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Abstract: Magnesium hydride is considered to be one of the most promising hydrogen storage
materials, although it nevertheless has some problems, such as the high value of the activation
energy of hydrogen desorption. To solve this problem, some scientists have proposed adding
nanocarbon materials, in particular carbon nanotubes, to magnesium hydride. Currently, a detailed
understanding of the mechanisms of obtaining composites based on magnesium hydride and carbon
nanotubes is lacking, as is our understanding of the effect of nanocarbon additives on the activation
energy and temperature of hydrogen desorption depending on the parameters of the composite
synthesis. In addition, the data obtained at various values of milling parameters are very different,
and in some works the effect of carbon nanomaterials on the hydrogen properties of magnesium
hydride was not confirmed at all. Thus, it is important to determine the effect of nanocarbon additives
on the properties of hydrogen storage of magnesium hydride under various milling parameters.
This work is devoted to the study of the effect of nanocarbon additives on magnesium hydride
and the determination of the dependences of the hydrogen desorption temperature and activation
energy on the synthesis parameters. Composite powders containing MgH2 with 5 wt.% single-walled
carbon nanotubes (SWCNT) were prepared using a planetary ball mill. The milling was carried
out at various milling speeds, namely 300, 660, and 900 rpm. Results suggested that the structure
of the nanotubes is preserved with prolonged grinding of magnesium hydride and SWCNT in a
ball mill for 180 min at a relatively low grinding speed of 300 rpm. The composite obtained with
these parameters has the lowest temperature of hydrogen desorption and an activation energy of H2

desorption of 162 ± 1 kJ/mol H2, which is 15% lower than that of the magnesium hydride MgH2

(189 ± 1 kJ/mol H2).

Keywords: carbon nanotubes; magnesium hydride; hydrogen storage materials; hydrogenation;
composite materials; hydrogen desorption; temperature of desorption; activation energy of desorption

1. Introduction

The development of promising materials for hydrogen storage is one of the most
important challenges for the improvement of hydrogen economy [1–3]. One such effective
and attractive hydrogen storage method is storage in metal hydrides. Hydrides have a
high bulk density that is comparable to liquid hydrogen, have a wide range of operating
pressures and temperatures, and do not require a cryogenic temperature to store hydrogen.
Thus, magnesium hydride is highly suitable for storing and transporting hydrogen due to
the high mass content of hydrogen, which is about 7.6 wt.%. H2 [4–7]. Nevertheless, the
use of magnesium as a reversible hydrogen storage material is problematic because of the
high temperature (over 300 ◦C) [8,9] required for hydrogen desorption from magnesium
hydride at an acceptable rate. This fact limits the use of magnesium hydride as a material
for hydrogen storage.
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To improve the properties of magnesium hydride and other metal hydrides, mechani-
cal methods are used [10–13]. Ball milling is one of the most common methods for removing
the oxide layer from the magnesium particle surface leading to particle size reduction.
To further improve the storage properties of hydrides, other materials can be added to
them, such as transition metals [14,15], oxides [16,17], carbon nanotubes (CNT) [18,19], and
another additives.

Carbon nanotubes are considered to be a promising additive material for magnesium
hydride. It is assumed that the addition of carbon nanotubes will improve the kinetic
properties of magnesium hydride, reduce the sorption/desorption temperatures and the
activation energy of hydrogen desorption as a consequence. To date, a significant number
of theoretical and experimental results on the sorption and desorption of hydrogen from
composites based on magnesium hydride and carbon nanotubes have been published.
Several phenomena have been reported that may explain this beneficial effect [20–26].

An improvement in the storage properties of hydrogen in a composite based on
magnesium hydride and CNTs was observed by Wu C. Z. et al. [20]. The authors noted
that both purified and initial SWCNTs accelerated the kinetics of sorption of hydrogen;
however, better kinetics was shown when using initial nanotubes containing metal particles
as a catalyst for the growth of CNTs. The temperature of the beginning of desorption of
hydrogen was reduced by 60 ◦C with the addition of SWCNTs compared to magnesium
hydride without any additives. It is assumed that during intense mechanical milling,
materials (SWCNTs and carbon nanoparticles) can be incorporated into the MgH2 matrix in
order to increase the area phase boundaries, leading to an increase in the rate of hydrogen
diffusion. Thus, the authors required 10 h of milling in order to lower the hydrogen
desorption temperature by 60 ◦C. Lillo-Ro’denas M. A. et al. [27] investigated the effect
of various carbon materials on the decomposition of magnesium hydride. It was found
that the best hydrogenation kinetics and the lowest hydrogen desorption temperature
were achieved with the addition of carbon nanofibers and MWCNTs (in the presence of
Ni and Fe impurities). The decomposition temperature of magnesium hydride in the
MgH2–5 wt.% MWCNT composite was slightly lower when the composite was milled at
300 rpm for 2 h (341 ◦C) and 1 h (342 ◦C) compared to when the composite was milled
for 15 min (346 ◦C), and the authors concluded that increasing milling time beyond 2 h
did not produce further benefit to MgH2 decomposition. An improvement in the kinetics
of the sorption reaction was observed by Lototskyy M. et al. [21]. The authors studied
the sorption properties of a composite based on magnesium and carbon materials and
obtained by ball milling in a hydrogen atmosphere at 500 rpm. The authors argue that
destruction of the tubular structures of the multiwall carbon nanotubes (MWCNT), which
were mostly resistant to the milling, required only 2 h of milling at 370–510 rpm [22]. It was
found that the addition of 5 wt.% MWCNTs led to a significant improvement in the kinetics
of hydrogen sorption. The hydrogen desorption temperature of the MgH2–5% MWCNT
composite prepared for 1.5 h was 43 ◦C lower compared to pure magnesium hydride and
about 6 ◦C higher compared to ball-milled magnesium hydride. The authors associated the
results obtained in their work with the effects arising from the mutual grinding of Mg and
CNTs. Since MWCNTs are known to be very hard in the axial direction, the “scratching”
effect becomes pronounced, allowing the exposed “fresh” surface to react with hydrogen.
Campos R. B. V. et al. [23] studied the effect of carbon nanotubes on the properties of
magnesium hydride. The mixture of magnesium hydride and CNTs was milled for 20 min,
which is considered sufficient to form a composite. The decomposition temperature of
the hydride in the sample was reduced by 52 ◦C in comparison with milled magnesium
hydride. The authors suggest that carbon nanotubes can be embedded into Mg/MgH2
particles, as acting as hydrogen diffusion pathways.

However, the problem of determining the influence of such parameters as the milling
speed and milling time on the temperature of hydrogen desorption remains not completely
clear and sometimes controversial. As can be seen from the works presented above, there
are differing data on the milling time required to form a composite with the best desorption
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properties. It is also necessary to understand whether the preserved structure of the
nanotubes has a greater effect than the destroyed. In addition, it is worth noting that
there are also works showing insignificant or even negative influence on the desorption
properties of MgH2. Huang Z. G. et al. [28] investigated composite MgH2–x, where x is
MWCNT, carbon black and graphite. The authors synthesized composites using a magnetic
ball mill in a hydrogen atmosphere for 48 h. Compared with the initial magnesium
hydride, the hydrogen desorption temperature decreased insignificantly, and the difference
was about 20 ◦C. Additionally, no significant difference in catalytic effects was found
between MCNTs, graphite and carbon black. Cai W. et al. [29] found that the addition
of carbon nanotubes prevents the nucleation of the metal from the hydride as a result of
nanoconfinement, reducing the efficiency of the desorption kinetics.

Thus, it is still necessary to consider the dependences of the influence of the synthesis
parameters on the hydrogen desorption properties of MgH2–CNTs composites. In this
study, we prepared and investigated a composite system that was obtained by mechanical
milling of MgH2 with single-walled carbon nanotubes. Scanning electron microscopy
(SEM) and energy dispersive X-ray (EDX) analysis were used to determine the fact of the
structural integrity of the CNTs and obtaining MgH2–5 wt.% SWCNT composites. The
aim of this study is to further clarify the effect of carbon materials on the properties of
MgH2 dehydrogenation. The particular attention was paid to the determination of the
temperature and activation energy of hydrogen desorption. The results of this work can
be used to conduct further research on the study of hydrogen desorption processes in
MgH2–CNT composites, as well as to study the effect of nanocarbon additives on the
properties of magnesium hydride.

2. Materials and Methods

All sample preparation procedures, including unpacking, loading into the grinding
jars, distributing the powder into various containers, and placing the samples in a vacuum
desiccator for further research, were carried out in a glove box in atmosphere of purified
argon (99.999%), maintaining the water vapor and oxygen levels below 1 ppm.

To obtain the composite, MPF-4 magnesium powder of high purity 99.2% with a
particle size of 50–300 µm was used. Then the magnesium powder was milled and hy-
drogenated. Single-walled carbon nanotubes (nanotube content ≥ 75 wt.%) TuballTM

by OCSiAl company with an outer diameter of 1.6 ± 0.4 nm and a content of metallic
impurities (Fe) less than 12 wt.% were used as an additive material.

Magnesium hydride was obtained by hydrogenation from the gas phase using a
Sievert apparatus automated Gas Reaction Controller [30] from the Advanced Material
Corporation. Before hydrogenation, magnesium powder was mechanically activated
in an AGO-2 planetary ball mill for 1 h in an argon atmosphere. The ball-to-powder
weight ratio was 20:1. The process of gas-phase hydrogenation was carried out at a
temperature of 400 ◦C and a pressure of 30 atm H2. Upon reaching these values of
temperature and pressure in the chamber, the powder sample was kept in the chamber for
5 h. The conversion of magnesium to hydride was over 90 vol.%. The spectra of thermally
stimulated desorption of magnesium hydride and composites were also obtained on
automated complex Gas Reaction Controller with an integrated RGA100 quadrupole mass
spectrometer from Stanford Research Systems. For the measurements, the specimens placed
in the vacuum chamber were heated to 550 ◦C at a constant rate of 4, 6, and 8 ◦C/min.
The binding energy of hydrogen atoms with surrounding lattice atoms was determined by
the Kissinger method [31]. Structural phase analysis was performed on a Shimadzu XRD-
7000S diffractometer [32], morphology was determined using a TESCAN VEGA 3 SBU
scanning electron microscope, and thermogravimetric analysis (TGA)/differential scanning
calorimetry (DSC) was performed on an STA 449 F3 Jupiter analyzer. The synthesis of
MgH2–SWCNT composites was carried out using an AGO-2 planetary mill in an argon
atmosphere. The amount of added single-wall carbon nanotubes was 5 wt.%.
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3. Results and Discussion

We wanted to determine how the milling parameters affect the integrity of the nan-
otubes structure. Then it was necessary to consider the influence of the parameters on
the hydrogen desorption properties of MgH2–5 wt.% SWCNT composites obtained in the
process of milling.

The speed of the grinding jars and the duration of the ball milling were chosen as
the variable parameters for obtaining the composite, since these parameters are the main
factors that determine the properties of the obtained composite. SEM images of MgH2–
5 wt.% SWCNT composites, obtained after 60 min of milling at speeds of 660 rpm and
900 rpm are shown in Figure 1a,b, respectively.
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Figure 1. SEM images of MgH2–5 wt.% SWCNT, obtained after 60 min of ball milling at speeds of 660 rpm (a) and 900 rpm (b).

Figure 1 shows that CNT structures in the obtained MgH2–5 wt.% SWCNT composite
could not be clearly observed by scanning electron microscopy, which indicates their destruc-
tion at the selected milling speeds, which correlates with the works of Lototskyy M. et al. [21],
Popilevsky L. et al. [33] and Amirkhiz B.S. et al. [34]. The samples contain a large number
of particles smaller than 2 µm and several large particles over 10 µm. In addition, some
particles become smoother. Thus, it has been shown that high rotation speed of the grinding
jars when milling MgH2–5 wt.% SWCNT mixture leads to the transition of particles from
an irregular geometric shape to a smoother one. It is assumed that CNTs are distributed
over the surface of the particles, preventing their agglomeration. A high rotation speed
leads to particle friction and destruction of CNTs, which contributes to the formation of
smoother particles [35,36]. However, such high rotational speeds can lead to a decrease in
the concentration of carbon/graphite particles on the surface of MgH2 particles due to their
incorporation into the particles and because of the formation of amorphous carbon [37,38].

Figure 2 represents a SEM image of a MgH2–5 wt.% SWCNT composite obtained by
milling for 60 min and a rotation speed of 300 rpm.

As can be seen from the figure presented above, the CNTs are unevenly distributed
in the composite, and regions with a large number of nanotube bundles can be observed,
while in other regions, the presence of CNTs is not observed. Such an uneven distri-
bution of nanotubes is observed due to the low speed and time of milling. A similar
picture with a high concentration of the nanotube network is observed in the work of
Campos R. B. V. et al. [23]. However, individual bundles of nanotubes separated from
regions with high concentrations of CNTs can also be observed. One such bundle of CNTs
is shown in Figure 3.
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Figure 3 depicts a large number of nanotubes entangled into a bundle, on which there
are small (smaller than 2 µm) magnesium particles. It is assumed that most of the CNTs are
only in contact with the surface of the particles; however, a certain number of nanotubes
can be incorporated into the MgH2 particles. Nevertheless, there is a rather large surface
area of CNTs that does not come into contact with magnesium hydride particles due to the
low uniformity of distribution of small individual bundles of nanotubes.

Figure 4 shows SEM images of composites obtained by milling at a rotation speed of
300 rpm for 120 min (Figure 4a,b) and 180 min (Figure 4c,d).
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It can be seen from the SEM images that an increase in milling time leads to a greater
distribution of carbon nanotubes in the composite. Areas with a large number of nanotube
bundles are much less common in the composite milled for 120 min, and are not observed
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in the composite milled for 180 min. It should be noted that the particle sizes in the
composite obtained at a rotation speed of 300 rpm vary over a wide range from less than
1 µm to 24 µm. Increasing the milling time leads to the formation of particles of smaller
size. The average particle size is 6 ± 2 µm for the composite obtained after 120 min of
milling. An increase in the grinding time also significantly affects the size of the nanotube
bundles, which become shorter due to destruction and dissolve into individual nanotubes,
which are extremely difficult to detect. In addition, the destruction of CNTs leads to the
formation of carbon particles, which are then adsorbed onto the surface of the magnesium
particles [33,34]. This fact is confirmed by the SEM images and the carbon distribution map
shown in Figure 5a,b.
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Figure 7 represents a comparison of X-ray diffraction patterns for MgH2–5 wt.%
SWCNT composites with respect to speed with a grinding time of 60 min (Figure 7a) and
with milling at a speed of 300 rpm (Figure 7b).
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Analysis of the diffraction patterns revealed that the phase composition of the com-
posites only slightly changes with increasing speed. Thus, the intensity of diffraction
peaks corresponding to the β-MgH2 phase slightly decreases and slight peak broadening
is observed when the speed is varied from 300 to 900 rpm. This can be associated with
the reduction in crystallite size as well as the appearance of defects and the increase in
lattice strain [40,41]. The increase in the milling time at 300 rpm does not affect the phase
composition, and the intensity of the diffraction maxima corresponding to magnesium
hydride with an increase in milling time from 60 min to 180 min does not change. The
diffraction peaks corresponding to the carbon structures were not found in all diffraction
patterns of the composites due to the low intensity of the peak corresponding to graphite
in the diffractogram of the initial TuballTM nanotubes (Figure 6). However, weak intensity
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maxima were observed, corresponding to metallic impurities, which may indicate the
distribution of CNTs and the formation of a composite.

A comprehensive study using differential scanning calorimetry (DSC) and thermo-
gravimetric (TG) analysis of magnesium hydride and the MgH2–5 wt.% SWCNT composite
(at 300 rpm) were carried out (Figure 8).
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Figure 8. Results of TG and DSC analysis for magnesium hydride (a) and MgH2–5 wt.% SWCNT composite (b) obtained at
a speed of 300 rpm.

On the basis of the results of differential scanning calorimetry, one broad endothermic
peak can be observed for magnesium hydride, which corresponds to the release of hydrogen
from the material. The peak value of the desorption temperature from magnesium hydride
is 446 ◦C at a heating rate of 6 ◦C/min. For the composition MgH2–5 wt.% SWCNT,
obtained by milling at a speed of 300 rpm, a lower hydrogen temperature of desorption of
420 ◦C can be observed.

The results of TG analysis demonstrate a significant change the mass by 4.81% of
the sample of magnesium hydride in the range corresponding to the temperature of
the beginning and the end of hydrogen desorption. As for the MgH2–5 wt.% SWCNT
composition obtained at a speed of 300 rpm, there is a change in weight by 1.36% at a
relatively low temperature. This fact, similar to the observations of Zlotea et al. [42], can be
explained by the presence of ultrafine magnesium particles. These ultra-small particles are
characterized by a higher mobility of hydrogen, and can be formed as a result of milling at
high speeds and energies. Another area in which a 2.22% change in mass was recorded
was the interval of fast hydrogen desorption, which was also observed during differential
scanning calorimetry.

Based on the assumption that maintaining the structure of CNTs can provide a positive
effect on the temperature of hydrogen desorption from magnesium hydride, experiments
on thermal desorption spectroscopy (TDS) were carried out for all samples of magne-
sium hydride and MgH2–5 wt.% SWCNT composites. Hydrogen thermal desorption
spectroscopy curves at a heating rate of 6 ◦C/min are shown in Figure 9.
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Figure 9. Hydrogen thermal desorption spectroscopy curves for magnesium hydride and MgH2–5 wt.% SWCNT composites
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Analyzing the given thermal desorption spectroscopy curves, it can be concluded
that the lowest hydrogen temperature of desorption can be observed for the MgH2–5 wt.%
SWCNT composite, milled at a speed of 300 rpm under conditions in which the nanotube
structure is not completely destroyed. Thus, even milling for a small amount of time
(60 min) makes it possible to obtain a composite in which CNTs have a catalytic effect
on magnesium hydride. It should be noted that the release of hydrogen begins at a
lower temperature for the composites milled at a speed of 900 rpm, 660 rpm and for the
magnesium hydride due to the destruction of coarse particles and the formation of ultrafine
particles. The MgH2–5 wt.% SWCNT composition, obtained at a speed of 660 rpm, also
has a low temperature at the beginning of hydrogen desorption. However, hydrogen
desorption with a peak for MgH2–5 wt.% SWCNT composites obtained at 660 and 900 rpm
is observed at a higher temperature. Milled magnesium hydride has a lower temperature
both at the beginning of desorption and at peak value relative to non-milled magnesium
hydride. However, the difference between peak values is quite insignificant (2 ◦C). The
best results are shown by the composite obtained with a longer milling time 180 min. That
fact can be explained by the uniform distribution of nanotubes and metallic impurities, a
higher probability of their incorporation into magnesium particles, as well as a decrease in
the size of magnesium particles due to the large number of impacts from the balls in the
grinding jars. An increase in the grinding time over 180 min has an insignificant effect on
the temperature of hydrogen desorption from the MgH2–5 wt.% SWCNT composite.

To assess the efficiency of hydrogen desorption from the MgH2–5 wt.% SWCNT
composite, the hydrogen thermal desorption spectroscopy curves were analyzed using
the Kissinger method. To obtain these dependences for magnesium hydride and the
MgH2–5 wt.% SWCNT composite, which showed the lowest desorption temperature (with
milling parameters of 300 rpm and 180 min), thermal desorption spectroscopy curves were
obtained at different heating rates (Figure 10).

Figure 11 represents the graphs of l ln β

T2
P

versus 1000
Tp

for magnesium hydride and

MgH2–5 wt.% SWCNT composite obtained after 180 min of ball milling at a speed of 300 rpm.
Table 1 presents the data for calculating the activation energy of hydrogen desorption

from magnesium hydride and MgH2–5 wt.% SWCNT composite.
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Table 1. Calculation of the activation energy of hydrogen desorption.

№ Sample Name TP, K ln β

T2
P

Ed, kJ/mol Ed (Average),
kJ/mol

1
MgH2

702 −12.1 188.52
1892 720 −11.4 188.96

3 733 −10.9 189.72
4 MgH2–5 wt.%

SWCNT (300 rpm,
180 min)

675 −11.6 162.00
1625 681 −11.3 161.74

6 693 −11.0 162.86
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The table shows that the activation energy of hydrogen desorption for the MgH2–
5 wt.% SWCNT composite obtained as a result of milling at a speed of 300 rpm within
180 min was 162 ± 1 kJ/mol H2, which is 15% less than that of magnesium hydride MgH2
(189 ± 1 kJ/mol H2).

On the basis of the above results, it can be concluded that the addition of single-walled
carbon nanotubes to magnesium hydride can reduce the activation energy of desorption
and, as a consequence, the hydrogen desorption temperature if the CNT structure is
not destroyed, and the CNTs themselves are uniformly distributed in the composite.
However, the decrease in the activation energy of desorption in this case is insignificant
and is practically within the error limits. A decrease in the activation energy of hydrogen
desorption, as well as the temperature of hydrogen desorption, can occur due to the
influence of several factors, such as due to the high thermal conductivity of CNTs [43] and
their incorporation into magnesium particles, which allows hydrogen atoms to be diffused
more easily from the bulk of the material [37,44]. It can also be related to the distribution
of metal catalysts contained in nanotubes [20]. Thus, a high milling speed turns out to be
ineffective, while a relatively long milling time at a relative low speed makes it possible
to obtain the catalytic effect of SWCNTs TuballTM (although it still remains small). Short
milling time at a low speed leads to insufficient distribution of carbon nanotubes in the
composite and an unexpressed catalytic effect. Milling only magnesium hydride leads to
an earlier release of hydrogen because of the formation of small nanocrystalline MgH2
particles; however, the maximum rate of hydrogen release remains at the same level as that
of unmilled MgH2. According to the results of this study, it was also found that nanotubes
TuballTM do not make a significant contribution to X-ray diffraction patterns, and the
intensity of Bragg peaks corresponding to metallic impurities remains very low.

4. Summary

Based on the presented results, it can be concluded that the developed technique
meets the stated goal and can be applied for further research.

Within the course of the work, it was shown by scanning electron microscopy that
an increase in the frequency of revolutions significantly affects the structure of carbon
nanotubes, which are already destroyed after ball milling at 660 rpm for 60 min. At the
same time, an increase in the milling time from 60 to 180 min at a relatively low intensity
(300 rpm) makes it possible to partially preserve the structure of nanotubes and obtain a
composite in which nanotubes are distributed uniformly over its volume. A short milling
time leads to an uneven distribution of carbon nanotubes in the volume of the MgH2–5 wt.%
SWCNT composite and an unexpressed catalytic effect. Increases in both the duration and
the speed of grinding lead to a decrease in the average MgH2 particle size; however, as the
results subsequently showed, that fact did not have a significant effect on the temperature
of the hydrogen desorption. Joint milling of MgH2 and SWCNTs led to a slight decrease
and broadening of the intensity of the peaks corresponding to magnesium hydride due to
a decrease in the crystallite size, the appearance of defects and strains of the crystal lattice.
All diffraction patterns of composites exhibit low-intensity peaks corresponding to metal
impurities contained in nanotubes as catalyst or their growth. The best results in terms of
the activation energy and the temperature of the hydrogen desorption were shown by the
composite milled for 180 min at 300 rpm. The temperature of the H2 desorption from this
composite is 408 ◦C, which is 39 ◦C less than the temperature of the hydrogen desorption
from magnesium hydride (447 ◦C). The activation energy of H2 desorption from a MgH2–
5 wt.% SWCNT composite (180 min, 300 rpm) is 162 ± 1 kJ/mol, which is 15% lower than
the activation energy of H2 desorption from magnesium hydride (189 ± 1 kJ/mol). The
mechanism of the catalytic effect can be associated with several factors and phenomena,
such as incorporation of CNTs into magnesium particles, high thermal conductivity of
CNTs, or influence of catalytic additives used for the growth of nanotubes.

Despite the fact that the addition of CNTs to magnesium hydride in accordance
with the parameters indicated above shows a catalytic effect, this effect remains weakly
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pronounced. Thus, it is recommended to use carbon nanotubes as an additive to magnesium
hydride only with the other catalytic additives because of the minimal decrease in the
temperature and activation energy of hydrogen desorption.
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