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Abstract

Division of Materials Science and Engineering

Graduate School of Engineering
Doctor of Philosophy

Investigation on Catalytic Effect and Transformation Process in Mg/MgH,

System

by Tao Ma

Mg/MgH, system is a promising candidate for hydrogen storage materials due to its high hy-
drogen capacity (7.6 wt%) and low cost; Yet the main obstacle impeding its application lies in
the limitation of kinetics and thermodynamics. In respect to these problems, two significant
issues, the catalytic effect and Mg—MgH, transformation process, were studied in this thesis,

as a contribution to further development on the system.

First, the catalytic effect of Nby,Os was investigated in the MgH,—Nb, O5 composites ball-milled
for O (hand mixed), 0.02, 0.2, 2, and 20 h. An improvement on the desorption properties, in
accordance with a decrease in the activation energy, was seen with the increase of ball-milling
time. It was confirmed that the particle size of the additive was gradually refined during ball-

milling, with the partial reduction occurred on the surface.

Next, the state of the catalyst in MgH,—Nb,O5 composite was investigated during the full cy-
cle. A transition of Nb,O5—NbH;—Nb—NbH was confirmed during ball-milling, dehydro-
genation, and rehydrogenation, respectively. It is suggested that the catalytic effect of NbyOs
follows the Nb-gateway model, in which Nb facilitates the hydrogen transportation from MgH»
to the outside, and accelerates the recombination of hydrogen molecules during the process. Nb
crystals were observed to be highly dispersed in the sample, with 10-20 nm in size. As the
essential catalyst, these tiny crystals worked as the gateway facilitating hydrogen transportation

and hence improving dehydrogenation properties.

Finally, Mg—MgH, transformation process was observed by TEM. It was found that the hydro-
genation took place along the specific orientation relationship, MgH,(101)||Mg(002). A struc-
tural model, in which the Mg—Mg distance is adjusted according to the introduction of H, and

the Mg layers shift slightly, correspondingly, was proposed to demonstrate the transformation.
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Chapter 1

Introduction

1.1 Hydrogen

A symbol appearing at the first place of the periodic table, an element with the
lightest weight, and a chemical substance constituting 75% of the Universe’s
baryonic mass, that is hydrogen, the most abundant chemical substance in the
world. At standard temperature and pressure, hydrogen is a colorless, odor-
less, tasteless, nontoxic, nonmetallic, highly combustible diatomic gas, with the
molecular formula Hy. Hydrogen has been commonly used for the processing
of fossil fuels in the petroleum industries. It is also used as a hydrogenating

agent for oils, as well as a reducing agent for metal production.

Since Join Bockris gave a talk in 1970 at General Motors Technical Center, the
term hydrogen economy has been introduced, advocating the application of hy-
drogen as a potential fuel for motive power. The concept has been described
in his later publication [1]. Hydrogen is the only energy carrier that can be

produced easily in large amounts and in an appropriate time scale. Electric

1



Chapter 1. Introduction

Table 1.1: Energy densities of common energy storage materials

Storage material

M]J per kilogram Direct uses

Uranium-235

Hydrogen (compressed at
70 MPa)

Gasoline (petrol) / Diesel
Propane (including LPG)

Fat (animal/vegetable)
Coal

Carbohydrates (including

sugars)

Protein

Wood

TNT
Gunpowder
Lithium battery

Lithium-ion battery

Alkaline battery

Nickel-metal hydride bat-

tery
Lead-acid battery

79500000

123

46
46.4

37
24

17
16.8
16.2
4.6

1.8

0.72

0.67

0.288

0.17

Electric power plants (nuclear
reactors)

Experimental automotive en-
gines

Automotive engines

Cooking, home heating, auto-
motive engines

Human/animal nutrition
Electric power plants, home
heating

Human/animal nutrition

Human/animal nutrition
Heating, outdoor cooking
Explosives

Explosives

Portable electronic  devices,
flashlights (non-rechargeable)
Laptop computers, mobile de-
vices, some modern automotive

engines
Portable electronic  devices,
flashlights
Portable electronic  devices,
flashlights

Automotive engine ignition

energy, either from renewable energies, for example, solar and wind, or future

fusion reactors, can be used to produce hydrogen from water by electrolysis.

The combustion of hydrogen leads again only to water and the cycle is closed.

Table 1.1 gives the energy densities of common energy storage materials [2].

Except the nuclear energy, the energy density of hydrogen is the highest, twice

higher than gasoline, which is the main fuel for mobile applications. There-

fore, hydrogen has been considered as the most desirable alternative energy

carrier [3].
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1.2 Approaches to hydrogen storage

Though hydrogen as the energy carrier has the outstanding energy density
per unit mass, the volume density is low. Thus the storage of hydrogen at
reasonable energy densities poses a technical and economic challenge. Con-
ventionally hydrogen is stored as the pure form, using compressing or lique-
tying methods. The novel approaches based on the storage materials, either
physically or chemically, are highly regarded and widely studied in the past

decades.

1.2.1 Compressed hydrogen

Compressed gas is the most commonly used technology for all kinds of gases.
The gas is usually compressed to pressures between 200 and 350 bar. Recently,
storage pressures of 700 bar and even higher have been under trial, using a
carbon-fiber-reinforced tank (Type IV). The design of such a vessel is shown in
detail in Figure 1.1 [4]. However, the volumetric storage density is still rather
low. For a hydrogen tank comprising a single vessel, the energy densities are
about 0.048 kg H; per kg tank weight and 0.023 kg Hj per liter tank volume
[5]. Many automobile companies are currently researching the feasibility of

commercially producing hydrogen cars, such as Honda and Nissan.

On the other hand, hydrogen has a tendency to adsorb and dissociate at ma-
terial surfaces. The atomic hydrogen then diffuses into the material. When
these hydrogen atoms re-combine in minuscule voids of the metal matrix to
form hydrogen molecules, they create pressure from inside the cavity they are

in. This pressure can increase to levels where the metal has reduced ductility
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Protection layer
(impact resistance)

Gas outlet solenoid
Carbon composite shell

(mechanical strength)

High density polymer liner

In-tank (gas diffusion barrier)

pressure
regulator *

Foam dome
(impact resistance)

Pressure relief device | In-tank gas temperature sensor
Figure 1.1: Type IV compressed gaseous hydrogen vessel. Reprinted from Ref
[4].
and tensile strength up to the point where it cracks open. The phenomenon
is known as hydrogen embrittlement. It causes potential problems in safety

when hydrogen tanks are used in the automobiles.

1.2.2 Liquid hydrogen

To exist as a liquid, Hy must be cooled to 20.28 K (-252.87 °C). Liquefaction
increases the density up to 70.8 kg/m3, while raises other challenges to be
solved. First, the low operation temperatures of 20-30 K require sophisticated
cryogenic system and consume large amount of energy. Second, the large
temperature difference to the environment (~300 K) causes the inevitable heat
leakage. Thus hydrogen evaporates in the container, leading to an increase in
pressure. Liquid hydrogen containers must therefore always be equipped with
a suitable pressure relief system and safety valve. The continuously evaporated
hydrogen is catalytically burnt with air in the overpressure safety system of the
container or collected again in a metal hydride. Evaporation losses on todays
tank installations are somewhere between 0.3% and 3% per day, though larger

tank installations have an advantage as a result of their lower surface area
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1 LH,-Kraftsioffbehditer & Bimienter Verbrennungsmotor (H, | Benzing . ﬂrla-ml\ehng

2LH, Trikdappe 7 Sauganiage mit Hy sl [ osieum

3LH, Tankhuppiung & Bod-Ofi-Maragomont-System [BMS) | Sichohaitsabinsokonug (F8. + 5]
4 Sicherheitsabbiaselefung © Benzintank . Abgasroby BAS

5 Nobanayste o Luftansgang BMS

e LHL (KWWT) + Steuensinbeit des Tanks Ll

Figure 1.2: BMW Hydrogen 7.

to volume ratio [6]. In addition, liquid storage requires highly sophisticated
tank systems. Heat transfer into the tank through conduction, convection and

radiation has to be minimized.

The liquid storage system for the first small series hydrogen vehicle with in-
ternal combustion engine, BMW Hydrogen 7, was built by MAGNA STEYR in
Graz (see Figure 1.2. The tank system for about 9 kg of hydrogen has a vol-
ume of about 170 dm? and a weight of about 150 kg, which allows a maximum
driving range of about 250 km. However, the high cost entitles it as the luxury

class and thus far from common use.
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1.2.3 Physical storage

Hydrogen could be stored by physical adsorption on the surface of a solid
material without dissociation. Responsible for the molecular adsorption of
H, are van der Waals forces between the gas molecules and the atoms on the
surface of the solid. Because there is not any change on both adsorbent and
H, physical adsorption is completely reversible and the activation energy is
not involved. Therefore, kinetics of the adsorption and desorption is very fast.
However, hydrogen capacity is usually very low at room temperature, which

hinders its application.

15

o

H2 TPD mass signal
H2 TPD mass signal
N

llllllﬁlll"[llll

OB il ol 5 o callomes o o T 9 -
Temperature (K) Temperature (K)
(a) TPD spectrum from: a, as-produced SWNT (b) Hydrogen desorption signals after exposures that pop-
sample; b, activated carbon; ¢, SWNT sample af- ulated only the high-temperature sites. Coverages range
ter heating in vaccum to 970K. from 0.3 to saturation.

Figure 1.3: Temperature programmed desorption data of single-walled nan-
otube and activated carbon. Reprinted from Ref [7]).

Activated carbons and carbon nanotubes are well studied as physical adsor-
bent in the past decades. The porous structure with a long-range order entitles
them the most promising adsorbent for physical storage. Dillon et al. reported
that single-walled nanotubes adsorbed large amount of hydrogen under condi-

tions that did not induce adsorption within a standard mesoporous activated
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carbon [7], as shown in Figure 1.3. However, the results were hardly repro-
duced. Later reported reproduction showed that the hydrogen storage capac-
ity of both purified single-walled carbon nanotubes and graphitic nanofibers
does not exceed 0.6 wt% at room temperature [8-10]. In contrast, the capacity
increases at low temperatures. Panella et al. reported that an activated carbon
with a specific surface area of 2560 m?/g adsorbed 4.5 wt% of hydrogen at 77
K [11]. Due to this feature, carbon materials are better to be used as cryogenic

hydrogen adsorbent rather than onboard hydrogen storage materials.

1.2.4 Chemical storage

In contrast with physical storage, hydrogen could be stored in a compound,
where hydrogen binds with other elements chemically. When necessary, the
hydrogen gas could be regenerated by letting the compound decompose under
a certain condition, usually 100-300 °C in vacuum. Therefore, such kind of

compound can be used as a storage medium for hydrogen, even reversibly.

A good storage medium requires following properties [12]:

(1) High hydrogen capacity;

(2) Hydrogen absorption/desorption reversibility at moderate temperature and
pressure;

(3) Low cost, abundant resource;

(4) Easy handling.

According to the targets for onboard hydrogen storage systems for light-duty
vehicles set by the Department of Energy (DOE), US, a capacity of more than
5.5 wt% and 4 vol% is desired in 2017, and 7.5 wt% and 7 vol% ultimately [13].

The system should release hydrogen under an ambient temperature lower than
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Table 1.2: Standard formation enthalpy (A¢H®) and entropy (AfS“), decom-
position temperature range, and the hydrogen capacity for the selected metal-
hydride systems

AfH® AfS© Temperature range Hydrogen capaci
System (k]-rfnorl) (]-K’lf-mol’l) F (°C) = %wt%)p v
Li-LiH -158 -134.7 600-900 12.68%
Na-NaH -114 -163.0 500-600 4.20%
K-KH -118 -167.9 288-415 2.51%
Rb-RbH -108 -169.6 246-350 1.17%
Cs—CsH -114 -169.6 245-378 0.75%
Ca—CaH, -182 -139.7 600-800 4.79%
Sr-SrH, -198 -156.3 <1000 2.25%
Ba-BaH, -174 -143 470-550 1.45%
Mg-MgH, -74 -133 440-560 7.66%
Al-AlH;! 9.9 -130.7 ~150 10.1%
La-LaH, -208 -138.0 600-800 1.43%
Ti-TiH, -130 -100 <300 4.04%
Zr-ZrH, -188 -149.6 400-550 2.16%
V-VH, -40 -149.6 50-120 3.18%
Nb-NbH, -40 -133.0 25 2.12%
Mn-MnH -22 -116* <50 1.80%
Ni-NiH -58 -116* 20 1.69%
Pd-PdHg 5 -40 -83.1 -78-175 0.46%

IData were extracted from Ref [16]
*Estimated value and not verified.

85 °C, with more than 1500 times of cycle life. The targets are also acknowl-
edged as the criteria for scientists to evaluate a potential material, not only in

US but all around the world.

Metal hydride

Metal hydride, which can be defined as a concentrated single-phase compound
between a host metal and hydrogen [14], is a promising candidate for hydrogen
storage applications. Table 1.2 shows the basic thermodynamic information as

well as the hydrogen capacity for some metal hydrides (Reconstructed from

ref [15]).

Simple binary metal hydrides can be grouped into three basic types: ionic,

covalent, and metallic hydrides, according to the nature of the metal-hydrogen
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bond.

In the hydrides of all alkali metals and alkaline earth metals from calcium
through barium, hydrogen exists as a negatively charged ion (H™) [17]. Those
hydrides are called ionic hydrides, representatively LiH, NaH, CaHy, etc. The
ionic hydrides are thermodynamically too stable for hydrogen storage. For
example, LiH with the standard formation enthalpy of -158 kJ/mol won’t de-

compose until it is heated up to 600-900 °C.

In the second group calling covalent hydrides, hydrogen holds the covalent
bond with its host. The representative metal hydride in this category is alu-
minum hydride (AlHj3, alane), which has a large gravimetric and volumetric
capacity (10.1 wt% and 149 kg/m?, respectively). Besides, it releases hydrogen
at low temperature around 150 °C, which makes it an attractive material for
hydrogen storage. However, the direct hydrogenation of aluminum requires
over 10* MPa of hydrogen pressure at room temperature. Such unfavorable
hydrogenation thermodynamics plays as the main drawback for the practical

application.

It should be pointed out that magnesium hydride (MgH>) is partly ionic and
partly covalent, thus is considered as a transition hydride between ionic and
covalent hydrides. Given this particularity, MgH, “inherits" the stability as the
ionic hydrides are, while this stability is weakened more or less towards the
practical condition. Additionally, the hydrogen capacity of 7.66 wt% is high
enough to meet the ultimate target of DOE. Thus MgH, exhibits great poten-
tial for an desirable storage media among all the metal hydrides, attracting
investigations all around the world. As the main topic of this thesis, a state-

of-the-art in Mg based materials for hydrogen storage will be reviewed in the
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later sections.
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Figure 1.4: PCT curves of LaNis (from Ref [18]) and TiFe (from Ref [19]).

In other hydrides, which are named metallic hydrides, hydrogen occupies the
interstitial sites with a metallic bond with metals. The host metals are usually
transition metals. The metallic hydrides have a wide variety of stoichiometric
and non-stoichiometric compounds and are formed by direct reactions of hy-
drogen with the metal or by electrochemical reactions. Some transition metals,
such as Pd and Nb, show quite active properties towards hydrogen, form-
ing solid solutions easily and quickly. In addition, by combining metals with
different hydrogenation properties, intermetallic compounds can be designed
with reversible hydrogen-storage ability. The well known hydrogen-storage
alloys, such as LaNis and TiFe, have been well studied in the past decades
and the literature is abundant. Figure 1.4 shows the typical PCT curves of
LaNis and TiFe. The materials can reversibly absorb hydrogen at low temper-

ature with good kinetics under the control of pressure. However, because of
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the heavy weight of these metals, the hydrogen capacity is usually below 3
wt%. Besides, the raw materials like La and Ti are quite expensive. Given all
that, those materials are hardly the desirable media for the onboard hydrogen

storage system.

Complex hydrides

Complex hydrides are salt-like materials in which hydrogen is covalently bond
to the central atoms. In this way a crystal structure consisting of so-called
complex anions is formed. In general, complex hydrides have the chemical
formula A;Me,H,. Compounds where position A is preferentially occupied
by elements of the first and second groups of the periodic table and Me is oc-
cupied either by boron or aluminum are well known and have been intensively

investigated [20].

As a representative complex borohydride, LiBHy, with a hydrogen capacity of
18.4 wt%, has been well studied. It was firstly prepared by Schlesinger et al.
in 1939 [21]. The decomposition investigated by Ziittel et al. was described
in three steps [22]: First, a structure change accompanied with 0.3 wt% of
hydrogen release occurred at 100-200 °C; After melting around 270 °C the
tirst decomposition started at 320 °C, with 1 wt%; A second hydrogen release
took place from 400 to 600 °C, giving a total amount of 9 wt%. The addition
of a metal or metal hydride could destabilize LiBH,; to some extent [23], as
shown in Figure 1.5. The temperature programed desorption (TPD) in panel
a revealed that the peak of hydrogen release could be decreased by more than
100 °C and the desorption started even lower than 300 °C. The isothermal
desorption data taken at 370 (MgHj), 375 (Mg), 390 (TiH»), 395 (Al, CaHy),

and 400 °C (Ti, Sc, V, Cr) in panel b showed hydrogen released with varied
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amount and kinetics in each sample, where MgH, seemed to give the best

performance, liberating ~11 wt% of hydrogen with fast kinetics.

3
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Hydrogen Desorbed (wi%)
o - 53 w » o -] -4 « o
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Figure 1.5: TPD-MS and PCT curves (370-400 °C) of destabilized LiBHy.
Reprinted from Ref [23].

It was reported that LiBH4—MgH, mixture decomposes following the reaction:
. 1 , 1
LiBH, + EMgHz—>L1H + EMng + 2H,

and the formation of MgB;, effectively destabilizes LiBH, [24]. However, the
desorption temperature is still far from the practical range; and the rehydro-
genation, though performed successfully, requires the H, pressure of as high
as 100 bar. Other metal borohydrides such as NaBH; and Mg(BH,4), similarly
exhibit such high thermal stability and poor reversibility, thus could not be

used for practical application at the present stage.

The complex metal aluminum hydrides or metal alanates are composed of an
alkali or alkali earth metal and [AlH4] ™. LiAlH, as the representative material
in this group has a high capacity of 10.6 wt%, thus has been highly regarded.
The thermal decomposition was investigated by Block et al., and described in

three steps as follows [25]:
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3LiAlH;—LisAlHg +2A1+3H, (5.3 wt% Hy, 187-218 °C)

LisAlHg—3LiH + Al + 1.5H,  (2.65 wt% Hy,228-282 °C)

3LiH—3Li + 1.5H, (2.65 wt% H,,370-483 °C)

The addition of TiCl; followed by a mechanical ball-milling could significantly
improved the desorption properties, as reported in several publications [26—
28]. LiAlHy catalyzed by 2 mol% TiCl3-1/3AICl3 and ball-milled for 1 h de-
composed from 100 °C, 60 °C lower than the un-doped sample [28]. The pres-
ence of TiAl3 in the milled sample was confirmed by X-ray diffraction, rising
the possibility that the alloy may be the catalytic active species [27]. Yet, the
mechanism of Ti catalysts is still obscure so far. And the rehydrogenation of
the material is far from the reasonable physical conditions, dimming the ap-

plication of the material.

Amides and imides
Study on the amides and imides for hydrogen storage originates from the
report that LizN can reversibly absorb/desorb hydrogen following a two step

reaction [29]:

LisN + 2H,=Li,NH + LiH + H,=LiNH, + 2LiH

where lithium imide (Li;NH) is generated in the first step and lithium amide
(LiNHj) in the second, with a total hydrogen capacity of 10.4 wt%. Since
the hydrogenated mixture won’t return to the initial state until it is heated
above 320 °, only the second step is reversible under practical temperature and

pressure, with a hydrogen capacity of 6.5 wt%. Therefore the further research
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milled mixture. Reprinted from Ref [32].
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has been focused on the amide-imide, rather than the nitride system. The

mechanism of the reaction in amide-imide system was proposed by Hu et al.

[30] and Ichikawa et al. [31] as follows:

This mechanism explains the generation of NH3, which poisons the down-

2LiNH;—Li;NH + NHj3

LiH + NH;—LiNH, + H,

stream during the process.

It was reported that when doped by some catalysts, the kinetics of desorp-

tion could be drastically improved, and more important, the liberation of NH3

could be suppressed [32]. Figure 1.6 gives the thermal desorption spectra of
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un-doped (panel a) and doped (panel b) LiNH,-LiH ball-milled mixture. Com-
pared to the un-doped samples, the temperature range of the hydrogen release
was lowered to different extent. Especially, the TiCl3-doped sample desorbed
a large amount of hydrogen (~5.5 wt%) in the temperature from 150 to 250 °C
without NHj release at all. However, the capacity does not fulfill the expec-
tation, and the temperature range is still too high for application. Later effort
has been made on the substitution of Li by Mg [33, 34], and understanding
the reaction mechanism fundamentally [35-37]. Either of them, if progress is

made, may provide the solutions to the issues.

Ammonia borane and related compounds

Ammonia borane (NH3BHj3, AB), containing theoretically 19.6 wt% of Hj, has
been considered as one of promising candidates for hydrogen storage. Be-
ing nonflammable and nonexplosive under standard condition, it undergoes a
two-step decomposition under low temperature range of 70-200 °C, releasing
~6.5 wt% of hydrogen at each step [38—40]: Polyaminoborane, [NH,BH;],,,
is yielded with hydrogen release in the first step, which reaches a maximum
at ~130 °C; The second step, forming polyiminoborane, [NHBH],, occurs in
the range of 150-200 °C. At much higher temperatures of 500-600 °C, the de-
composition chain can be even carried all the way through to boron nitride
with further hydrogen release. The decomposition process can be described as
follows:

nNH3;BH3; — [NHZBHz]n + nHy T

[NH,BH,]n — [NHBH], + nH, 1

[NHBH], — nBN + nH, 1
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The technical challenges in the practical application of AB lie in some aspects:
First, the decomposition temperature is still higher than the DOE target (85
°C). Second, some undesirable byproducts such as ammonia (NH3), borazine
(N3BsHg) and diborane (B,Hg) are generated during dehydrogenation. These
byproducts may either poison the hydrogen production or cause safety prob-
lems. Third, the final product of decomposition, BN, is chemically too stable
to be recharged at a reasonable energy expenditure. Concerning with these
issues, the modification of AB has been pursued recently. Z. Li et al. con-
fined AB by a metal-organic framework, JUC-32-Y, which is constructed with
the rare-earth metal Y>* and the rigid organic ligand 1,3,5- benzenetricarboxy-
late (BTC) through coordination bonding, and showed the improvement both
on the kinetics and the elimination of the byproducts [41]. Figure 1.7 shows
the TPD-MS spectra of neat and the modified AB. The dehydrogenation peak-
temperature has been decreased to 84 °C, compared to 114 °C of neat AB. And
the emission of ammonia, diborane and borazine were not detected. S. Li also
reported the dehydrogenation properties of polyacrylamide (PAM) supported
AB, which released hydrogen at 75 °C without producing boracic impurities
[42]. Especially, a significant depression of NH3 evolution was achieved by

ZnCl, doping, as shown in Figure 1.8.

On the other hand, a number of substituted AB-compounds have been devel-
oped. A review of those compounds is listed in Table 1.3. Though progress
has been made, unfortunately neither of them can fulfill the requirement for
onboard hydrogen storage. Furthermore, the unfavorable recycling problem

remains gloom. Still more effort should be made on the system.



Chapter 1. Introduction

17

(a) Hydrogen
mie =2

114C

—— ABNUC-32-Y
--— Neat AB

(b)Borazine
m/e =80

Relative ion current / a. u.

(c) Ammonia
mie =17

(d) Diborane
mle =27

50 7‘5 1(.)0
Temperature / °C

L
125

L
175 200

Figure 1.7: TPD-MS spectra of AB/JUC-32-Y and neat AB. Reprinted from

Ref [41].
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Reprinted from Ref [42]

Table 1.3: Desorption temperature and the hydrogen capacity of some substi-

tuted AB-compounds.

_ TDesorption H, CapaCity
AB-compounds ) (Wt%) Byrpoduct(s) Ref
(BH3NH>),-Ca 120-245 12 N3BsHg, NHj3 [43]
BH3NH,-Li 92 10.9 No N3BsHg emitted [44]
BH3NH>-Na 89 7.5 No N3BsHg emitted [44]
(BH3NH3),-Sr 93 6.8 B,Hg, NH3 [45]
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1.3 Magnesium hydride for hydrogen storage

Magnesium is the lightest useful metal in the periodic table, commonly used
for making alloys, electronic devices, aerospace construction metals, and so
on. The main advantages of Mg are its light weight, high abundance, and
low cost—all of them are desirable for a hydrogen storage material. Therefore,
magnesium hydride has been considered as a promising candidate, and highly
regarded. However, pure Mg is hard to activate, leading to the poor kinetics
for hydrogen absorption/desorption. The first report on the thermodynamic
properties of MgH, was published in 1955 [46]. The high operation temper-
ature of 400-500 °C makes it impossible for application. Therefore, modifica-
tions, mainly categorized as nanocrystallization and catalysis, have been made

in the past decades.

1.3.1 Nanocrystalline Mg

Nanocrystallization of Mg or MgH, was first achieved by mechanical ball-
milling in the end of the last century [47, 48]. The kinetics of hydrogenation
and dehydrogenation was reported to be significantly enhanced, compared to
the bulk Mg. Figure 1.9 shows the dehydrogenation (panel a) and hydrogena-
tion (panel b) isotherms of the milled (nanocrystalline) and unmilled (~20 pym)
MgH, powder. The desorption kinetics was much faster for the milled sample
compared to the unmilled one, while the hydrogen capacity did not change.
Further investigations by other groups revealed that the reduced particle size
and the increased surface area played an important role on the enhanced ki-

netics [49-51].
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Ref [48].
Recently, new approaches were developed to prepare nanocrystalline Mg. W.
Li et al. reported that 1D Mg nanowires with controllable shape fulfilled ab-
sorption and desorption at 573 K within 30 min [52]. Nanocrystallization in
2D, Mg thin films, also presents promising properties in hydrogen uptake and
release. A Pd-Mg-Pd thin film was reported to absorb and release hydro-
gen at room temperature, with an activation energy deduced as 48 kJ-mol !
[53]. Later, it was reported that Mg nanocrystals have been prepared in gram
quantities via chemical approach, using the Rieke method [54]. Mg nanocrys-
tals were generated through the reduction of magnesocene (MgCpy), using
potassium biphenyl, potassium phenanthrene, or potassium naphthalide as
the reducing agent. The nanocrystals with the sizes from 25 nm to 38 nm
(Figure 1.10), which could be controlled by the reagents, showed enhanced ki-
netics for desorption. K. Joen et al. improved this method by encapsulating the

prepared nanocrystals by polymethyl methacrylate (PMMA) [55], as shown in

Figure 1.11. The polymer acts as a gas selective membrane through which only
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Figure 1.10: TEM images of the nanocrystalline Mg prepared by the Rieke
method. Reprinted from Ref [54].
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hydrogen can penetrate to react with Mg. Therefore, the material could remain
good kinetics even under air exposure (see Figure 1.12). However, nanocrys-
tallization is not able to break through the thermodynamics limitation of Mg.

Thus these progress, though encouraging, is still far from the application level.
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1.3.2 Catalyst modification

In order to further increase the desorption kinetics, a wide range of catalysts
has been tested. In the late 70’s, the additives were focused on Cu [56], Ni [57],
Fe [58], Pd [47], as well as the rare-earth elements such as La, Ce [59]. Metal
hydrides such as LaNis [60] and TiFe [61] were also tried for the system. The
mechanical alloying or also called ball-milling was mainly used for preparing
such composites or alloys—The additives were mixed directly with Mg powder
and mechanically milled. The kinetics could be somewhat improved. Due to
the ductile feature of Mg, mechanical ball-milling is not so effective to reduce

the size.

Later, MgH, instead of Mg was used as the starting material for ball-milling,
and progress has been made. Liang et al. milled MgH, with 5 at%V and found
out that the composite could desorb hydrogen at 473 K under vacuum and re-
absorb hydrogen rapidly even at room temperature [62]. A systematic test of
transition metals including Ti, V, Mn, Fe, and Ni was done subsequently by the
same group [63]. Among those additives, Ti and V were seen to show better
effect in both dehydrogenation and rehydrogenation, as shown in Figure 1.13.
The activation energies during dehydrogenation were estimated as 71.1 and
62.3 k] /mol for MgH,-Ti and MgH,-V, respectively, compared to ~120 kJ/mol
of pure MgHj,. Later, Huot et al. added Nb as the catalyst and showed the
result that MgH>-5 mol%Nb completed full desorption within 300 s at 300 °C
[64], even faster than the case of Ti and V. The activation energy was calculated

as 62 k] /mol, comparable with that of the V-doped MgH.

The mechanism of Nb-addition was investigated by a synchrotron work [65].

Figure 1.14 shows a record of in-situ XRD data for MgH>-Nb heated up to
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posites. (a) Dehydrogenation at 573 K, 0.015 MPa Hj; (b) Rehydrogenation at

302 K, 1.0 MPa Hj. Reprinted from Ref [63].
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profile. Reprinted from Ref [65].
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310 °C. A short-lived metastable phase, NbH, (x~0.6) was seen during the
dehydrogenation process. Thus it was concluded that it acted as a gateway
through which hydrogen from MgH, released. The existence of Nb facilitates
the transportation and recombination of H atoms during desorption. A similar
mechanism was claimed later by Li et al. through a density functional theory
calculation, in which the substitution of Nb at the Mg site followed by the

clustering of H around Nb was a likely pathway for hydrogen desorption [66].
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Figure 1.15: Comparison of the desorption rates of MgH, with different metal-
oxide catalysts at 300 °C under vacuum. Reprinted from Ref [67].

Later attention has been put on the transition-metal oxides, such as TiO, [68],
Fe304 [68], V205 [69], and NbyOs [67], since they were found to be more ef-
fective than their metallic counterparts. According the results of Oelerich et
al., the addition of 5 mol% Fe304 or V,05 accelerated the desorption rate as
about ten times as that of the pure MgH, [68]. And Barkhordarian et al. made
the first contribution on the discovery, characterization and investigation of the
addition of Nb,Os [67, 70-72], which is reckoned as the most effective metal-
oxide catalyst to the author’s knowledge. A comparison of the desorption
rate for different transition-metal oxides has been summarized, as shown in
Figure 1.15. The desorption rate was as three times as the case of Fe3Oy in

Oelerich’s work. The content of Nb,Os was studied in the 20-hour-ball-milled
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Figure 1.16: H, desorption properties of MgH> catalyzed by different content
of Nb,Os at (a) 250 and (b) 300 °C. Reprinted from Ref [70].
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MgH;-Nb,O5 composite at 250 and 300 °C, shown in Figure 1.16 [70]. The re-
sults revealed that the fastest kinetics were obtained when the content was 0.5
mol%, while further increasing to 1 mol% only resulted in a little improvement.
Furthermore, the rate-determining step was confirmed as interface-controlled

when the content was more than 0.2 mol%.

Hanada et al. also made effort on the MgH>—-Nb,O5 system. MgH, catalyzed
by 1 mol% Nb,Os and ball-milled for 20 h desorbed ~6.0 wt% of H from 200
to 250 °C at a heating rate of 5 °C/min, and gave even better performance in
the second cycle [73] (see Figure 1.17). The same composite even absorbed ~4.5

wt % of hydrogen after full desorption, under a pressure of 1.0 MPa within 15
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s at room temperature [74] (see Figure 1.18). The exciting achievements reflect

a glorious prospect for future application.

1.3.3 Mechanism of the catalytic effect

Though the superior catalytic effect of Nb,Os in the MgH, system has been
reported, the mechanism of this effect remains obscure. Through the intensive
investigation on the issue in the past decade, several possibilities have been

arisen.

Refinement of size

As is known to all, the mechanical ball-milling can decrease the size of the ma-
terials effectively. In the recent study on MgH;-Nb,Os5 ball-milled composite,
the size of both the hydride and the additive was found to be within nanoscale.
Especially, the size of MgH, could be further refined at the presence of Nb,Os,
reported by Porcu et al [75]. Hanada et al. observed the MgH>—1 mol%Nb;Os
composite by the transmission electron microscope (TEM) and analyzed the
composition by the energy-dispersive X-ray spectroscopy (EDS) at different
positions [76], marked 3-8 in Figure 1.19. The content of Nb in all the posi-
tions was found to be around 2 mol%, in accordance with the starting ratio.
Thus it was concluded that the catalyst, Nb,Os, dispersed homogeneously in
the MgH, matrix. The refinement of size and the consequently homogeneous

distribution may lead to the fast kinetics.

Increased defects
It has been reported by Fromme that transition-metal ions on the surface and
in the bulk of oxides may experience different crystal fields because of missing

oxygen ions at the surface [77]. By increasing defects in the metal oxides,
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Figure 1.19: TEM image of MgH, catalyzed by 1 mol% Nb,Os. Reprinted
form Ref [76].

the electronic state of the transition-metal ions could be altered, hence may
be responsible for the catalytic effect. The mechanical ball-milling herein is
an effective way to introduce defects and create new surfaces in the material.
Barkhordarian et al. ball-milled Nb,Os with MgH, powder for varied time
and tested the dehydrogenation properties separately [72]. The results showed
that the kinetics were indeed improved as the increase of ball-milling time
(see Figure 1.20). Because the MgH; powder was pre-milled for a long time,
the effect of microstructure refinement of the MgH, could be safely excluded.
Thus it was concluded that the defects introduced by the mechanical ball-
milling played an important role in the catalytic effect. However, considering
the conclusion reported in another paper by the same group that the rate-
determining step might be interface-controlled [70], which is related to the
dissociation and recombination of hydrogen at the interface, the diffusion of
hydrogen atoms seems less significant. Anyhow, this contradicting issue needs

more comprehensive investigation.

Reduction of the additive

It can be predicted thermodynamically that MgH, may react with Nb,Os, and
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Figure 1.20: Dehydrogenation isotherms of MgH) catalyzed by 1 mol% Nb,Os
measured at 300 °C. Reprinted form Ref [72].

Table 1.4: Standard thermodynamics data for Nb and Mg family.

Formula A]cH9/1<]~1rnol_1 $°/]-mol~1.K~1 AfG@/k]-mol_1

Mg 0 32.7 0
MgH, -75.3 31.1 -36.0
MgO -601.6 26.9 -569.0
Nb 0 36.4 0
NbO -405.8 48.1 -378.6
NbO, -796.2 54.5 -740.5
(398.1 per O) (27.25 per O) (370.25 per O)
Nb,Os -1899.5 137.2 -1766.0
(379.9 per O) (27.44 per O) (353.2 per O)
NbH; -40 34.1* -0.37*
NbH -18.4 46.4* -21*

Data are from Ref [78] and [15].
* Estimated values.

the latter would be reduced to a lower oxidation state, or even the metal state,
with the yielding of MgO which is more stable in thermodynamics. Table 1.4
lists the thermodynamic data for Nb and Mg family. One could expect such

tendency by analyzing the data given.

Reduction of Nb,Os by Mg /MgH, was indeed confirmed experimentally. Friedrichs
et al. reported in 2007 that Nb,Os was partially reduced during the milling

process and was further reduced during the heating and cycling processes
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Figure 1.21: (a) XASNE profile and (b) Fourier transformation curves of EX-
AFS for MgH), catalyzed by 1 mol% Nb,Os. Reprinted from Ref [80].

[79]. During the cycling processes a repetitive Nb oxidation-reduction pro-
cess was observed, which may improve hydrogen diffusion by the formation
of metastable niobium hydrides. Hanada et al. later reported similar results
obtained by the X-ray absorption spectroscopy (XAS) [80]. Figure 1.21a shows
the profile of X-ray absorption near edge structure (XANES). The K-edge of
Nb was seen between Nb and Nb,Os, indicating that the valence of Nb was
between 0 and +5. The edge shifted to the lower energy side after dehydro-
genation and returned to the same position as the ball-milled one after rehy-
drogenation, suggesting that an oxidation-reduction process was taken place
during the cycling. From the Fourier transformation curves of the extended
X-ray absorption fine structure shown in Figure 1.21b, they concluded that
the state of the catalyst after dehydrogenation was close to NbO. The author
believed that the metal oxides with lower oxidation state could provide path-
ways for hydrogen, while the details of how it works in the sample was not

mentioned.

Formation of Mg—Nb-O ternary phase(s)

Friedrichs et al. first reported the existence of A Mg—-Nb-O ternary phase with
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Figure 1.23: HRTEM im-
age of MgH>-Nb,Os5 com-
posite after dehydrogena-
Figure 1.22: The scheme of the “path- tion. Reprinted from Ref

way" model in MgH;-Nb,Os compos- [75].

ite. Reprinted from Ref [81].
the stoichiometric composition of MgNb,O3.67 in the MgH;-Nb,Os compos-
ite after cycling [82]. Though the direct evidence is still missing, the author
ascribed the catalytic effect to the formation of such phase. In their later pub-
lication, a “pathway" model was proposed to explain the mechanism [81]. Fig-
ure 1.22 illustrates the scheme of the “pathway" model: During ball-milling
Nb,Os is embedded in the MgH, matrix covered by and an outer surface ox-
ide layer, which impedes hydrogen diffusion (Figure 1.22a); During the first
hydrogen desorption, the Nb,Os reacts with the liberated Mg and the orig-
inating products disperse in the sample and emerge to the surface, forming
pathways for hydrogen diffusion (Figure 1.22b); Thus hydrogen can enter the
sample easily through these pathways, and hence the kinetics is improved
(Figure 1.22c). When the sample is exposed to the air, the pathways can also
facilitate the diffusion of oxygen, so that the oxidation of the sample occurs
and further hydrogen diffusion is suppressed (Figure 1.22d). The existence of

MgNb,03.67 was also observed in a TEM observation, reported by Porcu et al
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[75], as shown in Figure 1.23, yet still no direct prove was provided to correlate

the catalytic effect to such ternary phase.
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Figure 1.24: XRD patterns of MgH;—8 mol%Nb,Os composite during the 1st,

4th, and 8th cycle. Reprinted from Ref [83].

In an in-situ XRD measurement on MgH;-8 mol%Nb,;Os done by Nielson

et al., ternary oxides, MgyNb;_,O was found to appear during heating [83].

Especially, the amount of the ternary phase increased when the sample was

cycled, as shown in Figure 1.24. Such phase has a unit expansion up to 4.6%

compared to the binary oxides, MgO and NbO, and may lead to formation of

cracks and hydrogen diffusion pathways in MgO layers on the surface. Thus

the fast kinetics could be achieved by the formation of the ternary phase(s).

However, the author failed to associate the fast kinetics with the producing

of Mg-Nb-O phase(s). After all, though the amount of the ternary phase(s)
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increases during cycling, the kinetics is not improved further according to the
existing literature. Thus it is still too early to jump to the conclusion that Mg—

Nb-O ternary phase is responsible for the catalytic effect of NboOs in MgH.

1.3.4 Orientation relationship of Mg/MgH, during transfor-

mation

Understanding the transformation process of Mg<«+MgH,, as the fundamen-
tal study of the material, can provide us with the hint to further developing
the material. Several works have been made to investigate the preference in

orientation during the transformation, reviewed as follows.

The transformation from MgH; to Mg during dehydrogenation can conve-
niently be observed by transmission electron microscopy (TEM); so far a few
analyses have been conducted, in which the orientation relationship between
MgH, and Mg was found to be MgH,(110)||Mg(0001) [84-86]. In the case of the
hydrogenation process, it is not easy to observe the phase transition directly by
TEM because of the difficulty in introducing hydrogen. So far only the report
from Schober was seen, in whose work a relationship of MgH,(110)||Mg(0001)

was observed [87].

On the other hand, using X-ray diffraction (XRD), Kelekar et al., who hy-
drogenated epitaxial Mg thin films grown on Al,O3 and LiGaO;, found the
orientation relationships that MgH,(110)[001] parallels to Mg(001)[100], and
MgH,(200)[001] parallels to Mg(110)[111], respectively [88]. Figure 1.25 demon-
strates the probable epitaxial growth mode of MgH; on Mg(001). There was

a symmetry mismatch between the sixfold symmetric Mg(001) surface and
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the twofold symmetric MgH,(110) surface, thus no big rearrangement of Mg
atoms is required during the transformation. Léon et al. reported that during
the hydrogenation of a Mg thin film that highly oriented along (002), (110)
and (101) of MgH, formed at the very beginning and then grew along these
preferred orientations [89], as shown in Figure 1.26. These preferred orienta-
tion relationships, suggesting the physical and chemical feature of Mg/MgH),
could help with improving the absorption/desorption properties, if been em-
ployed in the design of the materials. However, before doing that, a systematic

understanding of the phase-transition process is necessary.
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Figure 1.25: Schematic drawn to scale of the probable epitaxial growth mode
of MgH», on Mg(001). Reprinted from Ref [88].
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Figure 1.26: XRD profiles of magnesium film (a) Before hydrogenation; (b) At
a H concentration of 0.4 wt%; (c) At a H concentration of 6 wt%, (d) After
dehydrogenation. Reprinted from Ref [89]
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1.4 Objective of this thesis

As described in the previous section, MgH, is the most promising metal hy-
dride for hydrogen storage, since its capacity and reversibility all fulfill the
DOE target. Besides, Mg is abundant on the earth, thus the cost is low. To
use MgH, into the industrial application, the only barrier that needs to be
conquered is its absorption/desorption properties. Specifically, the desorption
temperature is above 300 °C, far from the maximum delivery temperature, 85
°C, set by DOE. When the most effective catalyst, Nb,Os, was found in the last
decade, future of MgH, seemed to be enlightened. Unfortunately, the addition
of Nb,Os still doesn’t meet the target, thus further development is necessary.
In the following years, such research reached a low point, since an obvious

improvement has hardly been achieved.

Coming down to earth, further developing the system requires comprehensive
understanding of the fundamental science in two aspects: (a) the mechanism of
catalysis; (b) the transformation process of MgH;<+Mg. This thesis was put on
these critical issues, aiming at contributing to the development of Mg/MgH,
system for future hydrogen storage. The objective of the thesis lies in the

following points:

(1) To trace the NbyOs in the MgH>—-Nb,O5 composite milled for varied time,
investigating the desorption properties, microstructure, and chemical state of

the catalyst during the mechanical ball-milling;

(2) To clarify the interaction between MgH, and the catalyst during ball-milling,
dehydrogenation, and rehydrogenation processes, and discuss the mechanism

of the catalytic effect based on it;
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(3) To investigate the orientation relationship during the transformation of

Mg—MgH,, and demonstrate the process in the atomic scale.

In the following chapters, those issues will be targeted on the basis of a series

of experiments. Discussions will be carefully made to draw the conclusion.
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Experimental Procedures

2.1 Sample preparation

2.1.1 Starting materials

Magnesium hydride powder was purchased from Alfa Aesar with a purity of
98%. The impurities are mainly the unreacted Mg and MgO. Powder of Nb,Os
(99.99%), NbO (99.9%), and Nb (99.9%) was purchased from the Kojundo Chem-
ical Laboratory. The size of all the powder materials is within micro-scale. Mg
turnings, ~5 mm in size, with a purity of 99.98% were purchased from Aldrich.

All materials were used directly as purchased.

2.1.2 Mechanical ball-milling

High-energy mechanical ball-milling method was used to prepare the cat-
alyzed MgH, composites. The milling pot is made by an alloy tool steel (JIS

SDK-11), with 30 cm® in volume. Steel balls used in the milling process are

35
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made by a Cr steel (JIS SUJ-2), with 7 mm in diameter. The pot was specially
designed, where a quick connector is equipped for introducing several kinds

of gases. A picture of the ball-milling set can be seen in Figure 2.1.

When doing ball-milling, 300 mg mixture of MgH, and the catalyst were sealed
into the pot together with 20 steel balls. Milling was performed using a plan-
etary ball-milling apparatus (Fritsch P7) at a rotation speed of 400 rpm, under
1 MPa of Hy (99.9%) or Ar (99.99%). If Hy was used, the pot was degassed
below 1x10~* Pa for 12 h before poring the gas into the pot, in order to elim-
inate Ar in the pot, since all the operations were done in a Ar-filled glovebox,
where the purity of Ar is 99.99%. During ball-milling, the apparatus was set to
automatically pause for 30 min in every 1 h, in order to release the inner heat

and protect the samples from thermal decomposition.

Figure 2.1: A picture of the set of ball-milling pot and balls.

In the case that the catalyst was pre-milled used in chapter 4, the atmosphere
was set to 1 atm of Ar. Several droplets of ethanol was added into the pot in
order to prevent the material from adhering on the wall of the pot. The milled

material was dried naturally in the glovebox overnight after the process.
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2.1.3 Thermal evaporation

Thermal evaporation was employed to prepare the Mg-Nb,Os evaporated
composite. Mg turnings with ~5 mm in size were put in a resistively heated
tungsten boat, connected with a current-control system. A 150-mesh copper
TEM grid on which single crystals of Nb,Os were dispersed was put about 20
cm beneath the evaporation source. The chamber was evacuated for 1 h before
operation, so that the pressure could reach to 1x10~% Pa. Because it is hard
to monitor the amount of the evaporated Mg, trial tests were made, where
the power-on time and the maximum current were recorded separately. The
optimized combination was finally set as 30 A for 10 s, empirically, since the
evaporated Mg on Nb,Os existed isolated like islands, with the average size of
~200 nm. After evaporation, a custom designed container, with a lid that can
be controlled by the lever outside the chamber, was used to prevent air expo-
sure of the sample during transport from the evaporator into the glovebox (see

Figure 2.2).

Nb20s 01_1AM Grid

Figure 2.2: Thermal evaporator for sample preparation.
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2.2 Sample characterization

2.2.1 Powder X-ray diffraction

Powder X-ray diffraction (XRD) was used to identify the phases of the samples
and estimate the crystallite size. The method is based on the phenomenon
that the crystalline atoms cause a beam of X-rays to diffract into many specific
directions. The diffraction on different crystal planes follows the Bragg’s law,

shown in Equation 2.1:

2dsinf = A (2.1)

where A is the wavelength of incident wave, d is the spacing between the
planes in the atomic lattice, and 6 is the angle between the incident ray and the
scattering planes. By measuring the angles and intensities of these diffracted

beams, the phases can be identified in reference to the standard spectra.

The crystallite size can be derived from the broadening of the XRD peaks,

based on the Scherrer equation as follows:

__ K
~ Bcosh

2.2)

where K is the shape factor, typically 0.89, A is the X-ray wavelength, B is the
full width at half-maximum (fwhm), 0 is the Bragg angle, and 7 is the mean
size of the crystallites [90]. It should be pointed out that the equation is limited
to nano-scale particles and not applicable to grains larger than about 0.1 to 0.2

pm. And it has to be realized that a variety of factors can contribute to the
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width of a diffraction peak, such as inhomogeneous strain and crystal lattice
imperfections. Therefore, Equation 4.3 provides a lower bound on the particle

size.

In this work, XRD measurement was performed using a Philips X'Pert Pro
powder diffractometer with Cu K, radiation. The wavelength of the incident
X-ray is 1.54 A. The sample was set on a glass plate, and covered by a kapton
sheet of 8 um thickness sealed by the vacuum grease, in order to prevent

oxidation during the measurements.

2.2.2 Thermal desorption spectroscopy

Thermal desorption spectroscopy (TDS) was used to examine the dehydro-
genation properties of the samples. During a temperature-programmed des-
orption, the amount of the released gas, specifically H, in this work, can be

detected by mass analysis.

The principle of TDS can be described as follows: First, the gas molecules from
sample ionize by conflicting electron beam in ionization part. If generated
molecules have excess internal energy, they split to fragment ions. Second,
the molecular ions are divided by an electromagnetic field according to the
difference of the mass in the mass spectrometer. Finally the divided molecular
ions reach the detector and detected by different mass. Recording such signals
as the function of time or temperature gives the TDS spectra, where the release

of gases shows up with peaks in the curve.

The activation energy of the desorption can be extracted from the TDS spec-

tra, using Kissinger method, proposed by Kissinger in 1957 [91]. In most of
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solid—solid+gas reactions, the reaction rate can be described as:

dx

i AeRT f(x) (2.3)

where

x is the fraction already reacted,

t is the time since the reaction starts,

T is the temperature,

A is the pre-exponential factor,

R is the gas constant, 8.314 J-mol~}-K™! typically,
E, is the activation energy for the reaction,

f(x) is related to the empirical reaction model, listed in Table 2.1.
Here A, E,, and f(x) are defined as the kinetic triplets.

In a nonisothermal process, where temperature is increased at constant speed,

B

d
b= 24)
thus
ax _ ée_%-f(x) (2.5)

When T = Tp, which is the peak temperature during desorption, the rate of
the reaction reaches the maximum value. Therefore,

d2x
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Table 2.1: Empirical models for solid reactions. Reconstructed from Ref [92].

Model f(x)
Nucleation models
Power law (P2) 2x1/2
Power law (P3) 3x2/3
Power law (P4) 4x3/4
Avarami-Erofe’ev (A2) 2(1 —x)[—In (1 —x)]V/?
Avarami-Erofe’ev (A3) 3(1 —x)[—In(1—x)]?/3
Avarami-Erofe’ev (A4) 4(1 —x)[-1In (1 — x)]3/*
Geometrical contraction models
Contracting area (R2) 2(1 —x)1/2
Contracting volume (R3) 3(1 —x)?/3
Diffusion models
1-D diffusion (D1) 1/2x
2-D diffusion (D2) [—In(1-x)]7!
3-D diffusion (D3) 3(1—x)2/3/2(1 — (1 —x)/3)
Glinstling-Brounshtein (D4) 3/2((1—x)"1/3 1)
Reaction-order models
Zero-order (F0) 1
First-order (F1) 1—x
Second-order (F2) (1—x)?
Third-order (F3) (1—x)3
Substituting dx/dT in Equation 2.5 and simplifying, then
A _ Lo E
— f(x).Ze Rp = 1 2.7
£ e ™ = g @7)
Taking the natural logarithms and simplifying, then
B _ K AR
In 72~ RTp In f'(x) (2.8)
Differentiating Equation 2.8 and neglecting small quantities, then
p
d(7;)

Equation 2.9 is the common equation used for calculating the activation energy
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of a reaction, regardless of the reaction model. By plotting In 3/ TIZJ versus 1/ Tp,

called as Kissinger curve, the activation energy can be extracted from the slope.

The pre-exponential factor could be extracted only when the reaction model is
known. Table 2.1 lists the main models in the solid reactions. For example, for

a first-order reaction, f(x) = 1 — x. Then Equation 2.8 can be written as:

B E. . AR
InLt = — 1
" TR, T

(2.10)

In this case, the pre-exponential factor, A, can be further extracted from the

intercept of the Kissinger curve.

In this work, the desorption properties of the samples were examined by Qulee
BGM-102. Roughly 5-10 mg sample was set in an electric furnace equipped
with thermal couples which recorded the time-resolved temperature of the
sample. The equipment was specially designed and installed in a Ar-filled
glovebox, thus the thermal desorption could be carried out without exposing
the sample to the air. When the sample was heated, a highly pure helium
(99.99995%) was flowed from the heating chamber to the mass detector so that

the release of hydrogen could be monitored.

In order to estimate the activation energy, the thermal desorption was mea-
sured at different heating speed, that was, 1 °C/min, 5 °C/min, 10 °C/min,
and 20 °C/min in Chapter 3, and 2 °C/min, 5 °C/min, 10 °C/min, and 20
°C/min in Chapter 4. According to the peak temperature at each heating
speed, In B/ Tl% was calculated and plotted as the function of 1/Tp. Then the

activation energy for the desorption was calculated from the slope of the plot.
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2.2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was adopted to check the chemical
state of the samples. The method is based on the interaction between an elec-
tromagnetic wave and a material (atoms). Since the XPS spectrum directly
reflects the electronic structure of a material, it provides formation on electron
configuration and energy levels within atoms. The process of photoelectron
emission from a solid is divided into 3 stages: First, X-rays are absorbed by
atoms, and photoelectrons are emitted; Next, part of the photoelectrons gener-
ated within a solid move toward the surface; Then, the photoelectrons which

have reached the surface are emitted into a vacuum.

The emission of the photoelectrons obeys the following equation:

Ey=hv—E,—® (2.11)

where Ej is the kinetic energy of the emitted photoelectrons, hv expresses the
energy of the excited X-rays, E, is the electron binding energy, ® is the work
function which depends on both the material and spectrometer. By measuring
the kinetic energy of the emitted photoelectrons, the binding energy of the
atoms can be obtained. Because the binding energy differs depending on the
chemical environment of atoms, the XPS allows the chemical state analysis of

a material.

Only those photoelectrons that are generated near the top surface of the solid
are emitted from the surface, otherwise the photoelectrons will lose the en-
ergies inside the solid material. Therefore, only the photoelectrons generated

near the top surface, usually 2 to 5 nm thick, can be received and measured by
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the detector. In other words, XPS is only sensitive to the chemical state near

the very top surface of the materials.

In this work, the chemical state of the catalyst in the samples were measured
using a JPS-90MX photoelectron spectrometer with Mg K, radiation. The pow-
der samples were dispersed onto a carbon tape adhered on the sample stage
and measured under vacuum. After wide scan, Ols (524-540 eV) and Nb3d
(195-213 eV) were scanned in detail in the narrow scan mode. The energy
scale of the spectrometer was calibrated by setting oxygen (Ols) peak to 532
eV. The spectra were smoothed and background-subtracted according to the
Shirley method. Peak separation was performed using Gaussian-Lorrentz rou-
tines with the ratio of 0.8. The area ratio was fixed to 2/3 due to spin-orbit

coupling and the distance 2.7 eV between Nb3d3,, and Nb3d5,, peaks.

2.24 Scanning electron microscopy observations

A scanning electron microscope (SEM) produces images of a sample by scan-
ning it with a focused beam of electrons. The electrons interact with atoms in
the sample, producing various signals that can be detected. The types of sig-
nals produced by a SEM include secondary electrons, back-scattered electrons,
characteristic X-rays, and so on. Imaging with secondary electrons provides
information about morphology and surface topography. The contrast is dom-
inated by the so-called edge effect: more secondary electron can leave the
sample at edges leading to increased brightness there (see Figure 2.3). Back-
scattered electron imaging is fully based on the atomic number (Z) of the sam-
ple. A high mean Z material will produce more back-scattered electrons than

a low mean Z one, forming the brighter contrast in the image.



Chapter 2. Experimental Procedures 45

electron
beam

electron
beam

many
electrons
escape

few
electrons

surface

Figure 2.3: Scheme of the edge effect in secondary electron imaging.
Reprinted from Ref [93].

In the present work, a field emission scanning electron microscope (FE-SEM,
JEOL JSM-6500F) was used to observe the morphology of the samples. The
secondary electron image was captured. The powder samples were dispersed
onto a conductive carbon tape, which was adhered directly onto the stage
for SEM observations. When setting the samples, air exposure was inevitably
occurred. However, considering the oxidation would not severely change the

morphology, the influence was neglected.

2.2.5 Transmission electron microscopy observations

Transmission electron microscopy (TEM) is a powerful method to characterize
materials in micro or nano scale. The instrument enables users to examine fine
detail — even as small as a single column of atoms, owing to the small de
Broglie wavelength of electrons. In a TEM observation, a beam of electrons is

transmitted through an ultra-thin specimen, interacting with the specimen as
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it passes through. An image is formed from the interaction of the electrons

transmitted through the specimen.

The TEM provides many imaging modes, among which the bright field image,
dark field image, and diffraction are the most commonly used. In the bright
field imaging mode, the direct beam of electrons will be gathered to form the
image (Figure 2.4a). In this case, the contrast is mainly determined by the mass
and thickness of the sample, known as mass-thickness contrast. The regions
with high mass, that is, the high atomic number (Z), will scatter more elec-
trons than low-Z regions. Similarly, thicker regions will scatter more electrons
than thinner regions of the same average Z. Thus thicker and/or higher-Z ar-
eas will appear darker than thinner and/or lower-Z areas. In the diffraction
mode, the scattered electrons, which are dispersed into discrete locations in the
back focal plane by the interaction with crystals, are recorded. By analyzing
the diffraction pattern, the phase, crystal structure, as well as the crystal orien-
tation, can be known. If the objective aperture is placed in the back focal plane
(Figure 2.4b), the desired Bragg reflections can be selected, thus only parts of
the sample that are causing the electrons to scatter to the selected reflections
will end up projected onto the imaging apparatus. That is called the dark field

image, which is usually used with pair of the bright field image.

Another important imaging mode is the high-resolution transmission electron
microscopy (HRTEM), which I realized via a 1250 kV high-voltage electron mi-
croscope in this work. As opposed to conventional microscopy, HRTEM does
not use amplitudes, i.e. absorption by the sample, for image formation. In-
stead, contrast arises from the interference in the image plane of the electron

wave with itself, thus is named the phase-contrast. When the electrons pass
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Figure 2.4: The use of an objective aperture in TEM to select (A) the direct or
(B) the scattered electrons forming bright field and dark field images, respec-
tively. Reprinted from Ref [94].

through the sample, they are diffracted by the atoms, causing diffraction con-
trast in addition to the already present contrast in the transmitted beam. The
interference of the transmitted and diffracted beams result in the periodical

fringe, whose distance is inversely related to the lattice spacing.

In this work, the microstructure of the samples were observed by a 200 kV
TEM (JEOL JEM-2010). The high-resolution images of the samples were cap-
tured using a 1250 kV HVEM (JOEL JEM-ARM1300). The powder sample was
directly dispersed onto a copper TEM grid, which is then set into the TEM
holder. In order to prevent the oxidation of the samples during transport into
the instruments, the plastic bag method was used [95]. Image analysis, includ-
ing measuring, editing, fast Fourier transform (FFT), and inverse fast Fourier

transform (IFFT) were carried out using Gatan Digital Micrograph ™ 3.7.0.



Chapter 3

Catalytic Effect and Trace of Nb>O5

in MgH>,-Nb;O5 Composite

3.1 Background and purpose

Since the superior catalytic effect of Nb,Os in both absorption and desorption
processes of Mg/MgH, was discovered, many contributions have been made
to figure out the mechanism of such effect. Some possible factors have been
proposed in the recent literature, as mentioned in Chapter 1. In this chapter,
these factors were reconsidered based on a study of MgH,—Nb,O5 composites
milled for varied time. The desorption properties were investigated versus
the increase of the ball-milling time. Meanwhile, the microstructure, and es-
pecially the chemical state of the catalyst, were examined to correlate to the
desorption properties. On the basis of those results, the possibly essential fac-

tors for the catalytic effect were discussed.
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3.2 Experimental procedures

The mixtures of MgH, and 1 mol% Nby;Os were ball-milled for 0.02 h, 0.2
h, 2 h, and 20 h, under 1 MPa of H, atmosphere. Also, the hand-mixed (HM)
sample with the same composition was prepared by agate mortar in a Ar-filled
glovebox. TDS, XRD, TEM and XPS were used for the characterization of the

samples.

3.3 Results and discussions

3.3.1 Desorption properties of MgH,—Nb,Os composites milled

for varied time

Figure 3.1 shows the profiles of TDS of hydrogen for the composites with a
heating rate of 5 °C/min. It can be seen that as the ball-milling time increased,
the peak temperatures of hydrogen desorption are decreasing, meaning the

catalytic effect was gradually activated and improved during ball-milling.

By measuring TDS at different heating rates, 1 °C/min, 5 °C/min, 10 °C/min,
and 20 °C/min separately, the activation energy (E,;) of desorption could be
estimated by Kissinger method, as the theory was described specifically in
Chapter 2. By plotting In 8/ T3 versus the inverse of the peak temperatures,
the Kissinger curves could be obtained, shown in Figure 3.2. It can be seen
that the data points exhibit good linearity, validating the applicability of the
method. From the slope of the straight lines, E; for the HM sample and those

ball-milled for 0.02 h, 0.2 h, 2 h and 20 h was estimated to be 147, 138, 82,
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Figure 3.1: Profiles of TDS of H, for the HM sample and those ball-milled for
0.02h,0.2 h,2 h and 20 h.

= HM
.10 k- e (0.02h
A (02h
v 2h
¢ 20h
—~ -1}
& A
- .
~
el
\——
s a2t
L 4
13k a
| ! | ! | ! |
0.0014 0.0016 0.0018 0.0020

-1
/T, (K")

Figure 3.2: Kissinger curves of the samples derived from the desorption data.
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Figure 3.3: Correlation between E, and ball-milling time for the HM sample
(0 h) and those ball-milled for 0.02 h, 0.2 h, 2 h and 20 h.

70 and 63 kJ/molH;, respectively. Those values were plotted versus the ball-
milling time, as shown in Figure 3.3. It can be seen that E,; decreases with the
increase of ball-milling time. Especially between the samples ball-milled for
0.02 h and 0.2 h, a large reduction of E; (~56 kJ/molH;) has been reached,
which is worth discussion. This indicates that some changes were brought by
ball-milling and hence improved the catalytic effect of Nb,Os. To understand

the mechanism of the catalytic effect, these changes should be investigated.

3.3.2 Trace of Nb,Os in the ball-milled composites

XRD patterns of the samples were obtained to evaluate the crystalline informa-

tion, as shown in Figure 3.4. The width of the peaks widened and the intensity
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drastically decreased when the samples were milled for a long time. It indi-
cates that the grain size of both MgH; and Nb,Os becomes smaller during
ball-milling. This refinement of grains may suggest the decrease of size for
both MgH, and Nb,Os particles, leading to a better distribution of catalyst in

the samples.
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Figure 3.4: X-ray diffraction profiles of the HM sample and those ball-milled
for 0.02 h, 0.2 h, 2 h and 20 h.

TEM observation provides evidence for the inference above. In the bright field
images shown in Figure 3.5a—e (all of them were in the same scale), two kinds
of particles could be distinguished by different contrast. The selected area
diffraction was applied for both of them (see area A and B in Figure 3.5b).
In Figure 3.5g the spots with streak (obtained from area B) are recognized as
Nb,Os, while in Figure 3.5f the Debye rings (obtained from area A) are con-

tirmed as Mg and MgO. Therefore, in the bright field images the particles with
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Figure 3.5: TEM micrographs of the HM and ball-milled samples: bright field
images of (a) HM, (b) 0.02 h, (c) 0.2 h, (d) 2 h, (e) 20 h and the selected area
diffraction from area (f) A and (g) B.

very dark contrast should be Nb,Os while the others are Mg related phases.
MgH, was not found because of the fast decomposition under the electron
beam, as discussed in other papers [75, 76]. When comparing the images, it
can be seen that the Nb,Os particles were gradually attenuated by ball-milling
and a homogeneous distribution was reached in the samples milled for long

time. In Figure 3.5e, e.g., the Nb,Os particles imbed homogeneously in the
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Mg related phases. The size of the Nb,Os particles was estimated to be less
than 100 nm. This gradually improved distribution of the catalyst with the re-
tined size should be one factor responsible for the decreased E, and improved

desorption properties.
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Figure 3.6: XPS spectra of the HM sample and those ball-milled for 0.02 h,
0.2 h, 2 h, and 20 h. The insert graph shows the Nb3d peak separation of the
sample milled for 0.2 h.

However, we noticed that E, decreased not gradually but in fact drastically
when the sample was milled for 0.2 h. Thus there should be other factors that
affect the kinetics more essentially. Under this consideration, XPS measure-
ments were carried out for further investigation. The niobium (Nb3d) spectra
were drawn in Figure 3.6 after calibration. A decrease of the Nb3d signal with
ball-milling can be seen, reasserting the results from elsewhere [81, 82]. The
decrease could be explained as the milled MgH, particles covered the surface

of Nb,Os, preventing the detector from getting enough signal from inside. It
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can be seen that the position of the Nb3d peaks detected almost remain the
same, even after the sample was milled for a substantial period. However,
the obviously widened peaks were obtained in the sample milled for 0.2 h.
Further separation of those peaks shown in the inserted graph resulted in a
coexistence of 4 peaks. There are two peaks at 210.2 €V and 207.5 eV, which
are corresponding to Nb3dj3,, and Nb3ds,, (210.1 eV and 207.4 eV respective
in reference to [96]), and two new peaks appearing to the right. Though the
signal is not strong enough to identify the exact phase for the new peaks, the
shift to lower energy infers that the chemical state of Nb has changed at least
on the surface of the sample. A certain or a complication of reduced Nb com-
pound(s) appeared in the sample milled for 0.2 h. The compound(s) on the
surface with the valence of Nb less than +5 may act as a more effective catalyst

that decreases E; and also improve the desorption properties.

3.4 Summary

In this chapter, a study on the HM MgH,-Nb,O5 composite as well as those
ball-milled for 0.02 h, 0.2 h, 2 h and 20 h under 1 MPa H; atmosphere was
performed. Improved desorption kinetics was reached by ball-milling with
Nb,Os. E; of HM, 0.02 h, 0.2 h, 2 h and 20 h samples was estimated to be 147,
138, 82, 70 and 63 kJ/molH,, respectively, thus decreasing in accordance with
the improved kinetics. XRD and TEM results showed a decrease of particle size
for both MgH, and Nb,Os occurred with ball-milling. In the sample milled
for 20 h, the NbyOs particles were found imbedding homogeneously in Mg
related phases, with a size of less than 100 nm. The better distribution and

the refined size of the Nb,Os may be responsible for the decreased E, and
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improved desorption properties. Most importantly, the chemical state of Nb
was found changed at least on the surface, as evident by XPS results. The
peak separation was performed on the XPS spectrum of the sample milled for
0.2 h, indicating that a certain or a complication of reduced Nb compound(s)
appeared, which may play an essential role in decreasing E, and improving

desorption properties of MgHo.



Chapter 4

Mechanism of the Catalytic Effect in

MgH>-Nb,O5 Composite

4.1 Background and purpose

In the previous chapter,the catalytic effect of Nb,Os5 in MgH, was discussed,
and the reduction of the catalyst was confirmed. The reduced Nb compound(s)
rather than Nb,Ojs itself, therefore, has been considered as the essential cata-
lyst responsible for the catalytic effect. In order to clarify the mechanism of
how NbyOs works in the composite, the reduction and the reduced product
should be intensively studied. In this chapter, clarifying the exact state of the
catalyst during a full cycle was targeted. First, as a groundwork for the issue,
the catalytic effect of Nb,Os was compared to its metallic counterpart, Nb,
as well as the lower oxidation state, NbO. The desorption properties and the
morphology of MgH, doped by those additives were studied and compared.

Next, the reactions between MgH, and three kinds of Nb-contained catalysts,
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Nb, NbO, and Nb,0Os, were investigated and compared, in order to figure out
the mechanism of the catalytic effect. The amount of the additives were in-
creased to 50 wt% so that the state of the additives could be identified exactly
at each stage. The morphology and the microstructure of the samples were ob-
served and compared. Based on those results, the mechanism of the catalytic

effect in MgH>—-Nb,O5 was discussed.

4.2 Experimental procedures

In order to compare the desorption properties, MgH, catalyzed by 1 mol%
NbyOs, 2 mol% Nb, 2 mol% NbO, as well as 2 mol% Nb and 5mol% MgO,
were prepared by ball-milling for 20 h. The atmosphere inside the milling pot
was chosen to be 1 MPa Ar due to the fact that H, can react with metallic Nb
directly during the process. Specially, the composite of MgH,-Nb-MgO was
prepared under the consideration that MgO was always found in the MgH,-
Nb,Os ball-milled composites. Here the ratio of Nb:O was set to 2:5 in order
to make a comparison with the addition of NbyOs. To exclude the effect of
different sizes of the starting materials, all additives were pre-milled for 20 h
under 1 atm Ar atmosphere. Several droplets of ethanol was added into the
pot so that the sample would not agglomerate and adhere onto the wall of the
pot during the process. Dehydrogenation properties of the composites were
examined by TDS under He flow. The activation energies were also estimated
by the Kissinger method. The morphology of the samples was observed by

FE-SEM.
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Next, MgH, with 50 wt% additives were prepared in order to figure out the
interaction between them. 150 mg MgH, and 150 mg additives (Nb,Os, NbO
or Nb) were ball-milled for 20 h under 1 MPa Ar atmosphere. Dehydrogena-
tion was performed by annealing the milled composites for 1 h at 300 °C under
vacuum. Rehydrogenation was carried out at 200 °C for 2 h, under a 1 MPa
H; atmosphere. X-ray diffraction (XRD) was performed at each stage, in order
to identify the composition of the composites. The morphology of the samples
was observed via FE-SEM, and the microstructure was observed by TEM and

HVEM.

4.3 Results and discussions

4.3.1 Comparison on the effect of Nb, NbO and Nb,Os

Figure 4.1 presents the TDS profiles of MgH, milled with different additives,
under a heating rate of 5 °C/min. It can be seen that the desorption prop-
erties of the samples have been improved to different degrees (The data of
the HM MgH>—1 mol%Nb,O5 sample in Chapter 3, in which the catalytic ef-
fect was not activated yet, could serve as a reference; see Figure 3.1). NbyOs
gave the best performance among those catalysts studied here, as an over-
whelming low peak-temperature (207 °C), appeared in the spectrum of the
Nb,Os-doped sample. It suggests the fast kinetics in the sample during dehy-
drogenation. It has been noticed that the peak-temperature is even lower than
the 20-h-ball-milled sample in Chapter 3 (see Figure 3.1). It seems that the pre-
milling on NbyOs could further improve the catalytic effect, perhaps due to

the amorphization and destabilization of the additive during the process. The
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peak-temperatures in Nb-doped and Nb-MgO-doped samples are almost the
same (254 °C and 257 °C, respectively). It indicates that the addition of MgO,
though makes the same composition as in the NbyOs-doped sample, cannot
improve the dehydrogenation properties at all. The spectrum of NbO-doped
sample exhibits a peak at 239 °C, suggesting that the dehydrogenation prop-
erty, though not as good as the Nb,Os-doped sample, is better than Nb-doped
and Nb-MgO-doped ones.

207 °C

MgH,+1mol%Nb,O,
)
S 254 °C
(G |MgH,+2mol%Nb
N
>
e 257 °C
7))
(- MgH,+2mol%Nb+5mol%MgO
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| L | L | L | L | L | L |

160 180 200 220 240 260 280 300

Temperature (°C)

Figure 4.1: Hydrogen desorption spectroscopy of the MgH>-Nb,Os5, MgH,—
Nb, MgH,-NbO, and MgH,-Nb-MgO ball-milled composites.

The activation energies (E;) were estimated by measuring the TDS data at
different heating rates, 2 °C/min, 5 °C/min, 10 °C/min, and 20 °C/min, sep-
arately. The Kissinger curves, 1/Tp as the function of In 8/ T3, were plotted in

Figure 4.2. E, for each sample was extracted from the slope of the Kissinger
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Figure 4.2: Kissinger curves of of the MgH,-Nb,O5, MgH,>-Nb, MgH,-NbO,
and MgH>-Nb-MgO ball-milled composites.
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curve, summarized in Figure 4.3. It can be seen that E; for Nb,Os-doped sam-
ple was quite low, in accordance with its good desorption properties. However,
the value was a little larger than that of the 20-h-ball-milled sample in Chap-
ter 3. The possible reason for this disagreement may be due to the system
error brought by the TDS device, since the measurements were carried out via
different devices. In the Nb-doped sample, though the peak-temperature was
a little higher than that in others, E; was unexpectedly comparable with that
of NbyOs-doped one. Actually, both of them are close to the decomposition
enthalpy of MgH», 74 k] /mol. If subtracted this value from the E, calculated
here, the net activation energy is closed to 0. It suggested that the catalyts
already gave the maximum effect in the samples. On the other hand, the ad-
dition of MgO seemed to lead to an increase in E;, again indicating that MgO
was effectless. E,; for the NbO-doped sample turned out to be the highest

among them, inconsistent with its relatively low desorption peak-temperature.

SEM observations on the ball-milled composites are shown in Figure 4.4. It
can be seen that the size of the particles in the Nb,Os-doped sample is smaller
than those in the others, suggesting that the size tended to be refined under the
addition of Nb,Os. This tendency partially explains the good dehydrogenation
property in the Nb,Os-doped sample, since the refinement of the size can lead
to the increase in the specific area that is quite related to the kinetics in solid
reactions. In addition, the size of the particles in the Nb-doped and Nb-MgO-
doped samples are comparable, indicating that MgO did not contribute to the
size refinement either. The result claimed by Aguey-Zinsou that MgO helped
to reduce the particle size and hence improved the desorption properties [97]

were not seen.
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Figure 4.4: SEM images of the ball-milled MgH, nanocomposites doped by
(@) 1 mol% Nb,Os, (b) 2 mol% Nb, (c) 2 mol% NbO, as well as (d) 2 mol% Nb
and 5 mol% MgO.

4.3.2 State of the additives during the absorption/desorption

cycle

MgH;-Nb,Os5 composite

Figure 4.5 shows the XRD profiles of MgH>-Nb,Os nanocomposite during the
tull cycle. In the as-milled sample, Nb,Os was not detected. Instead, the peaks
from NbH; and MgO can be seen, indicating that Nb,Os reacted with MgH
during the ball-milling process. Nb (II) hydride and MgO as the products

of the reaction were generated then. The reaction equation can be written as
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Figure 4.5: XRD profiles of MgH;-Nb,Os nanocomposites.

follows:

1 2 3
MgHZ + 5Nb205 — MgO + ngHz + gHzT (4.1)

Equation 4.1 explains the common phenomenon that MgO is always found
in the milled MgH,-Nb,Os composite. Additionally, the reduction of NbyOs
agrees with the results shown in Chapter 3, implying that the reduction prod-
uct, NbHj, may be the essential catalyst that improves the desorption kinetics.
According to the mole ratio of the reactants, a small amount of MgH, should
remain after ball-milling. The absence of the peaks of MgH, suggests that the
residual MgH) is microcrystalline. In the dehydrogenated sample, since both
MgH; and NbH; have decomposed, the XRD profile shows the coexistence
of Mg, Nb, and MgO. After rehydrogenation, the peaks of MgH, and NbH
were confirmed in the XRD profile. It indicates that, after one cycle, the initial

additive, NbyOs, was converted into the niobium (I) hydride state.
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Figure 4.6: XRD profiles of MgH,-Nb nanocomposite.
MgH,-Nb composite

Similar as the case of NbyOs, reactions were also found between the MgH,
and Nb. Figure 4.6 shows the XRD profiles of Nb-doped MgH, during the
full cycle. Peaks from NbH were found in the spectrum of the as-milled sam-
ple, indicating that the initial additive was changed into NbH following the
equation below:

MgH, + Nb = 2NbH + Mg (4.2)

This result is consistent with the work of Huot et al., in which NbH was also
found in the 5 mol% Nb catalyzed MgH, nanocomposite [64]. The dehydro-
genation resulted in the formation of Mg and Nb. Finally, the metals returned
to MgH, and NbH state after rehydrogenation, and the composite gave a com-
position the same as the Nb,Os-doped sample (if the byproduct MgO is ig-

nored).
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Figure 4.7: XRD profiles of MgH,-NbO nanocomposite.

MgH,-NbO composite

Figure 4.7 shows the XRD profiles of the NbO-doped sample during the full

cycle. Unlike the obvious interactions between MgH, and the additives in the

previous ones, no obvious reactions between MgH, and NbO were seen, as

both of them remained after ball-milling. After dehydrogenation, the peaks of

Mg were seen, due to the decomposition of MgH;. And the peaks of MgH,

reappeared after rehydrogenation. During the whole process, the peaks of

NbO remained unchanged, except for a slight change on the intensity. As an

aside, an unknown peak at 26 = 44°, which is close to f-MgO (400), appeared

during the full cycle. We have not found any description about this metastable

B-MgO in the literature. Whether it helps the dehydrogenation or not is un-

clear.
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4.3.3 Mechanism of the catalytic effect in MgH,-Nb,Os5 com-

posite

It must be pointed out that in both Nb,Os-doped and Nb-doped samples, the
peaks of Nb in the XRD spectra of the dehydrogenated samples were a lit-
tle shifted toward the lower angle (see Figure 4.8). The positions, however,
quite match the metastable NbH, phase, which is a solid solution described in
the references [65, 98]. For one thing, it reaffirms the gateway model that
NbH, facilitates the hydrogen transportation in MgH,-Nb composites, de-
scribed elsewhere [64, 65]. For another, it suggests the possibility that the
Nb,Os-doped sample may also undergo a dehydrogenation process following
the Nb-gateway model, resulting in the formation of NbH, solid solution as it
does in the Nb-doped sample. This inference could be also supported by the
estimation of E; in the MgH>-1 mol%Nb,Os5 and MgH;-2 mol%Nb samples

given in Section 4.3.1, since the values were quite comparable.

Comparing the XRD results of Nb,Os-doped and Nb-doped samples, it can be
noticed that the composition was the same after one cycle, except that MgO
as the byproduct of the reaction existed in the former. The role of MgO was
investigated in the previous section, indicating that the existence of MgO is
meaningless for the desorption properties. Therefore, we can safely conclude
that the catalytic effect in MgH,-Nb,Os nanocomposites is attributed to the
existence of Nb, as it does in the Nb-doped composite. In both samples, the
catalytic effect follows the same mechanism during dehydrogenation, which
is based on a Nb-gateway model for hydrogen release. The scheme for the
Nb-gateway model is shown in Figure 4.9. First, niobium (di)hydride decom-

poses rapidly (because niobium hydride is thermodynamically unstable) and
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Figure 4.8: XRD profiles of the dehydrogenated Nb,Os-doped and Nb-doped
samples: Zoomed on the region of Nb peaks.
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Figure 4.9: Scheme of the Nb-gateway model in MgH,>-Nb,O5 composite.
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Nb forms. Then, hydrogen diffuses from MgH, to Nb, forming the NbH, solid
solution. The recombination of hydrogen molecules can be accelerated on the
surface of NbHy, which is stabilized by the hydrogen flow from MgH, to the
outside, until MgH, exhausts finally. In both samples, Nb plays an impor-
tant role in hydrogen transportation and recombination, acting as an essential

catalyst and improving the kinetics during dehydrogenation.

4.3.4 The size effect in the desorption

As we stated that the catalytic effect of Nb,Os and Nb follows the same mech-
anism, the Nb-gateway model, one would doubt why Nb,Os-doped and Nb-
doped samples exhibited different desorption properties (see Figure 4.1). In
order to figure out the differences between them, we estimated the crystallite
size of MgH, in the as-milled samples, as well as that of Mg and Nb after

dehydrogenation, using the Scherrer equation:

K
~ Beoso

(4.3)

where K is the shape factor, typically 0.89, A is the X-ray wavelength, 1.54 A
for Cu radiation, B is the full width at half-maximun (fwhm), 0 is the Bragg
angle, and 7 is the mean size of the crystallites [90]. For the estimation of
MgH,, we selected the strongest peak, MgH, (110), to apply Equation 4.3. In
the case of Mg and Nb, (110) and (200), respectively, rather than the strongest
peaks were chosen, in order to avoid the peak overlapping. The measured
fwhm and corresponding crystallite size are listed in Table 4.1. The size of
MgHj; in the Nb-doped and NbO-doped samples after ball-milling was around

70 A, while that in the NbyOs-doped sample was microcrystalline, since the
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Table 4.1: Crystalline size (t; in A) of MgH,, Mg and Nb in each samples

Nb,O5-doped Nb-doped NbO-doped
Peak FWHM (°) T (A) FWHM (°) 7 (A) FWHM (°) 1 (A)
MgH, (110) undetectable microcrystalline 1.086 76 1.121 73
Nb (200) 2.367 38 1.232 68 - -
Mg (110) 1.029 88 0.487 190 0.639 143

peak was not detected in the XRD spectrum. Therefore, the size of MgH, in
the NbyOs-doped sample is extremely smaller than those in the others. The
size of Nb and Mg in the Nb,Os-doped sample after dehydrogenation was
evaluated as 38 A and 88 A respectively, roughly half those in the Nb-doped
sample (68 A and 190 A, respectively). It was suggested that when MgH, is
milled with Nb,Os, the crystallites tend to be refined. The decrease in size can
lead to a fast decomposition, thus partially explaining the better desorption
property of the Nb,Os-doped sample, compared to the others. On the other
hand, being comparable in size compared to the Nb-doped sample, the NbO-
doped sample showed better desorption property. It implies that there are

other factors determining the desorption kinetics in the NbO-doped sample.

In order to compare the morphology of the composites, we observed the as-
milled and hydrogenated samples by SEM. The typical images are shown in
Figure 4.10. It can be seen that for all the composites, the morphology hardly
changed after dehydrogenation. On the other hand, the difference in size can
be seen obviously. The Nb,Os-doped sample shown in Figure 4.10a,d is dis-
tinctly small in size, while the particle size in the other two is much bigger
than the former. It indicates that both MgH, and the additive could be pulver-
ized more easily in the NbyOs-doped composite. This tendency agrees with
the aforementioned results in 1 mol% Nb,Os-doped and 2 mol% Nb-doped, as

well as 2 mol% NbO-doped samples, as shown in Figure 4.4. The phenomena
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Figure 4.10: SEM images showing the morphology of the as-milled and dehy-
drogenated composites.
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Figure 4.11: Typical TEM micrograph of the Nb,Os-doped composite after
dehydrogenation. (a): Bright field image. (b): Corresponding dark field image
taken from the circled area.
could be explained by the physical properties of the additives. As a ceramic,
Nb,Os exhibits hard and brittle character, while Nb metal and NbO, which
show metallic properties, are ductile and not easy to be pulverized. Therefore,
the particles tend to be reduced in size when Nb,Os is added, compared to its

counterparts, NbO and Nb. This difference in size may play an important role

during the catalyst-promoted dehydrogenation.
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Figure 4.12: Typical TEM micrograph of the Nb-doped composite after de-
hydrogenation. (a): Bright field image. (b): Corresponding dark field image
taken from the circled area.
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Figure 4.13: TEM images showing Nb particles in the Nb-doped composite
after dehydrogenation. (a): Bright field image. (b): Diffraction pattern from
the circled area.

Figure 4.11 and Figure 4.12 show the typical TEM images of the Nb,Os-doped
and Nb-doped composites after dehydrogenation. The insets in both figures
show the Debye rings of Nb, meaning that Nb is polycrystalline. Nb crystals
can be seen in the dark field images taken by selecting parts of Nb (110) rings
marked by the white circles in the diffraction pattern. For the Nb,Os-doped

sample as shown in Figure 4.11b, it can be seen that Nb crystals, with a size
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around 10-20 nm, dispersed homogeneously in Mg matrix. However, in the
case of the Nb-doped sample, Nb crystals with a size of ~100 nm can be
observed, as shown in Figure 4.12b. We also found Nb single-crystals with a
size around 200 nm, shown in Figure 4.13. The inhomogeneity in the size of
the Nb catalyst could hinder the catalytic effect and deteriorate the desorption

properties.

Given all the observations above, the difference in the desorption properties be-
tween Nb,Os-doped and Nb-doped samples could be explained. As the SEM
and TEM observations all revealed that the size of both MgH; and the catalyst
was quite smaller in the former than that in the latter, the contribution of such
size refinement should be taken into account in the desorption process. As is
well known to all, the smaller the particle size is, the more the surface area will
be. By decreasing the size of both MgH; and the catalyst, the surface area can
be significantly increased. Thus, there are more chances MgH, and the cata-
lyst contact with each other. As a result, the cites for reactions are increased,
hence the reaction rate can be increased drastically. Therefore, even following
the same mechanism during desorption, the smaller size in the Nb,Os-doped

sample definitely leads to faster kinetics compared with the Nb-doped one.

Taking advantage of high-resolution electron microscopy, we were able to
confirm the existence and the size of NbH, and Nb in the 1 mol% Nb,Os-
doped composite. Figure 4.14a shows the high-resolution image of the 1
mol% NbyOs-doped composite before dehydrogenation. In the FFT image
(Figure 4.14b) taken from the selected area, a pair of spots corresponding to
NbH, (111) was identified. The size of NbH, was around 20 nm, as can be
seen in the IFFT image shown in Figure 4.14c. The high-resolution image of

the dehydrogenated sample is presented in Figure 4.15a. Similarly the spots
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Figure 4.14: (a) High-resolution image, (b) FFT, and (c) IFFT images of the
MgH; and 1 mol% Nb,Os composite after ball-milling. The FFT area is
marked by the square in (a).
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Figure 4.15: (a) High-resolution image, (b) FFT, and (c) IFFT images of the
MgH, and 1 mol% Nb,Os composite after dehydrogenation. The FFT area is
marked by the square in (a).



Chapter 4. Mechanism of the Catalytic Effect in MgH>—Nb,Os Composite 75

of Nb (110) were found in the FFT image shown in Figure 4.15b. In the IFFT
image shown in Figure 4.15¢, the size of Nb was estimated to be around 10 nm.
All these observations indicate that the catalyst highly dispersed in the sam-
ple, with the size around 10-20 nm. The results well validated the Nb-gateway
model in the MgH;-Nb,O5 system. Tiny crystals of Nb act as the gateway

through which hydrogen transports from MgH, to the outside.

4.3.5 NbO-Catalyst and the mechanism

While strong interaction between MgH,; and Nb,Os, as well as Nb, was con-
firmed, the unexpected stability of NbO is obscure. If considering on the ther-
modynamics, AG® and AS® for the possible reactions between MbH, and

Nb-contained catalysts can be calculated as follows:

1 2 3
MgH, + ng205 = MgO + ngHz + EHZ T (4.4)

AG® = —212k] - mol~'; AS® = 60] - mol~?

MgH, + 2Nb = 2NbH + Mg (4.5)

AG® = —6.1k] - mol™Y; AS® =22] - mol~!

MgH, + NbO = NbH, + MgO (4.6)

AGE = —187k] - mol ™', AS® = —18] - mol !
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MgH; + NbO = NbH + MgO + %Hz T (4.7)

AG® = —207k] -mol™Y; AS® =59 - mol ™!

According to the equilibrium thermodynamics, all the reactions should hap-
pen based on the free energy criterion. However, since ball-milling creates a
non-equilibrium system, entropy should be considered mainly. Therefore re-
action 4.6 cannot happen according to the entropy criterion. Whereas reaction
Equation 4.7 seems able to occur, but depending on the reaction path. If it
starts with Equation 4.6 and then follows the decomposition of NbHj, then the
former will create an energy barrier, which could be too high to reach under
mechanical milling. Similar consideration can also be made on reaction 4.4 and
4.5, because the reaction path is quite important in the solid-solid reactions. To
clarify the issue, more investigation, with approaches more close to the pure
chemistry, should be made in future. Nevertheless, these approaches are either
out of the topic of this work or beyond our knowledge as a material researcher.
Study on NbO will be done in the future work, using the approaches such as

calculations to figure out this issue.

However, if considering from the viewpoint of material science, possible ex-
planation on the issue could be addressed as follows. Since it was pointed out
that NbyOs could be well pulverized while NbO could not, all due to that the
former is brittle and the latter is ductile. When the size of the material is de-
creased, some properties, even including thermodynamics, could change unex-
pectedly. During ball-milling process of Nb,Os with MgH», the oxide may be
gradually reduced following the sequence of Nb,O5—NbO,—Nb,O3—NbO.

And it could be predicted that the reduced fraction is tiny in size, leading to
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Figure 4.16: Typical TEM micrograph of the NbO-doped composite. (a):
Bright field image. (b): Corresponding dark field image taken from the circled
area.

good reaction kinetics. In contrast, NbO could not be cracked effectively into
small pieces, which give a limitation on the reaction kinetics. Actually, small
changes on the composition was confirmed in TEM observation. In the inset
of Figure 4.16, single-crystal pattern of NbO, as well as MgNb,O3 67, has been
indexed. In addition, a halo ring corresponding to an unknown amorphous
phase(s), with the d-spacing range of 2.1-2.6 A, could be seen in the diffraction
pattern. It implied that some reactions between MgH, and NbO, with poor
kinetics, did occur during the milling process, forming MgNb,O3¢; and the
unknown amorphous phase(s). These changes support the explanation that
the reaction is possible but in poor kinetics. Therefore, it is possible that the

poor reactivity of NbO is relevant to the size effect.

On the other hand, since NbO was unexpectedly stable during the full cycle,
it is possible that NbO itself as the main phase provided the catalytic effect,
following some mechanism rather than the Nb-gateway model. In a recent
study, NbO (111) was found to show effective catalytic activities [99], which

lend support to such consideration. Besides, the existence of MgNb,O3¢7 is
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also worth considering. The dark field image in Figure 4.16b was taken from
MgNb,O3 67 (120). By comparing it with the corresponding bright field im-
age in Figure 4.16a, we can easily find out the single crystals of MgNb,O3 ¢7,
which show a dark contrast, with a size of ~200 nm. As it was stated pre-
viously, the Mg-Nb-O phase was considered to help with hydrogen diffu-
sion. It was pointed out that MgO is almost impermeable for hydrogen [100].
The Mg-Nb-O phase was proved able to absorb hydrogen [101] and even im-
prove desorption properties of MgH, as a catalyst [102]. Here the existence of
MgNb,O3 67 may provide pathways for hydrogen diffusion through the MgO
scale covered on the surface of MgH,, improving the desorption properties

during dehydrogenation.

44 Summary

The state of the Nb-contained catalysts in MgH, composites was clarified
in this chapter. NbyOs and Nb reacted with MgH, during the ball-milling
process. NbH; and NbH, respectively, formed as the products of the re-
actions. During dehydrogenation, both NbH, and NbH decomposed into
Nb and returned to the NbH state after rehydrogenation. It is suggested
that both Nb,Os-doped and Nb-doped samples dehydrogenated following the
Nb-gateway model, in which Nb facilitates the hydrogen transportation from
MgH), to the outside, and accelerates the recombination of hydrogen molecules
during the process. On the other hand, reactions between NbO and MgH,
were not confirmed. The promoted dehydrogenation may either be attributed
to the catalytic effect of NbO itself or the existence of the MgNb,O3 47 phase. In

addition, we found that the Nb,Os-doped sample tended to be refined in size,
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compared to the Nb-doped and NbO-doped ones, due to the hard and brittle
features of NbyOs. This size effect partially leads to a better dehydrogenation
property in the sample. NbH; and Nb, with 10-20nm in size, were also ob-
served in the composite doped by 1 mol% Nb,Os, validating the Nb-gateway
model in the MgH,-Nb,O5 system. All the results reveal that tiny Nb crystals
highly dispersed in the composites act as the essential catalyst and improve

the desorption properties following the Nb-gateway model.



Chapter 5

Mg—MgH, Transformation Process

during Hydrogenation

5.1 Background and purpose

In the previous chapters, the catalytic effect of Nb,Os was discussed. The Nb-
gateway model was proposed, which explains the catalytic effect and provide
the important guidance for further development on the system. The present
chapter was put on understanding the Mg—MgH, transformation process
during absorption, serving as another indicator for us to develop the mate-

rial.

In this chapter, TEM was employed to observe the Mg/Nb,Os evaporated com-
posite before and after hydrogenation, in order to clarify the Mg—MgH), trans-
formation process. Since it is difficult to make an in-situ observation, MgO was

determined to associate the metal and hydride. We assume that MgO is the

80
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oxidation product of Mg, while that of MgH, is Mg(OH),, which is amor-
phous and not easily identified via TEM. This assumption could be supported
by the work of Friedrich et al., in which Mg was oxidized immediately when
exposed to air, forming an oxide layer of 3-4 nm, while MgH, was less ox-
idized in the air, with only a small amount of amorphous hydroxide on the
surface [103]. On the basis of that assumption, we were able to relate Mg and
MgH, indirectly by separately investigating the relationships of Mg/MgO and
MgH,/MgO. Discussions on the transformation process was made according
to the observations. A model demonstrating the atomic movement during the

transformation process was proposed based on the observations.

5.2 Experimental procedures

A 150-A mesh copper TEM grid on which single crystals of Nb,Os were dis-
persed was placed into a thermal-evaporator. Roughly 2 pieces of Mg turnings
were placed in the tungsten boat, which was connected with a current-control
system. The evaporator was evacuated for 1 h to ensure that a high vacuum of
~1x10~* Pa was reached. Evaporation was carried out by slowly increasing
the current to 30 A. After exposing the grid to the Mg vapor for 10 s, the de-
position was stopped by a shutter immediately, and the current was powered
off at the same time. In this way, Mg was randomly evaporated on the sur-
face of NbyOs. After evaporation, a custom designed container, with a lid that
could be controlled by a lever out side the evaporation chamber, was used to
prevent air exposure of the sample during transport from the evaporator into

the glove box. Hydrogenation of the sample was carried out under a 5 bar Hj
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atmosphere at 250 °C for 2 h. TEM observations were performed before and

after hydrogenation using a 200 kV TEM and a 1250 kV HVEM.

5.3 Results and discussions

5.3.1 TEM observations on the as-prepared sample

The TEM image showing the typical microstructure of the sample before hy-
drogenation is presented in Figure 5.1. In the bright field image (panel a),
small Mg particles, ~200 nm in size, are seen attaching on the surface of the
single crystals of NbyOs. The inset image shows the diffraction pattern from
the selected area, where Mg can be identified. By selection of the Mg(002) spot,
the corresponding dark field image was captured, as shown in panel b. The
particle with bright contrast shows the single crystal of Mg, with the size less

than 180 nm.

@ Mg (002)

200 nm

Figure 5.1: Typical TEM micrographs of the sample before hydrogenation.
(a) Bright field image, with an inset image of the diffraction pattern from the
selected area. (b) Dark field image from Mg (002).
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Figure 5.2: (a) Typical high-resolution image with the FFT area marked by the
square. (b) FFT and (c) IFFT images of the sample before hydrogenation.

The typical high-resolution image of the sample before hydrogenation is shown
in Figure 5.2. The FFT image (panel b) from the analyzed area clearly shows
two pairs of spots, identified seperately as Mg(002) and MgO(200), reveal-
ing that the evaporated Mg was partially oxidized during the process. Even
though protection was taken at every step, slight oxidation is almost inevitable
because of the high sensitivity of Mg to oxygen. On the other hand, the spots of
Mg(002) and MgO(200) are collinear, revealing that their orientations should be
parallel. This could indicate that during the oxidation of Mg, oxides may form
along the direction of MgO(200)||Mg(002). The diffraction pattern of MgO in
the FFT image is more like a pair of short arcs on the circle, rather than the
single-crystal spots. It is likely that small MgO crystals formed and then par-
tially cracked at a critical size. As a result, the direction of oxide formation
gradually bent and deviated from the original direction, so that we were able

to see the short arcs in the FFT image. When we made the IFFT by selecting
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the arcs of MgO, it could be seen that MgO existed as the tiny crystals with a
size smaller than 5 nm (see panel c). As an side, the lattice plane of Nb,O5(402)
could also be seen in the area with dark contrast. The orientation dependence
was not found between evaporated Mg and the Nb,Os substrate, suggesting

that the evaporation of Mg was completely random.

5.3.2 TEM observations on the hydrogenated sample

In order to investigate the orientation of hydride formation, the hydrogenated
sample was then observed by HVEM. Figure 5.3a shows the high-resolution
image of the interface between evaporated Mg and the Nb,Os substrate. FFT
was performed on the selected area, shown in Figure 5.3b. The spot pairs
in the FFT image could be seperately identified as MgO(200), MgH>(101) and
Nb,0O5(110), meaning that the evaporated Mg was hydrogenated successfully
under the given condition, though parts of it were oxidized. Moreover, three
pairs of spots are on one straight line, similarly indicating that the orienta-
tion relationship of MgO(200), MgH>(101) and Nb,O5(110) is parallel. As we
mentioned previousely, Mg is more sensitive to oxygen compared to hydride.
Here MgO, itself, was believed to be the oxidation product of Mg, rather than
MgH,. Considering the orientation relationship of MgO(200)||Mg(002) during
oxidation, as mentioned above, we proposed that hydride could form along the
direction of MgH,(101)||Mg(002) during hydrogenation. On the other hand, it
is interesting that MgH>(101) is also parallel to Nb,O5(110). It is possible that
the phenomenon is related to some mechanisms of catalytic effect, though we
could not confirm this in the present work. This point is still under investiga-

tion.
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Figure 5.3: (a) High resolution image, (b) FFT and (c-e) IFFT images of the
hydrogenated sample. FFT area is marked by the square in (a).
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Figure 5.4: Another observation of the hydrogenated sample showing Mg-
MgO-MgH; coexistence. (a) Lattice image. (b) FFT image from the selected
area. (c-e) IFFT images showing MgH,(101), Mg(002) and MgO(200), respec-
tively. FFT area is marked by the square in (a).
Figure 5.4 shows another observation of the hydrogenated sample. Fortunately
in the FFT image, we found that Mg, MgH,, and MgO coexisted in the ana-
lyzed area (panel b). The collinearity of the spots corresponding to the three
phases shows the parallel relationship of Mg(002)||MgH,(101)||MgO(200), ver-

ifying our assertion above. In addition, from the IFFT images in panels c-e, we

can see that the position of MgH, almost coincides with Mg, while differing
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from MgO. This suggests that Mg was partially oxidized, along the direction of
MgO(200)||Mg(002), and then the unoxidized part was hydrogenated partially
along the direction of MgH,(101)||Mg(002), while MgO remained unchanged.

As a result, the three-phase coexistence formed in the area.

5.3.3 Mg—MgH, transformation process

According to the observations above, we were able to confirm that the trans-
formation of Mg occurs along the particular direction of MgH,(101)||Mg(002)
or MgO(200)|[Mg(002). Further extracting the information of these planes,
the surface energy was noticed, since references suggested that the surface-
formation energy for MgH,(101) as well as MgO(200) was the lowest among
those low-indexed planes [104]. Thus, the transformation process could be fur-
ther inferred based on them. As is known to us that the surface reaction takes
an important role in the hydrogenation and oxidation, the reaction may occur
originally on the surface of the Mg matrix. By considering the beginning stage
of the reaction, it is likely that a single layer of MgH, or MgO, with a small
range of several atoms, forms first. In order to minimize the formation energy,
these single layers may prefer the orientation that lowers the surface-formation
energy. Therefore, single layers of MgH>(101) or MgO(200) form on the sur-
tace of the Mg matrix, oriented along (002), at the beginning stage. Once these
single layers have formed, they grow along these particular directions from
the surface to the inside and enlarge the range of each layer at the same time.
Finally, parts of Mg change to MgH, or MgO, resulting in the Mg-MgH,-MgO

coexistence that we have observed above.
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Figure 5.5: Atomic movement model of Mg transformation during oxida-
tion or hydrogenation: (a), (b) and (c) show the critical plane of MgO, Mg
and MgH), respectively; (d), (e) and (f) are the corresponding 3-dimensional
structures.

The atomic movement model could be proposed according to the discussion
above. We have drawn the critical plane of MgO, Mg, and MgH, in Fig-
ure 5.5a—c, as well as the three-dimension (3D) atomic skeleton containing
three layers of each plane (marked as Mg layer A, B, and C, separately) in Fig-
ure 5.5d—f. The unit cell edge of each phase was delineated with the dashed
line. During the transformation from Mg to MgH,; or MgO, the Mg frame
remains the same, except the slight adjustment of the atomic distances (see
Figure 5.5, panels a-c). Because of the introduction of O or H, this frame ex-
pands in different degrees. From the 3D viewpoint (see Figure 5.5, panels d-f),
the layers shift a little during the transformation. During hydrogenation, the
second layer (Mg layer B) needs to shift along [1100] by one-twelfth of the vec-
tor length and the third layer (Mg layer C) shifts along [1100] by one-half of
the vector length. On the oxidation side, the formation of the second layer

(Mg layer B) shifts along [1100] by one-sixth of the vector length while the
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third layer (Mg layer C) is a complete repeat of layer A (because of the stack-
ing method of the face-centered cubic structure). The complete transformation
is the combination of both distance adjustment and layer shift. They occur
simultaneously during the transformation, resulting in the formation of new

structures.

54 Summary

The Mg—MgH), transformation of evaporated Mg-Nb,Os composites during
the hydrogenation was observed using TEM and HVEM. Mg crystals, ~180
nm in size, were evaporated thermally on single crystals of Nb,Os. The exis-
tence of MgH, was confirmed in the sample hydrogenated at 250 °C, under
a 5 bar Hp atmosphere, for 2 h. It was found that hydrogenation occurred
along the preferred orientation relationship that MgH,(101)||Mg(002), as well
as MgO(200)||Mg(002) during the inevitable oxidation process. It was indicated
that the transformation process of Mg during hydrogenation and oxidation oc-
curs following the sequence that MgH>(101) or MgO(200) single layers form
on the surface of Mg(002) and then grow along these certain directions from
the surface to the inside, as well as enlarge the range of each layer at the same
time. A structural model, in which the Mg-Mg distance is adjusted according
to the introduction of H or O, and correspondingly the Mg layers shift slightly,

was proposed to demonstrate the transformation process.



Chapter 6

Conclusions and Prospects

In this thesis, the catalytic effect of Nb,Os, as well as the Mg—MgH, transfor-
mation process was investigated in respect to the development of Mg/MgH,
system for hydrogen storage. The desorption properties, mechanism of the
catalytic effect, as well as the orientation relationship in the system were stud-
ied on the basis of a series of experiments. The results and conclusions were

summarized as follows:

(1) The desorption properties of MgH, could be significantly improved by the
addition of Nb,Os during ball-milling. When the composite was milled for
varied time from 0.02 h to 20 h, the desorption peak-temperatures started to
decrease after 0.2 h and reached the lowest after 20 h. The activation energies
were estimated to be 147, 138, 82, 70 and 63 kJ/molH, for the HM, 0.02 h, 0.2
h, 2 h and 20 h milled samples, respectively, thus decreasing in accordance
with the improved desorption properties. Nb,Os particles were refined grad-
ually during ball-milling, as evidenced by XRD and TEM results. Thus the
homogeneous distribution could lead to the improvement on the desorption

properties. Moreover, in the XPS measurements, the reduced Nb compound(s)

89
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with the valence of Nb less than +5 were confirmed to exist at least on the
surface of the catalyst. The reduced compound(s), considering the importance
of the surface reactions, should play an essential role on improving the des-

orption properties and decreasing the activation energy.

(2) In order to figure out the reduced Nb compound(s), the state of the catalyst
was intensively studied. Not only Nb,Os but also its reduced counterparts,
NbO and Nb, were investigated and compared. XRD results on the as-milled,
dehydrogenated, and rehydrogenated composites in which 50 wt% additives

were added indicated the reactivity of MgH, towards the additives as follows:

a) NbyOs reacts with MgH, during ball-milling, forming NbH, and MgO. In
dehydrogenation, the hydride decomposes into the metal state, Nb, and then

returns to the NbH state after rehydrogenation.

b) Nb also reacts with MgH, similarly during ball-milling, except that the
product is NbH rather than NbH;. In the following dehydrogenation and

rehydrogenation processes, its state changes as NbH—Nb—NbH.
c) No obvious reactions are there between NbO and MgH>.

The same composition in the Nb,Os-doped and Nb-doped samples suggested
that both samples dehydrogenated following the same mechanism, the Nb-
gateway model, in which Nb facilitates the hydrogen transportation from MgH,
to the outside, and accelerates the recombination of hydrogen molecules dur-
ing the process. The different desorption properties in them were considered
to be due to the difference in the size of the catalysts. SEM observations re-
vealed that the Nb,Os-doped sample tended to be refined in size, because of

the hard and brittle features of Nb,Os; TEM observations showed that NbH»
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and Nb highly dispersed in the Nb,Os-doped sample with 10-20 nm in size—
both of them are in comparison with its counterpart, Nb, which is too ductile
to be refined by ball-milling, as the Nb crystals with the size of ~100 nm were
seen in TEM observations. As a side, the promoted dehydrogenation in the
NbO-doped sample may either be attributed to the catalytic effect of NbO it-
self or the existence of the MgNb,O3¢6; phase; the latter was confirmed by
the TEM observation. An unknown amorphous phase(s) was also seen under
TEM, suggesting that NbO partially reacted with MgH, with poor kinetics.

The exact mechanism in the sample needs further investigation.

(3) Mg—MgH), transformation process were investigated in terms of TEM ob-
servations. It was observed that the transformation occurred along the specific
orientation relationship of MgH»(101)||Mg(002), as well as MgO(200)||Mg(002)
during the inevitable oxidation process. Considering the low surface-formation
energies of MgH,(101) and MgO(200), the transformation process could be in-
ferred as follows: First, MgH,(101) or MgO(200) single layers form on the
surface of Mg(002); Then the new phases grow along these certain directions
from the surface to the inside, as well as enlarge the range of each layer at the
same time. A structural model was proposed to demonstrate the transforma-
tion process, in which in which the Mg-Mg distance is adjusted according to

the introduction of H or O, and the Mg layers shift slightly, correspondingly.

The Mg/MgH, system could be a potential candidate for the hydrogen storage
materials, as long as the poor kinetics is improved. According to the above-
mentioned results in this thesis, further development on the system can be
guided. First, a catalyst, which can be a nanocrystalline transition metal, is

necessary to overcome the barrier in kinetics and thermodynamics. Following
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the Nb,Os-pattern that generates highly active nanocrystalline Nb via a reac-
tion, it can be expected that similar elements such like Ti, V, and Fe could also
give good performance if they are effectively refined without contamination.
Recently, a Nb cluster film was prepared and confirmed to have “unexpected”
hydrogen absorption ability [105], serving as an indicator for the prospect of
future work. Within the range of available technology, more and more metal
clusters will be obtained and tested. Employing such clusters as the catalysts
in Mg/MgH, will definitely improve the properties to a whole new level. Sec-
ond, the microstructure of the additive could be specially designed so that it
can give the nanocrystalline metal after necessary process. Experiences told
us that a mesoporous Nb,Os could give even better performance in improving
kinetics (see works from Hanada et al. in Ref [73, 74, 76]) compared with a
crystalline one that was used in the present work. Because of the metastable
structure and weak crystallinity of the mesoporous Nb,Os, it probably gener-
ates Nb crystals with more refined size than the crystalline Nb,Os can do, thus
leading to the better kinetics in the system. It could be expected that the cata-
lyst with a more unstable structure, such as microporous, may further improve
the kinetics. Third, the preferred orientation relationship during Mg—MgH,
transformation could be adopted for material design. The epitaxial ultra-thin
film of Mg with (002)-preferred orientation may exhibit fast absorption kinet-
ics because of such preference. A thin layer of Nb on such thin film can be

expected to further facilitate the absorption and desorption.

At last, as a prospect, the author believes that the Mg/MgH, system can be
used for hydrogen storage in one day, since our endeavor never ends. Hope-
tully this thesis could somewhat provide a reference for further development

on the system, and attract more achievements in the awaiting future.
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