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HYDROGEN GENERATION BY HYDROLYSIS OF MgH,
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Magnesium hydride MgH, is a hydrogen-rich compound which generates significant
amount of hydrogen by a hydrolysis process — its chemical interaction with water or with
aqueous solutions. This process is of great interest for on-site hydrogen generation aimed
at use of H, as a fuel for PEM fuel cells. The present paper is a review of the recent reference
publications on the topic which also presents the results of the own research. Increase of
the rates of H, release and a completeness of transformation of MgH, are two important
goals which can be reached by: optimizing size of the powders of MgH, by ball milling;
using catalysers added to MgH, and to the aqueous solutions; increasing the temperature
of interaction. The effect of these parameters on the extent of conversion and the rates of
hydrogen evolution are analysed in detail and the best systems to reach the efficient hydro-
lysis performance are identified. The mechanism of catalytic hydrolysis was proposed
while further improvements of the hydrolysis process are required and need further studies
of this important topic.
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Introduction. Magnesium hydride (MgH,) if formed by inexpensive and abundant
on Earth magnesium metal and has a high theoretical hydrogen storage capacity of
7.6 wt.% H. Hydrogen can be obtained by hydrolysis of MgH, and it provides double
as much H, as compared to Mg according to the reaction: Mg + 2H,0 = Mg(OH); + 2H,.
The weight yield of the released hydrogen is 6.4% when water is accounted in the
calculations and it even increases to 15.2% if the water produced by oxidation of H, in
the fuel cell is collected and used for the hydrolysis reaction. Importantly, this reaction
has an advantage of producing eco-friendly Mg(OH),. When using MgH, the hydro-
lysis reaction quickly stops due to the formation of a compact layer of magnesium
hydroxide on the surface of the reacting material. To increase the yield of the hydrolysis
process, several methods have been proposed [1-23]. The main techniques included
ball milling, alloying, modification of the composition of the hydrolysis solution,
introduction of catalysts. In present paper, we aim at summarizing the recent advances
in the studies of hydrolysis of MgH,-based materials.

Materials and experimental methods. Using the designed in-house experimental
setup (see Fig. 1), we studied the evolution of hydrogen during the reaction of magne-
sium hydride with aqueous solutions. The hydrolysis reactor consisted of a 250 cc reac-
tion flask with five openings where the powder, water and additives were mixed. The
flask was placed into a water bath and the temperature was maintained constant during
the reaction. A thermometer and a sensor of a pH meter were immersed into the reactor
to control the conditions of the reaction. Reactions were performed under Ar
atmosphere and the produced gas was passed through a flowmeter Sierra 100. We used
commercially available MgH; as well as magnesium hydride synthesized in our lab by
a reaction of Mg metal with H..
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In the reference data, commercial MgH, (95%, Goldschmidt) [1, 3-5], 95%, Sigma-
Aldrich Inc. [2, 14-16, 19], and laboratory produced by direct hydrogenation MgH, [6,
7, 11] or synthesized by using hydriding combustion synthesis (HCS) when utilizing
MggeNi; [12, 20, 22] as a source of Mg metal, were studied.

Ball milling. The influence of ball milling on the morphology and size of MgH,
powders as related to its interaction with water was considered in a number of publi-

cations [1, 3, 4, 7, 15, 19]. In was concluded that mechanical preactivation increased
the reactivity of MgH, (Table 1).

Table 1. Parameters of materials and hydrogen generation yield

ognarvign. | M | et s | e |
Goldschmidt Oh 1.2 9% (1h) [1]
Goldschmidt 10h 9.7 18% (1 h) [1]
As-prepared 5 min 5.4 22% (40 min) [7]
As-prepared 1h 2.8 18% (40 min) [7]
As-prepared / 10% C | 5 min 14 26% (40 min) [7]
As-prepared / 10% C 1h 27 62% (40 min) [7]
Sigma-Aldrich 3h - — /395 (5 min) [15]
Sigma-Aldrich 2h - — 1422 (50 min) [19]
Sigma-Aldrich 5h - 34% / 584 (50 min) [19]

According to [1], hydrolysis of MgH, stopped after just about 1 min. Measurements
of the pH of the solution showed that it reached 10.5 in the first few minutes of hydro-
lysis. From the potential-pH equilibrium diagram, the concentration of the soluble
species of Mg?* was only 10™* M at pH 10.5. Therefore, after only 1 min of hydrolysis,
the pH of the solution became high enough to reduce the solubility of Mg?* to a negli-
gible level. This may explain the sudden stop of the initial burst of the reaction, as the
formation of insoluble magnesium hydroxide at the surface of the grains will prevent
the water solution from reaching unreacted MgH..
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Fig. 1. Experimental setup used to quantify hydrogen generation rates and yields.
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The ball-milling method can effectively increase the reaction rate and yield of
hydrogen generation (Fig. 2a). This phenomenon could be ascribed to the fact that the
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ball milling process refines the particle and grain sizes, and increases the specific sur-
face area. In addition, the introduction of structural defects and formation of nanocrys-
talline structures are also beneficial for the MgH, hydrolysis [7]. Although the ball
milling improves the hydrolysis properties of MgH,-based materials, the hydrolysis
reaction of MgH, was still interrupted because of the formation of a passivation layer
of magnesium hydroxide.

According to [3], the highest reactivity is obtained for a 30 min milled MgH,, which
shows a conversion yield of 26% as compared to 9% for the unmilled MgH, powder.
The specific surface area of 30 min milled powder displays a maximum of 12.2 m%/g.
Further milling reduces the specific surface area due to the particles agglomeration.
The specific surface area of 7.8 m%g and conversion yield of 16% were observed for
10 h milled MgH, powder. From extrapolation of the fitting curve of conversion yield
of MgH, powders vs their effective surface area, a yield of 100% might be reached for
MgH, powder having an effective surface area of 23 m?%/g [4].

From the additives enhancing the efficiency of the mechanochemical treatment of
magnesium hydride, carbonaceous materials are particularly interesting. The reaction
of the MgH,—graphite composites with water was studied in [7], and some data are
displayed in Fig. 2b, showing increase of H; yield caused by the addition of graphite.
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Fig. 2. Time dependences of hydrogen generation rates for the milled MgH; (a)
and MgH, containing 10 wt.% graphite (b) in pure water.

Effect of salts. The studies of the salt additives on the hydrolysis kinetics of mag-
nesium hydride were performed as related to the content of the additives. In particular,
the following solutions of salts [3, 4, 6] or acidic salts and MgH, [6, 9] and MgH/salt
composites [5, 18, 20] hydrolyzed using distilled/tap/sea water (Table 2) were studied.
Among the salts, chlorides were in focus [3-6, 12, 15, 18, 20, 23]. The mechanism of
hydrolysis of MgH,, directly depends on the pH of the formed solution [9]. Hydrolysis
of MgH, with acidic salt solutions gives a maximum conversion and shows a high
hydrogen release rate [6, 9]. Increase of the salt content (but to a certain limiting value)
in solution or composite leads to the increase of hydrogen yield. Addition of nickel as a
catalytic additive to pure magnesium hydride does not result in a noticeable effect on
the yield of the hydrolysis process, while having magnesium in the material shows a
competitive with MgH, performance. Nickel exhibits low electrochemical potential of
hydrogen evolution and is a suitable cathode material that induces a strong galvanic
corrosion of magnesium. Thus, the use of composite materials containing Mg—Ni com-
posites will increase the yield of H, and improves the kinetics of the hydrolysis reaction.

The influence of the composition of the selected ammonium salts and their con-
centration in aqueous solutions on the hydrolysis of magnesium hydride were studied
in [6, 15]. The presence of even a small amount of NH4CI (0.5% solution) considerably
promotes the hydrolysis [6]: the amount of hydrogen released in 5 min exceeds the
amount of hydrogen released within 24 h during the hydrolysis process in a pure water
(60 and 57%, respectively). As the concentration of ammonium chloride increases from
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0.5 to 7.5%, the hydrolysis rate increases and the conversion in the latter case becomes
significantly higher (92% in 5 min). In this solution, the extent of hydrolysis achieved
within 24 h (o) is also the highest (95.4%). Further increase of the concentration of
NH4CI solution leads to some decrease in the hydrolysis rate and o4. The (NH;),SO,
showed approximately the same effect on the hydrolysis rate. The hydrolysis in the
presence of (NH;)HSO, proceeds faster and in a more profound extent than in the
presence of the neutral ammonium salts. The HSO, anion neutralizes the hydroxyl ion
produced in the hydrolysis and thus it promotes the hydrolysis process. Indeed, a com-
plete hydrolysis (100%) with (NH4)HSO, was observed after less than 30 min.

Table 2. Hydrogen generation yields with different salt additives

Materials Solution (%l_/l);grLogHi?g))llg‘?er ¢ L;Le;a-
30 min milled MgH 1MKCl 371656 (1h) [4]
30 min milled MgH, / 10% Ni 1MKCl 39/564 (1h) [4]
30 min milled MgH, / 3 M MgCl, H,O 61/964 (1h) [5]
30 min milled MgH, / 10 M MgCl, H,O 75/—(1h) [5]
MgH, / 4% Fe / 4% V,0s 7.5% NH,CI 92 /— (5 min) [6]
MgH, / 4% Fe / 4% V205 7.5% (NH,)HSO, | 100/ — (20 min) [6]
HCS MgH, / 1% Ni 0.5 M MgCl, 96 / 1635 (30 min) [12]
Sigma-Aldrich MgH, 27.1 % NH,4CI 99 /1711 (10 min) [15]
3 h milled MgH, 0.05 M MgCl, —/1137 (1.5h) [15]
1 h milled MgH, / 0.024 M MgCl, H,O 85/ (1 h) [18]
1 h milled MgH, / 0.024 M ZrCl, H,O 94/— (1 h) [18]
5 h milled MgH, / 5% MgCl, H,O 68/1094 (1 h) [20]
5 h milled MgH, / 10% NH,CI H,O 86/1311(1h) [20]

The hydrolysis reaction of MgH in aqueous solution of magnesium chloride was
studied in [12, 15, 23]. It can be noticed that in the presence of MgCl, the hydrogen
yield is higher than that for pure water (Fig. 3a). According to [12] and [15], the hyd-
rogen yield was 1635 ml/g and 1137 ml/g in 0.5 M MgCl, and in 0.05 M MgClI, after
50 and 90 min, respectively. However, the effect of chlorine ions on the process of
crystallization of magnesium hydroxide at the surface of MgH, is not completely
understood even though they clearly affect the extent of the hydrolysis.

Various hydrolysis reactions between MgH,/salt composites and distilled water
are described in [5, 18, 20]. The composites were prepared by milling the MgH, with a
certain amount of salt under argon for up to 10 h. The influence of the milling time and
the concentration of salt in the MgH,/MgCl, composites was studied in [5]. Milling mag-
nesium hydride with salts always led to a several times increase in the specific surface
area, but this increase appears to be nonproportional to the milling time. A clear corre-
lation between the hydrogen yields and the values of the specific surface area was not
observed. The authors noted that the exothermic dissolution of magnesium chloride
may also affect the conversion rate and extent of MgH,. As a reference point, a con-
version yield as high as 81% was obtained when using MgH>-10 mol% MgCl, com-
posite milled for 10 h.

The influence of the nature of the cations contained in the chloride salts and the
amount of the salts was studied in [20]. The composites MgH»/NaCl, MgH,/MgCl, and
MgH,/NH,4CI were prepared with 3; 5 and 10% salt and MgH, synthesized by HCS
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(Fig. 3b). Hydrogen yield increased with increasing the salt content in the sequence
NaCl — MgCl, — NH,CI. The NH,4CI has the strongest effect on the kinetics of the hyd-
rolysis process as compared to two other chlorides. At room temperature, MgH,—10%
NH,4CI composite exhibited the best performance with the hydrogen generation yield of
1311 mL/g and a conversion rate of 85.69% in 60 min.

The effect of the nature of the cation on the hydrolysis of MgHy/salt composites
was studied in more detail in [18], where several chlorides including NaCl, ZnCl,,
AICl3, ScCls, FeCls, TiCls, MgCl,, and ZrCl, were used (Fig. 4a).
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Fig. 3. Hydrogen generation curves from the hydrolysis of MgH, with different additions of MgCl,
(a: 1 -4 wt.% MgCl,; 2—11.5 wt.% MgCl,; 3 — 21 wt.% MgCl,) [23] and additions of different
chlorides (b: 1 — MgH,; 2 — MgH,+3% NaCl; 3 — MgH,+3% MgCl,; 4 — MgH»+3% NH,CI) [20].

A series of time-dependent diagrams are built showing a development of a degree
of conversion of MgH, and pH of the reaction mixture. Among the above mentioned
composites containing 0.024 mol equivalents of all additives, the smallest effect on the
hydrolysis is observed when using the sodium chloride and the largest effect happens
for zirconium chloride. All other salts show an intermediate impact on the kinetics of
hydrolysis and hydrogen yield. It can be noticed, that the salts with higher oxidation
states of the cations are more efficient in facilitating the hydrolysis. The degree of
conversion in all cases is inversely related to the pH of the solution, and it was
therefore the lowest for ZrCl, with pH = 9.8. It was proposed that such behaviour is
related to the following activation mechanisms.

A. Formation of a poorly soluble hydroxide of additive metal formed by hydro-
lysis according to [M(OH),]** + Hz0 — [M(OH)n+:1]* " + H® or MCI, + nH,0 —
— M(OH),{ + nHCI. This process dynamically buffers the reaction solution and lowers
its pH at the initial stage of the process, which improves both the reaction kinetics and
the yield of hydrogen.

B. Formation of metal hydroxides induces the predominant formation of a stable
(crystalline) Mg(OH), or co-precipitation products based on Mg(OH),-M(OH),-H,0
or, in the case of MgCl,, MgCl,-3MgO-11H,0. Such products are less soluble than
Mg(OH),, and the pH of the solutions decreases. Furthermore, the formation of stable
crystalline Mg(OH), takes place because of a decrease in the nucleation rate and an
increase in the crystal growth rate.

The effect of the anions was studied by replacing the chlorides with bromides using
the salts of sodium, magnesium and zirconium. Bromides behave similar to chlorides as a
reduction of the pH was also observed. Hydrogen yield (86% and 99% after 1 h by using
MgBr, and ZrBr, as additives) was not significantly different between two salts, but the
bromides showed a faster reaction kinetics. Furthermore, it should be noted that zirco-
nium bromide acts as the best activator of the hydrolysis reaction among all tested salts.

Our studies of the effect of metal forming a chloride on the hydrolysis reaction
showed an increase in the yield of the reaction with increasing concentration of CI".
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The hydrolysis of magnesium hydride was performed with the additions of metal chlo-
rides with a cation valence from 1 to 4 (NaCl / MgCl, / AICl; / ZrCl,). Conversion rate
of the reaction appeared to be directly related to the concentration of chlorine anions.
The cations can also affect the behaviour. Selected metal chlorides (except of NaCl) act
as Lewis acids and decrease the pH of the solution during their dissolution; this
increases a degree of conversion [23].

We believe that the described assumptions concerning the probable mechanism of
activation of the hydrolysis of MgH in the presence of metal chlorides may be com-
plemented by the hypothesis of the formation of a buffer system “Mg(OH), + MgCl,”
at the late stages of transformation. This assumption is supported by a very good cor-
relation (R? = 0.997) between the experimental pH values [18] and the calculated
(PH(caley) using the equation pH = 14 — pKugow), + 10g [Mg(OH)2]/[MgCl;] (Fig. 4b).
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Fig. 4. Time-dependent hydrogen generation curves for the reaction of MgH, with solutions
of various chlorides (a: 0 — none; 1 — NaCl; 2 — ZnCl,; 3 — AlICls; 4 — ScCls; 5 — FeCls; 6 — TiCls;
7 — MgCl,; 8 — ZrCl,) and the relationship between the experimental [18] and the calculated pH
values in the studied solutions (b).

Effect of acids. The study of the effect of acids on the hydrolysis of magnesium
hydride was studied in [2, 11, 13, 14, 21, 23]. At room temperature the acids result in a
significant increase of the conversion of MgH, during the hydrolysis reaction, even
with no catalysts involved or absence of the activation treatment of MgH, (Table 3).
Significant amounts of hydrogen can be obtained using inorganic acids [14], organic
acids, for example, acetic acid with a platinum catalyst [2] or when heating the reaction
mixtures [21] in laboratory experiments; however, a commercial application of acids
appears to meet the drawbacks being both expensive and not practically viable due to a
significant corrosion of the reactor interior in acidic solutions. Thus, considerable at-
tention is recently focused on the studies of the effect of citric acid (2-hydroxypropane-
1,2,3-tricarboxylic acid, C¢HgO;) on the reaction with magnesium hydride [11, 13]. It
should be noted that in a dilute citric acid solution beside the hydrolysis reaction, a
direct interaction between MgH, and CgHgO7 or the formation of salt due to a reaction
of the acid with magnesium hydroxide occur.

The choice of the most effective acid as an accelerator for the MgH, hydrolysis
reactions by using analysis of a chemical equilibrium conditions was performed in
[11]. The proposed approach allows us to calculate the effect of weak organic acids on
the concentration of magnesium ions after the hydrolysis. The authors suggested to use
citric acid or EDTA as efficient buffering agents. The experimental results from Fig. 5a
show a clear dependence between the hydrogen yield and the concentration of the citric
acid. As expected, the conversion extent was rather low (only 13%) in distilled water
after 30 min, since the passive Mg(OH), layer was formed at the surface of the unreacted
MgH,. Hydrogen release considerably increased when using a relatively dilute solution
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of citric acid. Both the hydrogen generation rates and the conversion yields increased
when applying higher concentrations of citric acid solutions. At low concentration
(0.01 mol/l), the reaction proceeded to 40% after 30 min. The reaction in 0.1 mol/l citric
acid went to 99% of completion after 30 min, which is 7.7 times higher yield as com-
pared to distilled water. It should be noted that in the described process citric acid acts
as a proton donor only. This conclusion is based on the analysis of the reference data
and also on our own results (Fig. 5b) [23]. The experimental and calculated values of
the conversion yield and the pH of the solutions after the completed reaction when
using an excess of citric acid well agree with each other (Table 4).

Table 3. Hydrogen generation yield with different acids

Materials Solution (%l_/l);grLogHir;g?:]I‘?er ¢ L;L(erga-
Aldrich MgH, (50 mg) | ° 91% ‘;‘n’té"/‘F’,t(iHE%zg': ¥ 97/ (Lh) 2]
As-prepared MgH, 0.1 M C3HsO(COOH); 99 />1600 (30 min) [11]
MgH, (0.36 M) 0.92 M C3HsO(COOH), 100/—-(1h) [13]
Aldrich MgH, HCI (pH=1) 100/ - (1005s) [14]
Aldrich MgH, milled 3 h HCI (pH = 2) 55/ — (25 min) [14]
Rockwood MgH, (1.2 g) 50 wt. % CH;COOH — /15 (5 min) [21]
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Fig. 5. Time-dependent yield of hydrogen gas at different concentrations of citric acid when using
aqueous solutions (mol/dm®) (a) [11] and composites (weight ratio MgH,/citric acid) (b) [23].

Table 4. Relationship between the conversion yield and pH of the solutions

at different contents of citric acid

Composition Yield for Yield for *
MgH,/CeHsOy, Wt.%| MgHs(exp), % | MgHs(calc), % | PHE®) | pH(calo)
1/0 16 - - -
2/1 12 10 - -
1/2 56 59 - -
1/4 81 81 - -
1/5 100 100 3.9 3.6
1/10 100 100 4.83 4.98

“ pH is calculated by using equation for buffering solution pH = pK + log[BA]/[HA], where

[HA] i [BA] - concentrations of citric acid and its corresponding salt.
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MgH, / metal hydride composites. Increase of the rates of hydrolysis reaction is
observed when using the mixtures of MgH, with calcium hydride (Table 5). The latter
was added to the mixture or was formed during the milling with MgH, [1, 10]. The
phase-structural composition and hydrolysis reaction of ball-milled MgH,—Ca and
MgH,—CaH, mixtures where studied as a function of milling time and components ratio
[1]. The formed by milling nanocomposites show a faster hydrolysis reaction as well as
a higher hydrogen yield as compared to the conventional polycrystalline materials.
This improvement is due to the formation of calcium hydride upon the milling and the
formation of a mixture of fine powders MgH,+CaH, after an extensive milling. When
using the milled mixture MgH,—20.3 mol% CaH,, the reaction yield reaches 80% after
30 min of hydrolysis. Figure 6 presents the effect of Ca content in 10 h ball-milled
MgH,—-Ca nanocomposites. As calcium content increases, both the rate of hydrolysis
and the yield of hydrogen significantly increase. It can be seen, that the shapes of the
time-dependent curves of the reaction completion vary depending on the composition.
These changes probably reflect the fact that hydrolysis reaction has various stages with
a variable contribution of different stage components to the complex overall process, as
the milled composites comprise of B-MgH,, y-MgH,, CaH,, Mg and Ca. There is no
strong relationship between the size of the powders and specific surface areas of the
materials in the composites and the yield of hydrolysis reaction. Interestingly, specific
surface area of the milled composites decreases (from 9.7 to 3.4 m?/g) with increasing
calcium content. This takes place because of a high ductility of calcium which acts as a
binding component.

Table 5. Hydrogen generation yield when using different additives

Materials Solution (%l_/i);grLogHir/]g))/I:;?er ¢ L;L(errea-
Milled 10 h MgH, / 20.3 mol % CaH, H,O 80 /— (30 min) [1]
Milled 1 h MgH, / 10 mol % CaH, H,0 95 /1389 (1 h) [10]
Milled 4 h 5 MgH, / LaH, H,0 — /1195 (80 min) [15]
Milled 2 h 4 MgH, / LiNH, H,O | 73/1016 (50 min) | [19]

The hydrogenated Mg;7Aly, alloy was
20.3* used to produce hydrogen by hydrolysis in
[10]. Hydrogenation and hydrolysis reac-
tions can be described by the following
paths; Mgi7Al, + 17H, = 17MgH, + 12Al
and 17MgH,+12A1+70H,0 = 17Mg(OH), +
+ 12AI(OH); + 52H,. However, the hydro-
lysis reaction of MHA without additives
was rapidly interrupted because of the forma-
0(') 10 20 30 40 50 60 70 = min  tiOn of apassive layer on the surface of the
) ) particles. As expected, addition of CaH, by
Fig. 6. Time-dependent curves of hydrogen  sjng the ball-milling appears to be an effi-
release during Dydm'ys's of the milled cient way to improve the yield of the hyd-
MgH;+X mol% Ca nanocomposites. rolysis when using the mixtures [10]. As
calcium hydride very actively reacts with
water, showing a considerable exothermic effect, this results in a local heating at points
of contact of CaH, with magnesium hydride, which facilitates the hydrolysis process.
The best effect was observed for the Mg;;Al;, + 10 wt.% CaH, mixture ball-milled for
1 h, which produced 1389 ml H,/g at 70 °C after 1 h of hydrolysis in pure water (hyd-
rogen yield was 94.8%).

0
]
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(=1

8.9
4.7 mol%

Reaction degree, %
iy
=

P
S

* premilled MgH,
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The formation of microgalvanic pairs, when using transition elements during the
hydrolysis, is advantageous and promotes achieving a higher hydrogen yield [15, 17].
According to [15], the use of the milled composites in the reaction of hydrolysis with REM
hydrides results in a more active hydrolysis process. Addition of nickel to these com-
posites has also a positive effect on the hydrogen yield. Indeed, the MgH, / LaH3 / Ni
composite exhibits the highest hydrogen generation rate of 120 ml/g-min in the first
5 min as compared to MgH, / LaH3; composite providing 95 ml/g-min.

The hydrogen generation curves of ball-milled MgH, and LaH3; mixed in a variable
atomic ratio are shown in Fig. 7a. The MgH,/LaH3; composites with the atomic ratio of
3:1 and 8.5:1 can generate 706.7 mL/g of H, in 40 min and 473.0 mL/g of H, in 60 min,
respectively. The highest observed hydrolysis yield equals to 1195 mL/g of H, in 80 min
and belongs to the composite with the optimal mole ratio of 5:1 [15]. Investigations of
other multicomponent hydride compositions showed that the composite formed in the
H-MgsMm system exhibited a higher yield of hydrolysis reaction together with the
fastest hydrolysis rate, and produced 828 ml/g H, for 15 min and 1097 ml/g of H, for
36 h of the hydrolysis process, respectively.

The MgH2/LaH3/Ni composite obtained by hydrogenation of La,Mg;7/Ni during
the milling at a pressure of 7 MPa H, showed the best results [17]. It released 1208 ml/g
of hydrogen during 40 min at room temperature and showed a reduced activation energy
of the hydrolysis process of 52.9 kJ/mol. This is because of the milling and because of
the catalytic influence of LaH; and Ni.
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Fig. 7. Hydrogen generation curves of the atomic ratio MgH,—LaH; (a)
and 16MgH,—LiNH, (b) composites.

The air-stable MgH,/LiNH, composites were another system investigated in the
hydrolysis reaction (Table 4) in [19]. Here, LiNH; greatly enhances the rate of such
reaction of MgH, hydrolysis. The composition 4MgH,-LiNH, milled for 5 h generates
887.2 ml/g of hydrogen in just one minute and 1016 ml/g of hydrogen in the next 50 min.
The LiOH-H,O and NH,OH phases which are formed as hydrolysis products during
the interaction of LiNH, with water may prevent formation of the passivation layer of
Mg(OH), at the surface and supply enough channels for the hydrolysis of MgH,. Effect
of the ball milling was also studied by the authors for the 16MgH,—LiNH, composite.
The results indicate that the hydrolysis process facilitates with the increasing milling
time (Fig. 7b). The highest hydrolysis rate and hydrogen generation yield were obtained
for the sample milled for 10 h. Its specific hydrogen yield reached 823.8 mL/g within
the first 5 min and 1058.5 mL/g in 80 min.

Effect of temperature. Increase of the hydrolysis temperature, as expected, leads
to an increase in both reaction rates and hydrogen yields [8, 13, 16, 17, 19, 22]. Evalua-
tion of the apparent activation energy (E,) of the hydrolysis reactions calculated using
the Arrhenius equation and based on the analysis of the kinetic curves of hydrogen ge-
neration at different temperatures showed that different additives were able to signifi-
cantly decrease the E, (see Table 6).
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Table 6. Calculated activation energies for the selected materials studied
in the hydrolysis systems

Materials Solution E. (exp) Literature
Sigma Aldrich MgH, H,O 58.06 kJ/mol [16]
Sigma Aldrich MgH, 0.5 wt. % NH,CI 50.86 kJ/mol [16]
Sigma Aldrich MgH, 4.5 wt. % NH,CI 30.37 kd/mol [16]
La,Mg;7/Ni = 1/0.1 mol / H, H,O 52.9 kJ/mol [17]
Milled 32MgH, — 1LiNH, H,0 52.5 kJ/mol [19]
Milled 8MgH, — 1LiNH, H,O 22.0 kd/mol [19]
Milled 2MgH, — 1LiNH, H,O 14.9 kJ/mol [19]
MgH, (HCS) 0.1 M AICl; 34.68 kJ/mol [22]
MgH, (HCS) 0.5 M AICl; 21.64 kJ/mol [22]

CONCLUSIONS

The hydrogen generation by hydrolysis of MgH, or MgH,-based composites con-
taining additives can be improved by high-energy ball milling, by adding catalysts, salts
and acids, or at elevated temperatures. Ball milling process results in a remarkable in-
crease of the reactivity of MgH; due to the increasing specific surface area. However, the
milling time should not exceed more than one hour, as the particle agglomeration would
take place and obtained materials would show worsening of the hydrolysis properties.

Hydrolysis of the MgH, strongly depends on pH of the used aqueous solutions.
Decrease of the pH significantly speeds up the kinetics of interaction and increases the
yield of the liberated hydrogen, thus use of the acids or acidic salts for hydrogen gene-
ration shows a positive influence. Environment friendly and inexpensive citric acid
shows the best effect. The addition of salts shows an advantageous effect on the hydro-
lysis reaction. Salts are inexpensive, easy-to-use materials, and even in small amounts
they cause high rates of hydrogen evolution and significant reaction yields. Among the
salts, the ones containing divalent or higher valent cations (MgCl,, FeCls, AICl3, ZrCl,,
ZrBr,) show the most distinct effect on the reaction kinetics and yield of the MgH,
hydrolysis process. Despite of a clear influence on the pH of the aqueous solution,
which is related to the reaction kinetics and yield, the role of salts is not completely
understood. Further studies of the effect of salts and the mechanisms of their influence
on the hydrolysis of MgH, are required.

PE3FOME. Tinpun maruito MgH, — 1ie crionyka 3 BACOKAM BMIiCTOM BOJIHIO, SIKA YTBOPIOE
3HAYHY MOr0 KUIBKICTh ITiJ] 4ac Tipoii3y — XiMIYHOT B3a€MOIii 3 BOJIOK0 a00 BOAHUMH PO3UHHA-
M. Leit mporec 0coOMMBO IiKABHIA sl aBTOHOMHOI'O BUPOOJICHHS BOHIO SIK MTAJIUBA TSl HU3b-
KOTEMIIEpaTypHUX MAJIMBHUX €JIEMEHTIB. Y il mpalli OoIaHO OIS OCTaHHIX MyOJiKalii 3 1iei
TEMH, a TAKOXK PE3yJIbTATH BIACHUX CKCIIEPUMEHTIB. BKa3aHO HA BAXKIIMBICTh MiABUIUTH ILIBH/I-
Kicth BuauieHHs H, ta moBHoTy kouBepcii MgH,. Jlnst 11boro ciifi onTuMi3yBaTH pO3MIp IO-
pouikiB MgH, nuisixoM Kylib0BOro momenny, BUKOPHUCTATH KaTalizaTtopu, noaaHi mo MgH,, Ta
BOJIHI PO3YMHU; MIIBUIIIUTH TEMIIEPATYPY B3a€MO/Ii1. BIUTUB 1IUX YMHHUKIB HA CTYIIHb KOHBEP-
cil Ta MIBUJIKICTh BUAUICHHS BOIHIO JIETAJILHO MPOAHATI30BAHO Ta BU3HAYECHO CUCTEMH JUIS JI0-
CSATHEHHs e()eKTHBHUX ITOKa3HUKIB peakilii. 3anmpornoHOBaHO MEXaHi3M KaTaJliTHYHOIO BIUIUBY, a
VIS BIIOCKOHAJICHHS TIOKA3HUKIB TiIpOosi3y MOTPiOHI MOAANBIII TOCTIPKCHHS.

KurouoBi ciioBa: 600ens, 2iopud machiro, Komnosumu, 2i0pois, 600HE8A eHePeemuKa.

PE3FOME. Tunpun maraus MgH, — 310 coeanHeHne ¢ BEICOKUM COJEp>KaHEM BOAOPO/a,
KOTOpoe 00pa3yeT 3HAYUTEIBHOE €r0 KONMMIECTBO MPH THAPOIH3E — XUMHUIECKOM B3aUMOJCHCT-
BUH C BOJOH MM BOJHBIMH PAaCTBOPaMH. JTOT MPOIECC MPEICTaBIsIeT OCOOCHHBIN HHTEpeC s
aBTOHOMHOH BBIPAOOTKH BOZOPOJA IS HI3KOTEMIIEPATYPHBIX TOILTUBHEIX 3JIEMEHTOB. B pabote
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TIPUBEJICHBI 0030p ITOCIIEMHNX ITyOIUKAIWMIT IO 3TOH TeMe, a TakKe Pe3yIbTaThl COOCTBEHHOTO HIC-
clenoBaHUs. BeIBsiieHa HEOOXOMMMOCTH MOBBIIMICHUS CKOPOCTH BBIIENCHHS H, U MOTHOTHI KOH-
Bepcuu MgH,. Jlns aToro cienyeT onTUMHU3MpOBaTh pa3Mep nopomkos MgH, nmyrem maposoro
II0MOJIa; UCIIONB30BaTh KaTaIU3aTOPbl, IpuioxkeHHble K MgH,, uiny BogHbIE pacTBOpBL; NOBBICUTh
TeMIIepaTypy B3auMOJIEHCTBYA. BiusHIe 3THX (aKTOpOB Ha CTENEHh KOHBEPCHH M CKOPOCTH BHI-
JENIEHNs] BOJOPO/A NETaTbHO IPOAHAIN3UPOBAHBI U ONpEJIENICHbl HanOoiee IPUEMIIEMBIE CHCTE-
MBI JUIs TOCTIDKEHHS 3(()EKTUBHBIX IMOKa3aTesel peakimi. [Ipe/uiokeH MeXaHu3M KaTaluTHdec-
KOT'O BO3/ICHCTBHS, a JUIS COBEPIICHCTBOBAHHS ITOKa3aTeNIeH THIPOITI3a HEOOXOUMEI JaIbHEHIIHE
HCCIIEOBAHNS.

KuroueBbie ¢10Ba: 6000p00, euopuo mazHus, KOMROIUMbL, SUOPOIU3, 6000POOHAS IHEPLEMUKA.
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