
Ti1.1CrMn and its hydrides for the application 

in thermal hydrogen compression 

 

Charilaos Zorogiannidis 

 

 

 

 

 

 

 

 

 

 

 

Master Thesis 

Renewable Energy Systems (Fornybare Energisystemer) 

60 credits 

 

Department of Technology Systems (ITS) 

 

UNIVERSITY OF OSLO  

May 2021  

  



II 

 

Ti1.1CrMn and its hydrides for the application 

in thermal hydrogen compression 

 

Charilaos Zorogiannidis 

  



III 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Charilaos Zorogiannidis 

2021 

Ti1.1CrMn and its hydrides for the application in thermal hydrogen compression 

 

Charilaos Zorogiannidis 

http://www.duo.uio.no/ 

Trykk: Reprosentralen, Universitetet i Oslo 

http://www.duo.uio.no/


IV 

 

Abstract 

 

One of the methods to compress hydrogen gas is through the utilization of thermal metal 

hydride hydrogen compressors (TMHHCs) The present work aims to investigate the structural 

and thermodynamic properties of the Ti1.1CrMn intermetallic compound for the application in 

metal hydride-based hydrogen compression technologies developed for operation at high 

pressures (>350 bar).  

Three powder samples of intermetallics, with the same nominal composition of 

Ti1.1CrMn, have been studied in collaboration with Greenway Energy, LLC (USA). One of the 

samples was provided by Japan Metals & Chemicals Co. Ltd (hereafter referred to as JMC), 

while the two others were fabricated by the Ames Laboratory (USA), of which one contained 

as-synthesized (hereafter referred to as AMES-as-cast), while the other one the annealed 

(hereafter referred to as AMES-annealed) material. The samples were investigated by powder 

X-ray diffraction (PXD) and/or pressure-composition-temperature (PCT) measurements. 

The PXD data of the JMC sample show the presence of a hexagonal Ti1.1CrMn phase, 

which is a C14 Laves phase. The powder diffraction pattern of the AMES-as-cast also confirms 

the formation of hexagonal Ti1.1CrMn, however with notably lower crystallinity. Interestingly, 

in the AMES-annealed, the presence of two hexagonal Ti1.1CrMn-based phases are clearly 

observed. 

The PCT profiles for JMC indicate a single plateau region at 35 bar (at 22oC) during the 

hydrogen desorption.  For AMES-annealed two plateau regions at 23oC can be identified, 1st 

plateau at 39 bar and 2nd plateau at 78 bar. By comparing the present PXD and PCT results with 

the previously reported structural and thermodynamic data for Ti1.1CrMn, the second plateau in 

the PCT profile of AMES-annealed can be attributed to one of the identified Ti1.1CrMn-based 

phase, with the smaller unit cell parameters. For JMC, the plateau pressure is significantly lower 

(for desorption 35 bar at 22oC) than values reported in literature ( ~80 bar at 19oC). The higher 

hydrogen absorption and desorption pressures observed for the AMES-annealed material, as 

compared to JMC, are advantageous in view of its potential application in TMHHC. However, 

the presence of two plateau regions in this sample severely limits its usability due to the reduced 

amount of the desired phase available for compression of hydrogen at the required higher 

pressure. 
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Introduction 

 

Motivation 

 

 Developing efficient methods of hydrogen gas compression to higher pressures (>350 

bar) is highly desirable for transitioning towards the future with higher shares of technologies 

based on hydrogen. 

 Hydrogen in order to be efficiency utilized, as a fuel and an energy carrier, needs to be 

transported across long distances (e.g., pipelines) or stored for extended periods of time 

(seasonal storage). However, at ambient pressure and temperature, hydrogen is a gas with a low 

density (~0,082 kg/m3), which in comparison to traditional fuels (e.g., diesel, ~ 850 kg/m3), 

makes it difficult to contain in a small, easily manageable volume. There are three possible 

ways to solve this problem: i) compress hydrogen to higher pressures, ii) liquefy it or iii) bond 

it chemically with other elements/compounds to form hydrides (so-called solid-state hydrogen 

storage). 

 One of the methods reducing the volume of hydrogen at ambient pressure and 

temperature is based on the thermal gas compression through utilization of metal hydrides. 

Metal hydrides are chemical compounds formed when hydrogen is absorbed by a large family 

of intermetallic compounds with a nominal composition of AxBy, where A is a metal with a 

great potential for absorbing hydrogen and B is a metal with poor hydrogen absorbing 

properties. Intermetallic compounds absorb and desorb hydrogen gas at specific temperature 

and pressure conditions, unique for each material. In order to properly design a thermal metal 

hydride hydrogen compressor, the material needs to be correctly chosen and optimized in terms 

of its thermodynamic properties. When the material does not perform as it is expected to, it is 

important to study its other properties, e.g., phase composition and structural characteristics, to 

understand the observed behavior.  
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Scope of the thesis 

 

In this work, three samples of intermetallic compounds, with the same nominal 

composition of Ti1.1CrMn, are characterized and studied. The materials investigated were 

obtained at various scales (tens of grams vs. kilograms) and by different synthesis and 

processing methods. 

When used as hydrogen storage materials in a thermal metal hydride hydrogen 

compressor constructed by Greenway Energy, LLC (USA) [1], some of them did not perform 

as expected. It is the goal of this work to study the phase compositions and thermodynamic 

properties of these materials to understand the relationship between the sample observed and 

theoretical performances. 

Powder X-ray diffraction measurements were performed to determine crystalline phases 

present in the studies samples. To extract information on symmetry of the formed phases and 

sizes of their unit cells, the line profile analysis based on the Le Bail method was performed. 

The hydrogen sorption properties of the materials were evaluated by pressure-composition-

temperature measurements, performed with a Sievert’s apparatus.  
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Research questions 

 

The present study aims at answering the following research questions:  

 

Q1 When tested for use in a metal hydride hydrogen compressor, a batch of Ti1.1CrMn JMC, 

prepared at industrial scale (on the order of 10kg), presented lower hydrogen ab/desorption 

plateau pressures and lower hydrogen storage capacity than what was expected based on the 

literature data, at any given temperature. What is the source of this mismatch between the 

theoretical and experimental performance of the JMC material? 

 

Q2 The sample with the same nominal composition (Ti1.1CrMn) synthesized by the Ames 

Laboratory shows the presence of an additional hydrogen-active phase. In this case, two 

hydrogen ab/desorption plateaus are visible in the PCT diagram: one in the pressure region 

similar to the JMC material and one at pressures closer to the previously reported results. What 

is the phase composition of the samples studied and how does it affect their thermodynamic 

properties? Did the annealing procedure used by the Ames Laboratory produce the expected 

phase with the AB2-type structure, or yet another composition with coincidentally similar 

thermodynamic properties? 

 

Q3 How do the sample phase composition and thermodynamic performance affect the potential 

application of the material in a thermal metal hydride hydrogen compressor? 
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Structure of the thesis 

 

This thesis is structured into five main parts, “Theory and literature”, “Experimental 

part”, “Results”, “Discussion” and “Conclusion”  

The thesis begins with the “Theory and literature” part, which is an introduction and 

literature review, summarizing relevant background information to the topic, the motivation 

behind working with this topic and the current status of the field.  

Next, in the “Experimental part”, the instruments used to perform the nessesary 

measurements for the thesis are briefly introduced in “Instrumentation”, as well as the steps 

followed to perfom these measurements in “Methodology”.  

The results of this work are briefly presented in “Results” in the form of tables and 

graphs. These results are then interpreted and certain conclusions are drawn from them in 

“Discussion”, followed by the answering of the research questions that were posed at the 

beginning of this thesis in “Conclusions”. Lastly, a few suggestions for potential topics of 

interest to continue this work are given in “Future work”. 
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Theory and literature 

 

1. Hydrogen’s contribution to the renewable energy transition 

 

1.1. Introduction 

 

 In the past century, there has been a rapid increase in emissions (e.g., CO2, NOx) harmful 

to the environment due to the carbon-based fuels used as energy sources. The negative 

implications for both the planet and its living inhabitants have sparked interest in transitioning 

the energy production from carbon-based fuels to alternative ones. Unless major changes in the 

methods employed to generate energy are adopted, there will be consequences such as the rise 

in the average global temperature, ~4oC, in the coming 50 to 100 years. Such a change would 

affect sea levels, climates of most areas, create more frequent extreme weather phenomena and 

generally impact all ecosystems. [2] 

 Many international agreements have been reached in order to mitigate the negative 

effects humanity is having on the environment, such as the Sustainability Development Goals 

(SDGs), Habitat III and COP21, also known as the Paris Agreement. Solutions to the problem 

at hand include improving the energy efficiency of the existing power producing technologies, 

developing others based on renewable energy sources and replacing fossil-fuel driven industrial 

productions with technologies based on, low or zero carbon fuels. [2] 

Hydrogen is a fuel and energy carrier itself. It has a high energy density and does not 

emit any greenhouse gases or other harmful by-products when combusted as a fuel. 

Furthermore, it can be generated renewably, for example using electricity from renewable 

energy sources via water splitting in an electrochemical process called electrolysis. [2], [3] 

Many renewable energy sources, like wind or solar, will have periods of time where 

they overproduce energy and periods where they don’t meet the needs of the electric grid. 

During the overproduction period, the excess electricity can be directly used to convert water 

(H2O) to hydrogen gas (H2). The produced hydrogen can be transported and used elsewhere at 

another time, or stored. The advantage that hydrogen offers as a storage medium, compared to 

alternatives like batteries, is the combination of energy storage capacity and higher storage 

lifespan. Hydrogen can also be used directly as a chemical fuel in, a fuel cell to create electricily 
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necessary to drive vehicles like buses, cars, trains, ships, etc. Since hydrogen is an extremely 

versatile molecule that has a potential to combine various industries with the energy sector, 

creating an energy system centered around hydrogen could help overcome many current energy 

issues related to the net-zero energy transition. [2] 

 

1.2. Hydrogen compression  

 

Despite its potential, hydrogen storage is not without its challenges. Hydrogen has a 

high energy density (Figure 1), ~ 120 MJ/kg, whereas more traditional fuels, e.g., diesel or 

gasoline have ~ 45,5 MJ/kg and ~ 45,8 MJ/kg, respectively. At the same time, at room 

temperature, hydrogen is present in its gas form, is significantly less dense (~ 0,082 kg/m3), 

than diesel (~ 850 kg/m3). [4] This makes the storage of hydrogen particularly challenging, as 

it cannot be realized in its gaseous form at ambient conditions, without occupying tremendous 

amounts of space. The primary goal of hydrogen storage is to pack hydrogen closely, with the 

final occupied volume being viable for its practical applications. The method of storage can be 

more traditional, like a highly pressurized gas tank or liquified hydrogen under the required 

temperature and pressure conditions. Alternatively, hydrogen can be bound to other materials 

through physisorption or chemisorption. In such cases, it is important to consider the 

reversibility of the hydrogen sorption processes, as it needs to be possible to release the stored 

hydrogen on demand. [5] 

Developing feasible compression methods for hydrogen is important. By increasing 

hydrogen’s pressure at a certain temperature, the density of hydrogen can be greatly increased 

(at 700 bar, which is a common pressure for mobile hydrogen storage applications, the density 

of H2 is 42 kg/m3). 
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Figure 1. Gravimetric and volumetric densities for various fuels. [6] 

 

The same is valid for hydrogen transportation, which ideally would be done through 

pipelines, preferably by utilizing existing gas infrastructure. Since the process, to be efficient, 

would require higher pressures, compression appears indispensable.  

One of the methods that allows to combine both the hydrogen storage and compression 

is based on utilization of chemical compounds known as metal hydrides. Investigation of the 

Ti1.1CrMn intermetallic compound and its hydrides, in view of its potential application in 

thermal metal hydride hydrogen compression is the focus of this thesis. [1] 
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2. Metal Hydrides 

 

2.1. Introduction to metal hydrides 

 

 In chemistry the term hydride refers to the hydride anion (H-), but it can also be used 

more loosely to describe compounds that include hydrogen bonded to other atoms or 

compounds. These bonds can be ionic (e.g., in NaH, LiH, MgH2), covalent (in complex 

hydrides e.g., LiBH4, NaAlH4, LiNH2) or metallic (in interstitial metal hydrides, e.g., 

Ti1.1CrMn, LaNi5). Both complex and metal hydrides can be used for hydrogen storage, because 

it is possible to reversibly release the bonded hydrogen by means of a catalytic reaction, e.g., 

LiBH4 being decomposed to LiH, B and three hydrogen atoms at 280oC, when catalysed by 

SiO2; or in the case of metal hydrides simply through heat transfer, as will be explained in detail 

later in this chapter. [5], [7], [8] 

Metal hydrides (MHs) it is a vast group of materials formed by interaction of hydrogen 

with metallic elements or intermetallic compounds. The metal hydride synthesis often involves 

interaction between solids and hydrogen gas through a process known as hydrogen absorption, 

which is exothermic and often reversible. The temperature and pressure, at which the absorption 

takes place, directly depend on a chemical composition of the material and its structural 

properties. Metal hydrides are also commonly referred to as interstitial hydrides, because 

hydrogen is absorbed into them by occupying interstitial sites within the compound, i.e., the 

empty spaces between the metal’s atoms. [9], [8] 

 Interstitial metal hydrides typically include at least two different metals, usually referred 

to as A and B, which often are transition metals. Metal A is capable of forming a stable binary 

metal hydride with hydrogen (e.g., A = Ti → TiH2) while metal B (e.g., B = Cr, Mn) does not 

form a stable binary hydride. The general trend observed among transition metals is to decrease 

their affinity towards hydrogen (i.e., their ability to form a stable hydride) with increasing group 

number in the periodic table. The most commonly studied and formed intermetallics that form 

hydrides have the following nominal compositions: AB2, A2B, AB, AB3, A2B7, etc. For 

example, LaNi5 is an AB5 type intermetallic, whereas TiCr2 is an AB2 type-compound. 

Elements on either the A or B side can also be substituted with other element(s) with the similar 

properties, within a certain compositional range. For example, TiCrMn is an AB2 type 

intermetallic compound, where both Cr and Mn are the “B” metals. In addition, sometimes the 

over/understoichiometric compositions, with respect to the parent compound type, reveal better 
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H-sorption properties, e.g.  Ti1.1CrMn, which is an overstoichiometric AB2-type compound, has 

improved hydrogen storage capacity as compared to conventional TiCrMn stoichiometries. [8], 

[10] 

 

2.2. Hydrogen sorption properties and thermodynamic behavior of metal 

hydrides 

 

The AxBy type intermetallics compounds absorb hydrogen via a chemical reaction 

(Equations (2) and (3)). The process involves, the formation of two distinct hydrogen-

containing phases, as more hydrogen is absorbed by the compound. First, a solid solution (α-

phase) with low concentration of H2 occurs. Subsequently, this phase is transformed into a 

saturated hydride phase (β-phase), which is formed when all interstitial sites available for 

hydrogen atoms in the intermetallic compound crystal structure are being occupied. [9] This 

interaction with hydrogen can be described in more detail in the following steps: 

1. When hydrogen is first introduced into a material crystal lattice, a solid solution is 

formed, called the α-phase. The concentration of hydrogen at this stage is low and can 

be expressed by Sievert’s law: [9], [11]: 

 

 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑎𝑡𝑜𝑚𝑠

𝑀𝑒𝑡𝑎𝑙 𝑎𝑡𝑜𝑚𝑠
=

𝐻

𝐴𝑥𝐵𝑦
= √𝑘 ∙ 𝑝 

(1) 

 

where k is a constant and p is the pressure of the hydrogen. 

The chemical equation of the formation of the α-phase is: 

 

 
𝐴𝑥𝐵𝑦 +

𝑧

2
𝐻2 ↔ 𝐴𝑥𝐵𝑦𝐻𝑧 (2) 

 

2. When the crystal lattice is filled with hydrogen atoms, regions in the crystals with high 

concentration of hydrogen can be observed. This concentration is high enough that the 

interactions of hydrogen with the crystals is starting to affect the properties of the 

material. Thus, another, β-phase, is formed. The system exhibits behavior akin to a first 

order phase transition with constant pressure, so a plateau can be observed a material 
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pressure-composition-temperature diagram (Figure 2). The chemical equation of the β-

phase formation is: 

 

 

𝐴𝑥𝐵𝑦𝐻𝑦 +
𝑘 − 𝑧

2
𝐻2 ↔ 𝐴𝑥𝐵𝑦𝐻𝑘  

(3) 

 

The pressure at which the reaction occurs is known as the plateau pressure. In many 

cases this plateau has a certain slope, therefore the pressure is not truly constant. This 

behavior is due to imperfections in the material’s chemical composition [11] and/or 

lattice expansions and residual forces being developed within it [9]. 

3. As the concentration of the absorbed hydrogen increases, eventually the crystal lattice 

is saturated with hydrogen, the formation of β-phase is completed and the pressure starts 

increasing asymptotically. 

 

Figure 2. Pressure-composition-temperature diagram for H2 absorption (solid lines) and desorption (dashed lines) in 

LaNi4.8Sn0.2. Isotherms given in K [12] 

 

It should be noted that the decribed above hydrogenation processes occur along an 

isotherm (Figure 2), with the absorption being an exothermic process. The hydrogen absorption 

process is reversible, and the desorption requires heat to be provided to the system, and as such 

is endothermic. At the same temperature, desorption can occur at a slightly lower pressure than 

absorption (Figure 2). This is called hysteresis and can be problematic when designing a system 

using metal hydrides, as it lowers the overall amount of hydrogen that can be utilized for 

practical applications. [9], [11], [12] 
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The isotherms for higher temperatures are located upwards along the y-axis (Figure 3). 

The plateau’s width decreases when moving upwards, until the transition from α to β phase 

becomes continuous at the temperature knowns as a critical temperature, where the plateau 

pressure is practically non-existent. This means that by absorbing hydrogen at a lower 

temperature, and subsequently heating the hydrogenated material to a higher temperature, 

hydrogen can be desorbed from the hydride at a higher pressure. This is the basic concept of 

thermal metal hydride hydrogen hompression, which will be discussed in more detail later. [9], 

[11], [13] 

 

Figure 3. Schematic PCT-diagram and van’t Hoff plot. The α-phase is the solid solution phase, the β-phase the hydride phase. 

Within the (α − β) two phase region both the metal-hydrogen solution and the hydride phase coexist [14] 

The relation between the plateau pressure and the temperature can be described by the 

van’t Hoff equation [9]: 

 

 
ln 𝑝𝐻2

= −
𝛥𝐻𝑜

𝑅𝑇
+

𝛥𝑆𝑜

𝑅
 

(4) 

 

where ΔHo and ΔSo are the standard enthalpy and entropy of the hydride’s formation 

respectively, R is the ideal gas constant, pH2 is the plateau pressure and T is the temperature of 

the isotherm. 
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The ΔHo and ΔSo values depend on a material chemical composition, therefore each 

material will have its own van’t Hoff plot and PCT plots. These values will need to be 

considered in relation to the system (e.g., hydrogen compressor) that is being designed in order 

to select the most appropriate material for the application. For instance, in Figure 4 the 

appropriate range of metal hydride materials for mobile applications is shown [9], [11]: 

 

Figure 4. A compilation of the van’t Hoff plots of selected elementa/interstitiall, and complex hydrides. The boxed area 

represents thedesired temperature and pressure range of operation for mobile applications [9] 

 

2.3. Degradation of metal hydrides 

 

 When utilized for practical applications, a metal hydride will be subjected to multiple 

hydrogen absorption-desorption cycles. These numerous cycles can have a degradation effect 

on the physical, thermodynamic, structural or microstructural properties of the material. How 

great of the effect will be depends on many factors, such as the operating conditions, the number 

of plateaus, the volume expansion of the crystal lattice and more. [9] 

 In order to study this long-term behavior, known as degradation behavior, one can use 

cycling or aging tests, which can be intrinsic (using pure hydrogen) or extrinsic (using hydrogen 

with gaseous impurities). Cycling tests involve hydrogen being charged and discharged from 

the material multiple times, using different operating condition setups. Specifically, 

temperature can be varied with pressure kept constant (thermal cycling), pressure can be varied 
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with temperature kept constant (pressure cycling) or both can be changed simultaneously 

(pressure-temperature/P-T cycling). However, since cycling tests take longer times, one can use 

aging tests for a faster estimation of the expected behavior. Both types of tests are performed at 

much higher temperatures and pressures than normal material operating conditions. The results 

of the two methods do not differ greatly. [9] 

 As an example, Lambert et al [14] have performed both cycling and aging tests on the 

materials LaNi0.8Sn0.2 and La0.9Gd0.1Ni5, intrinsic in both cases. The former showed almost no 

degradation, whereas the latter strongly degraded under P-T cycling tests (Figure 5 and Figure 

6). [9] 

 

Figure 5. Isotherms of LaNi4.8Sn0.2 taken at 25oC before and after intrinsic P-T cycling at 1500 and 10000 cycles. [15] 

 

Figure 6. Isotherms of La0.9Gd0.1Ni5 taken at 25oC before and after intrinsic P-T cycling at 1500 and 10000 cycles. [15] 
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Lambert et al [15] also performed thermal aging tests, where once more LaNi0.8Sn0.2 

shows very little signs of degradation, but La0.9Gd0.1Ni5 exhibits strong degradation.  (Figure 7 

and Figure 8): 

 

Figure 7. Isotherms of LaNi4.8Sn0.2 before and after thermal aging at 180oC and 29.6 atm. [15] 

 

Figure 8. Isotherms of La0.9Gd0.1Ni5 before and after thermal aging at 180oC and 190.7 atm. [15] 

As for AB2 type compounds, multi-substituted compounds appear to feature excellent 

cycling properties and do not present many signs of degradation. Wanner et al [16] and Xu et 

al [17] performed degradation tests on Ti0,98Zr0,02V0,43Fe0,06Cr0,05Mn1,52 (Figure 9) and 

Ti1Zr0.2Cr0.4Ni0.8V0.8-xAlx (Figure 10). In both figures is can be seen that there is very little 

degradation exhibited after many cycles. 
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Figure 9. PCT cycling test results for Ti0,98Zr0,02V0,43Fe0,06Cr0,05Mn1,52 [16] 

 

Figure 10. Discharge capacity for Ti1Zr0.2Cr0.4Ni0.8V0.8-xAlx after performing cycling test [17] 

For applications where the hydrogen is expected to be recharged frequently and not to 

have the greatest purity, extrinsic testing is used to determine how harmful the presence of 

certain impurities can be to the system [9]. For example, cycling LaNi5 with hydrogen 

contaminated by 300 ppm of CO2, H2O and O2 shows the following results (Figure 11) [18]: 
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Figure 11. Extrinsic cyclic response of LaNi5 (0.5 h cycle at 25oC, 69 → 276 → 69 kPa.) using impure hydrogen high 

temperature and pressure aging at nearly isothermal conditions. [19] 

It can be seen that the impact of such impurities is quite severe. For instance, oxygen 

adsorbed on the surface of the material can form oxides with the A metal and severely reduce 

the hydrogen absorption capacity of the material. In some cases, the material can recover from 

it by cycling (like with O2, H2O in the above example for LaNi5). However, this heavily depends 

on the material studied. [9] 

 

2.4. AB2 type metal hydrides and Ti1.1CrMn 

 

The investigated in this work Ti1.1CrMn, belongs to AB2 type-compounds. This is a 

large and versatile group of intermetallic suitable for hydrogen storage applications at ambient 

temperatures, since their thermodynamic properties (i.e., pressure and temperature of hydrogen 

absorption/desorption) can be easily adjusted by modification of their chemical compositions 

The A elements are typically lanthanides or elements of the 4th group (Ti, Zr, Hf) of the periodic 

table, whereas the B elements are V, Cr, Mn or Fe. [20] 

 The AB2 type compounds are also known as Laves phases that can form three different 

crystal structures: C14, C15 or C36, The C14 and C36 crystallize with the hexagonal symmetry, 

whereas C15 reveals a cubic metal atom arrangement [21]. TiCrMn and overstoichiometric 

Ti1.1CrMn belong to the C14 Laves phase family. In the binary systems, Ti, Cr and Mn 

crystallize as TiCr2  [22] and TiMn2, as the C15 and C14 Laves phases, respectively.  [23]. 
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2.5. Measuring the PCT curve – Sievert’s apparatus 

 

In this chapter, the Sievert’s technique for measuring hydrogen uptake in a metal 

hydride will be shortly discussed. Below is a simple schematic of a Sievert’s apparatus (Figure 

12): 

 

Figure 12. Basic schematic of a sievert’s apparatus. [24] 

 

Vref is filled with hydrogen gas that can be let through towards Vcell where the material 

whose hydrogen absorption properties are being measured is located. It is possible to measure 

and control the temperatures of both spaces, as well as measure the pressure of the system and 

it also possible to control the pressure of the reference volume. By changing the pressure of Vref 

while keeping both temperatures constant and opening the valve separating the two volumes, 

and then measuring the system’s pressure, it is possible to deduct the amount of hydrogen 

uptake by the material from an equation of state for H2. Repeatedly performing this for various 

pressures over a single temperature would produce an isotherm for the PCT graph. [24], [25] 

The number of moles of hydrogen atoms absorbed between two steps of the above procedure 

(k and k-1) can be expressed as: 

 
𝜟𝒏𝑯

𝒌 = 𝟐 ([
𝒑𝒓𝒆𝒇

𝒌

𝒁(𝒑𝒓𝒆𝒇
𝒌 , 𝑻𝒓𝒆𝒇

𝒌 ) ∙ 𝑹 ∙ 𝑻𝒓𝒆𝒇
𝒌

−
𝒑𝒔𝒚𝒔

𝒌

𝒁(𝒑𝒔𝒚𝒔
𝒌 , 𝑻𝒓𝒆𝒇

𝒌 ) ∙ 𝑹 ∙ 𝑻𝒓𝒆𝒇
𝒌

] ∙ 𝑽𝒓𝒆𝒇

− [
𝒑𝒔𝒚𝒔

𝒌

𝒁(𝒑𝒔𝒚𝒔
𝒌 , 𝑻𝒄𝒆𝒍𝒍

𝒌 ) ∙ 𝑹 ∙ 𝑻𝒄𝒆𝒍𝒍
𝒌

−
𝒑𝒔𝒚𝒔

𝒌−𝟏

𝒁(𝒑𝒔𝒚𝒔
𝒌−𝟏, 𝑻𝒄𝒆𝒍𝒍

𝒌−𝟏) ∙ 𝑹 ∙ 𝑻𝒓𝒆𝒇
𝒌−𝟏

] ∙ [𝑽𝒄𝒆𝒍𝒍 −
𝒎(𝒏𝑯

𝒌 )

𝝆(𝒏𝑯
𝒌 )

]) 

(5) 

where: 

index “ref” refers to properties present in the reference cell, “cell” refers to the cell containing 

the sample and “sys” is used to refer to the pressure of the whole system. Z is the compressibility 
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factor used to modify the ideal gas law as PV = Z nRT, to comply to real gas specifications. In 

the last term, m and ρ are the mass and density of the material sample in the cell and are 

dependant on hydrogen absorption, since the material also expands as it absorbs hydrogen. 
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3. Hydrogen Compression 

 

 Hydrogen is an energy carrier that is increasingly gaining importance worldwide. The 

topic of its storage was already discussed, but another issue is its transportation. Hydrogen can 

be transported as a gas through tube trailers or pipelines or as a liquid in cryogenic tanks. 

Hydrogen has very low volumetric density at atmospheric conditions, so in order to efficiently 

transport it with these methods it is necessary to compress it first. [1] 

There are several methods to compress hydrogen, which can be classified as mechanical 

and non-mechanical methods. In this chapter some hydrogen compression methods are 

presented: 

 

3.1. Mechanical compression 

 

 The most traditional and commondly used nowadays hydrogen compressors are 

mechanical compressors. Depending on the type they can be used to compress both gas and 

liquid hydrogen. Mechanical compressors transfer mechanical energy to the gas, increasing the 

collisions among its molecules and thus its pressure. In the case of hydrogen, while there are 

multiple technologies available, it is typically done through piston displacement compressors 

(Figure 13), which expend work done on a moving component, a piston, to reduce the volume 

in which the hydrogen is confined, ultimately increasing its pressure. [1], [26], [27] 

 While mechanical compressors are the example of a mature and widespread technology, 

they are more efficient and reliable at lower pressures. Many applications of hydrogen require 

pressures higher than 350 bar, where mechanical compression becomes less efficient, more 

costly and the strain placed on the machinery is greater, decreasing its lifetime. [1], [27] 
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Figure 13. Schematic of a reciprocating piston compressor. [28] 

 

3.2. Non-mechanical compression 

 

3.2.1. Electrochemical compression 

 

 Electrochemical compression (Figure 14) utilizes proton-exchange-membranes (PEM) 

to split low pressure hydrogen into protons and electrons at the anode side and then recombine 

them back to a hydrogen molecule, at the pressurized cathode side: 

 

 𝐻2 → 2𝐻+ + 2𝑒− (𝑎𝑛𝑜𝑑𝑒) (6) 

 

 2𝐻+ + 2𝑒− → 𝐻2 (𝑐𝑎𝑡ℎ𝑜𝑑𝑒) (7) 

 

 

The protons flow through a solid polymer electrolyte and the electrons follow the path 

dictated by the supplied current. This entire process results in a higher hydrogen pressure at the 

cathode side. 
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Figure 14. Schematic representation of an electrochemical PEM compressor. [27] 

 Electrochemical compression can achieve pressures of 30-50 bar very efficiently and 

requires further optimization for the development of higher pressures. [1], [27] 

 

3.2.3. Metal hydride compression 

 

 The reversibility of the hydrogen absorption in metal hydrides and the material 

temperature-hydrogen pressure relation (§2.2. Hydrogen sorption properties and 

thermodynamic behavior of metal hydrides) can be used in order to develop thermal metal 

hydride hydrogen compressors (TMHHC). The concept behind a TMHHC can be described as 

follows (Figure 15): [29] 

• Hydrogen is absorbed at a lower temperature and pressure, T1 and p1 respectively. As 

the absorption is exothermic, heat ΔQ12 = T1 ΔS is generated. (1 → 2 in Figure 15) 

• The formed metal hydride is heated from T1 to a higher T2. This requires energy equal 

to ΔQ23 = Cv (T2 – T1), where Cv is the heat capacity of the hydride. (2 → 3 in Figure 

15) 

• Hydrogen is desorbed from the hydride at the higher temperature and pressure, T2 and 

p2 respectively. This process requires heat equal to ΔQ34 = T2 ΔS, as it is endothermic. 

(3 → 4 in Figure 15) 

• Finally, the material (no longer a hydride) is cooled back to the original temperature T1, 

releasing ΔQ41 = Cv’ (T1 – T2). (4 → 1 in Figure 15) 
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Figure 15. Working principle of metal hydride compressor. [29] 

 Metal hydrides can be used to compress hydrogen to very high pressures, by using the 

appropriate materials or combinations of multiple different materials. Their main advantages of 

the compression technology based on hydrogen absorption/desorption are the absence of 

moving parts, the high purity of the compressed hydrogen and the fact that only heat is required 

to carry out the process. In fact, the main heat requirement is for the desorption of hydrogen, 

and there are many effective solutions to minimize the cost. This heat can be provided by the 

waste heat of other processes or by using two metal hydrides in parallel, where one desorbs 

while the other absorbs hydrogen, so the heat from the exothermic hydrogen absorption 

generated by the latter can be used to drive the endothermic desorption by the former. [11], 

[13], [1], [29] 

 

3.2.3.1 Thermal metal hydride hydrogen compressor performance 

 

The amount of hydrogen compressed by a metal hydride system can be expressed by: 

 

 𝐶𝐻2,𝑐𝑜𝑚𝑝𝑟
= 𝐶𝐻2

(𝑇𝑙𝑜𝑤, 𝑝𝑙𝑜𝑤) − 𝐶𝐻2
(𝑇ℎ𝑖𝑔ℎ, 𝑝ℎ𝑖𝑔ℎ) (8) 

 

where CH2(Tx, px) is the concentration of hydrogen in the hydride at Tx and px. By using the 

points from Figure 15 as a reference, one can obtain: 

 

 𝐶𝐻2,𝑐𝑜𝑚𝑝𝑟
= 𝐶𝐻2,2 − 𝐶𝐻2,4 (9) 
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Since the two points of interests are located at opposite ends of their respective plateaus, both 

the size and slope of these plateaus can have an effect on the amount of hydrogen that is being 

compressed and/or on the suction and discharge pressures. In the next figures (Figure 16 and 

Figure 17 and Figure 18) both the effect of the plateau slope and hysteresis are illustrated [11], 

[28]. Comparing figures 16 and 17 one can see the effect of the plateau’s slope can have on the 

compression ratio, which can significantly affect the compressed hydrogen pressure. 

Furthermore, in figure 18 it is shown how hysteresis further reduces the compression ratio, due 

to the shift of the absorption curve upwards. 

 

Figure 16. Pressure-composition isotherms at Tlow=20oC (1) and Thigh = 150oC (2) for the La0.85Ce0.15Ni5-H system illustrating 

thermally-driven hydrogen compression. Path D is desorption, requiring heat Q, while path A is absorption, releasing similar 

heat Q. Ideal scenario: flat plateaus, no hysteresis [11] 

 

Figure 17. Pressure-composition isotherms at Tlow=20oC (1) and Thigh = 150oC (2) for the La0.85Ce0.15Ni5-H system illustrating 

thermally-driven hydrogen compression. Path D is desorption, requiring heat Q, while path A is absorption, releasing similar 

heat Q. Semi-Ideal scenario: sloped plateaus, no hysteresis [11] 
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Figure 18. Pressure-composition isotherms at Tlow=20oC (1) and Thigh = 150oC (2) for the La0.85Ce0.15Ni5-H system illustrating 

thermally-driven hydrogen compression. Path D is desorption, requiring heat Q, while path A is absorption, releasing similar 

heat Q. Real scenario: sloped plateaus, absorption isotherm (1) is at higher pressure (hysteresis) [11] 

 

The important observation is how both the suction (pL) and discharge (pH) pressures 

change. In the real scenario the hydrogen is discharged at a lower temperature and has to be 

absorbed at a higher temperature. It should also be noted that as the compression ratio (PH/PL) 

drops, the productivity (ΔC) increases. In the ideal scenario, as the discharge pressure is much 

higher, the length of that plateau is shorter. By reducing the discharge pressure, the plateau 

lengthens and ΔC becomes greater. This effect is illustrated in Figure 19 [11]:  

 

Figure 19. Dependence of H2 productivity, ΔC for the H-La0.85Ce0.15Ni5 system on the desorption pressure, PH’ at 150oC and 

the absorption pressure, PL’ at 20oC. Curves are numbered after PL’. [11] 
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3.2.3.2 Thermal metal hydride hydrogen compressor materials challenges 

 

 It is important to consider the properties of the material in order to select an appropriate 

metal hydride for a particular application. Lototskyy et al summarise the optimum 

characteristics of intermetallics and their hydrides suitable for thermal hydrogen compression 

[11], [13]: 

• The PCT characteristics of the metal hydride should make it feasible to achieve the 

required compression ratio (PL to PH) within the allowable temperature range (TL to TH) 

of the application 

• In order to reduce the quantity of the material being used, it should have a high 

reversible hydrogen storage capacity 

• Kinetics for absorption and desorption of hydrogen should be fast in order to increase 

productivity, as shown in figures 19 and 20 

• Plateau slopes should be low, or productivity can be reduced, as shown in figures 18 

and 19 

• The size of hysteresis should also be kept to a minimum, because it affects the 

compression ratio and reduce productivity 

• The metal hydride should retain its properties after multiple cycles (low degradation), 

in order to prolong its lifespan in any given application 

• There should be a good tolerance to the presence of impurities in the hydrogen gas that 

is being absorbed, so that the material can be more easily used in different environments 

while also improving its lifespan 

• While considering the system scale up, if applicable, one should account for a 

volume/mass-dependent modification of the thermodynamic and kinetic material 

properties. 

In the previous paragraph it was illustrated how in order to retain good productivity, the 

compression ratio need to be kept low. Most systems do not surpass compression ratios of 5-10 

for temperature differentials of up to 100 oC. In order to achieve higher pressures, which is one 

of the advantages of using metal hydride compressors, multiple metal hydride compressors can 

be combined in series. This creates a challenge in material selection, as the PCT properties of 

one material’s desorption must be well fitted with the next one’s absorption and so on. For 
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example, Lototskyy et al [17] have developed a 3-stage compressor that operated in the ranges 

3-200 bar, while Karagiorgis et al [13] developed a 6-stage compressor named HYSTORE 

operating in a pressure range of 7 to over 220 bar. Yet another option is to pair thermal metal 

hydride compression with one of the other compression methods. Corgnale C. and Sulic M. 

[18] describe a system that combines a low-pressure electrochemical system with a metal 

hydride Ti1.1CrMn-based hydrogen compressor, to achieve pressures of up to 450 bar within 

temperature ranges of 130-150oC. [11], [13], [1] 

When scaling-up a metal hydride hydrogen compressor from a laboratory setup to an 

industrial system, several properties may be affected. It has been noted that large-scale metal 

hydride hydrogen compressors are more strongly affected by changes in the thermal 

conductivity and enthalpy of reaction, whereas the lab-scale compressors exhibit a stronger 

response to change in the reaction kinetics for the hydrogen absorption/desorption. [29] 

 

3.2.4. Cryogenic compression 

 

 Cryogenic compression of hydrogen utilizes the possibility to achieve very high 

pressures, as high as 850 bar at lower temperatures. Liquid hydrogen is pressurised and stored 

in pressure vessels that are thermally insulated to reduce heat leaks due to the great temperature 

difference between the hydrogen and the exterior of the vessel. Compared to the liquid 

hydrogen storage at ambient pressures, cryo-compressed hydrogen vessels enable more fuel to 

be stored in the same volume and decrease leaking due to the hydrogen evaporation. These 

systems typically feature a tank in which liquid hydrogen is stored at low pressures, cryogenic 

pumps compressing the hydrogen which is then stored in the cryo-compressed vessels. 

Vaporizers can then be used to obtain high pressure gas hydrogen, if needed (Figure 20). [27] 

 

Figure 20. Schematic of a cryogenic hydrogen compressor system. [27] 
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4. X-ray Diffraction 

 

X-ray diffraction (XRD) is an instrumental analysis technique used to identify and analyze 

crystalline materials. X-ray diffraction by crystals was discovered in 1912 by Max von Laue. 

Diffraction refers to the phenomenon of waves changing their direction when passing through 

small openings or obstacles. The reason, the X-ray diffraction occurs in crystalline phases is 

that the space between a set of atoms structured as a regular three-dimensional lattice (~1 Å) is 

comparable with the wavelength of X-rays (0.1-100 Å). The resulting pattern, called a 

diffraction pattern, is created due to the interaction between the X-rays and the electrons of the 

material. Each crystalline material has a distinctive, ordered arrangement of atoms, thus 

electrons, which produce a unique XRD pattern - the fingerprint of the material. The analysis 

of X-ray diffraction patterns allows to extract information about a material phase composition 

as well as structural/microstructural properties of the identified crystalline phases. [30], [31] 

 

4.1. X-ray radiation 

 

 Electromagnetic radiation with wavelength in the range of 0.1 to 100 Å and energies 

from 100 eV to 10 MeV, respectively is classified as X-rays. They were discovered by Wilhelm 

Roentgen, a professor of physics in Wurzburg, Bavaria, in 1895 by accident. Due to their 

unidentified nature at that time, he named them “X-rays”, meaning “unknown rays”. [30], [31] 

 

 X-rays are usually produced in an X-ray tube, through the acceleration of electrons, by 

applying a high voltage (several tens of kV) between two electrodes, enclosed in a glass tube 

under vacuum. The cathode metal heats up and emits high-speed electrons, which then collide 

with the anode, rapidly losing their kinetic energy and emitting X-ray radiation. X-ray tubes are 

typically used in laboratory diffraction instruments, i.e., X-ray diffractometers. An alternative 

source of X-ray radiation is the synchrotron, where high-energy electrons move in a circular 

orbit, inside a storage ring where they are confined. The electrons are accelerated to very high 

velocities, and forced to change direction through magnetic interference in order to produce 

electromagnetic radiation, within the X-ray wavelength range. A synchrotron is a large facility 

able to supply multiple workstations with the generated X-rays. This alternative is much more 
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expensive to construct and maintain and thus, it is limited to very few larger facilities worldwide 

(e.g., ESRF, Max IV, Soleil, Elettra, SLS (PSI), ALS, ALS Spring-8). [30], [31], [32] 

 

 When X-rays interact with matter, a reduction in their intensity due to scattering or 

absorption can be observed. They are able to expose photographic films on impact, which 

results in their common application in medical imaging (e.g., X-rays lose intensity when passing 

through a bone and the difference in intensity is visible in the photographic film). X-rays can 

also be utilized to treat diseases in radiotherapy. [30] 

 

4.2. Principle of X-ray Diffraction 

 

The interatomic spacing in crystals is typically around 1 Å. X-rays, having a similar 

wavelength (1 Å) can enter the crystal lattice and be scattered with the same wavelength as the 

incident beam (the beam that struck the crystal). As the scattering is due to electrons present in 

the material, it is not uniform, but dependent on the distribution of the electrons within the 

sample. This causes the resulting X-ray diffraction pattern of a given sample to be uniquely 

determined by the material’s atomic structure. Therefore, by radiating samples with X-rays and 

collecting the resulting diffraction pattern using diffractometers, valuable information about the 

crystal structure of the studied material can be extracted. [30], [31] 

 

 

Figure 21. Schematic diagram of X-ray diffraction by a crystal lattice [31] 

If an X-ray beam of wavelength λ strikes a crystal where all atoms are located in a 

regular periodic array with interplanar spacing d, then the diffracted beam has a sufficient 
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intensity to be detected only when the Bragg’s law is satisfied (so-called constructive 

interference): 

 

2 𝑑 𝑠𝑖𝑛𝜃 = 𝑛 𝜆 (10) 

 

where d is the distance between adjacent crystal planes, θ is the Bragg (scattering) angle at 

which a diffraction peak is observed, n is an integer known as the order of reflection and λ is 

the wavelength of the incident X-ray beam. 

 The angular difference between the incident and diffracted (scattered) beams is 2θ 

(Figure 21) and it is conventionally used to indicate the position of Bragg reflections in a 

diffraction pattern (x-axis value). 

 

4.2.1. Powder X-ray Diffraction (PXD) 

 

A crystalline material is built of identical entities called unit cells, which are repeated 

periodically and infinitely in 3 dimensions. A single unit cell is the smallest building block of 

a crystal lattice that preserves the 3D pattern of the entire crystal. A crystalline material can be 

obtained as single-crystal or polycrystalline sample. In the former, the atomic structure is 

repeated periodically throughout the entire volume of a material. The latter is characterized by 

a number of small grains, called crystallites. Each of them can be thought of as a single crystal, 

within which the long-range periodic atomic structure is preserved. Often, crystalline materials 

are easily synthesized in a powder form (polycrystalline), rather than as a single crystal. The 

XRD technique applied to polycrystalline samples is referred to as powder X-ray diffraction 

(PXD). In a powder sample, each of crystallites contribute to the diffraction of the incident X-

ray beam. To ensure homogeneity within an entire sample volume, a polycrystalline material is 

well grinded before PXD measurements. To ensure the random distribution of crystallites in 

the measured material and cover a wide range of 2θ angles present, the sample is often 

rotated/spinned during a measurement. A typical powder X-ray diffraction pattern can be seen 

in Figure 22.  

The observed Bragg reflections do not necessarily originate from a single crystalline 

phase, and can represent “sub-sets” of intensities belonging to various compositions present in 

a sample. This is often a case for multisubstituted intermetallics, where additionally, Bragg 
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peaks generated by isostructural phases, i.e., having the same crystal structure, and similar unit 

cell volumes but various chemical compositions, can be observed at almost the same 2θ angles. 

This phenomenon, known as “overlapping reflection”, can significantly hinder a phase 

identification and/or structural analysis of the material [33] 

 

Figure 22. Typical Powder Diffraction pattern [33] 

 

4.3. Powder X-ray Diffraction - Instrumentation 

 

An X-ray diffraction instrument typically consists of the following major components [31]: 

• X-ray source: produces the X-ray beam, with the required intensity and radiation energy 

• X-ray optics: manages the X-ray beam’s wavelength, beam focus size, profile and 

divergence to fit the needs of the instrument. For example, a divergence slit to control 

the size of the beam or a filter to control the beam’s wavelength. Properly focusing the 

beam on the sample is important to receive a good data resolution and peak intensities 

in a collected PXD pattern. Another important aspect is the filtering of the incident beam 

to only include a certain wavelength. An X-ray beam originating from a specific source 

can have multiple wavelengths, which are dependant on the atomic electron positions 

that created the X-rays. These are referred to as Κα1, Κα2, Κβ. The monochromatic beam 

can be obtained using metallic filters (i.e. Ni, Fe, Mn, V, Zr) or a monochromator. The 

former works by absorbing most of the unwanted wavelengths (i.e. Kβ), but does not 

fully reduce its intensity. Monochromators are single-crystals used to diffract only the 

desired wavelengths towards the sample. By using a monochromator, it is possible to 

separate Kα1 and Κα2 which have close Bragg reflection angles and are otherwise 

difficult to split up. 
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• Sample holder: contains the sample and holds it in position. Can potentially rotate the 

sample in various directions. Rotating the sample provides a statistical assurance that 

all potential 2θ diffraction angles have been scanned, in combination with the existing 

randomness of the sample due to its preparation. 

• Goniometer: establishes and measures the geometric relationship between primary 

beam, sample and detector 

• Detector: intercepts the scattered X-ray beam from the sample and records its position 

in order to generate the diffraction pattern from the sample 

 

Diffractometers can operate it two basic geometries: transmission and reflection. In a 

transmission geometry, the X-rays pass through the sample, and the diffracted beam arrives at 

a detector (Figure 23). In this case, the source and the detector are at the opposite sides of the 

sample. In a reflection geometry (Figure 24), the sample is radiated directly from the source 

and the diffracted beam is received by the detector. In this work, a diffractometer operating in 

a reflection Bragg-Brentano (BB) geometry was used. In the BB geometry, the divergent and 

diffracted beams are focused at a fixed radius from the sample’s position (Figure 24). In order 

to scan the sample in the entire 2θ range, either a sample and a detector or a detector and an X-

ray tube can rotate. In an θ:2θ instrument, a sample rotates at a speed of θ degrees/min, while a 

detector moves with a speed of 2θ degrees/min; an X-ray tube remains fixed. Alternatively, in 

an θ:θ instrument, a sample position is fixed, while both a tube and a detector move with speed 

of -θ degrees/min and θ degrees/min, respectively. [34] 

 

Figure 23. Schematic representation of diffractometers operating in transmission geometry 



37 

 

 

Figure 24. Simplified drawing of a powder diffractometer setup using a reflective (Bragg-Brentano) geometry. 

 

4.4. Analysis of powder X-ray diffraction data 

 

From a given powder X-ray diffraction pattern we can retrieve several pieces of information 

[32]: 

• Phase composition of the material. The combination of Bragg peak positions and 

intensities across the 2θ range constitutes the “fingerprint” of a crystalline phase. Thus, 

one can perform a qualitative or quantitative sample phase analysis. The former allows 

to identify crystalline phases present in a material based on the Bragg peak positions, 

and with assistance of databases, while the latter quantifies an abundance of each 

crystalline phase present in a material based on the intensities of the reflections.   

• Symmetry and size of a unit cell. This information can be derived from the position 

Bragg reflections and their integrated intensities. This is done through line profile 

analysis, using the Pawley or Le Bail refinement methods. 

• Distribution of atoms in the unit cell. This can be obtained from the analysis of the peak 

intensities. 

• Detailed information on a material crystal structure. More precise structural 

information, like equilibrium positions of atoms in the unit cell, individual atom 

displacement parameters, and more. Such information can be obtained by using the 

Rietveld method. 
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• Other microscopic structural characteristics of the specimen. The width of the peaks 

can contain some valuable information. For example, non-uniform lattice strain and 

larger nanocrystallites can cause peak broadening. 

 

A typical powder diffraction pattern is a collection of scattered intensity in arbitrary 

units as a function of the diffraction (Bragg) angle (2θ). There are several ways to extract 

information on symmetry of the formed crystalline phases and sizes of their unit cells. The 

simplest form line profile analysis is to attempt to empirically fit everything related to each 

peak independently (width, shape, position, intensity), but such an approach returns limited 

output information about the material. If one possesses information about the potential lattice 

parameters for the phases of the examined material, but not the atom positions, then the peak 

positions can be calculated from these parameters, the shape and width fitted using one of the 

aforementioned peaks-shape functions and the intensities can then be empirically fitted. Such 

methods include the Pawley and Le Bail methods. These methods are both structure-less 

refinement methods, as in they do not consider the position of atoms within the crystal lattice 

when refining the pattern. The difference between the two methods is their approach to defining 

the intensity of each Bragg reflection. The Pawley method uses peak intensity as a refinement 

parameter, whereas the Le Bail method does not and instead calculates them after refining the 

other parameters, then repeats the process until the calculation is accurate enough. By having 

access to information about the atom positions as well, then the peak intensities can also be 

calculated. [32], [35], [36], [37], [38] 

 

A powder diffraction pattern features a multitude of peaks, and their position, intensity 

and shape provide the structural and microstructural information about the material. It is also 

possible to generate a diffraction pattern based on the known information about a crystal 

structure of a given phase, e.g., unit cell parameters, distribution of atoms, etc. By generating 

such a PXD pattern and then comparing it to the experimental one (Figure 25), one can 

accurately identify information about the investigated material. The input parameters can be 

further refined to generate a better fit between the calculated and experimental diffraction data, 

and thus describe the material’s properties more accurately [32], [35]. 
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Figure 25. Observed (thick line) and calculated (thin line) intensity profiles in part of NiMnO2(OH) pattern. The second graph 

indicates the position of the peaks and the position of a missing peak with a downward arrow. The third graph indicates the 

difference between observed and calculated lines. [32] 

It is, however, possible that Bragg peak(s) that cannot be identified are present in the 

observed diffraction pattern. They could belong to new, yet unidentified phase(s) or not 

included in the database used. It is also possible that the theoretically calculated profile will 

differ from the observed one, as shown in Figure 25. For example, the sample may not have 

crystallized as expected, slightly altering its symmetry and the powder diffraction pattern, as a 

result. It could also be that the model used to perform the line profile analysis includes slightly 

different symmetry elements and/or peaks. [32], [35] 

There are several factors that need to be accounted for in order to get a good match between the 

observed and the calculated PXD data: 

• Background: a powder diffraction pattern will unavoidably feature some background 

noise. To ensure it does not affect any other observations or calculations, it can be either 

subtracted entirely or its contribution can be accounted for during the other steps of the 

refinement. In the case of line profile analysis and/or Rietveld refinements, the 

background is always included, never removed. 

• Kα2’s presence in the pattern: it was previously mentioned in 4.3. that monochromators 

need to be used to separate Kα1 and Kα2. When this is not the case, each peak will feature 

a smaller peak, with half its intensity directly next to it. This is the Kα2 contribution and 
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it needs to be kept in mind when analyzing the pattern, not to be mistaken with peaks of 

a different phase. 

• Peak shape function: during line profile analysis, the shape and size of the peaks is 

calculated using specific peak-shape functions. Gauss and Lorentz peak shape functions 

are not accurate enough to describe a powder diffraction peak. To overcome this 

limitation, more complex functions were developed. Such commonly used functions 

include the pseudo-Voigt (pV), Pearson VII (PVII) and Modified Thomson-Cox-

Hasting pV (Mod-TCH pV or TCHZ). 
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Experimental Part 

 

Instrumentation 
 

PXD Measurement 

 

The PXD patterns for all investigated samples were collected with a RIGAKU Miniflex-

600 bench-top diffractometer, equipped with a D/teX Ultra detector.  

 

Figure 26. RIGAKU Miniflex-600 

The instrument operated in a Bragg-Brentano geometry with a wavelength λ = Cu Kα(1,2) 

(Figure 26, Figure 27). The PXD data were collected in the 2θ range of 15 – 100°, with a step 

size 0.02°, and exposure time of 0,7o per minute. 
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Figure 27. Inside and parts of RIGAKU Miniflex-600. 

 

PCT Measurement 

 

The pressure-composition-temperature data were measured using a custom-built Sievert’s 

apparatus of designed by Greenway Energy. A schematic of the instrument gas system layout 

(PID) together with a picture of the apparatus are presented in Figure 28 and Figure 29. 

 

Figure 28. PID of Greenway Energy's Sievert's apparatus [1] 

Unlike in a regular Sievert’s apparatus, this device has two sample holders available for testing. 

There are also several other modifications detailed by Corgnale C. and Sulic M. in their 
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published work [1]. High-pressure gas chromatography pneumatic valves were used for all 

valving and the sample reactors. Custom made sample holder inserts with a fritted cap and 

thermocouple port were used. All measurements and calibrations were performed with ultra-

high purity grade (99,999%) hydrogen and helium. 

 

Figure 29. Overview of the Sievert's apparatus used to measure the PCT curves [1] 
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Methodology 
 

Powder X-ray Diffraction 

 

Sample preparation & measurements 

 

The PXD measurements were carried out for three intermetallic samples with the same 

nominal composition of Ti1.1CrMn: JMC, AMES-as-cast and AMES-annealed. The samples 

were first grinded to produce fine, homogenous powders and then loaded in a flat plate holder. 

Additionally, the silicon standard NIST 640d, with the lattice constant a= 5,43123 Å, was used 

as internal standard for the measurements of the JMC & AMES-annealed sample. In total five 

PXD patterns have been collected. 

 

Phase Identification 

 

The sample phase analysis was carried out using a Diffrac.eva software and a PDF-2 

database.  

 

X-ray profile line analysis 

 

To extract the detailed information on symmetry of the formed crystalline phases and 

sizes of their unit cells, Le Bail refinements (a line profile analysis) were performed with the 

TOPAS Version 6 software. The diffraction profiles were modelled with a modified Thomson-

Cox-Hasting pseudo-Voigt peak shape function and the background was defined by the 

Chebyshev polynomial. 

 

 

Thermodynamic properties – PCT 

 

Before loading the samples, the reactor and holder were calibrated for an empty volume. 

After inserting the sample, the reactor is purged of air with five cycles of helium and vacuum. 

The material was activated by pressurizing to above 400 bar of hydrogen at room temperature. 

The sample remained at these conditions until hydrogen absorption begun, indicated by an 
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increase in its temperature. The reactor was left to cool down to room temperature, and then 

exposed to vacuum until no pressure rise was detected when closing the pressure valve. This 

activation process was repeated until no further increase in the maximum temperature after 

absorbing hydrogen was observed, compared to the previous step. 

The measurements were done in a range from 22oC to 170oC. Small portions of 

hydrogen were added in a stepwise manner after reaching the desired temperature for the 

sample. The next pressure was enforced only after reaching equilibrium conditions with the 

previous. Once no further pressure increase was observed, the absorption process was 

conlcuded and the desorption measurement started. For each isothermal measurement, the 

weight capacity was calculated using the molar density provided by real gas equations of state 

using the NIST REFPROP [39] software at the related pressure and temperature conditions.  
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Results 

 

Powder X-ray Diffraction Measurements 
 

The results of the Le Bail refinements for the studied samples are presented in the table 

presented in the next pages (Table 1). 

The first analyzed data were the PXD patterns of the JMC sample (Figure 30). The main 

phase identified in the material is a hexagonal Ti1.1CrMn (space group (SG): P63/mmc), which 

is a C14 Laves phase. Besides, a rhombohedral TiO1.49 impurity phase is also observed. 

 

 

Figure 30. Graphical representation of the Le Bail refinement results for the JMC sample without silicon. Observed (blue), 

calculated (red) and difference (grey) diffraction patterns (λ = Cu Kα). Bragg Peaks of the identified phases are marked with 

different symbols, as shown in the legend. 

The second analyzed PXD data were collected for the AMES-as-cast powder (Figure 

31). The material appears to be a single- phase sample, which is the AB2 C14 Laves phase of 

Ti1.1CrMn. 

 

Figure 31. Graphical representation of the Le Bail refinement results for the AMES-as-cast sample without silicon. Observed 

(blue), calculated (red) and difference (grey) diffraction patterns (λ = Cu Kα). The only phase present was Ti1.1CrMn. 
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Table 1. List of identified phases with information on their symmetry and unit cell parameters obtained by Le Bail refinements for samples measured with and without the 

internal standard (silicon NIST 640d). Silicon phase unit cell values were given as: Fd-3m (227), a = 5,43123(8) Å. 

Sample ID 
Phase 

composition 

Space group 

(no.) 

Unit cell parameters / 

no internal standard 

Unit cell parameters / 

internal standard 

Unit cell 

volume (Å3) / 

no internal 

standard 

Unit cell 

volume (Å3) 

/ internal 

standard 
a (Å) c (Å) a (Å) c (Å) 

JMC 
Ti1.1CrMn P63/mmc (194) 4,87180(9) 7,9941(2) 4,87240(3) 7,99480(8) 164,300(7) 164,400(3) 

TiO1.49 R-3c (167) 5,1571(4) 13,656(3) 5,1552(3) 13,661(2) 314,50(8) 314,40(7) 

AMES-as-

cast 
Ti1.1CrMn P63/mmc (194) 4,8678(7) 7,988(1) - - 163,90(6) - 

AMES-

annealed 

Ti1.1CrMn_1 P63/mmc (194) 4,87240(5) 7,9950(1) 4,87130(4) 7,99340(9) 164,400(4) 164,300(3) 

Ti1.1CrMn_2 P63/mmc (194) 4,8595(1) 7,9672(3) 4,8574(1) 7,9682(3) 162,90(1) 162,800(9) 

CrMn P42/mnm (136) 8,8481(3) 4,5969(2) 8,8442(2) 4,5966(2) 359,90(3) 359,55(2) 

Cr Pm-3n (223) 4,5918(1) 4,5918(1) 4,5912(2) 4,5912(2) 96,800(9) 96,80(1) 

Ti21Mn25 R-3c (167) 23,601(3) 8,0482(2) 23,622(3) 8,052(2) 3882(1) 3890(1) 
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The PXD patterns for the AMES-annealed sample (Figure 32) show the formation of 

two, seemingly Ti1.1CrMn-based phases. Both have the same hexagonal P63/mmc symmetry; 

however, their unit parameters differ slightly (see Table 1). Nevertheless, the obtained values 

are similar to the unit cell volume of the C14 Laves in the JMC material for Ti1.1CrMn_1 and 

slightly smaller for Ti1.1CrMn_2. In the AMES-annealed sample, the formation of other 

impurities is also observed, i.e. metallic Cr, tetragonal CrMn and rhombohedral Ti21Mn25. 

 

 

 

Figure 32. Graphical representation of the Le Bail refinement results for the AMES-annealed sample without silicon. Observed 

(blue), calculated (red) and difference (grey) diffraction patterns (λ = Cu Kα). Bragg Peaks of the identified phases are marked 

with different symbols, shown in the legend. 

 In order to properly calibrate the Bragg peak positions of the identified phases and to 

ensure that that their unit cell parameters will be calculated correctly, two of the samples for 

which the PCT data were also collected and analyzed, i.e., JMC and AMES-annealed, were also 

measured with a small amount of silicon as an internal standard (NIST 640d, a = 5.43123 Å) 

and subsequently analyzed (Table 1, Figure 33, Figure 34). 

 

 
Figure 33. Graphical representation of the Le Bail refinement resulrs for the JMC sample with silicon. Observed (blue), 

calculated (red) and difference (grey) diffraction patterns (λ = Cu Kα). Bragg Peaks of the identified phases are marked with 

different symbols, shown in the legend. 
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Figure 34. Graphical representation of the Le Bail refinement results for the AMES-annealed sample with silicon. Observed 

(blue), calculated (red) and difference (grey) diffraction patterns (λ = Cu Kα). Bragg Peaks of the identified phases are marked 

with different symbols, shown in the legend. 
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PCT measurements 
 

 The collected PCT data for the JMC and AMES-annealed samples are presented in the 

tables below (Table 2, Table 3, Table 4, Table 5), together with the corresponding plots (Figure 

35, Figure 36): 

 
Table 2. PCT data for hydrogen absorption by JMC. 

22 oC 50 oC 80 oC 110 oC 130 oC 170 oC 

H2 

wt% 

P 

(bar) 

H2 

wt% 

P 

(bar) 

H2 

wt% 

P 

(bar) 

H2 

wt% 

P 

(bar) 

H2 

wt% 

P 

(bar) 

H2 

wt% 

P 

(bar) 

0,17 4,77 0,22 16,02 0,33 63,07 0,18 19,86 0,18 19,82 0,16 22,00 

0,26 17,17 0,28 31,89 0,43 106,51 0,25 50,51 0,25 49,62 0,25 68,30 

0,32 28,57 0,40 63,89 0,59 148,79 0,30 77,95 0,29 79,67 0,33 142,24 

0,36 34,69 0,48 79,56 0,80 162,93 0,32 92,93 0,31 95,53 0,41 229,97 

0,41 39,04 0,74 89,89 1,28 190,83 0,37 127,97 0,35 128,23 0,47 298,35 

0,50 41,55 0,99 95,30 1,48 225,05 0,43 167,19 0,40 168,61 0,53 354,04 

0,63 43,71 1,17 99,29 1,53 249,78 0,51 209,96 0,46 214,43 0,58 406,82 

0,79 45,74 1,32 104,45 1,55 263,49 0,57 230,67 0,53 260,58 0,65 456,70 

0,96 47,59 1,43 110,81 1,57 283,23 0,62 244,56 0,60 294,38 0,72 503,65 

1,19 50,53 1,51 117,54 1,58 307,10 0,68 255,66 0,67 320,68 0,81 550,90 

1,43 55,00 1,55 122,51 1,60 330,98 0,74 265,22 0,73 338,56 0,87 578,59 

1,61 62,75 1,59 130,41 1,61 356,29 0,83 274,47 0,80 353,53 0,92 597,93 

1,71 73,58 1,62 137,77 1,63 410,53 0,93 283,61 0,85 364,24 0,95 613,55 

1,74 80,80 1,65 149,57 1,64 445,44 1,01 292,56 0,91 375,52 0,97 623,03 

1,76 88,18 1,66 160,52 1,64 471,91 1,10 302,50 0,96 384,55 0,99 630,99 

1,77 94,97 1,68 171,89 1,65 492,03 1,16 312,53 1,01 394,71 1,01 642,38 

1,78 103,59 1,68 183,33 1,64 510,55 1,23 324,77 1,06 405,06 1,03 651,78 

1,79 112,47 1,69 195,47 1,65 531,25 1,27 336,95 1,11 416,93 1,05 661,24 

1,80 121,72 - - 1,66 553,56 1,31 347,77 1,15 426,94 1,07 671,68 

1,80 129,54 - - - - 1,35 357,48 1,18 437,93 1,08 681,67 

1,81 141,76 - - - - 1,37 369,61 1,21 449,30 1,11 690,55 

1,82 165,04 - - - - 1,40 380,55 1,24 460,83 1,13 700,06 

- - - - - - 1,41 391,59 1,26 471,21 1,14 711,76 

- - - - - - 1,43 402,81 1,28 483,10 1,16 721,45 

- - - - - - 1,45 423,54 1,30 494,07 1,17 733,05 

- - - - - - 1,47 447,35 1,32 510,48 1,18 744,38 

- - - - - - 1,49 478,43 1,34 531,16 1,21 765,88 

- - - - - - 1,50 509,90 1,36 555,82 1,23 797,23 

- - - - - - 1,50 538,87 1,38 580,28 1,24 812,73 

- - - - - - 1,50 575,26 1,40 617,98 - - 

- - - - - - 1,51 617,86 1,42 666,90 - - 

- - - - - - 1,52 666,43 1,43 712,52 - - 

- - - - - - - - 1,44 728,99 - - 
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Table 3. PCT data for hydrogen desorption by JMC. 

22 oC 50 oC 80 oC 110 oC 130 oC 170 oC 

H2 

wt% 

P 

(bar) 

H2 

wt% 

P 

(bar) 

H2 

wt% 

P 

(bar) 

H2 

wt% 

P 

(bar) 

H2 

wt% 

P 

(bar) 

H2 

wt% 

P 

(bar) 

1,81 159,61 1,70 223,57 1,66 533,80 1,52 657,70 1,43 711,53 1,24 808,02 

1,81 151,29 1,70 216,84 1,65 490,53 1,52 624,34 1,42 676,20 1,23 795,52 

1,81 141,89 1,70 209,32 1,65 440,77 1,51 587,81 1,40 631,56 1,22 778,72 

1,80 134,72 1,69 197,27 1,64 392,03 1,50 557,94 1,39 601,09 1,21 765,11 

1,80 122,91 1,68 188,59 1,62 349,90 1,49 525,01 1,37 573,78 1,20 752,49 

1,79 112,98 1,68 179,65 1,61 310,48 1,47 492,46 1,35 547,46 1,18 740,42 

1,78 101,68 1,67 169,23 1,59 287,11 1,46 464,31 1,33 523,09 1,16 727,39 

1,78 95,58 1,66 157,84 1,56 261,75 1,44 435,58 1,31 506,25 1,15 711,16 

1,77 92,53 1,65 147,99 1,54 240,85 1,42 416,53 1,29 493,31 1,13 701,77 

1,77 87,76 1,65 139,59 1,51 221,68 1,41 402,68 1,28 481,59 1,11 690,75 

1,76 81,59 1,63 129,67 1,45 205,34 1,40 391,41 1,26 471,18 1,10 680,70 

1,75 73,84 1,61 120,57 1,34 187,13 1,38 382,81 1,24 461,01 1,08 669,02 

1,74 68,90 1,57 111,56 1,17 175,36 1,37 372,65 1,22 451,54 1,06 657,40 

1,72 62,29 1,52 103,97 0,95 164,18 1,35 361,55 1,20 442,67 1,03 644,52 

1,70 56,73 1,43 96,71 0,69 154,77 1,32 350,87 1,18 436,42 1,01 632,98 

1,68 52,40 1,29 90,55 0,52 133,42 1,29 340,86 1,14 424,16 0,98 622,64 

1,66 48,39 1,09 85,25 0,45 109,39 1,26 331,65 1,10 413,56 0,96 612,36 

1,62 45,29 0,83 82,02 0,40 89,62 1,23 322,98 1,07 404,72 0,94 602,97 

1,57 42,63 0,56 76,12 0,36 70,68 1,19 315,06 1,02 395,59 0,89 578,90 

1,51 41,12 0,42 58,25 0,32 55,85 1,14 306,49 0,97 385,14 0,81 540,52 

1,44 39,41 0,36 40,53 0,29 40,80 1,08 297,66 0,92 376,30 0,71 495,07 

1,37 37,99 0,32 26,46 0,25 25,53 1,05 292,48 0,86 366,04 0,63 446,12 

1,30 36,87 0,27 15,47 0,21 14,57 0,94 282,51 0,77 349,51 0,56 394,79 

1,21 36,01 0,24 9,55 0,18 8,89 0,84 271,64 0,68 325,84 0,50 342,39 

1,10 35,06 0,22 6,44 0,16 5,99 0,79 265,72 0,58 290,53 0,41 258,17 

0,93 34,79 0,20 4,72 0,15 4,42 0,71 255,32 0,49 241,61 0,33 164,36 

0,72 34,18 - - - - 0,62 242,42 0,41 190,89 0,26 95,77 

0,49 31,86 - - - - 0,57 228,87 0,35 141,35 0,18 40,52 

0,32 25,24 - - - - 0,53 213,38 0,32 118,57 0,14 19,21 

0,26 15,94 - - - - 0,49 196,57 0,30 94,64 - - 

0,22 10,42 - - - - 0,44 177,37 0,26 70,01 - - 

0,19 7,27 - - - - 0,41 157,09 0,20 31,90 - - 

0,18 5,39 - - - - 0,37 136,75 0,15 16,06 - - 

- - - - - - 0,34 118,25 - - - - 

- - - - - - 0,31 97,22 - - - - 

- - - - - - 0,27 72,20 - - - - 

- - - - - - 0,23 50,15 - - - - 

- - - - - - 0,18 29,06 - - - - 

- - - - - - 0,14 16,19 - - - - 

- - - - - - 0,12 9,73 - - - - 
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Using these data points, the equilibrium PCT measurements for JMC are shown in Figure 35. 

 

 
Figure 35. PCT graph of JMC sample, for six absorption and desorption isotherms. 

 

Table 4. PCT data for hydrogen absorption by AMES-annealed. 

23 oC 100 oC 130 oC 

H2 wt% P (bar) H2 wt%  P (bar) H2 wt%  P (bar) 

0,12 1,60 0,15 26,01 0,15 26,01 

0,18 10,06 0,22 73,17 0,21 83,76 

0,21 20,00 0,28 130,36 0,29 170,70 

0,23 25,93 0,33 175,71 0,37 257,76 

0,27 39,47 0,42 229,05 0,49 347,50 

0,50 52,09 0,63 261,54 0,72 429,78 

0,79 60,10 0,79 307,20 0,84 500,53 

0,95 78,27 0,89 360,38 0,91 561,83 

1,04 100,23 0,96 416,08 1,01 654,08 

1,11 124,37 1,06 496,66 1,10 758,18 

1,18 153,84 1,13 557,73 1,20 888,28 

1,27 182,49 1,19 612,30 1,24 946,36 

1,35 212,12 1,26 671,85 - - 

1,45 252,16 1,30 718,98 - - 

1,52 291,52 1,33 770,33 - - 

1,55 318,24 1,37 819,56 - - 

- - 1,39 873,70 - - 

- - 1,41 923,23 - - 

- - 1,43 975,43 - - 
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Table 5. PCT data for Hydrogen desorption by AMES-annealed. 

23 oC 100 oC 130 oC 

H2 wt% 
P 

(bar) 
H2 wt%  P (bar) H2 wt% P (bar) 

1,55 318,24 1,43 975,43 1,24 946,36 

1,54 296,02 1,42 925,89 1,18 846,20 

1,54 271,13 1,40 880,55 1,09 737,09 

1,52 236,11 1,38 825,32 0,99 638,92 

1,51 208,33 1,36 774,86 0,89 543,42 

1,48 185,21 1,33 728,21 0,77 453,60 

1,44 167,79 1,29 677,84 0,54 364,63 

1,40 149,83 1,25 630,21 0,37 266,06 

1,35 134,00 1,20 582,91 0,27 160,90 

1,28 113,53 1,14 530,06 0,21 85,73 

1,20 96,97 1,08 480,72 0,14 30,61 

1,11 80,12 1,01 428,72 0,10 12,29 

1,03 65,90 0,94 378,09 0,08 5,94 

0,94 54,61 0,87 333,90 0,06 3,22 

0,83 46,19 0,76 287,14 0,05 2,00 

0,67 40,54 0,52 245,10 - - 

0,46 38,48 0,36 190,93 - - 

0,26 33,57 0,29 133,46 - - 

0,21 18,03 0,22 78,66 - - 

0,19 11,03 0,17 34,23 - - 

0,16 6,29 0,13 16,08 - - 

0,15 3,99 0,10 7,55 - - 

 

 

The pressure–composition–temperature profiles for the AMES-annealed sample are 

shown in Figure 36. 
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Figure 36. PCT graph of AMES-annealed sample for three absorption and desorption isotherms at 23  oC, 100 oC, 130 oC. 

 

 The mid plateau pressure values for each absorption and desorption isotherm were 

chosen in correspondence to 1,0% H2 wt% for JMC and 0,5% and 1,1% H2 wt% for AMES-

annealed. The corresponding fugacity values, used in the van´t Hoff plots, were calculated from 

the NIST database (Table 6, Table 7, Table 8, Table 9).  

 

Table 6. Plateau pressures for JMC sample, absorption 

Absorption JMC 

T 

(K) 
p (bar) f (bar) 

295 48,12 49,51 

323 95,46 100,72 

353 174,47 191,36 

383 291,48 337,04 

403 391,80 472,53 

443 636,68 842,45 
 

Table 7. Plateau pressures for JMC sample, desorption 

Desorption JMC 

T 

(K) 
p (bar) f (bar) 

295 34,91 35,64 

323 84,08 88,15 

353 166,68 182,05 

383 288,08 332,54 

403 391,57 472,20 

443 628,65 828,89 
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Table 8. Plateau pressures for AMES-annealed 

sample, absorption 

Absorption AMES-annealed 

Plateau 
T 

(K) 
p (bar) f (bar) 

1 296 51,98 53,61 

1 373 241,65 273,24 

1 403 351,86 416,27 

2 296 121,20 130,31 

2 373 534,21 702,73 

2 403 764,34 1103,20 
 

Table 9. Plateau pressures for AMES-annealed 

sample, desorption 

Desorption AMES-annealed 

Plateau 
T 

(K) 
p (bar) f (bar) 

1 296 38,86 39,76 

1 373 237,43 267,89 

1 403 342,75 403,72 

2 296 77,93 81,63 

2 373 497,74 642,48 

2 403 750,96 1077,00 
 

 

 

In Figure 37 and Figure 38 the van’t Hoff plots for both samples are displayed. From 

the van’t Hoff equation (Equation 4) it is possible to calculate the values for ΔH and ΔS (Table 

10). 

 

 

 
Figure 37. Van’t Hoff plot for the JMC sample 
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Figure 38. Van’t Hoff plot for AMES-annealed sample 

 

 
Table 10. ΔH and ΔS calculations for all samples 

Sample Plateau ΔH (kJ/mol) ΔS (J/mol/K) 

JMC Absorption 20,80 96,75 

JMC Desorption 23,07 102,19 

AMES-annealed Absorption, 1 19,11 97,69 

AMES-annealed Desorption, 1 21,81 104,42 

AMES-annealed Absorption, 2 19,87 107,67 

AMES-annealed Desorption, 2 24,09 118,06 
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Discussion 

 

Of the five samples measured, three (JMC, AMES-as-cast and AMES-annealed) were 

measured without an internal standard and two (JMC and AMES-annealed) with an internal 

standard (silicon NIST 640d). This was done for calibration purposes and to avoid potential 

errors resulting from an uncalibrated instrument. Comparing the refined unit cell parameter 

values (Table 1) for the sample with and without the internal standard, a non-significant 

difference is noted for the JMC samples and a slightly higher, difference for the AMES-

annealed samples. Nevertheless, the values referred to henceforth will be based on the samples 

measured with internal standard, where applicable. The powder diffraction patterns for AMES-

annealed (without Si: Figure 39 and Figure 40) (with Si: Figure 41 and Figure 42) suggest 

clearly the formation of at least two Ti1.1CrMn-based phases. All Bragg peaks that can be 

assigned to the hexagonal C14 Laves phase, with a chemical composition of Ti1.1CrMn, 

hereafter referred to as Ti1.1CrMn_1, show obvious splitting, which indicates the formation of 

the second phase with the same symmetry. Both sets of Bragg reflections have relatively similar 

intensities; however, the position of one of them is shifted towards higher 2θ angles. This 

suggests that the second observed AB2 Laves phase, hereafter referred to as Ti1.1CrMn_2, has a 

different, smaller unit cell volume (164,300(3) vs. 162,800(9) Å3 for Ti1.1CrMn_1 and 

Ti1.1CrMn_2, respectively). 

 

 

Figure 39. Selected Bragg peaks of the AMES-annealed sample measured without silicon. The presence of the Ti1.1CrMn_2 

phase is indicated by the peak splitting. 
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Figure 40. Selected Bragg peaks of the AMES-annealed sample measured without silicon. The presence of the Ti1.1CrMn_2 

phase is indicated by the peak splitting. 

 
Figure 41. Selected Bragg peaks of the AMES-annealed sample measured witht silicon. The presence of the Ti1.1CrMn_2 phase 

is indicated by the peak splitting. 

 
Figure 42. Selected Bragg peaks of the AMES-annealed sample measured with silicon. The presence of the Ti1.1CrMn_2 phase 

is indicated by the peak splitting. 

The refined values of the unit cell parameters for the C14 Laves phases are: a1 = 

4,87240(3), c = 7,99480(8) Å for JMC and a = 4,87130(4), c = 7,99340(9) Å and a = 4,8574(1) 

, c = 7,9682(3) Å in AMES-annealed, for Ti1.1CrMn_1 and Ti1.1CrMn_2 respectively). The 

Ti1.1CrMn phase in JMC has the same unit cell parameters (within the error value) as 

Ti1.1CrMn_1 phase in AMES-annealed. It should also be noted that none of the aforementioned 

phases have unit cell parameters resembling those of the possible binary C14 Laves phases, 

such as TiMn2 (a = 4,8294(1), c = 7,9309(8) Å [40]), so these phases can be assumed to be 

Ti1.1CrMn-based. 

The unit cell parameters calculated for the hexagonal C14 laves phase in AMES-as-cast 

(a = 4,8678(7), c = 7,988(1) Å, V = 163,90(6) Å3) are smaller than those obtained for 

Ti1.1CrMn_1 but larger than those refined for Ti1.1CrMn_2. The quality of the performed line 

profile analysis is also notably worse (Figure 31), supposedly due to the lower crystallinity of 

the sample. By comparing the PXD patterns of both AMES-as-cast and AMES-annealed 
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(Figure 43, Figure 44), the splitting of the Ti1.1CrMn peaks is not visible in the AMES-as-cast 

pattern to the same extent as in AMES-annealed, and the several peaks corresponding to phases 

beyond the Ti1.1CrMn_1 and Ti1.1CrMn_2 phases are also not visible. However, one can neither 

confirm nor deny the formation of two Ti1.1CrMn phases in AMES-as-cast, due to the presence 

of the Cu Kα2 radiation. During the profile refinement, using one Ti1.1CrMn was sufficient, but 

the refined unit cell parameter values are between the values obtained for Ti1.1CrMn_1 and 

Ti1.1CrMn_2 in AMES-annealed. 

 

 

Figure 43. Powder x-ray diffraction patterns of AMES-as-cast and AMES-annealed samples without internal standard. (1) 

AMES-as-cast, (2) AMES-annealed 

 

Figure 44. Section of the powder x-ray diffraction patterns of AMES-as-cast and AMES-annealed samples without internal 

standard. (1) AMES-as-cast, (2) AMES-annealed 

 

In order to understand the relationship between the unit cell parameters and the chemical 

compositions of the identified phase, one has to consider the atomic radii of the material 

constituting elements, i.e., Ti (147 pm), Cr (128 pm) and Mn (127 pm) [41]. Ti atoms are larger 

than the other two elements, while Cr and Mn are very close to each other in size. Therefore, a 

smaller unit cell volume can indicate a lower Ti/(Cr+Mn) ratio, as observed for Ti1.1CrMn_2. 

As seen from the PCT data, all Ti1.1CrMn-based phases in JMC and AMES-annealed 

are capable of absorbing hydrogen. However, the observed differences in their unit cell 

volumes, and most likely, in their chemical compositions can affect both the thermodynamics 

of hydrogen sorption processes and the material hydrogen storage capacity. The 
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aforementioned lower Ti/(Cr+Mn) ratio in Ti1.1CrMn_2 phase in AMES-annealed could 

possibly result in the lower concentration of atoms with higher affinity to hydrogen (Ti), which, 

at the same time are the largest atoms in the compound crystal structure. This, in turn, could 

affect the number and size of interstitial sites available for hydrogen. This can be understood 

more clearly by referring to the geometrical Westlake criterion, which states that the distance 

between two hydrogen atoms occupying interstitial sites is at least 2,1 Å and the radius of a site 

that can accommodate a hydrogen atom is at least 0,37 Å [42]. This means that there is limited 

space for hydrogen atoms to be interstitially absorbed in the compound crystal lattice, and 

further reduction in numbers and/or sizes of these interstitial sites will lead to a lower amount 

of hydrogen in the material.  

The PCT profiles of the JMC sample (Figure 35) show a clear single hydrogen 

absorption and desorption plateau. This is in line with the PXD results, which confirm the 

presence of a single hydrogen absorbing Ti1.1CrMn C14 Laves phase (Figure 30). The PCT 

profiles for the AMES-annealed sample show a different thermodynamic behavior. In Figure 

36, the appearance of two plateau regions is notable, at about 0,5% H2 wt% and 1,1% H2 wt%. 

This is in line with the PXD results (Figure 32) which indicate the presence of two hydrogen 

absorbing Ti1.1CrMn-based phases.  

Comparing the hydrogen absorption and desorption plateau pressures between JMC and 

AMES-annealed, all of JMC’s plateau pressures are lower than those observed for AMES-

annealed at every temperature point, but the obtained values are closer to those observed for 

the 1st plateau in AMES-annealed (e.g., pdes, JMC = 34,91 bar at 22oC, pdes, AMES = 38,86 bar for 

1st plateau and pdes, AMES=77,93 bar for 2nd plateau, at 23oC). Since the AMES-annealed sample 

consists of Ti1.1CrMn_1, with the same unit cell parameters as Ti1.1CrMn in JMC and 

Ti1.1CrMn_2 with the smaller unit cell volume (VTi1.1CrMn_1 = 164,300(3) Å3, VTi1.1CrMn_2 = 

162,800(9) Å3, VJMC = 164,400(3) Å3), one can conclude that the lower plateau pressure in the 

AMES-annealed PCT diagram is associated with the hydrogen ab/desorption by the 

Ti1.1CrMn_1 phase, while the higher plateau pressure is formed during the hydrogen 

ab/desorption by Ti1.1CrMn_2. Interestingly, the unit cell parameters of Ti1.1CrMn_2 (a = 

4,8574(1) and c = 7,9682(3) (Table 1)) are very similar to values previously reported in the 

literature, (a = 4,856(1) and c = 7,968(2) [43]) for Ti1.1CrMn. This is also the phase whose 

plateau pressures (for hydrogen desorption, p=77,93 bar at 23oC (Figure 38)) most closely 

match the previously reported PCT data (for hydrogen desorption, p=~80 bar at T=19oC for 
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Ti1.1CrMn (Figure 45) and p=~80 bar at 23oC for Ti1.16Cr0.92Mn1.08 (Figure 46)). These 

observations indicate that the 2nd plateau pressure belongs to Ti1.1CrMn_2 in AMES-annealed. 

 

Figure 45. PCT graph of Ti1.1CrMn [43] 

 

Figure 46. PCT graph of Ti1.16Cr0.92Mn1.08 [10] 

 

For the JMC sample, the desorption enthalpy and entropy are ΔHdes, JMC = 23,07 kJ/mol 

and ΔSdes, JMC = 102,19 kJ/mol/K. The ΔH and ΔS values for the AMES-annealed sample are: 

ΔHdes, AMES,1=21,81 kJ/mol and ΔSdes, AMES,1 = 104,42 kJ/mol/K for Ti1.1CrMn_1; ΔHdes, AMES,2 

= 24,09 kJ/mol, ΔSdes, AMES,2 = 118,06 kJ/mol/K for Ti1.1CrMn_2 (Table 10). For comparison, 

the values reported in the literature for the same compounds are ΔHdes = 22 kJ/mol [10]; 22,9 

kJ/mol [43], ΔS = 114,7 J/mol/K). However, it is difficult to accurately compare the data as the 

error values of the present and reported measurements are unknown. 

Both materials, JMC and AMES-annealed, display pressures on the order of 450 bar or 

higher in the temperature range of 130oC-150oC, which makes them suitable for the applications 
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in high pressure hydrogen compressors. However, the pressure at which the JMC material 

absorbs hydrogen is lower than what has been reported in the literature for the same/similar 

chemical compositions. [10], [43] For the AMES-annealed sample, while the 1st plateau has 

pressure values similar to JMC, the 2nd plateau is more similar to values reported in literature. 

One of the reasons that could explain the different thermodynamic behaviour (slightly 

lower plateau pressures for JMC and 1st AMES-annealed plateau, presence of 2nd plateau) 

between JMC and AMES samples is the way the materials were synthesized. The JMC sample 

originates from a large batch (10 kg) of the industrially produced Ti1.1CrMn [1]. It has been 

shown [44] that scaling up of the synthesis process for AB2 type compounds affects the 

material’s thermodynamic properties and hydrogen absorption/desorption performance. The 

scaled-up samples of AB2 type compounds exhibited greater variation in the unit cell 

parameters and cell volume as well as greater hysteresis effect in their PCT performance. 

The AMES materials, instead, were produced at a lab scale, on the order of 50 g. In 

addition, the annealing procedure applied in this case was different from the one used for JMC 

[1]. It is very likely that the smaller amount of the material produced together with the modified 

heat treatment protocol led to the formation of additional phases in the AMES-annealed sample, 

most noteworthy the additional hydrogen absorbing Ti1.1CrMn-based phase, Ti1.1CrMn_2.  

At ambient temperatures the JMC sample has a hydrogen storage capacity of of ~1,8 H2 

wt%, whereas AMES-annealed, at similar temperatures, stores up to ~1,6 H2 wt% including 

both plateau regions. The size and shape of a hysteresis must be considered when designing a 

metal hydride hydrogen compressor because it limits the amount of hydrogen that can be 

compressed (§3.2.3.1 Thermal metal hydride hydrogen compressor performance). In addition, 

the presence of two plateaus in the AMES-annealed material, with different ΔH and ΔS values 

greatly complicates the design of a metal hydride hydrogen compressor as it reduces the overall 

material potential for hydrogen absorption at device operating pressure and temperature.The 

isothermal hysteresis factors for the three plateaus (δT=ln (
𝑝𝑎𝑏𝑠

𝑝𝑑𝑒𝑠
) [11]) is calculated in the tables 

below (Table 11, Table 12,  

Table 13): 

Table 11. Hysteresis factors for the JMC sample 

Temp. (oC) 22 50 80 110 130 

δT 0,321 0,127 0,046 0,012 0,001 
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Table 12. Hysteresis factors for the 1st plateau of the AMES-annealed sample 

Temp. (oC) 23 100 130 

δT 0,291 0,018 0,026 

 

Table 13. Hysteresis factors for the 2nd plateau of the AMES-annealed sample 

Temp. (oC) 23 100 130 

δT 0,442 0,071 0,018 

 Greater hysteresis factors can be observed at temperatures higher than ambient for the 

AMES-annealed sample compared to JMC.  
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Conclusion 

 

 At the beginning of this thesis, three research questions were asked. Based on the 

results obtained, now they can be answered: 

 

Q1 When tested for use in a metal hydride hydrogen compressor, a batch of Ti1.1CrMn 

JMC, prepared at industrial scale (on the order of 10kg), presented lower hydrogen 

ab/desorption plateau pressures and lower hydrogen storage capacity than what was 

expected based on the literature data, at any given temperature. What is the source of 

this mismatch between the theoretical and experimental performance of the JMC 

material? 

A1 There are several reasons for which the JMC material has underperformed. The sample was 

produced via industrial-like processes on the scale of 10 kg. Therefore, its hydrogen absorbing 

properties can differ from a lab scale produced sample with the same nominal composition [44]. 

The unit cell parameters calculated for the hexagonal C14 Laves phase, with a nominal 

composition of Ti1.1CrMn, in the JMC material differ from what has been reported in the 

literature (a = 4,87240(3) Å, c = 7,99480(8) Å and V=164,400(3) Å3 vs. a = 4,856 Å and c = 

7,968 Å, V=162,7 Å3 [45]). The larger unit cell volume can be attributed to the higher 

concentration of the largest Ti atoms as compared to Cr and Mn. Such a change in the chemical 

composition of the material can certainly lead to a different thermodynamic performance and 

affect the material hydrogen storage capacity. 

 

Q2 The sample with the same nominal composition (Ti1.1CrMn) synthesized by the Ames 

Laboratory shows the presence of an additional hydrogen-active phase. In this case, 

two hydrogen ab/desorption plateaus are visible in the PCT diagram: one in the 

pressure region similar to the JMC material and one at pressures closer to the 

previously reported results. What is the phase composition of the samples studied and 

how does it affect their thermodynamic properties? Did the annealing procedure used 

by the Ames Laboratory produce the expected phase with the AB2-type structure, or yet 

another composition with coincidentally similar thermodynamic properties? 

A2 The phase compositions of the JMC, AMES-as-cast and AMES-annealed samples were 

analysed with PXD. The detailed results are shown in Table 1. The modified annealing 
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procedure used by the Ames Laboratory led to the formation of additional, hydrogen-active 

Ti1.1CrMn-based phase (Ti1.1CrMn_2) in the AMES-annealed sample that were not present in 

the JMC material. The unit cell parameters of this compound (a2 = 4,8574(1) Å, c2 = 7,9682(3) 

Å) resemble closely the ones reported in literature (a = 4,856(1) Å and c = 7,968(2) Å [43]), 

and the equilibrium pressures of its plateaus (for desorption, p = 77,93 bar at 23oC (Figure 38)) 

are also close to what is reported in literature (for desorption, p = ~80 bar at 19oC for Ti1.1CrMn 

and p = ~80 bar at 23oC for Ti1.16Cr0.92Mn1.08). The crystallographic and thermodynamic 

properties of the Ti1.1CrMn_2 phase are more in line with the original expectations set for the 

JMC material’s Ti1.1CrMn. Thus, the annealing procedure used by the Ames Laboratory , which 

led to the formation of a Ti1.1CrMn-based phase with the intended properties, was only partly 

successful. 

Q3 How do the sample phase composition and thermodynamic performance affect the 

potential application of the material in a thermal metal hydride hydrogen compressor? 

A3 The significantly lower hydrogen ab/desorption plateau pressures in the JMC material, from 

those reported in literature (e.g., pdes, JMC = 34,91 bar at T = 22oC vs pdes = ~80 bar at T = 19oC 

for Ti1.1CrMn), will negatively affect and limit its performance in a metal hydride hydrogen 

compressor intended to operate around the pressure values from literature. On the other hand, 

the AMES-annealed material contains two hydrogen-active phases, and both with higher 

hydrogen sorption plateau pressures than the corresponding phase in the JMC sample (pdes, JMC 

= 34,91 bar, pabs, AMES = 38,86 bar for Ti1.1CrMn_1, pabs, AMES = 77,93 bar for Ti1.1CrMn_2 at 

ambient temperature). Although the 2nd plateau region lies in the pressure and temperature range 

desired for the TMHHC application, the presence of two different hydrogen-active phases in 

the AMES-annealed sample with different ΔH and ΔS values (ΔHdes,AMES,1 = 21,81 kJ/mol, 

ΔHdes,AMES,2 = 24,09 kJ/mol, ΔSdes,AMES,1 = 104,42 kJ/mol/K, ΔSdes,AMES,2 = 118,06 kJ/mol/K), 

and the lower hydrogen storage capacity at the same operating conditions, i.e., ~1,6 vs. ~1,8 H2 

wt% for AMES-annealed and JMC, respectively, at room temperature) limit the possibility to 

design a thermal metal hydride hydrogen compressor using this material. 
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Suggestions for future work 
 

Some potential areas of interest to explore further in this topic could be: 

 

• Additional research aimed at optimizing the annealing procedure used by Ames 

Laboratory in order to avoid the formation of the first Ti1.1CrMn with the larger unit cell 

and only favouring the formation of the second Ti1.1CrMn phase with properties closer 

to those reported in literature for the same nominal composition. 

• Investigating the effects of scaling-up the production of the Ti1.1CrMn more closely. 

The deficiencies of the JMC material are likely related to this, and even if an optimal 

annealing process that produces the correct phase is formulated at lab scale, the 

performance issues could arise once more upon scaling-up the process. 

• Investigating the way in which the increasing unit cell size affects the plateau pressure 

of Ti1.1CrMn in more detail. At the moment it can only be seen that decreasing the unit 

cell size increases the plateau pressure. The exact way in which this result comes to be 

is unclear, and can only be speculated. 

• Research and development aimed at producing metal hydride materials with flat and 

extended plateaus at high pressures would be beneficial to increase the overall material 

capacity.  
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