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Abstract 

Hydrogenation behaviour, structure, morphology and dehydrogenation/re-

hydrogenation performances of Mg–Pd nanocomposites prepared by high-energy 

reactive ball milling in H2 (HRBM) of Mg in the presence of amorphous and crystalline 

Pd black (0.1–5 wt.%) were studied. Improvements of hydrogenation kinetics during 

HRBM were observed only for the materials prepared using crystalline Pd black. The 

obtained nanocomposites were characterised by modest improvements in their 

dehydrogenation and re-hydrogenation performances associated with the formation of 

Mg–Pd intermetallides. 

 

1. Introduction 

Over the last two decades, numerous studies were undertaken in an effort to enhance Mg 

hydrogenation rates [1]. One of the most promising approaches was found to be 

mechanical milling (MM). The products of MM often exhibit unusual physical and 

chemical properties and enhanced reactivity, in particular with respect to hydrogen. 

The enhancements are especially pronounced for Mg-based materials where 

nanostructuring and surface modification result in dramatic improvements in the 

hydrogenation kinetics [2]. Additional improvement of the hydrogenation performances 

of Mg was observed upon introduction of catalytic additives, including transition metals, 

alloys and intermetallic compounds [3–9]. High energy reactive ball milling (HRBM) of 

Mg with catalytic additives in H2 has been proven to be the most efficient way to 

further improve the re-hydrogenation process [6,7]. 

 

The catalytic effect of the metallic additives, most probably, relates to facilitation of the 

reactions of hydrogen transfer, including dissociative chemisorption and associative 

desorption of H2 molecules. One of the most efficient catalysts for these processes is 

palladium. Indeed, Pd-coated magnesium thin films were shown to be characterised by 

significantly improved kinetics of hydrogenation of Mg and dehydrogenation of the 

formed MgH2 [10–12]. At the same time, HRBM of Mg with Pd additive was shown to 

inhibit both hydrogenation and re-hydrogenation of Mg [13]. 
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In this work we report about investigation of HRBM of Mg in the presence of a Pd black 

catalyst. 

 

2. Experimental 

Mg powder (-20 ... +100 mesh, 99.8%; metal basis) was purchased from Alfa-

Aesar. Pd black was prepared as follows. PdCl2·xH2O (1.0 g) and concentrated HCl 

(1 mL) were dissolved in 100 mL of the de-ionised water. The solution was heated to 

~70 °C under vigorous stirring, followed by drop-wise addition of 3–4 mL of 

N2H4·xH2O, or 10 g/L aqueous solution of NaH2PO2, which resulted in the 

formation of black precipitates. The reduction of Pd black was driven to completion 

with an excess of N2H4, or NaH2PO2. The deposit was collected by gravity filtration, 

washed with copious quantities of water, and dried at 120 °C for 12 h in air. XRD 

studies confirmed that Pd black obtained using N2H4·xH2O as a reducing agent was 

crystalline, and that prepared by reduction with NaH2PO2 was amorphous, in 

accordance with literature data and our earlier observations [14]. 

 

The Mg–xPd mixtures (x = 0.1, 0.5, 1, 2 and 5 wt.%) containing crystalline (reduced 

with N2H4) and amorphous (reduced with NaH2PO2) Pd black, were ball milled in 

H2 using a Retsch PM 100 ball mill and 220 mL hardened steel vial with pressure–

temperature monitoring system (Evico Magnetics GmbH). The milling was 

performed with a ball-to-powder-ratio of 40:1 (82 steel balls, 10 mm in diameter) at 

500 rpm, for 6 h in total. Prior to the milling, the vial was evacuated followed by 

filling with H2 gas (P ~ 30 bar) supplied from a metal hydride hydrogen storage and 

supply unit on the basis of AB5-type alloy. The hydrogen pressure in the vial was 

kept above 20 bar by refilling each time (P ~ 30 bar) when the pressure dropped 

below this value. When the vial temperature approached 70 °C, the milling was 

stopped and resumed again after cooling the vial to room temperature. The amount 

of hydrogen absorbed in the sample was calculated starting from actual pressure–

temperature values (with the correction to hydrogen compression factor) and plotted 

versus milling time. 

 

A High Resolution Transmission Electron Microscope (HRTEM), FEI Tecnai 30, 

operating at 120 kV was used to analyze the morphology of the as-prepared and re-

hydrogenated samples. The sample holder was cooled to ~90 K. 

 

XRD studies were performed using Bruker AXS D8 Advance diffractometer with Cu 

Ka radiation (k1 = 1.5406 Å, k2 = 1.5444 Å, k2/k1 = 0.5). The Bragg angle range was 

2h = 20–90°, and scan rate was 1.2°/min with a step size of 0.02°. The collected XRD 

data were refined by Rietveld whole-profile refinement using GSAS software [15], 

where the peak shapes were described using the Thompson–Cox–Hastings pseudo-

Voight-type function (CW profile function 2). A standard a-Al2O3 sample was used 

for the determination of the instrumental contribution into peak profile 

parameters.   
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During refinement, Gaussian profile parameters (GU, GV and GW) were fixed 

(kept the same as for the Al2O3 standard), and only two Lorentzian profile 

parameters were refined, LX (size broadening) and LY (strain broadening).1 

The refinements yielded lattice periods of the constituent phases, as well as 

estimations of their abundances and crystalline sizes. The latter were calculated 

using the formula [15]: 

 

 
 

where DV is a volume-weighted crystallite size, K is the Scherrer constant 

(assumed to be equal to 1), X is a Lorentzian profile parameter LX. 

 

Dehydrogenation and re-hydrogenation performances of the materials after 

HRBM were studied using a Sieverts-type volumetric setup. 200 mg of the 

sample powder was loaded into the reactor which, together with the 
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measurement system, was further evacuated to <10-4 mbar. Thermal desorption 

measurements (TDS) were carried out by heating the reactor at a heating rate 

of 5 °C/min from 25 to 460–470 °C under dynamic vacuum conditions; the 

vacuum sensor was calibrated on the flow rate of H2 supplied into the 

measurement system. Further re-hydrogenation was carried out at rv15 bar H2 

and 230 °C for rv4 h followed by cooling down to room temperature. Two TDS – 

re-hydrogenation cycles were performed for each sample. 

 

3. Results and discussion 

Table 1 summarises the data on hydrogenation (during HRBM), re-hydrogenation and 

dehydrogenation performances of the studIed composites. The selected data on H 

absorption during HRBM are presented in Fig. 1. 

 

For Mg–xPd minor improvements of the performances were observed only when using 

crystalline Pd black introduced in the amount x P 0:5 wt.%. The increase of the Pd 

content above this threshold does not result in a noticeable increase of hydrogenation and 

re-hydrogenation rates, as well as in a noticeable decrease of TDS peak temperature. 

 

As illustrated by TEM images (Fig. 2), the as-milled powders consist of agglomerates of 

polycrystalline MgH2 particles, 100–200 nm in size. Twinning, whose appearance is typical 

for ball-milled MgH2 [16], was also observed. 

 

Bright- (Fig. 2A and B) and dark-field (Fig. 2C and D) TEM micrographs indicate the 

presence, in addition to MgH2, of less electron-transparent phase(s) containing noticeable 

amounts of Pd. The average  Pd  content  in  the  sample  determined  by  EDS  was  of 3.43 

wt.% corresponding well to the starting sample composition. Since neither Pd, nor PdH 

could be detected through XRD refinement (see below), the appearance of the less 

electron-transparent areas could be accredited to new phase(s) containing both Mg and Pd 

(i.e. Mg–Pd intermetallides). 

 

It is seen from the low magnification bright-field image (Fig. 2A) that dark inclusions 

presenting Pd-rich particles are uniformly distributed in the MgH2 matrix. The inclusions 

vary in size: few relatively big (50–100 nm; delimited by circle) and majority very small 

(<10 nm; shown by arrows). In the dark field images (Fig. 2C and D) it is visible that a 

separate phase exists in the Mg matrix, as evidenced by the areas of bright contrast. 

This new phase exhibits a basal plane alignment which has long-range  arrangement 

(Fig. 2D; the corresponding region is delimited by a rectangle). 

 

Fig. 3 shows XRD patterns of the as-milled (A) and re-hydrogenated (B) Mg–5Pd 

(crystalline). Results of refinement of the typical XRD patterns are summarised in Table 2. 

 

The patterns of the as-milled samples (see Fig. 3A as an example) exhibit broad peaks of 

tetragonal a- c-modifications of MgH2 with lattice periods corresponding well to the 
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literature data [17,18], and crystallite size of 10–12 nm, with the trend of a slight 

increase with increasing Pd content in the composite. 

 

 
 

Palladium and palladium hydride were not observed in the patterns. However, for the 

samples containing P2 wt.% of Pd black, the better refinement was obtained assuming 

presence of a poorly-crystallized MgPd intermetallide (CsCl-type; space group # 221; 

a = 3.12 Å [19]), crystallite size below 10 nm. For Mg–5 wt.% Pd, the refinement was 

further improved assuming the presence of Mg0.9Pd1.1 (AuCu-type; space group 

# 123; a = 3.03 Å, c = 3.42 Å [20]) with quite large crystallites (75 nm). The estimated 

abundances and crystallite sizes of Pd-containing phases in Mg–5 wt.% Pd (Table 2) are 

in good correspondence with TEM observations (Fig. 2A). 

 

The re-hydrogenated samples (see example in Fig. 3B) contained major phase of a-

MgH2; abundance >75 wt.%,  and crystallite size about 90 nm. A significant amount (10–

17 wt.%) of non-hydrogenated Mg, crystallite size above 100 nm, was observed as well. 

The patterns of the re-hydrogenated samples containing P2 wt.% Pd exhibit well-
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resolved peaks belonging to the impurity of Mg6Pd (space group # 216; a = 20.108 Å 

[21]). The most intensive peaks of Mg6Pd are marked by arrows in Fig. 3B. Furthermore, 

better refinement was obtained assuming additional presence of poorly-crystallized 

MgPd (Fig. 3A, Table 2), but in lesser amounts than in the as-milled sample. The fitted 

lattice period of MgPd corresponded well to the literature data [19]. Finally, the XRD 

patterns of the re-hydrogenated samples exhibited the presence of MgO formed due to 

oxidation of the sample. 

 

Our observations allow us to conclude that mechanical alloying of magnesium with 

palladium takes place already during HRBM. Most probably, this process starts from the 

formation of Mg0.9Pd1.1, the most stable intermetallide in Mg–Pd system [22], on the 

surface of Pd particles. During the milling followed by dehydrogenation/re-

hydrogenation, due to diffusion of Mg, this phase is enriched with Mg to form MgPd 

and, further, Mg6Pd. Similar results were obtained by Roquefere et al. [23] who 

prepared Mg6Pd by MM of stoichiometric mixture of Mg and Pd, and Pasquini et al. 

[24] who observed the formation of MgPd, Mg5Pd2 and Mg3Pd in the course of PVD of Pd 

onto Mg nanoparticles. 

 

In summary, the Mg–xPd nanocomposites are characterised by modest improvements of 

their dehydrogenation and re-hydrogenation behaviour as compared to HRBM Mg 

(Table 1). The reason for that seems to be in the high ‘‘metallurgical affinity’’ between 

Mg and Pd forming a wide spectrum of intermetallic compounds [22]. 
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Hydrogenation of Mg–Pd intermetallides is quite difficult: so far it was reported about 

formation of a-solid solution Pd3MgH0.7 [25] and ternary hydride PdMg2H [26]; 

reaction of Mg6Pd with H2 yielding Mg3.65Pd and MgH2 proceeds very slowly [23]. 

We suppose that the formation of Mg–Pd intermetallides observed in the course of the 

XRD studies results in the lowering of the catalytic activity of initial Pd particles thus 

exhibiting the minor (if any) effect of improvement of hydrogen sorption 

performances of the based nanocomposites. 
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4. Conclusions 

Improvements of hydrogenation kinetics during HRBM of Mg– Pd, as compared to 

HRBM Mg, were observed only for the materials prepared using crystalline Pd black 

(P0.5 wt.%). The obtained nanocomposites were characterised by modest 

improvements of their dehydrogenation and re-hydrogenation performances associated 

with the formation of Mg–Pd intermetallides that results in the lowering of the catalytic 

activity of initial Pd particles. 
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