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In present study nanocomposites of Graphene Like Material (GLM) and nickel containing 5

e60 wt % Ni were prepared by a co-reduction of graphite oxide and Ni2þ ions. These

nanocomposites served as effective catalysts of hydrogenation-dehydrogenation of mag-

nesium based materials and showed a high stability on cycling. Composites of magnesium

hydride with Ni/GLM were prepared by high-energy ball milling in hydrogen. The micro-

structures and phase compositions of the studied materials were characterized by XRD,

SEM and TEM showing that Ni nanoparticles have size of 2e5 nm and are uniformly

distributed in the composites. The kinetic curves of hydrogen absorption and desorption by

the composites were measured using a Sievert's type laboratory setup and were analyzed

using the Avraami e Erofeev approach. The re-hydrogenation rate constants and the

Avraami exponents fitting the kinetic equations for the Mg/MgH2þNi/GLM composites

show significant changes as compared to the Mg/MgH2 prepared at the same conditions

and this difference has been assigned to the changes in the mechanism of nucleation and

growth and alteration of the rate-limiting steps of the hydrogenation reaction. The com-

posites of Mg with Ni/GLM have a high reversible hydrogen capacity exceeding 6.5 wt % H

and also show high rates of hydrogen absorption and desorption and thus belong to the

promising hydrogen storage materials.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The main focus in the development of the materials for

hydrogen energy technologies concerns efficient hydrogen

storage materials [1,2] and catalysts for the processes
Tarasov), volodymyr.yart

ons LLC. Published by Els
involving molecular hydrogen including catalysts of hydro-

genation of various compounds and electrochemical oxida-

tion of hydrogen in fuel cells [3,4].

Magnesiumhydride is considered as a promising hydrogen

storage material due to its high gravimetric (7.6 wt% Н2) and

volumetric (110 g Н/L) hydrogen storage capacities. However,
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there are several disadvantages that hamper the broad use of

magnesium as a hydrogen storage material. Due to the high

activation barrier of dissociation of hydrogen molecules and

low diffusion rate of hydrogen atoms through the layer of

magnesium hydride, the hydrogenation rates are low at

temperatures below 350�С. Several approaches have been

developed to overcome these drawbacks. These approaches

are comprehensively reviewed in Refs. [5e9].

One of the efficient methods of the preparation of mag-

nesium hydride with improved hydrogen sorption perfor-

mance is mechano-chemical synthesis which includes

processing of Mg or MgH2 by ball milling in inert or hydrogen

atmosphere [10,11]. Further improvements can be achieved by

introducing various catalytic additives into Mg/MgH2 [12e18],

and/or by a combination of the ball milling of Mg or Mg alloys

with other types of processing including rapid solidification

[19], equal channel angular pressing [20] or high-pressure

torsion [21], as well by providing additional energy inputs to

the reactants (plasma-assisted milling [22e24], light activa-

tion [25]). In most of the cases the improvements of hydro-

genation/dehydrogenation kinetics accompany such a

processing while there are also examples of the destabiliza-

tion of magnesium-based hydrides [22,24] caused by the pro-

cessing. The improvements are mostly pronounced for the

preparation processes which involve high energy reactive ball

milling of Mg with the additives performed in hydrogen gas

(HRBM); see Refs. [11,15,18] as examples. During HRBM, the

formed hydride layer is removed by the mechano-chemical

processing consequently providing access of hydrogen gas to

the fresh magnesium surface. Thus, synthesized MgH2 has

submicron particle sizes while its surface contains a signifi-

cant number of induced defects, which notably increases the

hydrogenation and dehydrogenation rates.

Various catalytic additives were used during themechano-

chemical synthesis to increase the hydrogenation rate of Mg.

As an example, the presence of 3d transition metals (Ni, Nb,

Pd, etc.) activates the dissociation of hydrogen molecules

[13,26] thereby accelerating the magnesium hydrogenation.

Particular attention has been paid to the carbon additives such

as graphite, carbon nanotubes, fullerenes and carbon black

[23,27e33]. As it has been shown in Ref. [34], carbon nano-

materials can form graphene layers on the magnesium sur-

face which catalyzes the hydrogenation. It is commonly

accepted that the effect of graphene has its roots in the fact

that graphene layers prevent sintering and grain growth of

crystalline Mg and MgH2 thereby assisting hydrogenation and

dehydrogenation processes, and this positive effect remains

during hydrogen absorption/desorption cycles. Recent studies

[35e37] demonstrated that graphene-like materials can be

used as catalytic additives in hydrogenation/dehydrogenation

processes. Graphene-like materials form envelopes around

magnesium particles and furthermore cause an increase in

the rates of hydrogenation/dehydrogenation due to increased

thermal conductivity of the composites.

The composites containing nanosized metal clusters

deposited on various carbon materials with a high specific

surface area belong to the most efficient catalysts [3,4,38e40].

Various types of nanostructured carbon (fullerene black,

nanotubes, and nanofibers) show advanced properties in

terms of using them as metal catalysts supports, since metal
clusters can be deposited on them in a uniform manner and

do not agglomerate during the phase transformations thus

ensuring the stability of the catalysts.

During the last years, numerous published reference data

appeared and showed that graphene and graphene-like ma-

terials belong to the promising support materials for the

nanostructured metals and metal oxide catalysts [41e48].

However, the structure and properties of the obtained metal

graphene composites substantially depend on the preparation

processes. As an example, synthesis of the nanostructured

Ni(OH)2 proceeds in accordance with different growth mech-

anisms when it is deposited on graphite oxide (GO) or on

reduced GO [49]. Oxygen-containing groups and structure

defects which are present in GO cause its interaction with

metal salts, which results in a formation of nuclei of themetal

clusters formed because of the reduction of metal ions. The

reduced GO containsmuch less functional groups and defects,

which contributes to the recrystallization of the Ni clusters

and formation of large, well-developed Ni crystallites.

Graphene-like materials with deposited metallic nano-

particles can serve as catalysts of various chemical and elec-

trochemical processes. As an example, Pt or Pd nanoparticles

deposited on graphene surfaces are used as catalysts during

the hydrogenation of unsaturated hydrocarbons and nitro-

compounds [50e52] and in the electrocatalytic oxidation [53].

In the present study, we propose a potentially scalable

method for obtaining Mg-based hydrogen storage materials

which utilizes the key features of these approaches (Fig. 1),

including (a) nanoconfinement of Mg particles; (b) use of cat-

alysts of the chemical reactions involving hydrogen; and (c)

improvement of the thermal conductivity of hydrogen storage

materials in the powder beds.

This work was aimed at the development of an effective

method for producing the powder composites of magnesium

with nickel-containing graphene-like materials (Ni/GLM),

and at studying their hydrogen absorption and desorption

behaviors.
Experimental

GO was obtained from natural graphite GK-1 (ash content

�1 wt%, GOST 4404-78) according to the procedure described

in detail in Ref. [54]. GLMswere obtained by thermal reduction

of GO in a tubular resistance furnace. Dry GO (10 mg) was

placed into a medium part of a quartz reactor under the flow

of argon gas (0.2 L/min), while the reactor was heated up to

900�С. In 3e5 s, GO underwent an explosive decomposition to

produce gaseous СО, СО2, and Н2О. The solid product (with

considerably increased volume) was removed from the hot

zone by argon flow. The obtained powder was annealed in the

atmosphere of argon at 900�С for 3 h.

The Ni/GLM composite was prepared by simultaneous

reduction of GO and nickel (II) from the mixture prepared

separately by freeze drying of GO dispersion in Ni(CH3COO)2
aqueous solution. For this purpose, the GO aqueous suspen-

sion together with the corresponding amount of Ni(CH3-

COO)2$4H2O were processed in an ultrasonic bath for 60 min.

The obtained mixture was placed in a 1 L pear-shaped flask

and frozen by placing the flask in a Dewar filled with liquid
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Fig. 1 e A sketch presenting the main features of the method proposed in the present study for obtaining Mg-based

composite materials with improved hydrogen storage performance.

1 From a formal point of view, the Avraami-Erofeev equation is
applicable only for the processes which involve nucleation and
growth, where the exponential factor (n is an integer having the
values between 1 and 4) depends on the nucleation mechanism
(random or preferential sites) and the growth dimensionality [55].
However, its applicability for the reactions with integer or half-
integer values of n�0.5 has been demonstrated as well [57] but
these latter process are considered to be diffusion-controlled.
Importantly, non-integer values of n>1 can be associated with the
change of the nucleation mechanism during the progression of
the reaction [56].
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nitrogen. Then residual water was removed from the vapors

after being equilibrated at ambient conditions, by using a

vacuum pump (~1$10�3 atm) equipped with a nitrogen trap,

until themixture became completely dry. The reduction of the

dried mixture was performed for 30 min in a 40 mm tubular

reactor at 300e500�С in a flow of hydrogen gas (rate 200 mL/

min). The obtained nickel-graphene composites contained

from 5 to 60 wt % of Ni nanoparticles.

Hydrogenation of Mg and magnesium-graphene compos-

ites was carried out by mechano-chemical processing. The

required amount of graphene material, together with 1 g of

0.5e1 mm magnesium powder, and 10 mm steel balls (the

sample-to-ballsmass ratiowas 1/40) were placed into an 80ml

stainless steel vial. The loading was performed in argon glove

box. The milling was performed using a Pulverisette 6 plane-

tary ball mill at a rotational speed of 500 rpm in a 4 N pure

hydrogen gas with initial hydrogen pressure of 25 atm. The

hydrogenation rate was determined by the change of

hydrogen pressuremeasured every hour during themechano-

chemical processing (accuracy 0.2 atm).

The cycling stability of hydrogen storage characteristics

of the magnesium composites in hydrogenation-

dehydrogenation cycles was studied by performing

absorption-desorption experiments using a Sievert's type lab-

oratory setup at the following conditions: (a) The dehydroge-

nation was carried out at pressure of 1 atm at 350�С; (b) The
hydrogenationwas performed at a pressure of 5.5 atmat 300�С.

Additional studies of the dehydrogenation kinetics were

carried out at different temperatures, from 320 to 350 �C. The
H2 pressures at the beginning and the end of the dehydroge-

nation were of 1.2 and � 1.3 atm, respectively e thus, the

experimental conditions were close to isobaric.

The obtained composites were also characterized by a

thermogravimetric analysis and using differential scanning

calorimetry performed at 30e1000 �C with the linear heating

rate of 5 K/min using NETZSCH STA 409C Luxx thermal

analyzer. The elemental composition was determined by a

Vario Micro cube CHNS/O analyzer. IR spectra were recorded
using a Perkin-Elmer Spectrum100 Fourier spectrometer in the

interval 450e4000 cm�1. Specific surface areawasmeasuredby

the BET method at liquid nitrogen temperature using SORBI-

MS analyzer. The phase composition was investigated on

DRON-UM2 and SIEMENS D500 X-ray diffractometers (Cu Ka

radiation). The microstructure of the materials was studied

with a Zeiss LEO SUPRA 25 scanning electron microscope.

The collected data on the hydrogenation, dehydrogenation

and re-hydrogenation of the studied samples were processed

by a formal kinetics analysis using the Avraami e Erofeev

equation:

a¼ A0

�
1� exp

�
�
�
t
t0

�n��
(1)

where a ¼ 0 … 1 is the actual value of Mg/MgH2 reacted

fraction, A0 � 1 is the maximum (asymptotic) value of the

reacted fraction, t is the time, t0 is the characteristic reaction

time (reciprocal rate constant; t0 shows the time required to

complete the transformation for ~63%), and n is an exponen-

tial factor (Avraami exponent) related to the reaction

mechanism.

Two complementary mechanisms e Phase Trans-

formation governed by Nucleation and Growth (N&G) and

Diffusion-controlled (DC) transformation e were identified as

contributing to the mechanism of the hydrogenation in the

metal-hydrogen systems [55]. Their contribution is related to

the numerical value of the exponential factor n1. When Phase

https://doi.org/10.1016/j.ijhydene.2019.02.033
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Transformation is a rate limiting step, the values of n are be-

tween 1 and 4; in contrast, when n is between 0.5 and 1, then

the process is diffusion-controlled, and when 1 � n � 2.5 the

N&G and DC mechanisms cannot be differentiated. From that

is can be concluded that for the values of n between 2.5 and 4,

only phase transformation contributes via a mechanism of

N&G; for the values of n between 0.5 and 1 the process is

exclusively controlled by hydrogen diffusion. In turn, for the

values of n between 1 and 2.5, the two mechanisms can act in

parallel. As an example, for n ¼ 1, the mechanism has con-

tributions from both Geometry specified diffusion and Grain

boundary nucleation [55].

In practical applications of the Avraami e Erofeev equa-

tion, the fitted values of n normally have non-integer values,

as shown during mathematical modelling of the reaction ki-

netics for the hydrogenation of magnesium catalyzed by Fer-

rovanadium [58].

The best fits for the re-hydrogenation of magnesium-

graphene composites was obtained when assuming that the

hydrogenation process received contributions from two pro-

cesses, a fast and a slow hydrogenation processes. This

feature is similar to the one observed earlier for the MgeTi

nanocomposites ball milled in hydrogen gas [18] and was

accounted using the following Eq. (2), which is a modified

Eq. (1):

a ¼ A1

�
1� exp

�
�
�
t
t1

�n1��
þA2

�
1� exp

�
�
�
t
t2

�n2��
(2)

where the indexes 1 and 2 correspond to the fast and slow

processes, respectively (t1 < t2), and A1 and A2 are the contri-

butions of the processes 1 and 2 to the observed reacted

fraction, a.
Results and discussion

During the oxidation of graphite, planar sp2-hybridized gra-

phene layers turn into a three-dimensional corrugated struc-

ture of GO containing sp3-hybridized carbon atoms. Elemental

analysis showed that GO contained 45.9 wt% O, which corre-

sponds to the atomic ratio C/O ¼ 1.5. It is known that carbox-

ylic, epoxy, and hydroxyl groups are removed first during the

heat processing of GO in an inert atmosphere, while stable

phenolic, cyclic ether, and carbonyl groups are preserved up to

800�С [59]. Rapid heating to 900�С causes GO decomposition

associatedwith a ~30%weight loss of the sample and vigorous

evolution of CO, CO2, and H2O. The removal of oxygen-

containing groups during the thermal reduction took place

andwas confirmed by elemental analysis and IR spectroscopy.

The atomic ratio С/О, which is the measure of an extent of GO

reduction, increases to 4.3 as a result of a thermal treatment.

An additional annealing in the flow of argon removed most of

oxygen-containing groups remaining after the thermal reduc-

tion, and the C/O ratio further increased reaching 42.6. The

evolution of gases taking place as a result of thermal reduction

caused splitting of graphitic layers and prevented their aggre-

gation. As expected, when measured by the BET method, the

specific surface area of the obtained GLM was high, 620 m2/g.

GO can form stable aqueous suspensions containing up to

2 wt % of GO, which allows preparing its composites with
water-soluble salts. Oxygen-containing groups and defects

cause absence of some carbon atoms in the GO allowing in-

teractions with metal ions and creating growth centers of

nanoparticles.

We developed a novel approach to prepare the compos-

ites which is described below, Ni(CH3COO)2 was dissolved in

an aqueous suspension of GO, then the liquid suspension

was rapidly frozen, and the water was removed by subli-

mation. This made it possible to avoid the formation of a GO

film and the deposition of large Ni(CH3COO)2 crystals. In

contrast to GO films, the obtained composite GO/Ni(CH3-

COO)2 was not a subject to the explosive gas release when

heated in a flow of hydrogen gas at 300e500 �C, which

allowed effective reduction of GO and Ni(II). The processing

temperature of 400 �C was found to be optimal for the syn-

thesis of nickel-containing composites, since it provided the

most complete reduction of GO and nickel ions. Therefore, in

our further studies we used the composites obtained at this

temperature.

After the reduction, the atomic ratio С/О increased to 21.2.

Depending on the amount of Ni(CH3COO)2, the obtained

composites contained 5 (Ni/GLM-1), 10 (Ni/GLM-2), 15 (Ni/

GLM-3), 25 (Ni/GLM-4), and 60 wt % of nickel (Ni/GLM-5). Ac-

cording to the data of scanning electron microscopy (SEM)

study (Fig. 2), Ni particles were found to be uniformly

distributed over the GLM surface of Ni/GLM composites

obtained in such a way. The size of nanoparticles depended

on the content of Ni indicating that nucleation and growth

mechanism was the case. As an example, the size of Ni

nanoparticleswas 2e5 nm for Ni/GLM-1 (Fig. 2a) and increased

to 100e500 nm for Ni/GLM-5 (Fig. 2d).

Fig. 3a shows the curves of Mg/MgH2 reaction fraction

time dependencies during the mechano-chemical processing.

Very good fits were obtained when using the formal kinetics

analysis adopted in Eq. (1) (Table 1) to process the collected

data. Indeed, Pearson correlation coefficients showed the

values exceeding R2 ¼ 0.99 for each set of the processed data.

During themilling, the hydrogenation of pure Mg exhibited an

S-shaped kinetic curve behavior (Fig. 3a, curve 1). The value of

the Avraami exponent n ¼ 4 corresponded to the random

nucleation and 3D-growth reaction mechanism [55,56].

The reaction rate was rather slow (characteristic time was

about 5 h) which can be related to a slow nucleation rate

during the hydrogenation. The hydrogenation rate increased

after 7 h of mechano-chemical processing, since brittle MgH2

accumulating in the course of the milling was easily removed

from the metal particles thus exposing an active to hydrogen

fresh Mg surface.

In contrast, the hydrogenation of magnesium composite

containing 10 wt % of GLM (Fig. 3a, curve 2) proceeds with >2
times shorter characteristic times; the rate of hydrogenation

further increased with the increase of the GLM content. The

Avraami exponent decreased to n ~ 1.7. According to Ref. [60],

the decrease of Avraami exponent may have its origin in the

limitations associated with the possible nucleation regions

when the nucleation proceeds at points (n ¼ 3), edges (n ¼ 2)

or at surfaces (n ¼ 1). Furthermore, non-integer values of n

can be associated with the contribution of diffusion [57], and/

or the change of the nucleation mechanism during the re-

action [55]. In any case, addition of GLM resulted in the

https://doi.org/10.1016/j.ijhydene.2019.02.033
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Fig. 2 e SEM (a) and TEM (c, d) images of the catalyst Ni/GLM-1 (5 wt% Ni deposited on GLM); SEM image (b) of the catalyst Ni/

GLM-5 (60 wt% Ni deposited on GLM).
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change of the reaction mechanism (see Fig. 3a). This means

that despite of the existing limitation of the nucleation re-

gions upon addition of GLM, the nuclei formed faster, and

their number was high enough to provide the increase in the

overall reaction rate already at the beginning of the trans-

formation [55].
Fig. 3 e a: Curves of Mg hydrogenation without GML (1) and with

(5) during the mechano-chemical processing; b: X-ray diffractio

10 wt% of GLM (3) and 10 wt% of Ni/GLM-4 (4).
We note that although the Avraami-Erofeev equation was

successfully used in a number of studies [16,18,22,23,55] for

the modelling of kinetics of hydrogenation and dehydroge-

nation of Mg-based hydrogen storage materials, it is impos-

sible to make an unambiguous conclusion about the reaction

mechanism based on the value of Avraami exponent only in
10 wt% of GLM (2), Ni/GLM-2 (3), Ni/GLM-3 (4), and Ni/GLM-4

n patterns of MgH2 (1) and composites containing 1 (2) and

https://doi.org/10.1016/j.ijhydene.2019.02.033
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Table 1 e Results of the refinements of the kinetic data of the hydrogenation process (Fig. 3a) when using Eq.1.

Curve # Sample Fitting parameters and their standard deviations R2

A0 t0 [min] n

1 Mg (no GLM) 0.8362 (9) 282.9 (3) 4.00 (2) 0.99789

2 10% GLM 0.8397 (4) 131.4 (1) 1.668 (3) 0.99962

3 10% Ni/GLM-2 0.866760 (2) 43.7686 (5) 1.00174 (2) 1

4 10% Ni/GLM-3 0.883440 (2) 44.2050 (5) 1.00099 (2) 1

5 10% Ni/GLM-4 0.882240 (3) 43.1160 (6) 1.00038 (2) 1

Fig. 4 e DSC profiles obtained in argon flow when applying

the linear heating rate of 5 K/min to MgH2 (1) and MgH2 þ 1

% wt of GLM (2).
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case it is in the range between 1 and 2.5. As it was shown in

Ref. [57], at 1 � n � 2.5 the rates of H2 absorption/desorption

can be limited by both diffusion and phase transformation

and thus a mixed mechanism is likely to be the case.

For both undoped Mg and MgeGLM composites, the hy-

drogenation virtually stopped at a z 0.84 and did not reached

a completion. The reason for that is in a very slow H diffusion

through the growing MgH2 layer and thus the diffusion be-

comes a rate-limiting step of the hydrogenation at the end of

the reaction. We note that the observed maximum value of

the reacted fraction was higher than it was achieved for the

hydrogenation of Mg in “static” conditions, without the ball

milling (a z 0.75 at T~250 �C) [61].
In contrast, reactive ball milling of individual magnesium

metal in H2 resulted in a formation of stoichiometric MgH2

(a ¼ 1) [62]. The differences in the results obtained in the

present study and in the reference work can be explained by

the difference of the experimental conditions, first of all, in

use of a coarser Mg powder (0.5e1 mm) in this work as

compared to the magnesium powder utilized in Ref. [62]

(0.1e0.3 mm).

There are several reasons helping to explain the increased

hydrogenation rate due to the doping by GLM. GLM, like other

carbon materials described in earlier studies, covers the sur-

face of the magnesium particles during the mechano-

chemical processing thus preventing their agglomeration

and serving as a hydrogen carrier along the Mg(MgH2)-С

interphase boundary [34].

Adding Ni/GLM-2 composite to magnesium (Fig. 3a, curve

3) substantially increases the rate of Mg hydrogenation due to

the high catalytic activity of Ni nanoparticles causing easy

dissociation of H2 molecules, while the coating of MgH2 fine

particles by the GLM preserves their submicron size obtained

during MgH2 dehydrogenation and provides high thermal

conductivity of Mg/MgH2þNi/GLM composites. At the same

time, the increase of Ni content to 15 and 25 wt % in the

composite (Fig. 3a, curves 4 and 5) does not notably affect the

hydrogenation rate and only slightly increases the reacted

fraction. The composites doped by Ni/GLM show close values

of kinetic parameters of the hydrogenation (Table 1), with

maximum reacted fraction of 0.87e0.88, characteristic reac-

tion time around 45 min, or ~3 times shorter than for Mg/

MgH2þGLM composite, and Avraami exponent value equal to

1, indicating that a grain boundary nucleation [57,60] was the

case.

The DSC curve of MgH2 decomposition shows appearance

of one broad peak centered at 400�С (Fig. 4).When adding GLM,

two endothermic peaks appear in the decomposition curves

that indicates presence of two phases: g-MgH2 and a-MgH2.
The peak on the DSC curve for the g-phase is shifted by 20�С
towards the lower temperatures as compared to the a-phase

for MgH2/1% GLM, and by 50�С for MgH2/5% GLM. The reduced

stability of the thermodynamically unstable g-MgH2 has been

reported earlier during in situ SR XRD study of hydrogen

desorption from a mixture of g-MgH2 and a-MgH2 obtained by

reactive ball milling of Mg in hydrogen [62].

The presence of a metastable g-dihydride MgH2 was

confirmed by XRD data: its X-ray diffraction peaks are clearly

visible in Fig. 3b. In all X-ray diffraction patterns, the peak

positions for both hydride phases are in good agreement

with the data reported in Ref. [62]: a-MgH2 (tetragonal;

а ¼ 0.4515 nm, с ¼ 0.3019 nm) and g-MgH2 (orthorhombic;

а ¼ 0.4526 nm, b ¼ 0.5448 nm, с ¼ 0.4936 nm).

The content of g-MgH2 grows together with the content of

GLM in the as-synthesized composites (Fig. 3b, curves 2 and 3;

Fig. 5b, curve 1). As expected, this metastable (at normal

conditions) modification of MgH2 is not present in the subse-

quent dehydrogenation-hydrogenation cycles (Fig. 5b, curve

2). The particle size of magnesium hydride in the obtained

composites ranges from 500 nm to several microns (Fig. 5a).

Selected data of the dehydrogenation of mechano-

chemically prepared MgH2-containing composites carried

out at pressure of 1 atm at 350�С are presented in Fig. 6a and

Table 2. The 80% dehydrogenation for both MgH2 (Fig. 6a,

curve 1) and the composites (Fig. 6a, curves 2 and 3) was

achieved in the first 10min, and the composites demonstrated

higher transformation rates at the beginning of the

https://doi.org/10.1016/j.ijhydene.2019.02.033
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Fig. 5 e SEM image (a) and X-Ray diffraction pattern (b) of the as-prepared MgH2þ10% (11% Ni/GLM) composite (1) and the

composite after accomplishing ten absorption-desorption cycles (2).

Fig. 6 e a: Curves of dehydrogenation of MgH2 for individual MgH2 (1) and for MgH2 containing 10 wt% of GLM (2), and

Ni/GLM-4 (3); b: Curves of hydrogen absorption for Mg (1e3) and the composite with 10 wt% of Ni/GLM-4 (4e6) during the first

(1,4), fifth (2,5), and tenth (3,6) hydrogenation cycles; c: hydrogen absorption by the composite containing 10 wt% of Ni/GLM-

4 during the tenth hydrogenation cycle; experimental data (1) and results of their fitting with Eq. (1) (2) and Eq. (2) (3);

d:Curves of dehydrogenation of MgH2 for the composite with 10 wt% of Ni/GLM-3 at the temperature of 320 (1), 330 (2), 340 (3)

and 350 �C (4).
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Table 2 e Results of the refinements of the dehydrogenation kinetics data (Fig. 6a) using Eq. 1

Curve # Sample Fitted parameters R2

A0 t0 [min] n

1 MgH2 0.8836 (2) 5.817 (2) 2.520 (3) 0.99983

2 10% GLM 0.8820 (4) 4.22 (1) 1.241 (3) 0.99887

3 10% Ni/GLM-4 0.8847 (6) 2.507 (9) 0.962 (5) 0.99355
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dehydrogenation. Introduction of GLM and Ni/GLM causes

changes of the kinetic parameters of dehydrogenation (see

Table 2) similar to the changes observed for the hydrogenation

during the ball milling (Table 1).

The fitted value of n ~ 2.5 for the non-modified Mg indi-

cated that the nucleation and growth mechanism remained

valid. The mechanism transforms into the process with a

zero order nucleation rate for Mg/MgH2þGLM (n ~ 1.25) and a

grain boundary nucleation for Mg/MgH2þNi/GLM (n ~ 1) (see

Fig. 6a). For the two latter processes a contribution from the

diffusion as a factor limiting the overall rate of the processes

is very likely, as suggested in Ref. [57]. The characteristic

reaction time becomes very short, below 6 min for the

undoped Mg; the doping by GLM shortens it by ~30% followed

by a further shortening in ~1.7 times upon modification with

Ni/GLM.

Magnesium particles become sintered during the MgH2

dehydrogenation forming agglomerates which substantially

deteriorates kinetics of hydrogen absorption during the sub-

sequent hydrogenation cycles (Fig. 6b, curves 1e3). As it can be

seen from Table 3, the cycling results in the drop of the

maximum reacted fraction during the transformation of Mg

into MgH2, from >0.8 to ~0.75 (as it wasmentioned earlier, this

is a typical value for the hydrogenation of Mg at lower tem-

peratures when MgH2 is not subjected to the ball milling [61])

throughout ten dehydrogenation e re-hydrogenation cycles.

The characteristic reaction time and the Avraami exponent

value both increase e from ~9 to >15 min and from ~1.2 to

~1.4, respectively.
Table 3 e Results of the refinements of the re-
hydrogenation kinetic data for the undoped Mg (Fig. 6b,
curves 1e3) with Eq. (1).

Curve # Cycle # Fitting parameters R2

A0 t0 [min] n

1 1 0.805 (1) 9.40 (2) 1.161 (2) 0.99964

2 5 0.777 (2) 13.74 (5) 1.384 (3) 0.99969

3 10 0.741 (2) 15.98 (5) 1.428 (2) 0.99984

Table 4 e Results of the refinement of the re-hydrogenation kin
Eq. (2).

Curve # Cycle # Fitting paramete

Fast stage

A1 t1 [min] n1 A

4 1 0.647 (7) 0.566 (1) 1.215 (8) 0.27

5 5 0.764 (3) 0.474 (1) 1.33 (1) 0.18

6 10 0.7860 (8) 0.422 (1) 1.261 (3) 0.14
Asmentioned above, GLM layers covermagnesiumhydride

particles during the mechano-chemical processing thereby

preventing their agglomeration during the dehydrogenation.

Due to this, and because of a catalytic effect of Ni nano-

particles, the rate of hydrogen absorption is very high during

the first and subsequent re-hydrogenation cycles (Fig. 6b,

curves 4e6). The maximum reacted fraction increases to

0.92e0.95 (A1þA2 in Table 4), and the 80% hydrogenation of Mg

is achieved in just 2e4 min.

As it wasmentioned earlier, the best fit of the experimental

kinetic data for Mg/MgH2þNi/GLM was achieved assuming

that the hydrogenation involves two steps, fast and slow (Eq.

(2)). An example of the comparison of the fitting of the

experimental data using Eqs. (1) and (2) (Fig. 6c) clearly shows

the improvements achieved when using Eq. (2). We note that

the observed trends of the change of the re-hydrogenation

kinetic parameters for the studied samples are similar to the

ones for MgH2eTiH2 nanocomposites prepared by ball milling

of Mgþ Ti in H2 [18]. Accomplishment of ten dehydrogenation

e re-hydrogenation cycles results in a gradual decrease in the

contribution of the slow stage ( A2
A1þA2

) with a simultaneous

shortening of the characteristic reaction time for the fast stage

(from ~36 to ~24 s) and the increase of the characteristic re-

action time (from ~5 to ~15 min) for the slow one. The values

of the Avraami exponent for the fast stage do not significantly

change during the cycling (n ~ 1.3) while the slow stage ex-

hibits the increase of n from ~0.5 (diffusion-controlled pro-

cess) to ~1.2 (mixed diffusion-controlled and of nucleation and

growth mechanisms).

Fig. 6d shows kinetic curves of MgH2 dehydrogenation for

the composite with 10 wt% of Ni/GLM-3 taken at four different

temperatures in the range of 320e340 �C. The rate constants,

K, calculated from the fitted values of t0 ¼ 1/K using Eq. (1) are

presented in Table 5.

The linear fitting of ln K versus 1/T [K] (Fig. 7) yields the

value of the activation energy of dehydrogenation of

75 kJ mol H2
�1. However, we note that the values of K which

were retrieved from a series of isobaric experiments do not

take into account the pressure-dependent driving force (PDF)

which depends on the temperature-dependent equilibriumH2
etic data for Mg doped by Ni/GLM (Fig. 6b, curves 4e6) with

rs A1þA2 A2

A1 þA2

R2

Slow stage

2 t2 [min] n2

0 (8) 5.4 (1) 0.68 (2) 0.92 0.29 0.99968

8 (7) 14.3 (9) 0.50 (2) 0.95 0.20 0.99972

8 (4) 14.8 (4) 1.24 (3) 0.93 0.16 0.99937
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Table 5 e Experimental conditions and dehydrogenation
rate constants for the compositewith 10wt% of Ni/GLM-3.

Curve #
(Fig. 6d)

T [�C] K [min�1] PD [atm] PDF(T)/PDF
(T ¼ 350 �C)
(Eq. (3))a

K(corr)
[min�1]

1 320 0.3359 3.10 0.62 0.2089

2 330 0.4196 3.98 0.76 0.3196

3 340 0.5342 5.07 0.89 0.4739

4 350 0.7054 6.41 1.00 0.7054

a P ¼ 1.25 atm.

Table 6 e Activation energies for the dehydrogenation of
MgH2.

Material EA [kJ mol H2
�1] Reference

Pure MgH2 160.0 [63]

MgH2 after 2 h milling 158.5 [64]

MgH2 þ 10% NiCl2 121.3 [64]

MgH2 þ 10% CoCl2 102.6 [64]

Mg95In5 þ 12.9% MgF2 127.7 [22]

Mg85In5Al5Ti5 þ 7% MgF2 125.2 [24]

Mg90In5Y5 147.4 [65]

Mg80Ce18Ni2 63.3 [16]

Mg3Ce 103.7 [16]

MgH2 þ 10% Ni/GLM-3 76/124.2a This work

a With corrections correctly accounting effect of pressure driving

force.
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pressure, PD (apart from the actual H2 pressure, P). For the

diffusion-controlled dehydrogenation reactions that is the

case for the studiedmaterial (see Fig. 6a, curve 3), Rudman [57]

proposed use of the following equation:

PDF ¼ T

"
1�

�
P
PD

�1 =

2
#

(3)

The values of corrected rate constants, KðcorrÞ ¼
K

�
PDFðTÞ

PDFðT¼350�C¼623:15 KÞ

�
, are presented in the last column of Table

5. The Arhenius plot for these values (see Fig. 7) yields the

value of dehydrogenation activation energy of 124.2 kJmol H2
�1

(we note that this value should be considered as describing the

data in the best possible way because of the higher value of

goodness of the fit).

Table 6 presents comparison of the data on the activation

energy ofMgH2 dehydrogenation determined in thiswork (last

row) and selected reference data. Since not all of the reference

works specify whether the pressure driving force was or was

not taken into account in the determination of the rate con-

stant at different temperatures, we include in Table 6 the

values of EA calculated from both original (K) and corrected (K

(corr)) values of the rate constants (Table 5, Fig. 7). In both

cases the values of MgH2 dehydrogenation activation energies

for MgH2 prepared by co-milling of Mg with Ni/GLM in

hydrogen atmosphere were found to be significantly lower

than the corresponding values for pure MgH2 [63] (the
Fig. 7 e Arhenius plots for the dehydrogenation of MgH2 for

the composite with 10 wt% of Ni/GLM-3.
correction for the pressure driving force has also been intro-

duced in this work). The improvements of the dehydrogena-

tion kinetics observed in our study well agree with the

observations of other researchers who reported influence of

catalytic additives on the H storage performance of MgH2 (see

Table 6).

Summarising the presented results, we conclude that

composites of Mg with 5e10 wt % of Ni/GLM are promising

hydrogen storage materials with a high reversible hydrogen

storage capacity (>6.5 wt%) and fast dehydrogenation e re-

hydrogenation kinetics remaining stable throughout at least

ten H2 desorption e absorption cycles.
Conclusions

A novel method allowing to produce nickel-graphene com-

posites containing nanosized Ni particles uniformly distrib-

uted over the GLM surface has been developed. The

composites are effective catalysts of the hydrogenation of

magnesium. The composites ofMgwithNi/GLMare promising

hydrogen storage materials showing a high reversible

hydrogen capacity exceeding 6.5 wt % H.

Adding GLM and Ni/GLM significantly improves the ki-

netics of the formation of MgH2 during the ball milling in

hydrogen gas, as well as dehydrogenation of MgH2 and,

particularly, improves the rates of re-hydrogenation of the

ball milled material. The reaction rate constant increases in

more than 2 and 6.5 times for the hydrogenation of Mg doped

by GLM and Ni/GLM, respectively, as compared to Mg without

additives. The corresponding increase in the dehydrogenation

rate constant is in 1.4 and 2.3 times. Finally, the re-

hydrogenation rate constant for the Mg/MgH2þNi/GLM com-

posites is 15e37 times higher than the one for the individual

Mg/MgH2 prepared at the same conditions. For all studied

reactions the doping also results in the significant decrease of

the Avraami exponent indicating that limitation of nucleation

regions (but with the faster nucleation) is the case and a

contribution of H diffusion becomes a rate-limiting step.

Addition of Ni/GLM also improves the cyclic stability of the

material providing fast and almost complete re-

hydrogenation throughout at least ten dehydrogenation e

re-hydrogenation cycles. It was also found that for the Mg/

https://doi.org/10.1016/j.ijhydene.2019.02.033
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MgH2þNi/GLM composites the re-hydrogenation proceeds via

two steps, fast and slow ones, similar to the behavior earlier

observed for Mg/MgH2þTiH2 composites. During the cycling,

the contribution of the slow process into the re-hydrogenation

kinetics decreases without a decrease in the maximum

hydrogen absorption capacity.
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