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Mg-Based Hydrogen Storage Materials with Improved Hydrogen Sorption
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Nanocrystalline MgH>/Me, Oy composite powders were produced by high energy ball milling (Me; O, = Sc¢303, TiO2, V205, Cr203,
Mn;03, Fe304, CuO, Al03, SiO2). The hydrogen absorption and desorption kinetics were determined in view of a technical application.
The addition of selected oxides lead to an enormous catalytic acceleration of hydrogen sorption compared to pure nanocrystalline hydrides. In
absorption, the catalytic effect of TiO2, V205, Cr203, Mny O3, Fe3O4, and CuO is comparable. Concerning desorption, the composite material
containing Fe3O4 shows the fastest kinetics followed by V205, Mn,;03, Cr203 and TiO». Only 0.2 mol% of the catalysts is sufficient to provide
a fast sorption kinetics. Additionally, Mg absorbs hydrogen already at room temperature by the use of metal oxides as catalysts. Furthermore,
it is demonstrated for the first time that MgH>/Me, Oy-powders release hydrogen at 200°C.
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1. Introduction

Hydrogen is the ideal means of storage, transport and con-
version of energy for a comprehensive clean-energy concept.
Regarding the use of hydrogen as fuel for the zero-emission
vehicle, the main problem is the storage of hydrogen. Metal
hydrides offer a safe alternative to storage in compressed or
liquid form. In addition, metal hydrides have the highest stor-
age capacity by volume. Mg hydride has also a high storage
capacity by weight and is therefore favored for mobile appli-
cations. However, light metal hydrides have not been con-
sidered competitive because of their rather sluggish sorption
kinetics. Filling a tank could take several hours. e.g., mag-
nesium hydride needs to be heated up to more than 300°C
to obtain relevant sorption properties.'™ Therefore, many at-
tempts have been made to qualify magnesium hydride for ap-
plication by improving the absorption and desorption behav-
ior of the material. Recently, a breakthrough in hydride tech-
nology was achieved by preparing nanocrystalline hydrides
using high energy ball milling.>"'? Nanocrystalline magne-
sium hydride shows indeed a fast absorption kinetics with a
loading time of few minutes at 300°C. However, desorption
and absorption at lower temperatures are still too slow limit-
ing technical applications.'® With respect to absorption, this
is due to the bad dissociation ability of metallic Mg for hydro-
gen molecules, because the probability of the adsorption of a
H,-molecule on the Mg-surface is only 1076.1% To overcome
this problem, catalysts have to be added to magnesium. As
has been shown in the past, Pd, Ni, and Fe can be used for
a better Hy-dissociation at the surface, e.g. for Mg;Ni, FeTi
or LaNis.>13-1® Especially for microcrystalline Magnesium,
Tanguy et al. have demonstrated that also the addition of V
and Ti cause a catalytic acceleration of the hydrogen absorp-
tion.'” Recently, the effect of transition metals (Ti, V, Mn,
Fe, Ni) on nanocrystalline Mg has been investigated by Liang
et al.?>2D They show that ball milled MgH, with additions
of 5 at% of the transition metal absorbs at room temperature
(1 MPa) and desorbs at 235°C (0.015MPa). In the present
work, we have investigated the influence of cheap metal

oxides (Sc,03, TiO,, V,05, Cr,03, Mny03, Fez04, CuO,
Al,O3, and Si0,) on the sorption behavior of nanocrystalline
Mg-based systems. Special emphasis is put on the sorption
kinetics at reduced temperatures, ranging from 300°C down
to room temperature.

2. Experimental

The milling experiments were performed with a Fritsch P5
planetary ball mill using hardened Cr-steel milling tools and
an initial ball-to-powder weight ratio of 400 g : 40 g. The ini-
tial MgH, powder (95+%, Goldschmidt GmbH, Germany)
was pre-milled for 20h. Afterwards, different metal oxides
(99.9+4+% metal) were added in the desired overall ratio, and
milled for further 100h. All handling of the powders, in-
cluding milling, was performed inside a glove box under a
continuously purified Ar atmosphere (oxygen, and water con-
tent each below 1ppm). For characterization of the sorp-
tion properties, specimen holders were sealed inside the box
and attached to a hydrogen titration apparatus, that was es-
pecially designed for fast data acquisation (Hydro-Québec,
patent pending®?). Kinetic measurements were performed
between 25 and 300°C. The pressure of hydrogen (purity
99.993%) was 8.4 bar for absorption. For measurements of
the desorption kinetics, the chamber was evacuated. The
weight of each specimen was about 150 mg.

The hydrogen desorption rates of the materials are deter-
mined by using the time for desorption between 80 and 20%
of the maximum hydrogen capacity. The desorption rate
obtained in this way with a unit of mass%-H, per second
(Acy/At) is converted to a desorption rate with the unit kW
per kg of the material by using the intrinsic heat value of hy-
drogen being 120kJ/g.

3. Results and Discussion
In Figs. 1 and 2 the absorption and desorption curves

of the materials MgH;/(CuO)g0s, MgH2/(Mn;03)g 05,
MgH,/(Cry03)9.05, MgHz/(FesO4)o0s as well as MgH,/
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Fig. 1 Hydrogen absorption curves of MgH,/(Me,;0,)g 05 composites at
300°C under a hydrogen pressure of 0.84 MPa bar. (a) MgH,/(CuO)g.0s;
(b) MgHy/(Mn203)0.05; (¢) MgH2/(Cr203)0 055 (d) MgH2/(Fe304)0 05; (€)
MgH>/(V205)0.05-
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Fig. 2 Hydrogen desorption curves of MgH>/(MexOy)o0s composites at
300°C in vacuum. (a) MgH»/(CuO)o0s5; (b) MgH2/(Mny03)o.05; (¢)
MgH,/(Cr03)0.055 (d) MgHa/(Fe304)0.05; (€) MgH2/(V205)0.05-

(V,05)0.05, each with a metal oxide content of 5 mol%, are
presented and compared to MgH, without any catalyst ad-
ditions. As can be seen clearly, the addition of metal ox-
ides leads to a notable enhancement of both the absorption
and desorption kinetics. The absorption kinetics is about the
same for these materials at 300°C and the maximum hydro-
gen content is typically reached after 2 min. Differences re-
garding the maximum hydrogen capacity are related to the
different densities of the oxides. For CuO (curve a), the
shape of the absorption curve is different (in particular be-
tween 2 and 5min). Absorption takes place in two distinct
steps: in the first step, the material reaches a plateau capacity
of 5.5 mass%. Afterwards, the hydrogen content rises again
slightly up to 6 mass%. In comparison with pure MgH, the
catalytic effect of oxide additions is especially pronounced
upon desorption. Desorption is already completed after 3 to
5 min for most of the oxides, with Fe;04 and V,0s yielding
the fastest desorption kinetics. In the case of CuQ, the des-
orption kinetics also differs from the other oxides. The mate-
rial MgH,/(CuO)g 5 needs around 25 min for a full release of
hydrogen.

Furthermore, the catalytic effect of the oxides Sc,0s,
TiO,, Al,O5; and SiO, was investigated. Figure 3 shows
the absorption curves of the materials MgH,/(Sc;03)0.01,
MgH,/(TiO2)0.01, MgH»/(Al203)0.01 and MgH,/(Si05)g 01 in
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Fig. 3 Hydrogen absorption curves of MgH,/(Me,O,)o05 composites at
300°C under a hydrogen pressure of 0.84 MPa bar. (a) MgH2/(V205)0 013
(b) MgH/(TiO2)0.015 () MgH2/(Al203)0.015 (d) MgH2/(SiO2)0.01; (€)
MgH»/(Sc203)0.01-
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Fig. 4 Hydrogen desorption curves of MgH»/(Me,Oy)o.05 composites at
300°C in vacuum. (a) MgH»/(V2Os)o01: (b) MgH2/(TiO2)0.01; ()
MgH5/(Al,03)0.01; (d) MgH2/(Si02)0.01; (€) MgH2/(Sc203)0.01-

comparison with MgH,/(V,05)g.01. While the first three com-
posites reach similar absorption kinetics as MgH,/(V205)0.01,
Si0;, slows down the kinetics even in comparison to pure
nanocrystalline MgH,. Upon desorption, a good catalytic
effect is obtained with the alloy additions TiO, and V,Os.
Hydrogen is fully desorbed within 7min. Sc;Os; has only
a minor, Al;O3; and SiO;, have no accelerating effect on the
hydrogen release (Fig. 4).

To study the effect of different amounts of catalyst, the
MgH,/Cr,03 system was taken as an example (Figs. 5 and
6). The overall capacities differ in accordance with the par-
ticular amounts of catalyst. The full capacities of 4.7, 6.0,
and 6.7 mass% hydrogen are achieved for oxide contents of
5, 1, and 0.2 mol%, respectively, within 2 min at 300°C. For
comparison: pure nanocrystalline MgH, reaches 3.9 mass%
within 2min. The initial absorption rates between 1 and
3mass% are 218kW/kg for the MgH,/Cr,O; systems and
35kW/kg for pure MgH,, respectively. The calculated ab-
sorption rates demonstrate that the absorption kinetics of the
MgH,/Cr,03 systems do not depend on the catalyst content
in the range investigated. This means that the capacity of the
material can be increased significantly without making com-
promises with respect to absorption kinetics. Similarly, a de-
crease of the oxide content also has no influence on the release
rate of hydrogen. Figure 6 presents the desorption curves for
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Fig. 5 Hydrogen absorption curves of MgH,/Cr,O3-composites with dif-
ferent oxide contents at 300°C under a hydrogen pressure of 0.84 MPa bar.
CrpO3-content: (a) 0.2 mol%; (b) 1 mol%; (c¢) 5 mol%.
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Fig. 6 Hydrogen desorption curves of MgH,/Cr,O3-composites with dif-
ferent oxide contents at 300°C in vacuum. CryOs-content: (a) 0.2 mol%;
(b) 1 mol%; (¢) 5 mol%.

Mg containing 5, 1, and 0.2 mol%Cr,05. The desorption rate
is determined to 23 kW/kg and does not depend on the catalyst
content. The desorption process is complete after 6 to 8 min,
depending on the starting capacity. Hence, for a technical ap-
plication of a storage tank on the basis of MgH,/Cr, 03 a small
catalyst content of 0.2mol% (i.e. 0.3vol% or 1.1 mass%)
is sufficient to achieve both fast absorption and desorption
kinetics.

The desorption rates of the different MgH;/Me,O,-
systems are summarized in Fig. 7. While the addition of CuO,
Al,03, Sc,03, and SiO;, causes only a little change in the des-
orption rate in comparison to nanocrystalline pure MgH,, the
oxides of the transition metals Ti, V, Cr, Mn, and Fe lead to
significantly enhanced hydrogen sorption kinetics. The high-
est desorption rates are achieved with Fe;O4 (40kW/kg) and
V;0s5 (33 kW/kg).

For a technical application it is interesting to investigate,
whether metal oxide additions are also favorable at lower tem-
peratures. Figure 8 shows absorption curves at 300 and 100°C
for the systems MgH,/Cr,03; and MgH,/Fe;0, each with a
catalyst content of 0.2 mol% in comparison to pure MgH,. At
100°C and a hydrogen pressure of 0.84 MPa pure nanocrys-
talline MgH, absorbs 1.3 mass% within 10 min. In contrast,
MgH;/(FesO4)0.002 takes up double as much hydrogen, i.e.
2.5 mass%, and MgH,/(Cr,03)g 002 absorbs 2.9 mass% under
the same conditions. A further reduction of the absorption
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Fig. 7 Desorption rates of the investigated material systems MgH>/Me O,
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Fig. 8 Hydrogen absorption curves of MgHz/(Me, Oy )o.002-composites in
comparison to pure nanocrystalline MgH, under a hydrogen pressure of
0.84MPa bar: T = 300°C (a); T = 100°C (b).
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Fig. 9 Hydrogen desorption curves of MgH,/(Me, Oy )o.002-composites in
comparison to pure nanocrystalline MgH, in vacuum: 7 = 300°C (a);
T = 250°C (b).

temperature is possible, as shown in Fig. 10. With the addi-
tion of chromium oxide absorption is observed also at room
temperature with superior rates over carbon nanotubes (after
Ref. 23)). Furthermore, desorption temperatures can also be
reduced (Fig. 9). Whereas pure nanocrystalline MgH, does
not desorb any hydrogen at 250°C in quantitative manner,
desorption is possible even at 200°C using oxide catalysts
(Figs. 9(b) and 11). With 0.2mol%Cr,03, a desorption rate
of 3kW/kg is reached at 250°C. This value is comparable to
pure nanocrystalline MgH, at 300°C (Fig. 7). The desorption
rate is more than double as high for the addition of Fe;04
(8kW/kg). The experimental results point out that the best
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Fig. 10 Hydrogen absorption curve of MgH;/(Cr,03)g 05-composites at
T = 25°C under a hydrogen pressure of 0.84 MPa bar (a), and, for
comparison, experimental results for carbon nanotubes at T = 25°C,
p = 9.5 Mpa (after Ref. 23)).
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Fig. 11 Hydrogen desorption curve of MgH,/(Cr;03)0.05-composites at
T = 200°C in vacuum.

catalytic effect upon absorption is achieved for Cr, O3, while
Fe;0, yields a faster desorption kinetics. Therefore, good re-
sults for both absorption and desorption of hydrogen can be
expected if these two oxides are combined. More details can
be found in.>¥

With respect to both, capacity and kinetics, the storage ma-
terials are superior to current requirements (Fig. 12), even at
250°C, if lower pressure can be tolerated.>> Regarding ki-
netics, only nanocrystalline Mg with LaNis as a catalyst is
faster. However, this Mg/LaNis composite looses its fast ki-
netics upon cycling, because it decomposes into the equilib-
rium phases Mg, Mg,Ni and LaH;.2® With respect to long
term cycling stability, the properties of Mg with oxide cata-
lysts after 1000 cycles were also investigated (Fig. 13). Kinet-
ics slow down by less than a factor of two, which still exceeds
the requirements by a factor of 100. The capacity is only de-
creased from 7 mass% to about 6.6 mass% hydrogen, which
is 5 times better than commercial rechargeable battery cells.
Details will be published in a forthcoming paper.”

It is yet unclear, what the actual mechanism of catalysis
for hydrogen sorption is. In further studies of our group,
the advantages of using cheap metal oxides, carbides, and ni-
trides as catalysts have been compared to the catalytic effect
of the respective pure metal. e.g., unlike the pure metallic V,
the V-containing compounds V,0s, VN, and VC act as cata-
lysts for the magnesium-hydrogen reaction. V,0s yields the
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Fig. 13 Hydrogen desorption curves of MgH»/(Cry03)g 002-composites at
300°C in vacuum before cycling (a), after 500 cycles (b), and after 1000
cycles (c).

fastest desorption kinetics followed by VN and VC. Ultra-
pure metallic V shows no improvement over pure Mg with
respect to reaction kinetics. However, kinetics can be succes-
sively improved towards Mg 4 VN/V,05/VC by stepwise ex-
posure to small amounts of air (Fig. 14).2% Additionally, some
clues regarding the mechanism of catalysis can be drawn from
the different catalytic activities of the investigated oxides.
The metal oxides of this study can be devided into two groups:
the first group consists of the oxides of the transition metals
Ti, V, Cr, Mn, Fe, and Cu, in which the metal can have dif-
ferent valences. The second group are of the oxides Al,O3,
Si0;,, and Sc;03, in which the metal atom appears with only
a single valence state. Because only the oxides of the first
group have a catalytic effect, the ability of the metal atom to
take different electronic states could play an important role
with respect to the kinetics of the solid-gas-reaction.

An exception among the oxide catalysts is CuO. Though
copper takes different valences in the respective oxides, it can
be reduced easily by Mg due to its low stability of —156 kJ/g-
atom-O and the negative heat of mixing between Mg and Cu.
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Fig. 14 Hydrogen desorption curves of as synthesized (a) MgHy/
(V20s)001, (b) MgH2/Vo01, (c) pure MgH;, (d) the same material
MgH»/Vo 01 as in (b), but stored under Ar for 11 month, and (e) the same
material MgH»/V 01 as in (d) subsequently exposed to air for 17 h; each
at 300°C in vacuum.

Upon repeated hydrogen sorption the intermetallic compound
Mg, Cu is formed beside MgQ.3? It is well known that Mg,Cu
has a catalytic effect on the absorption of Mg. In addition, it
can be hydrided itself. This also explains the 2-step absorp-
tion of the material MgH,/(CuQ)g o5 (Fig. 1(2)). In case of the
other transition metal oxides, the heat of mixing between Mg
and the transition metal is positive. Thus, there is no contribu-
tion to the reduction reaction of the oxides by the formation of
intermetallic compounds during milling. This indicates that
the thermodynamic stability of the oxides is critical.

For catalysis, the local electronic structure of the catalysts
is also of great importance: before the dissociation of hy-
drogen molecules can take place, hydrogen has to be ad-
sorbed at the surface of the catalyst. Regarding the sorp-
tion of hydrogen at TiO,-surfaces (and other oxides not men-
tioned in this work), investigations of Henrich et al. have
shown that (almost) perfect TiO,-single-crystal-surfaces are
inert towards reactions with H,. However, H; is absorbed by
TiO,-surfaces that contain a higher density of defects in the
crystal structure and thus also in the electronic surface struc-
ture.>132 Accordingly, the fast sorption kinetics of nanocrys-
talline MgH»/Me, O, -systems may originate also from a very
high defect density, introduced at the surface of the metal ox-
ide particles during high energy ball milling.

4. Conclusions

High energy ball-milled MgH,/Me,O,-nanocomposites
(MexOy = SC203, TiOZ, V205, Cr203, Mn203, FC3O4,
CuO, Al,03, Si0O,) were investigated with respect to hydro-
gen sorption kinetics, even at different temperatures. The
transition-metal oxides act as catalysts for the magnesium-
hydrogen reaction. Cr,O3 yields the fastest hydrogen absorp-
tion, whereas V,0s and Fe;O, cause the most rapid desorp-
tion of hydrogen. Itis shown that the catalyst content can be at
least as low as 0.2 mol%, i.e. 0.3 vol% or 1 mass% in the case
of Cr,03. The best metal oxide catalysts allow a hydrogen
absorption at room temperature (p = 0.84 MPa) and a des-
orption at 200°C (p =~ 0MPa). Under these conditions the
material’s desorption rates fulfill the technical requirements
for automotive applications.
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