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Abstract 

Hydrogen sorption properties of the LiH-MgB2 system doped with TiCl3 were investigated 

with respect to milling conditions (milling times, ball to powder (BTP) ratios, rotation 

velocities and degrees of filling) to form the reactive hydride composite (RHC) LiBH4-MgH2. 

A heuristic model was applied to approximate the energy transfer from the mill to the 

powders. These results were linked to experimentally obtained quantities such as crystallite 

size, specific surface area (SSA) and homogeneity of the samples, using X-ray diffraction 

(XRD), the Brunauer-Emmett-Teller (BET) method and scanning electron microscopy 

(SEM), respectively. The results show that not only the crystallite size and SSA were crucial 

for the sorption kinetics but also the homogeneous dispersion of the reactants plays a 

significant role. 
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Introduction 

Hydrogen can be produced and used as an energy carrier with significantly reduced carbon 

emissions compared to current fossil fuel driven technologies. The concept of a hydrogen 

economy is based on the production of hydrogen from renewable energy sources and then 
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used in combination with a fuel cell to produce energy for a range of applications [1]. An 

effective hydrogen system requires a suitable method of hydrogen storage to allow for 

continuous clean energy supply. One such storage solution is the use of metal hydrides. Metal 

hydrides are able to store and release hydrogen by forming and breaking chemical bonds. The 

main advantage of metal hydride storage is the higher volumetric density of hydrogen 

compared to compressed or liquid hydrogen. Complex hydrides are, especially, very 

promising as hydrogen-storage materials, due to their high gravimetric and volumetric 

capacities [2]. In particular, LiBH4 possesses the highest hydrogen capacity (18 wt%) [3]. 

However, its reversibility is limited, due to formation of stable decomposition products [4]. 

Reversibility of LiBH4 at moderate conditions was achieved by using the RHCs approach [5], 

where a metal hydride is added to LiBH4. This approach leads to themodynamic 

destabilisation of the mixture during desorption [6-9]. The LiBH4-MgH2 composite system 

(reaction equation 1) has an especially high volumetric density with a reversible hydrogen 

capacity of c.a. 11 wt% and improved economic advantages [10]. However, the disadvantage 

of this system is its sluggish sorption kinetics. 

2 LiH + MgB2 + 4H2 ↔ 2 LiBH4 + MgH2   (1) 

Tailoring ball milling conditions prior to hydrogenation and dehydrogenation processes is a 

proven method of improving reaction kinetics [7, 9, 11]. For synthesis and modification of 

nano-sized structures, high-energy ball milling is a well-established method [12-15]. Another 

alternative is to add transition metal halides to increase significantly the sorption kinetics. The 

impact of transition metal halides has been studied extensively [16-19]. Their addition to the 

system reduces particle and crystallite size of the powders, and increases the number of lattice 

defects and grain boundaries. This in turn leads to improvement of the sorption kinetics of 

hydrogen due to higher surface area and increased diffusion paths along the phase and 

crystallite boundaries. Thus, to address kinetic issues of this system, the composite system 

LiH-MgB2 was milled with xTiCl3 (x =0.05, 0.025) as an additive using a planetary ball mill 

whilst systematically varying the operating conditions. A heuristic model can be used to 

estimate the energy transfer from the milling process [20, 21], including the operating 

parameters of the mill as well as the interaction with the powders inside the milling vial with 

the balls. Once calculated, the effect of energy transfer can be discussed within the context of 

material properties and the consequent relationship to reaction kinetic behaviour. Therefore, 

conclusions can be drawn on the optimisation of ball milling conditions for the LiH-MgB2 

system with TiCl3 in order to improve the overall sorption behaviour. 

Experimental 
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All materials were handled in a continuously purified argon atmosphere glove box (MBraun, 

Germany) (O2 < 10 ppm, H2O < 10 ppm). LiH (Alfa Aesar , 99.4 %), MgB2 (Alfa Aesar, 

96.7 %), and TiCl3 (Sigma Aldrich, 99.995 %) were milled together in the stoichiometric ratio 

2 LiH + MgB2 + xTiCl3 where x = 0.025 or x = 0.05. A planetary ball mill Pulverisette-5 

(Fritsch, Germany) was used in an argon atmosphere glove box with tempered steel (1.3505) 

milling vials (335 mL) and 10 mm diameter balls. Milling conditions were systematically 

varied and are listed in Table 1. Unmilled samples of both stoichiometries were hand shaken 

in a closed glass vial for one minute to compare with the milled samples. 

Table 1: Milling parameters systematically adjusted for the 2 LiH + MgB2 + xTiCl3 (where x = 0.025 or x = 0.05) 

reactants. *refers to the planetary ground plate. **refers to the volume fraction of the milling balls in the vial. 

Ball to Powder Ratio Mill Rotational Velocity* 

(rpm) 
Degree of Filling** 

(%) 

Milling Time  

(h) 

5:1 50 10 2 10 

10:1 130 25 4 15 

20:1 230 50 6 20 

40:1 330 75 8 30 

The model used to approximate the energy-transfer can be found in Burgio et al. [20]. The 

total energy transferred from the mill and milling balls, P*, can be approximated as a function 

of yield coefficient, (φb, related to the degree of filling or the volume fraction of milling balls 

in the vial), number (Nb), diameter (db) and mass (mb) of balls, total milling time (t), angular 

velocity of the plate (Ωp), angular velocity of the vial (ωv), distance of the vial to its periphery 

(rv), distance from the centre of the mill to the centre of the vial (Rp) and the total powder 

weight (PW) (equation 2). This publication [20] uses a cubic arrangement of the milling balls 

at rest whereas this study modifies this for a hexagonal arrangement due to its lower volume 

vacancy. 

  (2) 

Sorption properties were measured with a Sievert apparatus (HERA Hydrogen Systems, 

Canada) with 50 bar H2 at 350 °C for absorption and 3 bar H2 at 400 °C for desorption. All 

samples milled for 2, 10 and 30 hours were cycled twice. X-Ray Diffraction (XRD) 

measurements were performed in transmission mode at the Beamline D3 of the Hasylab in 
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DESY (Hamburg, Germany) using a MarCCD-165 area detector and a wavelength of 

0.499 Å. Crystallite size was calculated using Rietveld refinement with MAUD software 

(Materials Analysis Using Diffraction, Italy). Specific surface area (SSA) was determined 

with the Brunauer-Emmet-Teller (BET) method using the ASAP 2020 physisorption analyser 

(Micromeritics, Norcross, USA) after being pre-treated at 100 °C under vacuum for 20 hours. 

Morphology and phase identification was obtained using a Scanning Electron Microscope 

(SEM, Zeiss, Germany), equipped with a backscattered electron (BSE) detector and an 

Energy-Dispersive X-Ray Spectrometer (EDS). 

Results and Discussion 

The relationship between the energy transfer (equation 2) from the milling process to the 

powders under the conditions listed in Table 1 and sorption times are shown in Figure 1. The 

absorption and desorption times were taken when 75 % of the maximum hydrogen capacity 

was reached.  

 

Figure 1: (A) Absorption and (B) desorption times shown as a function of the calculated energy transferred to the 
powder during the milling process. 

From Figure 1, it can be seen that for both reactions, an increase in energy transfer results in a 

decrease in reaction time. This is a direct reflection of the model (equation 2) that shows 

longer milling time, faster rotation velocities and larger BTP ratios result in higher energy-

transfers. It is also evident that higher additive concentration leads to improved sorption 

times. This could be due to the additive providing nucleation sites for boron containing 

compounds or to more effective grain refinement [17, 22-24]. Additionally, with this increase 

in energy transfer there is a narrowing of reaction time distribution. A tendency toward a 

plateau in sorption times is visible such that any increase in energy transfer will have no 

further effect. This too could be attributed to the grain refinement effect of the additive [16, 
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17]. To separate the effect of additive vs. milling conditions, each concentration was kept 

constant, and comparisons are made with changes in milling conditions. 

The energy transfer model, shown in equation 2, shows that larger BTP ratios and longer 

milling times will linearly increase the total transferred energy to the powder. To show this 

experimentally, crystallite size and specific surface area were determined after milling, and 

the relationship with energy transfer determined (Figure 2). Figure 2a gives the crystallite size 

of the main reactant, MgB2 with respect to energy transfer and 2b shows the resultant 

relationship with reaction kinetics. A clear trend can be observed with all variations in BTP 

ratio, where an increase in energy transfer results in a decrease in crystallite size of MgB2 

(Figure 2a) until a plateau is reached around 5 nm. This plateau occurs at approximately 20 

kJ.g
-1

 of energy transfer. As expected, with smaller crystallite size, the reaction kinetics 

improve resulting in less time for both absorption and desorption (Figure 2c) and these results 

correlate well with the data shown in Figure 1 relating energy transfer to reaction times. 

 

Figure 2: (A) Crystallite size of MgB2 and (B) specific surface area as a function of the energy transferred to the 

powder. Sorption times changes with (C) crystallite size of MgB2 and (D) specific surface area.  
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Specific surface area was also measured and plotted against energy transfer (Figure 2b) and 

sorption times (Figure 2d). The initial SSA before milling was less than 4 m
2
.g

-1 
and it 

appears that a maximum SSA (15 m
2
.g

-1
) is reached at 230 rpm for an energy transfer of 20 

kJ.g
-1

. Any increase in energy transfer did not increase the SSA after this point (20 kJ.g
-1

). 

With a reduction in crystallite size it is assumed that particle size will also decrease, therefore, 

the increase in SSA will also plateau with respect to energy transfer. This becomes more 

evident when sorption times are plotted against SSA (Figure 2d). Here, sorption times 

decrease with an increase in SSA until the limit is reached. 

Interestingly, the degree of filling had a different effect on sorption time compared to the 

previously mentioned parameters. Figure 3 shows sorption times with respect to degree of 

filling. According to equation 2, there is a linear relationship between degree of filling and 

energy transfer (yield coefficient). This is true for a low degree of filling, when there are 

fewer milling balls present; the energy transfer to the powder is low as there are less 

opportunities for the powder and milling media to interact. However, this model is not able to 

take into account the fixed volume of the milling vial. Therefore, at higher degrees of filling, 

the model predicts higher energy transfer, however, when the vial is full, the balls are 

blocking each other and consequently there is less movement of the balls, thus reducing their 

impact on the powder. As shown in Figure 3, for both absorption and desorption, a maximum 

or optimum value of energy transfer is reached resulting in a minimum sorption time. These 

experiments have shown that an optimum of 50 % filled gives the maximum amount of 

energy transfer with shortest sorption times. 

 

Figure 3: (A) Absorption and (B) desorption time with respect to energy transferred from the milling process to the 
powder. 

Homogeneity of additive plays an important role in sorption behaviour [25, 26] and was 

therefore observed using SEM on the LiH-MgB2 system with TiCl3 additive before and after 

milling. A full range of SEM analyses was done on all the samples, however, only two 
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extreme cases are shown here, i.e. the unmilled sample and the 30 h milled sample (Figure 4). 

The light elements H, Li and B have physical detection limitations including low fluorescence 

yield, and peak overlaps with heavier elements, and it was assumed that any B present was 

bound to the Mg and that the compound LiH appears as the darker particles. 

 

Figure 4: SEM images in backscattering and EDS modes (A) unmilled sample (B) and a 30 h milled sample, with 
elemental distribution of Mg, Ti, Cl, O and Fe. 

The SEM images show that the unmilled sample (Figure 4a) has distinct phases, 

heterogeneous size distribution and irregularly shaped particles. In contrast to this, the 30 h 

milled sample shows a more homogeneous elemental mixture (Figure 4b); the TiCl3 is evenly 

distributed throughout the mixture and BSE light/dark regions are less distinct. Impurities 

such as Fe are an inherent consequence of the ball milling process and this is highlighted by 

the presence of Fe (light regions) after 30 h of milling (Figure 4b). The improved 

homogeneity of the compounds after milling provides shorter distances between the reactants 

LiH and MgB2 as well as an improved distribution of TiCl3. This is also in good correlation 

with the results shown in Figure 1, where the reaction with a higher concentration of TiCl3 

drastically improves reaction kinetics. 

Conclusion 

The effect of milling parameters in a planetary ball mill for the LiH-MgB2 system with TiCl3 

dopant has been studied with respect to an energy transfer model of the process to the 

powders. The relationship between sorption times and energy transfer and the physical 

properties, crystallite size of MgB2 and the SSA were determined. From these relationships, it 

appears that at approximately 20 kJ.g
-1

 there are no further benefits to the system with an 

increase in energy transfer. This was reflected in results of both the crystallite size and 

specific surface area (SSA). The minimum crystallite size reached for the energy transfer 

limit was shown to be about 5 nm and with a maximum SSA of approximately 15 m
2
.g

-1
. The 

model does not account for the effect of filling degree, due to the fixed volume of the milling 
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vial; however, it was determined that a filling degree of 50 % resulted in the fastest sorption 

times for both absorption and desorption. Finally, the results demonstrate that the 

homogeneity of the mixture plays an important role for lowering sorption times. 
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