)
] LNLCa ¥
5. ~— LNLTi l '
%‘ LNL -
X /

Hydrogen absorption (wt %)
T’
iﬁg—,
H ¥

Hydrogen desorption (wt %)

0 500 1000 1500 2000 0 200 400 600 800
Time (sec) Time (sec)
Figure 2.5 Dehydrogenation under 0.02 MPa (A) and rehydrogenation under 0.7 MPa

hydrogen pressure (B) at 300 °C of the LiNH,-1.6LiH and doping with MH, (M = Mg, Ca, and
Ti).
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Potassium hydride (KH) formed during ball milling of LiNH,-LiH doped with KF acted as
active species to improve hydrogen storage properties since it could react with NH; to

produce KNH, and release hydrogen (equation 2.6).

KH + NH, —  KNH, + H, (2.6)

Lin et al. (2018) reported kinetic improvement of the LiNH,-LiH system with 10 wt. %

cerium-based materials (Ce, CeO,, CeFs, and CeF,) (Figure 2.7).

(A) (B) ’
(a) "o

—a— |st —a— 1st
—e—2nd —o—2nd
=34 —&—4th
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Figure 2.6 Cycling stability of LiNH,-LiH (A) and LiNH,-LiH-5mol%KF (B).

The best kinetic improvement and suppression of NH; emission was obtained from the
sample doped with CeF,. It was found that CeF, species formed during the ball milling
process was a good catalyst for LiINH, decomposition without NH; emission. Moreover,
some active intermediate of LisTiN; found after ball milling of LiNH,-LiH-Ti-based
compounds (e.g., Ti, TiCl, and TiO,) acted as NH5 carriers from LiNH, to LiH on a nanometer

scale in the forms of LisTiNs(NHa), (Teng et al., 2011).

For carbon materials, Varin et al. (2011) proposed that doping graphite (5 wt. %)

into LiNH,-1.2LiH showed an increase in the de/absorbed capacities at 325 °C from 4.7 to
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5.2 wt. % H, as well as superior reversibility with 5 wt. % H,. It was suggested that graphite
could prevent or reduce the oxidation/hydrolysis of LiH due to the water repelling from
its surface. Moreover, hydrogen diffusion and heat transfer of hydride materials could be
enhanced by several carbon materials, such as multi-walled carbon nanotubes (MWCNTS5),

activated carbon, graphene, and carbon nanofibers (CNFs).
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Figure 2.7 Dehydrogenation profiles of the LiNH,-LiH composites and Ce- doped LiNH,-LiH
(a), Isothermal dehydrogenation of the LiNH,-LiH composites and CeF4-doped LiNH,-LiH at

different temperatures (b), and NHs signal in MS curves of CeF4-doped LiNH,-LiH (c).
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2.3 Small hydrogen storage tanks for hydrogen storage materials

In practical applications, the hydride materials have to be packed into a closed
tank. Experimental and numerical works have investigated the hydrogen sorption
properties of the storage tanks. Chaise et al. (2010) and Chung et al. (2013) studied both
experimental and numerical data on the de/rehydrogenation properties of the magnesium
hydride-based hydrogen storage tank. They reported the enhancement of the hydrogen
sorption rate by inserting heat pipes into a novel metal hydride tank. Also, heat transfer
properties affecting hydrogen sorption properties were improved by inserting a heat
exchanger (Wu et al,, 2014). Besides tube heat exchanger, the thermal conductivity of
hydride tanks was enhanced by integrating copper wire nets, aluminum foams, and
hydride-graphite composites (Shim et al., 2014), (Mazzucco et al., 2014). Furthermore, the
volumetric hydrogen storage capacities for hydrogen storage tanks can be enhanced by
compacting metal hydride to the pellet (Lozano et al., 2011). Recently, Yan et al. (2015)
designed a cylindrical lab-scale tank based on compaction of Mg(NH,),—2LiH-0.07KOH
mixed with expanded natural graphite (ENG). The laboratory-scale hydrogen storage tank
was designed with 205 mm and 32 mm of length and diameter, respectively. There was a
porous filter tube placed in the tank center for the hydrogen diffusion pathway. In addition,
three thermocouples were located in the hydride beds for measuring the temperature
during de/rehydrogenation (Figure 2.8(A)). Dehydrogenation kinetics of the compacted
Mg(NH,),—2LiH-0.07KOH mixed with up to 17 wt.% ENG were operated at 220 °C with a
hydrogen flow rate of 0.6 L/min. Three regions (I, Il, and Ill) during hydrogenation were
characterized (Figure 2.8(B)). In region I, hydrogen pressure rapidly decreases and the
temperature of the hydride bed is reduced when desorption occurs. For region Il, the
temperature decreases continuously together with hydrogen pressure drops due to the
decomposition of hydrogen storage materials. The mass flow controller demonstrates
hydrogen gas flows through with a constant flow rate until the pressure drops due to

complete dehydrogenation.
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Finally, region Il is the hydrogen desorption almost finishes shown as the reduction of
hydrogen flow rate less than 0.1 L/min, and the temperature in the tank increases to the

set-point temperature.
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Figure 2.8 Laboratory-scale hydrogen storage tank (A) and Hydrogen desorption graph of
compacted Mg(NH,),—2LiH-0.07KOH with different ENG contents (B).

From Figure 2.8, when ENG is added in the hydride-based tank, the diffusion pathway and
heat transfer of the hydride enhance. The latter results in an improvement of the hydrogen

desorption process of the tank.
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To the best of our knowledge, there have been no studies on the upscaling of LiNH,-LiH
to hydrogen storage tanks. In this study, the powder samples of LiNH,-LiH will be
compacted into the pellets prior to packing into the small tank to increase volumetric
hydrogen capacity. However, high compaction pressure results in poor hydrogen diffusion
and poor de/rehydrogenation kinetics and reversibility. Thus, catalysts and/or additives of
titanium-based catalysts (TiF;) and multi-walled carbon nanotubes (MWCNTs) will be
added into LiNH,-LiH. De/ rehydrogenation kinetics of compacted LiNH,-LiH is favored by
the catalytic properties of TiF4 as well as the improved hydrogen diffusion and thermal

properties from MWCNTs (Plerdsranoy et al., 2017).
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CHAPTER 1lI
EXPERIMENTAL SECTION

3.1 Chemicals

Table 3.1 Chemicals used in this work.

Chemicals Formular specification Supplier
Lithium amide LiNH, 95 % Aldrich
Lithium hydride LiH 95 % Aldrich
Titanium tetrafluoride TiF, 99 % Acros Organics
Multiwall carbon nanotubes MWCNTSs - diameter of 20-50 nm,

Nano Materials

Research Unit

3.2 Apparatus
3.2.1 Glovebox and high-energy ball milling
Due to the sensitivity of hydride materials to air and moisture, all samples were
handled under a nitrogen atmosphere in the glove box (Figure 3.1(A)). The ball milling

was used for sample preparation (Figure 3.1(B)).

Figure 3.1 Glove box (Omni-Lab System, VAC) (A) and A QMO0.4L Planetary Ball Mill,
Nanjing Chishun Science & Technology (B).
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3.3 Sample preparation

3.3.1 Compacted LiNH,-LiH doped with TiF, and MWCNTSs

LiNH, was mixed with LiH by 1:1 molar ratio and milled for 5 h and 10 h with a
ball-to-powder weight ratio of 20:1 and 580 rpm, respectively, to obtain LiNH,-LiH
composites, denoted as LNL. LNL composite (5 h) was milled with 5.0 wt.%TiF4 for 5
h and with MWCNTs for 10 min. The powder samples of LNL (10h) and LNL-TiF,-
MWCNTs were compressed into the pellets under 200 Mpa using a pellet die set with
15 mm diameter to obtain the compacted samples of LNL and LNL-TiFs-MWCNTSs,
respectively. The densities of the LNL and LNL-TiF,-CNT pellets were ~0.7 and 1.00

g/cm?®, respectively.

3.3.2 LiH-sandwiched LiNH,-LiH-TiF,-MWCNTs pellets

LiH was pre-milled for 5 h and milled with 1 wt. % MWCNTs for 30 min. The
powder sample of LNL (5h) obtained from 3.3.1 was sandwiched between MWCNTs-
doped LiH by compressing under 200 MPa to obtain LiH-sandwiched LNL (Figure 3.2(A)).
The amounts of MWCNTs-doped LiH layers were 10, 20, and 30 wt. % with respect to
LNL content, and the obtained pellet samples were named LNL-10% LiH, LNL-20%
LiH, and LNL-30% LiH, respectively.

3.4 Small hydrogen storage tanks containing compacted LNL, LNL- TiF,-
MWCNTSs and LiH-sandwiched LNL

All compacted samples (~2-3 ¢) were packed into separated cylindrical tanks
with a packing volume of 21.7 mL (Figure 3.2(B-D)). Hydrogen diffusion inside the tank
was improved by inserting the stainless-steel (SS) mesh sheets between the
compacted pellets. Temperature profiles inside the tank were investigated using K-
type thermocouples from SL heater (TC1, TC2, and TC3 inserted at the depths of 3, 2,
and 1 cm, respectively) (Figure 3.2(C-D)).
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Figure 3.2 Schematic draw of LiH-sandwiched LNL pellet (A), the components of small
hydrogen storage tank (B), and the positions of thermocouples along the tank length
packed with compacted samples of LNL and LNL-TiF;-MWCNTs (C) and LiH-sandwiched
LNL (D).

3.5 Characterizations
3.5.1 Chemical compositions and structure
3.5.1.1 Powder x-ray diffraction (PXD)
Powder x-ray diffraction (PXD) experiments were done using a Bruker D8
ADVANCE with Cu Ko source (A = 0.15406 nm). The pellet sample was ground and
packed in the sample holder covered with a poly (methylmethacrylate)(PMMA) dome
(Figure 3.3) under a nitrogen-filled glove box. The experiments were investigated at the

20 range and the scanning step of 10-80° and 0.02°/s, respectively.

Figure 3.3 An airtigsht sample holder covered with a PMMA dome.
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3.5.1.2 Fourier transform infrared spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR) spectra were collected
using an attenuated total reflection (ATR) mode (a Bruker T27/Hyp 2000) in 4000-400

cm™ wavenumber range with 64 scans (Figure 3.4).

Figure 3.4 FTIR spectrometer of Tensor 27-Hyperion 2000 (Bruker).

3.5.1.3 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) experiments were carried out at
the Suranaree University of Technology (SUT), National Nanotechnology Center
(NANOTEC) and Synchrotron Light Research Institute (SLRI) joint research facility,
Synchrotron Light Research Institute (Public organization), Thailand (Figure 3.5). A
PHI5000 Versa Probe Il (ULVAC-PHI Inc., Japan) with Al Ko (1.486 keV) radiation as an
excitation source was used. The powder samples were deposited on the sample
holder using carbon glue tape in the glove box. Prior to the measurements, the
samples were placed in the high vacuum chamber (1 x 108 mbar) for 2 h. The high-
resolution scan of each element was collected using a pass energy of 46.95 eV and a
step size of 0.05 eV. Dual-beam charge neutralization (low energy electron and ion
beam) method was used to minimize sample charging. The binding energy was

calibrated with respect to the C 1s peak (284.8 eV).
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The data was analyzed using MultiPak software version 9.6.0 (ULVAC-PHI, Japan). Peak
fitting was performed after Shirley background subtraction. The symmetrical Gaussian-
Lorentzian function was used to approximate the line shapes of the fitting

components.

Figure 3.5 X-ray photoelectron spectroscopy at Suranaree University of Technology
(SUT), National Nanotechnology Center (NANOTEC) and Synchrotron Light Research
Institute (SLRI).

3.5.2 Hydrogen sorption properties

3.5.2.1 Simultaneous thermal analysis (STA) coupled with mass
spectroscopy (MS)

Hydrogen desorption was characterized by differential scanning
calorimetry (DSC) and thermogravimetry (TG) ‘using a Netzsch (STA 449 F3 Jupiter)
(Figure 3.8). The sample (~15 mg) was heated to 500 °C (5 °C/min) under 50 mL N,/min.
The relative signals of H, and NH; released from the sample were investigated by mass

spectroscopy (MS) using a Netzsch QMS 403C (Figure 3.6).
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Figure 3.6 STA 449 F3 Jupiter coupled with QMS 403C (Netzsch).

3.5.2.2 Sievert-type apparatus for tank scale

Titration measurements were carried out using a test station
automatically controlled by a program created in the Labview® environment
(Dansirima et al., 2019), (Thiangviriya et al., 2019), (Thongtan et al., 2018). The small
hydrogen storage tanks packed with the compacted samples were assembled with
other components of the sample holders for titration measurement (Figure 3.7). The
direct-acting plunger solenoid valves (a Burkert Type 0255) were used to control
hydrogen consumption and liberation during de/rehydrogenation. The pressure change
during the experiments was detected by a pressure transducer (0-3000 psig, an OMEGA
Engineering PX309-3KGI). Temperature, pressure, and mass flow rate profiles were
transferred to the computer using the module data loggers (a National Instruments NI
USB-6009 and a Wisco Al210). Hydrogenation was carried out at isothermal conditions
(Tset = 330 °C) under 10-15 bar H,. Dehydrogenation was at Tset = 330 °C and began
with the hydrogen pressure of 15 bar, remaining after hydrogenation. A mass flow
controller (MFC, a Bronkhorst EL-FLOW selected F-201CV) with the operating range of

0-1.0 standard L/min (SLM) was used to measure the content of hydrogen desorbed.
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The volume of hydrogen gas was achieved by integrating the peak area of hydrogen
mass flow rate (SLM) versus time (min) plot. Total hydrogen storage capacity, defined
as the combination of material hydrogen capacity and hydrogen content remaining

after absorption was calculated as following equations.

PsVsTstp

Vstp = “TParp (3.1)
n _ VsTp
Ha ~ 224Lmol?! (3.2)

ny, X2.016 g/mol

H, capacity (wt.%) = x 100 (3.3)

sample weight (g)

where Vgrp (L) and Vs (SL) are volumes of hydrogen gas at standard temperature and
pressure condition (STP, Tgrp= 273.15 K and Psrp = 1.0133 bar) and at the standard
condition of MFC (Ts = 296.15 K and Pg = 1.0156 bar), respectively. ny, (mol) is

hydrogen mole and standard molar volume is 22.4 L/mol.
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Figure 3.7 Schematic diagram of Sievert-type apparatus.



33

3.6 References

Dansirima, P., Thiangviriya, S., Plerdsranoy, P., Utke, O., and Utke, R. (2019). Small
hydrogen storage tank filled with 2LiBH4- MgH, nanoconfined in activated
carbon: reaction mechanisms and performances. Int. J. Hydrogen Energy, 44,

10752-10762.

Thiangviriya, S., Plerdsranoy, P., Sitthiwet, C., Dansirima, P., Thongtan, P., Eiamlamai, P.,
Utke, O., and Utke, R. (2019). MgH,-TiF;-MWCNTs based hydrogen storage tank
with central heat exchansger. Int. J. Hydrog. Energy 44, 20173-20182.

Thongtan, P., Dansirima, P., Thiangviriya,S., Thaweelap, N., Suthummapiwat, A.,
Plerdsranoy, P., and Utke, R. (2018). Reversible hydrogen sorption and kinetics
of hydrogen storage tank based on MgH, modified by TiF,; and activated carbon.
Int. J. Hydrogen Energy, 43, 12260-12270.



CHAPTER IV
RESULTS AND DISCUSSION

4.1 Compacted LiNH,-LiH doped with TiF, and MWCNTs

Dehydrogenation of compacted samples is characterized by the simultaneous
DSC-TG-MS technique. Compacted LNL shows two-step decomposition at 246 and 416
°C corresponding to H,-MS signals and storage capacities of 1.7 and 4.1 wt. % H,,

respectively (Figure 4.1(A)).
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Figure 4.1 Simultaneous DSC-TG-MS results during dehydrogenation of LNL (A) and
LNL-TiF4-CNT (B).
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From the previous reports, the decomposition of LiNH,-LiH presents at 150-450 °C with
NH; release at T > 300 °C, indicating a slow decomposition rate of LiNH, and deficient
interface of NH; and LiH to produce Li,NH and H, (Nayebossadri et al., 2011), (Dong et
al,, 2015), (Fernandez Albanesi et al, 2013). In this study, compacted LNL
dehydrogenated at 150-450 °C without NH; release. This is because high compaction
pressure results in a slow decomposition rate of LiNH, and poor NH; diffusion. In the
case of compacted LNL-TiFs-CNT, a single-step reaction shows onset and main
dehydrogenation temperatures at 150 and 250 °C, respectively, with H, capacity of 4.5
wt. % (Figure 4.1.(B)). The theoretical capacity of LNL-TiF,-CNT is 5.85 wt. % H,
according to TiF; and MWCNTSs loading contents (10 wt. %) and the theoretical capacity
of LiNH,-LiH (6.5 wt. % H,). By doping with TiF, and MWCNTs, hydrogen content
liberating from compacted LiNH,-LiH at ~350 °C increases from 1.7 to 4.5 wt. % H, (26-
77% of theoretical capacity) (Figure 4.1). Kinetic improvement can be described by the
catalytic effect of TiF4 and the enhanced hydrogen diffusion and thermal conductivity
from MWCNTs (Thiangviriya et al., 2019). However, the increase of hydrogen
permeability probably favors NH; diffusion as observed in signals of hydrogen and NH,
(1.5 wt. %) at T > 400 °C during dehydrogenation of compacted LNL-TiF4-CNT (Figure
4.1(B)).

Furthermore, de/rehydrogenation kinetics of these samples are investigated.
Due to the signal of NH; detected at T > 400 °C from compacted LNL-TiF4-CNT (Figure
4.1(B)), hydrogen desorption and absorption are carried out under isothermal at setting
temperature (Tset) of ~335 °C to avoid NH; release. As-prepared pellets are heated
from room temperature to Tset under hydrogen pressure of ~20 bar to prevent
dehydrogenation. When an isothermal condition is obtained, hydrogen gas is liberated
from the tank with constant flow rate of 50 standard cc/min (sccm). When
dehydrogenation starts, sample temperatures reduce due to endothermic reaction.
Dehydrogenation of compacted LNL tank begins at t~6 min under the system pressure

(Psys) of 7.5 bar H, (Figure 4.2).
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Figure 4.2 Temperature, pressure, and hydrogen flow rate profiles during

dehydrogenation of small hydrogen storage tanks containing compacted LNL (A) and

LNL-TiF4-CNT (B).
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Complete dehydrogenation is obtained with total and material storage capacities of
277 and 1.9 wt. % H,, respectively. The obtained material capacity corresponds to
1.7 wt % H; released from the compacted LNL at T < 300 °C detected by simultaneous
DSC-TG-MS result (Figure 4.1(A)). For compacted LNLTiF4- CNT tank, dehydrogenation
starts at t~7 min under Psys of 8.0 bar H, (Figure 4.2(B)). Long plateau range (~20 min)
with a constant hydrogen flow rate (50 sccm) up to 30 min confirm effective
desorption. Total and material hydrogen capacities of 5.50 and 4.70 wt.% H,,
respectively, agree with simultaneous DSC-TG-MS results (4.5 wt. % H,) (Figure 4.1(B)).
Therefore, the dehydrogenation kinetics of compacted was improved due to both
catalytic effects of TiF, and hydrogen diffusion from MWCNTs. Rehydrogenation is
continuously performed at isothermal conditions (Tset = 333-334 °C) under 10-20 bar
H,. When hydrogen pressure is applied to the storage tank, temperatures rise rapidly
to equilibrium temperatures (Teq) of 334-347 and 359-395 °C, in agreement with
equilibrium pressure (Peq) of 3.5-5 and 7-8.5 bar H, of compacted LNL and LNL-TiF,-
CNT tanks, respectively (Luo et al., 2005) (Figure 4.3).
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Figure 4.3 Temperature and pressure profiles during rehydrogenation of small
hydrogen storage tanks containing compacted samples of LNL (A) and LNL-TiF4-CNT
(B).

Peq of compacted LNL-TiF4-CNT is greater than that of compacted LNL and approaches
the applied pressure (10-16 bar H,), indicating superior hydrogen diffusion (Figure 4.3
(B)). The anisotropic alignment of MWCNTSs in compacted LNL-TiF,-CNT might provide
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transporting channels for hydrogen in all directions of the compacted samples. The
latter favors hydrogen diffusion during desorption rather than absorption due to
hydrogen being applied from only one direction (top of the tank). In addition, initial
temperatures at all positions (326-331 °C) in compacted LNL tank are lower than Tset
(334 °C) (Figure 4.3(A)), whereas those of compacted LNL-TiF4-CNT tank (330-337 °C)
are comparable to Tset (333°C) (Figure 4.3(B)). These results confirm superior thermal
conductivity of compacted LNL-TiF,-CNT tank. Complete rehydrogenation of both
tanks is confirmed by the reduction of temperatures to the initial values within 30 min.

5 I N I . I 1 I H I N I . I
1" cycle = 4.70 wt. %H,
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Figure 4.4 Dehydrogenation kinetics and reversibility during cycling of small hydrogen
storage tanks containing compacted LNL and LNL-TiF4-CNT.

Furthermore, kinetics and reversibility of compacted LNL and LNL-TiF4-CNT
tanks are evaluated. From Figure 4.4, (1.90-2.40 wt. % H, or 29-37% of theoretical
value) are achieved from compacted LNL tank upon five hydrogen de/rehydrogenation
cycles. In the case of compacted LNL-TiF4-CNT tank, 4.70 wt. % H, is obtained within
100 min during the 1% cycle. However, the hydrogen capacities reduce to 3.10-3.40 wt.
% H, (53-58% of theoretical value) with slower kinetics during the 2"-6™" cycles.
Nevertheless, reversible hydrogen capacity increases from 37 to 58% of theoretical

values after doping with TiFg and MWCNTs.
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Reaction mechanisms during de/rehydrogenation of both tanks are studied by PXD and
FTIR techniques. From Figure 4.5(a), as-prepared LNL reveals diffraction patterns of
LiNH, and LiH, implying no reaction between hydride materials during ball milling.
Upon cycling (the 1= 2" de/rehydrogenation), diffraction patterns of LiNH,, Li,NH, LiH,
and Li,O are observed (Figure 4.5(b-d)). For FTIR results, all samples show vibrational
peaks of LiNH, at 3314 and 3259 cm?, while de/rehydrogenated pellets show the signal
of Li,NH at 3252 and 3184 cm™, corresponding to asymmetric and symmetric stretching
of N-H bonds, respectively (Figure 4.6(a-d)) (Kojima et al., 2005). The signals of LiNH,,
Li,NH, and LiH detected in de/rehydrogenated pellets hint at incomplete hydrogen
desorption and poor reversibility of compacted LNL tank, in agreement with the inferior
hydrogen content released and reproduced to theoretical value during cycling (Figure
4.4). The formation of Li,O is due to oxidation of Li-containing phases with oxygen

and/or humidity during sample preparation.

®LiNH, JLi,NH xLiH ULi0 +LiOH * sample holder

T o T ' T X T w o\l ) 1

Intensity (a.u.)
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Figure 4.5 PXD spectra of as-prepared (a), dehydrogenated (b), rehydrogenated (c),
and the 2"? dehydrogenated (d) samples of compacted LNL located at the middle of
the tank (TC2).
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In the case of compacted LNL-TiF4-CNT, as-prepared powder sample shows the
diffraction peaks of LiNH,, LiH, and unknown phase (Figure 4.7(a)). When the reaction
occurred, dehydrogenated pellet reveals characteristic peaks of Li,NH and LiF (Figure
4.7(b)), hinting at complete dehydrogenation and reaction between TiF, and Li-

containing phases, respectively.
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Figure 4.6 FTIR spectra of as-prepared (a), dehydrogenated (b), rehydrogenated (c),
and the 2" dehydrogenated (d) samples of compacted LNL located at the middle of
the tank (TC2).

Li,O and LiOH signals are described by the oxidation/hydrolysis of Li-containing phases
during the experiments. After rehydrogenation, not only LiNH, and LiH are reproduced
but also LisTiN3 and unknown phases (Figure 4.7(c)). From the previous results, LisTiN;
formed by nanocontact between LiNH, and Ti could absorb excess NH; to form

Lis TiN5(NHs),, acting as a catalyst to enhance hydrogen desorption properties of Li-N-H
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system (Teng et al,, 2011). This phase favored desorption kinetics and reversibility of
compacted LNL-TiF4-CNT tank as compared with compacted LNL (Figure 4.4).
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Figure 4.7 PXD spectra of as-prepared (a), dehydrogenated (b), rehydrogenated (c),
and the 2" dehydrogenated (d) samples of compacted LNL-TiF,- CNT located at the
middle of the tank (TC2).

For the 2" desorption, diffraction patterns of LiNH, and LiH are recovered together
with Li;,NH, LiF, Li,O, and LiOH (Figure 4.7(d)). FTIR spectrum of as-prepared sample
shows the characteristic vibrations of LiNH, (3314 and 3258 cm™) and Li,NH (3252 and
3184 cm™) (Figure 4.8 (a-d)). For the dehydrogenated and rehydrogenated samples, the
vibration of Li,NH (Figure 4.8(b)) and LiNH, (Figure 4.8(c)) are observed, respectively.
Thus, compacted LNL-TiF4;-CNT not only decomposes completely but also can be
reversible. However, incomplete dehydrogenation during the 2" cycle is confirmed by
mixed vibrational peaks of LiNH, and Li,NH (Figure 4.8(d)). This leads to the reduction
of hydrogen capacity during the 2" 6™ with respect to the 1% cycle of compacted
LNL-TiF4-CNT tank.
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Figure 4.8 FTIR spectra of as-prepared (a), dehydrogenated (b), rehydrogenated (c),
and the 2" dehydrogenated (d) samples of compacted LNL-TiF,-CNT located at the
middle of the tank (TC2).

De/rehydrogenation performances at different positions (TC1-TC3) inside the
compacted LNL-TiF4-CNT tank are investigated. As-prepared powder showed the
vibrational peaks of LiNH, (3314 and 3260 cm™) and Li,NH (3250 and 3180 cm™). For
dehydrogenated samples, all positions present mainly the vibration of Li,NH with slight
sicnal of LiNH, Figure 4.9. Therefore, reaction rate and mechanisms inside the
compacted LNL-TiF4-CNT tank are comparable. Moreover, the expansion/contraction
of the pellet sample upon de/rehydrogenation cycles results in the deformation
and/or cracks (Figure 4.10). It should be noted that both LNL and LNL-TiF4-CNT show

good mechanical stability upon cycling.
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Figure 4.9 FTIR spectra of as-prepared and dehydrogenated samples at different
positions inside the tank containing compacted LNL-TiF4-CNT.
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Figure 4.10 Pictures of compacted LNL and LNL-TiF4-CNT at as-prepared state (A and
C, respectively) and after cycling (B and D, respectively).
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4.2 LiH-sandwiched LiNH,-LiH-TiF,-MWCNTs pellets

From the previous work, NH; emission upon cycling might still occur due to
pellet deformation (Figure 4.10). In this study, we would like to propose the idea of
sandwiching  LiNH,-LiIH with LiH layers to prevent NH; emission during
de/rehydrogenation cycles. To enhance hydrogen sorption kinetics and gas diffusion,
TiF4 and MWCNTSs are added into the middle layer of LiNH,-LiH, while the outer layers
of LiH are doped with 1 wt. % MWCNTs. The pellets of LiH-sandwiched LiNH,-LiH
contain 10-30 wt. % of MWCNTs-doped LiH layers. Dehydrogenation kinetics,
reversibility, and hydrogen exchange reactions as well as the suppression of NH;
release upon cycling of the LiH-sandwiched LiNH,-LiH pellets are investigated. The
decompositions of as-prepared LNL and LiH-sandwiched LNL pellets are characterized
by simultaneous DSC-TG-MS technique as shown in Figure 4.11. All pellet samples
reveal comparable onset desorption temperatures at about 200 °C. LNL pellet shows
two-step dehydrogenation at 260 and 484 °C together with NH; release during the
second step. In the case of LiH-sandwiched LNL pellets, single-step dehydrogenation
at 260-262 °C with no sign of NH; release are observed. For the percent weight loss,
LNL pellet represents the combination of H, and NH; release (6.83 wt. %), while LiH-
sandwiched LNL pellets liberate only H, (4.12-5.00 wt. %) (Figure 4.11). Considering
comparable desorption temperatures of all LiH-sandwiched LNL pellets, the different
amounts of MWCNTs-doped LiH layers (10-30 wt. %) sandwiching at both sides of LNL
pellet do not affect the desorption temperature of LiNH,-LiH composite during the first
dehydrogenation. However, high content of MWCNTs-doped LiH content (30 wt. %)
results in deficient hydrogen capacity of LNL-30% LiH (3.50 wt. %) with respect to other
LiH-sandwiched LNL samples.
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Figure 4.11 Simultaneous DSC-TG-MS results of LNL, LNL-10% LiH, LNL-20% LiH, and
LNL-30% LiH pellets.

Since the dehydrogenation character of LNL-20%LiH is in between those of
LNL-10% LiH and LNL-30% LiH. Further studies based on dehydrogenation kinetics,
reversibility, and suppression of NHj release focus on the pellet samples with the
lowest and the highest contents of MWCNTs-doped LiH (LNL-10% LiH and LNL-30%
LiH). From Figure 4.12, total and material hydrogen capacities during the 1°' cycle of
LNL-10% LiH pellet are 4.97 and 3.90 wt. % H,, respectively, while those of LNL-30%
LiH pellet are 4.27 and 3.67 wt.% H,, respectively. These agree with simultaneous DCS-
TG-MS results at 330 °C (4.0 and 3.50 wt. % H,, respectively) (Figure 4.11). Both LiH-
sandwiched LNL pellets are rehydrogenated under 10-15 bar, which two-step

exothermic reaction are observed at all positions (TC1-TC3) (Figure 4.13).
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Figure 4.12 Dehydrogenation kinetics of LNL-10% LiH and LNL-30% LiH pellets.

Considering reversibility, 3.90 and 3.67 wt. % H, are observed during the 1% cycle of
LNL-10% LiH and LNL-30% LiH, respectively (Figure 4.14). During the 2"%-6" cycles,
comparable total and material capacities in the ranges of 2.9-3.3 and 2.3-2.6 wt. %

H,, respectively, are obtained from LNL-10% LiH and LNL-30% LiH, respectively.
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Figure 4.13 Rehydrogenation kinetics of LNL-10% LiH and LNL-30% LiH pellets.
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Figure 4.14 Dehydrogenation kinetics and reversibility of LNL-10% LiH and LNL-30%
LiH pellets.

After cycling, the 6™ rehydrogenated pellets of both LiH-sandwiched LNL
samples are investigated by simultaneous DSC-TG-MS technique to confirm NHj
suppression. Both pellet samples reveal two-step decomposition (Figure 4.15). LNL-
10% LiH releases both H, and NHs at the same temperature ranges at ~250 and 400
°C, resulting in total weight loss of 8.20 wt. % (Figure 4.15(A)). While LNL-30% LiH
provides only H,-MS signal at the same temperature together with the total capacity
of 4.10 wt. % H, (Figure 4.15(B)). LNL-10% LiH and LNL-30% LiH pellets present percent
weight losses of 2.40 and 2.10 wt. %, respectively at 330 °C, approaching the contents
of gases desorbed during the 2"%-6" cycles (2.3-2.6 wt. %) (Figure 4.14). Superior
dehydrogenation performance upon cycling of LNL-30% LiH to LNL-10% LiH pellet can
be described by the effective suppression of NH; release due to sufficient LiH content
and mechanical stability upon cycling of LiH layer. Figure 4.16(A) shows that LNL-10%
LiH pellet with the thin layers of MWCNTs-doped LiH has some defects and/or cracks
on the MWCNTs-doped LiH layer after cycling, resulting in NH; release (Figure 4.16(A)).
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Figure 4.15 Simultaneous DSC-TG-MS results of the 6" rehydrogenated pellets of LNL-
10% LiH (A) and LNL-30% LiH (B).

In the case of LNL- 30% LiH, the dense pellet of LNL layer is sandwiched with the thick
layers of MWCNTs-doped LiH (Figure 4.16(B)), leading to suppression of NH; release
upon cycling. Furthermore, chemical compositions of as-prepared, dehydrogenated,
and rehydrogenated states of both LiH-sandwiched LNL samples are characterized by
PXD, FTIR, and XPS techniques. Due to comparable dehydrogenation kinetics during
the 2"-6™" cycles, the 6 de/rehydrogenated pellets are selected to represent the
hydrogen exchange reaction upon cycling. PXD pattern of as-prepared LNL-10% LiH
pellet shows the diffractions pattern of LiNH,, LiH, Li,O, and LiTi,O4, while the 5th
dehydrogenated sample reveals the signals of Li,NH, LiH, Li,O, and LiTi,O4 (Figure
4.17(A)a-b)). For after the 6™ rehydrogenation, the diffraction peaks of LiNH, and LisTiN5
are observed together with other phases, similar to as-prepared and dehydrogenated

samples (LiH, Li,O, and LiTi,Oy4) (Figure 4.17(A)c)).
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Figure 4.16 Microscope images of as-prepared and the 6 rehydrogenated pellets of

LNL-10% LiH (A) and LNL-30% LiH (B).

Considering the FTIR spectra, as-prepared and the 6™ rehydrogenated samples show
vibrational peaks of LiNH, at 3314 and 3260 cm™' (Figure 4.17(B)c)). For the 5%
dehydrogenated sample, the vibration of Li,NH at 3252 and 3183 cm™ is observed in
Figure 4.17(B)(b)). The excess of LiH from the MWCNT-doped LiH layers leads to the
formation of LiTi,O4. Zhang et al. (2015) proposed that LiTi,O4 could enhance the
mobility of Li+ ions between LiH and LiNH, solid phases, improving dehydrogenation
of the LiNH,-LiH composites. Besides, LisTiN; obtained from the nanocontact between
LiNH, and Ti (from TiF,) could absorb the excess NHs to form LisTiNs(NHs),, acting as a
catalyst for enhancing hydrogen desorption properties. Thus, these formations of
several irreversible phases of Li,O, LiTi,O4, and LisTiN; phases affect the reduction of
gas content upon cycling. For the sample of LNL-30% LiH, as-prepared pellet shows
the diffractions pattern of LiNH, and LiH (Figure 4.18(A)@)), while the 5%
dehydrogenated pellet reveals the signals of Li,NH*, Li,O, LiH, and LiF together with
LiH;_,F,, which the diffraction is in between those of LiH and LiF (Figure 4.18(A)(b)). The
formation of LiH;_,F, is in accordance with the confirmed reaction between NaH and
NaF to form NaH;_F,, which the diffractions of NaH,_,F, located between those of NaH
and NaF (Humphries et al., 2016).
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Figure 4.17 PXD patterns (A) and FTIR spectra (B) of the pellets at as-prepared (a), the
5™ dehydrogenated (b), and the 6" rehydrogenated (c) states of LNL-109%LiH.

In the PXD result, diffraction peaks of Li,NH* are slightly shifted to lower 26 (~0.1°)
with respect to Li,NH (Figure 4.18(A)(b)). This indicates that the enlargement of Li,NH

unit cell is probably due to the substitution of F atoms for H in Li,NH structure to form
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Li,NH;_,F,, upon cycling, identical to the formation of LiH,_,F, (Figure 4.18(A)(b)). For the
sample of the 6" rehydrogenation, the characteristic peaks of LiNH,, LiTi,O,, LiH, and
unknown phase are observed (Figure 4.18(A)(c)), indicating the successful reversibility

of the LiNH,-LiH composite.
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Figure 4.18 PXD patterns (A), FTIR spectra (B), and N 1s XPS spectra (C) of the pellets
as prepared (a), the 5" dehydrogenated (b), and the 6 rehydrogenated (c) states of
LNL-30% LiH and as-milled LiNH, powder samples.
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FTIR spectra of as-prepared and the 6™ rehydrogenated LNL-30%LiH also show
comparable vibrations with those of LNL-10%LiH (Figure 4.18(B)a) and (o)), i.e.,

asymmetric and symmetric N-H stretching of LiNH, at 3314 and 3260 cm™

, respectively
(Figure 4.18(B)a) and (c)) (Kojima et al., 2005). However, the 5" dehydrogenated LNL-
30% LiH shows not only characteristic peaks of Li,NH at 3254 and 3184 cm™ but also
a shoulder peak at the lower wavenumber of 3165 cm™ (Figure 4.18(B)(b)). This
indicates that another N-H bond of Li,NH with the enhanced bond length is probably
attributed to the increase of electronegativity of the neighboring atom (F atom). This
suggests that fluorine may substitute for hydrogen in Li,NH to produce Li,NH;_/F,,
corresponding to PXD result. Furthermore, XPS experiments are conducted to confirm
the formation of Li,NH;_F,. From Figure 4.18(C), N 1s XPS spectrum of as-milled LiNH,
shows the characteristic peak of LiNH, and Li,NH at 398 and 398.6 eV, respectively.
The appearance of Li,NH in as-milled LiNH, can be due to the partial decomposition
of LiNH, during the milling process. For the 5" dehydrogenated pellet, signals of Li,NH
at ~399 eV together with the peak at higher binding energy at 399.7 eV are observed
(Figure 4.18(C)(b)). Chemical bonding with a more electronegative atom leads to the
decrease of the electron density in the valence shell of N atom, resulting in the
enhanced binding energy of the N 1s orbital. Therefore, the N 1s XPS peak at higher
binding energy (399.7 eV) with respect to that of N-H bond likely belonging to Li,NH
(399 eV) indicates the bonding between N and electronegative atom (i.e., N-F bond in
this study). This fluorine substitution of hydride materials is possible due to the
comparable ionic size of the hydride and fluoride ions as well as the structural
similarity of their compounds (Humphries et al., 2016), (Messer, 1970). Thus, LNL-
30%LiH provides not only sufficient LiH content to consume NH; but also the
formation of new reactive phases of LiH;_F,and Li,NH;_,F, upon cycling. This leads to
positive effects on de/rehydrogenation kinetics and reversibility of LiNH,-LiH, which is

confirmed by hydrogen contents reproduced upon cycling and the reaction

mechanisms of F-substituted phases on kinetic properties.
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CHAPTER V
CONCLUSIONS

De/rehydrogenation performances, kinetics, and reaction mechanisms of small
hydrogen storage tank containing compacted LiNH,-LiH doped with TiF4; and MWCNTs
were investigated. The enhanced dehydrogenation kinetics was confirmed by the
alteration of reaction pathway at lower temperature range of 150-350 °C. Moreover,
hydrogen content released and reproduced at isothermal condition (Tset = 335 °C)
increased from 1.90-2.40 to 3.10-4.70 wt. % H,. Effective dehydrogenation was
confirmed by the prolonged plateau temperature range and constant hydrogen flow
rate (50 sccm). Upon cycling, Li;TiNs obtained from the nanocontact between LiNH,
and Ti absorbed NH; to produce LisTiNs(NH-),, acting as catalyst for Li-N-H system. To
further reduce NH5; emission upon cycling, the composite of LiNH,-LiH doped with TiFg4-
MWCNTs was sandwiched with MWCNTs-doped LiH layers (10-30 wt. %). During the
first dehydrogenation, compacted LiNH,-LiH released NH; along with H,, while LiH-
sandwiched LiNH,-LiH pellets desorbed hydrogen without NHs. Kinetic properties of
the 1% de/rehydrogenation of LiH- sandwiched LiNH,-LiH pellets (10 and 30 wt. %
MWCNTs-doped LiH) were comparable (3.5-4.0 wt. % H, within 60 min). Upon the 2"-
6" cycles, the gases desorbed from the pellet samples with 10 and 30 wt. % MWCNTSs-
doped LiH (2.3-2.6 wt. %) were mixed Hy+NHs; and only H,, respectively. Deficient
reversible hydrogen contents were described by the formation of irreversible phases
(Li,O, LiTi,O4, and LisTiNs). The effective suppression of NH; obtained from the pellet
with 30 wt. % MWCNTs-doped LiH was due to sufficient content and mechanical
stability of LiH layers. Moreover, F substitution for H in LiH and Li,NH to form LiH;_F,
and Li;NH,_,F,, respectively, were observed during dehydrogenation of the pellet with
30 wt. % MWCNTs-doped LiH. These phases likely benefited de/rehydrogenation
kinetics and reversibility of the Li-N-H system.
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