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Abstract

Hydrogen absorption/desorption properties of the
Sc(AlxNi1-x)2 system

Jonas Ångström

Sc(AlxNi1-x)2 is a pseudobinary C14 Laves phase and a potential interstitial hydrogen
storage material or anode in a Ni-MH battery. A previous study showed that
Sc1Al1Ni1 can store hydrogen reversibly; both interstitially and trough decomposition
into ScH2 and AlNi. It is also known that the exact composition is very important for
the hydrogen storage properties of pseudobinary Laves phases. This thesis work is
aimed at synthesising Sc(AlxNi1-x)2 and study the effect of the Ni/Al ratio on the
hydrogen absorption/desorption process as well as the interstitial storage capacity.
Compositions with high nickel content had the highest capacity (at least 0.67wt% for
ScAl0.66Ni1.34) and the ones with high aluminium content had the lowest total
storage capacity (0wt% for ScAl1.28Ni0.62). The former composition was also shown
to absorb and desorb hydrogen during multiple cycles. Desorption of interstitial
hydrogen from ScAl0.66Ni1.34 requires 4.6kJ/mol in activation energy.
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 Populärvetenskaplig sammanfattning 
För att kunna ersätta de fossila bränslena räcker det inte bara med att hitta en annan energikälla 

än dem. Energin måste gå att lagra på ett effektivt sätt för att kunna användas till bland annat 

transporter. Kraven på lagringen är många: Den måste väga så lite som möjligt och ta liten plats i 

förhållande till hur mycket energi som lagras. Energiförlusterna i lagringen får inte vara för stora, 

miljöpåverkan ska vara så liten som möjligt och så vidare. Två metoder som är helt fria från 

koldioxidutsläpp när de används är batterier och vätelagring. Metallhydrider där väte lagras i 

utrymmet mellan metallatomerna i strukturen (så kallade interstitiella metallhydrider) kan 

användas både i vätelagring och i batterier. 

 

I det här arbetet har en intermetallisk förening av skandium, aluminium och nickel med den 

kemiska formeln Sc(AlxNi1-x)2 studerats. Föreningen kan ta upp väte interstitiellt men också 

genom att bilda ScH2 och AlNi. Arbetet gick i korthet ut på att ett stort antal prover med olika 

mängder nickel och aluminium förhållanden tillverkades genom att smälta ihop nickel, 

aluminium och skandium i en ljusbågsugn. Vätgas trycktes sedan in i materialet genom att 

placera det i högt vätgastryck och värma; vätgasen drogs sedan ut genom att placera provet i 

vakuum och värma. Proven analyserades med hjälp av röntgendiffraktion, som är en metod där 

man använder röntgenstrålning för att ta reda på hur atomerna sitter i förhållande till varandra i 

fasta material. 

 

Rapporten visar att balansen mellan nickel och aluminium är avgörande för hur mycket väte som 

kan lagras interstitiellt i materialet, där en hög andel nickel ger den högsta andelen lagrat väte 

och vice versa. För de två nickelrikaste sammansättningarna gick det att ta upp och avge väte ett 

flertal gånger efter varandra vilket är viktigt om materialet ska användas i ett uppladdningsbart 

batteri eller för vätelagring. Tyvärr är andelen lagrat väte i förhållande till hur mycket materialet 

väger (0,67 viktprocent) för låg och skandium för dyrt för att materialet ska vara tänkbart i en 

praktisk tillämpning. 
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  Introduction 
It has been said that “money makes the world go around” but in fact it is not so much money but 

cheap, abundant and easily transported energy that makes the world tic. Today natural gas, coal 

and oil provide about 88% of the primary energy consumed in the world; the rest is about half 

nuclear and half hydroelectric power.1 The industrial revolution was fuelled by first coal and 

then both coal and oil (which has the benefit of being easier to convert into suitable fuels for 

mobile applications) and their importance for the economic prosperity of the world’s countries 

can still be seen in Figure 1. Without these fossil fuels much of what constitutes the modern 

society would not be possible and while transport is the most obvious there are also many other 

important things such as providing food for the world’s population (which requires inorganic 

fertilizer derived from fossil sources), steel production from iron ore (which uses either natural 

gas or coal), production of plastics or even electric lights (since 68% of the electricity produced in 

the world comes from fossil fuels).2 3 

  
Figure 1. Carbon emissions from fuel combustion per capita 4 of some of the worlds countries plotted 

against their Gross Domestic Product per capita based on purchasing power parity.5 (all data from 2008) 

 

Except from these positive effects there are also as we all know negative sides to the human 

consumption of fossil fuels and there are both environmental and economical reasons to break 

this dependency: Environmental such as global warmingi, oil spills, by-products of fuel 

combustion which causes acid rain, cancer and so on. Economical since a lot of the oil is situated 

in conflict ridden countries it is tempting to have an independent energy supply. The fossil fuels 

will also run out one day and it will be both a human and economical catastrophe if there is not 

an alternative available.ii  

  

                                                           
i Which is very likely (>90%certainty) caused in part by emissions of CO2 and other greenhouse 

gases.6 
ii While most agree that oil will run out sooner rather than later there are now reports that claim 

that the world’s supply may last shorter than previously predicted. 7 8 



 4 

If we want to keep our current living standards (and also let the rest of the world share them) we 

need to consume energy and this has to be produced somehow. This could perhaps be done with 

large scale wind and solar power9 10, nuclear breeder fission reactors11, combustion of coal in 

combination with CO2 capture and storage,12 nuclear fusion13 or maybe some other yet unknown 

technology.  

 

However, if and when the production question has been solved and there is cheap, abundant and 

hopefully clean energy it has to be stored in some way to make practical for mobile applications. 

Efficient storage can also be important for future large scale wind and solar power since they 

produce electricity when the sun shines and the wind blows and that might not be when the 

energy is needed. Two ways to store energy where there are no carbon dioxide emissions on the 

user end are batteries and hydrogen gas. Both can be used to power electric vehicles; batteries do 

this directly and hydrogen can be used to produce electricity in a fuel cell. Battery powered 

vehicles are expensive, have limited driving range and take a long time to charge.14 The fuel cell 

vehicles have their own set of challenges and while they have a potential longer driving range 

than the battery powered vehicles they require some kind of hydrogen gas production since there 

is no natural hydrogen gas source. This can be done in many ways: Finding and/or manipulating 

a bacteria or algae to produce it for you, splitting water using photolysis, electrolysis or 

thermolysis or by reforming some kind of biomass or fossil hydrocarbon(which dominates the 

production today).15 Another problem is the fuel cell that (among other things) usually requires 

platinum as a catalyst which is expensive and scarce. The lack of a hydrogen infrastructure is also 

a problem if the hydrogen is not produced locally near the filling station. Finally the hydrogen 

has to be stored somehow on board the vehicle.16 
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Hydrogen Storage 
Hydrogen gas has very high chemical energy/weight ratio, see the formula below, which is at 

least three times higher than the equivalent value for any hydrocarbon.17 

 

 
 

The problem is that hydrogen gas takes up a large volume. This can be illustrated with a simple 

example: 

 

If a car needs 4 kg of H2 to have a reasonable driving range and H2 behaves like an ideal gas at 

ambient pressure and room temperature how big hydrogen fuel tank do you need at these 

conditions? 

 

Answer: 49 m3! 

(V=nRTp-1=[n=m*M-1]=mRT*(M*p)-1= 

 4 kg*8.31 JK-1mol-1*298 K/(2.02*10-3 kgmol-1*101*103 Pa) ≈ 49 m3) 

 

In the ideal gas formula there are two obvious ways to store more H2 in less volume: Decrease the 

temperature (the cryogenic approach which will eventually liquefy the gas decreasing the 

volume even further) or increase the pressure (the high pressure approach). Except from the 

reduction in volume it is also important that the storage technique does not weigh to much 

compared to the hydrogen it stores (gravimetric density, usually given as mass percent hydrogen 

wt%). This limits the amount of hydrogen that can be stored both because the fuel tank cannot be 

too heavy but also because it cannot be too costly (in the cases where the storage materials are 

expensive). 

 

 
Figure 2. A couple of the techniques that have been suggested as hydrogen storage for onboard 

applications. 
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Other than high pressure and cryogenic storage a couple of other, more directly material related, 

methods of storage methods have been suggested (see also Figure 2): 

Hydrogen adsorbents are materials that physically adsorb hydrogen to their surface, like carbon 

nano-tubes and other compounds with a high surface area.17 These materials currently require 

cryogenic temperatures and can have a gravimetric density of up to about 2wt%.18 

Complex hydrides can be group I and II salts of alanates {[AlH4]-}, amides {[NH2]-} and 

borohydrides {[BH4]-}) or based on transition metals such as MgNi2.19 20 They have a maximal 

gravimetric density of less than 18 wt%.18 

Metal hydrides are metals, alloys and intermetallic compounds which absorb hydrogen both 

interstitially and by forming separate hydride phases. Some examples are LaNi5, FeTi or 

Ti1.1CrMg. 19 Few interstitial hydrides have a maximum gravimetric capacity above 2 wt%18 and 

the ones who form a new hydride phase have a maximum of about 7.7 wt% (for MgH2). 

There are also other methods for chemical storage suggested such as amino boranes,21 methanol22 

and metal amine salts23. Other, more exotic, methods have also been suggested such as letting 

amino boranes form clathratesi with hydrogen thus combining physical and chemical storage.24 

The different storage techniques require different kinds of containers, heating, cooling and so on 

which will lower the system hydrogen gravimetric- and volumetric density. The U.S. Department 

of Energy (DOE) set the following goals in 2009 for 2010, 2015 and ultimate goal for on board 

hydrogen storage systems, see Table 1.25 

 
Table 1. DOE goals for 2010, 2015 and ultimate set in 2009. Note that the weight and volumetric 

percentage is for the whole system 

Year 2010 2015 Ultimate 

Gravimetric Density 

[wt%.] (kWh/kg) 

4.5 

(1.5) 

5.5 

(1.8) 

7.5 

(2.5) 

Volumetric Density 

[g/L] (kWhr/L) 

28 

(0.9) 

40 

(1.3) 

70 

(2.3) 

Fill time for 5-kg fill 

[min] (kg H2/min) 

4.2 

(1.2) 

3.3 

(1.5) 

2.5 

(2.0) 

 

Other than the goals in the table above the hydrogen-powered vehicle has to have a “greater than 

a 300-mileii driving range without compromising packaging, cost, safety, and performance.”25 

Except from the gravimetric and volumetric requirements it is also important that not too much 

energy is wasted in the charging and recovery of the hydrogen from the storage. The recovery is 

extra critical since any energy lost at this step lowers the actual amount of energy available. This 

can be mitigated to different degrees by placing the storage close to the fuel cell and using the 

waste heat it produces which is usually 80 ºC. Interstitial hydrides have a low energy cost for 

charging and only requires slightly elevated temperatures to release the hydrogen. This heat 

could probably be extracted from the waste heat. But this is not the case for many of the complex 

hydrides and other kinds of chemical storage which require a lot of energy to charge and high 

temperatures for hydrogen release.27 

                                                           
i A cage consisting of one type of molecule trapping and containing a second type of molecule 
ii  About 480km, which is the same as the maximum range of the new Tesla Model S lithium ion 

battery powered saloon car according to the manufacturers website26 
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Batteries 
A battery consists of two electrodes in 

contact with an electrolyte, sometimes two 

electrolytes separated by an ion conducting 

separator. A battery, as well as a fuel cell, 

produces energy via redox reactions at the 

anode and cathode. The difference between 

a battery and a fuel cell is that a fuel cell is 

an open system to which fuel is added and 

reaction products leave continuously 

whereas a battery is a closed system where 

ideally nothing leaves or enters except 

electrons. Batteries can be divided into 

primary and secondary batteries. Primary 

batteries are used to generate electrical 

energy until they are depleted and then 

discarded. Secondary batteries can be 

recharged multiple times and are for this 

reason the ones considered for mobile applications. A couple of common secondary batteries are: 

Pb-PbO2 (used in most cars to power the startup engine and by far the most used battery today), 

Ni-Cd (used in stationary applications such as the world largest battery in Fairbanks, Alaska28), 

Li-ion (used in high end portable devices and electric vehicles) and Ni-MH (used in low end 

portable devices and electric vehicles).29 Ni-MH batteries are very similar to Ni-Cd batteries 

(which have been partially banned in the European Union since 2006 because of the carcinogenic 

properties of Cd 30) A schematic image of how both work can be seen in Figure 3.31 

 

The metal hydride in the Ni-MH system is usually a binary intermetallic compound (AxBy). In 

these intermetallics A is a metal whose hydride forms exothermically and B is a metal whose 

hydride forms via an endothermic reaction. In this way the properties can be tailored so that the 

hydrogen is absorbed/desorbed at around room temperature and ambient pressure. These alloys 

can be divided into three big groups: AB5 (that makes up a majority of the Ni-MH market 32 the 

model compound being: LaNi5), AB2 (model compound: ZrV2, a cubic Laves phase) and AB/A2B 

(model compounds TiNi/Ti2Ni).33 Combinations of them can also be made such as AB3 (1/3 AB5 + 

2/3 AB2) and A2B7 (AB5 + AB2). Mg compounds and especially Mg2Ni has attracted much attention 

because of the high weight percent hydrogen (7.7 wt% in pure Mg) that can be stored in them.34 

  

 
Figure 3. Schematic picture of how a Ni-Cd and Ni-

MH batteries works. Both batteries contain a KOH 

water solution and a NiOOH cathode. The anode is 

Cd metal in the Cd-Ni case and a metal hydride in 

the Ni-MH case. 
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Metal Hydrides 
Metal hydrides can, as seen above, be used as both solid hydrogen storage for fuel cells as well as 

the anode in the Ni-MH battery. In the mid nineteen century it was discovered that palladium 

could absorb hydrogen.35 This process occurs in many metals, for example in steel were hydrogen 

embrittlement can be a problem.36 In metals, alloys and intermetallics this process is usually 

divided into two steps as seen in Figure 4. First the hydrogen gas is adsorbed to the surface and 

then enters the structure in atomic form where it is found in interstitial positions as a solid 

solution, called the α-phase. This causes the unit cell of the compound to expand. In the second 

step a more ordered structure, the β-phase, is formed which causes a substantial expansion of the 

unit cell. The desorption process is similar to the absorption in that the hydrogen migrates to the 

surface and recombines. 37 

 

 
Figure 4. Schematic image of hydrogen absorption in metal from the gas phase. First the hydrogen is 

adsorbed to the surface dissociated and absorbed into the bulk. In the bulk the hydrogen is found in 

solid solution called the α-phase. As the pressure is increased the more ordered β-phase is formed. 

 

Thermodynamically the formation of the α- and β-phase can be described by a pressure-

concentration-temperature (PCT) plot, see Figure 5. This shows how the hydride behaves at 

isothermal conditions: There are two single phase regions in this schematic picture and in these 

large pressure changes are needed to increase the hydrogen content. At a temperature dependent 

pressure α and β phases coexist which is seen as a flat plateau. The temperatures (T1, T2 andT3) in 

the figure) and the equilibrium pressures Peq can be plotted in a van’t Hoff plot, see Figure 5. 

From this plot and the van’t Hoff equation (where P0 is atmospheric pressure and R is the ideal 

gas constant), 

 

 
 

the thermodynamic constants ΔH, change in enthalpy, and ΔS, change in entropy, can be 

calculated. These values are very important for the hydrides as hydrogen storage materials since 

the hydride has to be stable enough so that the hydrogen can be formed but labile enough so that 

the release of hydrogen does not require too much energy. At a critical temperature Tc the 

transition between α and β phase is continuous.  
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Figure 5. The left graph shows the temperature and pressures effect on the formation of the alpha and 

beta phase with pressure on the y axis and hydrogen concentration on the x-axis both in arbitrary units. 

The right graph shows a van’t Hoff plot.  

 

For intermetallic compounds containing transition metals and elements from the p-block the 

hydrogen is either accommodated interstitially or forms new compounds which may require 

major rearrangements in the structure. The hydrogen can occupy both tetrahedral and octahedral 

sites but they are almost always more than 0.2 nm apart and occupy the sites furthest away from 

any p-elements.38 It is not uncommon for the hydrogenated materials to break down into smaller 

pieces because of the expansion when hydrogen is incorporated into the structure.37 

ScAlNi 

Scandium is known for its ability to accommodate hydrogen both in itself and as part of an 

intermetallic compounds such as Sc2Ni, Sc2Al and ScFe2.39 40 The combination of rare earth metals, 

aluminium and nickel (RENiAl were RE=Y, Gd, Tb, Dy, Er and Lu) and their hydrides has been 

studied by Kolomiets et al.41 and RE=Sc (i.e. ScAlNi) has been studied by Sobkowiak et al. both 

showing that Al and Ni improves the absorption/desorption properties of the rare earth metal. 

Sobkowiak et al. also found that ScAlNi, which crystallises in the MgZn2-type structure (i.e. is a 

semi binary C14 Laves phase) absorbs hydrogen in two steps: First as an interstitial solution and 

then, at higher pressure and temperature, decomposition into ScH2 and AlNi. It was also found 

that both these reactions are fully reversible.42 
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Figure 6. The C14 structure of 

AlNiSc. Scandium is grey and 

nickel and aluminium are green 

in the figure. 

Laves phases 

There are three kinds of AB2 type Laves phases formed by 

rare earth metals (were A is a rare earth metal): The 

hexagonal MgZn2 (or C14) type to which ScAlNi belongs(see 

Figure 6), the cubic MgCu2 (or C15) type to which both ScNi2 

and ScAl2 belongs and the uncommon hexagonal MgNi2 (or 

C36) type structure. 43 The formation of these phases is 

largely governed by the ratio of the A and B atoms radii. 

Ideally atom A’s radius is 22.5% larger than that of B but in 

reality the quotient can vary from 1.05 to 1.68, assuming a 

hard sphere model. 44 In compounds where the radius ratio 

deviates from 1.225 the atoms change their size to come 

closer to the ideal quotient when the change is smaller the 

closer the quotient is to ideal. Compounds with a radius 

quotient higher than 1.25 generally have the MgCu2 structure 

and compounds with quotient a lower than 1.25 generally 

have the MgZn2 structure but there are many exceptions.45 A 

problem with general rules for which structure one gets from which radius quotient is the 

aforementioned change in size. The inter-atomic distances in Laves phases are generally smaller 

than in the elemental state, this is especially true for the A atom.43 In the case of aluminium, 

nickel and scandium they have metallic radii of 143 pm (Al), 125 pm (Ni) and 161 pm (Sc) 

respectively.46 This yields radius quotients of 1.12 for ScAl2, 1.288 for ScNi2 and 1.20 for ScAlNi (if 

the B radius is calculated as the arithmetic mean of the Al and Ni radii). But as mentioned above, 

both ScNi2 and ScAl2 have C15-type and ScAlNi has the C14-type structure. 

 

Many Laves phases show an increase in unit cell size without structural change when they 

absorb hydrogen. The hydrogen atoms usually occupy tetrahedral and/or octahedral interstitial 

sites in the structure. In these sites the hydrogen is surrounded by a certain number of A and B 

atoms. If the exact structure of the compound is known, then one can determine the number of A 

and B atoms at each site. Using this information the relative stability of the sites can be calculated 

as an average of the heat of formation of the imaginary binary hydrides formed by the 

surrounding metal and hydrogen atoms and in this way determining which sites are more 

favourable for hydrogen. For pseudobinary Laves phases A(B1xB21-x)2 the amount of B1 compared 

to the amount of B2 has been shown to be very important for the number of hydrogen atoms that 

can be stored interstitially.47 

 Aim 
The aim of this project is to synthesise Sc(AlxNi1-x)2 and to investigate the hydrogenation and 

dehydrogenation process. Furthermore, this project will study how the Al/Ni ratio affects the 

hydrogen absorption/desorption process as well as the interstitial storage capacity. 
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 Experimental 
Synthesis 

Arc melting 

Arc melting is a common technique for synthesis of alloys and intermetallic compounds used 

both in small and large scale (one example of the later being the steel industry).48 In the arc 

furnace there is a plasma arc created between an electrode, often made out of tungsten or 

graphite, and a ground plate with a large potential difference. This arc is directed at the sample 

thereby melting said sample when the current passes through it. 

 

In this project a tungsten electrode was used and the samples were placed on a water cooled 

copper hearth. To remove oxygen and other gases that could react with the molten sample the arc 

furnace was flushed with argon three times after which the argon pressure was set to 0.5bar and 

a small piece of titanium was melted as a getter for five minutes to further lower the oxygen 

content in the chamber. Once this was done the arc was directed towards the sample until it was 

melted after which the furnace was turned off and the sample allowed cooling before the 

chamber was opened. 

 

 
Figure 7. The samples were synthesized in this arc furnace by melting stochimetric amounts of the 

constituent elements. Most of the samples were re-melted five times. The samples were turned over, to 

improve homogeneity, and weighted to, ensure that not too much sample was lost or oxidized, between 

each melting. 

 

Stoichiometric amounts of aluminium (99.999% pure, Gränges Essem), nickel (99.999 % pure, Alfa 

Aesar, 99.999% pure batch no. Nm11879) and scandium (99.99 % pure, Stanford Materials 

Corporation, batch no. Qx-05) were arc melted five times. The samples were turned between each 

melting (to ensure homogeneity) and weighed (to ensure that not too much sample was lost or 

too much oxide formed). Some compositions had internal strains after solidification, causing 

them to break down into small fragments in the furnace during the following melting. 
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Figure 8. The high pressure furnace: 

Sample is placed in a alumina crucible 

which is placed in the steel sample holder 

tube which is screwed into the system. 

The furnace is then heightened until it 

covers the sample holder and the hole is 

covered with insulating material. 

To prevent this breakdown the samples with these compositions were crushed to a powder with 

an agate mortar and pestle and then compacted into tablets after each melting. The tablets were 

then arc melted together into a button which was then crushed, compacted and melted. These 

samples were only melted three times because of the loss of sample in the crushing/compacting 

process and the fact that this process also mixed the sample, improving the homogeneity. 

Additionally some samples were created by mixing carefully measured amounts of the other 

samples. The powders were mixed pressed into tablets and then arc melted. In the ways 

described above, Sc(AlxNi1-x)2 samples with x=0.0, 0.10, 0.25, 0.30, 0.33, 0.35, 0.40, 0.60, 0.64, 0.70, 

0.75, 0.78 and 1.0 compositions where synthesised. A x=0.50 sample synthesised by Adam 

Sobkowiak was also used, for details about this synthesis see his article.42 

Heat treatment 

After arc-melting all the samples were crushed with an agate mortar and pestle. Some samples 

were heat treated at 1070 K for 3 days, others for 5 hours, in evacuated fused silica tubes which 

had been cleaned in aqua regia for four hours, rinsed with deionised water and then dried in a 

furnace over night before use. All samples were stored in a glove box under argon atmosphere. 

 

Hydrogen Absorption 
The absorption experiments were conducted in a 

purpose made high pressure hydrogen furnace. A 

carefully weighted amount of the sample was placed 

in an alumina crucible which in turn was placed in a 

steel tube that was attached to the system. The 

system was sealed and flushed with hydrogen three 

times. Some samples were activated in vacuum for 

30 minutes at 300 ºC and then hydrogenated while 

others where hydrogenated directly. The 

hydrogenation programmes consisted of one hour 

ramping from room temperature up to either 180 ºC 

or 300 ºC and subsequent cooling down to room 

temperature after dwelling at the desired 

temperature for one hour. This was performed at a 

hydrogen pressure of both 20 and 50 bar. The 

ScAl0.66Ni1.36 sample was also kept in room 

temperature and 50 bar for more than 20 hours after 

activation. All samples where weighted before and 

after the hydrogenation to estimate hydrogen uptake 

from any weight gain. 

 

An Ultra High Vacuum (UHV) system was also used 

to study the hydrogenation process. The system was 

flushed three times with argon and then the samples 

were hydrogenated at 180 ºC and 1 bar for one hour 

with and without previous activation in vacuum at 

300 ºC. 
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Thermal Desorption Spectroscopy (TDS) 
Thermal Desorption Spectroscopy, TDS, also known as Temperature Programmed Desorption, 

TPD, is a technique that studies desorption of gases from a sample while it is heated at a constant 

rate by monitoring the pressure. If a mass spectrometer is used, the partial pressures of the 

different gasses can be separated and studied individually. Using the hydrogen emission 

maximum temperature (Tmax) from a series of measurements performed at different heating rates 

(β) and plotting them in a so called Kissinger plot, see the Kissinger equation below, the 

activation energy of the hydrogen release can be calculated.49 

 

 
(Where Ea is the activation energy and R is the ideal gas constant) 

 

This technique can also be used to estimate the amount of hydrogen in a sample by comparing it 

with a standard material with a known composition, for example TiH2.50 

 

A carefully weighted amount of about 20-50 mg of the sample was placed in a steel sample 

holder which was then placed on a rod with a thermocouple and then sealed inside a fused silica 

tube, as seen in Figure 9. The pressure inside the tube was then lowered first with a standard 

scroll pump and then further by a turbomolecular pump to about 0,1 mPa after which it was 

flushed with high purity nitrogen gas. After this the system was pumped down in the same 

fashion as above but to about 1 µPa and the tube inserted to a furnace. Finally, the constituent 

gases in the chamber were measured using a Microvision Plus residual gas analyser/mass 

spectrometer; the total pressure inside the tube, the temperature of the furnace and at the sample 

was also recorded. The furnace temperature was programmed to increase with a linear rate of 0.5 

to 10 ºC/min and the thermocouple at the sample was used to calculate the ramp rate at the 

sample. All samples were analyzed with X-ray diffraction after desorption to confirm that the cell 

parameters were the same as before the absorption/desorption cycle. 

 

 
Figure 9. The sample holder was placed on a rod with a thermocouple at the end in an evacuated fused 

silica tube and then inserted into the furnace. 
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Characterisation with diffraction 
Diffraction is the most important method to determine the crystal structure of inorganic 

substances. X-rays are usually used but particles, such as electrons or neutrons, can also be 

utilised if their velocities are such that their de Broglie wavelengths (λ=h/mv) are comparable to 

the separation of the atoms or ions in the crystal. The X-rays are scattered by the electrons of the 

atoms or ions in the crystal and are amplified by constructive interference at certain angles 

because of local and long range order. This is described by Braggs Law which can be seen in 

Figure 10. Neutrons are scattered by the nuclei instead of the electrons and this makes neutron 

diffraction more sensitive to lighter elements. The X-rays are either generated in an X-ray tube or 

in a synchrotron. In the X-ray tube, electrons are accelerated towards the anode which is usually 

made of copper (but other metals are also used to get other wavelengths). In the synchrotron, 

electrons are accelerated into a storage ring were they emit radiation when they are accelerated 

by the bending magnets that keep the electrons inside the ring. Neutrons are generated either in a 

nuclear reactor or via spallation were neutrons are knocked out from heavy elements by a stream 

of protons.51 

 

 
Figure 10. Bragg’s law visualised for diffraction in a lattice with plane spacing of dhkl. 

Powder X-ray Diffraction (XRD) 

In powder diffraction a powder, which is inherently polycrystalline, is studied and in which, 

ideally, every single orientation is represented. This causes the three dimensional pattern one 

would get from a single crystal sample to be projected down into a two dimensional picture. 

Powder diffraction gives less structural information than single crystal diffraction but the sample 

preparation is much easier, it is very good for identification crystalline samples and 

determination of cell parameters. 

The X-ray powder diffraction was carried out on a Bruker D8 diffractometer with a Våntec 

detector using CuKα1 radiation in a θ-2θ locked-couple setup. The samples were ground to a fine 

powder with an agate mortar and pestle and suspended in ethanol. The suspension was applied 

to a silicon disc and was allowed to dry evenly distributed on the surface. When the ethanol had 

evaporated the sample was placed inside the diffractometer and a diffractogram was obtained. 

The unit cell parameters where calculated using the program UNITCELL and confirmed using 

CHECKCELL. For the hydrogenated samples the calculated cell volumes were used to 

approximate the amount of hydrogen absorbed. This can be done using Peisl’s relationship that 

states that one hydrogen atom causes a cell expansion of approximately 2.9 Å3.52 
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Synchrotron radiation powder X-ray Diffraction (SR-XRD) 

As mentioned earlier, synchrotron radiation is created when electrons are accelerated by the 

bending magnets in the storage ring. The intensity that can be achieved in this way is much 

higher than what one can get out of a X-ray tube. This means that data of the same quality can be 

produced in seconds that would take hours in a normal diffractometer This is ideal for in situ 

studies of reactions in crystalline samples as a large number of diffractograms can be measured 

while the reaction is taking place. 

 

The SR-XRD was carried out on the I711 beam line on the MAX-II synchrotron at MAX-lab in 

Lund. The sample was ground to a fine powder with a cemented carbide mortar and pestle and 

placed inside a thin quartz capillary which was placed inside a sapphire tube (the inner capillary 

was used to avoid too much X-ray absorption from the sample). The wavelength was determined 

to be 0.93813 Å, a large area CCD (Charge-Coupled Device) detector was used and the samples 

where hydrogenated at 100 bar. 

Risk assessments 
In this project metallic nickel was used extensively which should always be handled with 

protective gloves. The synthesis and heat treatment involves high voltage and high temperatures. 

In the absorption and desorption experiments high and low pressure is used and in the former a 

blast shield should be placed around the experiment and the later protective glasses should be 

used when one is around glass tubes containing high vacuum. The diffraction experiments 

involve ionising radiation. Aqua Regia, which is a highly corrosive acid, is prepared and used 

and protective clothing and goggles should be used when it is handled. The experiments also 

involve the use of hydrogen and acetylene gas which can both be explosive when mixed with air. 
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Results and Discussion 
Characterisation of synthesised samples 
As seen in Figure 11, the synthesised samples were single phase Sc2Ni (C15 Laves phase) between 

0 and 10% (Al/(Ni+Al)), then multiphase up to 33%, single phase ScAlNi (C14 Laves phase) 

between about 35 and 64%, multiphase between 70 and 78% and finally single phase ScAl2 (C15 

Laves phase) at 100%. Most of the Sc(AlxNi1-x)2 samples hade quite broad peaks that were slightly 

asymmetrical at lower angles and they shifted towards lower angles with higher aluminium 

content. 

 
Figure 11. Diffraction patterns from all the synthesised compositions ordered according to aluminium 

content. The single phase samples of ScAlNi are white, the single phases of ScNi2 and ScAl2 are marked 

with dark gray and the mixed phase samples containing ScAlNi are marked with light gray. 

 

The shift towards lower angles as the aluminium content increased means that the cell 

parameters have grown. This is not surprising since the nickel atom only has 68% of the volumei 

of the aluminium atom.46 

 

As expected annealing produced a sample with narrower and more Gaussian-shaped peaks, see 

Figure 12. The heat treatment relieves strain and makes the distribution of cell parameters 

smaller, which explains the narrower peaks, and also gives them more normal distribution 

around the maxima, which explains the change in shape. 

                                                           
i Calculated from metallic radius 
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Figure 12. After the heat treatment the diffractogram had narrower and more Gaussian-shaped peaks for 

most samples. 

 

These sharper and more symmetrical peaks are better suited to determine cell parameters and for 

this reason heat treated samples were used to determine the cell parameters for most of the 

synthesised compositions. For the samples with an aluminium content equal or less than that of 

ScAl0.8Ni1.2 heat treatment caused the sample to decompose, see Figure 13. The cell parameters for 

these compositions were calculated from non annealed samples. 

 

 
Figure 13. ScAl0.8Ni1.2 before and after annealing. The new peaks (some of them marked with arrows) that 

appear after heat treatment reveal the formation of at least one new phase.  

 

By plotting the calculated Sc(AlxNi1-x)2 cell volume against the Al content one can see if there is 

any kind of trend when this varies, see Figure 14. Surprisingly the volume is almost linear with 

the composition both inside and outside the area of homogeneity of the phase. 
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Figure 14. The amount of aluminium in the synthesised samples plotted against the cell volume in Å3. 

 

Normally the slope would change as new phases from and competes for the atoms in the sample. 

The changes may be so small that they fall within the error margins of the calculation of the cell 

volume. 

 

The different samples can also be plotted in a ternary phase diagram, Figure 15. This gives an 

idea of the extent of the ScAlNi phase in the Al-Ni dimension and shows the other reported 

phases. 

 

 
Figure 15. The ternary phase diagram for the Sc-Al-Ni system. Reported phases are marked as unfilled 

rings in the figure. The smaller dots and diamonds mark the composition of the synthesised samples. 

Light grey are single phase ScAl2, black diamonds are single phase ScAlNi, black dots are single phase 

ScNi2 and half grey half black dots are mixed phase samples. 
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Hydrogen absorption 
Figure 16 shows activated and non activated hydrogenation curves for the ScAl0.66Ni1.34 

composition at 20 bar of hydrogen pressure and 300 ºC. The shapes of the curves where about the 

same for all compositions which absorbed hydrogen but the features were more prominent for 

the ScAl0.66Ni1.34 composition. 

 

The non activated sample, left in Figure 16, shows a sudden pressure drop just before 150 ºC (a), 

a sign of hydrogen absorption. For the activated sample, right in Figure 16, there is a change in 

slope (c) from about 100 ºC which indicates hydrogen absorption. These curves can be compared 

to a curve for the empty system showed as dotted lines. The change in pressure after the 

hydrogenation was about the same for both activated and non activated sample. All curves 

change slope (b) as the furnace dwells on the maximum temperature. 

 

 
Figure 16. Left : Comparison between a typical hydrogen absorption curve (non activated ScAl0.66Ni1.34 at 

20bar) and a curve for an empty system (dotted line) with the same furnace program at approximately the 

same pressure Right: Activated but otherwise almost identical sample and treatment as the sample to the 

left compared to the same empty system curve as above (dotted line). The pressure difference before and 

after hydrogenation is about the same as for the not activated sample. 

 

The fishlike shape of the curves and especially the change in slope (b) can be explained by the 

fact that the temperature was measured outside the chamber but the pressure inside it. As the 

temperature reaches 300 ºC in the furnace it is still at least 50 ºC below that on the outside of the 

chamber and lower still inside it. When the furnace dwells the temperature rises faster in the 

chamber than outside it which causes a change in slope. 
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Hydrogenation at 20 bar and 300 ºC caused a shift towards lower angles in the diffractograms for 

all samples except for one with the ScAl1.28 Ni0.62 composition. The shift was larger the more nickel 

the sample contained i.e. most extreme for the ScAl0.66 Ni1.34 composition seen in Figure 17. 

 

 
Figure 17. The diffractogram for ScAl0.66Ni1.34 before and after activated hydrogenation at 300ºC and 20bar 

for one hour. By comparing the calculated volume before and after hydrogenation from these 

diffractograms the hydrogen absorption can be estimated. 

 

As mentioned earlier, a shift towards lower angles shows that the cell parameters have increased. 

Increased cell volume is a typical behaviour for interstitial hydrides when they absorb hydrogen. 

 

The amount of hydrogen in the samples, estimated using Peisl’s relationship and the calculated 

change in volume, varied from (-0.05)-0.76 hydrogen atoms per formula unit (H/f.u.) between the 

samples hydrogenated at 20 bar and 300 ºC, see Table 2 and Figure 18. The hydrogen absorption 

was highest for the sample with the lowest aluminium content and lowest for the highest 

aluminium content. In between these the amount of hydrogen absorbed varied almost linearly 

with the composition. 

 
Table 2. Cell volumes for activated samples before and after they are hydrogenated at 300 ºC and 20 bar. 

The V/σvol values are an indication of how good the calculated volumes fit the pattern, in the cases where 

two or more hydrogenations where performed the one with the highest V/σvol is shown. In the far right 

column there is a value for the approximated number of hydrogen atoms per formula unit H/f.u. 

%Al (Al/Al+Ni) Vbefore/Å3 V/σvol Vafter/Å3 V/σvol H/f.u. 

33% 179.13 8674 187.96 4351 0.76 

40% 182.91 4611 187.51 11203 0.40 

50% 187.45 20932 192.09 7164 0.40 

60% 192.70 4857 193.83 7881 0.10 

64% 195.14 4857 194.62 5839 (-0.05) 
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Figure 18. Number of hydrogen atoms per formula unit plotted against composition. The samples were 

hydrogenated and 20bar at 300ºC for one hour after activation. It is clear that a high nickel content is 

favourable for hydrogen for the interstitial hydrogen storage capacity. 

 

These results show that low aluminium, i.e. high nickel, content is favourable for interstitial 

solution of hydrogen. The more nickel the sample contains the more likely it is that the hydrogen 

will have only nickel and scandium as neighbours in the structure. This behaviour is not 

unexpected since the relationship between solubility of hydrogen and composition is well known 

for other pseudobinary Laves phases.47 

 

The so far maximal storage capacity for Sc(AlxNi1-x)2 was found when ScAl0.66Ni1.34 was 

hydrogenated without activation at 50 bar and 180 ºC. This caused a cell expanded to 192.73 Å3 

(V/σvol=10918) which corresponds to 1.15 H/f.u. Prior activation, but otherwise the same 

treatment gave roughly the same result 191.26 Å3 (V/σvol=9560) which means 1.02 H/f.u. 

 

The ScAl0.66Ni1.34 sample was also hydrogenated at 1bar both with and without activation at 180 
ºC. None of these samples showed any increase in weight, cell volume or drop in pressure. 

Neither did an activated ScAl0.66Ni1.34 sample that was left in 50 bar of hydrogen pressure for 20+ 

hours show any sign of hydrogen absorption. 
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When a large amount of the ScAl0.66Ni1.34 sample (505.5 mg) was hydrogenated at higher pressure 

( 50 bar) without activation, see Figure 19, it is not only easier to see at which temperatures the 

hydrogen starts to enter the structure but a weight increase of 3.4 mg was also measured. Except 

from the sudden pressure drop (b), also seen for the non activated sample hydrogenated at 20 bar 

to the left in Figure 16, there is a change in slope at around 75 ºC (a) both deviations from the 

“empty system curve” are indications of hydrogen absorption. 

 

 
Figure 19. 0.5 g of the ScAl0.66Ni1.34 hydrogenated at 50bar and 180ºC without activation. With a large 

amount of sample it is possible to see a clear change in slope at point (a). The rate of hydrogen 

absorption seems to increase as the curve approaches (b) after which there is an even faster absorption. 

For this sample it was also possible to measure a weight increase which was in good agreement with the 

estimation from cell expansion. 

 

The weight increase corresponds to a hydrogen content of 1.06 H/f.u. or 0.67 wt%. In the post 

hydrogenation XRD the cell volume was 190.63 (V/σvol=3862) and this corresponds to hydrogen 

content of 0.97 H/f.u. This is together with the previous study of the material42 is an indication 

that the Piesl’s relationship is valid for Sc(AlxNi1-x)2. 
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Thermal desorption spectroscopy 
By combining the temperature at the sample, ScAl0.66Ni1.34-   , with the hydrogen partial 

pressure one can plot a pressure versus temperature diagram, see Figure 20. In the inset the 

temperature at the sample is plotted against the time and the real ramping rate for this sample 

can be calculated from this plot. In this case the furnace ramping rate was programmed to be  

5 ºC/min but the rate at the sample (β) was determined to be 6.3 ºC/min. The temperature at 

maximum pressure (Tmax) can also be obtained from the curve, in this case 162 ºC. 

 
Figure 20. A typical desorption curve for ScAl0.66Ni1.34, in this case with a furnace ramping speed of 

5ºC/min with temperature plotted against pressure. The inset shows the temperature at the sample 

plotted against time and the linear regression from which the ramping rate at the sample was calculated 

to be 6.3ºC/min. 

 

The TDS curves for the different ramping rates for the ScAl0.66Ni1.34-    sample can be seen to the 

left in Figure 21. Tmax values ranged from 107 to 185 when β varies from 0.55 to 13.9. By plotting 

the Tmax and β, see page 13, i.e. plotting these values in a Kissinger plot (right side of Figure 21), 

the activation energy of hydrogen desorption from solid solution was calculated to be about  

4.6 kJ/mol for the ScAl0.66Ni1.34-    sample. 

 

 
Figure 21. Left: A series of desorption curves for ScAl0.66Ni1.34-H1 at different ramping rates (β) with 

temperature plotted against pressure as a percentage of the maximum pressure. Right: A Kissinger plot 

with β and Tmax values from the desorption curves to the left. 

  



 24 

The activation energy for the release of interstitial hydrogen for this composition can be 

compared to the hydrogen release from the recombination reaction of the Sc1Al1Ni1 phase 

previously studied which is 182 kJ/mol:42 
 

 
 

Powder XRD showed little difference between the ScAl0.66Ni1.34 before and after one 

hydrogen/dehydrogenation cycle (see Figure 22) except that the pattern had sharper and more 

Gaussian-shaped peaks afterwards and that there seemed to be slightly less contaminating 

phases. 

 

 
Figure 22. The XRD pattern for a synthesised, hydrogenated and dehydrogenated ScAl0.66Ni1.34. There 

seems to be little difference between the synthesised and dehydrogenated sample except that the peaks 

of the dehydrogenated are slightly sharper, more Gaussian-shaped and that there seems to be somewhat 

less contaminating phases. This was typical for desorption at all heating rates. 

 

The fact that the XRD pattern is more or less the same after hydrogenation/dehydrogenation 

suggests that the ScAl0.66Ni1.34 is a reversible (or more correctly reverse-able) hydrogen storage 

material. 
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Synchrotron X-ray Diffraction 
The synchrotron data had a very low signal to noise ratio because of a lot of air scattering 

between the aperture from the synchrotron and the sample. Unfortunately only the two most 

intense peaks could be identified. Even though it is hard to discern anything from these 

measurements it is possible to see the two sharpest peaks moving toward lower angles as 

hydrogen pressure is applied and higher angles as vacuum is applied for both ScAl0.8Ni1.2 and 

ScAl0.66Ni1.34. This behaviour was also found for the interstitial solution of the Sc1Al1Ni1 phase 

previously studied, see Figure 23.42 

 

 
Figure 23 The expansion and contraction of the cell can be clearly seen as Sc1Al1Ni1 is submitted to 50bar 

of hydrogen gas or vacuum respectively at 180ºC. 

 

As mentioned earlier, a shift towards lower angles is a sign of increased cell parameters, and vice 

versa, which is in turn a sign of hydrogen absorption and desorption. This behavior for the 

ScAl0.8Ni1.2 and ScAl0.66Ni1.34 phase, together with the already established reversibility of the 

Sc1Al1Ni1, is further proof that the nickel rich compositions of Sc(AlxNi1-x)2 are reversible and 

capable of multiple absorption/desorption cycles. 
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Summary and Conclusions 
It has been shown that the Sc(AlxNi1-x)2 phase spans from x≈0.35 to at least x=0.64. Furthermore, it 

is shown that the nickel rich part of this phase has a better hydrogen storage capability, at least 

0.67 wt% (~1H/f.u.) for the ScAl0.66Ni1.34 composition, while the sample with the highest 

aluminium content seems to have no interstitial storage capacity at all. ScAl0.66Ni1.34 and 

ScAl0.80Ni1.20 are also shown to be reversible hydrogen storage materials capable of multiple 

cycles. The activation energy for hydrogen release in ScAl0.66Ni1.34 is determined to be 4.6 kJ/mol. 

 

In short this study has shown that it is possible to improve the hydrogen storage capability of this 

interstitial hydride by tuning the composition. Even with this improved storage capability the 

gravimetric weight capacity is still too low and scandium too expensive for this material to be 

practical for hydrogen storage or battery applications. The gravimetric density could perhaps be 

increased by substituting aluminium partly or entirely for something else. It is also possible that 

scandium could be replaced by titanium and calcium using the concept of effective valency. 

Future outlooks 
There are as always many things that one would like to have done but that there was no time to 

do this as part of this project, some of them are: 

 Since the aluminium does not seem to be favourable for interstitial hydrogen storage it 

would be interesting to exchange it partially, or entirely, with something else. 

 A sample was sent away for measurements of hydrogen absorption isotherms but the 

results are not yet done. 

 The planned study of the electrochemical properties of the compound turned out to be 

trickier than expected. 

 Single crystal, and neutron, studies of the sample before and after hydrogenation. 

 Redo the synchrotron measurements and hopefully get better data. 

 Compare the TDS measurements with a TiH2 standard, and in this way approximate the 

amount of hydrogen in the sample. 
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