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Abstract 

Magnesium is an attractive material for solid-state hydrogen storage (SSHS) applications owing 

to its reversible hydride formation, high theoretical gravimetric hydrogen capacity, natural 

abundance, and low cost.  A significant body of research has been done on the use of magnesium 

for this application over several decades.  To date, no systematic structural evolution study has 

been reported which combines high cycle count, periodic sampling, and microstructural analysis. 

In this study, a candidate material was brought to more than 1000 hydrogen sorption cycles with 

a predetermined set of sampling points intended to capture the major morphological and 

performative states.  Several samples were obtained during the early cycles to capture the 

activation process, with sampling continuing up to and including the 1000th cycle. 

The material selected for this experiment was 95 wt. % magnesium and 5 wt. % carbon prepared 

by high energy ball milling (HEBM).  Approximately 2 g of the material was placed in an in-

house hydriding rig at Canadian Nuclear Laboratories (CNL) which automatically cycled the 

material between hydrogen absorption with 15 bara onset pressure and hydrogen desorption with 

0.02 bara onset pressure.  Samples removed from the reactor were analyzed by powder X-ray 

diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), and focused ion beam (FIB) assisted SEM and energy-dispersive X-ray spectroscopy 

(EDX).  Data from these analyses was combined with performance data from cycling with the 

aim of finding correlations between material performance and structural evolution. 

The results show a clear evolution of the microstructure in two stages.  The first stage results in 

the rapid transformation of the as-milled material to form the activated structure, a branching 
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ligamented structure formed by ‘c’-directional growth of the Mg phase on successive hydride 

decompositions.  Herein, the activation process is delineated into two distinct parts: functional 

and morphological activation.  The second stage of structural evolution involves the slow 

agglomeration and densification of the activated structure via sintering, eventually leading to 

kinetic limitations which reduce the useful lifetime of the material.  The material remained viable 

after 1000 cycles, retaining nearly 88% of its peak hydrogen capacity, which is suitable for many 

end-use applications. 
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Chapter 1 

Introduction & Research Objective 

1.1 Introduction 

Two centuries of fossil fuel-based energy system development have increased the concentration 

of carbon dioxide in the atmosphere to its highest levels in at least 800,000 years.[1]  As a result, 

the well-known greenhouse effect has caused levels of global warming which are already putting 

extreme stress on global economies.[2]  Efforts are required to both remediate the damage already 

done (i.e. carbon sequestration) as well as strictly limit future emissions.  To complicate things 

further, such efforts will need to be made while supporting the energy demands of technically 

advanced countries, driving the urbanization of developing countries, and accommodating a 

future human population exceeding 10 billion. 

To achieve global decarbonization goals, electrification from renewable energy sources – in 

particular, low-carbon sources which do not require fossil fuels – will need to provide the 

backbone of future energy systems.  However, the electrical grid cannot directly power most 

vehicles, and contingencies will be required to cover outages, therefore a solution will still be 

required for many mobile and back-up power applications.  While some portion of this solution 

is likely to come from batteries, hydrogen is a promising option to meet this demand across a 

wide range of applications.  The result would be the so-called “hydrogen economy”.[2] 

In short, the idea behind the hydrogen economy is that hydrogen can be the primary portable 

fuel/energy carrier to supplement power requirements from an energy system based on clean 

electrification.[2]  Co-generation of hydrogen from nuclear power is a particularly promising 
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avenue, as the current fleet of reactors perform best when running at constant power and off-peak 

energy is currently a poorly-utilized resource.[3]  Electricity generated in times of low demand is 

frequently sold at very low rates (occasionally at a loss to the generating company).  Economic 

constraints are a barrier to adoption of electrolytic hydrogen production (so-called “green 

hydrogen”) as it is currently much cheaper to produce hydrogen from steam methane 

reformation.[1]  Utilizing off-peak nuclear power to produce hydrogen could play an important 

role in supplying green hydrogen for future energy applications. 

Hydrogen is abundant, non-polluting, and energy-dense, making it a natural fuel choice for 

future energy technologies.[4]  In his book “Smelling Land,” Canadian author David Sanborn 

Scott goes a step further to say that hydrogen is the inevitable choice to meet future energy 

demands.[5]  Scott makes this claim based on two main arguments: climate change and fossil fuel 

depletion. 

There are four pillars of the hydrogen economy: legislation, generation, end-use, and storage.  

Many governments have released hydrogen-specific energy strategies in the last few years, 

including the government of Ontario, which has set ambitious goals to leverage the largely 

emission-free power grid and Ontario’s abundant geologic salt deposits which could 

accommodate grid-scale underground hydrogen storage.[6]  Efforts are well underway to develop 

ways to reduce the environmental impacts of hydrogen production, either by developing more 

cost-effective means of electrolytic production, or by developing carbon capture and 

sequestration technologies to apply to the steam methane reformation process.  Demonstrations 

of hydrogen power applications are also underway.  Ballard Power, for example, has already 

conducted fuel cell electric bus case studies for public transit systems in five countries.[7] 
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Storage methodologies vary widely based on scale and the need for portability; while grid-scale 

distribution likely requires pipelines and super-massive storage such as underground storage in 

salt caverns, small applications such as light-duty passenger vehicles are already well served by 

small, very high pressure (700 bar) compressed gas storage tanks.[1]  The United States 

Department of Energy (US DOE) sets out a number of targets for hydrogen storage systems for 

automotive, material handling, and portable power applications.[8] 

Solid-state hydrogen storage (SSHS) offers a means of storing hydrogen with greater storage 

densities than compressed gas or cryogenic liquid storage while removing the need for costly 

refrigeration or potentially dangerous high pressure gas storage.[1][4]  As they stand currently, the 

US DOE targets are overly ambitious and will likely need to be adjusted to make them more 

realistic in the future.[1]  At present, there is no SSHS system capable of simultaneously meeting 

the hydrogen capacity and delivery temperature targets.  Yet SSHS remains an ongoing research 

area, with a number of groups attempting to mature the technology to a state of commercial 

viability.[9][10] 

Of the possible SSHS materials, magnesium has consistently been the most sought after.  Mg is 

abundant, inexpensive, and forms a reversible hydride by solid-gas reaction at an achievable 

~300 °C.  The major technical hurtles to commercialization of the Mg/MgH2 system are the 

stability of the Mg-H bond and the slow interaction of Mg with hydrogen gas.[9][10]  The former 

leads to the ~300 °C absorption and desorption temperature, which, while achievable, is higher 

than any of the system targets set out by the US DOE.[8]  The latter leads to sluggish hydriding 

and dehydriding reactions unless the material is modified in some way. 
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Another question of importance for a Mg-based SSHS system is that of system lifetime.[10]  

Some studies have been performed to test SSHS materials to a useful lifetime for most 

applications (1000-2000 cycles); virtually all such studies have shown some form of material 

degradation on extended cycling.[9] 

1.2 Research Objective 

The present study aims to better understand the structural evolution of a Mg/MgH2 SSHS 

material using carbon as an additive over extended cycling.  In the available literature, studies 

involving extended cycling only report microstructural analysis before and after cycling.  As a 

result, researchers are only able to guess at the progression of their material during cycling.  This 

study aims to elucidate this by sampling the material systematically during cycling and 

performing microstructural analyses at each sampling point.  The goal is to correlate 

microstructural changes in the material with performative changes with the aim of finding a 

causal relationship between the two.  The ultimate goal is to leverage this information to develop 

strategies to prepare more robust Mg-based SSHS materials. 

1.3 Chapter References 

[1] Carbon Dioxide | Vital Signs – Climate Change: Vital Signs of the Planet (nasa.gov)  

Accessed 09/APR/2022 

[2] Varin, R. A., Czujko, T., & Wronski, Z. S. (2009). Nanomaterials for Solid State 

Hydrogen Storage. Springer. pp. 1-7 

[3] B. Yildiz, M.S. Kazimi, Efficiency of hydrogen production systems using alternative 

nuclear energy technologies, International Journal of Hydrogen Energy, Volume 31, 

2006, pp. 77-92 

[4] M. Jehan, D. Fruchart, McPhy-Energy’s proposal for solid state hydrogen storage 

materials and systems, Journal of Alloys and Compounds, Volume 580, 2013, pp. S343-

S348 

https://climate.nasa.gov/vital-signs/carbon-dioxide/
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[5] D.S. Scott, Smelling land-the hydrogen defense against the climate catastrophe, 

Canadian Hydrogen Association, Westmount, QC, 2007, pp. 167-170 

[6] https://www.ontario.ca/page/ontarios-low-carbon-hydrogen-strategy Accessed 

09/APR/2022 

[7] https://www.ballard.com/markets/transit-bus Accessed 09/APR/2022 

[8] https://www.energy.gov/eere/fuelcells/hydrogen-storage Accessed 09/APR/2022 

[9] V.A.Yartys et al., Magnesium based materials for hydrogen based energy storage: Past, 

present, and future, International Journal of Hydrogen Energy, Volume 44, 2019, pp. 

7809-7859 

[10] C.N.C. Hitam, M.A.A. Aziz, A.H. Ruhaimi, M.R. Taib, Magnesium-based alloys for 

solid-state hydrogen storage applications: A review, International Journal of Hydrogen 

Energy, Volume 46, 2021, pp. 31067-31083 

https://www.ontario.ca/page/ontarios-low-carbon-hydrogen-strategy
https://www.ballard.com/markets/transit-bus%20Accessed%2009/APR/2022
https://www.energy.gov/eere/fuelcells/hydrogen-storage
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Chapter 2 

Literature Review 

2.1 History and Background 

Solid state hydrogen storage (SSHS) in the form of metal hydrides is not a new concept, with 

publications on the subject going back to the 1960’s.[9]  Though much of the early work on metal 

hydride systems was aimed at leveraging the thermodynamic stability of some metal hydrides for 

thermal energy storage.[2]  Another focus of early research into hydrides, specifically following 

World War II, was aiming to understand hydrogen embrittlement phenomena, which was largely 

driven by the nuclear industry.[3] 

The 1960s saw the synergistic growth of both research into hydrides and the field of materials 

science as a whole.[4]  By the end of the 60’s, a number of “AB5” hydrogen storage alloys had 

been identified, most notably LaNi5, which was found to reversibly store more than six hydrogen 

atoms by the Equation (2-1)[4]: 

While this hydride had a gravimetric hydrogen storage capacity of only 1.5 wt. %, it is noted for 

its ability to desorb 1 atm of H2 at just 12 °C.[5] 

MgH2 is the most studied “A2B” hydrogen storage alloy.  It has been known since the late 

1800’s, but it was not synthesized successfully from a direct solid-gas reaction until the mid 

1900’s.[6]  The Mg/MgH2 system is the focus of this study and its properties will be described in 

a detail in Section 2.2. 

 LaNi5 (s)+ 3.35H2 (g)↔LaNi5H6.7 (s) (2-1)  
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Interest in hydrogen storage research increased further as a result of the oil crisis in the 1970’s,[4] 

with research efforts growing significantly in the 1990’s and beyond.  This is well illustrated in 

Figure 2-1 by He et al.[7]  Note: the left y-axis is the number of publications and authors, while 

the right y-axis is the number of citations. 

 
Figure 2-1: Fig. 1 from Ref. [7]: Histogram of the number of publications, authors and citations related to 

hydrogen storage (1965-2019). Note: The number of papers in 2019 is only the data statistics before January 

3, 2019.  The left y-axis is the number of publications and authors, while the right y-axis is the number of 

citations. 

With the large volume of literature on hydrogen storage, there has been an abundance of review 

articles.  A review of work predating 1985 was published by Selvam et al.[8] in the International 

Journal of Hydrogen Energy.  In it, Selvam et al. identifies work on magnesium and magnesium 

hydride for use in “rechargeable hydrogen storage” going back to the late 1960’s.  In 2011, a 
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review was published in the Journal of Physical Chemistry Letters by Jena et al. entitled 

“Materials for Hydrogen Storage: Past, Present and Future”[9]  In 2019, Yartys et al. published a 

highly comprehensive review in the International Journal of Hydrogen Energy entitled 

“Magnesium based materials for hydrogen based energy storage: Past, present and future.” [9] 

There have now been over three decades of intense global interest in Mg-based systems for 

hydrogen storage and, despite the lack of broad commercial acceptance to date, it remains an 

active research area owing to its enormous potential.  Varin et al. pointed out that MgH2 has 

become a “model hydride” suitable for use as a “benchmark for comparing the properties of 

other hydrides”.[10] 

From the bibliometric analysis conducted by He et al., the top ten countries publishing on the 

subject of hydrogen storage are shown in Table 2-1.  This data covers 1965-2019. 

Table 2-1: Taken from Ref. [7]. 
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While the majority of the publications have been from Chinese authors, based on citations, US 

publications have had the most significant impact on hydrogen storage research.[7]  Further, 

many major research efforts have been internationally collaborative.  The IEA (International 

Energy Agency) Task 32 “Hydrogen Based Energy Storage” is a great example of this[9]  This 

task comprises 19 research units from Australia, China, Denmark, France, Germany, Japan, Italy, 

the Netherlands, Norway, Russia, South Africa, Spain, and the UK. 

He et al. also identified the most important journals publishing on hydrogen storage (see Figure 

2-2). 

 

Figure 2-2: Fig. 5 from Ref. [7]: The number of publications in the top five journals.  Recall that data was 

only collected until January 3rd, 2019. 
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The International Journal of Hydrogen Energy has been the most active journal in this area 

overall, though from the early 1990’s until 2007, the Journal of Alloys and Compounds 

published more on the subject.  The Journal of Alloys and Compounds remains an important 

journal for solid storage research as so much of the body of work has focused on the 

development of materials for SSHS. 

2.2 Properties of Mg and MgH2 

As a caveat to this section, it was identified that there is a discrepancy in how various authors 

describe the phases of magnesium hydride.[9]  Most authors use α-MgH2 to denote the most 

common rutile-type structure of the stoichiometric dihydride, MgH2, which is also the phase 

thermodynamically favoured at ambient pressure.  Higher pressure phases are denoted γ, β, etc.  

Some authors have chosen to use α-MgH2 to denote the primary solid solution of hydrogen in 

magnesium, with the rutile MgH2 then denoted β-MgH2, and the higher pressure phases γ, δ, etc.  

For simplicity, the nomenclature will follow the more common convention, as shown in the 

Table 2-2.  The α, γ, and β phases of MgH2 will be described later in this section. 

The magnesium/magnesium hydride system has a number of important pros and cons, which is 

why it has been an active subject of research for so long.  In short, it is a promising material, so 

researchers continue to focus on it, but its challenges are difficult to overcome, so breakthroughs 

in research progress have been slow.  Mg is sought after for SSHS due to its high theoretical 

gravimetric hydrogen capacity as MgH2 (7.6 wt. % H2
[9][11][12]), natural abundance (0.13 wt. % of 

sea water and 2.76 wt. % of the earth’s crust[11]), low cost (currently $8,146 CAD/T[13]), and 

relative safety compared to many other systems[9].  The main disadvantages which have limited 
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the commercial viability of this system are unfavourable thermodynamics (resulting from large 

hydride stability[9][11][12]) and slow desorption kinetics (resulting from diffusion limitations[9][11]). 

Mg forms a stoichiometric dihydride with mixed ionic-covalent bonding by Equation (2-2).[9] 

 Mg
(s)

+ H2 (g)⇌MgH
2 (s)

 (2-2) 

Under typical lab pressure conditions, the hydride which forms is α-MgH2, which forms the TiO2 

(rutile, space group P42/mnm) structure, a tetragonal structure having a = b = 4.517 Å and 

c = 3.021 Å.[9][11][14]  At pressures above about 0.4 GPa, the α phase of MgH2 transforms to the 

slightly more compact γ-MgH2, which takes on the α-PbO2 (orthorhombic, space group Pbcn) 

structure having a = 4.521 Å, b = 5.438 Å, and c = 4.934 Å. [9][11][15][16]  At pressures above about 

4 GPa, the γ phase transforms to the β-MgH2 phase with a modified CaF2 (cubic, space group 

Pa3̅) structure having a = b = c = 4.666 Å. [9][11][15][16] 

Vajeeston et al. predicted that the α-γ transformation would happen at 0.39 GPa and the γ-β 

transformation at 3.9 GPa in their 2006 study.[15]  In the same study, they mapped the transitions 

of all phases up to ε based on unit cell volume (see Figure 2-3) and proposed structures for 

various phases.  They also performed synchrotron X-ray experiments in Grenoble, France using 

a beamline instrument capable of pressurizing specimens up to 18 GPa and were able to 

experimentally verify the structures of the α, γ, and β phases of MgH2. 

In 2011, Moser et al. published a study in which they cite a number of examples of authors 

positing different pressures for the α-γ and γ-β transformations, claiming that the actual values 

are likely closer to 1.2 GPa and 9.7 GPa, respectively.[16]  They also gave the following 

explanation for the wide discrepancies:  They argued that very small variations in the Gibbs Free 
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Energy used in the computation would widely effect the resulting pressure values and that 

previous work did not consider temperature effects, so the results would only hold close to 0 K.  

Moser et al. also proposed a detailed P-T phase diagram which has been cited widely (See 

Figure 2-4).[9][11][16][17] 

 
Figure 2-3: Fig. 5a from Ref. [15] Calculated pressure vs volume relation for MgH2. 

 
Figure 2-4: Fig. 9 from Ref. [16] P-T phase diagram for the three polymorphs of 

MgH2, MgD2 and MgT2.  D and T denote deuterium and tritium, respectively. 
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For the purpose of this study, the difference in phase transformation pressure is somewhat 

inconsequential.  Even if the value of the α-γ transformation is as low as 0.39 GPa as Vajeeston 

et al. claimed[15], it would still be much higher than the 15 bara (0.0015 GPa) hydriding pressure 

which will be presented herein.  Huot et al. showed that when α-MgH2 is processed in a high 

energy ball mill under inert conditions, some of the material will transform into γ-MgH2.
[18][19]  

Yartys et al. showed that when elemental Mg is milled under hydrogen atmosphere in high 

energy ball mills some γ-MgH2 can be formed in-situ.[20]  Both of these transformations are 

facilitated by the extreme impact and shear forces within the mill.[21]  In the present study, 

elemental Mg is milled in an argon atmosphere, so there is no opportunity to form γ-MgH2.  

Further, even if it were possible to obtain the γ phase, Shen et al. found that it would only 

survive around five hydrogen storage cycles before converting entirely back to α-MgH2 (see 

Figure 2-5).[22] 

 
Figure 2-5: Fig. 5 (c) from Ref. [22] Thermal stability of γ-MgH2 upon successive hydrogen cycles at 

200 °C under dynamic vacuum of 0.1 kPa for desorption and at 100 °C with a hydrogen pressure of 

3 MPa for the absorption.  One cycle corresponds to hydrogen desorption followed by absorption. 

Unit cell and crystal structures for the α and γ phases of MgH2 and select crystallographic data 

are shown in Figure 2-6 and Table 2-2, respectively.[11]  Of particular note is the volumetric 
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expansion associated with hydride formation (31.4% and 29.1% for α and γ hydrides 

respectively). 

 
Figure 2-6: Fig. 1 from Ref. [11] Crystal structures of α- MgH2 (a); structure type TiO2, space group 

P42/mnm; a = 4.5025; c = 3.0123 Å; dMg–H = 1.95; dH–H = 2.47 Å and γ-MgH2 (b); structure type PbO2, 

space group Pbcn; a = 4.5051; b = 5.4197; c = 4.9168 Å; dMg–H = 1.92-2.00; dH–H = 2.49 Å. For both 

structures, a coordination of H atoms by 3 Mg atoms is shown. The hydrogen sublattice MgH6 octahedra 

connect by edges in one direction forming a straight chain in α-MgH2 (c); such a chain has a zigzag form (and 

runs along a screw twofold axis) in γ-MgH2 (d). In both structures, the neighbouring chains are connected by 

sharing the vertices of the MgH6 octahedra. 

 

Table 2-2: Table 1 from Ref. [11] Transformations in the metal sublattice during a 

transition Mg-MgH2 
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A key characteristic of the any metal hydride system is the thermodynamic stability of the 

hydride.  This is a measure of the energy required to retrieve the hydrogen stored and is typically 

expressed as the enthalpy and entropy of decomposition per mole of H2.  For the Mg-MgH2 

system, these values are ΔHdec = 74.06 ± 0.42 kJ/mol and ΔSdec = 133.4 ± 0.7 J/mol·K 

respectively.[11]  These values are in good agreement with calculations dating back as far as 

1960.[23][24]  It will be shown in Section 2.5 that these values can be used to calculate the 

“equilibrium temperature” for a given pressure.  This is usually done to show the temperature at 

which hydrogen will desorb in a closed system to 1 bar, which for pure, unmodified MgH2 is 

283 °C. 

The direct solid-gas reaction to form and decompose MgH2 can be broken down into several 

discrete steps.[11]  To form the hydride, H2 must make its way to the material through gas-phase 

diffusion.  Once at the surface, it adsorbs, dissociating into atomic H.  The H atoms then diffuse 

into the material until they reach a suitable MgH2 nucleation site.  The hydride phase must then 

nucleate and form a Mg/MgH2 interface which is then able to grow as additional hydrogen 

diffuses to said interface.  This is thought to occur until nearly all (but notably not 100%,[25] see 

Section 5.3) of the Mg is converted into MgH2, assuming that favourable conditions for hydride 

formation are maintained.  The process occurs in reverse on decomposition of the hydride, with 

MgH2 transforming back to metallic Mg and atomic H which then must diffuse to the surface and 

recombine to form molecular H2.  Since all of these steps have energy considerations which 

ultimately impact Mg+H2↔MgH2 transformation kinetics, a large body of research has gone into 

studying them, with a particular emphasis on determining the rate-limiting steps.[9] 
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To that end, apparent activation energies have been calculated to help understand hydrogen 

absorption and desorption kinetics.  Due to the wide variety of experimental conditions, material 

compositions, and material processing which has been studied, reported values vary widely, but 

for pure Mg-MgH2, the general consensus is that the absorption process is rate-limited by 

nucleation and growth of the hydride, and the desorption process is rate-limited by the interfacial 

reaction between MgH2 and Mg (moving boundary);[9] the apparent activation energies for these 

processes have been determined to be 170 ± 20 kJ/mol H2 and 220 ± 20 kJ/mol H2,
 

respectively.[26]  Both of these energy requirements can be reduced by particle and grain size 

reduction to increase surface and grain boundary area, which will be the primary focus of 

Section 2.3.  Both of these processes are thought to be limited by hydrogen diffusion through 

MgH2, which has been well established in the literature.[9][26][27]  Thus, we conclude that both 

hydrogen absorption and hydrogen desorption in Mg are diffusion-controlled processes. 

Diffusion coefficients in for hydrogen in Mg and MgH2 have been measured by many groups.  

As mentioned above, experimental conditions vary widely which has led to a wide range in 

reported values.  The diffusion coefficient for hydrogen in metallic Mg has been reported in the 

range of D = 1 x 10-13 m2/s to D = 1.11 x 10-8 m2/s, whereas for hydrogen in α-MgH2, the 

reported range is D = 1.1 x 10-20 m2/s to D = 1 x 10-16 m2/s.[27][28][29][30][31]  For any single set of 

diffusion data, there is always at least three orders of magnitude difference between D calculated 

for hydrogen in Mg vs. MgH2.  So, measurement discrepancies aside, it is clear that hydrogen 

diffusion through MgH2 is not fast, and can lead to core-shell structure formation.[9] 

In short, size reduction leads to smaller hydrogen diffusion lengths through MgH2, which is 

clearly beneficial to the kinetics of the hydrogen sorption reactions in Mg. 
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2.3 Physical modifications 

In general, physical modifications to SSHS materials aim to improve hydriding and dehydriding 

kinetics by reducing diffusion limitations.  It stands to reason that if the grain size of the material 

is reduced, there will be a corresponding increase in high-diffusivity grain boundary pathways 

for hydrogen to traverse.  Additionally, if the particle size is small, then the distance which 

hydrogen needs to travel through MgH2 to access metallic Mg in a core-shell structure will be 

reduced. 

The first method which was shown to improve the hydriding kinetics of Mg was published in 

1961, where Dymova et al. used high energy ball milling (HEBM) to modify Mg.[32]  The group 

also showed that MgO could be cracked by HEBM, which they attributed to the improved 

performance.[9][32]  The same group also performed milling in a hydrogen atmosphere[9], a 

process now referred to as high energy reactive ball milling (HRBM).  HRBM would eventually 

gain popularity as the technology to safely execute it became more widely available.  

Advancements in planetary ball mills by Fritsch and Retsch have led to common commercially 

available systems capable of milling material under pure hydrogen gas.  This is especially true 

for the Fritsch PulverisetteTM series models 4, 5, and 6 which are available with special gas 

fitting lids which allow for remote temperature and pressure monitoring.[21]  With this 

equipment, the first hydriding of magnesium can not only be achieved inside the ball mill, but 

the progress can be monitored by the pressure drop and the hydrogen pressure can be topped up 

periodically to achieve nearly complete hydride formation.  Shao et al. performed initial 

hydrogen reaction by HRBM with an initial overpressure of 30 MPa (using a Fritsch Pulverisette 

6TM) and XRD data from their resulting powder showed no sign of unreacted Mg.[33] 



 

 

 

18 

As mentioned in Section 2.2, it was shown that milling MgH2 by HEBM or milling Mg by 

HRBM are both capable of producing γ-MgH2 in situ.  The slightly denser γ hydride is of interest 

to researchers due to its slightly greater volumetric hydrogen capacity (see Table 2-1).  More 

importantly, the γ hydride is less thermodynamically stable than the α phase.  Shen et al. reported 

a reduction of the reaction enthalpy to 57.7 ± 5.3 kJ/mol H2 and apparent activation energy to 

69.1 ± 2.9 kJ/mol.[22]  This was for MgH2 containing ~30% of the γ phase.  While this led to a 

desorption temperature as low as 200 °C and a reabsorption temperature as low as 100 °C, they 

also reported the complete conversation of the material back to the α-MgH2 phase within five 

cycles.  Thus far no one has reported a system containing the γ hydride which persists on 

extended cycling.[22] 

That is not to say that HRBM is not a worthwhile endeavor.  The ductility of Mg makes it very 

difficult to ball mill without additives due to the excessive cold welding which occurs.  HRBM 

creates brittle MgH2 in situ, which is able to act as a milling aid for the remaining material.  This 

improves the efficacy of the milling allowing a finer particle and grain structure to develop.[19] 

In general, size reduction to increase surface and grain boundary area is seen as a means of 

kinetic tuning.  Some authors have shown that reducing particle size should theoretically change 

the enthalpy of hydride decomposition, lowering it in the case of MgH2.
[34]  Kim et al. studied 

this relationship in a 2009 study.[35]  Their results for ΔH variation as a function of metal particle 

size are shown in Figure 2-7.  This figure shows data based on the equilibrium conditions to 

desorb hydrogen to a pressure of 1 bar. 
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Figure 2-7: Fig. 3 in Ref. [35] The variation in the metal/metal 

hydride reaction enthalpy relative to the result for a bulk material. 

Paskevicius et al. also found that ΔH for desorption decreases with decreasing particle size, but 

due to a corresponding decrease in ΔS for the reaction, the change in equilibrium temperature is 

smaller than expected from the enthalpic information alone.[36]  This effect is illustrated in 

Figure 2-8.  The average particle sizes for the samples from left to right are: bulk, 1-2 μm, 

15-40 nm, 12-20 nm, and 2-7 nm. 

Shelvin and Guo investigated extreme nanosizing effects by simulating (MgH2)n clusters for 

which 2 ≤ n ≤ 10 and found a number of low-energy structures which would actually worsen the 

thermodynamics for hydrogen desorption slightly.[37]  As a point of speculation, perhaps this 

could help to explain the observations by Nogita et al. which suggested that 100% conversion of 

MgH2 to Mg was virtually impossible to achieve.[25] 
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Figure 2-8: Adapted from Fig. 5 in Ref. [36] Calculated 

thermodynamic values for MgH2 decomposition. 

Experimentally, actually achieving grain structures on the scale required to realize 

thermodynamic benefits has proven very difficult, and a means of maintaining nano-structured 

materials over extended cycling has not been reported.  In 2007, de Rango et al. found that they 

were able to produce MgH2 crystallites on the order of 10 nm.[38]  In this article, they discuss 

their effort to produce a pilot scale tank for SSHS.  Ultimately, they found that they needed to 

run their system at 240 °C, at which point the system gave undesirable kinetics.  When they ran 

the system at a higher temperature, they encountered rapid and irreversible crystallite growth, 

resulting in the loss of the thermodynamic benefits realized through nano-structuring.[38] 

Some researchers have focused their efforts on nanoconfinement as a solution.  

Nanoconfinement is the use of some physical structure (typically referred to as a scaffold) to 

mechanically prevent a nanostructured material from growing.[9][11]  Such methods tend to be 

costly, challenging, and difficult to scale up.  Further, since the scaffold is part of the final 

system and does not participate in the reaction, it occupies valuable volume and mass, lowering 

the volumetric and gravimetric hydrogen capacity of the system. 
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In 2015, Zlotea et al. successfully produced a material containing MgH2 nanoparticles as small 

as 1.3 nm, and the resulting hydrogen storage performance was impressive, with the onset 

temperature for hydrogen desorption as much as 245 °C lower than for bulk MgH2.
[39]  This 

material suffers from all of the drawbacks mentioned above.  The procedure Zlotea et al. used to 

produce their material was a complex, bottom-up approach based on chemical vapour deposition 

(CVD).  The steps were as follows: 

1) Start with a zeolite (β, 930NHA, Tosoh Corporation) 

2) Fill the pore structure with propylene via CVD at 700 °C for 3 h 

3) Treat in Ar at 900 °C for 3 h to decompose the propylene 

4) Etch away zeolite template with HF (40 vol. %), then HCl (37 vol. %) 

5) The final carbon template (CT) was obtained by washing with water and drying 

 Specific surface area: 2344 m2·g-1 

 Average pore size: 1.3 nm 

6) Impregnate CT with MgBu2 (Sigma Aldrich) 

7) Evaporate off solvent 

8) Hydrogenate under 5 MPa H2 at 150 °C for 12 h 

They were able to produce materials having 15, 25, and 50 wt. % MgH2, but on characterization 

by TEM, they found the MgH2 average particle sizes of the samples to be 1.3, 3.0, and 14 nm 

respectively, and the 50 wt. % MgH2 material had an onset temperature for hydrogen desorption 

less than 100 °C lower than for bulk MgH2.
[39] 

In a recent (2019) attempt to find a functional nano-structured material with good gravimetric 

hydrogen capacity and a scalable production method, Tian and Shang studied a range of 

composite materials prepared by HEBM based on MgH2 containing 2 wt. % TiC and 7 wt. % C, 

where the C was one of three nano-structured carbonaceous materials.[40]  The carbonaceous 

materials used were plasma carbon (PC), activated carbon (AC), and carbon nanotubes (CNT).  

The hydrogen desorption behavior they observed showed that materials having both TiC and a 
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carbonaceous material could outperform a material having one or the other, with all of these 

systems outperforming MgH2 by itself (see Figure 2-9). 

Tian and Shang attribute this performance to the synergistic combination of a catalytic metal 

surface (TiC) with carbon, the so-called “spillover” effect.[40]  The authors also suggest that 

milling Mg in the presence of an already nano-structured carbon material could promote the 

nano-structuring of the Mg itself and distribute the carbonaceous material in such a way as to 

prevent growth on cycling.  In effect, this would mimic nanoconfinement, with discontinuous 

carbon acting as a scaffold to some extent.  

One conclusion of Yartys et al. in their 2019 review was that the most promising avenue for a 

Mg-based SSHS system thus far is the combination of nanosizing with small catalytic 

additions.[9] 

 
Figure 2-9: Fig. 5 from Ref. [40] Hydrogen desorption kinetics of 20h-milled 

MgH2/TiC-PC, MgH2/TiC-CNTs, MgH2/TiC-AC at 250 °C within 0.1 bar He. 

High energy ball milling (HEBM and HRBM) remain the most popular physical modifications 

used for SSHS materials in the literature.[9][11]  However, other methods of severe plastic 
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deformation (SPD) have been reported.  Skripnyuk et al. reported on equal channel angular 

pressing (ECAP) of alloy ZK60 (Mg-4.95Zn-0.7Zr) in 2004[41] and of a Mg-Ni eutectic alloy in 

2007.[42]  Chiu et al. reported on ECAP more recently (2018) using Mg alloy AZ31 

(Mg-3.08Al-0.91Zn-0.39Mn).[43]  Krystian also reported on ECAP of ZK60 in 2011.[44]  Leiva et 

al. looked at pure MgH2 and MgH2 with 5 wt. % Fe added which were processed by cold rolling 

(CR) and cold forging (CF).[45]  High pressure torsion (HPT) has been reported for this purpose 

as well.[46]  Huot’s group is utilizing HPT for metal hydrogen storage in their current research, 

with reports published as recently as October 2021.[47]  All of these methods result in a solid 

material with nano-structured grains which then require some form of post processing.  This is 

commonly done by filing or rasping the material by hand or turning or chipping it on a lathe.  

The material is then usually used directly for experiments.  Skripnyuk did experiment with 

further processing of the filings by HEBM to produce a fine powder[41], however the benefit of 

doing so was not sufficient to justify the additional processing effort.  An SEM image of typical 

filings following ECAP are shown in Figure 2-10, this morphology is typical for these bulk 

nanostructuring processes. 

 
Figure 2-10: From Fig. 13 in Ref. [43] SEM Micrographs of (a) AZ31 chip, and (b) AZ31-5C chip after filing. 
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2.4 Chemical modifications 

In general, chemical modifications aim to either improve thermodynamics by reducing the 

energy required to couple or decouple Mg and H, or improve kinetics by catalyzing some portion 

of the hydrogen sorption reaction mechanism.  If a hydride forms by a substitution reaction with 

a lower overall energy barrier than directly by addition, the reaction could occur at lower 

temperatures or, conversely, have a higher desorption pressure for a given temperature.[48]  

Similarly, a chemical addition may lead to the formation of a lower energy hydride than the 

direct metal hydride would form on its own (such as with Ni, see below), which would also 

require lower temperatures to operate.[49] 

Over the years, researchers have tried many alloying and compositing additives, the three major 

categories being metals, ceramics, and carbons.[9]  In colloquial terms, it is sometimes said that 

researchers have ‘thrown the periodic table at the Mg/MgH2 system to see what would stick’.  A 

good summary of the effect of additives on the dehydrogenation characteristics was published in 

2015 by Zhou et al.[50]  In Figure 2-11, the triangles indicate desorption on-set temperature, the 

squares indicate desorption completion temperature, and the orange and blue lines indicate 

baseline data for ball milled pure MgH2.
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Figure 2-11: Fig. 2 from Ref. [50] Effect of various additives on dehydrogenation 

temperature of MgH2.  The percentage of additives to MgH2 was in molar ratio (mol%). 
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2.4.1 Metallic Additives 

Alloying Mg to form an intermetallic for hydrogen storage dates back to 1967, when Reilly & 

Wiswall first experimented with a Mg-Cu system which could operate around 300 °C by the 

reaction shown in Equation (2-3).[51] 

 2Mg
2
Cu

(s)
+ 3H2 (g)⇌3MgH

2 (s)
+MgCu2 (s) (2-3) 

They calculated the enthalpy and entropy of formation of MgH2 per mole of H2 for this reaction 

to be -78.2 ± 4.2 kJ/mol and -140 ± 2.9 J/mol·K, respectively.[51]  A year later, the same authors 

showed that alloying Mg with Ni could produce a ternary hydride which could reversibly store 

hydrogen with enthalpy and entropy of formation per mole of H2 of -64.4 ± 4.2 kJ/mol and -

122 ± 6.3 J/mol·K respectively by Equation (2-4).[52] 

 Mg
2
Ni

(s)
+ 2H2 (g)⇌Mg

2
NiH4 (s) (2-4) 

However, this material was only capable of storing 3.6 wt. % H2.  This points to a fundamental 

challenge of the many alloy/composite formulations which have been tried; there is always a 

trade-off with gravimetric hydrogen capacity.  Any element which does not participate in the 

storage of hydrogen directly, increases the mass of the system without increasing the amount of 

hydrogen which can be stored.  This affects the commercial viability of the overall system.[53] 

In the 1968 study, Reilly & Wiswall also noted that they could augment the Mg2Ni reaction by 

having excess Mg, producing two hydrogen desorption plateaus.[52]  This sort of work led to the 

idea of using metal catalysts which could form intermetallics in-situ. 
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Transition metals have been studied as additives for the Mg/MgH2 hydrogen storage (or thermal 

storage) system for a couple of decades now, with the most studied being Ti, V, Mn, Fe, and 

Ni.[9][54][55][56]  All results have shown improvements over the benchmark of pure Mg/MgH2, with 

authors not always agreeing which specific compositions are optimal.  Varying experimental 

conditions is likely the main contributor to the discrepancies.  Liang et al. found that the 3d 

metals could reduce the activation energy of the desorption reaction, but the thermodynamics 

were unaffected.[56] Over time, the most common standard became nanometric nickel (n-Ni)[57], 

which is available in high purity directly from the mining company Vale (formerly Inco).[58]  

According to Varin, n-Ni “…can be treated as sort of a catalytic benchmark [for Mg/MgH2].”
[59]  

Additionally, Tessier & Akiba found that an addition of only 1 at. % Ni to Mg followed by 

HRBM would produce MgH2 in situ with a much higher yield than pure Mg.[60] 

2.4.2 Ceramic Additives 

Ceramic additives such as metal oxides, nitrides, and carbides (as well as stable hydrides and 

halides) have also been studied.[9][61][62][63]  Oxides in particular make ideal catalytic additives for 

the Mg/MgH2 system.  Barkhordarian et al. studied mixtures of MgH2 composited with various 

metal oxides by HEBM.[62]  The effect on desorption rate is shown in Figure 2-12.  Others have 

also found that Nb2O5 shows excellent catalytic behavior, better even than Ni upon hydrogen 

cycling.  Hanada et al. proposed that this could be due to the reduction of Nb2O5 by Mg to form 

small amounts of MgO and Nb metal nanoparticles in situ, which the authors claim to have even 

better catalytic activity than the Mg2Ni which forms on dehydriding of Mg2NiH4.
[63] 
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Figure 2-12: Fig. 5 from Ref. [62] Comparison of the desorption rates of 

MgH2 with different metal oxide catalyst additions at 300 °C into vacuum. 

2.4.3 Carbonaceous Additives 

The final type of additive to be discussed herein is carbonaceous material.  There are a wide range of 

commercially available allotropes of carbon spanning the sp, sp2, and sp3 hybridization states, with the 

most common forms falling between sp2 and sp3, see Figure 2-13  Carbon is a ubiquitous material on 

earth, and is both lightweight and inexpensive in most of its forms. 

 
Figure 2-13: Fig. 1 from Ref. [64] (sourced from Ref. [65]) Ternary 

"phase" diagram of carbon allotropes. 
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Carbonaceous additives are believed to play three key roles in SSHS materials:[65] 

1) Carbon can act as a barrier between adjacent metal particles.  This can aid in milling by 

reducing the amount of cold welding which occurs, and also may help to limit material 

sintering during cycling, improving cycling stability. 

2) Carbon can provide high thermal conductivity pathways to help move heat in and out of 

the SSHS material on hydrogen desorption and absorption respectively. 

3) Carbon can play a catalytic role in the absorption and desorption reactions, improving 

reaction kinetics. 

Graphite was first milled together with Mg for hydrogen storage applications in the late 1990’s 

by Imamura et al.  They prepared the material by HEBM with added benzene[66], and later other 

organic additives[67] to improve final material performance.  It was concluded that by including 

the organic additive, the graphite could shear along close-packed planes rather than comminute 

randomly, effectively producing graphene in the mill.[68]  It is perhaps not surprising that over-

milling was found to reduce the effectiveness of the graphite as it would further pulverize the 

sheets of sp2 hybridized carbon.[68]  Liu et al. found that even after HEBM, 5 wt. % graphene 

prevented agglomeration of Mg/MgH2 on cycling at 300 °C, though the number of cycles was 

not reported.[69] 

Most of the common forms of carbon have been investigated for their effect on the Mg/MgH2 

system.  Amorphous carbon, carbon black, activated carbon, single-walled and multi-walled 

carbon nanotubes, Buckyballs (C60) and other fullerenes, nano-diamond, and other forms of 

carbon have been studied, all of which were found to enhance the hydrogen sorption kinetics in 
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one way or another.[68]  Though, Alsabawi et al. did find that buckyballs had an underwhelming 

effect on performance, citing an overall decrease in hydrogen capacity.[68] 

In 2004, Shang et al. studied the addition of graphite to MgH2 by ball milling without any 

organic additive.[70]  They cite a number of advantages over their control (MgH2 milled similarly 

but without any additive).  The powder they obtained from milling was smaller and more 

uniform for the graphite-containing material.  They found both rapid uptake of hydrogen, even 

on the initial absorption half-cycle, which they attribute to an improved rate of hydrogen 

molecule dissociation.  They did also note that there was no clear effect on the dehydriding 

kinetics, but it is worth mentioning that they did their experiments by thermogravimetric analysis 

(TGA) and differential scanning calorimetry (DSC).  These techniques use very small sample 

sizes, which can mask kinetic limitations due to poor thermal conductivity.  Graphitic carbon is 

thought to improve thermal conductivity of Mg materials in larger systems.[11] 

Wu et al. studied a wide range of carbon additives, all 5 wt. % carbon milled under argon with 

MgH2 to produce a powder.[71]  They also included some additives which were structurally 

analogous to the SWNT to see if the effect could be physical rather than chemical.  These 

included boron nitride nanotubes and asbestos fibers.  The best results they obtained were for the 

SWNT, as evidenced by fast absorption and desorption kinetics and greater apparent hydrogen 

capacity.  Interestingly, they show improved performance for every composition that they 

studied.  For the SWNT analogues, they claim that the materials act strictly as milling aids to 

help form an ideal microstructure in the MgH2.
[71] 

In the early 2010’s, Rud and Lakhnik[64] and Lototskyy et al.[72]  studied many carbon allotropes 

as additives to Mg in the range of 1-5 wt. % carbon processed by HRBM.  As in earlier studies, 
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Rud and Lakhnik found that graphite could improve hydrogen absorption kinetics by improving 

the structural evolution of the Mg/MgH2 during ball milling; namely, it would increase the 

surface area and shortening the required hydrogen diffusion depth.  They went on to say that the 

best results come from carbon allotropes capable of coating Mg particles in a thin layer of carbon 

during milling, these being amorphous carbon and graphite with a fine grain structure.[64]  

Lototskyy showed similar results, and also claimed that basal plane shear of graphite in the initial 

stages of milling leads to the formation of “graphene nanosheets” which are able to coat Mg 

particles in situ.[72]  Both groups also claim that the formation of interparticular carbon should 

improve cycling stability by limiting Mg particle agglomeration, however, data is only presented 

for up to two cycles in the referenced studies.[64][72] 

One of the more recent studies on chemically modified Mg/MgH2 has been the work published 

in 2019 by Tian and Shang, which was discussed in Section 2.3.[40] 

In short, there are a multitude of additives to Mg that will improve its hydrogen storage 

performance in some way.  This could be as a milling aid, a catalyst for hydrogen dissociation, a 

high-diffusivity hydrogen pathway, or by creating a lower energy reaction pathway for hydride 

formation.  In any case, the corresponding capacity drop will likely be problematic, and true 

thermodynamic tuning remains elusive due to the coupling of ΔH and ΔS. 

The addition of small amounts of carbon seem to be the most promising overall due to their 

limited impact on gravimetric hydrogen capacity per unit volume, with the best reported results 

thus far being shown for systems containing both carbon and another catalytic metal additive to 

take advantage of the “spillover” effect.[73] 
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The spillover effect is the combined effect of a metal catalyst which is supported on carbon.  See 

Figure 2-14.  Hydrogen molecules dissociate on the metal catalyst surface and H atoms migrate 

to the carbon support where they can quickly diffuse to the bulk material to participate in the 

hydrogen absorption reaction.[73] 

 
Figure 2-14: Fig. 8 from Ref. [73] Spillover mechanism: (i) dissociative adsorption of H2 molecules on a 

metal catalyst, (ii) migration of H atoms to the support, and (iii) diffusion on the bulk of the carbon material. 

2.5 Characterization Techniques 

Characterization of materials for SSHS can be broken into two broad categories: the analysis of 

data to elucidate thermodynamic and kinetic information, and analysis of materials to elucidate 

microstructural characteristics. 
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2.5.1 Thermodynamics and Kinetics 

Thermodynamic information is most often calculated using pressure-composition-temperature 

(PCT) curves, which are often called pressure-composition isotherm (PCI) curves, or simply 

“isotherms.”[74]  These curves are typically obtained using a high-pressure “Sieverts-Type” 

apparatus, which was devised by Adolf Sieverts as early as 1907.  A schematic of a Sieverts-type 

apparatus prepared by Checchetto et al. is shown in Figure 2-15.[75]  As these systems are 

frequently homemade, they vary from researcher to researcher.  The Sieverts-type apparatus used 

in the present study is described in detail in Section 3.2. 

 
Figure 2-15: Fig. 1 from Ref. [75] Schematic diagram of the sample apparatus. SC, sample chamber; RC, 

reservoir chamber; AC, admission chamber; TC, K-type thermocouple; VLV, variable leak valves; PV, 

pneumatic on-off valve; MV, manually operated valve; PG, strain pressure gauge; MP, mechanical pump. 

Pressure is logged during absorption and desorption reactions and hydrogen content (usually in 

wt. % H2) is calculated.  PCT curves are then plotted with pressure on a logarithmic scale on the 

y-axis.  An example PCT curve is shown in Figure 2-16.[76]  It is typical to see some hysteresis 

between the absorption and desorption curves, the cause of which is not well understood.[74] 
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Figure 2-16: Fig. 2 from Ref. [76] A PCI curve of Po0.68Mg0.32Ni3.04 alloy measured at 313 K 

If a series of isotherms is generated across a range of temperatures, a Van’t Hoff plot can be 

generated with data corresponding to the midpoint of the plateau region in each isotherm.  The 

Van’t Hoff plot displays pressure (again on a logarithmic scale) on the y-axis vs. inverse 

temperature (usually 1000/T) on the x-axis.  This result is generally quite linear and can be 

interpreted using the Van’t Hoff equation, shown in Equation (2-5).  P is the pressure taken at 

the midpoint of the plateau, P0 is a reference pressure usually taken to be atmospheric pressure, R 

is the ideal gas constant, T is the temperature in K, and ΔH and ΔS are the enthalpy and entropy 

change for the reaction, respectively.[9][74][77] 

ΔH and ΔS can be calculated from the slope and intercept of the Van’t Hoff plot directly.  A 

general plot showing this relationship by Varin et al. is shown in Figure 2-17.  An actual 
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example of this analysis being carried out is shown in Figure 2-18, taken from work on ZK60 

alloy by Skripnyuk et al.[41]  From these data, Skripnyuk was able to calculate the enthalpy and 

entropy of hydride formation to be -76.8 kJ/mol and -141.8 J/mol·K respectively.[41]  For groups 

developing a commercial system, the value of ΔH is important in designing an associated heat 

management or heat recovery system to accompany the SSHS system.[78] 

 
Figure 2-17: Fig. 1.23 from Ref. [74] (a) Pressure-composition-temperature plot and (b) Van't Hoff plot. 

 
Figure 2-18: Adapted from Fig. 5 (left) and Fig. 8 (right) from Ref. [41] Left: PCT diagrams of 

ECAP/HEBM-processed alloy.  Open and filled symbols correspond to hydrogen absorption and desorption 

respectively. Right: The Van't Hoff diagram for ECAP/HEBM-processed alloy. 
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Once known, ΔH and ΔS can be used to calculate equilibrium temperatures with respect to the 

reference pressure P0 by Equation (2-6).[74] 

Another important thermodynamic consideration is driving force, which arises from the pressure 

dependence of Gibbs free energy, which can be expressed by Equation (2-7). [9] 

A plot of driving force with respect to temperature and pressure for the Mg/MgH2 system was 

given by Yartys et al. and is shown in Figure 2-19.[9]  The solid line shows the equilibrium 

conditions.  The further away experimental conditions are from that point, the more rapidly the 

reaction is likely to take place. 

 
Figure 2-19: Fig. 22 from Ref. [9] Calculated driving forces (ΔG) for hydrogen 

absorption/desorption in Mg as a function of temperature and pressure. Lines connect constant 

values, as indicated in kJ mol-1
H2. Thick continuous line corresponds to equilibrium conditions. 

 ∆H=∆S∙Tplateau 
(2-6) 

 
∆G=∆H-T∆S+RTln (
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) (2-7)  
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Driving force (ΔG) is only a thermodynamic consideration; to truly estimate the reaction rate, 

kinetics must be evaluated.  For SSHS materials, this is generally done using the Johnson-Mehl-

Avrami-Kolmogorov (JMAK) model, which was developed to model phase transformations 

which are controlled by nucleation and growth.[9][79]  For metal hydride formation or 

decomposition, the JMAK model gives the fraction of phase transformed, α, at time, t, as: 

where k and η are the kinetic parameter and reaction order respectively.  In this context, η, also 

called the Avrami exponent, is a measure of growth dimensionality.  k and η can be determined 

by linearizing Equation (2-8) to obtain Equation (2-9).[79] 

Plotting ln[-ln(1-α)] vs. ln(t) gives a typically straight line having η slope and ηln(k) intercept.  

This is done isothermally for several temperatures and the results are used to generate an 

Arrhenius plot of k values (as lnk) with respect to temperature (as 1/RT) to calculate the apparent 

activation energy, EA by Equation (2-10). 

where R is the ideal gas constant and T is the temperature in K.[79] 

An example of this analysis by Varin et al. is shown in Figure 2-20.  Note that the Arrhenius 

plot (b) gives the EA calculation for three different phase transformation models, with all of them 

giving nearly identical values for EA.[79] 

 α=1-e-(kt)
η

 (2-8) 

 ln[-ln(1-α)]=(η ln k)+η ln t 
(2-9) 

 k=𝑘0𝑒
−𝐸𝐴

𝑅𝑇⁄  (2-10) 
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Figure 2-20: Adapted from (a) Fig. 1.29 and (b) Fig. 1.30 in Ref. [79] (a) Plot ln(-ln(1-α)) vs. ln(t) for 

dehydrogenation of MgH2 milled for 20 h with 5 wt% Ni catalyst in the range of 275-375 C. (b) Arrhenius 

plots for the same material as (a).  Values are obtained for three phase transformation models. 

Much of the literature simply reports on whether one additive or another improves 

thermodynamics (expressed as the temperature required to achieve onset and/or completion of 

the hydrogen absorption or desorption reaction) or kinetics (expressed as the extent of reaction in 

wt. % H2 vs time) in relative terms.  For many researchers, the thermodynamic and kinetic values 

of their systems are already well approximated, and it is more useful to simply compare these 

high-level data for various material systems, either between groups, or within a single group.  It 

is common to see hydrogen sorption data presented as in Figure 2-21 from Huot et al. 

 
Figure 2-21: (left) Fig. 3 and (right) Fig. 4 from Ref. [18] (left) Hydrogen desorption curves of unmilled MgH2 

(filled) and ball-milled (hollow) MgH2 under a hydrogen pressure of 0.015 MPa.  (right) Hydrogen absorption 

curves of unmilled MgH2 (filled) and ball-milled (hollow) MgH2 under a hydrogen pressure of 1.0 MPa. 
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2.5.2 Microstructure 

The materials used in SSHS are typically powders of some kind.  This is especially true of Mg-

based SSHS materials as the lattice expansion and contraction on hydriding and dehydriding 

respectively causes the material to break down during cycling regardless of its initial 

geometry.[11]  When characterizing the microstructure of these powders, the two most sought-

after data are the particle size and the grain size (sometimes called the crystallite size). 

The most commonly used technique for assessing particle size is scanning electron microscopy 

(SEM).[18][72][80]  Images obtained from a calibrated SEM can be used to manually measure 

particle sizes to obtain approximate ranges for particles.  This method is especially useful for 

making qualitative comparisons, and is frequently necessary for particles of irregular geometry.  

If particles are approximately spherical, digital image processing can be utilized to produce a 

more accurate particle size distribution based on the projected area of the particles and the 

assumption of spherical geometry.[80] 

SEM is also used to obtain images of non-powder morphologies, such as those obtained by SPD 

methods.[42]  See Figure 2-10.[43] 

Grain size is most commonly measured by powder X-ray diffraction (XRD).[80]  This is normally 

done by examining the diffraction peak broadening via the Sherrer equation:[81] 

where FWHM is the full width at half maximum of the peak, 2θ is the scattering angle (in 

radians), b is a constant (typically taken to be about 0.9 for most metals), λ is the wavelength of 

 
FWHM(2θ)=

bλ

D cos θ
 (2-11) 
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radiation, and D is the “dimension” of the coherent diffracting domains.  D is an approximation 

of the grain size assuming cubic geometry. 

XRD is also a ubiquitous technique for phase identification.  Nearly every reference cited herein 

describes the use of powder XRD for characterization of SSHS materials.  As an example, 

consider the work of Huot et al. from 1999.[18]  In this work, Huot milled commercially available 

MgH2 in argon atmosphere for various lengths of time and used XRD to monitor the 

transformation of hydride phases. See Figure 2-22.  Note: this is a study in which the primary 

solid solution of H in Mg is denoted the α phase, so what would typically be referred to as α-

MgH2 and γ-MgH2 are denoted β-MgH2 and γ-MgH2, respectively, in this figure.  The authors 

note the broad peaks as evidence of nanostructuring. 

 
Figure 2-22: Fig. 1 from Ref. [18] X-ray powder diffraction of nanocrystalline 

MgH2 as a function of the milling time.  ▼, β-MgH2; ▲, γ-MgH2; ●, MgO. 

Huot et al. go on to further refine their XRD data by Rietveld refinement.  They are able to 

closely fit their data with minimal residue, indicating good data quality and good model fit.[18]  

With this data set, they were able to determine the extent of phase transformation and accurately 
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calculate the crystallite size (more accurately than by the Scherrer equation).  The pattern 

showing the model fit and the table of calculated results is shown in Figure 2-23. 

 
Figure 2-23: Adapted from (left) Fig. 2 and (right) Table 1 from Ref. [18] (left) Rietveld refinement of the X-

Ray powder diffraction of ball-milled MgH2 taken under 2 bar of hydrogen. Crosses are experimental values, 

the solid line is the calculated intensity and the bottom line is the residue. (right) Phase abundance, strain and 

crystallite size deduced from Rietveld refinement of the X-ray diffraction pattern of the MgH2 milled for 20 h.  

Values in parentheses are three standard deviations. 

Similar analyses are very common across the SSHS field of study.[9][11][29][72]  With modern 

analysis software such as Topas (Bruker), high accuracy data refinement has become 

increasingly automated and accessible.[47] 

In the last couple of decades, the increasing application of transmission electron microscopy 

(TEM) has afforded researchers the opportunity to directly observe the nanostructure of 

materials, including phase identification and dislocation analysis, and even resolve the atomic 

structure for the case of high-resolution TEM (HRTEM).[12] 

An early example of TEM used for hydrogen storage in magnesium was reported by Zaluska et 

al.[55]  In their report, they show a TEM bright field (BF) image of a ball-milled magnesium 

powder along with an associated selected area diffraction (SAD) pattern, see Figure 2-24. 
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Figure 2-24: Fig. 2b from Ref [55] TEM Micrograph and electron diffraction pattern. 

The 200 kV electron beam used in most TEM instruments will reliably transmit through most 

materials of around 100 nm thickness or less.[82]  In Zaluska’s work, they do not specify their 

specimen preparation method, which has been a major obstacle to wider adoption of this 

technique in the field of SSHS.  Powders of SSHS materials are generally inconsistent in shape 

and size, and many are based on air-sensitive materials (like Mg).  Virtually all common TEM 

specimen preparation methods involve exposure to air, and few instruments have a way to load 

the microscope under inert conditions, so the best that can be done is to limit air exposure as 

much as possible and be prepared to find some surface oxide on the material. 

If a powder is manufactured in such a way to achieve a particle size less than 100 nm, than the 

powder can be analyzed directly by TEM.  In this case, the powder is typically suspended in a 

solvent such as isopropanol by sonication, and dropped onto a copper grid coated with an 

amorphous carbon film.  Once the solvent has evaporated, the material is moved into the 

microscope for analysis.  This is the case for the works of Chen et al.[83] and Patelli et al.[84]  

Larger particles observed this way only allow for very glancing beam angles to hopefully find a 
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small electron transparent edge, which is particularly difficult for roughly spherical particles. 

Generally, larger particles need to be altered to create electron transparent regions.  This is 

typically done with the addition of a step to the above procedure of manually grinding the 

powder by agate mortar and pestle before solvent suspension.  This creates jagged particle 

fragments which will sometimes have an electron transparent edge, such as in the 200 kV work 

by Nogita et al.[25]  

Another option for TEM specimen preparation is focused ion beam, which uses an ion beam 

(typically Ga ions) to accurately mill away material to produce a specimen.  This is a difficult 

technique, and is only possible for larger particles, and has not been widely reported.  Malka et 

al. used FIB to prepare their TEM foils with some success.[85]  They were studying the effect of 

Nb and Zr halides as an additive for Mg/MgH2 over 50 hydrogen sorption cycles and they found 

a significant decline in hydrogen capacity over the first 30 cycles.  They were, however, able to 

image their particles at the conclusion of the cycling study.  See Figure 2-25.  In 2018, Edalati 

also reported using FIB to prepare TEM foils from their Mg-based SSHS material, but as their 

material was fabricated by HPT, resulting in a single dense solid, the FIB lift-out procedure was 

typical for metallic samples.[86] 
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Figure 2-25: Fig. 2 from Ref [85] Cross-sectional STEM images showing the microstructures of milled 

MgH2/halide samples after 50 sorption cycles: (a) MgH2/NbF5 sample-BF, (b) MgH2/NbF5 sample-DF, (c) 

MgH2/ZrF4 sample-BF and (d) MgH2/ZrF4 sample-DF. 

In 2010, Paik et al. found that MgH2 would decompose under the 200 kV electron beam during 

TEM analysis.[87]  They used this fact to induce the phase transformation while monitoring the 

SAD patterns to establish an orientation relationship (OR).  They determined the OR to be 

[001]MgH2//[2̅110]Mg and [1̅10]MgH2//[0001]Mg.  These results were determined strictly for the 

relationship between Mg and the rutile α-MgH2.  Paik published no images from this work.  

However, a year later, Beattie et al. published a paper where they used a hot stage to observe the 

MgH2Mg transformation in the TEM.[88]  Their images for a MgH2 particle before and after 

transformation to Mg at ~420 °C is shown in Figure 2-26. 



 

 

 

45 

 
Figure 2-26: Fig. 5 from Ref. [88] TEM image of as-received MgH2: (A) before; and (B) after heating at 420C 

Zhu et al. found the same OR (a MgH2 {110} plane parallel to the basal (0001) Mg plane) in 

their 2011 study using TEM to observe the transformation of MgH2 nanofibers to Mg in the 

microscope.[89]  They induced the transformation in situ using the 200 kV electron beam. 

The bulk of the 2015 study by Nogita et al. utilized high voltage TEM (HVTEM) operating at 

1000 kV and aimed to elucidate the mechanism of MgH2 decomposition in bulk material.[25]  By 

using a 1000 kV electron beam, Nogita et al. were able to monitor the hydride deeper within a 

bulk particle even while the electron beam decomposed some of the surface hydride.  In the 

course of their analysis, they found OR agreeing with those mentioned above.  Additionally, they 

were able to compare their work at 200 kV on a thin MgH2 sample with 1000 kV on a bulk 

sample.  This work was important because it was some of the best evidence to date for the 

“multiple ‘nucleation and growth’” model for bulk MgH2 decomposition while also 

demonstrating why previous experiments attempting to observe thin MgH2 films suggested a 

“shrinking core” model.  Their schematic summarizing the two mechanisms is shown in Figure 

2-27. 
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Figure 2-27: Fig. 4 from Ref. [25] Schematic hydrogen release mechanisms from a MgH2 grain: (a) multiple 

'nucleation and growth' model for bulk MgH2 grains and (b) 'shrinking core' model for thin MgH2 TEM 

samples. 

2.5.3 Other Techniques 

The above-mentioned characterization techniques do not constitute an exhaustive list by any 

means.  As work on SSHS has spanned many decades, researchers have had ample opportunity 

to experiment with a wide array of available characterization methods.  What follows is a very 

brief list of some of the other noteworthy techniques which have been reported in the literature. 

High resolution TEM (HRTEM) has been employed by some authors to directly measure lattice 

plane spacing.  Zhou et al. were able to identify both α and β MgH2 phases in material processed 
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by HRBM using this technique.[90]  See Figure 2-28.  Note: this report also denotes the α and γ 

hydride phases as β and γ respectively. 

 
Figure 2-28: Fig. 1 from Ref. [90] TEM (a) and HRTEM (b) images of the material from milling under H2 for 

5.0 h. Insert on TEM image is a SAED pattern. 

Differential scanning calorimetry (DSC) is sometimes used to find kinetic information about 

SSHS materials.[1]  This technique is not as popular as the Sievert-type analysis since DSC 

instruments are typically limited in terms of their working pressures, and for most practical 

cases, Mg-based SSHS materials require working pressures in the 2-15 bar range.  

Thermogravimetric analysis (TGA) is somewhat more popular due to its ability to accurately and 

reliably determine onset and end temperatures for hydrogen desorption experiments while 

simultaneously determining hydrogen capacity, all while using very small sample sizes.  This 

makes it a popular tool for studies with many different sample compositions.[50] 

Density functional theory (DFT) calculations have been reported by several authors for a wide 

variety of studies relevant to SSHS.  Aside from the DFT studies by Vajeeston[15] and Moser[16] 

mentioned in Section 2.2, Kim et al. used DFT to calculate surface energies in MgH2 and Mg as 
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part of their analysis on the effect of particle size with reaction enthalpy decrease (recall Figure 

2-7).[35]  DFT calculations were used by Shevlin & Guo when determining the cluster geometries 

for the minimum-energy MgH2 structures for clusters of 2≤n≤10.[37]  Klyukin et al. used DFT in 

their study of hydrogen diffusion in Mg and MgH2.
[30]  And, finally, AlMatrouk et al. used DFT 

to calculate thermodynamic parameters for six MgH2 polymorphs to compile a theoretical 

equilibrium phase diagram which agreed well with those found experimentally.[17] 

2.6 High Cycle-Count Studies 

Many papers use the phrase “exhibited good cycling stability” in some form without stating the 

number of cycles.  It is also common to see material only cycled a handful of times.  This may be 

done to show the activation process specifically, or simply to conserve valuable instrument time.  

But some studies show as few as 20 cycles and claim their material has been “cycled” to assess 

the stability of the material.  While some materials may degrade measurably in this time, many 

will not and require more extensive study to determine lifetimes and failure modes. 

It is likely that some private companies have performed high cycle-count lifetime studies when 

attempting to develop commercial products, this information would likely be held by the 

company as trade secret rather than be published to the open literature.  What follows is a brief 

summary of some published studies which do include extended cycling (greater than 100 cycles). 

In 2000, Dehouche et al. studied MgH2 containing 5 at. % V prepared by HEBM up to 2000 

cycles at 300 °C.[92]  This was done using their home-made Sievert-type apparatus and the 

material was outgassed between cycles for a full hour to limit cumulative errors.  During this 

period, they only observed a slight decline in desorption rate and hydrogen capacity.  Hydrogen 

sorption curves are shown in Figure 2-29.  It is worth noting that they used a very small sample 
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size, only 206 mg, so local heating on hydrogen absorption would be minimal.  This was likely a 

significant factor in achieving such a high cycle count. 

 
Figure 2-29: Fig. 2 from Ref. [92] Hydrogen absorption/desorption kinetics for 

nanocrystalline Mg-V 5 at. % composite before and after 2000 cycles at 300 °C. 

In 2002, the same group studied MgH2 with 0.2 mol. % Cr2O3, also prepared by HEBM, up to 

1000 cycles.[93]  This was done using the same equipment and sample size as above.  With the 

Cr2O3 additive, they found that only the desorption kinetics declined significantly, see Figure 

2-30.  From Scherrer analysis of XRD data from before and after cycling, they claim that 

crystallites in their material grew from an average of 21 nm to 84 nm over the course of cycling. 

 
Figure 2-30: Fig. 3 from Ref. [93] Absorption and desorption kinetics for MgH2 with 

0.2 mol. % Cr2O3 catalyst addition in the as-milled state and after 500 and 1000 cycles. 
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In 2011, Krystian et al. cycled a specimen of alloy ZK60 which was processed by four ECAP 

passes to 1000 times, which was intended to simulate the lifetime of a light-duty automobile.[44]  

To achieve the cycles in a reasonable amount of time, they only cycled the material to ~75% of 

its capacity (~5 wt. % H2 out of a theoretical 6.6 wt. % H2).  This reduced their cycling time to 

44 days, compared with an estimated 2.8 years if the material was hydride to completion.  The 

material showed somewhat slow activation, but impressive stability, with only slight decline in 

absorption kinetics toward cycle 1000.  This data is presented in a colour-coded 3D diagram in 

Figure 2-31.  An optical microscope image of the as-prepared material and SEM images of the 

material following 15 and 1000 cycles are shown in Figure 2-32.  After 1000 cycles, the material 

resembles ZK60 prepared by HRBM. 

 
Figure 2-31: Adapted from Fig. 7 in Ref. [44] Colour-coded 3D diagrams showing the storage capacity and 

kinetics of hydrogen at (a) absorption and (b) desorption of ZK60-4x at 350 °C against cycle number and 

time. 

 
Figure 2-32: From (left) Fig. 8 and (center, right) Fig. 9 in Ref. [44] (left) Optical microscopy image of filings 

of ZK60 ready for hydrogenation. (center) SEM image of hydrogenated ZK60 after 15 charging/discharging 

cycles. (right) SEM image of hydrogenated ZK60 after 1000 charging/discharging cycles. 
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Also in 2011, Polanski et al. studied MgH2 with 10 wt. % Cr2O3 nanopowder prepared by 

HEBM up to 150 cycles.[61]  The hydrogen capacity over this period dropped from 5.2 wt. % H2 

down to 4.6 wt. % H2 and substantial sintering was observed.  The authors claim that the 

decrease was the result of lower transformation rates resulting from “major microstructural 

changes.” 

In 2014, Ouyang et al. studied a complex material: Mg80Ce18Ni2 which would hydride to form 

CeH2.73-MgH2-Ni in situ.[94]  The Mg80Ce18Ni2 was prepared by induction melting to form an 

ingot which was then mechanically pulverized.  The material was cycled 500 times, over which 

the hydrogen capacity dropped from 4.03 wt. % H2 to 3.23 wt. % H2.  The author attributes the 

loss in capacity to oxidation of the material.  They note that the particle size was virtually 

unchanged from the as-prepared state to after 500 cycles. 

In 2018, Luo et al. studied another complex material: Nd4.3Mg87.0Ni8.7 which was also prepared 

by induction melting.[95]  Once prepared, the ingot was annealed for 48 hours at 400 °C followed 

by ice-water quenching and crushing.  The material was then cycled 38 and 819 times in separate 

cycling experiments, with material obtained following cycling in both hydride and dehydrided 

states.  Oddly, this material maintained excellent kinetics throughout cycling, despite the 

hydrogen capacity dropping to ~80 % of the initial capacity by cycle 819. 

While Krystian et al. and Ouyang et al. both analysed their material following 15 and 1000/500 

cycles,[44][94] and Luo et al. analysed their material following 38 and 819 cycles,[95] all of these 

“mid cycling” samples were actually independent experiments to reach the lower and higher 

cycle counts, and no other cycle counts were “sampled” by any group.  To the best knowledge of 
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this author, no study has been reported in the literature in which a Mg-based SSHS material is 

systematically sampled to track its morphological evolution as a function of cycle count. 
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Chapter 3 

Experimental 

The experiments in the present study were designed to cycle a magnesium-based, solid-state 

hydrogen storage (SSHS) material to at least 1000 cycles while systematically obtaining samples 

for characterization.  The material was chosen based on previous experience at Canadian Nuclear 

Laboratories (CNL) to be able to achieve this cycle count in a reasonable amount of time while 

exhibiting good hydrogen storage performance.  The material was expected to change rapidly at 

first, and then more slowly with increasing cycles.  As such, sampling was performed with 

decreasing frequency as the experiment progressed with the aim of capturing the major 

morphological and performative states while keeping the total number of samples manageable. 

3.1 Material Preparation 

All material handling was performed in an MBraun LabMaster inert atmosphere glovebox 

charged with Gr. 5.0 (99.999 %) Ar gas and containing <0.1 ppm each of O2 and H2O.  Mg 

powder was obtained from Sigma Aldrich (LOT# SHBG4011V), moved unopened into the 

glovebox, and used as received.  This magnesium was reagent grade (98%) and 20-230 mesh, 

with the bulk of the powder in the 100-140 mesh range.  The LOT analysis report is shown in 

Appendix A.  Carbon powder was provided by CNL and used as received. 

The material used in this study was prepared by high energy ball milling (HEBM) using a Fritsch 

Pulverisette 7 PREMIUMTM planetary ball mill furnished with tungsten carbide milling tools.  

Milling bowls were loaded with a 95:5 weight ratio of Mg:C and a ball-to-powder weight ratio of 

19.4:1.  The tools were sealed under argon prior to milling. 
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A 2 g sample of the resulting material, designated Mg-5C, was placed in a borosilicate test tube 

and plugged with glass wool.  The loaded test tube is shown in Figure 3-1, the powder forms a 

roughly 2.5 cm column in the tube.  Masses were recorded for the vial and wool such that mass 

changes in the material could be recorded throughout the experiment. 

 
Figure 3-1: Test tube loaded with as-milled material for the structural evolution study.  

Material is a 95:5 mixture of magnesium and carbon by weight and is designated Mg-5C. 

 

All mass measurements were made using a Mettler Toledo XSE204 analytical balance located 

within the glovebox.  The balance calibration was maintained throughout the study and checked 

against a set of calibrated test weights to ensure the quality of mass measurements obtained. 
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3.2 Hydrogen Cycling & Sampling 

Hydrogen cycling was performed in a registered pressure system in the hydrogen research 

laboratory complex at CNL which has been modified to operate as a Sievert-type apparatus[1], it 

will be referred to as the Hydriding Rig throughout this report.  A photograph and a simplified 

schematic of the sections of the rig utilized in this work are shown in Figure 3-2.  The reactor 

can be heated electrically to a maximum allowable working temperature (MAWT) of 400 °C.  

The system is equipped with flow-controlled Gr. 5.0 helium and hydrogen supplies capable of 

delivering pressures of up to 25 bara in its current configuration.  The rig is furnished with a 

rotary vane vacuum pump to facilitate gas changes and enable desorption experiments to be 

carried out under vacuum (0.02 bara).  A pressure transmitter in the prefill section allows the 

integrated microprocessor to automatically control material cycling using user-defined inputs.  

An attached computer is used to collect data from the pressure transmitter via an Omega 

OMB-DAQ55 series data acquisition module and record pressure vs. time data using DAQView 

software.  The computer is also used to send commands to the microprocessor containing the 

user inputs for initial absorption pressure, absorption time, desorption time, and cycle count.  All 

cycles in this work were carried out isothermally at 330 °C.  The uncertainty of the hydrogen 

pressure measurements in the reactor section is 0.1 kPa.  This translates to a maximum error in 

the wt. % H2 calculation of 0.00551 wt. % H2 at cycle 1000 (when the mass of material is 

lowest).  This is found by Equation (3-4) with ΔP taken to be 0.001 bara and, given its small 

value, will be neglected for the remainder of this report. 
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Figure 3-2: Photograph and simplified schematic of the Hydriding Rig used for this study.  TK = tank, PI = 

pressure indicator, and RX = reactor. 

The reactor section of the hydriding rig can be removed and transferred to the glovebox for 

loading and sampling, this is done in such a way as to minimize potential exposure to air.  Once 

loaded, the reactor is returned to the system and leak tested using 15 bara of helium.  The reactor 

is then insulated and brought to temperature.  Once a stable temperature of 330 °C is achieved, 

hydrogen cycling can be initiated. 

For hydrogen absorption half-cycles, the prefill section was pressurized to 19 bara of hydrogen 

and briefly opened to the reactor section which was evacuated to 0.02 bara.  This resulted in an 

initial system pressure of approximately 15 bara. The closed system was then monitored for 

pressure decay as a function of time to track the absorption.  Absorption times for this study 

ranged from 30-120 minutes. 
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For hydrogen desorption half-cycles, the reactor section was evacuated to 0.02 bara and 

monitored for pressure rise as a function of time.  Desorption times for this study ranged from 

50-150 minutes.  

Cycling conditions used throughout the present study are given in Table 3-1. 

Table 3-1: Table of cycling parameters 

Cycle # Mass Cycled (g) tAbs (minutes) tDes (minutes) 

1 2.0030 120 60 

2 1.9544 120 120 

3 1.8918 120 120 

4 1.8421 120 120 

5 – 7 1.7976 120 120 

8 – 10 1.7542 120 120 

11 – 15 1.7023 120 120 

16 – 20 1.6507 90 150 

21 – 30 1.5970 90 150 

31 – 50 1.5452 90 150 

51 – 100 1.3889 90 150 

101 – 200 1.3353 90 150 

201 – 208 1.2895 90 150 

209 – 235 1.2895 45 120 

236 – 257 1.2895 60 75 

258 – 279 1.2895 60 75 

280 – 300 1.2895 60 75 

301 – 312 0.4056 60 60 

313 – 330 0.4056 60 60 

331 – 400 0.4056 30 50 

401 – 450 0.4056 30 50 

451 – 500 0.4056 30 50 

501 – 503 0.3520 45 65 

504 – 513 0.3520 45 65 

514 – 532 0.3520 30 50 

533 – 635 0.3520 30 50 

636 – 725 0.3520 30 50 

726 – 779 0.3520 30 50 

780 – 847 0.3520 30 50 

848 – 917 0.3520 30 50 

918 – 954 0.3520 45 65 

955 – 999 0.3520 45 65 

1000 0.3520 60 80 
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Cycles for which samples were obtained are identified in Table 3-1 by blue backgrounds.  Note 

that desorption times given in the table are the times programmed into the microprocessor for 

automated cycling.  The actual desorption time for the final cycle in any range could (and 

frequently did) exceed this value.  The mass of material for each cycle range reflects the removal 

of material during sampling.  The cycle time needed to be accelerated from cycle 301 onward in 

order to achieve 1000 cycles before the system was required for other work.  To accomplish this, 

a significant fraction of the material was removed from the system following cycle 300 and the 

absorption and desorption times were reduced. 

Sampling was performed by cooling the reactor to room temperature and returning it to the 

glovebox for material retrieval.  A 50 mg aliquot of the material was removed from the reactor at 

each sampling point and the remainder was returned to the rig to continue cycling.  The sample 

tube was re-weighed immediately before each loading to correct the mass of material for the 

subsequent set of cycles.  Each 50 mg aliquot was then separated into five 10 mg subsamples and 

stored in individual 1.8 mL vials to await characterization.  In this way, if material was exposed 

to air during any one characterization test, the rest of the subsamples remained viable.  A chart 

summarizing sample identifiers, associated cycle numbers, and assigned usage is shown in 

Appendix B. 

All samples in this study were obtained in the desorbed state.  This decision was made for a 

number of reasons, including the author’s own previous TEM experience with this type of 

material.  The difficulties with obtaining TEM observations of MgH2 are described in Section 

2.5.2.  Most notably, Paik et al. found the hydride phase to be unstable under a 200 kV electron 

beam, making TEM observations challenging.  In fact, they performed a study where the 200 kV 
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electron beam was used to intentionally induce MgH2 decomposition in-situ.[2]  For additional 

information, see Section 2.5.2.  In their 2015 publication, Nogita et al. had required the use of 

HVTEM operating at 1000 kV in order to observe hydride decomposition in bulk materials to 

overcome this effect.[3]  There is also the issue of potential air exposure; nanocrystalline 

magnesium hydride is quickly converted to magnesium hydroxide on contact with atmospheric 

water vapour as shown in Equation (3-1)[4]. 

Given the nature of this study, and despite the best efforts of the author and the system operators 

at CNL, there was a near-certainty that there would be some air-exposure during the course of 

sampling.  As such, the desorbed state was deemed to be the best opportunity to obtain stable 

samples for characterization. 

3.3 Characterization 

3.3.1 Hydrogen Absorption/Desorption 

Hydrogen absorption/desorption cycles were performed as described above and pressure vs. time 

data was captured with a data collection period of 30 seconds.  This data was stored 

electronically and later processed using Microsoft Excel.  This provided the relative kinetic 

information used to assess the performance of the hydrogen storage material over successive 

cycles.  Reporting kinetic information in this way is consistent with much of the available 

literature, see Section 2.5.1. 

Data processing involved converting the pressure data obtained from the hydriding rig into 

wt. % H2 either absorbed or desorbed and plotting it as a function of time.    This change in 

 MgH2 (s)+ 2H2O(l)→Mg(OH)
2 (s)

+2H2 (g) (3-1) 
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pressure was assumed to result entirely from the formation or decomposition of MgH2 by 

Equation (2-2): 

 Mg
(s)

+ H2 (g)⇌MgH
2 (s)

 (3-2) 

The carbon is thought to play a catalytic role in lowering the energy required to dissociate 

hydrogen molecules as they move into the Mg, however the carbon should not retain any 

appreciable amount of hydrogen during cycling.[5]  The reactor section of the system is a closed 

loop, so the volume remains constant throughout the experiment.  The first step in the calculation 

was to determine the change in moles of H2 in the gas phase per change in pressure.  As 

hydrogen was assumed to behave ideally under these conditions,[6] this was done using the ideal 

gas equation: 

 
n=

PV

RT
 

(3-3) 

where n is the amount of H2 in mol, P is the pressure in bar, R is the ideal gas constant, taken to 

be 8.314×10
-2 bar ∙ L

mol ∙ K
, and T is the temperature in K. 

The reactor section is constructed of a mixture of 304 and 316 stainless steel.  The majority of 

the tubing is ¼” outside diameter stainless steel (standard 0.035” wall thickness).  The reactor 

vessel itself is constructed from a length of 1” (inside diameter) schedule 40 stainless steel pipe.  

It was assumed that the temperature in the heated section was uniformly 330 °C, and that there 

exists a sharp delineation between it and the remainder of the reactor section, which was 

assumed to be uniformly 20 °C.  Pipe and tube volume changes on heating were neglected in 

these calculations. 
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The result from Equation (3-3) was calculated for the heated and unheated portions of the 

reactor section separately and the results were combined by addition.  When P is set equal to 

1 bar, the result gives the change in moles H2 for every 1 bar of pressure change to be 

0.00963 
mol H2

bar
.  This can be expressed as 0.01926 

mol H

bar
, or 0.01941 

g H

bar
.  The latter value was used 

along with the sample mass to directly convert the output of the hydrogen storage system 

(pressure, measured in bara) to the mass of H2 either absorbed or desorbed for a given half-cycle. 

Percent hydrogen absorbed or desorbed by weight was calculated for each data point as shown in 

Equation (3-4): 

 
wt. % H= 

0.01941×∆P

(0.01941 ×∆P)+m
×100% 

(3-4) 

where ΔP is the difference between the pressure at time, t, and the initial pressure in bar, and m 

is the mass of the sample in the reactor in grams for a given cycle.  Plotting this value with 

respect to time, t, produces the absorption and desorption curves shown in this report. 

Note: As the material used in this study is 95 wt. % Mg, and the carbon additive is not expected 

to participate in the reaction; the theoretical maximum value for this material based on complete 

conversion of the Mg to the stoichiometric hydride based on Equation (2-2) is 7.2 wt. %. 

3.3.2 X-Ray Diffraction 

X-ray diffraction (XRD) was performed using a Bruker D2 Phaser benchtop X-ray 

diffractometer (2nd generation) at CNL.  The X-ray generator operated at 300 W (30.0 kV and 

10.0 mA) and was fitted with a Cu anode (λkα1=1.54060Å).  The scan parameters used were as 

follows: 
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Table 3-2: XRD Operating Parameters 

Start angle 20 °2θ 

End angle 90 °2θ 

Slit size 2 mm 

Step size 0.02 ° 

Detector opening 5.8 ° 

Step time 2 s or 3 s (depends on available instrument time and sample volume) 

Stage rotation 5 RPM 

Due to the nature of the specimens (air-sensitive and very limited in volume), they were analysed 

using a low-background, air sensitive specimen holder.  This holder is comprised of a PMMA 

(acrylic) base containing a silicon crystal wafer onto which the sample is placed, an X-ray 

transparent dome, and an o-ring seal.  10-30 mg of material (1-3 subsamples based on 

availability) was placed onto the specimen holder and sealed under argon in the glovebox prior 

to analysis. 

A blank scan was obtained by analysing the specimen holder empty.  This was to assist in data 

analysis as this holder contributes significant low-angle scattering at the count intensities 

obtained from these samples. 

XRD patterns were analyzed using Bruker’s DIFFRAC.EVA software (version 6.0).  Phase 

identification was performed within the software using the Crystallography Open Database 

(revision 269086). 

3.3.3 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was performed on an FEI Nova NanoSEM 450 at the 

Reactor Materials Testing Laboratory (RMTL) at Queen’s University.  The following detectors 

were utilized in this work: 

 Everhart-Thornley detector (ETD) for secondary electrons (SE). 
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 Concentric back scattered (CBS) detector with all collection angles used for 

backscattered electrons (BSE). 

 Bruker XFlash 6160 Energy-dispersive X-ray (EDX) detector for elemental analysis. 

Other parameters were as follows: 

Table 3-3: SEM Operating Conditions 

Aperture 30 μm 

Accelerating Voltage 20.0 kV 

Spot size 5.5 

Working distance 5 mm 

Sample holder 5-Specimen holder fitted with 12 mm Al stubs 

For each specimen, 10 mg (1 subsample) of powder was imaged.  Vials were opened 

immediately prior to use to limit the duration of air exposure.  Powders were poured out onto 

clean paper.  A 12 mm adhesive carbon tab was fixed to a 12 mm aluminum sample stub and 

then pressed gently onto the powder to adhere the sample.  Compressed air was used to blow 

away any loose or poorly adhered material.  The stub was then mounted onto the 5-specimen 

sample holder and loaded into the vacuum chamber of the SEM. 

Specific images obtained vary based on the observed morphology of each specimen, but in 

general, each region of interest (ROI) was imaged at 50X, 500X, and 5000X at a minimum to 

ensure easy comparisons could be made between cycle numbers. 

SEM images were used in this study to estimate particle dimensions.  This was done by direct 

on-screen measurements using the scale bar in the image.  Image distortion was ignored, and 

only rough estimates were obtained.  As only relative values with respect to cycle count were 

required, this analysis method was sufficient. 
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SEM imaging with EDX analysis was performed on a small number of specimens to obtain 

cross-sectional elemental analysis by analyzing TEM specimens where electron transparency 

was not achieved.  As this is an incomprehensive set of data, it will only be used to supplement 

the other SEM data where appropriate.  For SEM-EDX, the accelerating voltage was reduced to 

10.0 kV and a spot size of 6.0 was used. 

3.3.4 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) and scanning TEM (STEM) was performed on an FEI 

Technai Osiris TEM/STEM at the RMTL.  The microscope operated at 200 kV accelerating 

voltage using a field emission gun (FEG) source.  TEM mode was utilized for bright field (BF) 

imaging and obtaining electron diffraction patterns (DP), and STEM mode was utilized for high 

angle annular dark field (HAADF) imaging and EDX analysis.  A four-detector “Super-X” EDX 

detector system was utilized to achieve fast EDX mapping.  The Super-X detector system vastly 

improves X-ray collection efficiency and is estimated to result in a 30-fold reduction in mapping 

time as compared to a conventional EDX detector.[7] 

The large range of particle sizes as well as the air sensitivity of the specimens created significant 

challenges for specimen preparation.  Direct analysis of powders has been reported previously;[8] 

however, these methods are only effective for particles in the nanoscale (i.e. already electron 

transparent without further treatment).  Otherwise, this method only allows for a small amount of 

glancing-angle TEM observation at the particle surface wherever an edge provides a narrow 

electron transparent region. 

A significant effort was spent to develop a method of reliably analyzing air-sensitive powders in 

cross-section based on prior metallographic experience.  This development process will be 
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reported as part of a manuscript in preparation.  The final iteration of the developed method was 

carried out at the RMTL using the following materials and equipment: 

1. 3 mm OD, 0.5 mm wall thickness Cu tubing. 

2. G-1 epoxy, used as-received from Gatan. 

3. Struers Accutom-100. 

4. Struers LaboPol-30 laboratory polishing system with SiC grinding papers. 

5. Struers AccuStop parallel grinding tool. 

6. Gatan PIPS II Model 695 ion mill with Gr. 5.0 Ar supply. 

The specimen preparation steps were as follows: 

1. Clean Cu tubing was cut to approximately 1 mm in length and deburred to create a 

support ring. 

2. G-1 epoxy was mixed as a thin layer on Al foil. 

3. A Cu ring was set on the epoxy and the base was cured by moving the foil to a hot plate 

set to 100 °C. 

4. Additional G-1 epoxy was mixed and the specimen powder was poured onto it. 

5. The epoxy and powder were thoroughly mixed to form a concentrated paste. 

6. The paste was transferred into the Cu ring and cured, again on the 100 °C hot plate. 

7. The cured ring was mounted on the parallel grinding tool. 

8. The specimen was ground to expose a dense layer of material and flipped over. 

9. The back side of the specimen was ground to a target thickness of 100 μm. 

10. The ground specimen was transferred to the ion mill. 

11. Milling was conducted at 5.0 keV under cryo conditions (LN2) until a hole appeared (4-

6 hours of milling time for a 100 μm specimen). 

12. The specimen was transferred immediately into the TEM or into inert atmosphere storage 

for later analysis. 

As far as the authors are aware, a method such as the one described here has not been reported 

elsewhere for TEM specimen preparation of Mg materials, it was developed for this work 

specifically. 

TEM analysis was only performed on a small subset of the total samples due to the time and 

expense required to develop this technique.  As such, its use is limited to supplementing cycling, 

XRD, and SEM data to support conclusions. 
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3.3.5 Focused Ion Beam (+SEM-EDX) 

Samples from the study following cycles 10 and 1000 were sent to the Nanofabrication 

laboratory at Surface Science Western (Western University).  Focussed ion beam (FIB) milling 

was performed with in-situ SEM-EDX.  This work was exploratory in nature, but the results 

obtained give some useful insight into the internal morphology of the material 

The instrument used was a LEO 1540XB FIB-SEM.  A glove bag was integrated with the sample 

introduction chamber and purged with Ar to facilitate inert sample introduction.  Samples were 

mounted on stubs and introduced to the instrument. 

FIB milling was performed at 30 keV energy and 10 nA beam current.  SEM images were 

obtained using a 1 keV primary electron beam.  EDX analyses were performed at 10 keV with a 

working distance of 8.5 mm. 
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Chapter 4 

Results 

4.1 Air Exposure Effect on Data 

It is important to acknowledge that some of the cycling data presented herein was obtained from 

previous experimental work at CNL.  This data is found in Figure 4-6 in Section 4.3, and in 

Figure 4-14 in Section 4.4.  The previous work was a single study and will be referred to as the 

“previous study” throughout this report.  All other data presented herein was obtained from the 

present study, which will be referred to as the “present study” throughout this report. 

The present study involved frequent sampling and, although significant effort was made to 

minimize it, the material was exposed to oxygen and water vapour at each sampling point.  This 

significantly skews the cycling data as a several cycles are required following each air exposure 

to recover the performance of the material.[1]  The previous study is representative of the present 

study, but with no periodic sampling.  In the previous study Mg-5C from the same batch of 

material was cycled 150 times under the same experimental conditions as in the present study.  

In this way, the material performance in the previous study was allowed to progress as it would 

in a more realistic system.  A more detailed explanation of this is given in Section 5.1. 

4.2 Initial Structure 

The structure of the as-milled material is a coarse powder comprised of platelets with typical 

particle diameters between 100-500 µm, and some exceeding 1 mm.  SEM images of the as-

milled powder are shown in Figure 4-1.  The powder morphology is typical for HEBM 

involving malleable materials.  The observable edges are highly rounded.  HEBM does not 
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produce 100% dense materials, but rather striated materials containing pores and voids.[2]  The 

images obtained in cross-section by SEM-EDX in Figure 4-2 clearly show the distinct regions of 

Mg and the associated pore and void structures.  The chemical analysis suggests that layers with 

certain orientations oxidize preferentially, which is consistent with literature.[3][4]  The oxygen 

observed in the SEM-EDX map resulted from oxidation of the exposed Mg during specimen 

preparation and loading. 

 
Figure 4-1: Mg-5C, as-milled.  The image is shown at (left) 50X magnification and (right) 500X magnification. 

 
Figure 4-2: Cross-sectional SEM-EDX of as-milled material Mg-5C, EDX map shows the portion of the BSE 

image inscribed in yellow. 

The XRD pattern of the as-milled material is shown in Figure 4-3.  As expected, it shows the 

major component to be magnesium.  The other phases identified are a significant fraction of 

Mg(OH)2 and a trace amount of MgO which were likely present in the as-received Mg powder 
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from Sigma-Aldrich.  Another noteworthy observation is the ratio of the first two peaks in the 

pattern.  These peaks result from prismatic (100) and basal (002) planes of the HCP magnesium 

structure respectively.  When the ratio of the integrated peak area of the (100) and (002) peaks 

was calculated based on the Crystallography Open Database, the value was found to be 0.91, but 

when calculated using XRD data for the as-milled material, the value was found to be 0.27.  This 

is consistent with literature, and is thought to arise from basal plane slip during milling.[5]  The 

increased proportion of basal planes parallel to the surface combined with the flat platelet 

particle geometry results in the increased intensity of the (002) reflections in the XRD pattern for 

the as-milled material as the particles tend to lay flat in the XRD specimen holder. 

 
Figure 4-3: XRD pattern of the as-milled Mg-5C material. 

TEM and STEM-EDX data was successfully obtained for the as-milled material.  From this data, 

it can be shown that carbon is distributed throughout the material in islands on the order of 100-

400 nm across.  It is also observable from this analysis that the material contains nano-scale 

(>100 nm) Mg crystallites.  This conclusion arises from the spotted rings observed in the selected 

area diffraction (SAD) patterns.[82]  Figure 4-4 shows one example of such an observation. 
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Another observation from the TEM of the as-milled material is shown in Figure 4-5.  From this, 

it is clear that a small amount of tungsten was transferred to the sample during milling.  This is 

not expected to impact performance in any way.  These observations were rare and the inclusions 

were small, as shown. 

 
Figure 4-4: STEM-EDX showing carbon distributed in the as-milled Mg-5C material and the SAD pattern 

obtained from that location.  HAADF and STEM-EDX images were obtained at 28 kX magnification. 

 
Figure 4-5: STEM-EDX image of tungsten inclusion in the as-milled Mg-5C material.  The STEM-EDX 

images were obtained at 110 kX magnification and the inclusion shown measures approximately 40 nm in 

diameter. 

 

4.3 Early Cycles (1-50) 

Figure 4-6 A) and B) show a selection from the first 20 cycles of the previous study.  Over the 

first three to four cycles, the hydrogen capacity, absorption kinetics, and desorption kinetics 

increase significantly.  The material reversibly stores between 3-4 wt. % H2  on the first cycle, 

compared with over 6 wt. % H2 by the fourth cycle.  In the literature, this is considered 

“activation”.[7]  Over the next few cycles, the hydrogen capacity continues to gradually increase 

and there is a slight decline in desorption kinetics. 
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Figure 4-6: Early A) absorption and B) desorption curves obtained from the previous study. 
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The most significant change occurring during this time involves the reduction of the as-milled 

material into a fine powder.  This progression is shown by a series of SEM images in Figure 4-7.  

These images cover sampling points from the early cycles (up to cycle 50), with the cycle 

number shown in the upper-left corner of each image. 

 
Figure 4-7: SEM images showing the structural evolution of the Mg-5C material over the first 50 cycles.  

Cycles shown are 0 (as-milled), 2, 3, 4, 7, 10, 20, 30, and 50.  All images were obtained at 500X magnification. 

 

It was observed during sampling that the powder had become darker, finer, and less dense.  The 

volume for each 50 mg sample increased as compared with the previous one until around cycle 

50, when the difference was no longer obvious.  A photograph of the powders during selected 

samplings is shown in Figure 4-8 with the cycle numbers indicated in the upper left corner of 

each image.  Photographs are not available for every sampling point, but the progression of the 

material breaking down remains clear. 
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Figure 4-8: Photographs taken during sampling.  Photos are shown for cycles 1, 2, 10, 15, and 20. 

 

Note: the discolouration of the borosilicate test tube has been observed previously and 

determined not to measurably affect performance.  It results from the magneseothermic reduction 

of silicon to form magnesium silicide.[8]  The reaction proceeds in two steps given by Equations 

(4-1) and (4-2).  Without a detailed analysis of the thin film, the precise composition and extent 

of reaction are unknown, but since the phenomenon does not impact these experiments, such an 

analysis has not been carried out. 

 SiO2 (s) + 2Mg
(s)

 → Si(s) + 2MgO(s) (4-1) 

 Si(s) + 2Mg
(s)

 → Mg
2
Si(s) (4-2) 



 

 

 

82 

The XRD pattern following cycle 1 is shown in Figure 4-9.  It shows the nearly complete 

disappearance of Mg(OH)2 after the first cycle.  This likely occurs by thermal decomposition to 

water and MgO, which is reported to occur at temperatures approaching 350 °C (a temperature 

easily achieved in situ during the exothermic hydrogen absorption half-cycle) by Equation 

(4-3).[9]  After the first cycle, the (100)/(002) peak area ratio has again dropped significantly, this 

time down to 0.05.  In fact, the intensity of the (002) peak after cycle 1 even exceeds that of the 

typically dominant first-order pyramidal (101) peak, suggesting a very strong preference for 

basal reflections at this stage.  This results from the aforementioned platelet geometry combined 

with the growth of a new phase from the particle surface. 

 
Figure 4-9: XRD pattern of the Mg-5C material following Cycle 1. 

 

Figure 4-10 shows the progression of the material over the first 10 cycles at 5000X 

magnification.  After one cycle, the material was observed growing in pristine, faceted hexagonal 

pillars.  The morphology of these pillars suggests preferential growth in the ‘c’ crystallographic 

direction, which is consistent with the XRD results shown in Figure 4-3 and Figure 4-9.  After 

 Mg(OH)
2 (s)

 → MgO
(s)

 + H2O
(s)

  (4-3) 
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the second cycle, the pillars begin to deform as the structural evolution continues.  This 

deformation results from the lattice rearrangements which occur on hydrogen absorption and 

desorption. 

 
Figure 4-10: SEM images showing initial stages of structural evolution.  Cycles shown are 1, 2, 3, 4, 7, and 10.  

All images were obtained at 5000X magnification with. 

The initial pillars are on the order of 0.5-5 µm in diameter and, by cycle 10, they cover the entire 

surface of the bulk particles.  As cycling continues, they continue to grow from the surface as the 

bulk material is transformed entirely into the branching, ligamented structure observed by cycle 

50.  For the remainder of this report, this will be referred to as the “activated structure” 

Between cycles 10 and 50, the particles continue to grow in length, but do not appear to grow in 

diameter.  This is consistent with c-direction growth being preferred.  As the particles break up 

and entangle, it is difficult to measure their lengths, but many appear to be continuous in the 10’s 

of µm.  Individual particles do not exceed 5 µm in diameter by cycle 50. 

A sample of the material following cycle 10 was analyzed by FIB/SEM-EDX.  It clearly shows 

the porosity created at the surface while the Mg structures grow from the bulk material.  Figure 

4-11 shows the milled region for this analysis.  Figure 4-12 shows SEM-EDX maps for a 
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zoomed in sub-region of the milled area which confirms that there is carbon present within the 

porous structure.  Figure 4-13 shows the locations for a set of quantitative EDX measurements 

and Table 4-1 gives the elemental composition for said measurements.  These results indicate 

accumulated carbon within the pore structure as well as oxygen.  The oxygen is most likely in 

the form of MgO, and most likely results from air exposure during sampling and 

characterization.  This indicates that at this point in the evolution, the structure is sufficiently 

porous for oxygen to easily migrate between the growing pillars/ligaments. 

 
Figure 4-11: FIB-milled region of Mg-5C material after 10 cycles.  Image shown at 1500X magnification. 

 
Figure 4-12: SEM-EDX for a sub-region of the milled area.  Image and maps shown at 5000X Magnification. 
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Figure 4-13: Location of the EDX spectra.  Spectrum 1 is close to 

the particle surface, and Spectrum 8 is deeper into the particle. 

 

Table 4-1: EDX analysis results for Mg-5C material following 10 cycles. 

Location Elements Detected (at. %) 

C O Mg 

Spectrum 1 18.7 32.6 48.7 

Spectrum 2 18.5 30.9 50.7 

Spectrum 3 14.1 31.9 54.0 

Spectrum 4 17.0 33.9 49.1 

Spectrum 5 18.9 32.4 48.7 

Spectrum 6 17.5 33.7 48.8 

Spectrum 7 18.8 30.0 51.2 

Spectrum 8 17.4 28.6 54.0 

4.4 Mid Cycles (50-200) 

The evolution during the mid-range cycles was significantly less dramatic than what was 

observed during the early cycles.  Absorptions and desorptions from this range in the previous 

study are shown in Figure 4-14 A) and B) respectively.  During these cycles, the capacity of the 

material is effectively unchanged, however the absorption and desorption rates rate begin to 

decline. 
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Figure 4-14: Mid-range A) absorption and B) desorption curves obtained from the previous study. 
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Figure 4-15 shows the SEM images obtained for sampling points from these cycles.  These 

cycles show a slight increase in individual particle size.  The ligaments of the activated structure 

had typical diameters between 2-5 µm by cycle 50.  By cycle 100, typical diameters ranged 

between 2-10 µm, and by cycle 200 they were between 5-10 µm.  After 50 cycles, particles 

began to form agglomerates comprised of sintered ligaments and between 100 and 200 cycles, 

these ranged from 50-1000 µm across. 

 
Figure 4-15: SEM images showing the structural evolution of the Mg-5C particles over the mid-range cycles.  

Cycles shown are 50, 100, and 200.  All images were obtained at 500X magnification. 

XRD patterns from this cycle range do not show significant changes regarding phases present.  

The FWHM appears to reach a maximum around cycle 50, and then begins to slowly decrease.  

(See Figure 4-16)  Due to the small amount of material available and the nature of the air-

sensitive sample holder, the XRD data must be treated with a fair amount of skepticism.  That 

said, the material does appear to maintain at least some nanocrystallinity throughout the 

experiment.  Consider the TEM BF image and SAD pattern obtained for the 200 cycle specimen 

shown in Figure 4-17. 

 
Figure 4-16: XRD FWHM vs cycle number for cycles 0, 10, 50, 500, and 1000. 
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Figure 4-17: TEM BF image and associated SAD pattern obtained from the cycle 200 specimen. 

4.5 Late Cycles (200+) 

The late cycle data shows a continuing, slow decline in performance.  Figure 4-18 A) and B) 

shows the late-cycle absorption and desorption performance from the present study respectively.  

The absorption and desorption rates both decline between cycles 200 and 1000, and the hydrogen 

capacity appears to decline as well. 
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Figure 4-18: Late A) absorption and B) desorption curves obtained from the present study. 
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To interpret the late cycling data obtained in this study, it is helpful to consider the “complete” 

desorptions.  Cycling was performed in batches, at the end of which there was often a delay 

before the next batch was initiated by the operator.  This often allowed the final desorption in 

each batch additional desorption time to allow for more complete desorption to occur.  The 

batches were based solely around operator availability and, as such, there was no periodicity to 

the cycle numbers which met this criteria. 

Figure 4-19 shows the calculated wt. % H2 desorbed during each “complete” desorption from 

cycles 312-1000.  The hydrogen capacity shows a slow decline between cycles 312 and 1000.  It 

is worth noting that the additional decline observed between cycles 725 and 917 is artificially 

exaggerated by the experiment.  This will be discussed in greater detail in Section 5.4. 

 
Figure 4-19: "Complete" desorptions calculated for the present study for cycles >300. 

The morphological evolution across the late cycles shows the slow increase in both particle and 

agglomerate size.  SEM images from the later sampling points are shown in Figure 4-20.  By 

cycle 300, typical ligament diameters are around 10 µm.  By cycle 500, they range between 10-
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20 µm, and by cycle 1000 they increase to 20-50 µm.  Typical agglomerate sizes at cycle 300 

range between 50-600 µm, and by cycle 1000 they range between 100-1000 µm.  The 

agglomerate sizes are generally increasing with cycle count beginning around cycle 50. 

 
Figure 4-20: SEM images showing the structural evolution of the Mg-5C particles over the late cycles.  Cycles 

shown are 300, 500, and 1000.  All images were obtained at 500X magnification. 

There was one new morphology observed at cycle 1000, the appearance of new growths on the 

order of 5-10 µm in diameter.  This is shown in Figure 4-21 at 5000X magnification.  Unlike the 

growth observed in the early cycles, there is no major distortion in the corresponding XRD data.  

In fact, the XRD pattern for cycle 1000 (shown in Figure 4-22) very closely matches the 

database pattern for a randomly oriented powder of elemental Mg. 

 
Figure 4-21: SEM image showing the structure observed for cycles 

1000.  Images shown at 5000X magnification with 10 µm scale bar. 
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Figure 4-22: XRD pattern of the Mg-5C material following Cycle 1000. 

Unfortunately, TEM data was not successfully obtained for any samples beyond cycle 200.  

However, a sample of the material at 1000 cycles was analyzed by FIB/SEM-EDX.  The porosity 

observed at cycle 10 has disappeared.  EDX results from the milled region indicate that a dense 

structure forms on particle growth containing carbon nearly identical to the initial composition of 

the material (5 wt. % C in Mg is approximately equivalent to 9.6 at. % C in Mg).  The carbon 

content still appears to be slightly elevated at the surface, but this is less pronounced than at 

cycle 10.  Further, the oxygen detected within the milled region is nearly zero.  Figure 4-23 

shows the milled region for this analysis.  Figure 4-24 shows the locations for the EDX 

measurements and Table 4-2 gives the elemental composition for each spectrum.  The 

uncertainty in these data is unclear, but given the nature of the analysis, it is likely that the result 

for Spectrum 1 is statistically different from Spectra 2-8, with the results for Spectra 2-8 not 

statistically different from one another.  The most useful application of this data is the 

comparison between the material at cycles 10 and 1000.  Specifically, between the images in 

Figure 4-11 and Figure 4-23 and the elemental analysis data in Table 4-1and Table 4-2. 
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Figure 4-23: FIB-milled region of Mg-5C material after 1000 cycles. 

 
Figure 4-24: Location of the EDX spectra.  Spectrum 1 is very close to the 

particle surface, and Spectrum 8 is deeper into the particle. 

Table 4-2: EDX analysis results for Mg-5C material following 1000 cycles. 

Location Elements Detected (at. %) 

C O Mg 

Spectrum 1 14.7 2.0 83.3 

Spectrum 2 9.0 0.8 90.2 

Spectrum 3 9.4 1.1 89.6 

Spectrum 4 9.1 0.9 90.0 

Spectrum 5 9.4 0.9 89.6 

Spectrum 6 10.0 0.4 89.6 

Spectrum 7 9.9 0.4 89.6 

Spectrum 8 8.9 1.0 90.2 
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Chapter 5 

Discussion 

5.1 Air Exposure Effect on Data 

As was mentioned in Section 4.1, the data obtained in the present study has been supplemented 

with data from previous experimental work at CNL: the previous study.  This was done to show 

a more realistic progression of material performance with cycling. 

In the present study, the material at each sampling point was exposed to a small amount of air.  

This may have occurred during some or all of the following steps: mounting/dismounting the 

reactor, transferring the reactor into/out of the glovebox, or even inside the glovebox itself.  

While the atmosphere in the glovebox is <0.1 ppm each of O2 and H2O, the trace oxygen and 

water vapour can still react with the magnesium in the test material.  This is exacerbated by any 

residual MgH2 which remains in the sample following desorption.  MgH2 reacts more readily 

with oxygen and water than elemental Mg.[1]  This results in significant distortion of the cycling 

data obtained in the present study as it partially deactivates the material by creating some fresh 

oxygen-containing surface species, namely MgO and Mg(OH)2. 

It has been shown previously that air-exposure drastically impacts the performance of Mg-based 

hydrogen storage materials.[2]  The same author also showed that the performance of the material 

was at least partially recoverable, but that several hydrogen absorption/desorption cycles are 

required to do so.  In Figure 5-1 below, de Rango et al. demonstrates both the effect of, and 

recovery from, air exposure on the hydrogen absorption of their material. 
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Figure 5-1: Taken from Fig. 8 in Ref. [2]: Absorption traces successively 

recorded on a damaged specimen (MgH2 + 5 at.% V). The outgassed 

powder has been exposed to an air atmosphere at 300 °C for 10 min.) 

 

In the previous study at CNL, 1 g of Mg-5C from the same batch of material as the present study 

was cycled continuously to over 150 cycles.  This was done using the same experimental system 

and conditions.  To better illustrate the effect of repeater air exposures, a comparison of the first 

50 cycles from the present and previous studies are shown below in Figure 5-2 A) and B) 

respectively.  In the second cycle, the material in the present study absorbs just over 2 wt. % H2 

while the material in the previous study absorbs 4 wt. % H2.  In the third cycle, these values are 

roughly 3 and 6 wt. % H2 respectively.  By the fourth cycle, the material in the previous study 

absorbs more than 6 wt. % H2 and continues to do so for the remaining cycles, while the material 

in the present study remains limited to around 3 wt. % H2. 

It is clear from this comparison that the air exposure effect significantly skews the cycling data 

obtained from the present study, especially in the early portions of the experiment where the 

number of cycles between sampling points was small. 
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Figure 5-2: Cycling overviews from A) the present study and B) the previous study covering the early cycles 

(1-50).  The first 60 minutes of each absorption and desorption are shown. 

In a sense, each time the material in the present study was exposed to air, the activation 

processes needed to be redone.  New oxygen-containing surface species needed to be cracked to 

expose more magnesium surface area for hydriding. 

Data obtained from the previous study gives a realistic sense of the performative progression of 

the material utilized in the present study.  All other characterization data presented herein was 

obtained from the present study. 

5.2 Initial Structure 

The initial structure is typical for similar compositions produced by HEBM.  The striated internal 

structure is clearly observable in the SEM-EDX image shown in Figure 4-2.  It was observed 

that when milling only Mg powder under these conditions, a powder could not be obtained as the 
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rate of cold welding was greater than the rate of fracturing in the mill.  It is believed that the 

carbon functions as a milling aid, reducing the rate of cold welding by coating the fresh Mg 

surface area as it forms and impeding direct contact of adjacent Mg particles.  Rud et al. 

observed this with various carbon nanomaterials (CNM).[3]  In describing the effect, the authors 

referred to the CNM as an “anti-sticking agent”. 

While the Mg-5C material does eventually form a solid piece on initial milling, the presence of 

carbon trapped within the pores and voids between Mg layers allows the material to readily 

comminute to a powder when subjected to a brief final step of milling at higher speeds.  This is 

consistent with the observations of carbon by STEM-EDX shown in Figure 4-4, in which carbon 

is found in small islands within the specimen thickness. 

The intensity of the (002) reflection observed by XRD can be explained by considering that the 

basal plane is close-packed in the HCP Mg crystal structure and slip occurs most readily in the 

close-packed ‘a’ or <110> directions.[4][5]  Under the aggressive conditions of ball milling, Mg 

particles are flattened into striations.  Since slip occurs in the basal plane more easily than other 

crystallographic directions, particles are easily deformed to expose additional basal plane surface 

area.  The final powder particles are platelets with a tendency to have basal planes parallel to the 

platelet surface.  Since these platelets tend to lay flat in the XRD specimen holder, there is an 

increased probability of finding basal plane reflections in the XRD pattern. 

The nanocrystallinity induced in the material by HEBM, as evidenced by TEM selected area 

electron diffraction (SAED) patterns, is a key feature of ball milled Mg materials.  The increased 

grain boundary area creates a high-diffusivity pathway for hydrogen to permeate the material 

once the surface oxide/hydroxide layer is disrupted during activation.  And an increased number 
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of triple points creates preferential sites for hydrogen atom accumulation within Mg particles.  

This allows ball milled Mg-based hydrogen storage materials to activate much faster than those 

prepared by other means which do not constitute severe plastic deformation.  This effect is 

explained by Varin et al. in their book: Nanomaterials for Solid State Hydrogen Storage.[6] 

5.3 First Stage of Structural Evolution: Activation 

The first stage of structural evolution is activation of the as-milled material.  During activation 

the material evolves from the initial structure to the activated structure: the branching, 

ligamented structure shown in the Figure 4-7.  In the present study, this transformation occurred 

over the first approximately 50 hydrogen absorption/desorption cycles.  The performative 

changes in the material over this time are the increase in hydrogen capacity and hydrogen 

sorption kinetics.  The capacity increases very quickly at first, then continues to increase more 

slowly for the remainder of the activation process.  The absorption and desorption kinetics also 

increase very quickly within the first five cycles but then remain fairly stable over the remaining 

activation cycles.  That being said, the desorption kinetics decline very slightly toward the end of 

activation. 

The increase in hydrogen capacity is explained using the SEM results shown in (Figure 4-7).  As 

more of the bulk material is converted to the activated structure, the amount of elemental Mg 

which is inaccessible to hydrogen ingress during the cycle time is reduced, an effect which is 

most pronounced on earlier cycles.  The slight decline in desorption kinetics is likely due to the 

onset of grain growth and densification for activated particles which have already broken away 

from the bulk material. In other words, the outermost surfaces of the bulk material are the first to 
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become activated, and they move onto the second stage of structural evolution (Section 5.4) 

while the remaining material is still undergoing activation. 

In the literature, the activation process is used to describe the early performative changes in 

SSHS materials in terms of the functionality of the material.[7]  This can be considered functional 

activation, where the amount of material which is rendered readily accessible for hydrogen 

ingress and egress becomes such that the material becomes functionally useful for practical 

applications.  It generally refers to the first handful of cycles – as few as one cycle in very high 

pressure activation processes or high energy reactive ball milling (HRBM) – where the native 

oxygen-containing surface impurities, namely MgO and Mg(OH)2, are cracked by the lattice 

expansion of Mg on conversion to MgH2, and fresh Mg surface area is exposed. 

The material studied herein agrees well this typical explanation for activation.  Consider the 

absorption and desorption behaviour of the first few cycles in the previous study at CNL 

(Figure 4-6).  By the fourth cycle, the material was able to store and release roughly 6 wt. % H2 

within 30 minutes, rendering it functional for typical applications.[8]  However, while this 

definition of activation has practical utility, it is clear from the observations that the first stage of 

structural evolution is not finished by the time that the functional activation is complete. 

To that end, it is also useful to consider morphological activation.  Over the first 50 cycles, the 

material underwent significant morphological change as the as-milled material was reduced to a 

fine powder composed of the activated structure. 

The characterization data obtained for the first 50 cycles in the present study allows for the 

elucidation of the morphological activation process in greater detail.  Consider the following. 
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In the series of SEM images shown in Figure 4-10, hexagonal faceted pillars are observed 

growing from the bulk material and, from their geometry, it is assumed that they grow in the 

[0002], or ‘c’ crystallographic direction.  This assumption seems reasonable given the orientation 

relationships described in Section 2.5.2.  The presence of a low-mismatch relationship from the 

MgH2 (101) plane to the Mg (002) would allow for the growth of basal plane surface area 

preferentially over other possible orientations. 

The early observation (cycle 1 in Figure 4-10) looks very similar to the “multiple ‘nucleation 

and growth’ model for bulk MgH2 grains” proposed by Nogita et al. based on their HVTEM 

observations.[9]  See Figure 5-3.  For additional information, see Section 2.5.2. 

 
Figure 5-3: (Left) Adapted from Fig. 4 in Ref. [9] showing the modified multiple nucleation and growth model 

proposed by Nogita et al. for bulk MgH2. (Right) SEM image from the present study following the first 

hydrogen desorption. 

A key requirement for this proposed mechanism is the presence of pre-existing Mg grains within 

the MgH2 structure, removing nucleation as a prerequisite for this mechanism to occur.  In the 

same paper, the authors show a TEM image of their material which they call “nominally fully 

hydrided”, but clearly identifying the presence of such Mg grains.  This is shown in Figure 5-4. 
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Figure 5-4: Fig. 1 from Ref. [9] showing (Left) the presence of nanoscale Mg grains within the bulk MgH2 of 

their "fully hydrided" material and (Right) the SAD analysis used to confirm the identity of the grains. 

It is reasonable to assume that the hydrided material in the present study also contains grains of 

elemental Mg which could act as nuclei for the dehydriding process.  Nogita et al. found this to 

be the case at temperatures as high as 455 °C (the highest temperature in their study).[9] 

There are a number of reasons why a hydrogen absorption might not go to completion.  There is 

some evidence for a size effect.  As shrinking Mg grains become very small, they could form 

very stable structures which are not readily transformed into MgH2 as discussed in Section 2.3.  

The more likely causes relate to diffusion limitations and stress effects, both of which result from 

the core-shell structure which can form on hydride formation.  As the MgH2 shell thickens 

around a Mg core, the diffusion path for hydrogen to reach available Mg becomes longer and, 

due to the slow diffusion of hydrogen through MgH2, the rate of hydride formation decreases.  If 

the time required to transform the remaining Mg to MgH2 exceeds the remaining absorption 

time, then the absorption will not go to completion.  This effect can be mitigated by nanosizing 

the Mg grains, but even still there is a stress effect.  As the MgH2 shell thickens, lattice 
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expansion applies an increasing stress on the Mg core.  At some point, the inward stress from the 

MgH2 will limit the ability for the remaining Mg in the core to undergo the lattice expansion 

required to form additional MgH2.  In short, it is virtually impossible to achieve 100% 

conversion of Mg to MgH2. 

Returning to the discussion on morphological activation, the pillars quickly cover the entire 

surface of the bulk particles.  In doing so, they impinge on one another and deform due to the 

repeated lattice rearrangements.  The images from Figure 4-11 through Figure 4-13 and the data 

presented in Table 4-1 show the FIB/SEM-EDX results obtained for the Mg-5C material 

following 10 cycles.  From this information it can be deduced that the pillars grow roughly 

normal to the surface plane, and are largely kept from agglomeration by the carbon segregated to 

interfacial regions.  This results in a highly porous structure with significant gas-permeable 

surface area, as evidenced by the oxygen content present within the milled region.  The surface 

porosity must be large enough to readily allow oxygen ingress during sampling. 

As cycling continues, the pillars continue to grow from the particle surface as the bulk material is 

slowly transformed entirely into the activated structure.  Each cycle results in a lattice expansion 

and contraction of approximately 30%, which imparts significant stress on the material.  Another 

observation made by Nogita et al. was that the lattice strain would be accommodated by 

deformation rather than by the formation of voids or pores.[9]  This helps with the interpretation 

the FIB/SEM-EDX results for both cycle 10, and cycle 1000. 

It is also known that the hydride phase (α-MgH2) is brittle, and fractures easily[10].  This is the 

most likely cause for the reduction of material to a powder regardless of initial shape.  This 

phenomenon has been observed previously at CNL using the same material which was then 
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pelletized.  After cycling (>200 cycles), the material was found to have been entirely reduced to 

powder.  With these results, it can be shown that the material grows a high-aspect-ratio shape 

which easily breaks on cycling to give the ligamented particles observed by cycle 50. 

Another means of tracking the evolution of the particles during morphological evolution is by 

considering the peak area ratios for the Mg (100) and (002) peaks in XRD analysis.  Note that 

the more prominent (101) peak is not used for this analysis because that position in 2θ could 

overlap with the (111) reflection from any MgO present. 

Plotting the (100)/(002) integrated peak area ratio with respect to cycle count gives the plot 

shown in Figure 5-5.  In this figure, the blue dots show the peak intensity ratio for a given cycle.  

The red dot shows the measured ratio for the as-milled material (0.27), which shows that the 

milling process induces some crystallographic texture in the material, but not with the same 

intensity as the initial hydriding process.  The horizontal dashed line indicates the ratio found for 

magnesium as per the crystallography open database (0.91) and the vertical dotted line indicates 

cycle 50. 

 
Figure 5-5: Integrated peak area ratio vs. cycle number for the prismatic (100) and basal (002) Mg planes. 
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After just one cycle, when the surface is observed to be covered with many short, faceted Mg 

growths, the (100)/(002) ratio is the lowest observed (0.05).  This confirms a strong preference 

for reflections from the basal plane.  Further, recalling the XRD pattern for cycle 1 shown in 

Figure 4-9, the basal plane reflection even has greater intensity than the normally-dominant first 

order pyramidal plane reflection.   

It can be seen that over the course of the first 50 cycles that the fraction of the material having 

the [0002] direction normal to the bulk surface is decreasing until it is approximately equal to the 

value expected for a randomly oriented Mg powder.  This results from the somewhat chaotic 

growth of the pillars from the bulk particle.  As the pillars grow, they become crowded and 

misaligned, so the fraction of ‘top’ surface parallel with the bulk particle decreases.  Further, 

MgH2 is brittle and the lattice strain on cycling is more than sufficient to comminute the 

material.[11]  As more of the material completes morphological activation, the apparent 

crystallographic texture disappears. 

At this point, morphological activation is complete and with it, the first stage of structural 

evolution. 

The activated material is able to reversibly store 6.3 wt. % H2.  While this is only 87% of the 

theoretical hydrogen capacity of the Mg-5C material, it is consistent with results for similar 

materials reported by Wu et al. (MgH2 with 5 wt. % of a carbonaceous additive) which all 

achieved between 6.2-6.7 wt. % H2 at 300 °C.[12]  Similar results have been reported by other 

authors[13] and, as discussed earlier in this section, there are a number of reasons why 100 % 

hydride formation is not anticipated.  Higher capacities, close to theoretical, have been achieved, 

but only using HRBM to create the hydride in situ.[14] 
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5.4 Second Stage of Structural Evolution: Evolution of the Activated Structure 

In general terms, the first and second stages of structural evolution are delineated in this report at 

cycle 50.  Though, as was eluded to in the previous section, once a ligamented particle breaks 

away from the bulk material, the particle is said to be activated and is then free to begin the 

second stage of structural evolution.  In this stage, the particles undergo grain growth and 

densification through sintering.  This proceeds significantly slower than the first stage, and with 

less dramatic results.  As there was no clear delineation between the structure of the material 

over the mid and late cycles, both are taken together to contain the second stage of structural 

evolution. 

Once activated, the hydrogen sorption kinetics of the material slowly decline.  At cycle 200, the 

material is able to absorb 6 wt. % H2 in 18.5 minutes and desorb 5 wt. % H2 in 29 minutes.  At 

cycle 600, the material is able to absorb 6 wt. % H2 in 27.5 minutes and desorb 5 wt. % H2 in 

~35 minutes.  And at cycle 1000, the material is able to absorb 6 wt. % H2 in 44.5 minutes and 

desorb 5 wt. % H2 in 43 minutes.  This is the direct result of changes to the material morphology. 

Particle growth appears to be limited to length until around cycle 200 and it is assumed that the 

preferential c-directional growth continues to that point.  Particle length is difficult to measure 

due to the nature of the samples, but they appear to have very high aspect ratios.  The ligaments 

are brittle when hydrided, so they continue to grow and break into smaller particles.  The 

particles eventually entangle, resulting in a highly porous structure with a small apparent density 

which becomes set by agglomeration.  The particles grow in all directions once they are 

constrained by agglomeration. 
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At cycle 200, particles were observed with typical diameters ranging from 5-10 µm and 

agglomerates comprised of sintered ligaments ranging from 50-400 µm across.  At cycle 500, 

particles were observed with typical diameters ranging from 10-20 µm and agglomerates ranging 

from 50-1000 µm across.  And at cycle 1000, particles were observed with typical diameters 

ranging from 20-50 µm and agglomerates ranging from 100-1000 µm across with some observed 

well above 1000 µm. 

Agglomeration occurs by a sintering process.  Sintering can occur whenever two solid particles 

of the same material are in contact with one another at elevated temperature (generally exceeding 

0.65 of the melting temperature).  The adjacent particles fuse together driven by the reduction of 

particle surface area.  Sintering begins with the formation of necks along the contact interfaces 

between adjacent particles.  The contact interfaces become grain boundaries in the coalesced 

particles and the remaining intervening spaces become pores.  The pores shrink as atoms diffuse 

from the bulk of the original particles into the neck regions.  The process eventually leads to the 

densification of the material as surface energy is minimized.[15] 

Sintering can occur at any point where adjacent Mg particles contact one another without an 

intervening carbon layer.  Sintering is also affected by grain misorientation.  In a recent atomistic 

study using molecular dynamics simulations, Sestito et al. found that adjacent particles which 

would form higher energy grain boundaries, would form more quickly and result in greater 

densification.[16]  Additionally, as sintering typically requires temperatures exceeding 0.65 Tm, 

which for Mg is 422.5 °C, this is most likely to occur at the onset of hydrogen absorption, when 

significant heat is released from the formation of MgH2.  All of these factors effectively limit the 

rate of particle agglomeration, leading to the cycling longevity observed in this study.  Though 
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sintering still does occur with some statistical likelihood which results in the increase in 

agglomerate size with increasing cycles. 

A feature of sintering is that it results in structures which approach 100% of their theoretical 

density.[15]  This occurs via grain growth as atoms move from one grain to another, removing 

interfacial boundaries to decrease surface energy.  This is hinted at by the decreasing FWHM 

observed by XRD after cycle 50.  This is the slowest part of the sintering process.[15]  The 

FIB/SEM-EDX data for cycle 1000 shown in Figure 4-23, Figure 4-24, and Table 4-2 makes 

the particle densification very clear.  The lack of oxygen detected in the milled region suggests 

that the particles are dense enough that on short term air exposures such as on sampling and 

characterization, atmospheric oxygen does not have time to diffuse far into the material to form 

internal oxides. 

With increased particle size and density, comes declining hydrogen sorption kinetics.  The 

consensus is that this results from the diffusion limitation of hydrogen through the MgH2 

phase.[9]  On hydride formation, the formation of MgH2 at the surface of each particle will, at 

some point, create a core-shell structure.  On hydride decomposition, even with the multiple 

nucleation and growth model, only Mg nuclei near the particle surface can act as low-energy 

growth sites.  So as particles become larger, hydrogen diffusion distances to participate in the 

sorption reactions increases, resulting in increased sorption times. 

The kinetic limitation manifests as an apparent loss of hydrogen capacity on cycling.  While, 

technically, only Mg which is transformed into stable MgO actually represents lost hydrogen 

storage capacity, for practical purposes, the declining hydrogen sorption kinetics limit the 

amount of hydrogen available for use. 
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As the absorption and desorption kinetics decline, some cycles do not quite go to completion.  

On absorption, this means a smaller fraction of the Mg is converted into MgH2.  On desorption, 

this results in a cumulative storage of residual MgH2 in the material.  Both of these effects 

depress the apparent hydrogen capacity. 

Once again it helps to consider the graph of “complete” desorptions shown in Figure 5-6; this is 

the same graph that was shown in Figure 4-19, but with the addition of the black line which 

shows the time each desorption was allowed to proceed in hours. 

 
Figure 5-6: "Complete” desorptions calculated for the present study for cycles >300 with the addition of 

desorption time for each cycle. 

Recall that when cycles at the end of a batch are allowed to desorb longer than the programmed 

cycle time, the measured hydrogen desorption amount better reflects the true capacity of the 

material at that stage.  A long desorption cannot correct for an incomplete absorption, but it can 

correct for accumulated residual MgH2 in the material.  While this data presentation gives a 

better representation of the hydrogen capacity, it still requires some additional explanation. 
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Between cycles 330 and 1000, the hydrogen capacity experienced a slow decline from 6.3 wt. % 

to 5.5  wt. %, a loss of 12.7%.  However, the value calculated for cycle 917 is only 4.7  wt. %, 

which would represent nearly double the capacity loss (25.4%).  The majority of the cycles 

between cycles 331 and 917 were automated to run 30 minutes absorption and 50 minutes 

desorption.  This was clearly not enough time given the steady decline in apparent hydrogen 

capacity observed for this interval and the recovery observed after cycle 917 when the cycles 

were increased to 45 minutes absorption and 65 minutes desorption.  The longer cycle times and 

the especially long (10.5 hours) desorption for cycle 999 makes the capacity measurements at 

cycles 999 and 1000 particularly reliable.  It is also worth noting that the kinetic capacity 

limiting effect is not prominent until after cycle 500.  This seems reasonable given that 

densification is the latest and slowest stage of sintering, so it should require many cycles for the 

impact of densification to become significant.  The very long desorption at cycle 500 does not 

result in larger calculated capacity than the cycles leading up to it, so the storage of residual 

MgH2 in the material had not yet become significant by that point. 

To recap, the second stage of structural evolution involves the combination of the activated 

structure by sintering to form agglomerates.  As the sintering process continues, densification 

occurs which results in kinetic limitations for hydrogen sorption.  Over extended cycling, the 

decline in sorption reaction kinetics negatively impacts the practical usefulness of the material.  

This study was concluded after 1000 cycles, as it was determined that no critical failure would be 

observed and significant instrument time would be required to achieve poor enough performance 

to render the material no longer viable. 
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5.5 Final Observed Structure 

The final observations of the Mg-5C material following 1000 hydrogen storage cycles show 

large agglomerates over 100 µm across, with some well exceeding 1 mm, composed of sintered 

particles of the branching, ligamented structure which resulted from morphological activation.  

Individual ligaments had typical diameters ranging from 20-50 µm and a high aspect ratio.  This 

material was able to store and release more than 5.5 wt. % H2 within 45 minutes at 330 °C.  The 

material had maintained nearly 88 % of its peak hydrogen capacity, despite the reduction in 

surface area. 

The material does present a hypothetical means of self-correction after 1000 cycles.  Consider 

the SEM image shown in Figure 4-21.  The growth observed here is reminiscent of the initial 

growth observed during early morphological activation.  This may indicate that once particles 

grow beyond some critical size, new pillars can grow from them in gaps in the surface carbon.  

This new surface area could eventually result in improved performance, though there is no 

concrete evidence to support this as of yet. 

What may be more feasible is the recovery of the material by reprocessing.  From Table 4-2, it is 

apparent that the material has retained its internal carbon content.  While any Mg which has been 

lost to oxidation would be impractical to recover, the remainder of the material should be able to 

repeat the HEBM process, effectively returning the material to the as-milled state.  This may 

prove to be a cost-effective means of recycling the material, and with adequate protection from 

atmospheric oxygen and water vapour, the losses due to MgO formation should be minimal. 

As for practical applications, it is unlikely that the Mg/MgH2 system will ever be suitable for use 

in light-duty fuel cell vehicle applications.  It could meet the US DOE lifetime target of 1500 
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cycles, but not likely the 6.5 wt.% gravimetric hydrogen capacity target, and it will certainly not 

meet the 85 °C delivery temperature target.[17]  There are, however, applications where the 

system parameters are well suited to the Mg/MgH2 system.  Co-generation by electrolysis of 

water to produce hydrogen tied to a nuclear power generating station could make use of waste 

heat from the reactor to overcome the energy barrier to form MgH2.
[18]  Similarly, hydrogen 

produced by thermochemical processes such as the sulfur-iodide, or copper-chloride 

thermochemical cycles could be stored as MgH2 utilizing waste heat from those processes.[18]  A 

potential end-use application could be the solid oxide fuel cell, which operates well above the 

330 °C required by this Mg-5C material for optimal hydrogen release.[19] 

All of these applications are aimed at overcoming the temperature requirement for MgH2 

formation and decomposition.  The energy required to decompose MgH2 is roughly equivalent to 

one third of the energy value of the hydrogen which is released.[20]  As such, any mitigation of 

the thermal energy requirements will result in a significant boost to the economic viability of a 

system utilizing this material.  Applications which allow for slower hydrogen absorption could 

also help to mitigate the effects of the exothermic hydride formation reaction. 

Another avenue for managing the heat requirements would be a system which is expected to 

charge and discharge frequently.  Such a system could take advantage of a secondary short-term 

thermal energy storage system such as a phase-change material to reduce the economic impact of 

the heat requirement.[9][21]  By recovering much of the heat generated on absorption and using it 

to drive desorption, the economic viability of such a system would be improved. 

A final word on the results from the present study.  There was a natural trade-off between having 

sufficient sampling points to create a complete picture of the structural evolution and limiting 
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opportunities for air exposure.  The results presented herein have been valuable for elucidating 

the structural evolution and for informing future work.  However, due to the sampling effect on 

the data, it is likely that the performance data are conservative in nature.  A real system utilizing 

the same material, with adequate protection from air ingress should see better performance in 

terms of kinetics and hydrogen capacity than those presented here.  Therefore, given that only 

12 % loss in hydrogen storage capacity was observed after 1000 cycles in this study, there is 

some promise for some application of Mg-C for SSHS in the foreseeable future.  Furthermore, 

even with minor oxygen exposure, results of the present work were successful at relating the 

morphological evolution to hydrogen capacity in the Mg-C composite material. 
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Chapter 6 

Conclusions & Future Work 

6.1 Conclusions 

It has been observed in the present study that the structure of Mg-5C evolves in two main stages.  

The first stage comprises the material activation, through which the material undergoes a 

significant and rapid transformation to a highly porous, branching, ligamented structure which is 

denoted the “activated structure”.  The resulting material is capable of reversibly storing between 

6-7 wt. % H2 with hydrogen sorption kinetics suitable for commercial use.  Once the initial 

material has been converted to this new structure, the material enters the second stage which 

comprises agglomeration and densification via sintering.  This proceeds slowly over a large 

number of cycles, and results in the slow decline in hydrogen storage performance.  In the case 

of this specific material, the decline in performance is such that the material will have a useful 

lifetime exceeding 1000 cycles, suitable for most commercial applications.  As such, it is 

concluded that nanostructured carbon powder is an ideal additive to produce a commercially 

viable, high-capacity, Mg-based SSHS material. 

The carbon in the material performs three main functions which benefit the Mg-5C material.  

Firstly, it acts as a milling aid, allowing the proportion of material fracturing to exceed that of 

cold welding under HEBM conditions.  This makes it possible to obtain a powder sample from 

the ball mill.  Secondly, it provides a thermally conductive path for heat to move into and out of 

the material.  This effect has been shown to be more pronounced with highly graphitic carbons, 

but the carbon powder provided by CNL is still able to improve the thermal conductivity of 
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Mg/MgH2.  Finally, it acts as a sort of lubricant, slowing the sintering process which leads to 

particle agglomeration. 

Based on the results of this study, the author proposes the expansion of the current understanding 

of the “activation” process in Mg-based SSHS materials.  Specifically, the author proposes the 

delineation of the concept to include both “functional” and “morphological” activation. 

Functional activation is the activation process as it is currently understood in the literature.  The 

native oxygen-containing surface impurities, namely MgO and Mg(OH)2, are disrupted by lattice 

expansion of Mg on conversion to MgH2, and fresh Mg surface area is exposed.  During the first 

handful of cycles – as few as one cycle in very high pressure activation processes or HRBM – 

the amount of material which is functionally accessible for hydrogen ingress and egress becomes 

such that the material becomes suitable for use.  Once functional activation is complete, the 

material exhibits suitable performance for end-use applications. 

During the first stage of structural evolution, the material also undergoes morphological 

activation.  This process is not as fast as functional activation – requiring upwards of 50 cycles to 

complete in the present study – but is still rapid compared to the second stage of structural 

evolution.  Regardless of the initial morphology, the Mg left behind on successive hydrogen 

desorptions undergoes c-directional growth from the base structure.  This growth results in 

pillars of material which eventually break away from the bulk to become the activated structure.  

Morphological activation continues until all of the initial particle geometry has been transformed 

into the activated structure, at which point the first stage of structural evolution is complete. 

Activated particles which have broken away from the base structure enter the second stage of 

structural evolution.  During this stage, the particles continue to grow and break apart on 
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successive cycles, however, wherever adjacent Mg particles impinge on one another without any 

intervening carbon, the particles can sinter to form agglomerates.  Carbon powder appears to 

reduce the rate of agglomeration, but does not completely prevent the process from occurring.  

Particles also grow in diameter during the late stage of sintering and produce a highly dense Mg 

structure.  Large sintered agglomerates of densified Mg result in a more pronounced diffusion 

limitation impacting both absorption and desorption kinetics.  This results from well-established 

core-shell formation of MgH2 which slows hydrogen migration through the material.  In short, 

the major cause of late-cycle performance decline appears to be densification of the Mg particles. 

The hydrogen capacity is effectively limited at end-of-life by the declining hydrogen sorption 

kinetics.  At some point, based on the application, the material will lose commercial viability.  

However, useful lifetimes in excess of 1000 cycles are anticipated; at cycle 1000, the material in 

the present study retained 88% of its peak hydrogen capacity. 

Further, the material is expected to be recyclable by reprocessing.  While any MgO formed in the 

material will be fixed for all practical purposes, in a real-world system, oxide formation will be 

minimal as the material will always be under some pressure of pure hydrogen gas; a strongly 

reducing environment which will help to protect the material from oxidation.  The kinetics of the 

Mg/MgH2 could be recovered by severe plastic deformation such as HEBM, effectively 

returning the material to the as-milled state. 

While the number of cycles required for each stage likely differs from those observed in this 

study, and the author acknowledges that the observations described herein are only shown for a 

composite system of magnesium and nanostructured carbon powder, it is believed that these 
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observations regarding structural evolution are generally transferrable to all Mg-C composite 

SSHS materials where Mg does not participate in an alloy or other secondary reaction. 

6.2 Future Work 

Future work with this area should be focused on: 

1) Additional cycling to achieve even higher cycle counts.  Continuation of the present 

study could take one of two directions.  The material could be cycled further, ideally to 

failure, so the microstructure can be characterized at that point.  Alternatively the 

material could be reprocessed by HEBM and cycled further to assess the recyclability of 

the material as proposed in Section 5.5 and Section 6.1. 

2) The ancillary issue of heat management when a system is made large enough for 

commercial use.  Heat management will be vital for maintaining hydrogen storage 

performance by limiting the rate of sintering, as well as for maintaining economic 

viability of such a system, and, 

3) Seeking out commercial applications which are well suited to the Mg/MgH2 hydrogen 

storage system.  These will be applications which either produce hydrogen and excess 

heat as system outputs, or require hydrogen and high temperature as system inputs.  One 

avenue would be storing hydrogen co-generated by nuclear or thermochemical 

electrolysis.  The system could be used to supply hydrogen to a system which already 

operates at elevated temperature such as a solid-oxide fuel cell.  The system could also be 

well suited to hydrogen systems expected to cycle frequently.  In such a system, the 

hydrogen storage system could be coupled to a short-term thermal energy storage system 

such as a phase-change material to reduce the economic impact of the heat requirement.  
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Appendix A 

Mg LOT Analysis Report 
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Appendix B 

Sampling Matrix 

 

 

Cycle 

Number

Sample 

Number 

(n)

500X SEM 

Image
Specimen n-1 Specimen n-2 Specimen n-3 Specimen n-4 Specimen n-5

0 (AM) 0 SEM
TEM Method 

Development
XRD SPARE TEM

1 1 SEM XRD XRD TEM XRD

2 2 SEM XRD XRD
TEM Method 

Development
XRD

3 3 SEM XRD XRD XRD
XRD Method 

Development

4 4 SEM XRD XRD TEM XRD

7 5 SEM XRD
TEM Method 

Development

TEM Method 

Development

TEM Method 

Development

10 6 SEM XRD FIB-SEM-EDX TEM XRD

15 7 SEM XRD XRD SPARE SPARE

SES Sample Matrix (Page 1)
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Cycle 

Number

Sample 

Number 

(n)

500X SEM 

Image
Specimen n-1 Specimen n-2 Specimen n-3 Specimen n-4 Specimen n-5

20 8 SEM XRD XRD SPARE SPARE

30 9 SEM XRD XRD SPARE SPARE

50 10 SEM
TEM Method 

Development
XRD TEM XRD

100 11 SEM XRD SPARE TEM XRD

200 12 SEM XRD
TEM Method 

Development

TEM Method 

Development

TEM Method 

Development

300 13 SEM XRD
TEM Method 

Development
XRD SPARE

500 14 SEM XRD XRD TEM SPARE

1000 15 SEM XRD FIB-SEM-EDX
TEM Method 

Development

TEM Method 

Development

SES Sample Matrix (Page 2)


