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A B S T R A C T   

In this work, the catalytic effect of additions of η-Zr3V3O0.6 mixed suboxide and the title intermetallic composite 
with graphite on the properties of MgH2 in the processes of hydrogen storage and hydrogen generation has been 
studied. The hydride composites were obtained by high-energy reactive ball milling (RBM). The samples were 
characterized by X-ray diffraction and scanning electron microscopy. The cycling performance of hydrogen 
desorption and absorption as well as hydrogen generation in the hydrolysis reaction were studied. We found that 
during the reactive ball milling the studied composites are able in a few minutes to absorb ~6.5 wt% of 
hydrogen. The addition of Zr3V3O0.6 and Zr3V3O0.6 + С catalysts not only increases the rates of hydrogen ab-
sorption and release, but also lowers the activation energy and the temperature of hydrogen desorption. For a 
composite containing 10 wt% of suboxide and 3 wt% of graphite, the activation energy of hydrogen desorption 
determined by the Kissinger method was very low, just 58 kJ/mol, and this value is among the lowest described 
in the reference publications. We also show that the intermetallic additive forms the Zr3V3O0.6H~10 hydride, 
which results in a higher gravimetric capacity of the composite as H storage material. The improved kinetics of 
hydrogen exchange and increased hydrogenation capacity at modest operating temperatures of 150–200 ◦C 
appear to be characteristic for the composites containing suboxide and graphite additions. The reason for the 
advanced performance is in the different the morphology of the synthesized samples, particularly the graphite- 
containing composites showing a more developed dispergation of the material (the fraction with a particle size of 
1–3 μm is >80 wt%). We furthermore show that the synthesized materials can be used in the hydrolysis process 
resulting in hydrogen generation. The amount of hydrogen released from the hydride Mg-Zr3V3O0.6-C composite 
in the hydrolysis reaction reaches 1364 ml/g (the conversion degree is ~85 % for the process duration of 120 
min) when using 0.04 M MgCl2 solutions.   

1. Introduction 

The use of metal hydrides, which absorb and release hydrogen at 
convenient close-to-ambient conditions, is a convenient alternative to 
storing hydrogen as a compressed hydrogen gas. Magnesium hydride 
MgH2 has a high energy density. However, its use meets a significant 
challenge as absorption-desorption of hydrogen occurs at inconve-
niently high temperatures exceeding 300 ◦C [1–3]. The hydrogenation 
of magnesium proceeds in several steps, including diffusion of H2 mol-
ecules to the metal surface, chemisorption, dissociation of molecular H2 
to H atoms, diffusion of hydrogen atoms from the surface into the bulk, 
nucleation and growth of the hydride phase [4]. The clean surface of 

magnesium is frequently insufficiently active to achieve the high rates of 
H2 dissociation [5] and, therefore, the activation barrier of H2 dissoci-
ation should be reduced by adding various catalysts thus increasing the 
rates of the process [2,6–11]. Furthermore, for magnesium metal the 
transformation Mg → MgH2 is slow due to the sluggish diffusion of 
hydrogen through the hydride layer. Therefore, the kinetics of sorption- 
desorption significantly depends on the size of the particles and their 
specific surface area [12]. The processes of hydride formation/decom-
position can be accelerated by (1) facilitating the dissociation of H2 
molecules at the surface, (2) reducing the grain size (to shorten the paths 
for hydrogen diffusion) and (3) increasing the number of active centers 
for the nucleation of a formation of the hydride phase. 
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It was known [3,12,13] that for the milled magnesium, hydrogen 
sorption kinetics in improved due to the microstructural changes: the 
depletion of the surface oxide layers, nanocrystallization of the alloy, 
and the formation of a large number of defects in hydrogen storage 
material. Microstructural defects act as centers of nucleation of the hy-
dride phase, while increased areas of intergrain boundaries act as 
pathways for the quick hydrogen diffusion. Mechanochemical hydro-
genation in hydrogen gas occurs at ambient temperature and makes it 
possible to achieve a complete conversion of magnesium into its hydride 
[3]. Recent reviews of the studies of magnesium-based hydrogen storage 
materials show that magnesium hydride remains an important topic for 
both fundamental research and practical applications [6–9,14]. How-
ever, further work is needed to evaluate the effectiveness of catalysts, 
which involves studies of intermetallic compounds and their effect on 
the hydrogenation behaviors of magnesium nanostructures. Various 
materials, including transition metals and their compounds (oxides, 
halides, borides, nitrides, carbides, hydrides, etc.), intermetallic com-
pounds, and carbon materials were used to improve the hydrogenation 
properties of magnesium [15–33]. Among the catalysts, transition 
metals and their oxides most effectively affect the kinetics of 
hydrogenation-dehydrogenation of magnesium [9,20,24,25]. Particu-
larly effective catalysts are Ti [27] and its hydrides TiH2-x [19,34–39], or 
ZrH2 [40]. As an example, Mg-TiH1.971-TiH1.5 nanocomposite at room 
temperature absorbed 4.3 wt% H2 in 10 min [36]. In [41–43], the hy-
drogenation properties of magnesium were improved by using additives 
of intermetallic compounds and alloys (ZrFe2, ZrMn2, Zr0.4Ti0.6Co). An 
important feature of some mechanochemically synthesized Mg-based 
composites there is their re-hydrogenation at room temperature. It has 
been shown that this can be a consequence of composition of interme-
tallic compound as a catalyst [44], nano-size of catalytic additives (Ti, 
TiO2) [45] or hard conditions of mechanochemical synthesis [38]. 

Hydrogenation behaviors of magnesium catalyzed by adding 
Ti4Fe2Ox suboxides were studied in [45], while a better cyclic stability of 
these composites was obtained when graphite was used as an extra ad-
ditive. The activation energy for the obtained composite (67 kJ/mol) 
was among the lowest described in the reference data. These data 
indicate that suboxides and their hydrides, in particular, the iso-
structural zirconium-based η-phase Zr3V3Ox [46–48] may also show 
advanced catalytic performance. 

One promising application of magnesium hydride is generation of 
hydrogen using hydrolysis process [49–57], followed by its further use 
in fuel cells. It has a number of advantages: high weight capacity of H, 
cost efficiency [52], non-toxicity [58], and extended storage life. 
Therefore, elaborating a quick and cost-efficient production of MgH2 is 
very important for such a use. Unfortunately, the reaction rate is 
extremely slow. Attempts to increase the yield of hydrogen were all 
based on using additives of acids, salts, and an increase in the reaction 
temperature. Furthermore, significant improvement of the reaction ki-
netics can be achieved by employing the high-energy ball milling 
resulting in the formation of nanocrystalline MgH2 [59]. Synthesis of 
magnesium hydride by mechanochemical milling is more efficient with 
the use of catalysts [45], as catalysts can reduce the reaction time by up 
to five times. 

The dissociation of hydrogen molecules at the surface of magnesium 
metal is difficult to realize. However, the catalysts reduce the energy 
barrier of this process. Efficient catalysts also facilitate formation of 
hydrogen molecules from atomic H during hydrogen desorption from 
magnesium hydride. Among them, we highlight titanium hydride 
[34–39], titanium oxides [60,61] and niobium [19,22,62]. Furthermore, 
Ti4Fe2Ox catalysts were recently described in [45] and showed a very 
low Ea. During the hydrogenation, the catalyst becomes a source of 
atomic hydrogen for the hydrogenation of magnesium. Finally, during 
desorption, the catalyst releases hydrogen at lower temperatures than 
those for MgH2. In this work, we selected as a catalyst the oxygen- 
containing intermetallic alloy Zr3V3O0.6, which is a stabilized by oxy-
gen compound with a Ti2Ni-type structure and has similar hydrogen 

sorption properties to Ti4Fe2Ox. 
This work studies the influence of additives on the process of 

mechanochemical hydrogenation of magnesium. In particular, the effect 
of graphite and a hydride-forming Zr3V3O0.6 compound on hydrogen 
sorption properties was studied. The hydrogen generation in the hy-
drolysis process for the synthesized composite materials, MgH2- 
Zr3V3O0.6 and MgH2-Zr3V3O0.6-C, was studied to assess possibilities of 
their used as efficient materials for the in-situ hydrogen generation. 

2. Experimental 

The starting components for the preparation of hydride nano-
composites were magnesium powder (Fluka, 99 + %) with a particle size 
of 0.1–0.3 mm, graphite powder (≤20 μm, Fluka, 99 + %), and compact 
Zr3V3O0.6 alloy. Zr3V3O0.6 alloy was prepared by arc melting in a puri-
fied argon atmosphere from high purity (≥99.9 %) compact metals and 
compressed ZrO2 powder. The dissolution of ZrO2 powder in the molten 
alloy was visually observed. The sample was remelted several times. The 
sample mass loss during the melting was <0.5 %; thus, the composition 
of the prepared oxide was assumed to be defined by the stoichiometry of 
the mixture. As a result, the single phase Zr3V3O0.6 intermetallic com-
pound was obtained. The as-cast alloys were annealed in vacuum at 
980 ◦C for five days. 

Magnesium-based hydride composites were prepared by reactive 
ball milling in a hydrogen gas using a Fritsch Pulverisette-6 planetary 
mill. The milling was carried out in a custom made 80 ml milling vial. 
The vial allowed milling under gas pressure up to 5 MPa. For gas input 
and output, the lid of the vial was equipped with two Swagelock needle 
valves. Stainless steel balls (30 balls with a diameter of 10 mm) were 
used as milling bodies. The ratio of the weight of milling bodies (≈120 g) 
to the weight of the sample was 60:1. The milling was carried out at a 
rotation speed of 500 rpm. 

To control the process of mechanochemical hydrogenation of the 
sample, the milling was periodically paused (with an interval of 15–20 
min), the vial, after cooling to room temperature, was connected to a 
Sieverts-type apparatus and the hydrogen pressure was measured using 
a pressure sensor (measurement accuracy 0.05 %). After that, hydrogen 
was added to the vial until the initial pressure (2 MPa) was reached and 
the milling process was continued. The amount of hydrogen absorbed by 
the sample in the reactive milling process was determined by the volu-
metric method based on the monitoring of the hydrogen pressure 
changes. 

The hydrogen sorption properties of the hydride composites were 
studied using a Sieverts-type apparatus. The amount of absorbed/ 
released hydrogen was determined by the volumetric method. Hydrogen 
desorption was carried out into a closed volume at a constant temper-
ature (in the range from 275 to 375 ◦C) under the initial hydrogen 
pressure of 0.05–0.1 MPa, while absorption was performed in a tem-
perature range of 25–350 ◦C under the initial hydrogen pressure of 2 
MPa. Desorption of hydrogen by hydride nanocomposites was further-
more studied by thermodesorption spectroscopy (TDS), by heating the 
sample with a constant rate (2◦С/min) in a dynamic vacuum from room 
temperature to 350–400◦С. 

The activation energy (Ea) of hydrogen desorption from the samples 
obtained by the ball milling was studied by Thermal Desorption Spec-
troscopy (TDS). 50–70 mg of the sample were loaded into the reactor, 
which was pumped at room temperature to a pressure of <10− 3 Pa. TDS 
measurements were performed by heating the reactor at a constant 
heating rate of 0.5–5 K min− 1 from room temperature to 325 ◦C under 
dynamic vacuum conditions. The release of H2 leads to an increase in the 
pressure in the system, which was monitored by the vacuum sensor. The 
activation energy of hydrogen desorption was determined by Kissinger 
method [63] using the equation given in [39]. For the sample containing 
carbon, the rehydrogenation was carried out at 200 ◦C and a pressure of 
1.5 MPa. 

X-ray diffraction studies of the samples were based on the data 
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collected using a DRON-3.0 powder diffractometer (Cu-Kα radiation). 
Powder diffraction data was analyzed by Rietveld full-profile refinement 
method using the GSAS (General Structure Analysis System) software 
package [64]. The shape of the peaks was described using the pseudo- 
Voit function of Thompson-Coggs-Hastings [65]. 

The size of the crystallites and the level of microstresses in the ma-
terials were estimated from the profile parameters refined the Rietveld 
method, using the following equations [66]: DV = λ / (βs⋅cosθ); e = βD / 
(4⋅tanθ), where DV is the volume-weighted size of crystallites; e is 
microstress; λ is the wavelength of X-ray radiation; βs and βD – are the 
integral widths of the diffraction peaks, calculated from the profile pa-
rameters that take into account the contribution to the peak width from 

the size of the crystallites and microstresses, respectively; θ – is the Bragg 
angle. The instrumental contribution to the width of the X-ray peaks was 
determined using the refinement of the profile parameters for the 
diffraction pattern of a silicon powder used as a standard. 

3. Results and discussion 

3.1. Synthesis of Mg- Zr3V3O0.6 and Mg- Zr3V3O0.6-graphite hydride 
composites 

Magnesium hydride composites containing 10 wt% of the hydride- 
forming η-phase Zr3V3O0.6, as well as a ternary composite with an 
addition of 3 wt% graphite, were synthesized by the reactive milling in 
hydrogen. Fig. 1 shows the hydrogenation curve of a mixture of mag-
nesium powder with the addition of Zr3V3O0.6 alloy under a hydrogen 
pressure of 2 MPa. Similar to pure magnesium, the dependence of the 
hydrogen sorption capacity on the milling time has a sigmoidal shape, 
but the rate of hydrogenation is almost three times higher, which in-
dicates the catalytic effect of Zr3V3O0.6. Complete saturation of the 
composite material with hydrogen (maximum capacity 7.0 wt% H) oc-
curs in <2 h of milling. The rate of the hydrogenation of the Mg-10 wt% 
Zr3V3O0.6 mixture is also significantly higher than that of magnesium- 
graphite mixtures [67] (see Fig. 1). Addition of graphite improves ki-
netics, however the saturation time remains practically the same as for 
magnesium studied without graphite additives, due to a long induction 
period of the mechanochemical hydrogenation process. The addition of 
3 wt% graphite to the Mg-Zr3V3O0.6 mixture leads to a further increase 
of the rate of process of mechanochemical hydrogenation (Fig. 1 and 
Table 1). Thus, we observe a synergistic effect of intermetallic com-
pound and graphite. A similar effect was observed in previous studies for 
the mixtures Mg-20%Ti4Fe2O0.5-5%C [45] and Mg-10% 
V75Ti10Zr7.5Cr7.5-5%C [15]. It should also be noted that in the presence 
of intermetallic compound, the induction period of hydrogenation 
caused by the addition of graphite disappears. 

The hydrogen absorption curves for Mg with additions of oxygen- 
stabilized η-phase Zr3V3O0.6 and the ternary Mg-Zr3V3O0.6-С compos-
ite obtained during reactive milling are presented in Fig. 1. The hy-
drogenation is completed in 1–1.5 h and the hydrogen capacity of the 
formed hydride composites is 6.5 wt%. 

The presence of Zr3V3O0.6 leads to 3–4 times increase in the reaction 
rate constant. The Avraami exponent is 2.25 and 2.68 for the composite 
without/with carbon, respectively. This indicates that the rate of the 
phase transformation is the rate limiting step of the process (n = 2 or 3, 
depending on the mechanism of nucleation and growth of the hydride 
phase) [68]. A similar mechanism of catalysis was observed for the 
Ti4Fe2O0.3 suboxides [45], while nano-Ti and nano-TiO2 force a 

Fig. 1. Curves of mechanochemical hydrogenation of the mixtures of magne-
sium, Zr3V3O0.6 alloy, and graphite (2 MPa H2). The data for Mg and Mg-5%C 
are taken from the reference [39]. 

Table 1 
Kinetic parameters of the process of mechanochemical hydrogenation of Mg and 
Mg-based mixtures.  

Composition K, min− 1 CHmax, wt% n 

Mgа 0.00486(6)  7.36 3.1(1) 
Mg-5 wt%Cа 0.016(4)  7.28 2.6(7) 
90 wt%Mg-10 wt%Zr3V3O0.6 0.0165(5)  7.04 2.25(18) 
87 wt% Mg-10 wt%Zr3V3O0.6-3 wt%C 0.0213(3)  6.88 2.68(14)  

а Reference [39]. 

Fig. 2. Experimental (+), calculated (− ) and difference (bottom line) diffraction profiles of the hydrogenated composites: (a) Mg-10%Zr3V3O0.6 and (b) Mg-10% 
Zr3V3O0.6-3%С. Vertical lines (|) show the positions of the peaks of the component phases (from bottom to top): α-MgH2, γ-MgH2, Zr3V3O0.6H~10, and α-Fe. 
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different reaction mechanism (n ~ 1.5) where H diffusion is the limiting 
stage [39,45]. It is known that the rate of hydrogenation during the ball 
milling depends on both the rate of nucleation of magnesium hydride 
crystallization centers and the rate of diffusion through the formed hy-
dride layer. It is obvious that these processes are influenced by the 
addition of appropriate catalysts. Analysis of the shape of hydrogen 
absorption curves (Fig. 1), for the composites with added catalyst and 
with a catalyst and carbon, shows that in both cases the limiting stage of 
the hydrogenation is the nucleation of the new centers of crystallization 
(Avraami exponent is 2.25 and 2.68). Based on this, we assume that the 
role of carbon is in preventing the agglomeration of magnesium hydride 
particles during the ball milling. This explains the smaller particle size 
that is observed in the case of carbon composite. 

3.2. Phase composition and morphology of the synthesized composites 

The X-ray diffraction pattern of the samples after the high-energy 
milling in hydrogen is very similar to each other (see Fig. 2) and indi-
cate a complete transformation of magnesium and IMC into the corre-
sponding hydrides. The phase compositions of the composites according 
to the results of the Rietveld refinements are given in Table 2. During the 
mechanochemical hydrogenation, Zr3V3O0.6 preserves its original type 
of structure. The formation of the saturated hydride Zr3V3O0.6H~10 
causes the expansion of the unit cell, ΔV/VIMC = 26 %. No other com-
ponents were found. The appearance of traces of iron (<1 wt%) is caused 
by the abrasion of milling bodies during the high-energy milling. 

Occasionally, magnesium oxide was also observed, formed due to a 
slight oxidation of the formed material. 

The microstructure of composite hydrides synthesized by mechano-
chemical milling was studied by using scanning electron microscopy and 
is shown in Fig. 3. The micrographs of the composite hydrides show that 
the graphite additions cause a formation of smaller particles. It can be 
seen that the sizes of the obtained particles are in the range from ~50 nm 
to several micrometers. The size of particles was evaluated also using an 
AxioVision V 4.8.2.0 (Carl Zeiss Microscopy) software (see Supple-
mentary Information file (SI), part S1). The particle size distribution in 
these composites and the approximate weight fractions of particles of a 
certain size are shown in Fig. 4 and Table 3. The main fraction are the 
particles with size >3 μm (77 wt%) for the Mg–Zr3V3O0.6 hydride 
composite, while the fraction with a particle size of 1–3 μm is 80 wt% for 
the hydride composite with graphite. 

3.3. Dehydrogenation and rehydrogenation of the synthesized composites 

Desorption from hydride composites was carried out into a dynamic 
vacuum and a closed volume where a certain initial hydrogen pressure 
was maintained. Curves of vacuum thermodesorption (TDS) of hydrogen 
from hydride composites Mg-10%Zr3V3O0.6, Mg-10%Zr3V3O0.6-3%С, 
and nanocrystalline magnesium hydride (for comparison) after mecha-
nochemical milling in hydrogen are shown in Fig. 5. 

Desorption of hydrogen from both composite materials occurs in the 
temperature range of 150–300 ◦C with a peak at ~235 ◦C, which is 70 ◦C 

Table 2 
Phase-structural characteristics of the materials from the Rietveld refinements data after the mechano-chemical hydrogenation.  

Material Phase Space group Lattice parameters, Å Content, wt% Sizes of crystallites (DV); microstress (e) 

90%Mg-10%Zr3V3O0.6 α-MgH2 P42/mnm a = 4.522(1) c = 3.017(1) 71.1(1) DV = 9.6(3) nm 
e = 0.92(4) % 

γ-MgH2 Pbcn a = 4.539(3) b = 5.412(5) 
c = 4.938(6) 

19.5(3) DV = 9.0(3) nm 
e = 0.1(− ) % 

Zr3V3O0.6H~10 Fd3m a = 13.052(2) 8.4(1) – 
α-Fe Im3m a = 2.890(4) 1.0(1) – 

87%Mg-10%Zr3V3O0.6-3%С α-MgH2 P42/mnm a = 4.519(1) c = 3.020(1) 72.6(2) DV = 8.7(6) nm 
e = 0.83(9) % 

γ-MgH2 Pbcn a = 4.532(4) b = 5.424(5) 
c = 4.948(8) 

19.9(5) DV = 8.9(5) nm 
e = 0.1(− ) % 

Zr3V3O0.6H~10 Fd3m a = 13.065(2) 7.0(1) – 
α-Fe Im3m a = 2.891(6) 0.5(1) –  

ba
Fig. 3. Microstructure of hydride composites: Mg-10%Zr3V3O0.6 (a) and Mg-10%Zr3V3O0.6-3%С (b).  
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lower than the peak temperature of thermal desorption from the nano-
crystalline magnesium hydride. Such a significant shift of the TDS peak 
indicates an improvement in the kinetics of magnesium hydride 
decomposition and a decrease in the activation energy of desorption due 
to the catalytic effect of the η-phase. In contrast, the decomposition peak 
of magnesium-graphite hydride composites is only ~10◦С lower than 
the peak of magnesium hydride. For the Mg–10 % Zr3V3O0.6 composite, 
a splitting of the TDS peak is observed, which becomes more pronounced 
after rehydrogenation of the composite by the traditional method at a 
temperature of 200 ◦C under a hydrogen pressure of 2 MPa (Fig. 5b). 
Such splitting can be explained by distribution of the material particle 
sizes, since a similar bifurcation of the TDS peak was also observed for 
unmodified nanocrystalline magnesium hydride [69–71]. The study of 
the morphology of the Mg–Zr3V3O0.6 composite also showed a rather 
uneven distribution of the particles in terms of size. In the sample 
without carbon, the weight fraction of particles >3 μm in size is 77 %, 

whereas in one with carbon, the distribution is more uniform, and 
particles of this size are practically absent (Table 3, SI part S1). We note 
that in the composite with graphite (Mg–10%Zr3V3O0.6-3%С), the 
bifurcation of the desorption peak is not observed, probably due to a 
more uniform distribution of the particle sizes of the material. 

The fact that the thermal desorption peak bifurcates for the samples 
that do not contain carbon is interesting. The reason for this may be the 
presence of particles of variable sizes with different surface-to-bulk ratio 
in the sample. The first peak corresponds to the release of hydrogen from 
smaller particles (higher surface-to-bulk ratio) which overlaps with the 
event of H2 desorption from the near-surface layer of larger particles. In 
contrast, the second peak corresponds to the release of hydrogen from 
the core of larger particles, when a diffusion path is longer. The intensity 
and half-width of these peaks changes during repeated cycles of 
hydrogenation-dehydrogenation, and only one peak is observed after 
ten cycles of hydrogen absorption-desorption. 

We also assured during the measurements a sufficiently high thermal 
conductivity in the sample, enabling its even heating. The temperature 
gradient of the autoclave was negligeable. Thus, it became possible to 
prevent sublimation and deposition of magnesium at the colder part of 
the autoclave. Finally, no new phases, which could become a surface 
barrier to hydrogen release, were formed, as confirmed by X-ray 
analysis. 

Desorption of hydrogen at 350◦С under initial pressure in the gas 
system of 0.17 MPa from the freshly prepared hydride composites by 
reactive milling occurs within 3 min, and the amount of hydrogen 
released exceeds 6 wt% (SI part S2, Fig. S2-1). After 5 cycles of hydrogen 
absorption-desorption at a temperature of 350◦С, the reversible 
hydrogen sorption capacity is preserved, and the kinetics of the 
desorption process even improves: Mg–10 % Zr3V3O0.6–3 % С hydride 
releases 6.5 wt% of hydrogen in <3 min. The curves of hydrogen 
desorption from ternary composites at temperatures of 300, 325, and 
350◦С under an initial pressure of hydrogen in a closed volume of 0.02 
MPa are shown in SI part S2, Fig. S2-2. The obtained results indicate that 
the kinetics of the desorption reaction in temperature dependent. 

The results of the phase analysis of the samples after the first 
desorption of hydrogen from hydride composites at 350 ◦C are shown in 
Table 4. The X-ray diffraction profiles of the Mg-10%Zr3V3O0.6-3%C 
composite after hydrogen desorption and rehydrogenation at 200 ◦C 
under 2 MPa H2 are shown in SI part S2, Fig. S2-3. It should be noted that 
after the first desorption of hydrogen from the hydride composite, the 
magnesium metal phase transforms into a microcrystalline state while 
the η-phase remains nanocrystalline. The reason for this change is the 
sintering of magnesium at elevated temperatures (≥300 ◦C). No signs of 
additional phases, which would indicate a chemical interaction between 
Mg and Zr3V3O0.6 (or between the corresponding hydrides) in the pro-
cess of reactive milling in hydrogen (or in subsequent desorption- 
absorption cycles), were observed in the X-ray patterns. 

To estimate the activation energy (Ea) of hydrogen desorption, a 
series of TDS spectra were measured at different heating rates of 0.5, 1, 
2, and 5 ◦C/min. The obtained data were further processed by Kissinger 
method [45,63] (Fig. 6). The calculated Kissinger dependence is shown 
in Fig. 7. The calculated activation energy of hydrogen release is 58 kJ/ 
mol H2 and 83 kJ/mol H2 for Mg–10 % Zr3V3O0.6-3%C and Mg–10 % 
Zr3V3O0.6, respectively. 

The outstanding effects of the oxygen-stabilized compounds 
η-Ti4Fe2Ox and η-Zr4Fe2Ox on the kinetics of hydrogenation and dehy-
drogenation reactions were demonstrated earlier [45,72]. The compar-
ison shows that the activation energy (Ea) of hydrogen desorption for the 
MgH2-Ti4Fe2O0.5Hx composite (67 kJ/mol) is very close to the one 
observed in this work, Ea for MgH2-Zr3V3O0.6H~10–3%C (58 kJ/mol), 
and is much lower in comparison with 146 kJ/mol for a pure MgH2. First 
of all, the catalytic effect can be explained by the influence of Zr3V3Ox or 
Ti/Zr4Fe2Ox particles that are very effective sources of atomic H and 
convenient diffusion pathways from/to the Mg/MgH2 interface during 
the hydrogenation and dehydrogenation process. Similar properties of 

a

b

Fig. 4. Size distributions of the particles in the synthesized composites.  

Table 3 
Size distributions of the particles in the prepared composites.  

Fraction of particles, μm 90%Mg-10%Zr3V3O0.6 87%Mg-10%Zr3V3O0.6-3%С 

Number, % Wt., % Number, % Wt., % 

0.1–1  72.5  1.8  79.7  6.0 
1–3  22.0  21.1  19.5  81.1 
>3  5.5  77.1  0.8  12.9  
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Mg-based composites containing O-stabilized Ti/Zr-based intermetallics 
as effective additives, indicate that we are dealing with the same phe-
nomenon, which is determined by the chemical nature of these 

ba
Fig. 5. Spectra of vacuum thermodesorption (TDS) from the hydride composites after mechanochemical milling (a) and after rehydrogenation at 200 ◦C under 2 MPa 
H2 (b). The sample heating rate is 2◦С/min. 

Table 4 
Phase-structural characteristics of the materials after hydrogen desorption according to the results of refinement by the Rietveld method.  

Material Phase Space group Lattice parameters, Å Content, wt% The size of the crystallites (DV), nm; microstress (e), % 

Mg-10%Zr3V3O0.6 Mg P63/mmc a = 3.2091(1) 
c = 5.2107(2) 

85.9(1) DV = 89(5) 
e = 0.06(1) 

Zr3V3O0.6H~5 Fd3m a = 12.554(3) 10.1(1) – 
α-Fe Im3m a = 2.878(3) 0.7(1) – 
MgO Fm3m a = 4.210(3) 3.3(2) – 

Mg-10%Zr3V3O0.6-3%С Mg P63/mmc a = 3.2094(1) 
c = 5.2101(2) 

86.8(1) DV = 98(12) 
e = 0.11(2) 

Zr3V3O0.6H~5 Fd3m a = 12.647(5) 8.4(2) – 
α-Fe Im3m a = 2.880(3) 1.0(1) – 
MgO Fm3m a = 4.211(4) 3.8(4) –  

Fig. 6. TDS for the MgH2–Zr3V3O0.6Hx–C composite at different heating rates.  Fig. 7. The fit of the experimental data to derive the activation energy of 
hydrogen desorption from the MgH2–Zr3V3O0.6Hx–C composite. 
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compounds. By analyzing the advantages of the O-stabilized compounds 
as catalytic additives, we can state that they are characterized by a more 
efficient activation as compared to TiFe [73] and show much lower 
hydrogenation/dehydrogenation temperatures than that for Ti/TiH2 or 
Zr/ZrH2. Zr3V3O0.6 and Ti/Zr4Fe2Ox suboxides provide an additional H 
storage capacity as compared to the inert to hydrogen metals or metal 
oxides. 

After a completion of hydrogen desorption from the hydride com-
posites, they were rehydrogenated under an H2 pressure of 2 MPa at 
temperatures from 20 to 350◦С. The ternary composites slowly absorbed 
hydrogen even at room temperature, but required several hours to form 
saturated hydrides. The rate of hydrogen absorption increased signifi-
cantly with increasing temperature. Hydrogen absorption curves at 
temperatures of 100, 200, and 300 ◦C are shown in Fig. 8a. At 100◦С, the 
Mg-10%Zr3V3O0.6-3%С composite reaches a capacity of 6 wt% in ~60 
min after the start of hydrogenation, while at 200◦С it occurs in just 60 s. 
At a temperature of 300 ◦C, hydrogen absorption is very fast, namely a 
full saturation by hydrogen (6.5 wt% H) occurs in 20 s. 

To study the influence of carbon on the properties of composites, 
samples of Mg–10%Zr3V3O0.6 and Mg–10%Zr3V3O0.6-3%C composites 
after H2 desorption into a dynamic vacuum (10− 3 Pa) at 350◦С were 
rehydrogenated under the same conditions. The curves of hydrogen 
absorption by these composites at temperatures of 150 and 200 ◦C are 
shown in Fig. 8b. At these temperatures, both composites are charac-
terized by a very high rate of hydrogen absorption. However, in the 
material that does not contain carbon, absorption practically stops when 
hydrogen sorption capacity of 4.3–4.5 wt% is reached (which corre-
sponds to the conversion of Mg into MgH2 by 65–70 %). This is probably 
caused by the formation of a continuous hydride layer at the surface of 
the magnesium particle. Since in the case of a material that does not 
contain carbon, its main part (77.1 wt%) consists of the particles with a 
size >3 μm (see Table 3), we can assume that at a certain thickness of the 
hydride layer (<3 μm) further hydrogen diffusion inside of the particles 
is hindered and the magnesium metal core remains unhydrogenated. 

The Mg–10%Zr3V3O0.6-3%C composite under similar experimental 
conditions is almost completely saturated with hydrogen within 1 min, 
and its capacity is ~6.5 wt%, which practically corresponds to the 
complete transformation of magnesium into magnesium hydride. The 
explanation for this can again be in a size distribution of the formed 
composite (see Table 3), from which it follows that in the case of the C- 
containing composite, the main part of the sample consists of the par-
ticles with a size of 1–3 μm (81.1 wt%). 

Therefore, the addition of graphite made it possible to obtain a 
composite with a significantly smaller particle size further to a slight 
decrease in the size of the crystallites (see Tables 2–3). This significant 
difference in particle size distribution probably explains the difference 
in the amount of absorbed hydrogen at 200 ◦C for the composites with 
and without carbon. We note that the fast kinetics of hydrogenation of 
Mg– Zr3V3O0.6–C ternary composites is exclusively caused by the cata-
lytic effect of Zr3V3O0.6. The rate of hydrogen absorption during the 
rehydrogenation of the Mg-C composites is an order of magnitude lower 
than that for Mg– Zr3V3O0.6–C. For comparison, Fig. 8 shows the curve of 
hydrogen absorption by the Mg-5%C composite at a temperature of 
200 ◦C under a pressure of 2 MPa. This material reaches a full saturation 
by hydrogen (7.2 wt% H) in 15 min, after the start of the hydrogenation. 

Another advantage of use of composites with graphite is that its 
addition also increases the cyclic stability of the materials during 
hydrogen absorption/desorption [39,45,67]. Composites Mg– 
Zr3V3O0.6–C during five cycles (see SI part S2, Fig. S2-1) and 
Mg–Ti4Fe2O0.3–C during 20 cycles [45] retained the initial capacity, 
while for Mg–Ti4Fe2O0.5 a significant decrease in capacity was observed 
already in the 7th cycle. The reason for these improvements in stability 
for the C-containing hydride composites is probably due to the fact that 
graphite is uniformly distributed on the surface of the particles (SI, part 
S3) and prevents agglomeration and sintering of the particles during 
hydrogen desorption, which occurs at elevated temperature. 

Thus, in this and earlier work [45], we have shown that the mech-
anochemical modification of magnesium by oxygen-stabilized interme-
tallic compounds based on titanium and zirconium leads to a significant 
decrease in the hydrogenation temperature of magnesium and 
improvement of absorption-desorption kinetics, while the addition of 
carbon increases the extent of Mg → MgH2 conversion and improves the 
cyclic stability of the composite during multiple cycles of hydrogen 
absorption-desorption. 

3.4. Generation of hydrogen by hydrolysis 

Hydrogen generation systems based on use of the hydrolysis process 
are required for the operation of the fuel cells in light mobile energy 
supply devices [74,75]. The method of hydrolysis of materials based on 
magnesium hydride is one of the most acceptable for the “green” 
hydrogen production for portable energy supply [76,77]. Ball milling 
can effectively increase the rate of hydrogen release and the reaction 
yield during the hydrolysis. The influence of the milling conditions and 

ba
Fig. 8. Curves of hydrogen absorption by Mg-10%Zr3V3O0.6 and Mg-10%Zr3V3O0.6-3%C composites under hydrogen pressure of 2 МPа.  
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the state of dispersion of MgH2 on the hydrolysis reaction in pure water 
was studied in [78–83]. In all cases, it was noted that hydrogen yield was 
low, and was improved after the milling. This can be explained by the 
fact that the milling increases the specific surface area of the materials. A 
significant additional effect is achieved when graphite is added during 
mechanical milling of MgH2. MgH2–graphite composites release up to 
970–1280 ml of hydrogen per gram of the composite in 40 min of hy-
drolysis without changes in the acidity of the solution [81]. Therefore, 
mechanical milling of MgH2–graphite mixtures is a promising approach 
to obtaining highly efficient materials for autonomous hydrogen gen-
erators. The additional use of the Zr3V3O0.6 catalyst makes it possible to 
reduce the magnesium hydride synthesis time by 3–4 times. Therefore, 
the synthesized materials were tested as sources of hydrogen production 
by the hydrolysis method, and the effect of the used catalysts on the total 
hydrogen yield was established. The hydrolysis of the binary synthesized 
composite MgH2-Zr3V3O0.6H~10 demonstrated a much lower conversion 
extent than that for ternary composite MgH2-Zr3V3O0.6H~10-C in pure 
water and in 0.01 M MgCl2 water solution (Fig. 9a). The increased 
quantity of the released hydrogen in 0.01 M MgCl2 solutions motivated 
additional studies of the hydrogen evaluation from the 
MgH2–Zr3V3O0.6H~10–C composite in water solutions with different 
MgCl2 content (Fig. 9b). They demonstrated 1278 ml/g released in 60 
min or 1364 ml/g in 120 min (the conversion degree is ~80 and 85 %, 
respectively) from the ternary composite interacting with 0.04 M MgCl2 
solution. The main reason of such enhancement for C-containing ternary 
composite may be related to the substantial decrease of the particle size. 
The role of Zr3V3O0.6 additives in hydrolysis reaction will be clarified in 
further studies. At this moment we can state that the MgH2– 
Zr3V3O0.6H~10–C composite, which was synthesized as the effective 
hydrogen storage material, can be used as effective material for both 
hydrogen storage and hydrogen generation by hydrolysis process. 

4. Conclusions 

The catalytic effect of additions of η-Zr3V3O0.6 suboxide and the same 
intermetallic and graphite on the hydrogen absorption-desorption 
properties of MgH2 has been investigated for the first time. It was 
shown that these composites are able to absorb ~6.5 wt% of hydrogen in 
a few minutes under reactive ball milling conditions in hydrogen gas. It 
was found that the addition of Zr3V3O0.6 and Zr3V3O0.6 + С catalysts not 
only increases the rates of hydrogen absorption and release, but also 
lowers the activation energy and the temperature of hydrogen release. 
For the sample containing 10 wt% of the suboxide and 3 wt% of 
graphite, the activation energy of hydrogen desorption and temperature 
of release were determined as 58 kJ/mol and 196 ◦C, respectively. This 
Ea value is slightly lower than that for dehydrogenation of the Mg + 1 

mol% Ti4Fe2O0.5 composite (67 kJ/mol H2) and is much lower in 
comparison with 146 kJ/mol for the pure MgH2. Thus, the values of 
dehydrogenation activation energies of the studied Mg-based compos-
ites with Ti/Zr-based suboxides as catalytic additives are among the 
lowest described in the reference data. 

The improvement of the kinetics and increase of hydrogen capacity 
at operating temperatures of 150–200 ◦C are particularly characteristic 
for the composites with suboxide and graphite additions. It was shown 
that the reason for this improvement is the difference in the morphology 
of the synthesized samples, namely the introduction of graphite during 
the milling leads to a better dispergation of the material (the fraction 
with a particle size of 1–3 μm is >80 wt%). 

Absorption-desorption tests demonstrated the stable capacity of the 
synthesized Mg-Zr3V3O0.6-C composite (~6.5 wt% during 5 first cycles). 
This behavior is very similar to that of Mg-Ti4Fe2Ox-C material for 20 
cycles. Both these composites demonstrated the substantial cycling in-
crease, because of the graphite additions. The possible reason of such an 
important feature could be a decreased ability of C-containing com-
posites to agglomeration during the heating. 

The hydrogen generation in the hydrolysis reaction was studied as 
well. The amount of hydrogen released from the hydride Mg-Zr3V3O0.6- 
C composite in the hydrolysis reaction reaches 1364 ml/g for 120 min 
(the conversion degree is ~85 %) when using 0.04 M MgCl2 solutions. 
We conclude that the Mg-Zr3V3O0.6-C composite can be used as the 
effective hydrogen storage material as well as the material for hydrogen 
generation in the hydrolysis process. 
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