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a b s t r a c t

In the present work we systematically studied the hydrolysis of magnesium hydride in

MgCl2 aqueous solutions, which was used as a process promotor. The initial hydrolysis

rate, the pH of the reaction mixture, and the overall reaction yield are all found to be

linearly dependent of the logarithm of MgCl2 concentration. The phase-structural and

elemental compositions of the formed precipitates showed that they do not contain

chlorine ions and solely consist of Mg(OH)2. The size of the Mg(OH)2 crystallites increased

with increasing content of MgCl2 in the aqueous solution.

The best agreement between the observed and modelled hydrolysis kinetics was ach-

ieved by applying a pseudo-homogeneous model that describes the process rate as

increasing with Hþ ions concentration. The deposition of Mg(OH)2 which is impermeable to

water and blocks the surface of the remaining MgH2 however simultaneously and partially

suspends this reaction. We therefore propose a mechanism of MgH2 hydrolysis in the

presence of MgCl2 that is based on the comparison of the kinetic dependencies, variations
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of solutions pH and the structural and elemental analysis data for the solid deposits

formed during the interaction. We furthermore define the kinetic model of the process, and

the equation that describes the variation in pH of solutions containing chloride salts. Hy-

drolysis efficiency increased with increased relative MgCl2 amount; the best performance

being achieved for the stoichiometric ratio MgH2þ0.7MgCl2 (MgCl2/MgH2 weight ratio of

12.75/100). This provided a hydrogen yield of 1025 mL (H2)/g MgH2. Maximum hydrogen

yield peaked at 89% of the theoretical H2 generation capacity, and was achieved within

150 min of hydrolysis start, 35% of hydrogen being released in the first 10 min after start,

the hydrogen generation rate being as high as 800 mL min�1$g�1 MgH2.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

The roots of the recent development of hydrogen energy

technology lie in the technology's environmental friendliness

and efficiency, making it well suited for nonpolluting auton-

omous and mobile energy storage and generation systems

[1e3]. This includes the development of portable energy sup-

ply systems that use hydrogen to power fuel cells [4]. The

hydrolysis of various compounds in aqueous solutions is

considered as an important route to on-site hydrogen gener-

ation. Borohydrides of alkali metals [5,6], magnesium [7] and

aluminum [8] metals and their alloys [9,10] and corresponding

metal hydrides are considered as the most efficient materials

for chemical hydrogen generation.

The current focus in hydrolysis process research is on

increasing the efficiency of use of Mg hydride [11]. The hy-

drolysis of magnesium hydride, despite the MgH2 þ 2H2-

O ¼ Mg(OH)2 þ 2H2 (DG
0
298 ¼ �323 kJ/mol) [12] reaction's high

thermodynamic driving force, unfortunately stops after just

appr. 20 min of interaction at its low conversion level of ~20%

due to the formation of a passivating Mg(OH)2 layer covering

the surface of MgH2 [12,13].

Different additives have been utilized to overcome the

passivation process challenges, both organic [12,14] and

inorganic acids [7,13] appearing to be the most efficient addi-

tives for promoting the hydrolysis and serving as protons

donors [14,15]. As the acids add extra weight, the overall

hydrogen generation capacity therefore is lower, how much

lower depending on the molecular mass of the acid used.

Many studies of the effects of various salts on the hydro-

lysis of magnesium hydride have been published. These

include processes that involve normal [16e18] and acidic [7,18]

salts solutions, and the hydrolysis of MgH2-salt composites

[19e21] using deionised/tap/sea water. Additions of various

metal chloride salts increase both the hydrolysis yield of MgH2

and the rate of the process. Different chlorides were in focus

of these studies [16,17,19e25], the hydrolysis mechanism

appearing to be common for all the studied chlorides where

deionised water was used, irrespective of whether their

aqueous solutions or composites were used. The most sig-

nificant alterations of the rates of hydrolysis were, however,

found to be related to the pH of the solutions [7].
Maximum conversion and the highest rates of hydrogen

generation in hydrolysis of MgH2 are expected to be achieved

by using solutions of acidic salts [7,19]. Increasing the salt

content in the solution or in the composite increases

hydrogen yield, this reaching amaximum at the optimum salt

content before declining. The NH4Cl (0.5 mol/L) solution is

particularly efficient, allowing almost the complete conver-

sion of MgH2 and quickly yielding 1683 mL (H2)/g MgH2,

probably due to the elimination of the Mg(OH)2 formation [26].

The different salts of hydrochloric acid are additives that

efficiently accelerate the MgH2 hydrolysis process. The salts

formed by weak alkalis (NH4
þ [27], Mg2þ [20,22,23,28], Zn2þ,

Fe3þ, Zr4þ [20]) and hydrochloric acid HCl (a strong acid) are

also among the strongest promoting additives. Our choice of

magnesium chloride as an additive was based on the available

reference data which documented its superior effect as

compared to the other studied metal chloride salts on the

rates of the hydrolysis ofMgH2 and on the completeness of the

process while at the same time MgCl2 is a cost-efficient ma-

terial. The hydrolysis of MgH2 in aqueous solutions of MgCl2
has been studied in [18,19,22e24]. The properties of the

different types of MgH2 powders used in the studies, however,

varied. This conclusion stands despite these property varia-

tions clearly influencing the specific interaction features. A

hydrogen yield of 1635 mL/g [23] and 1137 mL/g [22] using,

respectively, 0.5 mol/L and 0.05 mol/L solutions of MgCl2 after

50 [23] and 90 [22] minutes of interaction, was achieved.

A composite of MgH2 and MgCl2 was prepared in [19] by

milling their mixture in a planetary mill. Milling was accom-

panied by an increase in the specific surface area (several

times over); no dependence, however, established between

milling time and specific surface area. Hydrogen yield also

does not seem to be directly related to milling time. The

temperature of interaction does, however, affect hydrolysis

behavior. MgCl2 undergoes exothermic dissolution in water,

the released heat therefore increasing the temperature and

affecting the efficiency of the MgH2 conversion. These fea-

tures all affect the overall hydrolysis behavior of MgH2. The

reference point, when comparing the properties of the MgH2-

eMgCl2 systems, could be the data obtained for the milled for

30 min mixture MgH2e3 mol % MgCl2, the period in which the

most pronounced improvement in hydrolysis behavior was

observed. Such a mixture provided a hydrogen yield of
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964 mL/g. Thus, magnesium chloride may be considered as a

perspective material to improve the efficiency of the hydro-

lysis of magnesium hydride as it is ecofriendly, is affordably

priced and has a low molecular mass (which defines the

overall hydrogen generation efficiency of the MgH2þMgCl2
mixtures).

The chemical interactions mechanisms in the MgH2-

eMClneH2O systems in general and in the system MgH2-

eMgCl2eH2O in particular have, unfortunately, not been

sufficiently well studied. It can, however, be assumed that the

hydrolysis of magnesium hydride in the presence of metal

chlorides is facilitated due to hydrolysis of salts resulting in a

hydrochloric acid formation (Reaction I.1). This is supported

by the experimental data [20].

MCln þ nH2O ⇔ M(OH)n þ nHCl (I.1)

2HCl þ MgH2 ¼ MgCl2 þ 2H2 (I.2)

The amounts of metal chlorides used in Ref. [20] are

significantly smaller than the amount of magnesium hydride

involved in the process. According to the Reaction І.2, the

amount of hydrochloric acid formed is insufficient to allow a

complete conversion of MgH2.

In general, it is known that the rate of the hydrolysis in-

creases with growing acidity of the solutions. On the other

hand, pH of the solutions of the chloride salts strongly de-

pends on the type and concentration of the cations in the

solutions and changes in a broad range between pH > 1

and < 7, as it is shown in Fig. 1. Most importantly, the con-

version rate of the hydrolysis of MgH2 increases following a

decrease in the pH of the solution, in a sequence ZnCl2<-
AlCl3<FeCl3<ZrCl4, as shown in Fig. 1. Fig. 1 clearly shows that

the conversion extent of magnesium hydride increases with
Fig. 1 e Dependence of the maximal conversion rate of

MgH2 [20] on the pH of their chloride solutions (calculated

in this study for the different concentrations of the chloride

solutions, 0.001e0.1 M) showing an increasing progression

of the hydrolysis process following a decrease of the pH of

the solutions in a sequence ZnCl2<AlCl3<FeCl3<ZrCl4. An

unusual behavior of MgCl2 is evident as a high conversion

rate of MgH2 does not correlate with a relatively high pH of

the solutions of MgCl2.
increasing acidity of the solutions occurring because of the

formation of the corresponding metal hydroxides. Thus, a

more significant extent of the hydrolysis of the metal salts

causes the formation of higher amounts of hydrochloric acid,

see the Reaction І.2.

Many aspects relevant to the description of the catalytic

and promoting behaviors of the metal chlorides, however,

remain unclear. This includes a significant catalyzing effect

which demonstrates MgCl2 on the hydrolysis process. Inter-

estingly, in spite the corresponding values of the pH for the

solutions of MgCl2 show a formation of close-to-neutral so-

lutions (see Fig. 1), the extent of the conversion process ap-

pears to be unexpectedly high. Thus, the behavior of MgCl2
significantly deviates from the described trend and deserves

to be thoroughly investigated.

Our goal was to study such unusual promoting influence of

MgCl2 on the mechanism and kinetics of transformations

during the hydrolysis of MgH2 in MgCl2 solutions.

When studying the effect of MgCl2 we furthermore were

motivated by the following arguments:

a) We avoided influence of any other than Mg2þ cation on the

chemistry of the studied process;

b) MgCl2 is a convenient choice of additive from the applied

perspective as it is cost-efficient and safe in use;

c) Mg-containing products of the hydrolysis can be used for

the recycling of magnesium without a need for the purifi-

cation of these products.

The goal of this work was therefore to address the lack of

the available data and understanding of the process, by

studying the dependence of H2 evolution during the hydroly-

sis of MgH2 from the concentration of MgCl2 aqueous solu-

tions. Using MgCl2 solutions instead of solid MgCl2 as

additives allowed to eliminate the effect of exothermic pro-

cess of dry magnesium chloride dissolution on the studied

interaction. The mechanism and the kinetics model of the

hydrolysis process of MgH2 in water solutions were proposed

and successfully described the experimental data.
Experimental details

Materials

Magnesium hydride - MgH2 - was prepared by reactive ball

milling of magnesium (Fluka, grit, 50e150 mesh, 99.8%) in

hydrogen gas using a Fritsch Pulverisette-6 planetary ball mill.

Milling was carried out in a custom-made SS vial with a vol-

ume of 550 mL. The vial was equipped with two Swagelok

needle valves for hydrogen inlet and outlet. 50 stainless steel

balls (d¼ 16mm;m¼ 817 g) were used as grinding bodies. The

weight ratio of the grinding bodies to the weight of the sample

was 40:1, grinding being performed at 6.667 Hz (400 rpm) and

an initial hydrogen pressure of 2.5 MPa.

Milling was periodically stopped (every 15e20 min) to cool

the vial to the room temperature, and to control the mecha-

nochemical hydrogenation process. The vial was then con-

nected toaSieverts-typeapparatus, and thehydrogenpressure

was measured using a pressure sensor (measurements

https://doi.org/10.1016/j.ijhydene.2021.09.249
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Table 1 e Composition of the studied samples
MgH2 þ MgCl2 and conversion rates during the
hydrolysis experiments.

Sample
No.

Mass ratio
MgCl2/
MgH2

C(MgCl2),
mol/L

Mole ratio
MgCl2/
MgH2,

Conversion
after 150 min,

%

1 0/100 0 0/100 18

2 4.2/100 0.0046 1.2/100 43

3 8.5/100 0.0092 2.3/100 57

4 12.7/100 0.0138 3.4/100 67

5 17/100 0.0184 4.6/100 70

6 35/100 0.0368 9.6/100 79

7 70/100 0.0738 19/100 89
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accuracy 0.05%). Hydrogen gas was, following this, reintro-

duced into the vessel until the initial pressure of 2.5 MPa was

reached, and the milling process then being continued. The

amountofhydrogenabsorbedby thesample in the reactiveball

milling process was determined using the volumetric method,

by measuring pressure changes in a calibrated volume. Mag-

nesium hydride was, after grinding, unloaded from the vial in

the glove box filled with a purified argon gas.

Magnesium chloride (MgCl2 � 6H2O, 99%) and citric acid

(C6H8O7�H2O, 99%)were acquired from commercial suppliers

and were used as received.

Hydrolysis studies and pH measurements

Kinetics of MgH2 hydrolysis was investigated at 20 �C in

pseudo-isothermal conditions, in a setup similar to that

described in [23]. This consisted of a two-neck glass vessel

immersed in a water bath equippedwith amagnetic stirrer and

injectors for the MgCl2 solutions and citric acid. 0.2 g of MgH2

was typically introduced into the reactor, 20 mL of an aqueous

solution prepared using deionised water (pH ¼ 7.00) being

quickly added. The generated hydrogen was released through

Allihn-type fluid-cooled condenser connected to a bottle filled

withwater, at room temperature, theH2 then being collected by

replacing thewater in a beaker. The citric acid solution (2mol/L;

20 mL) was introduced after the hydrolysis reaction slowed

down, to measure the amount of unreacted MgH2 and to eval-

uate the extent ofMgH2 conversion. This resulted in a complete

dissolution of the solid components - Mg(OH)2 and MgH2, for-

mation of a transparent solution and release of the remaining

in unreacted MgH2 hydrogen gas. In total, when summing up

the amounts of the originally formed H2 and hydrogen released

by interactionwith citric acid, a completeness of the hydrolysis

of MgH2 was confirmed.

The pH of the reaction mixtures was monitored 100 min

after the start of the hydrolysis experiment, using a pH elec-

trode that was carefully calibrated prior to measurements.

Standard buffer solutions having pH ¼ 7.00, pH ¼ 9.21, and

pH ¼ 11.00 were used.

XRD studies and elemental analysis

The solid products of the hydrolysis experiments used in the

XRD analysis were obtained without the addition of the citric

acid. The prepared slurries were filtered and washed with a

distilled water, the XRD patterns of these samples being

immediatelymeasuredat aDRON-3.0 diffractometerusingCu-

Ka radiation, to prevent crystallization of the products and/or

possible CO2 induced precipitate hardening. A Pseudo-Voigt

function was used in the GSAS [29] Rietveld refinements,

which allowed crystallite sizes to be estimated. The instru-

mental contribution to the broadening of the diffraction peaks

wasdeterminedfromtherefinementsusingLaB6asastandard.

Crystallite sizeswere defined assuming uniaxial broadening, a

preferred orientation in the [0,0,1] direction and two size pa-

rameters for the prismatic crystallites, one in the [0,0,1] direc-

tionandother in aperpendicular plane [30]. Elemental analysis

of the precipitates was performed using an EVO-40 XVP (Carl

Zeiss) scanning electron microscope equipped with Inca En-

ergy 350 (Oxford Instruments) microprobe analysis system.
Results and discussion

General features of the hydrolysis process

MgH2 was, as described earlier, prepared by a reactive ball

milling of magnesium in hydrogen gas. The milling lasted for

11 h and resulted in a nearly complete (97%) conversion of

magnesium metal into magnesium hydride, the measured

hydrogen storage capacity being 7.40 wt % H. The MgH2 sample

obtained after milling contained two modifications of nano-

crystalline magnesium hydride, namely, a-MgH2 (~77%, unit

cell parameters a ¼ 4.522 (1), c ¼ 3.0201 (8) �A) and a high-

pressure metastable g-MgH2 (~23%, unit cell parameters

a ¼ 4.538 (3), b ¼ 5.420 (4), c ¼ 4.941 (3) �A) (see Supplementary

Information (SI) file, Fig. S1). The different thermodynamic

stabilities of a-MgH2 and g-MgH2 can, in principle, affect the

ability of magnesium dihydride to participate in the hydrolysis

processes, in particular because of the influence of MgH2

sample surface morphology. Thus, the magnesium hydride

obtainedwas annealed under a hydrogen pressure of 1MPa at a

temperature of 200 �C for 1 day, followed by slow cooling.

Annealing was carried out at the temperature for the trans-

formation g-MgH2/a-MgH2 of 200 �C [31]. This resulted in a

sample that predominantly consisted of the a-MgH2 modifica-

tion (see SI, Fig. S2), g-MgH2 being a minor part of the sample.

The influence of MgCl2 concentration on the kinetics of

MgH2 hydrolysis has been studied in a broad range of MgCl2/

MgH2 relative ratios (betweenmole ratios 0/100 and 19/100, as

shown in Table 1).

The experiments were repeated at least 3 times and

showed a good data convergence, which agreed well with

each other, divergences being less than 3%.

Kinetic curves of hydrogen release (Fig. 2a) show that the

addition ofMgCl2 has a significant positive effect on the extent

of MgH2 conversion, when compared with pure MgH2 without

MgCl2. The hydrolysis kinetics curves show, in each case, an

exponentiality and are made of two parts:

(a) Initial fast release of hydrogen for approximately

10 min, the H2 generation rate reaching

800 mL min�1$g�1 MgH2 at maximum.

(b) Slow ascending H2-generation for up to 150 min, the

amount of hydrogen produced increasing continuously

while the rates of hydrogen release are decreasing.

https://doi.org/10.1016/j.ijhydene.2021.09.249
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Fig. 2 e Kinetic curves of MgH2 hydrolysis at different concentrations of MgCl2 (a); Dependence of the H2 generated volume

per 1 g of MgH2 and per 1 g of “MgH2þMgCl2” system of the molar concentration of MgCl2 (b).

Table 2 e Dependence of reaction mixtures pHa on MgCl2
concentration.

[MgCl2], mol/L Weight ratio
MgCl2/MgH2

pH (exp) pH (calc)

0 0/100 10.89 11.07

0.0092 8.5/100 10.22 10.18

0.0184 17/100 10.10 9.88

0.0368 35/100 9.89 9.58

0.0738 70/100 9.63 9.28

a Calculated values of pH (calc) were derived using Equations ІІ.4 і

ІІІ.7 (see Chapter Acid-base equilibria in the MgCl2 solutions at

MgH2 hydrolysis).

Fig. 3 e XRD patterns of the precipitates obtained at

different MgCl2 concentrations.
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MgH2 conversion peaked at 89% (see Table 1). Efficiency

should however also account for the overall mass of the sys-

tem, including the MgCl2. Therefore, in Fig. 2b, the hydrogen

generation efficiency is given per unit mass of MgH2 and also

per 1 g of the “MgH2þMgCl2” mixture used.

It can be concluded from the data in Fig. 2b that the best

“MgH2þMgCl2” system performance was at a MgCl2/MgH2

weight ratio of 12.75/100 (C(MgCl2) ¼ 0.0184 M). This gave

hydrogen yield of 1025 mL (H2)/g per 1 g of the “MgH2þMgCl2”

system. Comparison of our data for hydrogen generation at

MgCl2 concentrations 0.0184 and 0.0738 M with previously

published systems are presented in Table S1 (see SI, Chapter

S2). The data of the Table S1 clearly show that for the undo-

ped MgH2 maximum hydrogen yield does not exceed 26%

while the hydrogen generation rate is insufficient for practical

applications. In contrast, in the solutions of MgCl2 the per-

formance ofMgH2 in the hydrolysis process becomes superior.

This is shown by the current study when the hydrolysis yield

reaches 89% for 0.073 M MgCl2 solution while the rates of

hydrogen generation are much higher as compared to the

process in purewater. The hydrolysis performance forMgH2 is

close to the best characteristics of this studied system

observed in the reference data (see the data of the Table S1

and References S1eS14 for further details).

One of the main factors controlling the rate of MgH2 hy-

drolysis is the acidity (pH) of the reaction mixtures [12]. It has

been earlier reported [20] that the pH of the reaction solutions
in the presence of chloride ions is lower than that the pH of

the additive-free solutions. pH has also been shown to be

dependent on the nature of the chloride salt.

The measurements show that pH decreases with

increasing MgCl2 concentration (Table 2). The lowering of pH

is explained in [28] by the hydrolysis of MgCl2 salt and the

formation of HCl, and the formed hydrochloric acid removes

the Mg(OH)2 passivation film from the MgH2 surface.

A good agreement between the experimental and calcu-

lated results is evident from the data presented in Table 2.

Phase-structural composition of the hydrolysis products

Hydrolysis acceleration in the presence of MgCl2 can, as

mentioned, be due to the formation of complex solid pre-

cipitates that are less soluble than Mg(OH)2, this leading to a

decrease in the pH of the solution [20].

Hydrolysis reaction precipitates were studied using XRD

and EDS. Analysis of the XRD pattern (Fig. 3) shows that the

final products of the reaction contain hexagonal Mg(OH)2

https://doi.org/10.1016/j.ijhydene.2021.09.249
https://doi.org/10.1016/j.ijhydene.2021.09.249


Fig. 4 e Isothermal section of the phase diagram of the

system MgOeMgCl2¡H2O [34] at 23 �C.
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(brucite-type) and unreacted MgH2. XRD phase-structural

analysis showed an increase in the content of Mg(OH)2
which occurred with an increase in the MgCl2/MgH2 ratios.

Furthermore, we observed substantial changes in the char-

acteristics of the crystallites of the formed Mg(OH)2.

The sizes of the Mg(OH)2 crystallites formed (see SI,

Chapter S3, Fig. S3-S6) were refined by Rietveld fitting of the

XRD pattern, indicating the formation of the Mg(OH)2 nano-

flakes. Mg(OH)2 crystallites are formed at the surface of MgH2

and have a long base of approximately 20e30 nm, irrespective

of the Cl� ions content. Crystallites can be considered to be

thin plate-like nanoflakes, thickness (PSHORT) increasing with

increasing Cl� ions concentration and doubling from 4.6 to

8.3 nm (Table 3).

Such a substantial increase of the crystallites sizes shows

that in the MgCl2 solutions the number of the Mg(OH)2 nuclei

is relatively small while their size becomes larger, when tak-

ing into account that Mg(OH)2 content increased by 8% only,

from 90.5 to 98.7 wt %. This was accounted when elaborating

the mechanism of influence of MgCl2 on the hydrolysis of

MgH2 (see Chapter The mechanism of the influence of MgCl2
on MgH2 hydrolysis).

Hydrolysis acceleration in presence of MgCl2 can, as

mentioned, be related to the formation of complex solid pre-

cipitates formed in the Mg(OH)2eMgCl2eH2O system (which is

similar to Sorel cement [32e34]) that are less soluble than

Mg(OH)2. This will cause a decrease in the pH of the solution

[20].

An isothermal section of the Mg(OH)2eMgCl2�H2O system

at 23 �C is shown in Fig. 4 [34]. The system, as shown by the

diagram, contains two pseudoternary solid phases, having

compositions 5 Mg(OH)2$MgCl2$8H2O (A) and 3 Mg(OH)2-
$MgCl2$8H2O (B). These phases are present in the phase dia-

gram shown in Fig. 4.

The formation of any solid phase in the Mg(OH)2eMgCl2-
eH2O system [20] is, according to [32], only possible at high

MgCl2 concentrations which exceed 1 mol/L.

The concentration limit of MgCl2 solutions was set to

0.0738 mol/L in maximum, that is why the formation of only

one solid phase, Mg(OH)2, remained possible. This is in

agreement with the phase diagrams presented in [34,35].

During the hydrolysis reaction, the amount of Mg(OH)2 in-

creases while the concentration of MgCl2 remains stable. The

equilibrium in the system is shifted towards the formation of

magnesium hydroxide while remaining in a “gel” region [34]

where the crystallization of Mg(OH)2 occurs. Such a mecha-

nism of interaction is in line with the XRD experimental data.
Table 3 e Results of phase-structural characterization of the p

[MgCl2],
mol/L

Mass ratio
MgCl2/MgH2

MgH2

content,
wt. %

Mg(OH)2
content, wt.%

Refine

0 0/100 9.5 (7) 90.5 (2)

0.0138 12.7/100 6.0 (9) 94.0 (1)

0.0738 70/100 1.3 (3) 98.7 (1)
XRD data agrees well with the elemental analysis results,

the precipitates showing an absence of chlorine ions in their

composition (see SI, Chapter S3, Table S3). Co-precipitation

of a mixed Mg(OH)xCly hydroxochloride appears to be un-

likely as, according to [20,36], a solid solution of Mg(OH)xCly
(x þ y ¼ 2) with a crystal structure type of brucite Mg(OH)2
exists in the range 0 < y < 0.3 and it is only formed by the

dehydration of the xMg(OH)2,yMgCl2,nH2O phase at tem-

peratures above 205 �C. This is obviously beyond the con-

ditions of the present study. The observed decrease in the

pH of the reaction mixture therefore is due to a different

origin.

Acid-base equilibria in the MgCl2 solutions at MgH2

hydrolysis

The mechanism of the process involves a set of physical-

chemical reactions that describe an equilibrium being

reached in the reaction mixture. The MgH2eH2OeMgCl2 sys-

tem must therefore be considered in detail. The physical-

chemical transformations were analyzed using molar con-

centrations of the components in the reaction mixture (mol/
recipitates.

d unit cell parameters
of Mg(OH)2, �A

Crystallites size
PSHORT, nm

Crystallites size
PLONG, nm

a ¼ 3.150 (2) 4.6 (2) 22 (1)

c ¼ 4.794 (5)

a ¼ 3.149 (2) 7.5 (2) 31 (2)

c ¼ 4.782 (4)

a ¼ 3.1479 (9) 8.3 (3) 29 (1)

c ¼ 4.781 (2)
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L). Possible chemical transformations can therefore bewritten

as follows:

a) Hydrolysis of MgH2 in pure water

MgH þ 2H O ¼ Mg(OH) þ 2H [ (II.1)
2 2 2 2

Mg(OH)2 ⇔ Mg(OH)2Y (II.2)

Mg(OH)2 ⇔ Mg(OH)þ þ OH� (II.3)

Mg(OH)2 is a weak alkali with a low solubility in water. The

basicity constant (pK1) of freshly precipitated Mg(OH)2 is 2.58

and the value of the solubility product (pSP) is 9.22 [37]. Note

that Mg(OH)2 dissociates only partially (Equation II.3). The

calculated concentrations of Mg2þ and OH� become equal to

5.3,10�4 and 10.6,10�4 mol/L, respectively, when the Mg(OH)2
precipitate is formed, and with the progressing conversion

reaction. The pH of the solution can then be calculated as

follows:

pH¼ 14�½ pK1 þ½ logðCBÞ (II.4)

hereCB is theMg(OH)2 concentration, which can be considered

to be equal to the concentration of the dissolved hydroxide,

i.e. to 5.3,10�4mol/L. The calculated pH of the solution of 11.07

is in a good agreement with the experimentally measured pH

(see Table 2), thus validating the evaluation.

b) Hydrolysis of MgH2 in a MgCl2 solution

We can expect the following reactions to occur in MgCl2
solutions:

MgCl2 þ H2O ⇔ Mg(OH)þ þ Hþ þ 2Cle (III.1)

MgH2 þ 2Hþ ¼ Mg2þ þ 2H2[ (III.2)

MgH2 þ 2H2O ¼ Mg(OH)2 þ 2H2[ (III.3)

Mg(OH)2 ⇔ Mg(OH)2Y (III.4)

Mg(OH)2 ⇔ Mg(OH)þ þ OH� (III.5)

The reaction solution is, as can see be seen, acidic before

the introduction of MgH2. The pH of such a solution can be

calculated using an equation,

pH¼ 7� ½ pK1=2 � log
��
MgCl2

��
(III.6)

where the concentration of MgCl2 in mol/L is denoted as

[MgCl2].

The pH of the initial MgCl2 solutions are in the range

6.28e6.88 under the applied experimental conditions, and are

therefore close to neutral. The onset of the hydrolysis reaction

and the formation of Mg(OH)2 take place after adding the

MgH2, the magnesium hydroxide precipitates are forming

after some time. The reaction system therefore appears to

contain two solid species, MgH2 and Mg(OH)2, which are in
equilibrium with the solution, stable concentrations of the

soluble species - Mg(OH)2 and MgCl2 e therefore continuing.

Such a MgCl2 þ Mg(OH)2 solution can be considered as a

buffer solution “weak base and its salt with a strong acid”. The

pH of such a solution can be calculated by using the equation:

pH¼ 14� pK1 þ log
��
MgðOHÞ2

�
=
�
MgCl2

��
(III.7)

Magnesium hydroxide has, as mentioned, low solubility in

water. The concentration of Mg(OH)2 in the solution, after

precipitation, will therefore be constant and can be calculated

using pSP. Reaction mixture pH should therefore be linearly

dependent on log ([MgCl2]), an assumption that is in good

agreement with experimental observations, see Fig. 5a.

Fig. 5b shows excellent agreement between pH calculated

using the Equation ІІ.4 (hydrolysis of MgH2 in water) and

Equation ІІІ.7 (hydrolysis of MgH2 in aqueous solutions of

MgCl2) and experimentally measured рН values. The correla-

tion coefficient is 0.98. We can, based on this, therefore

conclude that there is a linear dependence between the

convention rate of the hydrolysis of MgH2 and log ([MgCl2]),

see Fig. 5c.

Some differences between the experimentally measured

pH as compared to the pH (calc) (Table 2) may be related to the

Mg(OH)2 concentration in a real system being higher than the

concentration calculated using pSP. This is due to the fact that

precipitation of magnesium hydroxide requires the super-

saturation of the solution [38].
The mechanism of the influence of MgCl2 on MgH2

hydrolysis

In Chapter Acid-base equilibria in the MgCl2 solutions at MgH2

hydrolysis. we described the chemical transformations that

take place in reaction mixtures containing MgCl2 and pre-

sented the equations suitable for successfully predicting so-

lution рН, based on calculation results agreeing with the

experimental data. The mechanism of the physical-chemical

transformations during the MgH2 hydrolysis is, however,

still not known. This Chapter therefore focuses on achieving a

better understanding of the processes that take place during

the crystallization of Mg(OH)2, including the formation of a

passivation film on the surface of MgH2. Classical Nucleation

Theory (CNT) has been used to describe the studied process in

this study.

The processes of Mg(OH)2 crystallization and MgH2

passivation start in the reaction mixture immediately after

component mixing. These continue until the hydrolysis pro-

cess is finished. The morphology of the passivating film and

its permeability to water are defined at the initial stage of

Mg(OH)2 crystallization. Both these features are very impor-

tant, as they directly influence the overall conversion level

and the hydrogen gas yield.

The initial rate of the process is very high for the MgH2

hydrolysis studied, which makes direct experimental obser-

vations difficult.

We therefore considered the following modeling descrip-

tion of the system:

https://doi.org/10.1016/j.ijhydene.2021.09.249
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Fig. 5 e Dependence of the working solution pH on the logarithm of MgCl2 concentration (a), correlation between calculated

and experimentally measured values of pH (b), and dependence of the conversion rate at 150 min on log ([MgCl2]) (c).
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1) We calculated, using Equations ІІ.4 and ІІ.7, the рН of the

reaction mixtures in relation to the transformation extent

of MgH2 in the process starting period (Fig. 6).
Fig. 6 e Changes of solutions pH during MgH2 hydrolysis in

pure water (1) and in the MgCl2 aqueous solutions, 0.0138

(2) and 0.0738 (3) mol/L, respectively.
The behaviors of the system are, as clearly shown by Fig. 6,

distinctly different where MgCl2 is present or absent in the

solutions, and at varying concentrations. An abrupt increase

in pH occurs in pure water, pH quickly reaching 11.5. The

addition of MgCl2 and increasing its concentration, therefore

clearly and significantly decrease the pH of the solution,

making its variations slower.

2) We can, using CNT [39], define the size of a critical nuclei of

an emerging new phase of Mg(OH)2 via the following

equation:

rðcrÞ¼ 2Vms

RT lnðCcr=C∞Þ (IV.1)

where s is surface tension,Vm is themolar volume of the solid

phase formed, R is a molar gas constant, T is temperature, С∞

is an equilibrium concentration of Mg(OH)2 in the solution

(concentration of a saturated solution above the macrophase

with a flat surface) andCcr is a critical concentration atwhich a

nucleation of new centers of the crystallization occurs.

Equation IV.1 clearly demonstrates that the size of the

critical nuclei is defined by the coefficient of supersaturation

https://doi.org/10.1016/j.ijhydene.2021.09.249
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Fig. 7 e Dependencies of the supersaturation coefficient on the hydrolysis conversion rate in pure water (1) and in the MgCl2
solutions (2e0.0138 mol/L and 3e0.0738 mol/L MgCl2) (a); time dependence of Mg(OH)2 concentration changes based on the

general model approach presented in Ref. [40] (b). Step I: solution of Mg(OH)2; Step II: nucleation of Mg(OH)2 precipitates; Step

III: growth of Mg(OH)2 precipitates. The overall process is described in detail later in the paper.
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(Ccr/С∞). С∞ will therefore, in this case, be defined by the sol-

ubility of a freshly precipitated Mg(OH)2, which is

5.3,10�4 mol/L (pSP(Mg(OH)2) ¼ 9.22). The value of Ccr for the

system Mg(OH)2eMgCl2�H2O is unknown, reference data

being however available [38]. This data states that the smallest

value for the coefficient of supersaturation that is required for

Mg(OH)2 deposition is Ccr/С∞ ¼ 4. The current concentration

[Mg(OH)2] can be calculated from the extent of MgH2 conver-

sion. We therefore simulated changes in the coefficient of

supersaturation in relation to the extent of conversion reac-

tion, and presented the dependencies in Fig. 7.

It is clear from Fig. 7a that crystallization and, corre-

spondingly, the formation of the passivating surface layer

during MgH2 hydrolysis in water, starts even at a very low

conversion level of MgH2 of 0.04%. This formation occurs,

however, in the MgCl2 solutions at significantly higher MgH2

conversion levels of 0.3 and 1% for solutions containing 0.0138

and 0.0738 mol/L MgCl2, correspondingly.

3) Equation IV.1, as mentioned, describes the thermody-

namics of the phase transformation, but is not applicable

to the evaluation of the rates of the changes for system

component content. The model proposed in Ref. [40] is,

however, well suited to the description of the kinetics of

the new solid phase formation process during its crystal-

lization from the solution.

The following physical chemical process steps, based on

this model and as shown in Fig. 7b, take place during new

phase nucleation, leading to the formation of the Mg(OH)2
precipitates:

(I) Increase in the content of magnesium hydroxide dis-

solved in the solution, formed during the MgH2 hydro-

lysis process in the solution, until reaching its critical

concentration Ccr, which is required to initiate solid

precipitate nucleation;
II) Fast crystallite nucleation process leading to a decrease

in the Mg(OH)2 content of the solution;

III) Concentration of Mg(OH)2 in the solution decreasing

after nucleation starts, and new particle crystalliza-

tion terminating. Growth of the already formed par-

ticles, however, proceeds via a diffusion controlled

deposition of Mg(OH)2 on the surface of the available

particles.

The kinetics curve showing the three individual steps I-II-

III, Fig. 7b, can be successfully described using the following

system of Equations IV.2 as proposed in Ref. [41]:

dC
dt

¼ Q � j,n� G,P

dP
dt

¼ j

(IV.2)

where Q is the rate of compound supply into the reaction

zone, j is the nucleation rate, n is the size of the critical nu-

cleus, G is the rate of particle growth, and P is concentration of

the particles.

The use of these equations in the Mg(OH)2 deposition case

studied is, however, complicated by the high rate of MgH2

hydrolysis in the initial stage of the process, even where pure

water is used instead of the MgCl2 solution. Where pure water

is used, the supersaturation coefficient threshold value

required for Mg(OH)2 deposition is reached instantaneously,

immediately after contact between the water and MgH2 (see

Fig. 7 for the details). Fluctuations in Mg(OH)2 concentration is

another factor that complicates the modeling process. These

difficulties can, however, be overcome by using CNT with the

presented kinetic modeling approaches, this allowing the

observed regularities to be successfully described. This is,

however, at a qualitative level rather than through a quanti-

tative agreement between the modeling results and the

experiment.

https://doi.org/10.1016/j.ijhydene.2021.09.249
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The following are the arguments that validate our pro-

posed approach.

a) The product of Mg2þ and OH� concentrations quickly in-

creases without MgCl2 present in the solution, allowing

high rates of reactant supply into a zone of interaction.

This is quantified by the parameter Q, see Equation IV.2,

causing a quick increase in the supersaturation coefficient

for magnesium hydroxide (see Fig. 7a). This quick increase

in the reaction zone leads to high Ccr/C∞ values in the

system, for a prolonged period of time. The new phase

nucleation process (Process II in Fig. 7b) therefore becomes

quite lengthy, causing the formation of a large number of

individual Mg(OH)2 nuclei.

b) The use of MgCl2 solutions in the hydrolysis process causes

the formation of a buffer solution, its pH being defined by

Equation III.7. The product of Mg2þ and OH� ion concen-

trations increasesmuchmore slowly, causing a decrease in

the reactant supply rate, Q. This in turn causes a lower rate

of Ccr/C∞ increase (see Fig. 7a), the Ccr/C∞ value required for

the formation of a critical nuclei also being more slowly

reached. Further supply of the reactants into the zone of

interaction drops in relation to the previously described

case of pure water. Stage II duration (Fig. 7b) therefore be-

comes shorter, this also decreasing the number of nucle-

ated new phase particles.

A high rate of reactant supply to the zone of interaction, as

in the hydrolysis of MgH2 in water, furthermore allows higher

values of Ccr/C∞ to be reached than for the hydrolysis per-

formed in the MgCl2 solutions. This also, according to Equa-

tion IV.2, leads to a decrease in the size of crystal nuclei.

The model approach that has been presented therefore

allows the differences in behaviors during MgH2 hydrolysis in

pure water and in the MgCl2 solutions to be explained. In pure

water, the nucleation of a large number of small sized parti-

cles takes place at the very start of the hydrolysis process. In

theMgCl2 solutions, however, the number of Mg(OH)2 nuclei is

smaller, but their sizes are larger. An increase in the concen-

tration of MgCl2 further causes a growth in Mg(OH)2 crystallite

sizes, from 4.6 nm in water to 8.3 nm in the MgCl2 solutions.

This causes an inhomogeneous film of hydroxide to form on

the surface of MgH2.

The MgCl2 action mechanism in the MgH2 hydrolysis re-

action can, based on the above experimental data and

modeling, be described as follows. The MgH2 and water re-

action, which forms soluble Mg(OH)2, is suggested as being a

very fast process due to the minor influence of this on the pH

of the starting reaction mixture in initial MgCl2 solution

hydrolysis:

MgH2 þ 2H2O ¼ Mg(OH)2 þ 2H2[

Such a reaction leads to the formation of a buffer solution

MgCl2 þ Mg(OH)2 (“weak base e its salt with a strong acid”)

that determines the pH of the reactive solution. The pH of

such a solution increases with increasing conversion (causing

increased Mg(OH)2 concentration) up to the solubility product

of magnesium hydroxide being reached, at which point pre-

cipitation of Mg(OH)2 starts. The concentration of Mg(OH)2 in
the solution, after precipitation begins, remains constant and

pH remains stable (Equation III.7).

It should finally be noted that the product of

[Mg2þ] � [OH�]2 concentrations dramatically decreases in the

presence of MgCl2, and that this is the reason for the

decreased rate of the new phase (Mg(OH)2) formation and the

increased size of the nuclei, which leads to

1) the formation of an inhomogeneous passivation film,

causing improved water access to the MgH2 surface

and

2) the increase of Mg(OH)2 precipitate crystallinity, leading to

the lowering of their solubility, to the re-crystallization of

Mg(OH)2 (due to the mass transfer from smaller Mg(OH)2
clusters to larger ones) and an increased passivation film

inhomogeneity.

One additional aspect of the hydrolysis process also de-

serves to be mentioned. The pH of the reaction mixture is, as

noted, determined by the MgCl2 concentration. Full hydrolysis

can occur when a different type of chloride salt than MgCl2 is

used (for example FeCl3, ZrCl4). This can be due to the for-

mation of the insoluble hydroxide, the metal cations being

excluded from the reaction mixture because of the formation

of Fe(OH)3 or Zr(OH)4. The resulting solution therefore con-

tains only OH�, Cl�, and Mg2þ ions, which leads to the for-

mation of a buffer solution. The pH of the reaction mixture

can be evaluated by Equation III.7, which is similar to the case

of adding MgCl2.

This means that the overall conversion of MgH2 by the

hydrolysis reaction is primarily dependent on the concentra-

tion of chlorine anions. The nature of the cations will influ-

ence the reaction rate, resulting in a complete precipitation of

the corresponding metal hydroxide.

The addition of salts which are not subject to the hydro-

lysis process (for example, NaCl), in contrast does not influ-

ence the reaction process, as the resulting solution consists of

OH�, Cl�, Mg2þ, and Naþ. The negatively charged chlorine

anions in the reaction systemwill be compensated by Naþ, but
not by Mg2þ. A buffer solution will therefore not be formed,

and the pH will be determined by Equation II.4.
Kinetic model of MgH2 hydrolysis in the presence of Cl�

anions

The kinetics of the MgH2 hydrolysis is frequently described

using the Avrami-Erofeev Equation V.1 [11,27,42].

aðtÞ¼1� exp
��ktn

�
(V.1)

where a(t) is the hydrogen generation rate in the MgH2-

eMgCl2eH2O system at reaction time t; k is a reaction con-

stant; n is the Avrami constant.

The n value changes can, for the nucleation and growth

mechanism, be related to the rate controlling steps of the

process, including changes in diffusion dimensionality from

the one-dimensional diffusion to the three-dimensional

interface reaction.
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The Avrami-Erofeev equation in many cases provides a

successful fitting of the experimental kinetic curves. This also

defines the mechanism governing the process refined by the

formal fitting of the reaction order n. However, defining an

actual mechanism is often complicated and not a straight-

forward process. Particular difficulties are caused by n

frequently changing (sometimes within a broad range) even

when performing a series of similar experiments.

As an example, studies of MgH2 hydrolysis in NH4Cl solu-

tions show different trends at low and at high concentrations

of NH4Cl. At low concentrations of NH4Cl one-dimensional

diffusion being the predominant mechanism. A three three-

dimensional diffusion predominates, however, at high solu-

tion concentrations becoming the governing mechanism of

the interaction [27].

For the hydrolysis of (Ca,Mg)H2 [42], studies of the effect of

various types of chlorides containing different types of cat-

ions, Naþ, Ca2þ, Mg2þ and NH4
þ, also showed that the hydro-

lysis reaction rate at low temperatures down to �20 �C is

significantly boosted by the presence of Mg2þ and NH4
þ ions in

their chloride solutions.

We, however, in this study developed a different approach

to modelling the kinetics of the MgH2 hydrolysis process,

which appears to be universally applicable to every case

studied.

We have developed a model, in a previous study [43], that

describes the kinetics of MgH2 hydrolysis in purewater (see SI,

Chapter S4). This model is based on the suggestion that the

hydrolysis can be described by a pseudo-homogenous system,

assuming that all the components of the interacting system

are soluble and present in a solution. It is also based on the

suggestion that all chemical reactions that take place are

accounted for, including interaction of MgH2 with hydrogen

ions, formation of Mg2þ ions and Mg hydroxide Mg(OH)2 and

blocking of the MgH2 surface by Mg(OH)2 via the formation of

the inactive reaction product. Such a model, even though it

uses a simplified pseudo-homogenous approximation, satis-

factorily describes both the kinetics of hydrogen evolution and

changes of the pH of the solution during the interaction.

The use of such a model to describe the hydrolysis of MgH2

in the presence of promoting additives is, unfortunately, quite

complicated. We therefore propose the use of a simplified

kinetics scheme to describe the kinetics of MgH2 hydrolysis in

the MgCl2 solutions, based on the following assumptions.

Only the initial stages of the process show rapid changes

(quick increase in the pH of the reaction mixture, see Fig. 6

for details). The pH values required to initiate the sedi-

mentation of Mg(OH)2 are therefore reached in the early

stages of the hydrolysis, at a conversion level of just

0.04e1%. The pH of the solution quickly stabilizes after the

start of Mg(OH)2 sedimentation, the concentration of Hþ

ions in the solution becoming stable, concentration being

accounted for when determining the rate constants of

different contributing reactions. Changes in pH at the

beginning of the hydrolysis process will not, however,

significantly affect the process of kinetic curve optimization.

We therefore will not focus on the description of this hy-

drolysis process stage.

An overall kinetics scheme therefore includes three indi-

vidual Reactions VI.1eVI.3. These elementary processes are:
S/ 2H2[ (VI.1)

S / P (VI.2)

P / 2H2[ (VI.3)

(1) Fast interaction of solid MgH2 (S) with water, releasing

H2. MgH2þ2H2O¼Mg(OH)2þ2H2. k1-rate constant of the

process.

(2) Mg(OH)2 formed during the hydrolysis process is in

proportion to the amount of reacted MgH2. The mag-

nesium hydroxide (P) blocks the surface of the remain-

ing MgH2. k2-rate constant of the process.

(3) Water molecules can still, despite the surface being

blocked by Mg(OH)2, slowly diffuse through the layer, so

reaching and reacting with MgH2, releasing hydrogen

gas. k3-rate constant of the process.

The reaction rates can be described by the following set of

differential equations:

dH2

dt
¼ 2k1Sþ 2k3P (VII.1)

dS
dt

¼ � k1S� k2S (VII.2)

dP
dt

¼k2S� k3P (VII.3)

We note that pseudo elementary Reactions VII.1eVII.3

are monomolecular processes. Their reaction rate con-

stants therefore have a dimensionality [(time)�1]. The ki-

netic curves can therefore be fitted using the rate of

conversion (Vt (H2)/Vtheor (H2)) instead of using reacting

component concentrations. Initial concentration of MgH2 is

assumed to be 1 during such concentration fitting, the sum

of concentrations S þ P þ H2 at any moment of the process

being equal to unity.

Refinements of the kinetics curves for MgH2 hydrolysis,

that give the values of the rate constants for the reactions,

were performed using COPASI software [44].

We were able, using the described kinetic model, to satis-

factorily describe experimental curves, as evidenced by Fig. 8.

The rate constants of the studied reactions at the same

time, and as expected, show a dependence on the MgCl2
content, as shown by the data listed in Table 4 and the graphs

presented in Fig. 9.

Such observed dependencies can be summarized as follows:

(1) A slight increase in the rate constant k1 with increasing

MgCl2 concentration, which can be due to changes in

solution acidity;

(2) A decreasing k2 with increasing MgCl2 concentration.

This can be related to a decrease in the number of

Mg(OH)2 blocking particles at the interface between the

solution and the surface of MgH2, resulting in reduced

MgH2 passivation;
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Fig. 8 e Time dependencies of concentrations of MgH2 e S (a); Mg(OH)2 e P (b); and H2 yield e (c) for the different MgCl2
solutions; 1e0; 2e0.0046; 3e0.0092; 4e0.0184; 5e0.0368; 6e0.0738 mol/L. Points are the experimental data and lines are the

fitted curves.

Table 4 eDependence of the refinedmodel rate constants
of MgH2 hydrolysis on MgCl2 concentration.

[MgCl2], mol/L Rate constants, min�1

k1 k2 k3

0 0.031 ± 0.004 0.19 ± 0.02 0.000015 ± 0.0000003

0.0046 0.034 ± 0.003 0.12 ± 0.01 0.0017 ± 0.0004

0.0092 0.036 ± 0.004 0.10 ± 0.02 0.0031 ± 0.0004

0.0138 0.038 ± 0.002 0.07 ± 0.02 0.0048 ± 0.0007

0.0184 0.040 ± 0.002 0.07 ± 0.03 0.0054 ± 0.0008

0.0368 0.041 ± 0.002 0.037 ± 0.006 0.0064 ± 0.0009

0.0738 0.043 ± 0.002 0.021 ± 0.004 0.009 ± 0.001
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(3) A more distinct increase in k3 than k1 as MgCl2 con-

centration increases. This is not only associated with

changes in solution pH, but also and primarily with the

growth in the size of the Mg(OH)2 crystallites and the

corresponding higher rate of water diffusion through

the inhomogeneous passivating film (see Chapter 3.6

and Figs. 6 and 7).

This explanation of the promoting action of different metal

chlorides during the MgH2 hydrolysis reaction describes,
despite its simplicity, the observed experimental dependencies

well and is expected to be developed further in the future.

Recently hydrolysis of magnesium-based materials,

including alloys, composites and hydrides, has become a

subject of a growing interest and resulted in numerous pub-

lications. These included review papers [45e47] and research

publications focusing on the effects of various additives - LaH3

andNi [48], Si [49] and aluminium, graphite, AlCl3, MgCl2 [50]e

on the hydrolysis process performed in aqueous solutions of

MgCl2 and NaCl.

Hydrolysis efficiency of magnesium hydride has been

successfully improved by using various approaches. These

were considered in a review paper [45] and included (a) use of

prepared by ball milling composites of MgH2 with catalyzing

additives of oxides and sulfides; (b) utilizing micro-galvanic

cells facilitating the electrochemical corrosion; (c) employing

the solutions containing two types of anions, e.g. NO3
� and

CO3
2�. The additives of halides e chlorides and fluorides e

allowed to tune the composition of the solution during the

hydrolysis of Mg-containing materials to increase the rates

and yield of the hydrolysis.

Furthermore, introduction of alkali and alkali-earthmetals

has proved to be an efficient way to significantly enhance the
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hydrogen generation performance due to their higher reac-

tivity towards water than that of Mg [46]. At the same time,

introduction of transition metals and/or rare earth metals

increased the corrosion potential difference between them

and Mg or their hydrides and resulted in the formation of the

micro-galvanic cells effectively promoting the hydrolysis re-

action of Mg-rich phases and thus showing enhanced

hydrogen generation efficiency [46].

A key aspect in achieving an advanced hydrolysis perfor-

mance of magnesium hydride in the solutions of chlorides

appears to be in affecting the properties of the surface hy-

droxide layer covering the hydride by making it permeable for

water. This may happen in different ways, including: (a)

Decrease in activation energy of the inhibition of the forma-

tion of the passivation layer as in the solutions of CoCl2 [51]; (b)

Changes in the surface tension value by using various sur-

factants, which creates a developed network of the channels

suitable for the efficient diffusion of water to the surface of

MgH2 [52]; (c) Nanostructuring of magnesium containing ma-

terials by reactive ball milling in hydrogen gas or by adding

during the milling additives of graphite and nickel favoring

formation of the well developed and active surface area with

increased activity which is suitable for a quick hydrolysis

process in the solutions of MgCl2 [53] or NaCl and NH4Cl [54].

In contrast, when the oxide/hydroxide layer is dense and

poorly permeable for water, this slaws down/stops the
hydrolysis process as for the Mg17Al12 alloy, decreasing the

yield of the hydrolysis process even if various promoters of

the hydrolysis are added to the alloy during its milling

(graphite, AlCl3, MgCl2).

Altogether these studies were aimed at a development of

the cost efficient, easy to scale up systems to be used in the

hydrolysis process and demonstrated a significant progress in

the field.

However, elaboration of the model description of the ki-

netics of the hydrolysis process, particularly when benefi-

cially influenced by chlorides e has not been properly

addressed before our present study. Thus, the outcome of

this work which proposed and verified the model describing

the kinetics of hydrogen generation in MgCl2 solutions is a

significant step forward in further advancements towards

the use of magnesium based materials in the hydrolysis

process.
Conclusions

The role of different chloride salts as catalytic additives is,

despite a clear influence of aqueous solution pH upon MgH2

hydrolysis which affects the reaction kinetics and yield of

hydrogen, not yet completely understood. This problem is

therefore addressed in this work. The addition of MgCl2 salt
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promotes the hydrolysis reaction with clear rate and yield

advantages compared with the other chlorides.

The MgH2 hydrolysis reaction in the MgCl2 solutions was

investigated at pseudo-isothermal conditions. Based on the

analysis of the process kinetics, our conclusions for changes

of solution pH and the characterization of the phase-

structural composition of the products are as follows:

- The addition of small amounts (17/100 wt parts) of MgCl2
leads to a factor of ~4 increase in the yield of the hydrolysis

reaction, a factor of ~1 decrease in the pH of the working

solution and an increase in the hydrolysis product -

Mg(OH)2 - precipitate crystallinity.

- pH of a working solution and conversion of the MgH2 hy-

drolysis reaction linearly depend on the logarithm of MgCl2
concentration.

- pH of the reaction mixture in the presence of MgCl2 is well

described by considering a system “weak base and its salt

with strong acid” type buffer solution.

- The mechanism of MgH2 hydrolysis in MgCl2 solutions in-

cludes the formation of the buffer solution that controls

the pH of the reaction mixture. This leads to a decreasing

supersaturation coefficient for the solution byMg(OH)2 and

corresponding increase in the size of the critical nuclei and

crystallinity of the precipitates. This is followed by the

formation of an inhomogeneous passivation film at the

surface of MgH2.

- Amechanism and a kineticsmodel for theMgH2 hydrolysis

process in water solutions, that can successfully describe

the experimental data, have been proposed. The process

involves the hydrolysis reaction, the resulting generation

of hydrogen and the formation of Mg(OH)2. It, however,

also involves passivation of the MgH2 surface by the

Mg(OH)2 precipitate, followed by re-passivation. The rate

constants for these processes were defined. An increase in

MgCl2 concentration leads to just a minor increase in the

rate constant for MgH2 interaction with water. It, however,

also leads to a sharp increase in the rate constant for the

re-passivation of the MgH2 surface. This agrees well with

XRD studies of the precipitates, which show the formation

of well crystallized Mg(OH)2, this causing the formation of

an inhomogeneous passivation film on the MgH2 surface

and improving water access to MgH2.
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