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Abstract 

The influence of different milling conditions obtained using two high-energy mills on 

hydrogen desorption from MgH2-WO3 composites was investigated. The morphology, 

particle and crystallite size were studied as a function of milling speed, vial’s volume, and 

ball-to-powder ratio. The vial’s fill level, the number, and type of milling balls and additive’s 

content kept constant. Changes in morphology and microstructure were correlated to 

desorption properties of materials. Higher milling speed reduced particle size but, there is no 

significant crystallite size reduction. On the other hand, additive distribution is similar 

regardless of the energy input. It has been noticed that different energy input on milling 

blend, which is the result of combined effects of above-mentioned factors, reflects on 

desorption temperature but not on the kinetics of desorption. In fact, desorption mechanism 

changes from 2D to 3D growth with constant nucleation rate, despite obtained changes in 

microstructure or chemical composition of the material.  

Keywords: MgH2, WO3, composites, mechanical milling, desorption properties, kinetic 

analysis 

1. Introduction  

One of the most popular methods used in the synthesis of nanostructured and 

amorphous materials is mechanical milling which represents the way toward green chemistry. 

Mechanical milling attracts the attention due to economic price, simple handling and no need 

for a solvent. During mechanical milling a material undergoes to the reduction of grain size, 

increase in number of grain boundaries and change of surface area [1–3]. As a complex 

process, mechanochemical synthesis involves optimization of a numerous parameters such 

as: type of mill (high-energy and low-energy mills), properties of milling container (material, 

size and shape), milling speed, type and size of milling balls, milling time, ball-to-powder 
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weight ratio (BPR), vial’s fill level, temperature and atmosphere (air, nitrogen, argon, etc.) 

that have an impact on the final product [4]. Among them, milling speed, milling time and 

BPR (that is an energy input) play an important role on the efficiency of the milling process. 

Nevertheless, one has to be aware of the fact that various difficulties can arise during milling 

such as: contamination of the sample by the material of the milling tools (the most common 

contamination is with Fe and WC [5]), increase of the temperature of the vial, and in some 

cases the balls could be pinned to the walls of the vial making no impact force on the powder 

[6]. The BPR ratio is proved to be one of the most important variables during mechanical 

milling. Different BPR ranging from 1:1 [7,8] up to 240:1 has been used [9], although the 

ratio 10:1 is used in the most of the experiments [10–12]. It is expected that higher BPR ratio 

will increase the rate of particle size reduction rate [6,13,14]. However, one should be aware 

of the fact that high BPR in combination with prolonged milling time leads to cold welding of 

particles. It also leads to pronounced contamination with Fe caused by the collision of milling 

balls and vial walls, as we have mentioned. 

Mechanical milling under diverse conditions (different type of mills [15–17], BPR 

[18–20], different milling atmospheres [21–23]) is widely used as a method to improve 

sorption kinetics of various hydrides [24–28] and mostly magnesium hydride MgH2 [29–33]. 

Regarding MgH2, the most common way to improve sorption kinetics is mechanical milling 

with the addition of transition metals – TM (Nb, V, Ti, Mn, Fe, Co, Ni, Cu, Zn) [34–37] or 

transition metal oxides –TMO (Nb2O5, Cr2O3, V2O5, VO2, TiO2, WO3, MoO2, Mn2O3) [38–

43]. Zaluska et al. reported that some of the effects of milling that improve kinetics are 

particle and grain size reduction, as well as the increase of quantity of defects [44]. 

Mechanical milling of the MgH2 with TM or TMO introduces structural defects, increases 

specific surface area and the number of active sorption sites. Additives can act as efficient 

milling reagent for MgH2 and can improve the hydrogen sorption by reducing particle size 

and desorption temperature [32]. The TM or TMO chemisorbs hydrogen and transfers it to 

the Mg matrix [45,46]. The interface between the Mg and TM acts as an active nucleation site 

for the hydride phase [47,48].  

This work deals with the influence of different milling conditions and different 

additive concentrations on the desorption properties of MgH2 –WO3 milling blends. Due to 

the fact that tungsten is a multivalent metal, it is expected that the addition of the oxide WO3 

might produce an improvement in hydrogen sorption, similar to those obtained by VO2 or 

TiO2 addition [43,49]. 

2. Material and methods 

MgH2-WO3 composites were prepared by mechanical milling of the as-received 

MgH2 powder (Alfa Aesar, 98% purity) with the addition of 5, 10 and 15 wt.% of WO3 (Koch 

Light Labs, 99.9% purity). 10 wt.% is commonly used quantities for additives in magnesium-

based composites although amounts can go up to 50 wt.%[26,34,37,40,41,46]. With the 

addition of 10 wt.% of additive the capacity of MgH2 remains above satisfactory 5 wt.% of 

hydrogen. Mechanical milling was performed in two mills SPEX 5100 Mixer Mill and SPEX 

8000M Mixer Mill using different conditions as shown in Table 1. Generally, the vial in 

SPEX mills follows a complex motion that combines back-and-forth swings with short lateral 



movements. In both cases, one milling ball (diameter 8 mm) was used. The vials were loaded 

with powders and balls up to 40% of the volume in order to leave enough space for efficient 

milling [50]. As shown in Table 1, the milling vials differ in size: vial from SPEX 8000M is 

about 3 times higher than one from SPEX 5100 (comparing inner heights). Therefore, the 

distance between impacts is about 3 times longer in SPEX 8000M which is affecting overall 

energy input of milling. Samples were milled for 30 minutes under the inert atmosphere of 

argon. The samples were labelled as shown in Table 2. 

Table 1. The parameters of milling process  

Mixer Mill RPM* Vial volume Vial and ball material BPR 

SPEX 5100 2500 2.5 ml hardened steel 10:1 

SPEX 8000M 1425 8.8 ml hardened steel 30:1 
*rotations per minute     

 

Table 2. The sample labels  

Lable/Sample Note MgH2 (wt.%) WO3 (wt.%) 

AA as-received 100 - 

AA30 30 min milled 100 - 

5MW5 SPEX 5100 95 5 

5MW10 SPEX 5100 90 10 

5MW15 SPEX 5100 85 15 

8MW5 SPEX 8000M 95 5 

8MW10 SPEX 8000M 90 10 

8MW15 SPEX 8000M 85 15 

 

X-ray powder diffraction (XRD) measurements were performed by Rigaku Ultima IV 

diffractometer with nickel-filtered CuKα1 radiation (λ=0.1540 nm, operating at 40 kV and 40 

mA) in order to determine the structure of obtained composites. The diffracted X-rays were 

collected over 2θ range 10-80
o 

using a step width of 0.02
o
 and measuring time 5 s per step. 

The surface morphology of samples was microstructurally characterized by scanning electron 

microscope SEM, JEOL JSM 6460LV. Particle size distribution analysis (PSA) was done by 

Malvern Mastersizer 2000 laser diffraction particle size analyzer. For PSA, samples were 

prepared by dispersing around 5 mg of material in 10 cm
3
 of propan-2-ol. Since the samples 

tend to agglomerate, they were previously sonicated in a water bath for 3 min. 



Desorption properties of samples were investigated with Differential Scanning 

Calorimetry (DSC) and Temperature Programmed Desorption (TPD). DSC measurements 

were performed by TA Instrument DSC Q10P with hydrogen gas flow at the heating rate of 

5°C/min in temperature interval from 30 to 500°C. Samples were studied with TPD utilizing 

homemade equipment, where desorbed gaseous products were detected by a quadrupole mass 

spectrometer XTORR XT300 at a constant heating rate of 10°C/min from room temperature 

to 500°C (773K). 

3. Results  

 
Figure 1. XRD profiles of MgH2 milled 30 min, as-received WO3 and composites synthesized 

in SPEX 5100 with different quantity of WO3: 5 wt.%, 10 wt.% and 15 wt.%; Legend: β (β-

MgH2), γ (γ-MgH2), # (WO3), · (Mg). 

 

XRD profiles of composites with different quantity of WO3 (5, 10 and 15 wt.%) 

obtained by mechanosynthesis in SPEX 5100 and SPEX 8000M are presented in Figure 1 and 

Figure 2, respectively. Reflections corresponding to tetragonal β-MgH2, metallic Mg and 

WO3 are present in all samples. The broadening of typical peaks corresponding to β-MgH2 

tetragonal structure is observed in all composites indicating the reduction in crystallite size 

and accumulation of mechanical strain. Debye-Scherrer formula [37,51–53] applied on (110) 

peak and Williamson-Hall method are used to calculate the crystallite size of the powders. 

The peak broadening is more explicit in samples prepared in SPEX 8000M (see Table 3). If 



the sizes of crystallites lie between 5-50 nm, the size is computed within the error of about 

several percents whether the Debye-Scherrer or Williamson-Hall method is applied [54]. 

After milling, the formation of metastable γ-MgH2 phase occurs [55]. Tetragonal (rutile, 

P42/mnm [56]) β phase transforms into a metastable orthorhombic phase under high 

compressive stress [57]. The high energy impact of the balls creates deformations and 

structural defects, and in that way increases the free energy of the system [58]. When the free 

energy is high, conditions are created to overcome the activation energy barrier and to form 

the metastable phase. Peaks that correspond to γ phase are more intense in the diffractograms 

obtained from samples synthesized in SPEX 8000M. There are no reflections corresponding 

to crystal MgO or Mg(OH)2. One could argue that there is no significant oxygen 

contamination or that obtained oxygen species are amorphous. The decrease of crystallite size 

and higher quantities of γ phase in samples milled in SPEX 8000M indicate a higher energy 

input in comparison to SPEX 5100. Irregularity in crystallite size in sample 5MW15 could be 

explained by cold welding of the grains due to short impact pathway in the smaller vial in 

SPEX 5100. Further, 15 wt.% of the added WO3 appears to be boarding case in both, texture 

and kinetics as it can be seen from DSC/TPD results. 

Table 3. Crystallite size of β-MgH2 phase obtained by Debye-Scherrer (D-S) and 

Williamson-Hall (W-H) method of samples prepared in SPEX 5100 and SPEX 8000M. 

Sample (5100) Crystallite size [nm] Sample (8000M) Crystallite size [nm] 

D-S W-H D-S W-H 

AA 70 64 AA 70 64 

AA30 17 17 AA30 14 14 

5MW5 19 18 8MW5 12 11 

5MW10 19 16 8MW10 11 13 

5MW15 24 33 8MW15 11 13 

 

 



 
Figure 2. XRD profiles of MgH2 milled 30 min, as-received WO3 and composites synthesized 

in SPEX 8000M with different quantity of WO3: 5 wt.%, 10 wt.% and 15 wt.%; Legend: β 

(β-MgH2), γ (γ-MgH2), # (WO3), · (Mg). 

 

As it can be seen from PSA curves, composites synthesized in SPEX 5100 show quite 

similar bimodal distribution (Figure 3a) in the range of 0.2-100 μm; in 5MW5 sample 46% in 

volume of particles has a mean particle size of 1.25 μm, while 54% of the sample has a mean 

particle size of 10 μm. Regarding the sample 5MW10, 44% in volume has a mean particle 

size of 1.1 μm, while 56% of the sample has 15 μm. When it comes to 5MW15, the situation 

is quite alike, 41% in volume of the sample has a mean particle size of 1.25 μm and 59% of 

the sample has a mean particle size of 13 μm. In comparison to these PSA curves, samples 

that have been synthesized in SPEX 8000M show polymodal particle size distribution (Figure 

3b) which can be distinguished from the shape of the curves. Similar results were obtained 

with the addition of VO2 and NaBH4 [31,43]. The pie charts in Figure 4 show shares of 

average particle size obtained from PSA. It is quite difficult to correlate the particle and the 

crystallite size with the addition of the additive. The crystallite size increases with the 

addition of WO3 in samples milled in SPEX 5100. On the other hand, the mean particle size 

values for composite samples milled in SPEX 5100 do not show the same trend, as it can be 

seen from Table 3. Regarding samples milled in SPEX 8000M no trend is observed. In both 

cases, we can notice the reduction of particle size in comparison to as-received MgH2 which 

can lead to better desorption properties. 



  
 

Figure 3. Particle size distribution curves obtained by PSA of as-received MgH2 powder, 

WO3 and MgH2-WO3 composites with different quantity of WO3 (5, 10, 15 wt.%) 

synthesized in SPEX 5100 (a) and in SPEX 8000M (b) 
 

 

 
 

Figure 4. Pie-chart presentation of particle size ratios in composites synthesized in SPEX 

5100 (a) and in SPEX 8000M (b) 

 

SEM micrographs of composites milled in both mills, SPEX 5100 (Figure 5a) and 

SPEX 8000M (Figure 5b) show irregular particle shape with sponge-like structure. The 

presence of agglomerates is also visible. Distribution of additive in MgH2 matrix can also be 

seen (bright particles). This is because tungsten is conductive material with higher atomic 

number in comparison to matrix, so it scatters electrons more strongly and thus appear 

brighter in the image [59]. Good distribution of additive is of great importance because it can 

significantly improve hydrogen desorption from MgH2 [43]. Additive in the form of oxide is 

easier to disperse homogeneously by milling [60]. 

 



  
  

  
  

  
 

Figure 5. SEM micrographs of MgH2-WO3 composites with different quantity of WO3 

synthesized in SPEX 5100 (a1-5MW5, a2-5MW10, a3-5MW15) and SPEX 8000M (b1- 

8MW5, b2-8MW10, b3-8MW15). 



To better understand the thermal behavior of composites, DSC analysis was 

performed on as-received MgH2 sample (AA), 30 minutes milled MgH2 (AA30) and 

composites. The DSC curve of the as-received MgH2 (AA) shows only one strong 

endothermic peak at 434°C, while MgH2 milled for 30 minutes (AA30) shows two desorption 

maxima at 411°C and 430°C. Regarding the composites synthesized in SPEX 5100, 5MW5 

and 5MW10 exhibit two endothermic peaks associated with hydrogen desorption: at 402°C 

and 443°C, 391°C and 433°C respectively (Figure 6). On the other hand, three endothermic 

peaks in 5MW15 composite were observed at 355, 384 and 441°C. Since the particle size 

distribution is similar, this can be attributed to the different crystallite i.e. grain size, amount 

of additive and the presence of γ-MgH2 [16,60]. Gennari et al. suggested that the low-

temperature DSC peak corresponds to hydrogen desorption from γ-MgH2 and β-MgH2, and 

the high-temperature peak to the desorption from β-MgH2 [60].  

DSC results for composites synthesized in SPEX 8000M are slightly different: curves 

corresponding to 8MW5 and 8MW10 displayed one endothermic peak (Figure 7) in a lower 

temperature range, at 366 and 375°C respectively, in comparison to composites from SPEX 

 
 

Figure 6. DSC curves of MgH2-WO3 composites with different quantity of WO3 (5, 10, 15 

wt.%) synthesized in SPEX 5100. Insert: DSC curves of as-received MgH2 and MgH2 milled 

for 30 min. 

 



5100, while 8MW15 sample exhibits three endothermic peaks at 372, 415 and 447°C. The 

onset temperature of composites with 5 and 10 wt.% of WO3 synthesized in SPEX 8000M 

drops by 70°C with respect to the samples with the same amount of additive synthesized in 

SPEX 5100. Temperatures at peak maxima are listed in Table 4 for clarity. 

 
 

Figure 7. DSC curves of MgH2-WO3 composites with different quantity of WO3 (5, 10, 15 

wt.%) synthesized in SPEX 8000M. 

 

Table 4. Desorption temperatures obtained from DSC curves for samples milled in SPEX 

5100 and 8000M (bold is for samples milled in SPEX 8000M) 

Sample-

SPEX5100/8000M 

Tonset[°C] Peak 1[°C] Peak 2[°C] Peak 3[°C] 

AA  434   

AA30  411 430  

MgH2-5WO3 385/310 402/375 443  

MgH2-10WO3 365/295 391/366 433  

MgH2-15WO3 325/346 355/372 384/415 441/447 

 

The results of TPD measurements related to H2 desorption are presented in Figure 8. 

for composites milled in both mills, SPEX 5100 (a) and SPEX 8000M (b). The as-received 

sample (AA) completely releases hydrogen in the single process at 445°C. It can be noticed 



that the addition of WO3 to all milling blends clearly moves desorption maxima to lower 

temperatures. Samples obtained in SPEX 8000M (Fig.8b) follow the trend where desorption 

peaks are shifting to lower temperatures as the quantities of additive is raising. In the case of 

samples obtained from SPEX 5100 (Fig.8a), this is not that obvious because desorption of 

hydrogen takes place in two stages and peaks are broad. Two asymmetric desorption maxima 

are visible for all composite samples. This behavior suggests the existence of different 

mechanisms of hydrogen release, and/or differently bonded hydrogen atoms in the samples 

(Figure 8) [61–63]. With the addition of WO3, separation of desorption stages becomes more 

pronounced, which is probably associated with a number of created fresh grain boundaries 

i.e. interfaces between MgH2 and TMO. The reaction of released hydrogen with WO3 has to 

be taken into account too. The maximum number of boundaries is achieved in the sample 

with 10% of added WO3 and further addition does not improve the sorption properties. This 

is valid also for samples milled in SPEX 5100. Further, the high energy input on samples 

milled in SPEX 5100 leads to unresolved peaks which can be attributed to agglomeration of 

samples.  

On the other hand, samples milled in SPEX 8000M show clear onset for both high 

(HT) and low (LT) temperature peak. The existence of multiple peaks in TPD spectra could 

be related to both, different particle sizes and the presence of gamma phase [16,64,65]. As 

shown in Table 5, LT maximum is dominant for all composites and is positioned at around 

370°C regardless the energy input or quantity of added oxides. 

  
Figure 8. TPD curves of as-received MgH2 and MgH2-WO3 composites with different 

quantity of WO3 (5, 10, 15 wt.%) synthesized in SPEX 5100 (a) and in SPEX 8000M (b) 

 

The H2 desorption process from composites was analyzed by fitting the experimental 

data using different kinetic models [29,66]. The kinetics of the reaction can be described by  



[-ln(1-θ)
1/n

]=kt equation where n is the parameter depending on the mechanism of nucleation 

and growth.  

Table 5. Desorption temperature of H2 obtain from TPD measurements for all MgH2-WO3 

milling blends  

 

 

Sample 

Temperature 

(HT) [°C]  

EappHT 

[kJ/mol] 

Temperature 

(LT) [°C] 

EappLT 

[kJ/mol] 

AA 445 146*   

5MW5 389 66   

5MW10 406 88 373 64 

5MW15 387 142 373 125 

8MW5 416 71 373 43 

8MW10 439 85 370 49 

8MW15 454 195 363 66 

*The apparent activation energy obtained from peak corresponding to the as-received MgH2 is 146 kJ/mol and is 

in accordance with the literature values which may vary from 120 to 160 kJ/mol [55,67,68]. 

 

The analysis of TPD curves indicates that the H2 desorption from MgH2-WO3 

composites is controlled by nucleation and growth mechanisms with Avrami parameter n=4 

over a θ range from 0.2 to 0.8 (Figure 9). Although the desorption from pure MgH2 is 

governed by the same mechanism, the Avrami parameter is 3. By comparing the apparent 

activation energies Eapp for the as-received MgH2 and composite samples it is evident that the 

addition of WO3 gives better desorption kinetics. The obtained apparent activation energies 

are similar to those found in the literature (Table 6.) 

 



 
 

Figure 9. Temperature evolution of the reacted fraction (θ) corresponding to MgH2 

decomposition, obtained by integration of peaks for 5MW10 and 8MW10 samples; Insert: 

experimental data and best fit obtained for nucleation model g(θ)=[-ln(1-θ)]
1/n

 

 

 

Table 6. The apparent activation energy of different composites obtained from the literature  

References Composite Milling time Eapp  

[kJ/mol H2] 

[69] MgH2-Nb2O5 20 h 62 

[70] MgH2-Cr2O3 20 h 84 

[71] MgH2-MnFe2O4 30 min 64 

[72] MgH2-TiO2 20 h 72 

[70] MgH2-TiO2 20 h 94 

[64] MgH2-CeO2 10 h 60 

[43] MgH2-VO2 2 h 65 

Current study 5MW5 30 min 66 

Current study 8MW5 30 min 71 

 

It has been argued that the addition of TMO can assist the dissociation/recombination 

of hydrogen on magnesium surface and therefore improve H sorption in magnesium [69,73–

75]. In fact, WO3 is an efficient process control agent which creates crystal defects, lattice 

distortion, increase of specific surface area, increase of active sorption sites density and 

reduction of the effective diffusion length for sorption (by a decrease of the average inter-

particle distance) [43,76]. The shape analysis of TPD spectra leads to several additional 

conclusions. Asymmetry of the peaks is related to noticeable surface heterogeneity thus 

variable apparent activation energies for desorption (Table 5). Re-adsorption also has to be 



taken into account during the entire process, since the surface area is covered with species 

previously desorbed. 

4. Conclusions  

This paper deals with the influence of different milling conditions on MgH2-WO3 

milling bland obtained by two SPEX mills (5100 and 8000M). It has been shown by SEM 

analysis that even though the energy input is different, the dispersion of additive particles is 

uniform in both cases. On the other hand, the mechanical milling in SPEX mill 5100 leads to 

a bimodal particle size distribution, while milling in SPEX 8000M gives polymodal 

distribution. DSC results show that better reduction of desorption temperature occurred in 

samples milled in SPEX 8000M: reduction of around 70°C is obtained. Desorption 

temperatures of samples milled in SPEX 5100 were reduced for about 40°C. Such behavior 

can be correlated to smaller crystallite size of samples obtained in SPEX 8000M mill. In the 

case when the reduction of particle size is accompanied by a reduction of crystallite size, it 

was not clear which factor is primarily responsible for the improvement of hydrogen storage 

properties. So, one can conclude that the increase of a number of grain boundaries which act 

as active sites for nucleation of new phase plays a decisive role in desorption. The presence 

of a higher number of smaller crystallites is more important in facilitating hydrogen sorption 

than having small but uniform particles. According to the TPD analysis, the surface 

heterogeneity is more pronounced for samples milled with higher energy input, leading to a 

smaller decrease of apparent activation energy for desorption for both LT and HT maxima. 
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