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Abstract

We have designed and engineered bi-catalyst magnesium hydride composites with supe-
rior sorption performance to that of ball milled magnesium hydride catalyzed with the
individual baseline catalysts. We have examined the effect of single-walled carbon nan-
otube (SWCNT)-metallic nanoparticle additions on the hydrogen desorption behavior of
MgH> after high-energy co-milling. We showed the synergy between SWCNT’s and metallic
nanoparticles in catalyzing the sorption of magnesium hydride. The optimum microstruc-
ture for sorption, obtained after 1 h of co-milling, consists of highly defective SWCNTs in
intimate contact with metallic nanoparticles and with the hydride. This microstructure is
optimum, presumably because of the dense and uniform coverage of the defective SWCNTs
on the MgH, surface. Cryo-stage transmission electron microscopy (TEM) analysis of the
hydride powders revealed that they are nanocrystalline and in some cases multiply twinned.
Since defects are an integral component of hydride-to-metal phase transformations, such
analysis sheds new insight regarding the fundamental microstructural origins of the sorp-
tion enhancement due to mechanical milling. The nanocomposite shows markedly improved
cycling as well. Activation energy analysis demonstrates that any catalytic effect due to
the metallic nanoparticles is lost during cycling. Improved cycling performance is instead
achieved as a result of the carbon allotropes preventing MgH, particle agglomeration and
sintering. The nanocomposite received over 100 sorption cycles with fairly minor kinetic
degradation.

We investigated the catalytic effect of Fe + Ti bi-metallic catalyst on the desorption
kinetics of magnesium hydride. Sub-micron dimensions for MgH, particles and excellent
nanoscale catalyst dispersion was achieved by high-energy milling. The composites contain-
ing Fe shows DSC desorption temperature of 170 °C lower than as-received MgH, powder,
which makes it suitable to be cycled at relatively low temperature of 250 °C. The low
cycling temperature also prevents the formation of MgoFeHg. The ternary Mg-Fe-Ti com-

posite shows best performance when compared to baseline ball milled magnesium hydride



with only one catalytic addition. With a very high BET surface area it also shows much less
degradation during cycling. The synergy between Fe and Ti is demonstrated through use
of TEM and by carefully measuring the activation energies of the baseline and the ternary

composites.
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Introduction

1.1 Hydrogen as an energy carrier

Finite sources of hydrocarbon energy along with their destructive effect on environment have
led to an extensive research for a renewable, environment friendly, easy to handle, reliable
and safe source of energy to replace fossil fuels. Hydrogen is considered to be one of the best
alternative energy sources due to its abundance, easy synthesis, and non-polluting nature.
The problem with hydrogen is safe storage and easy handling.

Hydrogen is an energy carrier and like electricity can be produced from a variety of fossil
fuels and other primary energy sources. Electricity can also be used to produce hydrogen
through electrolysis of water. With the highest heating value per mass of all chemical fuels,
hydrogen can be used as the fuel for electricity generation via either combustion methods
or fuel cells. Hydrogen occurs in the form of water and hydrocarbons on earth.

Like any energy transformation, production of hydrogen from primary energy sources
includes some energy loss. This is due to its flexibility, efficiency and absence of pollution
at the point of end use that makes hydrogen highly promising for future use similar to

electricity.

1.1.1 Economy of hydrogen storage

In order for a hydrogen economy to produce overall CO4 emissions reductions, any hydrogen
production process must make CO5 emissions less harmful through carbon capture or similar
technologies; use non-emitting fuel sources such as nuclear, wind, or other renewable power;
and/or offset COy emissions with comparatively higher efficiency.

The least expensive source for a centralized hydrogen supply is fossil fuel processed at
large centralized facilities, with appropriate consideration of life-cycle emissions [3]. Such
an infrastructure will have to overcome significant cost and structural challenges to become
economically viable. Other hydrogen production technologies, such as nuclear thermochem-

ical processes, could considerably lower life-cycle emissions, and presumably costs; however,



1. Introduction

they still need extensive research and development.

Another economical challenge against hydrogen fueled vehicles is the refueling infrastruc-
ture. Complexity and cost of developing such infrastructure and the relative simplicity of
vehicle design for the hydrogen fuel cell must be economical as opposed to onboard produced

hydrogen fueled vehicle (by reforming hydrocarbons onboard) with combustion engines [3].

1.1.2 Hydrogen storage media

The next issue facing the hydrogen economy is hydrogen storage. Hydrogen has a low density
as a gas and the costs of liquefaction are very high. The largest hydrogen storage challenges
relate to transportation applications in which fuel cell vehicle (FCV) design constraints, such
as weight, volume, and efficiency, limit the amount of hydrogen that can be stored onboard
a vehicle. A suitable storage medium for hydrogen must meet these criteria: high storage
capacity, moderate sorption and desorption temperatures and pressures which necessitate
low heat of hydride formation, low cost, low weight, and high stability against O5 and
moisture for long cycle life. Hydrogen storage costs for fuel cells must fall to about $2 per
kilowatt hour, from the current estimate of about $8 per kilowatt hour for a system with
compressed storage tank of about 35 MPa pressure [4].

Hydrogen can be stored as pure gas in form of pressurized gas or cryogenic liquid, or can
be physically absorbed (physisorption) in carbon materials. Hydrogen can be chemically
stored (chemisorption) in form of metal hydrides or complex hydrides, or produced on-
board the vehicle by reforming methanol or gasoline [3]. The reported storage capacities of
carbon materials scatter widely between 0.2 and 10 wt% [5, 6], and high reported storage
capacities could not independently be reproduced [7]. Today’s consensus is that although
having acceptable reversibility, carbon materials cannot store enough hydrogen needed for
automotive application [8].

Hydrogen can also be stored in some metals in form of metal hydrides. Metal hydrides
have higher volumetric density (e.g. 110 kg Hy m~2 for MgH,) than hydrogen gas ( <40 kg
Hy m~3) or liquid hydrogen (71 kg Hy m~3) [1].

1.2 Metal hydrides

Hydrogen can react with some metals at elevated temperatures and pressures to form metal
hydrides. Metal hydrides appear to be a convenient alternative storage method to conven-
tional means of storage. They are a safe, low-pressure and stable alternative for pressurized
hydrogen. Metal hydrides have the largest volumetric storage capacity which is up to 60%
more than liquid hydrogen [9]. Interestingly, low density metals like Mg and Al have mas-
sive capacity of hydrogen. The problem with Mg and Al based hydrogen storage systems is

that, the hydride they form is very stable in room temperature, and the kinetics of sorption
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is poor even at high temperatures. To overcome these problems, one can either refine the
structure or add a proper catalyst.

The metal hydride formed may be different in nature and fall between one of the major
categories distinguished: saline (ionic) hydrides, covalent (molecular) hydrides, and metallic
hydrides [10]. Binary transition metals form metallic hydrides while metals from alkaline
and earth alkaline groups make ionic hydrides. Transition hydrides of the form MH,, deviate
largely from stoichiometric compositions (n=1, 2, 3). For the types MH and MH, and MHj3
the lattice structure is that of the metal with hydrogen atoms sitting at tetrahedral or
octahedral interstitial sites or a combination of both [1]

It is possible to tailor the properties of metallic hydrides of form AB,H, where A is a
rare earth or alkaline earth metal that has a tendency to form a hydride and B is a transition
metal that forms an unstable hydride. The hydrides with A:B ratios of x=0.5, 1, 2, 5 are
shown to form hydrides with hydrogen to metal ratio of up to two [1].

At low hydrogen concentrations of less than 0.1 at.% H, the solid solution a-phase forms
with hydrogen dissolving exothermally in the host metal lattice. At higher concentrations of
hydrogen the hydride phase starts to nucleate and grow which causes lattice expansion in the
order of 10-20% (as opposed to 2-3 A3 per hydrogen atom in the a-phase). The stress buildup
at the a — S-phase boundary might cause decrepitation of brittle host metals such as an
intermetallic compound [1]. Most hydrides have either a rather low storage capacity or have
shown very poor absorption/desorption kinetics. Also, metal hydrides require activation (in
order to desorb hydrogen) at high temperature and hydrogen pressure. However, hydrogen
concentration in metal hydrides is even larger than that in liquid hydrogen e.g. 6.7 atoms
H/mol x10~2? in MgH, compared to 4.2 in liquid hydrogen [9]. Thermodynamic stability,
kinetics and hydrogen capacity of metal hydrides are of critical importance for they use as
hydrogen media. Reversible hydrogen hydrogen-metal systems with high hydrogen content
that can absorb and desorb hydrogen at low pressures and temperatures can be used as

hydrogen storage media.

1.2.1 Thermodynamics

The thermodynamics of hydride formation from gaseous hydrogen is described by pressure
- composition isotherms (Figure 1.1). As hydrogen is dissolving in a-phase, the pressure
increases with the concentration until it reaches the point where a-phase starts forming.
From this point there is a plateau in the isotherm where the pressure does not change
(equilibrium pressure, P.4) until conversion of a-phase to 8-phase is completed. Nucleation
and growth of hydride phase may occur at free surfaces, inter-grain boundaries, and within
the bulk. A flat plateau represents a reversible absorption/desorption of hydrogen; although

it is seldom the case. An experimentally driven sloping plateau in most of the cases is due
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Figure 1.1: (a) PCT diagram for an idealized metal-hydrogen system (b) van’t Hoff plot
and heat of formation of hydride measurement

to non-equilibrium conditions imposed by low kinetics; however, when in true equilibrium,
a sloping plateau is due to imperfections in lattice and thus existence of slightly different
potentials for crystallographically identical interstitial sites [11]. The length of the plateau,
on the other hand, represents the hydrogen content of the hydride.

In pure S-phase the pressure steeply increases with the concentration. Above the critical
temperature T, where the two phase region ends, the conversion of a-phase to S-phase is
continuous. The difference in thermodynamics information derived from absorption and
from desorption is called hysteresis [10]. It might be because of non-equilibrium conditions;
however, in general it is attributed to loss of inelastic lattice expansion occurring in hydrogen
absorption [11]. The p-c isotherms of nanocrystalline alloys (with grain size of less than
about 50 nm) differ from the polycrystalline with an enhancement of solid state solubility
[12].

The Van’t Hoff equation relates the equilibrium pressure with the enthalpy and the
entropy of hydride formation:

Peg\|  AHass|  ASas
tn( Do ) T RT Ir VTR It

(1.1)

Since the major attributing factor to the change in the entropy is the dissociation of molec-
ular hydrogen into dissolved hydrogen atoms it can be approximated to the standard en-
tropy of hydrogen (S,=-130 J.K 'mole~! Hy), thus for metal-hydrogen systems AS=-130
J K 'mole~! Hy. The enthalpy term shows the stability of the metal hydride bonds. Based
on Van’t Hoff equation, in order to have a metal hydride that has an equilibrium pressure of
1 atmosphere at room temperature, the enthalpy of hydride formation is measured as AH—-
39 kJ.mole"'H,. For an endothermic release of hydrogen if the absolute value of enthalpy
is higher than this amount, heat should be delivered from an external source to the system.
For example for magnesium hydride the heat of hydride formation is AH=-76 kJ.mole~'H,

which makes it too stable to be desorbed at room temperature.
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Here a derivation of the thermodynamic equations governing the dissolution of hydrogen
into a host metal lattice and consequently forming the metal hydride phase, based on basic
thermodynamics relations is given. Hydrogen gas in thermal equilibrium with hydrogen

dissolved in a metal can be expressed by the reaction:
1
M + ing = MH, (1.2)

When the gaseous hydrogen is in equilibrium with the solid solution, the chemical potential
of the molecular hydrogen gas p, is equal to the chemical potential of hydrogen in solid
solution pi,:

%ug(p» T) = pa(p, T’ ). (1.3)
For working pressures under about 100 bar, which is the case in actual sorption tests,
hydrogen can be considered as an ideal gas. From statistical thermodynamics the chemical

potential of an ideal gas is

1
po(p,T) = KTln(-") — 5 Ey (1.4)
where c s
8(mkT)zMzrg
Po = B(nkT) M=ro (1.5)

ho
and k is the Boltzmann constant, F, is the dissociation energy of an Hy molecule, M is the
mass of a Hy molecule, 7, is the molecular distance between H atoms, and h is Planck’s
constant. By convention, the enthalpy and entropy are defined relative to the standard
pressure p, given by equation 1.5. At the temperature of 7.55 K (p, = 1.013x105 Pa). The
Gibb’s free energy of each of x hydrogen atoms (per metal atom) in a solid solution can be

expressed in terms of the enthalpy H, and entropy S, of solution
Gy =H,—-TS,. (1.6)

The entropy S, consists of the excess entropy of solution S, and the partial ideal configu-
rational entropy Sq;

Sa — Pae + Sozi‘ (1'7)

For x number of hydrogen per metal atoms occupying r number of interstitial cites per metal
atoms, the configurational entropy of hydrogen in a crystal, S,; may be written as

r!

(1.8)

Using Sterling’s approximation ( In(n!) = n In(n) - n ), and S,; becomes

Sai = krin( ) — kaln(

r—c r—x)' (1.9)

Therefore, from equations 1.6, 1.7 and 1.9 the chemical potential can be rewritten as

len
Ha(p T,@) = =2 = ho = Tsoc + KTIn( *

) (1.10)

rTr—x
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where h,, is the partial enthalpy and s, is the non-configurational part of the partial entropy

of hydrogen in solution. For low hydrogen concentrations, where x < r

T

l Inx —1 1.11
n(r — x) — lnx — Inr (1.11)
so, the equation 1.10 can be rewritten as

a0, Tyx) = hoy — T'Sqe + kTlnz — kTInr. (1.12)

From equation 1.3, equations 1.4 and 1.12 can be equated:

1
kTin(L) - 5Ba = ha = Tsa. + KTlnz — KTlnr. (1.13)

Do
This is Sievert’s law stating that for dilute solutions concentration of hydrogen is propor-
tional to the square root of pressure
p
z=¥(T)y(—) (1.14)
Po
where
Tsqe — ho + kTlnr — %Ed

kT

As can be seen in the model PCT diagram of Figure 1.1, in many cases at higher concen-

U(T) = exp( ) (1.15)

trations and below a critical temperature, there is a miscibility gap that atomic hydrogen
can not be dissolved in the metal lattice and a new hydride phase forms which corresponds
to the plateau of the PCT diagram in Figure 1.1. In the plateau range of the concentrations
the solid solution is in equilibrium with the gaseous hydrogen and the hydride phase. the
presence of the three phases of a and 8 and gaseous Hs should satisfy the condition of
balances chemical potentials as follows

1

This equation leads to the Van’t Hoff equation for equilibrium pressure P.,(T) in terms
of the enthalpy and the entropy of the a — [ phase transformation which is already seen
in equation 1.1. Based on the Van’t Hoff equation the enthalpy and entropy of hydride
formation may be determined experimentally from the slope and intercept of a van’t Hoff

plot of in(P.,) versus 1/T as shown in Figure 1.1.

1.2.2 Kinetics

The reaction of metallic elements with hydrogen consists of five different steps: physisorp-
tion (adsorption), diffusion, chemisorption (recombination), surface penetration, diffusion
and hydride formation (decomposition) [13, 14]. Desorption may be considered as the re-
verse process. The slowest step is the bottleneck for the kinetics of the sorption or desorption.

It should be noted that the slowest step is not necessarily the same for both absorption and
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desorption processes. At each step the kinetic curve has its characteristic form which can
be formulated based on the amount of transformed phase versus time. If a good fit with a
specific kinetic equation is obtained, the rate limiting step can be deduced. The suitable
catalyst may be found regarding the limiting step of physical and chemical absorbtion (des-
orption) [13]. Activation energies of desorption process is calculated based on kinetic rate

constants derived from kinetic curves of at least two different temperatures [14].

Hydrogen Interaction with the Surface

There is considerable adsorption of hydrogen on the surface of certain metals at cryogenic
temperatures. As the temperature increases, the adsorption decreases to a minimum at
temperatures between -180 °C and 0 °C and subsequently increases to a maximum and then
diminishes again at higher temperatures [15]. The first type of adsorption that occurs at low
temperatures is attributed to van der Waals forces. The second type of adsorption has been
called chemisorption or sometimes activated adsorption. In chemisorption the hydrogen
molecule is dissociated into atoms after a certain activation energy is provided. This type
of activated adsorption is termed absorption. There is an activation energy for adsorption
(physisorption) and a quite different one for absorption (chemisorption).

During hydrogen absorption or desorption, hydrogen atoms have to pass through the sur-
face of the metal. When absorbing, hydrogen must be in its atomic form beyond the surface
to be transported into and out of the bulk. When desorbing, pairs of atomic hydrogen meet
and reassociate at the surface to leave the surface in molecular form (hydrogen gas). Since
the surface properties play a very important role in the kinetics of sorption, understanding
the interaction of hydrogen with the surface of a metal is very important. However, the
fact that the surface properties of the metal may be substantially different than those of the
bulk, due to the discontinuity of the lattice at the surface, complicates the problem. Surface
layer consists of the atomic region which shows different properties from those of the bulk.
For a clean single crystal, the surface layer is generally no thicker than the first three or
four monolayers. Oxidized, contaminated, or multiphase materials may have a surface layer
as thick as ~10 nm. As shown in Figure 1.2 far from the metal surface, the potential of
a hydrogen molecule and of two hydrogen atoms are separated by the dissociation energy
(Hy — 2H, Ep;ss — 435 kJ.mol~! Hy). The van der Waals force leads to the physisorbed
state (Ep ~ 10 kJ.mol~'H) approximately one hydrogen molecule radius (=~ 0.2 nm) from
the surface. Closer to the surface, the hydrogen has to overcome an activation barrier for
dissociation and subsequently formation of the M-H bond. Hydrogen atoms sharing their
electron with the metal atoms at the surface are then in the chemisorbed state (Ec = 50
kJ.mol~'H. The chemisorbed hydrogen atoms can jump through the host metal lattice in

an endothermic or exothermic diffusion process [1, 2]. Following is a further discussion of
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Figure 1.2: Potential energy curves for the activated or non-activated dissociation and
chemisorption of hydrogen on a clean metal surface, followed by the endothermic or exother-
mic solution of atomic hydrogen into the bulk (adapted from [1] and [2]).

physisorption and chemisorption phenomena.

Physisorption. Let us consider a hydrogen molecule infinitely far away from the surface
which is assumed to be ideal. The Hy molecule now approaches the surface along the reaction
coordinate, z, perpendicular to the surface plane. The situation can very conveniently
be described in terms of the well-known one-dimensional Lennard-Jones potential energy
diagram [15] which is shown in Figure 1.2. There will be only small attractive interaction
forces of van der Waals origin as the H, molecule is sufficiently close to the surface giving
rise to a shallow interaction potential (depth E,) at a distance z, from the surface. The
interaction between the hydrogen molecule and the surface are very small; ranging between

3.5 and 15 kJ.mol~!, depending on the system [2].

Chemisorption. If the molecule of hydrogen is dissociated into the atoms on the surface
a different interaction pattern is observed; since the dissociation energy has to be spent on
the system first, the potential energy curve in Figure 1.2 starts 435 kJ above the energy
zero level. The H atoms tend to form chemical bonds with the surface material. As seen
in the chemisorption curve of the Figure 1.2 strong attractive interaction forces lead to a
pronounced lowering of the potential energy of the system as the H atoms are brought close

to the surface. The depth of the potential well (E.) ranges between 500 and 600 kJ.mol ™!
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representing the energy content of a single hydrogen - surface-atom bond [2]. This quantity
is per hydrogen atom and gained twice per hydrogen molecule. The superposition of the
physisorptive and the atomic interaction potential energy curves yields a crossover point P
which may lie above or below the energy zero level. In the case where the point of intersection
is below E = 0, spontaneous dissociation will occur at P without any need for additional
energy; a small amount of energy shown as Ey4 is released and H atoms then readily
enter the so-called chemisorption potential energy well and the heat of chemisorption, E.
is released and can be measured in an experiment quite easily. This is the non-activated
adsorption of hydrogen, which is observed in the interaction of H, with high-index planes
of transition metal surfaces such as Ni, Pd or Pt. The well-known activation of hydrogen
over Raney-nickel or platinum black are examples of spontaneous dissociation of hydrogen
molecules. The energy balance of this exothermic process is as follows: One gains the heat
of adsorption, E,4 (depicted as Ey 4 in Figure 1.2) and twice the energy of a H-metal bond,
Ens— g, whereas the heat of dissociation, Ep;4s, must be spent on the system. Accordingly,
the experimental determination of the heat of adsorption allows the Me-H bond energy to

be calculated:

1
Eyv—n = §(EDiss + Eaa) (1.17)

Interestingly, in spite of quite large differences in the heats of adsorption, the various
systems are not much different in terms of Ej;_ . The values range around 2.6 €V for the
H-M binding energy. This highlights the similarity of binding mechanism of hydrogen to
many metals as has been confirmed theoretically [16].

The other case of the interaction is where the intersection of the two potential energy
curves of physisorption and chemisorption is above E = 0. This situation is called activated
adsorption. The system has to be provided with an extra amount of energy (activation
energy) in order for the dissociation to happen. In this case the dissociation/recombination
reaction is slow and may be the rate limiting step of the absorption and desorption. In
reality, a clean surface of the metal is usually not the case. The surface of the metals is
usually passivated by oxygen, which prevents the dissociation of molecular hydrogen and

the diffusion of atomic hydrogen into the bulk.

Kinetic Measurements

Activation Energy Measurement Methods.When a reaction occurs in differential ther-
mal analysis (DTA),the change in the thermal properties of the sample is reflected by a
deflection or a peak. If an activation energy is needed for the reaction to proceed, it occurs
at a rate varying with temperature and the position of the peak changes with the heating
rate if other experimental parameters maintained fixed. Note that it is assumed that the

temperature of maximum deflection (the peak) in differential thermal analysis is also the
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temperature at which the reaction rate is maximum. This variation in peak temperature
could be used to determine the activation energy of the reaction for first order reactions.
Kissinger analysis [17] can be employed to measure the activation energy of reaction. The
method developed by Kissinger allows for obtaining the activation energy of a chemical re-
action of any order by considering the variation of the peak temperature. The fact that the
conversion at the maximum rate of conversion is constant and independent of the heating
rate in the case of linear heating, if the rate constant follows the Arrhenius law, makes this
method widely applicable. The Kissinger analysis can be expressed in the following form:

) RE, E
In— =1In - —
T 7 E RTY

5 (1.18)

where ¢ is the heating rate, T is the absolute temperature at the maximum reaction
rate, E is the activation energy, k, is the pre-exponential term for the rate constant k =
koexp(—E/RT) and R is the gas constant. The activation energy is obtained from a linear
plot of ln(¢/TJ?) versus 1/T;. For this analysis, the heating rates used were 5, 10, 20, and
25 °C min~!. Thermogravimetric analysis data can also be used to obtain the activation
energy of the reactions. In a thermogravimetric analysis the weight change of the sample
is recorded at a constant heating rate. In the methods based on thermogravimetric data to
measure the activation energy of the reaction the rate of weight change or decomposition
has the following form:
aw AFE

where W is the fractional residual weight of the sample, T is absolute temperature, R is
the gas constant, ¢ is time, A is a preexponent factor, AFE is activation energy and n is the
order of reaction. The fraction of residual weight is expressed as a function of a structural

quantity that changes by temperature such as a broken bond, etc.
W = f(z) (1.20)

where the change in z is shown by kinetic equation of the form

dx AFE
Y deap(— 22 1.21
= Aeap(~T2)g(a) (12)
integration over time gives
¢ dx t AFE
— — = A/ exp(——=)dt. 1.22
Lo =) o) —

In most cases the weight change can be described by equation 1.19 where x = W. For

a Oth order reaction g(z) = 1 thus [ % = W and for a 1st order reaction g(x) = W thus

da
dg

= [nW; similarly for a 2nd order reaction g(z) = W? thus Z—; = —, and so on.

When the temperature of the sample is raised at a constant rate, a, change in x is given by:

x T
_/ g‘(li) _ ‘;‘/O eggp(—%)dT (1.23)

10
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note that at to the rate of reaction is negligible. Doyle [18] has expressed and tabulated the

values of fOT ewp(—%)dT as p function:

ab AE):/ o(—2Eyar (1.24)

7 "Rr “RT
Based on Doyle’s approximation for p(y) given in 1.34 p(%) can be approximated as:

AFE AFE

For a given value of W, as I mentioned earlier, the left side of the equation 1.23 is a constant
that does not depend on the heating rate. Thus for a fraction residual weight of W7 at T}
for the heating rate of a; and W5 at T, for the heating rate of a5 and so on, we will have:

AAE AE_  AAE AE
akR P\RTY) ™ “auR P\RT

)=... (1.26)
using equation 1.25 we have:

AFE AFE
—1 1) — 0.4567 — = —I 2) — 04567 —— = ... 1.27
og(at) 7 = —log(a) p— (1.27)

Thus, for a given value of W, the plots of a values versus the reciprocal absolute temperature
gives a straight line, slope of which gives the activation energy [19]. In other words, according
to the Ozawa method an Arrhenius chemical reaction can be expressed in the following
simplified form:

AFE
loge + 0.4567ﬁ = constant (1.28)

where T is the absolute temperature at a certain constant amount of conversion and ® is the
heating rate. Therefore the activation energy for the process may be obtained by plotting log
¢ versus % There are numerous isoconversion methods for measuring the activation energy
of the reaction as well; since they all originated from a common fundamental equation they
have common features. The derivation of the isoconversion equations from the fundamental

equation is given here. The fundamental equation is
C=F(@) (1.29)

where C, 6 and F(0) are respectively the conversion, the reduced time and an eigen-valued

function of the reduced time. The reduced time is given by

AFE

o /ea:p(—ﬁ)dt (1.30)

where AFE, R, T and t are the activation energy, the gas constant, the absolute temperature
and the time respectively. Therefore, the Arrhenius law is assumed to be valid, with the
rate constant k being given

AFE

k= Ae:cp(fﬁ). (1.31)

11
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Equation 1.29 holds for a growth process from pre-existing nuclei [20]. At a given con-
version, where F(6) is a constant

0 = constant (1.32)

For linear heating at a constant rate ® from a temperature where the rate of conversion

is negligible, 6 is given by
AE AE

=38 " &7

(1.33)

where p is a function proposed by Doyle for approximation of the equation of thermogravi-

metric data plot [18]. There are two approximation for the p function:
logp(y) = —2.315 — 0.4567y for 60 >y > 20 (1.34)

and

p(y) = TP o 50>y > 20 (1.35)

By combining equations 1.32 and 1.34, the Ozawa method is obtained, i.e. the equation 1.28;
and by combining equations 1.32 and 1.35, the equation for Kissinger method is obtained

as:
In®  AE

T3 + BT = constant (1.36)

Kinetic Models.A large number of kinetic models have been derived to explain solid-
state phase transformations in metal-hydride systems. For MgHs the kinetic rate limiting
step is typically either the dissociation/ recombination (chemisorption) transition between
hydrogen gas and hydrogen atoms on the material surface [21, 22] or the nucleation and
growth (NG) of the hydride during absorption or the metal phase during desorption [21, 23].
When hydriding involves a phase transformation from o« to [, nucleation and growth is
usually the dominant kinetic process [24]. Mintz and Zeiri have reviewed the most important
NG models for hydrogen storage [25]; the two most applicable functional forms are the
contracting volume (CV) models and the model developed by Avrami [26], based on the
works of Kolmogorov, Johnson and Mehl [27]. The latter is typically referred to as the JMA

or KJIMA. The equation for the CV model is given by

f=1—(1—kt)" (1.37)

where f is the fraction of the material undergone the o« — § transformation, & is the rate
constant, 7 is a constant related to the dimensionality of the growth process; with n = 3
for three-dimensional and n = 2 for two dimensional growth, and ¢ is time. For this model
the assumption is that the initial nucleation on the surface is fast compared to the overall
kinetics of growth and the surface nucleation layer is thin compared to the particle diameter

28, 22].

12
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JMA analysis assumes random and constant nucleation rate or constant nuclei number,
infinite sample volume and hard impingement between nuclei of the new phase [29]. The

central equation of this model is given by

f=1—-exp(—(kt)") (1.38)

where f is the fraction of the material undergone the @ — ( transformation, & is the rate
constant, 7 is a constant related to the dimensionality of the growth process, referred to as
the Avrami exponent and ¢ is time. For a constant number of nuclei, the value of 7 is typically
interpreted as n = % for constant nuclei number and as n = % + 1 for constant nucleation
rate, where d is the growth dimensionality and m = 1 for interface-controlled and m = 2
for diffusion-controlled growth [24, 30]. For example, assuming a constant number of nuclei,
1 = 3 represents three dimensional - interface controlled growth and n = 1.5 correlates with
three dimensional - diffusion controlled growth, etc [24]. Here the assumptions are that the
initial size of a nucleus is small compared to that of the particle, the nucleation and growth
of the new phase begins randomly in the bulk and at the surface, and there is sufficient

number of nuclei of the new phase within each particle.

1.3 Magnesium hydride

Because of its high hydrogen content, low weight and low price, magnesium hydride is an
attractive media for hydrogen storage. The pressure of hydrogen gas in equilibrium with
MgH, is low (1bar at 280°C); it means that from thermodynamics point of view Mg might
react readily with hydrogen at room temperature. However, the kinetics of this reaction
is very low [31]; so that at 300°C, the hydrogen absorption of magnesium is rather slow
[13]. Amongst the kinetics limiting factors, formation of magnesium oxide and magnesium
hydroxide which block hydrogen diffusion through the surface layer are very significant.
Activation is done by annealing at high temperature which causes breaking of these layers
due to differences in thermal expansion coefficient of Mg and its oxide and hydroxide [31].
The process of breaking the passive layer has been termed the first-stage activation [24].
Cycling the material (successive absorption/desorption) results in kinetics improvement over
about ten first cycles which has been attributed to reduction in particle size; the process
has been termed second-stage activation [24].

Since the diffusion of hydrogen atoms is faster through the grain boundaries, where
there is lower density of host material, reducing the grain size by ball milling results in a
higher density of grain boundaries and faster diffusion of hydrogen atoms to the bulk. Grain
boundaries, may also act as heterogeneous nucleation sites for formation or decomposition

of hydride phase (Figure 1.3) [13]. Moreover, as the diffusion rate of hydrogen in magnesium

13
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Figure 1.3: Effect of grain size on hydride formation.

hydride is much more slower than in Mg, since a shell of hydride is first formed along the
grain boundaries and makes it difficult for further diffusion of hydrogen and formation of
further hydride phase, the higher the fraction of grain boundaries is, the less the fraction of
Mg inside grains will be; this results in a faster hydride formation [13]. Similarly, desorption
of hydride will be faster as well. Also, particle size, which determines the surface reaction

rate and hydrogen diffusion distance, is also a key kinetics factor [32].

Ball Milling. Ball milling is a rather inexpensive and efficient route to produce nanocrys-
talline structure. The disadvantages of ball milling are the contamination induced by the
milling media or the atmosphere of milling, and sometimes agglomeration of the soft par-
ticles. The mechanism of formation of nanocrystalline structure through ball milling is
explained elsewhere [33]. General peak broadening in x-ray diffraction patterns due to re-
duction in grain size is a typical phenomenon [33, 34]. It is shown that increasing milling
time will continuously enhance the kinetics of desorption of magnesium hydride up to a

certain degree [13].

1.3.1 Destabilization of Magnesium Hydride

First efforts in destabilizing magnesium hydride by alloying, were made famous by the same
two authors 40 years ago [35, 36]. In the first approach Reilly and Wiswall used the Mg-Cu
system to show that upon desorption the net heat of MgH, formation is reduced by the
enthalpy of the intermetallic MgCus reaction [35]. The generic representation of the net
enthalpy for the dissociation of the hydride and the formation of the intermetallic may be
written as a mole-fraction normalized arithmetic subtraction: AH(system) = AH(hydride)
- AH(intermetallic). Miedema and co-workers extended this method to a variety of binary
and ternary transition metal hydrides [10, 37] and was termed rule of reversed stability. By
transforming an intermetallic to a compound alloy hydride (with a lower heat of formation

than the binary hydride) it is also possible to reduce the heat of hydride formation. The
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Mg-Ni system was used in this case: MgaNi + 2H = MgoNiH, [36]. A detailed theory for
calculating and predicting the heat of hydride formation for such ternary compounds may be
found in [38]. Unfortunately, this approach often has kinetic limitations due to the difficulty
of phase nucleation. This was recently demonstrated for the Mg-Si system, where the net
heat of hydride formation was reduced to the desired range by the formation of MgSi,,
but the kinetics was too slow for the system to be useful [39]. Intermetallic compounds
of transition metals are also considered for destabilizing materials for magnesium (hydride)
through the rule of reversed stability; however, no significant change in the thermodynamics

were achieved for these composites [40, 41, 42, 43].

1.3.2 Catalyst for MgH, Sorption

A suitable catalyst may speed up physical van der Waals adsorption of hydrogen at the
surface or its chemisorption as well as diffusion through the bulk of material. Furthermore,
catalyst may enhance the hydrogen atoms penetration through the passive film of oxide
or hydroxide on the surface to the bulk of material. This is of essential importance for
Mg, because of low probability of hydrogen molecules adsorption on the surface (10~6) [13].
Zaluski et al. showed that powders with catalyst do not require activation [31]. For better
catalytic result, the catalyst should disperse smoothly on the fine grains of Mg and it should
not be encapsulated inside the Mg particles. It is shown that milling of magnesium hydride
is a more effective way than milling magnesium as the latter is softer and may develop

extensive agglomeration and cold welding [44]

Carbon Materials as Catalyst for MgH,

Graphite is the most studied carbon allotrope used as catalyst additive to Mg. In a series
of reports Imamura showed that graphite by itself has a little effect in the kinetics of Mg
sorption in ball milled composites; however, when mixed with organic additives might be
quite effective [45, 46]. He proposed role of dangling C-atoms formed from decomposition
of graphite during milling as sites for H uptake. In some studies however, MgHs composites
containing graphite showed better sorption properties; which is attributed to charge transfer
between carbon in graphite and Mg before graphite is destroyed [47, 48]. In another study
the effect of graphite per se is shown to be only in preventing agglomeration of MgH,
particles [49].

Effect of addition of carbon nanotubes (CNTs) to metal hydrides, mostly MgHs, is
studied by a number of researchers [47, 48, 50, 51, 52, 53]. Through these studies one can
conclude that after a certain degree of milling, depending on the severity of milling, CNTs
lose their effect due to destruction of their structure and formation of amorphous carbon.

Moreover, although in some studies the effect of pure CNTs is presented [47, 48, 50], the
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effect of residual metal particles left from production process of CN'Ts, although in a very low
amount, is sometimes neglected [50, 51]. It is shown in some studies that there is a synergistic
effect between CNTs and transition metal (TM) particles on the kinetics improvement of Mg
sorption [52, 53]. Furthermore, in most of these studies, CNT is shown to have a positive
effect on sorption kinetics of metal hydrides; however there are reports on their decelerating

the kinetics [47, 48].

The mechanism through which CNTs improve the kinetics is proposed as their aggregat-
ing through grain boundaries of the matrix, acting as hydrogen diffusion routes [53] or their
acting as hydrogen pumps [51]. However, in some of the works on MgH, /carbon material
studies the effect of residual metal particles in carbon materials, despite being very effective,
has been underestimated or merely neglected. No comparison between multiwalled carbon

nanotubes (MWCNTs) and single walled carbon nanotubes (SWCNTs) has been reported.

An important issue in all these metal hydride/CNT composite studies, which is some-
times underestimated, is the effect of milling on the structure of CNTs. Raman spectroscopy
is a powerful means to characterize the structure of carbon nanotubes [54]. In a Raman spec-
trum G-band around 1582 cm ™! is a direct evidence of graphite bands between carbon atoms
which exists in CNTs as well. Also, D-band at 1350 cm~' whose frequency changes by 53
em™! as a result of changing laser excitation energy by 1 €V, is representative of struc-
tural defects in the structure of CNT. Using Raman spectroscopy, it is shown that in ball

milled carbon material/MgHs composites structural damages are more severe in the case of

graphite compared to MWCNT [47].

The effect of milling on the structure of SWCNTs and MWCNTs has been studied
through XRD, Raman spectroscopy, TEM and BET analysis [55, 56]. The structural changes
are similar in both cases and can be summarize as follows: initial increase in surface area
due to opening of the tubes and then decreased due to entanglement of CNTs into bun-
dles and gradual formation of amorphous carbon [55, 56]; since dpp2 XRD peak intensifies,
the D band of Raman spectra intensifies, and Raman quality factor of SWCNTs decreases,
indicating that SWCNTs collapse into graphene sheets forming multilayered polyaromatic
carbon material [55]. A similar effect can be expected for MWCNTs. No change in outer
diameter of MWCNT is observed [56].

The practical sorption temperatures achieved for MgHy - CNT composites are barely
lower than 300 °C. The annealing temperature for magnesium is as low as 150-200 °C.
Thus, the important question is whether these composites can maintain their performance
through cycling at these high temperatures. This issue especially arises where after des-
orption and formation of Mg, grains tend to coalesce and become larger and eventually
the nanocrystalline structure, achieved by high energy ball milling, anneals out. Although

MgHs is known as a high capacity - cycleable metal hydride, there is a little known on the
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effect of cycling on sorption kinetics of ball milled MgH5; and the works done on this matter
are mostly on ball milled mixtures of Mg and TM or TM oxide catalyst [57, 58, 59].

Unfortunately there is a little consensus in the literature on the effect of annealing of
the microstructure on cycling kinetics. It is shown that as grain growth occurs through
annealing, sorption takes place in two regimes: a fast sorption regime attributed to nano-
crystallites, and a very slow regime, attributed to large grown grains; which is due to long
diffusion paths and formation of hydride shell in those grains [59]. In contrast, Schimmel et
al. believe that defects and distortion in the microstructure of the nano-grains of ball-milled
MgH> do not play a decisive role in the kinetic improvement of these composites; since
through cycling, as these defects are annealed out, the composites still maintain their fast
kinetics [60]. They attributed the kinetic improvement to the particle size and high surface
area achieved through ball-milling.

Lillo-Rodenas et al. [61] showed that addition of carbon materials can accelerate the
desorption kinetics of MgHs at 300 °C; and in case of metal particle containing carbon
materials this improvement is much more significant. Contrary to their own results, they
claimed that cycling has a little influence on the performance of the MgHs /carbon material
composites.

It has been shown that covering metallic particles by layers of graphite can protect
them from environmental effects [62]. Moreover, carbon is reported to micro-confine lithium
borohydride/MgHs, mixtures [63] or lithium borohydride particles [64, 65] in form of SWC-
NTs and prevent them from agglomeration and sintering. Through addition of SWCNTs,
not only the kinetic was improved, the cycling ability was also enhanced. It is worth men-
tioning that the working temperature of these mixtures was above 400 °C and confinement
of particles within a layer of carbon (SWCNTSs) seemed very effective in preventing the par-
ticles from sintering. However, in these reports there is no discussion on the effect of ball
milling on SWCNTs.

Chapter 2 shows how TM containing SWCNTs can improve the kinetics of MgHy by
lowering the activation energy of desorption through a synergy between the carbon material
and metallic nano-particles. The thermal stability over cycling of the optimum composite

and its performance is discussed in Chapter 3.

Transition Metals as Catalysts for MgH, Sorption

Transition metals have been particularly studied theoretically and experimentally as suitable
catalysts for sorption of magnesium (hydride). Most research efforts have been directed at
improving the kinetics by mixing MgH, with different catalysts using high-energy ball-
milling to achieve uniform dispersion of the catalyst. Also, it is known that milling has

intrinsic effects on the activation energy for desorption and can reduce its value by up to
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50% in the first desorption cycle through formation of deformation twins [66]. It is shown
that co-milling of 3d-metal catalysts with MgH, may result in lower activation energies and
faster sorption kinetics; however the thermodynamics remains unchanged [67, 68, 69, 70].
Hydride former 3d metals such as Ti and V are shown to prevent the oxidation of these
metals and preserve their catalytic activity [67]. Fe is proposed as a strong catalyst towards
hydrogen sorption of magnesium [40, 41, 68, 70, 71]. It is visually shown, with the aid of
SEM, that the kinetics of MgHs desorption changes drastically in the presence of Fe catalyst
particles; the nucleation of Mg phase occurs in the interface of MgHs and Fe [28]. However,
different sample preparation might result in different degrees of catalytic effect depending

on the degree of dispersion that can be achieved [31].

Intermetallic compounds of transition metals are also considered as catalysts or destabi-
lizing materials for magnesium (hydride). Efforts have been made to destabilize magnesium
hydride through the rule of reversed stability; however, no significant change in the ther-
modynamics were achieved for these composites [40, 41, 42, 43]. Also in Mg-Fe systems,
prolonged cycling at temperatures higher than 300 °C eventually resulted in formation of
MgoFeHg. The resulting material demonstrated high cycling stability at temperatures as
high as 350 °C, as opposed to magnesium which is attributed to reduced sintering of magne-
sium [72]. It is worth mentioning that in works on MgsFeHg there is sometimes a significant

amount of leftover Fe, of which the catalytic activity is sometimes neglected [73].

The FeTi intermetallic compound has also been proposed as a catalyst towards hydrogen
sorption of magnesium [40, 41, 42, 43, 74, 75, 76]. In some of these works the effect of residual
Fe or Ti is overlooked and the entire catalytic effect is merely attributed to certain FeTi or
FeTi(Mn) phases [43, 75, 76]. FeTi directly reacts with hydrogen to form FeTiH. ; at room
temperature and 10 atm hydrogen equilibrium pressure and form FeTiH.o at a higher but
not defined plateau pressure [77, 78]. In order to absorb hydrogen though, FeTi should be
activated for several times at high temperatures in vacuum and subsequently annealed under
hydrogen and finally exposed to high pressure hydrogen after cooling to room temperature
[78, 79]. In order to activate the FeTi, annealing the samples at high temperature and/or
ball milling the composites under hydrogen pressure is incorporated. This has often involved
the decomposition of the catalyst phase and the formation of Fe (and/or Ti) [43, 76], or
in some cases there is unreacted Fe [75] or Ti [42] from the intermetallic synthesis process.
Excess amount of Ti usually results in formation of titanium hydride which is too stable to
desorb in most of the cycling regimes. However, nanocrystalline FeTi, can readily absorb

hydrogen with no activation required [78].

Perfect dispersion of the secondary phase can be achieved using sputtering. Zahiri et
al. [74] showed that a ternary magnesium based composite prepared by co-sputtering of

magnesium, titanium and iron have exceptionally better cycling performance in terms of
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both the kinetics and stability against degradation compared to the baseline magnesium or
binary Mg-Ti and Mg-Fe sputtered films. They attributed these improvements to possible
formation of a semi-crystalline/amorphous FeTi phase or synergistic catalytic effect of ti-
tanium and iron. Chapter 4 shows how Fe and Ti can synergistically improve the sorption

cycling of MgHs.

1.4 Thesis Objectives and Scope

The main focus of this thesis is the hydrogen sorption kinetics of catalyzed nano-crystalline
magnesium hydride. In this work, I try to illustrate how two different catalysts can syn-
ergetically improve the kinetics of hydrogen sorption of magnesium hydride, what is the
optimum mixture of the ternary composites and how they perform during sorption cycling.
Moreover, the role of each governing parameter on the final behavior of the products is
illustrated. Transmission electron microscopy and also X-ray diffraction were used as pow-
erful means to track the microstructural changes resulting from high energy ball milling and
hydrogen sorption cycling. Calorimetry and Sievert’s techniques were used to measure the
sorption kinetics. The grain size analysis was obtained using X-ray methods; to measure
the activation energy of desorption for the composites, Ozawa and/or Kissinger methods
were incorporated. To have an image of the size of the particles of the products, a variety
of techniques such as light scattering, BET surface area, and optical techniques were used.

Chapter 2 describes how TM containing SWCNTs can improve the kinetics of MgHs by
lowering the activation energy of desorption through a synergy between the carbon material
and metallic nano-particles. The optimum mixture of MgHy and TM containing SWCNTs
is proposed.

Chapter 3 presents the results of our study on the thermal stability over cycling of one
hour milled MgHsy / 5 wt% SWCNT as the optimum composite introduced in Chapter 2.
This chapter also illustrates how the TM particles lose their activity during cycling and how
SWCNTs can effectively improve the sorption stability of the composite.

In Chapter 4 I present the hydrogen cycling behavior of ball-milled MgH,-Ti, MgH,-Fe,
MgHo-Fe-Ti and MgH,-FeTi mixtures. I show how Fe and Ti can synergistically improve the
sorption cycling of MgHsy. To show the synergy, Kissinger analysis was used to measure the
activation energies of desorption for all the studied composites before and after cycling. Also,
nucleation and growth kinetic models were incorporated to find the rate limiting mechanisms

governing the kinetic behavior of the composites.
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The Influence of SWCNT-Metallic

Nanoparticle Mixtures on the
Desorption Properties of Milled
MgH-> Powders

Material in this chapter has been published in:
Amirkhiz B, Danaie M, Mitlin D. Nanotechnol. 2009;20:204016.

2.1 Introduction

Rather than acting as a storage media, single-walled (SW) and multi-walled (MW) carbon
nanotubes (CNT’s) are increasingly being utilized to improve the elevated temperature
hydrogen sorption kinetics of magnesium and other hydride forming materials. The first
study on the subject was by Chen et al. [51]. The authors mixed metallic magnesium with
5 or 20 weight percent large diameter (> 50 nm) MWCNTs and with 0.5wt.% Zr and 3wt.%
Ni powders. They then reactively ball milled the composites under a hydrogen atmosphere.
The authors found that the 20wt.% MWCNT composite had unacceptably low gravimetric
capacity while the 5wt.% one was similar to the normal capacity of magnesium powders.
The authors observed an accelerated sorption rate with the 5wt.% MWOCNT composite and
prolonged cycling stability.

Dehouche et al. [52] examined the effect of additions of single walled carbon nanotubes
(SWCNTs), graphite and activated carbon on the sorption kinetics of Ti/Zr doped NagAlHg
hydride. The nanotubes were purified and co-mechanically milled with the alanates. The au-
thors found that the addition of SWCNTs promoted the formation of Na3AIHG6, as compared
to the same alanate mixture milled without them. They found that doping the alanate with
the SWCNTs yielded improved adsorption and desorption kinetics relative to the graphite

and activated carbon-doped composites. The sorption enhancement was attributed to the
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high hydrogen diffusivity through the nanotube matrix and enhanced thermal energy trans-
fer. Another group looking at the effect of adding various carbon structures on the sorp-
tion performance of Ti-doped sodium alanates reached a similar conclusion regarding the
SWCNTs being the optimum catalytic structure [80]. The authors provided a different ex-
planation for this effect, attributing it to enhanced hydrogen spillover mechanism driven by
the unique structure of the SWCNTs. No microstructural characterization was performed

in that study.

Wu et al. [81] examined the effect of using SWCNT on the adsorption and desorption be-
havior of MgH,. The authors added either as-prepared 5wt.% (SWCNT-40wt.% Fe/Co/Ni
particle) mixtures, also containing amorphous carbon and other carbon structures, or puri-
fied SWCNTs to MgHs. They co-milled the composites and tested their hydrogen sorption.
Since milling was performed in stainless steel vials, some Fe contamination (0.5 - 0.8wt.%)
was also present in the samples. The workers observed that while both types of additions
accelerated the sorption kinetics, the as-prepared SWCNTs worked better, presumably due
to the presence of the metallic particles used for the SWCNT growth. Interestingly, scanning
electron microscopy (SEM) and limited transmission electron microscopy (TEM) analysis
of the post-milled composites failed to detect any presence of the SWCNTs. In another
manuscript, the same group also looked at a variety of additions to MgHs, including puri-
fied SWCNTs (metal content < 1wt.%), graphite, activated carbon, boron nitride nanotubes,
fullerenes and asbestos [50]. The authors reported that the sorption kinetics are improved
by the addition of SWCNTs followed by co-milling. Scanning electron microscopy (SEM)
analysis of the MgH-SWCNT composites, which were co-milled for 10 hours, did not reveal

the presence of intact nanotube structures.

Subsequent studies with either SWCNT or MWCNT reported similar kinetic enhance-
ments with the additions of SWCNTs, providing a variety of explanations for this effect
[47, 50, 53, 61, 82, 83]. However, in all cases, many unknowns remain regarding the final
processed microstructure and how it affects sorption. In fact, there is considerable disagree-
ment in literature regarding what is the microstructure of an "optimized" hydride-CNT
composite, as well as to the factors leading to performance degradation. A large part of
this controversy stems from the complexity of the system, where the ultimate sorption be-
haviour depends on multiple microstructural parameters. Not only do the defectiveness and
the morphology of the nanotubes evolve during mechanical milling, but so may the particle
size, the grain size and the degree of strain in the hydride powders. To our knowledge, there
has not been a systematic study that separates the influence of CNTs on the evolution of
the hydride microstructure during milling from the concomitant milling-induced changes in

the CNTs themselves.

In this study we seek to systematically examine how co-milling effects the MgHy and
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Figure 2.1: (A) SEM micrograph of the as-received MgHs powder; (B) SEM micrograph of
the as-received SWCNT-amorphous carbon-metallic nanoparticle mixtures; (C) HRTEM mi-
crograph of the SWCNT-amorphous carbon-metallic nanoparticle mixture. (D) Z-contrast
HADF micrograph of metallic nanoparticles in the as-received SWCNT mixture.

SWCNT microstructure, using identically milled MgH, powders as a baseline. In addi-
tion to "conventional" hydride characterization methods, we utilize cryogenic-stage TEM to
elucidate the magnesium hydride microstructure. In parallel, we seek to establish a clear

relationship between the milled microstructures and the hydrogen desorption properties.

2.2 Experimental Procedure

Magnesium hydride (MgHs) powder was purchased from Gelest Inc® with 97wt.% purity,
the balance being magnesium. SWCNTs were fabricated using an induction thermal process
[84] and were utilized in their as-processed state. The composition of the material was
determined to be approximately 60wt.% amorphous carbon, 30wt.% SWCNTs with various
bundle sizes (individual SWCNT have a diameter of about 1.4 nm), and 10wt.% of metallic
nanoparticles (alloys containing Y-Co-Ni or Fe-Mn) used for SWCNT growth. Independent
analysis confirmed these weight ratios and alloy content. Since the SWCNTs all came from
the same batch, the catalyst makeup of each hydride-SWCNT composite sample should be

nearly identical.
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Figure 2.1 shows the as-received materials used in this study. Figure 2.1A is a SEM
micrograph of the as-received MgHs powder. The particle maximum dimensions are in the
sub-100 um range. A quantitative particle size distribution of the milled powders will be
provided in Figure 2.3. Figure 2.1B shows a SEM micrograph of the as-produced amorphous
carbon - SWCNT - metallic nanoparticle mixture. Some of the coarser SWCNT bundles are
visible in the micrographs though most of the metallic nanoparticles, being in the sub 25
nm range, are not. Figure 2.1C shows HRTEM micrographs of the mixture. Visible in the
image are several SWCNT bundles of various sizes along with a small metallic nanoparticle.
Figure 2.1D shows a Z-contrast high angle annular dark field (HAADF) TEM micrograph
of the metallic nanoparticles in the as-received SWCNT mixture. This micrograph shows a
typical size and morphology distribution of the SWCNT growth catalytic nanoparticles in

the as-received composite.

We combined the hydride powders with 5wt.% of the (amorphous carbon - SWCNT -
metallic nanoparticle), using the pure MgHy powder as a baseline. For purpose of brevity,
in this study we refer to this exact mixture as MgH, - SWCNT composites, with the under-
standing that they also contain amorphous carbon and metal particles. The composite was
milled for 30 minutes in a Fritsch Pulverisette 6 planetary mono-mill. We used 10:1 ball to
powder weight ratio, with agate balls and vial, at 650 rpm rotation speed. Milling and all
the sample handling were done inside a high purity argon filled glovebox with amount of

oxygen and water vapour of less than 0.1 ppm.

The SWCNTSs were co-milled with the MgHy powder for either the entire duration or only
for a certain number of minutes right at the end of the milling cycle. For the baseline analysis,
the as-received MgHs, powder, without the SWCNTs, was milled at identical conditions.
The labelling scheme for the samples was the following: M stands for milled MgHs powder;
following M is the amount of time of the milling; C means that carbon nanotubes were also
co-milled with the hydride; following C is the amount of time that the carbon nanotubes
were co-milled. For example, M1h means the MgHs powder, without the SWCNTs, was
milled for 1 hour. M1hC1h indicates that the hydride was co-milled with the SWCNTs for
1 hour, while M1hC30m indicates that the hydride was milled for 1 hour with the SWCNTs
were added in the last 30 minutes. MgHs powders were milled at various durations ranging
from 30 minutes to 72 hours. MgH;-SWCNT composites were co-milled at times up to
72 hours. The 72 hour milled samples showed some magnesium oxide formation, and was

deemed unsuitable for direct comparison with the rest of the batches.

We used a simultaneous differential scanning calorimeter (DSC) and thermogravimetric
analyzer (TGA) (SDT Q600, TA Instruments) to monitor the desorption behavior of the
powder samples. During thermal analysis, the powders were held in alumina cups and

heated to 600 °C with 10 °C/min heating rate. Additional isothermal desorption tests
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were performed at 300 °C. The analysis was performed under constant flow of high-purity
(99.998% pure) argon to prevent oxidation.

Kissinger [85] and Ozawa [20] methods were employed to measure the activation energy
of desorption. The method developed by Kissinger allows for obtaining the activation energy
for a chemical reaction of any order by considering the variation of the temperature at the
maximum reaction rate. In the case of endothermic hydride to metal transformation, the
maximum reaction rate is straightforward to obtain from the constant heating rate DSC
data and corresponds to the minimum of the desorption DSC peak. The Kissinger analysis

can be expressed in the following form:

d(ng/T7) | E _
AT, + R const. (2.1)

where ¢ is heating rate, T3, is the absolute temperature at the maximum reaction rate,
E is the activation energy and R is the gas constant. The activation energy is obtained from
a linear plot of In(¢/T2) versus 1/T,,.

According to the Ozawa method an Arrhenius chemical reaction can be expressed in the

following simplified form:

AE
log ¢ + 0.4567ﬁ = const. (2.2)

where T is the absolute temperature at a certain amount of conversion. Therefore the
activation energy for the process may be obtained by plotting log ¢ versus 1/T. Here we
used the constant heating rate TGA analysis to obtain the temperature at 80 wt% MgH,
to Mg conversion. For both types of analyses the heating rates used were 10, 20, 25 and 30
degrees per minute.

For a qualitative analysis of the as-received powders we used scanning electron mi-
croscopy (SEM). We used Hitachi S-4800 SEM operating at 7 kV accelerating voltage, and
imaging using secondary electron signal. The powder samples where mounted on conductive
carbon tape onto SEM stubs in an argon glove box before microscopy session.

We used a Malvern 2000SM Mastersizer laser scattering particle size analysis system to
obtain quantitative MgH, particle size distributions. The manufacturer specified resolution
range of the system was sub-pm to 2 mm. An anhydrous alcohol reagent (Anhydrous Ethyl
Alcohol 90% + 1% v/v; Methyl Alcohol approx. 5% v/v; 2-Propanol approx. 5% v/v
as dispersant), was used as suspension media. All samples were ultrasonicated for equal
durations prior to measurement. All measurements were performed in same stirring speed
and obscuration level.

We used a Bruker-AXS, D8 Discover diffractometer system with an area detector and
Cu-K radiation for X-ray diffraction (XRD) experiments. X-ray diffraction was used for

general phase identification. XRD spectra were also analyzed for grain and lattice strain
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measurement. Integral breadth analysis (IBA) was utilized for de-convoluting the broad-
ening effects of grain size and lattice strain for the powders. Using the following relation

[86].

(620)%/ tan? 0y = K'\/D(6260/ tan 6y sin ) + 16¢2 (2.3)

and plotting (520)% versus (020/ tan 6y sin ), where 526 is the integral breadth of the
peaks, and 6 is the position of the peak maximum. K is a constant taken as 0.9 and A is
the x-ray wavelength (1.54). The grain size (D) and microstrain (root mean squared strain)
(e) can be calculated from the fitted line slope and ordinate intercept, respectively. The
strain peak broadening is due to the presence of dislocations in the material. We used the
first three a-MgHs peaks for the analysis. These peaks were well resolved from the peaks
of other potentially present phases, e.g. magnesium and magnesium oxide. Peak fitting was
performed on EVATM commercial software. Instrumentation broadening was automatically
accounted for in the analysis. While this type of analysis is useful for predicting general
trends during milling, the exact grain size values should be interpreted cautiously. This is
because the presence of twins and stacking faults in the microstructure results in a reduced

measured grain size D, relative to what one would directly observe using TEM [87].

TEM analysis was performed using the JEOL 2010 and JEOL 2200FS microscopes,
both operating at 200kV accelerating voltage. The TEM analysis of a-MgH, was performed
using a cryogenic holder held near 90 K. This was done to significantly increase the stability
time of the hydride powder under the electron beam. At cryogenic temperature, sample
degradation occurred relatively slowly. Even in the milled sample, negligible weakening of
the reflections occurred after several minutes of beam exposure of one area, which was long
enough to do the analysis. TEM samples were prepared inside argon-filled glovebox, by
dry dispersion of the powders on amorphous carbon grids, directly before the TEM session.
We used the commercial software, Desktop Microscopist”™, for simulating experimental
electron diffraction patterns. The crystallographic data reported in [88] as well as data
from the XRD database on EVA software were used for generating the simulations (data
tabulated in Table 2.1). In the simulation, hydrogen superlattice reflections were excluded

since their intensity is significantly less than that of the magnesium.

HRTEM analysis was used to investigate the presence and the morphology of SWCNTs
in the co-milled powders. We also used Raman spectroscopy to track the structural changes
of the SWCNTs versus ball milling time. Raman spectra of the MgHs; - SWCNT com-
posites were obtained with a HORIBA iHR550 using 770.5 nm at 6.63W, collected in the

backscattering geometry at room temperature.

26



2.3 Results

2
2 4 B
2 ]
32 o
5 24
e =
5 5
2 8 2
— unmilled s — unmilled
—M1h —Mi1h
—M1hC1h —M1hC1h
M1hC30m ~M1hC30m
12 8 |
280 320 360 400 440 280 320 360 400 440
Temperature, °C Temperature, °C
0 0 =
2
o 4 ®
2 g
3 34
w E
] o
2 8 2
— unmilled — unmilled
—M7h —M7h
—M7hC7h —M7hC7h
~=M7hC30m ~=M7hC30m
8
280 320 360 400 440 280 320 360 400 440
Temperature, °C Temperature, °C
0 0 r———— =
2
o 4 R
d
z :l 4
£ s 2 .
— Unmilled — unmilled
M20h — M20h
— M20hC20h — M20hC20h
== M20hC30m ~=M20hC30m
12 8 !
280 320 360 400 440 280 320 360 400 440

Temperature, °C

IS

Weight Loss, %

— M20hC30m
— M7hC30m
—M1hC30m
~M1hC1h

280 320 360 400 440
Temperature, °C

Temperature, °C

M20hC30m
E - m: s F —M7hC30m
m —M1hC30m
— M1hC30m

~=M1hC1h

Weight loss, %

Time, min

—M1hC1h

Weight loss, wt%

0 25 50 75 100
Time, min

Figure 2.2: Constant heating rate DSC and TGA results for milled MgHs powder by itself
and co-milled with 5wt.% SWCNT mixtures: (A) 1 hour milling; (B) 7 hours milling; The
SWCNT mixtures were added either at the beginning of each milling cycle (M7hC7h, etc.),
or in the last 30 minutes (M7hC30m, etc.). Constant heating rate DSC and TGA results
for milled MgH, powder by itself and co-milled with 5wt.% SWCNT mixtures: (C) 20
hours milling. (D) Best performance TGA data for each milling time.(E) Isothermal TGA
desorption results for milled MgHs powder by itself and (F) co-milled with 5wt.% SWCNT
mixtures.
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Table 2.1: Crystallographic data used for generating electron diffraction simulations.

Phase Space Group Unit Cell (nm) Wyckoff Positions
a b c
a-MgH; Pdy/mnm (136) 0.45176 0.45176 0.30206 Mg (2a): 0, 0, 0
H(4f): 0.304, 0.304, 0
4-MgH>  Pben (60) 0.45246 0.54442 0.49285 Mg (4c): 0, 0.3313, 0.25
H(8d): 0.2727, 0.1089, 0.0794
Mg P63/mmc (194)  0.32095 0.32095 0.52107 Mg (¢2): 0, 0, 0
MgO Fm-3m (225) 0.4227 0.4227 0.4227 Mg (4a): 0,0, 0

O(4b): 0.5, 0.5, 0.5

2.3 Results

Figure 2.2 shows the constant heating rate differential scanning calorimetry (DSC) and
thermal gravimetric analysis (TGA) results for the MgHy - SWCNT composites, as well as
the baseline as-received and milled MgHs. The heating rate used for all specimens was 10
°C/min. The DSC endothermic peaks agree with the TGA results in terms of detecting the
onset, of hydrogen desorption. Integrating the endothermic peaks yields values in the range
of 75 kJ/mole hydrogen, associated with the decomposition of a-MgHs to Mg and Hy [89].
Figure 2.2A shows the 1 hour milled data. Judging from the DSC results, the as-received
MgHs powder begins hydrogen desorption at over 400 °C. The milled MgHs powder begins
to desorb near 350 °C. The best performance is achieved in the 1 hour co-milled powders,
where hydrogen evolution begins to occur below 320 °C. Samples milled for a total of 1 hour,
but with the SWCNTs added at the last 30 minutes, display an intermediate performance
between the two.

Figure 2.2B demonstrates that the 7 hour co-milled powder performs better than 7 hour
milled baseline MgH,, which performs better than the as-received MgHs. However, optimum
properties are obtained in the samples where just the MgHy was milled for 6.5 hours followed
by co-milling during the last half an hour. The difference in the performance of the 20 hour
(Figure 2.2C) co-milled batches and that of the milled MgHj, baseline is fairly small. Both
desorb better than the as-received powder. Adding the SWCNTSs in the last 30 minutes of
milling provides for the best overall desorption enhancement. Figure 2.2D shows the best
kinetics of each milling time. The fastest constant heating rate desorption is achieved for the
1 hour co-milled powders. Within the times tested, no additional benefits are observed as a
result of additional milling. In the case of the 7 and 20 hour batches, adding the SWCNTs
during the last 30 minutes provides for significantly enhanced desorption over the co-milled
powders.

Figures 2.2E and 2.2F show isothermal 300 °C TGA results for the milled powders. Fig-
ure 2.2E demonstrates that for the milling duration of 1 hour, co-milling with the SWCNTs

is optimum. The additions of SWCNTs in the last 5 and 30 minutes of milling are not
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Figure 2.3: Particle size distributions for the baseline hydride, the hydride co-milled with
the SWCNTs for the entire duration and the hydride where the SWCNTs were added during
the last 30 minutes. (A) 1 hour milling; (B) 7 hours milling; (C) 20 hours milling.

as effective. Figure 2F shows the best-of-the-lot isothermal results, again confirming that
the 1 hour co-milled powders are optimum. Milling for longer times, with or without the

SWCNTs, actually degrades the performance.

Finally, it is important to indicate that the results obtained here may not necessarily
represent the most optimized process conditions. Other variations on co-milling, such as
milling for 1 hour followed by co-milling for 1 hour, may yield even lower desorption tem-
peratures. Variations in the respective weight ratios of the two powders may also affect
the kinetics. What we observe here though are some systematic trends that we will now

correlate to the microstructure of the composites.

Figures 2.3A - C show the particle size distributions of the milled powders, as a function
of milling time. The SWCNTs were too small to be detected by this measurement technique
and don’t show up in the distribution. Some hydride particles are also finer than what is
resolvable by the instrument, since they are thin enough to be electron transparent for TEM
analysis. However, these particles are in the minority. The results are fairly consistent:
Milling reduces the particle size while introducing a multi-modal particle size distribution
into the powders. Co-milling for the entire duration does not produce any obvious trends
in the size distributions, still resulting in multi-modal curves. Adding the SWCNTs in the

30 minutes has the effect of de-agglomerating the powders.

Figures 2.3A - C indicate that the batches where the SWCNTs were added in the last 30

minutes have a monomodal size distribution, whereas the baseline and the co-milled powders
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Figure 2.4: Raw XRD results for the milled hydride and the hydride co-milled with the
SWCNTs for the entire duration.
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Figure 2.5: XRD IBA analysis grain size (A), and root mean square (rms) strain (B), for
the baseline hydride and hydride co-milled with the SWCNTs for the entire duration.

are multimodal. The SWCNTs effectively act as a "lubricant" for the milling process, de-
agglomerating powders that would be otherwise mechanically stuck together. The SWCNT
bundles are sheared during the milling process, acting as a lubricant similar to the action
of graphite. Once the SWCNT structures are destroyed, and only the amorphous carbon

remains, the de-agglomeration effect is lost.

Figures 2.4A and 2.4B show the raw XRD data for the milled powders, with and without
the SWCNTs respectively. The vast majority of the powder is composed of the thermody-
namically stable a-MgH,. The as-received powder also contains a small amount of Mg.
With prolonged milling the a-MgHs peaks broaden. Milling for 1 hour and longer promotes
the formation of the metastable v-MgH, phase. Judging from the relative peak intensities,
the amount of this phase is fairly minor and is quite similar for the baseline and the SWCNT
containing powders. Overall it can be concluded that the addition of SWCNTs does not
affect the diffraction patterns in any appreciable way. This means that the SWCNTs do not
promote a formation of any new phases nor do they change the width or the relative inten-
sity of the magnesium hydride diffraction peaks. As will shown in the next set of figures,
the grain size and the microstrain in the MgH, is also independent of the SWCNT presence.
This also clearly indicates that SWCNTs do not accelerate the sorption kinetics by changing

the MgHs microstructure.
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Figure 2.6: (A): Bright field micrograph of several particles from the batch that was co-
milled with SWCNTs for 1 hour. (B) and (C): Dark field and corresponding SAD of an
individual hydride crystallite within the largest particle.

Figure 2.5A shows the IBA grain diameter, obtained from the XRD curves, as a function
of milling time. The as-received MgHy powder starts out nanocrystalline. Milling further
reduces the grain size, with no discernable difference between the baseline MgH, or the
MgH, - SWCNT mixtures. Figure 2.5B indicates that milling does introduce significant rms
lattice strain into the microstructure. However, neither prolonged milling nor the presence
of SWCNTs affects the amount of strain past the initial 10 minutes of milling.

Figures 2.6 and 2.7 illustrate the two predominant microstructural features observed in
a-MgH, via TEM. First, most of the observed hydride powder particles were polycrystalline,
with nanoscale grain sizes. Second, the larger hydride grains were multiply twinned. To our
knowledge, this second observation has never been reported in literature. These two features
were identically present in the baseline and the co-milled powders. Since the hydride powder
was very unstable at room temperature under the electron beam, it is only through the use
of a cryogenic sample stage that we were able to make these observations.

Figures 2.6A and 2.6B show bright field and dark field TEM micrographs of the 1 hour
SWCNT co-milled MgHs powder. The large a-MgH, grain imaged in Figure 6B was ob-
tained using the g = [-10-1],, reflection, shown in Figure 2.6C. Occasionally, it was possible
to image the entire particle in dark field using a single reflection. However, more often
the particles were polycrystalline with grain sizes roughly on the same order of magnitude
as determined by XRD analysis. The grain in Figure 2.6B shows mottled (non-uniform,

blocky) contrast, previously reported for highly deformed ionic minerals such as phyllosil-
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Figure 2.7: (A): Bright field micrograph of several MgHs particles from the batch that was
co-milled with SWCNTSs for 1 hour. (B) and (C): Dark field micrograph and corresponding
SAD of the twins within the hydride grains (arrowed).

icates [90, 91]. It is tempting to indicate that this is the first direct observation of the
high dislocation content in the magnesium hydride induced by the milling process. This
observation would also confirm much of what has been surmised from indirect XRD-based
evidence regarding the effects of milling on the hydride microstructures. However, electron
beam damage may also be responsible for such contrast and more work is needed to separate
the two effects. Figures 2.7A - 2.7C provide an example of a multiply twinned structure
observed in the larger hydride crystallites. The density of twins varied from grain to grain,
with the smaller crystallites normally not containing any at all. The twins were virtually
undetectable in bright field mode but showed up clearly in dark-field. The dark field mi-
crograph in Figure 2.7B was obtained using the g = <120>, type reflection. Since the
grain was far from a symmetric zone axis, the relative spot spacing was used to identify
the labeled g vectors. Researchers generally assume that mechanical milling of magnesium
hydride induces strain and grain size reduction. This may be the first evidence to show
that mechanical milling also induces deformation twins. If mechanical milling did introduce
twinning into the a-MgH, microstructure, it would, in a fundamental way, change the un-
derstanding of sorption kinetics in this important material. In fact, we believe that the twin
interfaces in addition to the dislocation cores act as the fast paths for hydrogen diffusion out
of the system. The twinned interface may also be point of initiation for the a-MgH; to Mg
transformation. However a more systematic study is needed to conclusively confirm both
hypotheses. It can now be stated that all the a-MgHs microstructural features of the two
materials, including the grain size, strain and twin content, are unaffected by the presence

of SWCNTs.

Finally, we should point out that the microstructures shown in Figures 2.6 and 2.7

are clearly from the hydride rather than the desorbed magnesium or MgO. While upon
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2.3 Results

Figure 2.8: HRTEM images of SWCNTs attached to MgH, particles. A) MgHs + SWCNT
composite co-milled for 30 minutes. B) MgHs + SWCNT composite co-milled for 60 minutes.
Arrows in the image point to the SWCNTSs, except for the top arrow in (A) which marks a
metallic nanoparticle.

prolonged beam exposure the hydride did transform, the process was straightforward to
track: Single grains of a-MgH, that were tens or even hundreds of nanometers in diameter
would transform to a dense distribution of randomly oriented crystallites that were on the
scale of single nanometers.

Figure 2.8A shows a HRTEM micrograph of several SWCNTs (arrowed) and a metallic
nanoparticle (arrowed) attached to a hydride particle, obtained from a batch that was co-
milled for 30 minutes. After 30 minutes of co-milling, the SWCNTs, with long sections still
intact, covered the MgHy grains. After 1 hour of milling (Figure 2.8B), SWCNTs were still
detectable covering the hydride particles. However, their sections were now much shorter
and the bundles appeared broken (arrowed). Extensive search for SWCNTs in the 7 hour
co-milled powders did not yield any evidence of their existence. Only amorphous carbon and

metallic nanoparticles were detected. Both were lining the surfaces of the hydride particles.

Figure 2.9 shows a bright field and a Z-contrast high angle annular dark field (HAADF)
TEM micrograph of the 72 hour co-milled powders. The microstructure was purposely over-
milled to examine the evolution of the size/morphology of the microstructure as a function of
milling. These samples show no trace of any graphitic bonds in the carbon, but clearly show
the presence of metallic nanoparticles. Three such remaining nanoparticles are arrowed in
Figure 2.9B. The composition of the largest of the three particles was determined by EDXS
to be Mn-Fe based. A comparison of the sizes and morphologies of the metallic particles
in the as-received SWCNTs (Figure 2.1D) with the particles shown here yields no obvious
trend in their size or morphology evolution. Hence, we can conclude that while milling dras-
tically affects the structure of the SWCNTs, the metallic nanoparticle phase appears fairly
unaffected. This may be explained by the fact that the particles are largely encapsulated by

carbon that prevents nanoparticle agglomeration or significant alloying with the hydride.
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Figure 2.9: Bright field and Z-contrast HAADF STEM micrographs of metallic nanoparticles
(arrowed) on the hydride powder surface after 72 hours of co-milling. EDXS confirmed that

the lower arrowed particle is Mn-Fe based.
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Figure 2.11: Constant heating rate analysis for activation energy of desorption (A) Ozawa
TGA-based analysis using 80% reaction completion by weight. (B) Kissinger DSC-based
analysis using maximum reaction rate.

Figure 2.10A shows the Raman spectroscopy results for the MgHo-SWCNT composites as

a function of milling time. The spectra clearly shows a peak around 1580 cm ™!

to the graphite C-C bands (G-band) that are characteristic of the structure in SWCNTs [54].

corresponding

The increase in intensity of the D-band, around 1330 cm !, is an indication of the formation
of defects in the structure of SWCNTs [47, 55, 92]. The spectrum after co-milling for 7 hours
was similar to that of amorphous carbon. Figure 2.10B shows a plot of the intensity ratio
of the G versus the D band, also as a function of the milling time. The ratios in Figure
2.10B were calculated from the data in Figure 2.10A, using the maximum intensities of the
two bands. Both figures confirm the conclusion that prolonged milling damages and then

entirely destroys the SWCNT structure.

2.4 Discussion

We now have enough information regarding the co-milled microstructures to discuss the role
of the SWCNT-metallic nanoparticle additions on the sorption behavior of MgH,. The disso-
ciation of MgHs is known to be sluggish even when appreciable thermodynamic driving force
exists. The origin of the kinetic sluggishness is still somewhat debatable, being attributed to
several rate-limiting mechanisms: 1) the slowness of the Mg-MgH, phase boundary move-
ment due to the slow diffusivity of the hydrogen ions both through the hydride and through
the metal [22, 93, 94, 95, 96]; 2) the diffusion of hydrogen along a metal-MgH, interface
[97, 98]; 3) surface passivation/poisoning due to adsorbed oxygen or sulfur - containing
species [99]. 4) the high activation energy of hydrogen dissociation/re-association on a
MgH; surface [100]; This debate may be to some extent artificial since the degree to which
mechanism is the rate limiting one fundamentally depends on the surface preparation and
on the bulk microstructure, which vary from experiment to experiment.

Figures 2.11A and 2.11B show desorption activation energy plots obtained from the
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Ozawa and the Kissinger analysis, respectively. Though there is an absolute value difference
between the two forms of analysis, the trends are fairly consistent. The activation ener-
gies may be roughly separated into three classes: The baseline hydride powders and the
seven hour milled hydride powders have by far the highest activation energies for desorp-
tion. The one hour co-milled powders and the powders that were milled for seven hours
with the SWCNTs added during the last 30 minutes possess the lowest activation energies.
The one-hour milled magnesium hydride and the seven hour co-milled powders have inter-
mediate values of activation energies. This analysis confirms our previous conclusions that
optimum catalytic function is achieved when the SWCNTs are well dispersed throughout
the microstructure and are defective. However even in the over-milled state (M7hC7h) some

catalytic enhancement is still achieved.

We have shown that the addition of SWCNTs does not influence the amount of grain
boundary area, or the dislocation content of the hydride. This can be seen from Figure 2.5.
There is also no discernable difference in the twin density with or without the SWCNTs.
It is unlikely that the SWCNTs influence the rate of grain boundary or bulk hydrogen
diffusion. The SWCNTs would have to be embedded in the hydride particles and have to
traverse at least half the thickness of the structure. From our TEM results we see that
in the optimum processing condition (1 hour milling) the SWCNTs are truly nanoscale in
length and cover the hydride surface. Even if it was indeed possible to embed SWCNTs
into the MgH, matrix, there are simply no carbon structures that are even remotely on the
same scale as the hydride particles. It is also quite unlikely that it would be possible to
create a continuous path of broken SWCNTs throughout the bulk of the hydride. Thus, we
conclude that the addition of SWCNTs does not influence 1) the rate of the Mg-MgHs phase

boundary movement or 2) the diffusion of hydrogen along a metal-MgH, interface.

Experimental results show that the particle size differences at most have a secondary
influence on the temperature where appreciably hydrogen desorption begins. There also
does not seem to be a clear trend in the shape of the DSC endothermic peaks being related
to width of the particle size distributions. For example, in the case of the 1 hour milled
samples, the co-milled powders show more than 30 degree lower onset of desorption relative
to the milled baseline. Yet the particle size distribution of the 1 hour co-milled and the
baseline powders quite similar. In fact, the main difference between the two is that the co-
milled powder shows a secondary peak centered around 55 microns. On the side of the small
particles, the two distributions are almost identical. One could argue that in the one hour
milled powders the wider size distribution leads to a wider DSC peak. However, this trend is
reversed in the 20 hour milled powders. Examining the DSC heat evolution curves for the 20
hour milled samples shows that the sharpest endothermic peak (the baseline hydride) occurs

for the powder batch with the widest size distribution (volume fraction peaks centered at
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20 pm, 40 pm, 57 pm and 85 pum). Conversely, the widest DSC peak (SWCNTs added in
the last 30 minutes) occurs for the batch with the narrowest distribution (a single volume

fraction peak centered at 45 pum).

What is observed is that the optimum desorption properties are achieved when the SWC-
NTs are well dispersed, contain defects and are in contact with the metallic nanoparticles.
The desorption properties of both the baseline and the co-milled powders do get worse with
increasing milling time, which may be in part due to increasing oxide formation. However
it is the desorption enhancement due to the SWCNTs that is reduced when the hydride-
SWCNT composites are overmilled and the SWCNTs are destroyed. This could be seen by
considering the maximum reaction rate as corresponding to the trough of the endothermic
peaks. For example, in the 7 hour milled samples the baseline hydride reaction peak is
roughly at 400 °C. If the SWCNTs are added in the last 30 minutes, in which case they
survive the milling cycle but are dispersed and damaged, the endothermic peak is at 360 °C.
If the SWCNTs and the hydride are co-milled for 7 hours, resulting the complete destruction
of the SWCNT structure, the peak is at 375 °C. Since the samples were not removed from
the glove box at any point of the milling, the total oxide in each batch should be identical.
The remaining catalytic enhancement in the 7 hour (and the 20 hour) co-milled samples
relative to the pure hydride baseline is due to the metallic nanoparticles which survive the

milling,.

We can now conclude that it is SWCNTs presence, in a defective state and coupled
to a metal catalyst, which promotes enhanced desorption kinetics. There may be several
scenarios by which the SWCNT-metal combinations may be effective. One is that the
defective SWCNTs in intimate contact with the hydride particles may act as preferential
pathways for hydrogen past the surface of hydroxide. This would relate to decreasing the
influence of mechanism 3) surface passivation/poisoning due to adsorbed oxygen containing
species. Even in nominally inert environments, a-MgHs is always covered by a layer of
hydroxide several nanometers in scale [101]. Individual and bundles of SWCNTs could
penetrate this thin hydroxide shell, acting as "hydrogen pumps" to move the atoms to the
surface. The optimum co-milling time of 1 hour may then be the duration required to firmly
embed the SWCNTs into the hydride particles. SWCNTs containing defects would have
additional diffusion paths as well. Additionally, the defective SWCNT-metal combination
may be catalytically optimum. This would relate to reducing 4) the significant activation
energy of hydrogen dissociation /re-association on the surface of a MgH, particle. It is well
known that the activation energy for hydrogen recombination on pure a-MgHs is quite
high. The literature quoted values include 144 kJ/mol, 172 kJ/mol, or even 323 kJ/mol
(see reference [100] and the citations therein). This is an energy barrier at least twice as

high as the heat of formation of the hydride itself (75kJ/mol) [89]. The SWCNT-metal
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nanoparticle couples, which cover the hydride surface, may act as preferential low energy
sites for hydrogen re-association. The metallic nanoparticles used for SWCNT growth are
also known to be catalytic for splitting hydrogen, and their contact with the SWCNTs
may be synergistic. Recent Density Functional Theory (DFT) calculations on hydrogen

interaction with transition metal-SWCNT combinations support this scenario [82].

2.5 Summary

We examined the role of a combination of SWCNTs and metallic nanoparticles on the
hydrogen desorption properties of MgH, powders. A nanocomposite of these was created
by high energy co-milling for various durations. SWCNT-metallic nanoparticle additions
catalyze the desorption of hydrogen, lowering the onset temperature by more than 30 °C
over those of identically milled pure MgH,; powders. However, co-milling for longer than
one hour degrades this effect, essentially yielding a similar sorption performance in the pure
and the composite powders.

Using Raman spectroscopy and HRTEM analysis, we show that a significant portion
of SWCNTs do survive up to 1 hour of milling, though becoming broken and defective in
the process. At longer milling times the SWCNTs are completely destroyed and the en-
hancement is largely lost despite the continued presence of the metallic particles. X-ray
diffraction analysis of the a-MgH, grain size and strain, and laser scattering analysis of the
a-MgH, particle size, indicates that the addition of the SWCNT-metallic nanoparticles does
not appreciably affect these parameters during milling. Cryo-stage TEM analysis confirmed
that the majority of the hydride powder particles were polycrystalline, with nanoscale grain
sizes. TEM also revealed that the larger hydride crystallites are multiply twinned. Ozawa
and Kissinger constant heating rate analysis conclusively demonstrated that in the optimum
processed condition (lhour co-milled) the activation energy for hydrogen desorption is the
lowest. Through the process of elimination it can be concluded that the catalytic effect of
the SWCNTs is a result of one or a combination of the following effects: During mechan-
ical milling the SWCNTs penetrate the thin surface hydroxide shell and act as "hydrogen
pumps"; or the surface dispersed and damaged SWCNTs reduce the high activation energy

of hydrogen re-association on the MgHs surface.
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3

Hydrogen Sorption Cycling
Stability and Microstructure of
Single-Walled Carbon Nanotube

(SWCNT) Magnesium Hydride
Nanocomposites

Material in this chapter has been published in:
Amirkhiz B, Danaie M, Barnes M, Simard B, Mitlin D. J Phys Chem C. 2010;114:3265-
3275.

3.1 Introduction

Composite metal-carbon nanostructures are a subject of increasing scientific inquiry due
to their realized and potential hydrogen storage properties. A "traditional" use of carbon-
metal nanostructures is for enhanced cryogenic hydrogen physisorption e.g. [102, 103, 104,
105, 106, 107, 108]. However a recent approach that has achieved notable experimental
success is the use of such nanostructures to enhance the kinetics of elevated temperature
hydrogen chemisorption in metal and chemical hydrides. Early work on the addition of
graphite to promote hydrogenation of magnesium was performed by Imamura and co-workers
[45, 109]. Shortly afterwards Bouaricha et al. used a variety of carbon structures to enhance
hydriding in MgaNi, Mg, Ti, V and FeTi metals [110, 111]. Subsequent studies purposely
combined metallic nanocatalysts with graphite to obtain a synergistic catalytic effect [112,
113]. Of the various carbon structures and allotropes two approaches have shown to be the
most successful in enhancing the sorption kinetics. The first approach is the utilization of
nanoporous,/nanoscaffolded carbon structures for size confinement of the hydride phases e.g.

[114, 115, 116, 117]. The second methodology, which is the subject of this study, involves
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3. Hydrogen Sorption Cycling Stability and Microstructure of Single-Walled
Carbon Nanotube (SWCNT) Magnesium Hydride Nanocomposites

using carbon nanotubes (CNTs), usually combined with metallic nanoparticles, to enhance
the sorption kinetics [52, 53, 61, 64, 65, 81, 82, 80, 118, 119, 120]. In all cases a kinetic
sorption enhancement was reported following the co-milling of the powders. For magnesium

hydride the summary below covers the pertinent literature.

Wu et al. [81] examined the effects of using purified versus metal-containing (as-prepared)
CNTs on the absorption/desorption properties of mechanically-milled magnesium hydride.
The authors found that the hydrogen desorption temperature was reduced by as much
as 70°C with the incorporation of the as-prepared CNTs into the system. The purified
nanotubes were not as effective, lowering the endothermic peak temperature by 40°C relative
to the baseline. Using the kinetic Kissinger analysis the authors reported that the activation
energy for desorption was lowered from 126 kJ/mol for the baseline MgH, powder, to 96
kJ/mol for composite containing the metallic particles and CNTs. The activation energy
for the hydride powder containing only the purified nanotubes was effectively the same as

of the baseline.

Yao et al. [82] examined the co-catalytic effect of metal (FeTi) nanoparticles and CNTs
on the sorption properties of magnesium hydride, using both experiments and Density Func-
tional Theory (DFT). The authors reported a clear synergistic effect on the kinetics of using
both catalytic additions versus the one or the other. In addition to the physical contribu-
tions that the CNTs had in facilitating mechanical milling, the authors proposed a chem-
ical catalytic role as well. The hypothesized mechanism was essentially that the metallic
nanoparticles enhancing hydrogen dissociation(reassociation) whereas the nanotubes pro-
vide fast diffusion surfaces/ channels for the hydrogen atoms to enter(exit) the magnesium
(magnesium hydride) matrix. At temperatures above 300 °C, the carbon was also predicted
to be somewhat catalytic towards hydrogen dissociation. In a subsequent manuscript the
same group of authors showed a similar, though even more enhanced, synergistic effect when

V-Ti nanoparticles were combined with the CNTs [53].

Lillo-Rodenas and coworkers investigated the addition of a variety of carbon allotropes
mixed with Ni or Fe nanoparticles to magnesium hydride [61]. The authors also examined the
effect of limited absorption/desorption cycling (up to 5 cycles) on the microstructure and the
sorption behavior. They reported enhanced desorption kinetics particularly in the carbon
nanofiber containing samples. The multi-walled carbon nanotube (MWCNTS) composites
had the peak temperature of decomposition decrease by approximately 20 °C relative to
the baseline hydride powder, while the composites with the nanofibers had a temperature
reduction of 40 °C. The authors conclusively showed that there was no relationship between
the surface area of the carbon materials and the decomposition temperature, since the
very high surface area of activated carbon was only marginally effective in changing the

desorption characteristics. Another key point that the authors demonstrated was that for a
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3.2 Experimental Procedure

given carbon material (nanofibers) the metal loading tremendously influences their efficacy.
Since the total metal nanoparticle loading was less than 0.4 wt.%, which by itself would
not have been enough to achieve a substantial kinetic enhancement, a catalytic synergy was
confirmed.

Recent work on the microstructure-sorption properties relations in the CNT - magnesium
hydride system was performed by [118]. For microstructural analysis the authors utilized
cryogenically cooled sample stage transmission electron microscopy (TEM). This kept the
samples at 90K and allowed for direct analysis of the hydride while incurring minimal elec-
tron beam-induced artifacts. The researchers found that single walled carbon nanotubes
(SWCNT)-metallic nanoparticle additions catalyze desorption of hydrogen, lowering the ac-
tivation energy by as much as 25 kJ/mol over those of identically milled pure MgHs powders.
These optimum desorption properties were achieved after 1 hour of high-energy co-milling
of the hydride and the SWCNTs. At longer milling times the SWCNTs were completely de-
stroyed and the enhancement was largely lost despite the continued presence of the metallic
particles of the same scale as in the as-received materials.

While kinetic improvements in the initial desorption(absorption) behavior are promis-
ing results, a viable catalytic system must function through numerous hydrogen absorp-
tion/desorption cycles. In the case of the SWCNT (+ amorphous carbon) metal hydride
system this issue has received only limited attention. It is thus the goal of the current work.
In parallel to characterizing the hydrogen sorption kinetics of SWCNT - magnesium hydride
nanocomposites through numerous hydrogenation/dehydrogenation cycles, we aim to eluci-
date the fundamental surface and bulk microstructural features responsible for the observed
trends. By acquiring an in-depth understanding of the structure in these nanomaterials, it

will be possible to design and synthesize improved formulations.

3.2 Experimental Procedure

Magnesium hydride (MgHs) powder was purchased from Gelest® Inc with 97 wt.% purity,
the balance being magnesium. Single wall carbon nanotubes (SWCNTs) were fabricated
using laser-ablation method [84] and were utilized in their as-processed state. The batches
were actually a mixture of approximately 60 wt.% amorphous carbon, 30 wt.% SWCNTs
with various wall widths, and 10 wt.% of metallic (alloys containing various combinations
of Co, Ni, Fe and Y) nano-particles used for growing the SWCNTs (provider specification).
In-house Thermal Gravimetric Analysis (TGA) under air was used to confirm these weight
ratios. We combined the hydride powders with 5 wt.% of the mixture (amorphous carbon,
SWCNTs, transition metal nano-particles,). For sake of brevity, in this study we refer to this
exact mixture as SWCNT - encapsulated MgH,, with the understanding that the hydride

is also covered with amorphous carbon and with metal particles. The mixture was milled
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for different durations in a Fritsch Pulverisette 6 planetary mono-mill. We used 10:1 ball
to powder weight ratio, with agate balls and vial at 650 rpm rotation speed. Milling and
all sample handling were done inside a high-purity argon filled glovebox with the amount of
oxygen and water vapor present less than 0.1ppm. The SWCNTs were co-milled with the
MgH, powder for various durations, though only the 1 hour co-milled samples (optimum
properties) were used for sorption cycling. For the baseline analysis the as-received MgH,
powder was milled for 1 hour.

Volumetric absorption and desorption measurements were performed using a Sievert’s
hydrogen sorption analysis system (Hy-Energy LLC. PCTPro 2000). All the measurements
were carried out at 300°C. Two types of pressures were employed. The MgH,; and SWCNT-
MgH> powders that were analyzed for 10 and 35 cycles respectively, were absorbed at a
starting pressure of 10 bar (finishing at 7 bar) and desorbed at a starting pressure near 0.1
bar (finishing at 0.4 bar). These are also the specimens that received all the subsequent
microstructural characterization. As a follow up to the initial work, we performed extended
cycling on the SWCNT-MgH, system. Hydrogen was absorbed at a starting pressure of 11
bar (finishing at 4 bar) and desorbed at a starting pressure of 0.04 bar (finishing at 0.2 bar).
No additional microstructural characterization was performed on these specimens.

In addition we also used a simultaneous differential scanning calorimeter (DSC) and
thermogravimetric analyzer (TGA) (SDT Q600, TA Instruments) to ascertain the hydrogen
desorption kinetics. The analysis was performed under constant flow of high-purity (99.998%
pure) argon to prevent oxidation. Kissinger analysis [85] was employed to measure the
activation energy of desorption. The method developed by Kissinger allows for obtaining
the activation energy for a chemical reaction of any order by considering the variation of the
temperature at the maximum reaction rate. In the case of endothermic hydride to metal
transformation, the maximum reaction rate is straightforward to obtain from the constant
heating rate DSC data and corresponds to the minimum of the desorption DSC peak. The

Kissinger analysis can be expressed in the following form:

ding/T2) B
I/ + ik const (3.1)

where ¢ is heating rate, T}, is the absolute temperature at the maximum reaction rate,
F is the activation energy and R is the gas constant. The activation energy is obtained from
a linear plot of In ¢/T?2 versus 1/T,,. For this analysis the heating rates used were 10, 20,
25 and 30 degrees per minute.

The effect of co-milling SWCNTs on hydrogen desorption thermodynamics of MgHs was
investigated using a high-pressure differential scanning calorimetry technique (HP-DSC)
used by [121]. The technique relies on heating the samples at various pressures at a suf-

ficiently slow rate that the onset of desorption occurs at an equilibrium temperature as
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dictated by the van’t Hoff equation:

Inp/p, = AH/RT — AS/R (3.2)

where p is the pressure and py is 1 atm., AH is the enthalpy of hydride formation
for MgHs and AS is -130 J/molK. Since desorption in MgHs is a single chemical reaction
process with no intermediate states, by monitoring the onset of desorption (endothermic)
for at least three hydrogen pressures it is possible to obtain relatively accurate values of
AH. We used a TA Instruments Q20P dedicated pressure DSC system and performed the
test at 0.5 °C/min.

To analyze the released gas and confirm negligible hydrocarbon evolution during dehy-
drogenation we combined mass spectroscopy with thermal gravimetric analyzer and studied
the gas evolution. The samples were analyzed on a Netzsch TG/MS/FTIR system (Netzsch
TG 209 F1 Iris® coupled to an Aéolos QMS403C mass spectrometer and a Bruker Tensor
27 Fourier Transform Infrared spectrometer via a TGA A588 TGA-IR module) under a flow
of ultra high pure argon (99.9993%) to avoid oxidation during the runs. The powders were
analyzed in an aluminum oxide crucible and any residual oxygen atmosphere was removed
by repeated chamber evacuation and argon gas refill. Powders were heated from ambient
temperature to 550 °C at a heating rate of 10 °C per minute, with a 20 minute hold at 120
°C and a 30 minute bake at 550 °C. The mass spectroscopy of evolved gasses was measured
from a mass range of 1 to 50 mass units.

To analyze the surface area of the composites and compare them to that of as-milled
MgH, samples, a Quantachrome Autosorb 1 MP automatic gas adsorption system was
used. The system is dedicated to standard measurements of nano-structured materials by
nitrogen sorption isotherms at 77K. Multi-point BET surface area measurement was done
using AS1Win, version 1.5 software which supports the BET data reduction algorithm. All
the samples were degassed at 150 °C under vacuum for at least 5 hours prior to the tests.

X-ray diffraction (XRD) was utilized for grain size and microstrain determination in the
as-milled and the cycled samples. A Bruker-AXS, D8 Discover diffractometer system with
an area detector and Cu-Ka radiation was used for the XRD experiments. XRD spectra
were also analyzed for grain and lattice strain measurement. Integral breadth analysis (IBA)
was utilized for de-convoluting the broadening effects of grain size and lattice strain for the
powders. Using the following relation [86]: (§260)2/tan? 6y = K\/D(5260/ tan 0 sin 6y)+16¢>
and plotting (626)2/tan? 6y versus (620/ tan 6y sinfy), where 626 is the integral breadth of
the peaks, and 6 is the position of the peak maximum, K is a constant taken as 0.9 and
\ is the x-ray wavelength (1.54A) the grain size (D) and microstrain (root mean squared
strain) (e) can be calculated from the fitted line slope and ordinate intercept, respectively.

The microstrain peak broadening is normally ascribed to the presence of non-uniform lattice
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Table 3.1: Crystallographic data used for generating electron diffraction simulations.

Phase Space Group Unit Cell (nm) Wyckoff Positions
a b c
a-MgH; Pdy/mnm (136) 0.45176 0.45176 0.30206 Mg (2a): 0, 0, 0
H(4f): 0.304, 0.304, 0
4-MgH>  Pben (60) 0.45246 0.54442 0.49285 Mg (4c): 0, 0.3313, 0.25
H(8d): 0.2727, 0.1089, 0.0794
Mg P63/mmc (194)  0.32095 0.32095 0.52107 Mg (¢2): 0, 0, 0
MgO Fm-3m (225) 0.4227 0.4227 0.4227 Mg (4a): 0,0, 0

O(4b): 0.5, 0.5, 0.5

strain due to dislocations. However twins are also known to contribute to the broadening
as well [87]]. We used the first three a-MgHy peaks for the analysis. Instrumentation
broadening was automatically accounted for in the analysis.

TEM analysis was performed using the JEOL 2010 and JEOL 2200FS microscopes,
both operating at 200 kV accelerating voltage. Conventional bight field and dark field TEM
analysis of a-MgHs was performed using a cryogenic holder held near 90 K. This was done
to significantly increase the stability time of the hydride powder under the electron beam
[122]. At cryogenic temperature, sample degradation occurred relatively slowly. Even in
the milled sample, only slight weakening of the hydride reflections occurred after several
minutes of beam exposure of one area. This was long enough to do the analysis. TEM
samples were prepared by dry dispersing the powders onto amorphous carbon grids. We used
the commercial software, Desktop Microscopist’™, for simulating experimental electron
diffraction (SAD) patterns. The crystallographic data reported in were used for generating
the simulations. In the simulations hydrogen superlattice reflections were excluded since
their intensity is significantly less than that of the magnesium atoms. The table provides
the pertinent crystallographic information.

We utilized Raman spectroscopy to track the structural changes of the SWCNTs versus
cycling. Raman spectra of the MgH, - SWCNT composites were obtained with a HORIBA
iHR550 using 770.5 nm at 8 W, collected in the backscattering geometry at room tempera-

ture.

3.3 Results

Figures 3.1 - 3.3 provide information on the microstructure and the desorption behavior
of the SWCNT-MgH, system and of the baseline MgHs, both systems in the as-milled
condition. While the remainder of the manuscript concerns the cycling behavior, these three
figures are included to provide the proper background for the subsequent analysis. The as-
received SWNCTs are in bundles that are de-agglomerated during high-energy mechanical
milling [118]. Figure 3.1A shows a plot of the BET specific surface area versus milling time,
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Figure 3.1: A) BET specific surface area versus milling time, for both the SWCNT-MgH,
system and for the MgHs baseline. Optimum dispersion of the SWCNTs on the MgH,
surfaces is achieved after 1 hour of co-milling, as evidenced by a sharp peak in the BET
surface area. B) A TEM micrograph that illustrates the dispersion on the SWNCTs on the
MgHs metal surfaces. The arrows in the figure point to the regions where the MgH, is

clearly in contact with the SWCNTs.
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Figure 3.2: TGA 1 hour co-milled SWCNT-MgH> with mass 2 overlay and first order
derivative of TG (DTG).
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Figure 3.3: Van’t Hoff plot for enthalpy of desorption comparing baseline MgH, and
SWCNT-MgHs composites. The data was obtained from constant heating rate, variable
pressure HP-DSC analysis.

for both the SWCNT-MgH, system and for the MgHs baseline. Optimum dispersion of
the SWCNTs on the MgHs surfaces is achieved at 1 hour of co-milling, as evidenced by a
sharp peak in the BET surface area. Co-milling for 1 hour also damages the SWCNTs, as
evidenced by their Raman spectra [118]. The 1 hour co-milled process condition was the
one used for the cycling experiments. At 7 hours of co-milling the SWCNTs are destroyed
and the BET surface area decreases to the baseline level.

Figure 3.1B shows a TEM micrograph that illustrates the dispersion of the SWNCT’s
on the MgH, particle surfaces. The arrows in the micrograph point to the SWCNTs that
are discernable in a two-dimensional projection of the TEM image. A metal nanoparticle
attached to a nanotube (second arrow from the left) is also visible on the hydride surface.
The SWCNTs along with the amorphous carbon and the metallic nanoparticles completely
cover the hydride powder. Thus the system microstructure is that of a nanocomposite. As
will be shown in the subsequent text and figures, the SWCNTs survive multiple hydrogena-
tion/dehydrogenation cycles.

Figure 3.2 shows the gas evolution results of the SWCNT-MgH, nanocomposites after 1
hour of milling. The sample was heated to 120 °C at a rate of 10 °C/min, held at 120 °C for
20 minutes, heated to 550 °C at a rate of 10 °C/min, and then held at 550 °C for 30 minutes.
Gas evolution was monitored by mass spectroscopy (MS). This experiment was repeated
twice with nearly identical results. The peak rate of hydrogen desorption occurred at 360
°C. No hydrocarbon emission was detected at temperatures where hydrogen was evolved.
The hydrogen loss in the composites was measured to be 5.7 wt.%. Figure 3.3 shows the

HP-DSC results for both systems. As expected, co-milling MgHy with SWCNTs does not
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Figure 3.4: representative absorption and desorption cycling data for the baseline MgHs
powder (A and B) and for the SWCNT-MgH, composites (C and D). The cycling experi-
ments were performed at 300 °C. With increased cycling the kinetics degrade but at different
rates for the two systems.

alter the enthalpy of magnesium hydride desorption. Thus we can state from the onset that
the beneficial effects of the SWCNTs, which will be demonstrated in the subsequent figures,
are related to kinetics and not to any changes in the system thermodynamics.

Figure 3.4 shows representative absorption and desorption cycling data for the baseline
milled MgH, powder (A and B) and for the SWCNT-covered MgH; (C and D). The hydro-
gen sorption kinetics of both systems does degrade after prolonged cycling. However, the
rate and the magnitude of the degradation are very different between the nanocomposite
and the baseline. The baseline powder was desorption/absorption cycled 10 times. The
nanocomposite powder was cycled up to 35 cycles using the same pressure conditions as the
baseline. By cycle 10 the MgH, baseline is able to absorb(desorb) less than 4wt.% (3wt.%)
hydrogen in 0.6 (2.5) hours. Conversely the nanocomposite powder still sorbs approximately
5 wt.% at the same time increments.

Figure 3.5 compares the times to absorb(desorb) 4wt.% hydrogen for the nanocomposite
versus the baseline MgH,. The nanocomposite was tested at two sets of pressure condi-
tions. The SWCNT-MgH; samples that were tested for 35 cycles received the same sorption
regiment as the baseline powder: 10 bar absorption and 0.1 bar desorption. These were
the specimens whose microstructure was analyzed in detail. Later, a second set of experi-
ments was performed where the SWCNT covered MgH, was cycled using more aggressive

pressures: 11 bar absorption and 0.04 bar desorption. These samples were tested for 105
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Figure 3.5: Absorption and desorption (4 wt.% hydrogen) cycling data for the baseline MgH,
powder and for the SWCNT-MgH, composites. The cycling experiments were performed at
300°C. With increased cycling the kinetics degrade but at different rates for the two systems.

absorption /desorption cycles. However that microstructure was not analyzed.

Figure 3.5 shows that the kinetics of the baseline powder rapidly deteriorates during
cycling. By cycle 10 the baseline takes approximately twice as long to absorb and four times
as long to desorb as it did at the onset of testing. The SWCNT encapsulated powders not
only sorb hydrogen at much higher rates but also maintain their stability for much longer
times. For example, in the 35 cycled SWCNT-MgH, samples the time to absorb doubles
after 35 cycles rather than after 10. Similarly in the SWCNT-MgHs powders the time
to desorb only increases by a factor of two after 35 cycles. The SWCNT-MgH, samples
tested at 11 bar absorption and 0.04 desorption showed much improved kinetics compared
to the 10 bar absorption and 0.1 bar desorption specimens. This agrees with the known
significant dependence of the hydrogen sorption rates on the deviation from equilibrium
plateau pressure.

Figure 3.6 shows desorption activation energy plots obtained from the Kissinger analysis.
The testing conditions include powders analyzed directly after milling as well as post sorption
cycled specimens. The activation energy of as-milled MgHs is in the same range as previously
reported [44] and is approximately 20 kJ/mol lower than that of identical but unmilled
powder. Co-milling with the SWCNTs reduces the activation energy for desorption, implying
a catalytic effect of the metal particle - nanotube combination. However the roughly 25
kJ/mol reduction in the activation energy is rather modest compared to previously reported
fifty percent reduction in the presence of advanced metallic catalysts [68].

After 10 cycles the activation energies for desorption in baseline MgHs and in the

nanocomposite are nearly identical. After prolonged cycling they all converge to the value
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Figure 3.7: Grain size and lattice strain as a function of cycling.

for unmilled powder of roughly 150 kJ/mol [44]. This indicates a similarity in the desorption
rate controlling steps despite a tremendous difference in the measured sorption times. The
convergence of the activation energies also clearly indicates that any catalytic effect due to

the metal nanoparticles is lost after prolonged sorption cycling.

Unfortunately we do not have sufficient information regarding the absorption activation
energy to make a significant comparison of hydrogenation versus dehydrogenation behavior.
However Figure 5 implies that starting at cycle 1 the nanocomposite microstructure does

influence absorption more than desorption.

Figures 3.7 shows the grain size and lattice strain in the baseline and the nanocomposite
materials as a function of cycle number. The data at zero cycles is for the as-milled powders
prior to sorption testing. The grain size in both systems increases during cycling. Judging

from the grain size values after 10 cycles the SWCNT encapsulated hydride coarsens slower
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Figure 3.8: TEM-obtained particle size distributions for the as-milled powders and for the
sorption cycled MgHo-SWCNT composites. It is not possible to analyze the post-cycled
baseline MgHs powder due to extensive sintering of the particles.

than the baseline. This is not unexpected since the kinetics of the SWCNT-MgH, system
are faster, which in turn means that the composite spends less time at elevated temperature
per sorption cycle. The two systems do not have significant differences in the lattice strain.
This indicates that SWCNT coverage does not appreciably influence the strain in the hydride

either during milling (cycle 0) or during subsequent sorption cycling.

Figure 3.8 shows histograms of the particle size distributions at various testing condi-
tions. Approximately 500 particles were analyzed to generate each histogram. The size
distributions were obtained directly from TEM analysis of the as-processed powders. The
powders were not agglomerated and could be easily dispersed as a monolayer onto an amor-
phous carbon grid without incurring artifacts due to overlap. Figure 3.8A shows the particle
size distributions for the as-milled baseline MgHs and for the as-milled SWCNT encapsu-
lated MgH,. The two batches have similar particle sizes and analogous size distributions.
This confirms a previous claim [118] that any kinetic sorption enhancement obtained in
the as-milled condition (not after cycling) is not due a particle size variation between the
baseline and the co-milled powders.

It is not possible to obtain a size distribution for the baseline powders after cycling since
the powders are very heavily agglomerated or sintered. Agglomeration is defined as a de-
crease in the total particle surface area without a net densification of the powder compact.
Sintering is defined as a net densification of a powder compact with a corresponding decrease
in the surface area. It is impossible to separate the two mechanisms without performing
densification experiments of powder compacts coupled to surface area analysis. Conversely
the SWCNT-covered MgH, did not agglomerate/sinter as drastically with the post-cycled
particle size distributions were readily obtainable. This is shown in Figure 8B, after 10 and
35 cycles. The mean particle size did increase from 246 nm in the as-milled state to 294
nm after 10 cycles and 369 nm after 35 cycles. Figure 3.9A shows an SEM micrograph of

a typical cluster of agglomerated/sintered powder particles in the MgHs baseline samples
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Figure 3.9: (A) Scanning electron micrograph of several agglomerated/sintered MgHs par-
ticles after 10 cycles. (B) Bright field TEM micrograph of several sintered MgH, particles
representative of the size distribution found in the baseline MgH, after 10 cycles. Arrows
point to the sintered interface between two previously separate particles.

after 10 cycles. The figure highlights the overall scale of the system after sorption cycling,
which transforms from tens and one hundred nanometers to several micrometers. This
dramatic size increase agrees with the established explanation regarding the reason for in-
creased kinetic sluggishness of the metal hydride powders with prolonged high temperature
sorption cycling. It is to avoid such a microstructurally coarse state that techniques like
nano-encapsulation are being developed. Figure 9B shows a bright field TEM micrograph of
several sintered hydride particles taken from the same batch. The micrograph shows an inter-
face were it appears that two initially separate hydride particles have sintered/agglomerated
together. The interface shows classic sintering/agglomeration behavior with the two par-
ticles forming a "neck" (arrowed) surrounded by porosity (lighter circular regions on each
side). TEM analysis of other samples from the same batch confirmed that they too consisted
of several initially smaller hydride particles that have sintered /agglomerated together. The
sintering /agglomeration causes a loss in the total surface area for a given volume for the
hydride(metal) and an increase in the diffusion distance for the hydrogen.

After 10 sorption cycles the hydride particles were too thick to allow for quantitative
TEM analysis of bulk microstructural features. To perform quantitative characterization
of the grains and defects found in cycled baseline powder it was necessary to mechanically
break up the particles. This was achieved via manual mortar and pestle grinding followed
by sonication. These de-agglomeration techniques were employed since they are known not
to affect the bulk microstructure except for introducing a minor amount of additional strain.
It is important to point out, however, that the particle sizes shown in Figures 10 and 11 are
not representative of the post-cycled size distribution.

The bulk a-MgHy microstructure in the SWCNT covered hydride and the baseline pow-

der was quite similar. The initial post-milled microstructures were characterized previously
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Figure 3.10: TEM micrographs highlighting the nanocrystalline microstructure of the base-
line MgH, powder after 10 sorption cycles. A) Bright field micrograph of several differently
oriented hydride particles. B) Dark field micrograph obtained using a portion of the 110
a-MgH, ring pattern highlighting numerous nanocrystalline grains. C) Corresponding se-
lected area diffraction (SAD) pattern with a simulation insert. Arrows point to the same
area in bright field and dark field micrographs.

Figure 3.11: TEM micrographs highlighting the nanoscale twins (arrowed) present in the
baseline MgH, powder after 10 sorption cycles. A) Bright field micrograph. B) Dark field
micrograph obtained using a portion of the 011 a-MgH, ring pattern highlighting the twins.
C) Corresponding selected area diffraction (SAD) pattern with a simulation insert.
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[118]. The post-cycled microstructures are covered here. While the average grain size in the
SWCNT covered powders was smaller than in the baseline, both systems are characterized
by wide variations in the grain sizes from particle to particle. Some hydride particles con-
sisted of one or several large a-MgH, crystallites. While the crystallites did occasionally
contain defects such as twins or stacking faults, overall their number frequency was much
lower than in the as-milled samples, implying that they were annealed out. Other hydride
particles consisted of numerous truly nano-scale hydride grains. The selected area diffraction
patterns (SAD’s) reflected this difference, some being single zone axis spot patterns while

others being discontinuous ring patterns.

Figure 3.10 highlights a large hydride grain in the post-cycled baseline sample that con-
tains stacking faults (arrowed). Dark field micrograph shown in Figure 3.10B was obtained
using the labeled 011 a-MgH, reflection. The corresponding SAD (not rotated) shows
streaking. The grain shows non-uniform contrast presumably due to orientation variations.
The crystallite is not in a symmetric zone axis and signal from adjacent grains very likely
contributes to the SAD pattern as well. Additional variation in the contrast may arise
from the surface oxide(hydroxide) which always forms on a-MgH, and contributes the thin

continuous rings to the SAD.

Figure 3.11 highlights the other type of grain distribution commonly found in the pow-
ders. Figure 3.11 shows TEM micrographs of numerous truly nanocrystalline a-MgHs grains
present in the baseline MgHs even after 10 cycles. Individual nanocrystalline grains show-
ing strong Bragg contrast appear dark in the bright field image (Figure 3.11A). An arrow
points to crystallites with such an orientation. Figure 3.11B shows numerous nano-scale
a-MgH, grains, appearing bright, imaged using a portion of the 110 a-MgH> ring pattern.
The pattern along with the simulation are displayed in Figure 3.11C. The size of the hydride
crystallites varies quite significantly, though many particles are in the same 20 nm range
as observed by XRD analysis. Figure 3.11 demonstrates that despite sorption cycling the
microstructure does remain nanocrystalline. Rather it is the particle size that evolves the

most.

Figure 3.12 shows a SWCNT covered hydride particle that is composed of relatively
few (as evidenced by the SAD pattern) a-MgHsy grains. This TEM specimen was of the
nanocomposite that has received 20 sorption cycles. The two grains imaged in dark-field
(Figure 3.12B) were obtained by using the two adjacent strong 110 type a-MgHj reflections.
The stronger one, corresponding to the larger more intense crystallite on the left, is labeled in
Figure 3.12C. The grains imaged in Figure 3.12B shows mottled (non-uniform, blocky) dark
field contrast displayed in varying extent by all hydride grains. Such contrast was previously
reported for highly deformed ionic minerals such as phyllosilicates [90, 91], though its origin

(dislocations vs. beam damage) is still debatable.
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Figure 3.12: TEM micrographs highlighting a single larger a-MgH, crystallite in the
SWCNT-MgH, composite after 20 sorption cycles. A) Bright field micrograph. B) Dark
field micrograph obtained using a g =110 a-MgH, reflection. C) Corresponding selected
area diffraction (SAD) pattern with a simulation insert.

Figure 3.13: TEM micrographs highlighting unsorbed Mg particles in the MgH,-SWCNT
composite after 20 sorption cycles. A) Bright field micrograph. B) Dark field micrograph
obtained using a g =200 Mg reflection. C) Corresponding selected area diffraction (SAD)
pattern with a simulation insert.
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Figure 3.14: A and B) Z-contrast HAADF STEM micrographs of a metallic nanoparticle
on the composite powder surface after 35 cycles. C) EDXS elemental maps of carbon,
magnesium, cobalt, and nickel in the area marked by red square. The map demonstrates
how the hydride particles remain encapsulated by carbon during the cycling.

Figure 3.13 shows an example of unsorbed metallic magnesium present in the SWCNT-
covered powder. This sample was analyzed after the 20" absorption cycle. With prolonged
cycling the baseline MgH, powders displayed more metallic magnesium after absorption,
agreeing with the volumetric results. Interestingly, we did not find any evidence of partially
sorbed grains. Rather the situation seemed binary; particles were either fully hydrided or
not at all. The metallic magnesium shows fundamentally different contrast compared to the
hydride, and is readily distinguishable. The vertically aligned defect beginning directly below
the arrow and strongly visible in dark field is either a grain boundary or a dislocation. The
particular crystallite(s) imaged in Figure 3.13B is near the [-110] zone axis. The continuous
rings visible in the SAD are not surprising and are from the oxide that always forms on the

magnesium surface when exposed to even minuscule quantities of air or water vapor.

Figure 3.14 demonstrates how the carbon allotrope - metallic nanoparticle mixture still
covers the hydride particles even after 35 cycles. Figure 3.14A shows a bright field STEM
micrograph of the powder adjacent to a portion of the holey carbon grid holding the powder
(holey carbon grids were used for analytical work, so as to eliminate the carbon background
signal). Figure 3.14B shows the same area in Z-contrast High Angle Annular Dark Field
(HAADF) mode. The region that is squared was analyzed using EDXS elemental mapping.
The brighter region (arrowed) in Figure 3.14B is revealed in Figure 3.14C to be a Ni-Co
nanoparticle. The elemental maps shown in Figure 3.14C highlight that the carbon coats
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Figure 3.15: Raman spectra of the MgHs+SWCNT composites before and after cycling,
indicating that the SWCNTs have survived 35 absorption/desorption cycles.

the MgHs quite uniformly and completely. The dark region in the carbon map in between
the hydride particle and the holey carbon grid indicates that the background carbon signal is
negligible. Since EDXS provides no structural information, it is unclear whether the metallic
particles are reacted with the magnesium to form alloys or intermetallics. Additional site-
specific electron diffraction analysis would be necessary to answer that question. However
it is known from the activation energy analysis (Figure 3.6) that all catalytic effects are lost
after sorption cycling, implying that the particles did react.

Figure 3.15 shows the Raman spectra of the as-milled SWCNT covered hydride obtained
directly after co-milling and after 35 sorption cycles. In the spectra the G-band is repre-
sentative of the c-c graphite bonds and the D-band is representatives of the defects in the
structure of carbon nanotubes. The spectra demonstrates that the defective (due to the ball
milling) SWCNTs survive the sorption cycling without any additional noticeable degrada-
tion. Even after 35 cycles the SWCNTs still coat the hydride surface, preventing sintering

and agglomeration.

3.4 Discussion

To summarize, the main and arguably only difference between the two samples’ post-cycled
bulk microstructures is the average grain size. We believe that this is due to the variation
in the time spent at elevated temperature per sorption cycle for the nanocomposite versus
the baseline MgHs powders. However these differences are not that large and cannot be

responsible for the sorption kinetics variation. As was shown in the Results, sorption cycling
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causes the activation energy of desorption in the nanocomposite and in the baseline MgH,

to converge to a value of roughly 150 kJ/mol.

The MgH> to Mg phase transformation is still debatable. Several rate-limiting mech-
anisms have been proposed: 1) the high activation energy of hydrogen dissociation/re-
association on MgH, surface [100]. 2) the slowness of the Mg-MgH, phase boundary move-
ment due to the slow diffusivity of the hydrogen ions primarily through the hydride but also
perhaps through the metal [22, 93, 94, 95, 96]; 3) the diffusion of hydrogen along a metal-
MgH; interface [97, 98]. In addition some have argued that surface passivation/poisoning
due to adsorbed oxygen or sulfur - containing species may also be rate limiting [99]. At-
tempting to ascribe specific rate-limiting mechanisms that correspond to measured activation
energies may not be that fruitful. A 150 kJ/mol activation energy for desorption may be
attributed to any one of the above mechanisms. For example, it is well known that the
activation energy for hydrogen recombination on pure a-MgHs surface is relatively high.
The literature-quoted values include 144 kJ/mol and 172 kJ/mol (see reference [100] and
the citations therein). Alternatively activation energy of 160 kJ/mol was recently reported
to coincide to hydrogen diffusion through the a-MgHs phase being the rate-limiting step in
desorption [23]. Moreover a recent modeling work also indicates that because of the interde-
pendence of hydrogen diffusion and dissociation mechanisms a single rate-limiting step may

not exist at all [123].

What does vary by orders of magnitude between the baseline and the SWCNT covered
powder is the particle size. Without any additional catalytic enhancement, such a difference
in the particle size will translate into a tremendous change in the time required to achieve a
certain level of absorption/desorption. This is true both in terms of mechanism 1), i.e. the
surface to volume ratio. It is also true in terms of mechanisms 2) and 3), i.e. the diffusion
distances. Considering the latter, we can obtain a rough estimate of the effect of particle
size on sorption times through the well-known shrinking core model [124, 125] . The model,
which assumes a diffusion-controlled reaction, relates the fraction of material reacted f to
the time ¢ and the average particle radius of the reactant R. The difference in the rates
of hydrogen diffusion through the metallic magnesium versus MgH, phases is incorporated
the rate constant k, such that Kgesorption 7 Kabsorption. The most general form of the
relationship is the following: (1— f/3) = 1—kt'/2/R. This can be rearranged to provide an
expression for the time to achieve a constant amount of sorption: t = R?(1—(1— f1/3))2/k2.
The formula highlights the strong dependence of diffusion-controlled kinetics on the particle
size and indicates why a secondary phase that coats the hydride and prevents particle
sintering/agglomeration is so beneficial. For example a change in a particle diameter from

200 nm to 2 pm will result in two orders of magnitude increase in the time to react.

An implication of this work regards the possibility of stabilizing the nano-scale size of
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a variety of hydrogen chemisorbing materials during elevated temperature sorption cycling.
While numerous routes have been found to achieve initially nano-scale dimensions, very few
routes - such as melt infusion into a porous matrix host - exist to preserve this structure at
elevated temperatures after tens or hundreds of hydrogenation/dehydrogenation cycles. We
have now shown that another, perhaps simpler route is available to achieve a similar result.
High-energy milling is a well-established technique to reduce the particle size of powders or
to achieve an intimate mixture of several phases. Workers who co-mill hydrides with carbon
nanotubes recognized this method as a very good way to disperse the two phases but did
not fully appreciate the implication for size stabilization. The SWCNT- amorphous carbon
mixture is now shown to work, presumably due to the high structural and chemical stability
and fine size of the nanotubes. However other carbon allotrope-catalyst combinations may

be similarly effective and will be explored in future cycling studies.

3.5 Summary

In this study we detailed the hydrogen sorption cycling performance of SWCNT-magnesium
hydride nanocomposites. A nanocomposite microstructure was achieved through high energy
co-milling the hydride along with a mixture of SWCNTs, amorphous carbon and metallic
nanoparticles. The nanocomposite and identically milled baseline MgHs (baseline) were vol-
umetrically sorption cycled at 300 °C. The SWCNT covered MgH- displays a fundamentally
different sorption cycling behavior compared to the baseline, though the activation energies
for desorption are roughly identical. The kinetics of the baseline powder rapidly degrade,
where by sorption cycle 10 it takes nearly 84 minutes to absorb 4 wt.% hydrogen and over 6
hours to desorb this quantity. Conversely the nanocomposites display a remarkable kinetic
stability. At cycle 10 the time to absorb 4 wt.% hydrogen is 7 minutes, while the time to
desorb is 80 minutes. Even at cycle 35 the time to absorb is only 14 minutes, while the
time to desorb is right at 2 hours. A more aggressive (in terms of variation of the sorption
pressure from the plateau pressure) sorption regime allowed SWCNT covered MgH; to be
tested up to 105 absorption desorption cycles with only minor kinetic degradation.

TEM analysis confirms that nanocomposite microstructure stabilizes the MgH, particle
size during cycling. At the onset of cycling the mean diameters of the SWCNT covered
hydride and of the baseline are 246 and 220 nm, respectively. After 10 cycles the baseline
MgH, powders sinter /agglomerate, becoming microns in scale. However the mean diameter
of the SWCNT covered particles increases to only 294 nm after 10 cycles, and to 369 nm
after 35 cycles. TEM analysis and Raman spectroscopy confirm that even after 35 cycles

the hydride remains covered by the SWCNTs and the amorphous carbon.
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4.1 Introduction

Magnesium hydride stores a large amount of hydrogen (7.6 wt.%) reversibly, but suffers from
very slow kinetics and high thermodynamic stability (-77 kJ/mol Hs), both necessitating
high temperatures around 300 °C for desorption. Many attempts have been made to alter
the thermodynamics of magnesium hydride by incorporating alloying elements such as Ni,
Cu, Al and Si [35, 36, 39, 126], but no viable way to produce large quantities of destabilized
material has been found. As a consequence, most research efforts have been directed at
improving the sorption kinetics of magnesium hydride.

Transition metals in particular have been intensively studied theoretically and experi-
mentally as suitable catalysts for sorption of magnesium (hydride) [67, 68, 69, 70, 74, 127,
128, 129, 130]. It has been shown that co-milling 3d-metal catalysts with MgHs may re-
sult in lower activation energies and faster sorption kinetics; however the thermodynamics
remains unchanged [67, 68, 69, 70].

Fe has been proposed as a strong catalyst towards hydrogen sorption of magnesium
[40, 41, 68, 70, 71]. It is visually shown, with the aid of SEM, that the kinetics of MgHs
desorption changes drastically in the presence of Fe catalyst particles; the nucleation of Mg

phase occurs in the interface of MgHs and Fe [28]. Also, in Mg-Fe systems prolonged cycling
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at temperatures of higher than 300 °C eventually resulted in formation of MgsFeHg [72].

Intermetallic compounds of transition metals are also considered as catalysts or destabi-
lizing materials for magnesium (hydride). Efforts have been made to destabilize magnesium
hydride by using intermetallic compounds with low heat of hydride formation; however, no
significant change in the thermodynamics was achieved for these composites [40, 41, 42, 43].
The FeTi intermetallic compound has also been investigated as a catalyst towards hydrogen
sorption of magnesium [40, 41, 42, 43, 74, 75, 131]. FeTi directly reacts with hydrogen to
form FeTiH~1 at room temperature and 10 atm hydrogen equilibrium pressure and form
FeTiH~2 at higher but not well defined plateau pressure [77, 78]. Nanocrystalline FeTi, can
readily absorb hydrogen with no activation required [78].

A ternary magnesium based composite prepared by co-sputtering of magnesium, tita-
nium and iron has exceptionally good cycling performance in terms of both the kinetics
and stability against degradation compared to the baseline binary systems. These improve-
ments are attributed to possible formation of a nano-crystalline/ amorphous FeTi phase or
synergistic catalytic effect of titanium and iron [74, 132]. Most research efforts have been di-
rected at improving the kinetics by mixing MgH, with different catalysts using high-energy
ball-milling to achieve uniform dispersion of the catalyst. Also, it is known that milling
has intrinsic effects on the activation energy for desorption and can reduce its value by up
to 50% in the first desorption cycle through formation of deformation twins. However, an-
nealing treatment and prolonged absorption/desorption cycling eliminates these defects and
increases the activation energy back to 150 kJ/mol [66]. Therefore, it is important to check
the activation energies both in the as-milled and cycled state, as the catalysts effectiveness
may be reduced or even completely lost during extensive cycling [118].

The present work reports on the hydrogen cycling behavior of ball-milled MgH,-Ti,
MgHs-Fe, MgHy-Fe-Ti and MgHs-FeTi mixtures. We characterize the dispersion of the
catalyst before and after cycling to have a better understanding of the catalytic activity
of each additive using elemental mapping of scanning transmission electron micrographs.
The as-milled and as-cycled microstructure was characterized using X-ray diffraction. We
incorporated differential scanning calorimetry (DSC) and Sievert’s techniques to assess the
desorption activation energies in both as-milled and cycled states, and sorption cycling
kinetics. We employ JMA kinetics model to track the kinetics and rate limiting mechanisms

as a function of cycling for these composites.

4.2 Experimental Techniques

Magnesium hydride (MgHs) powder was 98% pure hydrogen storage grade purchased from
ABCR GmbH & Co. KG, the balance being magnesium. Titanium powder was 99.7%

pure, < 150um average particle size purchased from Sigma-Aldrich®. Iron powder was
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Figure 4.1: DSC curves showing the effect of different additives on desorption peak temper-
ature of magnesium hydride.

99% pure, < 212um average particle size purchased from Sigma-Aldrich®. FeTi intermetal-
lic compound powder was high purity with <150um average particle size purchased from

Goodfellow®.

We made two kinds of ternary composites by combining the hydride powders with 5 at.
% Fe -5 at. % Tiand 10 at. % FeTi and we also made two binary composites of MgH, with
10 at. % Fe and 10 at. % Ti serving as the baseline. To achieve a reasonable dispersion
of FeTi compound on MgHs particles we added 2.5 wt % multi-walled carbon nanotubes
(MWCNTS) at the beginning of the milling experiment. Equal amounts of FeTi and MgH,
powders were ball milled for 5 hours and subsequently MWCNTs and more MgHs were
added up to make the composition MgH,-10 at. % (FeTi)-2.5 wt % CNTs. For the sake of
brevity we use the following nomenclature for these composites throughout the manuscript:
MgHs-5 at. % Fe-5 at. % Ti as MgH,-Fe5Ti5, MgHo-10 at. % (FeTi)-2.5 wt % CNTs as
MgH,-(FeTi)10, MgH»-10 at. % Fe as MgHs-Fel0 and MgH»-10 at. % Ti as MgH»-Til0.
Except for MgH,-(FeTi)10, all the mixtures were milled for 10 hours in a Fritsch Pulverisette
6 planetary monomill. We used a 10:1 ball to powder weight ratio, with agate balls and
vial at 600 rpm rotation speed for all the composites. Milling and all sample handling were
performed inside a high-purity argon filled glovebox with the amount of oxygen and water

vapor present being less than 0.1 ppm.

A small sample of about 10 mg from each composite was transferred to a calorimeter
right after milling with minimum exposure to air. We used a combined differential scanning

calorimeter (DSC) and thermogravimetric analyzer (TGA) (SDTQ600, TA Instruments)
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Figure 4.2: (a) Sievert’s absorption and desorption cycles of MgH,-Ti10 sample. First cy-
cles are the fastest. (b) Sievert’s absorption and desorption cycles of MgHy-FelQ sample.
On absorption the kinetics improves through cycling whereas on desorption it accelerates
first and slowly degrades after 30 cycles. (c) Sievert’s absorption and desorption cycles of
MgH>-Fe5Ti5 sample. On absorption the kinetics improves through cycling whereas on des-
orption it accelerates first and slowly degrades after 30 cycles. (d) Sievert’s absorption and
desorption cycles of MgH,-(FeTi)10 sample. On desorption the kinetics improves through
first 10 cycles (activation). On absorption the performance degrades from the start through
the end of cycling.

to determine the hydrogen desorption kinetics and activation energy measurements. The
analysis was performed under a constant flow of high-purity (99.998% pure) argon to prevent
oxidation.

Volumetric absorption and desorption measurements and also PCT measurements were
performed using a Sievert’s hydrogen sorption analysis system (Hy-Energy LLC. PCTPro
2000). All of the cycling measurements were carried out at 250 °C. The composite powders
were analyzed aiming 100+ cycles and stopped earlier when degradation was apparent.
Absorption started at a pressure of 2.5 bar (finishing at around 1 bar) and desorption at a
starting pressure near 10 mbar (finishing at 20 mbar).

Transmission electron microscopy (TEM) was performed using the JEOL 2200FS micro-
scopes, operating at 200 kV accelerating voltage. Scanning transmission electron microscopy
(STEM) with a probe of a diameter of 1 nm was used. We used a high-angle annular detector
to form high angle annular dark field (HAADF) images where the contrast is directly related
to the atomic number Z. This technique coupled with energy-dispersive X-ray spectroscopy
(EDS) with the capability of forming elemental maps was used to study the distribution of
the catalyst material on magnesium (hydride) matrix. TEM samples were prepared by dry

dispersing the powders onto amorphous holey carbon grids. We characterized samples at
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Figure 4.3: Time to reach 3.6 wt % capacity for the studies samples. Max Capacities of the
composites are as follows: 5.3 wt % for MgH»-Ti10, 4.5 wt % for MgH,-Fe5Ti5, 4.5 wt %
for MgH,-Fel0 and 4.25 wt % for MgHs-(FeTi)10

both as-milled and post cycled conditions. On post cycled samples, since it was not possible
to do BET measurement, because of the small sample size, we performed image analysis
using STEM bright field images. In order to have a proper statistical sample we measured

the size of at least 200 particles from each composite.

4.2.1 Kinetics Measurements

Kissinger analysis [17] was employed to measure the activation energy of desorption. The
method developed by Kissinger allows for obtaining the activation energy of a chemical
reaction of any order by considering the variation of the temperature at the maximum
reaction rate. In the case of endothermic hydride to metal transformation, the maximum
reaction rate is straightforward to obtain from the constant heating rate DSC data and
corresponds to the minimum of the desorption DSC peak. The Kissinger analysis can be

expressed in the following form:

lni =1In Rk, b

T3 E  RIy

(4.1)

where ¢ is the heating rate, T is the absolute temperature at the maximum reaction
rate, E is the activation energy, k, is the pre-exponential term for the rate constant k =
koexp(—E/RT) and R is the gas constant. The activation energy is obtained from a linear
plot of ln(gb/TJ?) versus 1/T. For this analysis, the heating rates used were 5, 10, 20, and
25 °C min~1.

63



4. Synergy of Elemental Fe and Ti Promoting Low Temperature Hydrogen
Sorption Cycling of Magnesium

To analyze the surface area of the composites and compare them to that of as-milled
MgH, samples, a Quantachrome Autosorb 1 MP automatic gas adsorption system was used.
The system is dedicated to standard measurements of nanostructured materials by nitrogen
sorption isotherms at 77 K. Multipoint BET surface area measurement was done using
AS1Win, version 1.5, software which supports the BET data reduction algorithm. All of
the samples were degassed at 150 °C under a vacuum for at least 5 h prior to the tests.

A large number of kinetic models have been derived to explain solid-state phase trans-
formations in metal-hydride systems. For MgH, the kinetic rate limiting step is typically
either the dissociation/ recombination (chemisorption) transition between hydrogen gas and
hydrogen atoms on the material surface [21, 22] or the nucleation and growth (NG) of the
hydride during absorption or the metal phase during desorption [21, 23]. When hydriding
involves a phase transformation from « to , nucleation and growth is usually the dominant
kinetic process [133]. Mintz and Zeiri have reviewed the most important NG models for
hydrogen storage [25]; the two most applicable functional forms are the contracting volume
(CV) models and the model developed by Avrami [26], based on the works of Kolmogorov,
Johnson and Mehl [27]. The latter is typically referred to as the JMA or KJMA. The
equation for the CV model is given by

f=1—-(1—-kt)" (4.2)

where f is the fraction of the material undergone the o — 3 transformation, k is the rate
constant, 7 is a constant related to the dimensionality of the growth process; with n = 3
for three-dimensional and 1 = 2 for two dimensional growth, and ¢ is time. For this model
the assumption is that the initial nucleation on the surface is fast compared to the overall
kinetics of growth and the surface nucleation layer is thin compared to the particle diameter
[22, 28].

JMA analysis assumes random and constant nucleation rate or constant nuclei number,
infinite sample volume and hard impingement between nuclei of the new phase [29]. The

central equation of this model is given by

f=1—exp(—(kt)") (4.3)

where f is the fraction of the material undergone the a« — S transformation, k is the
rate constant, 7 is a constant related to the dimensionality of the growth process, referred
to as the Avrami exponent and ¢ is time. For a constant number of nuclei, the value of 7 is
typically interpreted as n = % for constant nuclei number and as n = % + 1 for constant
nucleation rate, where d is the growth dimensionality and m = 1 for interface-controlled
and m = 2 for diffusion-controlled growth [30, 133]. For example, assuming a constant

number of nuclei, n = 3 represents three dimensional - interface controlled growth and

64



4.3 Results

0 M/

PP U W S DU U WD WD W WD WS OO o=
-1 -—0—0-000—0—0-0—0-9

b 4
E 2
>
2 3

In(P [bar])

—e—Abosrption (250C)

Desorption (250C)

H, [wt%]

Figure 4.4: Pressure composition isotherms for MgH,-Fe5Ti5 at 250 °C showing no thermo-
dynamic change from that of pure magnesium / hydrogen system. The very similar graph
was acquired for MgH,-(FeTi)10 as well.

Table 4.1: BET- surface area of different composites after milling.

Sample MgHy, MgH, MgHs- MgHs-  MgHs-  MgHs-
asis  Milled FelO Til0  (FeTi)10 Fe5Ti5

10 hrs
BET
Surface
Area 2 12 20 16 16 40
[m?/g]

1 = 1.5 correlates with three dimensional - diffusion controlled growth, etc. [133]. Here the
assumptions are that the initial size of a nucleus is small compared to that of the particle,
the nucleation and growth of the new phase begins randomly in the bulk and at the surface,
and there is sufficient and constant number of nuclei of the new phase within each particle.

Since activation usually takes place in the first few cycles we fit the Avrami equation
to the first 5 cycles and consequently to cycles 10, 20 etc. Rate constant (k) values were
plotted against cycle number to illustrate the general sorption kinetics through cycling.
Also, Avrami exponent (n) was derived and corresponding rate controlling mechanisms were

assessed.

4.3 Results

Figure 4.1 shows desorption properties of the as-milled composites. Adding Fe can drastically

reduce the desorption peak temperature of magnesium hydride from around 420 °C to 255
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Figure 4.5: Activation energies before and after cycling measured using Kissinger analysis.

°C, where desorption starts below 200 °C. Adding Ti to MgH, reduced this temperature
to 320 °C. Addition of (FeTi) resulted in a desorption peak temperature of 325 °C. For
MgH>-Fe5Ti5 this temperature is at around 255 °C, similar to the sample with Fe additive.
It seems that the catalytic activity of Ti is obscured by that of Fe.

Figure 4.2 shows the result of sorption cycling of the studied composites. The results of
desorption and absorption are shown in two separate graphs. These results are comparatively
summarized in Figure 4.3 in the form of time-to-reach-3.6 wt % as a function of cycle number.
The MgH,-Fe5Ti5 composite has the best cycling performance in terms of both the kinetics
and stability. The MgH,-(FeTi)10 sample has quite fast kinetics at the start but deteriorates
quite rapidly and eventually has sluggish kinetics.

Figure 4.4 shows the result of PCT measurement of the MgH»-Fe5Ti5 sample at 250 °C.
The equilibrium pressures, 370 mbar for absorbtion and 300 mbar for desorption, are similar
to that of pure magnesium (AH= -77 kJ/mol Hy) which means that adding Fe and Ti has
no effect on the thermodynamics of hydrogen sorption of the composite. Very similar results

were achieved for MgH,-(FeTi)10 sample (not shown here).

To further elucidate the catalytic activity of the additives we performed Kissinger analysis
to measure the activation energies for desorption of hydrogen and the results are shown in
Figure 4.5. The tests were done on as-milled composites as well as post cycled samples.
Before cycling, the activation energies of desorption for these samples are almost identical;
whereas after cycling, as the composite with Fe deteriorates faster the activation energy

becomes larger in fewer number of cycles. For the composite with 10 at. % Ti, the measured
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Figure 4.6: (a) X-ray diffraction patterns of the as-milled composites. (b) X-ray diffraction
patterns of the as-cycled composites.
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Figure 4.7: STEM - HAADF image (A) and STEM - bright field (BF) image of the mapped
area (B) along with EDS elemental maps of Mg (C) and Fe (D) from a particle of MgH»-Fel0
composite before cycling, showing uniform dispersion of Fe particles on Mg surface in nano
scale.
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Figure 4.8: STEM BF (A) and HAADF image of the mapped area (B) along with EDS
elemental maps of Mg (C) and Fe (D) from a particle of MgH,-FelO composite after 75
cycles showing uniform dispersion of Fe particles on Mg surface.
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Figure 4.9: STEM - BF image (A) and STEM - HAADF image (B) along with EDS elemental
maps of Mg (C) and Ti (D) from a particle of MgH,-Til0 composite before cycling showing
uniform dispersion of Ti particles on Mg surface.

activation energy after cycling (132 kJ/mole) is identical to that of none-catalyzed MgH,
as-milled powder (134 kJ/mole). The measured activation energy of desorption for MgHo-
(FeTi)10 sample after cycling is also very close to that of MgHy-Fe5Ti5. It should be
noted that although the activation energies after cycling are very close, the desorption peak

temperatures (which are used to measure the activation energies) are different.

After cycling experiments the samples went through X-ray diffraction tests again and
the results are shown in Figure 4.6. In Figure 6a, X-ray diffraction patterns of the as
milled MgH,-Fe5Ti5, MgH,-(FeTi)10, MgHo-Fel0 and MgH,-Til0 composites are shown.
A prominent feature of the composites containing Ti is formation of TiH;gs. General
peak broadening due to the introduction of defects and grain size reduction is apparent.
For MgH>-Ti10 sample, a peak of TiH; g5 represents titanium hydride formation during ball
milling. The X-ray diffraction patterns of these composites after cycling are shown in Figure
6b. The peaks are sharpened due to prolonged exposure to elevated temperatures during

cycling. No intermetallic formation is observed.
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Figure 4.10: STEM - BF image (A) and STEM - HAADF image of the mapped area
(B) along with EDS elemental maps of Mg (C) and Ti (D) from a particle of MgH5-Til0
composite after 75 cycles showing uniform dispersion of Ti particles on Mg surface.

The surface area of the as-milled samples along with that of as received MgHs is shown
in Table 4.1. The composite MgH-Fe5Ti5 has the highest surface area (40 m?/g), which

suggests very good dispersion of Fe and Ti particles on the surface of MgH,.

STEM images coupled with EDS elemental mapping of MgHs-Fel0, MgH,-Ti10, MgH,-
Fe5Ti5 and MgHs-(FeTi)10 before and after cycling are shown in Figures 4.7 through 4.14.
These images along with many others which are not shown here were used to assess the
degree of dispersion of the catalyst material in MgHs matrix. Figures 4.7-4.8 and 4.9-
4.10 clearly show the excellent dispersion of Fe and Ti on MgH, particles before and after
cycling. No region found throughout these samples with bare magnesium having no catalyst
covering. The ternary MgH,-Fe5Ti5 system was also uniformly dispersed by nanosized Fe
and Ti particles as is evident in Figure 4.11. Figure 4.12 shows that Fe and Ti remain on

the surface uniformly during cycling.
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Figure 4.11: STEM - BF image (A) and EDS elemental maps of Mg (B), Fe (C) and Ti (D)
from a particle of MgHs-Fe5Ti5 composite showing uniform dispersion of Fe and Ti on Mg
surface.

Our preliminary results showed a very poor dispersion of FeTi on MgHy matrix. In order
to achieve a uniform dispersion of FeTi particles on the surface of MgHs particles, we added
a small amount of purified multi-walled carbon nanotubes (MWCNTS) to the mixture. It
has been shown that adding carbon nanotubes can improve the dispersion of the catalyst
material on MgH, particles and also can improve the cycling stability of the ball-milled
composites [118, 130, 134]. Figure 4.13 clearly shows how FeTi particles disperse on the
surface of MgHs particles. Figure 4.14 shows that (FeTi) catalyst particles stay on the
surface of magnesium hydride during cycling; and as also seen in XRD pattern of Figure 6b,
the (FeT1i) intermetallic does not decompose. However, it seems that the degree of dispersion

is not as uniform as the other composites.

Figure 4.15 shows the results of image analysis on particle size distribution of the com-
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Figure 4.12: STEM - HAADF image of the mapped area (A) along with EDS elemental
maps of Mg (B), Fe (C) and Ti (D) from a particle of MgH,-Fe5Ti5 composite after 115
cycles showing uniform dispersion of Fe and Ti on Mg surface.

posites after cycling. Almost 47% of the particles of MgH,-Fe-Ti composite are below 100
nm in size. This value is around 30% for all other post-cycled composites. The mean particle
size for MgHs-Fe5Ti5 is 200 nm which is the lowest compared to 326, 365 and 246 nm of
MgH,-Fel0, MgH»-Til0, and MgH,-(FeTi)10, respectively. The smaller particle size in the
latter is attributed to the presence of carbon nanotubes in this samples which can prevent

agglomeration and sintering of the particles [134].

The JMA model fits the desorption curves quite well (with R-squared values of greater
than 0.998). As an example, the fits for the desorption data of the MgH,-Ti10 composite are
shown in Figure 4.16. Figure 4.17 shows the rate constant (k) values as a function of cycle
number for the studied composites. It clearly shows how the composites degrade through
cycling. For sample MgH,-(FeTi)10 the kinetics accelerates very quickly and is very fast at
the beginning but immediately after the 5th cycles it starts degrading quite drastically. For
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Figure 4.13: STEM - HAADF image (A) of the mapped area, EDS elemental maps of Mg
(B), Fe (C) and Ti (D) from a particle of MgH,-(FeTi)10 composite showing dispersion of
FeTi particles on Mg surface. Fe and Ti appears on similar spots confirming their being in
intermetallic compound form.

both MgH,-Fel0 and MgH,-Fe5Ti5 samples desorption kinetics accelerates up to 20 cycles
and slows down slightly afterwards. The latter generally performs faster than the former.
Sample MgH,-Til0 also accelerates at the very beginning and degrades quite quickly and
overall shows the slowest kinetics. Again, it is apparent that after 40 cycles sample MgHo-
Fe5Ti5 becomes the fastest and the most stable mixture with minimal degradation. The

trends in Figure 4.17 are in agreement with those of Figure 4.3.

We extracted the Avrami exponent values for different composites at different cycle
numbers. For MgH,-Til0, as is also shown in Figure 4.16, during first few activation cycles
the Avrami exponent n =~ 3. The JMA equation fits the rest of the cycles best when n ~
2. For MgHs-FelO and MgHs-Fe5Ti5, the Avrami exponent remains constant at n ~ 1.5
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Figure 4.14: STEM - HAADF image of the mapped area (A) and EDS elemental maps of
Mg (B), Fe (C) and Ti (D) from a particle of MgHz-(FeTi)10 composite after 115 cycles
showing dispersion of FeTi particles on Mg surface. Fe and Ti appears on similar spots
confirming their intermetallic state.

during cycling. Finally, for MgHo-(FeTi)10, in the first 5 activation cycles Avrami exponent
changes from n ~ 2.5 to n = 1.5 quickly and it is constant for the rest of cycles. The rate

limiting mechanisms will be further explained in the discussion section.

4.4 Discussion

Although being catalytically very active towards hydrogen dissociation (re-association), iron
has not been practically used as a catalyst for magnesium hydride. During cycling at
temperatures above 300 °C magnesium and Fe form the ternary hydride MgoFeHg of which
the sorption is kinetically very slow. Here we performed the cycling test at 250 °C and
showed that not only we can prevent formation of MgsFeHg, the kinetics are satisfactorily

fast; although degradation occurs to some degree during cycling. As shown in Figure 1,
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Figure 4.15: Particle size distribution of post cycled composites. The mean particle size
for post cycled samples are 326, 365, 200, and 246 nm for MgH»-Ti10, MgH,-Fel0, MgH,-
Fe5Ti5 and MgHo-(FeTi)10, respectively.

the composite of MgH, and Fe, with no prior activation, has a DSC desorption minimum
of 170 °C lower than that of the as received magnesium hydride. Whereas, for MgH,-Ti10
and MgH,-(FeTi)10 composites the decrease in the desorption temperature is about 100
°C. However, a comparison between the performances of these catalysts can only be made
during actual cycling after the activation step which occurs in the first few cycles. Figure 4.2
shows how degradation in MgH»-Ti10 and MgH,-(FeTi)10 is more pronounced compared
to MgHs-Fel0 and MgHs-Fe5Ti5. This is shown more clearly in Figure 4.3 where time to
reach 3.6 wt% of the maximum capacity is shown for various composites as a function of
cycle number. However, since the composites have different hydrogen capacities, JMA rate
constant values give a better means of comparing the kinetics of the composites as shown
in Figure 4.17. Although MgH»-Ti10 and MgH,-(FeTi)10 start off faster they also degrade
more dramatically than the other composites.

The composites with iron, with or without Ti, performed very similar in DSC desorption
tests. Fe provides very low activation energy for hydrogen dissociation, so does Ti; however
Ti unlike Fe has a high affinity for hydrogen atoms and hinders the diffusion of atomic
hydrogen to the Mg matrix. Formation of titanium hydride through reaction of MgHs with
Ti has been shown theoretically [74] and experimentally [68] before and was also found here
from the XRD patterns in Figure 4.6 for both MgH,-Til0 and MgH,-Fe5Ti5. Desorption
and cycling data show that the composite with 10 at. % Ti degrades very fast.

Figures 4.7 to 4.17 show that the dispersion of catalyst material is in nanometric scale
after milling and the catalyst materials stay on the surface of MgHs particles during sub-

sequent cycling. Thus the most likely explanation for the fact that the sample with both
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Fe and Ti performs better than the one with only Fe is that Fe acts as the catalytically ac-
tive element and Ti is supposedly preventing the degradation of the kinetics through other
mechanisms. We propose Ti hydride acts as a size control agent preventing the particle ag-
glomeration and sintering of magnesium particles. Particle size distribution measurements

and also kinetics analyses back this hypothesis as follows.

4.4.1 Kinetic analysis

BET surface area measurement coupled with TEM observation revealed a sub-micron struc-
ture of the composites. A nucleation and growth mechanism is expected for such microstruc-
ture. Sigmoidal sorption curves usually represent nucleation and growth mechanism. For
absorption, no matter what type of catalyst we used, the CV model described in equation (2)
applies to all the absorption curves with n ~ 2, which represents two-dimensional growth.

In analyzing the desorption curves, CV model did not fit our data, whereas JMA model
described in equation (3) was able to fit the desorption curves with R-squared values of
greater than 0.998. This is in accord with the findings by Barkhordarian et al. who, for
NbsO5 catalyzed MgHo composites, also found that absorbtion was accurately described by
CV model while JMA model described the desorption [22]. Since the JMA kinetic model
fits all the desorption curves quite satisfactorily, a graph of rate constant k as a function of
cycle number is a very straightforward representation of the kinetics; since £ is an equivalent
measure for JMA kinetics with any Avrami exponent. By comparing the two graphs of time
to reach 3.6 wt% of capacity and rate constant versus cycle number in Figures 4.3 and 4.17,
a good agreement in the trends can be observed.

For MgH>-Til10, during first few cycles, the Avrami exponent is n =~ 3. The JMA
equation fits the rest of the cycles best when 1 ~ 2. Avrami exponent of 2 < n < 4 has
been reported for pure magnesium and generally addition of catalyst results in reduction
of the Avrami exponent by enabling instantaneous nucleation [28, 135, 136]. Here, as the
catalyst is activated and nucleation sites are formed at the interface of the catalyst and MgH,
particles, the change from 1 &~ 3 to n &~ 2 means a change from constant nucleation rate
to constant nuclei number (instantaneous nucleation) and the rate limiting process for this
composite is two dimensional - interface controlled. The degradation occurs maybe because
of the detachment of titanium (hydride) particles from the surface. For MgH,-Fel0 and
MgH,-Fe5Ti5, where there is a minimal activation required, the Avrami exponent remains
constant at n =~ 1.5 during cycling which can be linked to three dimensional - diffusion
controlled growth. For MgHo-(FeTi)10 as FeTi activates and nucleation sites are formed
at the interface between FeTi and MgH, particles and kinetics reaches its steady state, the
Avrami exponent merges from 7 ~ 2.5 to n &~ 1.5. Again the rate limiting mechanism for

this composite is three dimensional - diffusion controlled and the decrease in the Avrami
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Figure 4.16: desorption kinetics data of MgH,-Til0 composite and corresponding JMA fits.
The Avrami value is 3 for the first five cycles and it is 2 for the rest of cycles.

exponent is due to change from constant nucleation rate to constant neclei number. This is
in accord with the literature, as already discussed in the introduction, that in order to be

catalytically active, FeTi needs to be activated.

4.4.2 Role of Fe and Ti

From the BET surface area measurement of Table 1, MgH,-Fe5Ti5 has the highest surface
area (40 m?/g) followed by MgHa-Fe (20 m?/g) and MgH»-Ti (16 m?/g). A high surface area
can be interpreted as low particle size of MgH, and/or a large surface area enhancement by
a high number of very small catalyst particles on the surface. By comparing the surface area
data of the composites and that of as-milled MgHs it is concluded that Fe and Ti additions
are responsible for the higher surface area or smaller particle size of MgHs particles. As a
consequence, they must also have a better dispersion on the particles; this is confirmed by
TEM observations in Figures 4.7- 4.14. According to particle size distribution measurement
of Figure 15, after cycling at 250 °C, the mean particle size of MgHo-Ti is smaller than that
of MgHs-Fe despite having a lower BET surface area at the start. This strongly supports
our assumption of titanium hydride preventing the particles to agglomerate and or sinter
together. MgHo-Fe5Ti5 has the highest BET surface area in the as-milled state and still has
the lowest average particle size (200 nm) after cycling; which further highlights the role of
titanium hydride as a size control agent.

Addition of iron reduced the DSC desorption temperature of magnesium hydride (Fig-

ure 4.1). Also, it significantly reduced the activation energy for desorption of magnesium
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Figure 4.17: JMA rate constant (k) values as a function of cycle number

hydride, as evidenced by the Kissinger analysis shown in Figure 4.5. The activation energies
for desorption of MgHo-Fel0 and MgH,-Fe5Ti5 are almost identical (92 and 97 kJ/mole re-
spectively). For both composites, the desorption activation energies are higher after cycling.
However for MgH,-Fel0 composites, although undergoing less number of cycles (75 vs. 115),
this value is higher at 119 kJ /mole compared to 108 for MgH,-Fe5Ti5; which shows how the

presence of Ti can effectively reduce degradation. This is further discussed in section 4.4.4.

4.4.3 Role of FeTi compound

As for MgH,-(FeTi)10 sample, the heat of hydride formation of FeTi is -28 to -35 kJ/mol
Hs due to having multiple plateaus [137]. Based on Van’t Hoff equation (In P% =AH/RT —
AS/R), the equilibrium pressure at 250 °C is greater than 9 bar. Thus, none of the FeTi
hydrides are stable at the test conditions. Such dilute hydride phase can promote hydrogen
uptake of magnesium [132, 138]. It should be noted that we clearly demonstrated with
STEM/EDS combination that although we improved the dispersion of FeTi in the mixture,
it was still inferior to that of Fe and Ti catalyzed composites. That might be what caused the
fast deterioration of these composites. Nevertheless, this sample had low activation energy
for desorption before cycling (92 kJ/mole) and the activation energy after cycling remains
relatively low (111 kJ/mole). Thus, FeTi is suggested as a compound with high affinity
toward hydrogen dissociation. There is a need for a special treatment to have nanosized

FeTi uniformly and dispersed on the matrix particles.
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4.4.4 Synergy of Fe and Ti

The values for activation energies of the three different composites, except MgH»-Til0,
obtained using the Kissinger analysis shown in Figure 4.5 are very close. This also confirms a
similarity in desorption rate controlling steps despite the difference in the measured sorption
rates. The difference between activation energies for MgHs-Fel0 and MgH»-Til0 before and
after cycling is much larger (2-3 times) than the difference due to milling; that is between the
as-received and the as-milled MgHy (~11 kJ/mol), whereas for MgHo-Fe5Ti5 the difference
between activation energies before and after cycling is exactly 11 kJ/mol. This shows that
for the Fe + Ti mixture only the pure milling-induced effect is lost after cycling, which is
quite compelling evidence for the ’synergetic effect’ of Ti and Fe. Fe catalyzes hydrogen
re-association while Ti prevents sintering and they both need to be present for either of

them to be able to perform their designated function.

4.5 Summary

Co-milling of MgH, with Fe and Ti or FeTi does not change the magnesium hydride heat of
formation but can substantially improve both desorption and absorption kinetics and lower
the desorption temperature from that of pure MgHs. For the composites with elemental
Fe addition the shift in desorption peak was as high as 170 °C. We examined the cycling
stability of all the studied composites. Except for the composites containing elemental Fe,
a few sorption cycles are needed for the composites to fully activate the catalysts at 250
°C. Although the composites with only Fe or with Fe and Ti performed identically in DSC
test after milling, they acted quite differently during cycling. We showed that a Fe + Ti
mixture can synergistically catalyze the sorption of MgHs: Fe acts as a very strong catalyst
towards hydrogen sorption while Ti by forming titanium hydride acts as size control agent
by preventing the agglomeration and sintering of Mg particles during sorption cycles. Using
JMA kinetics model it was shown that for all the catalyst additives except titanium, the rate-
limiting mechanism for desorption is three dimensional - diffusion controlled growth. For the
composite containing Ti, the rate-limiting mechanism is two dimensional interface controlled
growth. Fe, Tiand FeTi all have high catalytic activity towards hydrogen sorption. Although
addition of Fe results in the finest and the most uniform dispersion on MgH, particles during
milling, as evidenced by high angle annular dark field (HAADF) STEM imaging and EDS
maps, (FeTi) initially shows higher sorption kinetics. As a dilute hydride phase, FeTi can
promote hydrogen uptake of magnesium. In MgH,-Fe5Ti5 composite synergy of Ti as a
hydride former metal that can act as a size control agent and Fe as a strong catalyst results

in a very stable hydrogen storage material with fast kinetics.
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Conclusions

In my research I focused on accelerating the kinetics of MgH, sorption through addition of
catalysts. Rather than looking for elemental metallic catalysts, I tried to combine existing
catalysts in a way they can enhance the kinetics synergistically. First, I examined the role of
a combination of SWCNTs and metallic nanoparticles on the hydrogen desorption properties
of MgH; powders using high energy co-milling for various durations. Similarly, a bi-metallic
Fe-Ti catalyst for magnesium hydride is introduced; where for the Fe + Ti mixture only
the pure milling-induced effect is lost after cycling. Fe catalyzes hydrogen re-association
while Ti prevents sintering and they both need to be present for either of them to be able
to perform their designated function.

SWCNT-metallic nanoparticle additions catalyze the desorption of hydrogen, lowering
the onset temperature by more than 30 °C over those of identically milled pure MgH,
powders. However, co-milling for longer than one hour, degrades this effect, essentially
yielding a similar sorption performance in the pure and the composite powders. Using
Raman spectroscopy and HRTEM analysis, I showed that a significant portion of SWCNTs
do survive up to 1 hour of milling, though becoming broken and defective in the process. At
longer milling times the SWCNTs are completely destroyed and the enhancement is largely
lost despite the continued presence of the metallic particles. X-ray diffraction analysis of
the a-MgH, grain size and strain, and laser scattering analysis of the a-MgH, particle size,
indicates that the addition of the SWCNT-metallic nanoparticles does not appreciably affect
these parameters during milling. Cryo-stage TEM analysis confirmed that the majority of
the hydride powder particles were polycrystalline, with nanoscale grain sizes. TEM also
revealed that the larger hydride crystallites are multiply twinned.

Ozawa and Kissinger constant heating rate analysis conclusively demonstrated that in
the optimum processed condition (lhour co-milled) the activation energy for hydrogen des-
orption is the lowest. Through the process of elimination it can be concluded that the
catalytic effect of the SWCNTs is a result of one or a combination of the following effects:

During mechanical milling the SWCNTs penetrate the thin surface hydroxide shell and act
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as "hydrogen pumps"; or the surface dispersed and damaged SWCNTs reduce the high

activation energy of hydrogen re-association on the MgHs surface.

Furthermore, I detailed the hydrogen sorption cycling performance of SWCNT-magnesium
hydride nanocomposites. The SWCNT covered MgH, displays a fundamentally different
sorption cycling behavior compared to the baseline, though the activation energies for des-
orption are roughly identical. The kinetics of the baseline powder rapidly degrade, where by
sorption cycle 10 it takes nearly 84 minutes to absorb 4wt.% hydrogen and over 6 hours to
desorb this quantity. Conversely the nanocomposites display a remarkable kinetic stability.
At cycle 10 the time to absorb 4wt.% hydrogen is 7 minutes, while the time to desorb is 80
minutes. Even at cycle 35 the time to absorb is only 14 minutes, while the time to desorb is
right at 2 hours. A more aggressive (in terms of variation of the sorption pressure from the
plateau pressure) sorption regime allowed SWCNT covered MgHs to be tested up to 105

absorption desorption cycles with only minor kinetic degradation.

TEM analysis confirms that nanocomposite microstructure stabilizes the MgH, particle
size during cycling. At the onset of cycling the mean diameters of the SWCNT covered
hydride and of the baseline are 246 and 220 nm, respectively. After 10 cycles the baseline
MgH, powders sinter/agglomerate, becoming microns in scale. However the mean diameter
of the SWCNT covered particles increases to only 294 nm after 10 cycles, and to 369 nm
after 35 cycles. TEM analysis and Raman spectroscopy confirm that even after 35 cycles

the hydride remains covered by the SWCNTs and the amorphous carbon.

Co-milling of MgHs with Fe and Ti or FeTi does not change the magnesium hydride heat
of formation but can substantially improve both desorption and absorption kinetics and lower
the desorption temperature from that of pure MgH,. For the composites with elemental Fe
addition the shift in desorption peak was as high as 170 °C. I examined the cycling stability
of all the studied composites. Except for the composites containing elemental Fe, a few
sorption cycles are needed for the composites to fully activate the catalysts at 250 °C.
Although the composites with only Fe or with Fe and Ti performed identically in DSC test
after milling, they acted quite differently during cycling. I showed that a Fe + Ti mixture can
synergistically catalyze the sorption of MgHy. By measuring the activation energies of the
ternary Mg-Fe-Ti composite and that of individual binary baseline composites a compelling
evidence for the ’synergetic effect’” of Ti and Fe was found. Fe catalyzes hydrogen re-
association while Ti prevents sintering and they both need to be present for either of them
to be able to perform their designated function.

Using JMA kinetics model it was shown that for all the catalyst additives except tita-
nium, the rate-limiting mechanism for desorption is three dimensional - diffusion controlled
growth. For the composite containing Ti, the rate-limiting mechanism is two dimensional

interface controlled growth. Fe, Ti and FeTi all have high catalytic activity towards hydro-
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gen sorption. Although addition of Fe results in the finest and the most uniform dispersion
on MgH, particles during milling, as evidenced by high angle annular dark field (HAADF)
STEM imaging and EDS maps, (FeTi) initially shows higher sorption kinetics. As a dilute
hydride phase, FeTi can promote hydrogen uptake of magnesium. In MgHs-Fe5Ti5 compos-
ite synergy of Ti as a hydride former metal that can act as a size control agent and Fe as a

strong catalyst results in a very stable hydrogen storage material with fast kinetics.
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