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Abstract: To improve the hydrogen storage properties of Mg-based alloys, a composite material of MgH, + 10wt%LaH; + 10wt%NbH was
prepared by a mechanical milling method. The composite exhibited favorable hydrogen desorption properties, releasing 0.67wt% H, within
20 min at 548 K, which was ascribed to the co-catalytic effect of LaH; and NbH upon dehydriding of MgH,. By contrast, pure MgH,, an
MgH, + 20wt%LaH; composite, and an MgH, + 20wt%NbH composite only released 0.1wt%, 0.28wt%, and 0.57wt% H,, respectively, un-
der the same conditions. Analyses by X-ray diffraction and scanning electron microscopy showed that the composite particle size was small.
Energy-dispersive X-ray spectroscopic mapping demonstrated that La and Nb were distributed homogeneously in the matrix. Differential
thermal analysis revealed that the dehydriding peak temperature of the MgH, + 10wt%LaH; + 10wt%NbH composite was 595.03 K, which
was 94.26 K lower than that of pure MgH,. The introduction of LaH; and NbH was beneficial to the hydrogen storage performance of MgH,.
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1. Introduction

In recent years, new energy resources have been eagerly
sought because fossil fuels are being gradually exhausted and
their combustion products pollute our environment [1-2].
Hydrogen, with the advantages of not being a pollutant or
generating pollutants through combustion, having a high
energy density, and being naturally abundant, is considered
an ideal energy carrier [3—4]. However, hydrogen storage is
a major challenge. Storing hydrogen in some solid materials
via physical or chemical adsorption is more promising than
storing hydrogen in high-pressure containers or as a liquid.
Metal hydrides that provide high hydrogen storage capacity
have been studied as promising materials over the past sev-
eral decades. Magnesium hydride (MgH,) is a material with
strong hydrogen storage potential because of its high hy-
drogen storage capacity (7.6wt%), low density, good rever-
sibility, and low cost [5—8]. However, its practical applica-
tion is currently unfeasible because of its inferior kinetics
and high thermodynamic stability (AH = —74.6 kJ-mol ™'
H,) [9-11].

Enormous efforts have been made to ameliorate the hy-
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driding/dehydriding properties of MgH,. Among them, reduc-
ing particle size by high-energy mechanical milling [12-13]
and compositing MgH, with additives such as transition
metals [14—15], metal oxides [16—17], metal halides [18—19],
and rare-earth metals [20-21]have been reported to be two
important methods. The hydriding/dehydriding characteris-
tics of MgH, were improved dramatically after ball milling
with Ti, Fe, and Ni, which was ascribed to the co-catalysis
of these three metals [22-23]. Recently, Mg-based transi-
tion-metal complex hydrides Mg,FeHs@MgH, and hierar-
chical structure catalysts (Fe/C, Co/C, and Ni/C) were de-
signed and fabricated to overcome the agglomeration issue of
nanocatalysts [24-25]. In addition to hierarchical-structured
catalysts, MAX-phase Ti;AIC, or Ti;C, compounds with
layers have also been reported to improve the dehydriding
properties of MgH, by catalyzing effects [26-27]. Mean-
while, some Mg-based hydrides with a special crystal struc-
ture were considered to show excellent dehydriding proper-
ties. More recently, a B-/y-MgH, nanocomposite with en-
hanced hydrogen desorption kinetics was synthesized via a
simple wet chemical route [28—29].

Rare-earth metals and their hydrides are widely used as
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high-efficiency catalysts for Mg-based hydrogen storage
materials. Composite materials MgH, + 20wt%LaH; and
LiBH,—Mg,NiH, + 10wt%CeH, 9 exhibited a faster absorp-
tion/desorption process and a higher hydrogen absorp-
tion/desorption capacity [30-31]. Recently, Nb and Nb,Os
have also been widely used to improve the hydrogen absorp-
tion and desorption kinetics of MgH,. Conceicéo et al. [32]
reported that metallic niobium and niobium oxides with a
high surface area could markedly enhance the hydrogen ab-
sorption and desorption kinetics of MgH,. Their MgH, +
5wt%s-Nb,Os sample absorbed 5.2wt% of hydrogen within
1.3 min at 300°C. Jin ef al. [33] investigated the hydrogen
absorption and desorption performances of MgH, with Nb
hydride obtained by alloying MgH, with 1mol% NbFs.
They illustrated that the formation of NbH was essential in
catalyzing the hydrogen storage of MgH,. The
NbH-catalyzed MgH, desorbed 6.3wt% H, in 15 min and
absorbed more than 90% of its initial hydrogen capacity
within 5 min at 573 K. Zhang et al. [34] found that a more
disordered structure and smaller particle size of NbHx re-
sulted in a better catalytic effect on the hydrogen storage
performance of MgH,.

As previously discussed, both the La hydride and the Nb
hydride can improve the hydriding and dehydriding proper-
ties of Mg-based hydrides. Therefore, to enhance the hy-
driding/dehydriding kinetics and decrease the decomposi-
tion temperature of MgH,, we prepared a novel LaH; and NbH
co-doped MgH, composite by mechanical milling and subse-
quently investigated the catalytic effects of LaH; and NbH on
the hydrogen desorption of an Mg-based hydride in detail.

2. Experimental

The original materials—MgH, powder (purity > 98%),
lanthanum powder (purity > 99.9%), and Nb powder (puri-
ty > 99.5%), were purchased from Alfa-Aesar. The LaH;
was obtained by hydrogenating the La powder under
5.0-MPa H, pressure for 5 h at 723 K. The NbH was ob-
tained by hydrogenating the Nb powder under 4.5 MPa of
H, pressure at 623 K for 1 h using equipment designed to
measure pressure—composition—temperature (P—-C-T) cha-
racteristics. Previous experiments on the kinetics properties
of MgH, milled with different amounts of LaH; demon-
strated that MgH, ball milled with 20wt% LaH; exhibited
the best performance. Thus, 2.0 g of MgH, powder, together
with 20wt% NbH, 10wt%LaH; + 10wt%NbH, and 20wt%
LaH; and without additives, was ball-milled under an Ar
atmosphere for 5 h using a QM-ISP2 planetary mill at a
speed of 500 r-min' (the obtained composites were desig-
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nated as MgH,—NbH, MgH,~NbH—-LaH;, MgH,-LaH;, and
pure MgH,). The mass ratio of ball-to-powder was 30:1. All
of the experimental operations were conducted in an
Ar-filled (99.99% purity) glove box to prevent oxidation of
the samples.

Phase analysis of the samples after mechanical milling,
after hydrogenation at 623 K for 2 h, and after dehydrogena-
tion at 623 K for 2 h was performed by X-ray diffraction
(XRD) on a D/MAX-2500/PC diffractometer equipped with
a Cu K,, radiation source. Microstructure observations were
carried out by scanning electron microscopy (SEM) on a
HITACHI S-4800 electron microscope equipped with an
energy-dispersive X-ray spectrometer. Hydriding/dehydriding
properties of the samples were measured using the P-C-T
instrument. The hydriding processes at 473 and 523 K were
conducted under an initial hydrogen pressure of 3 MPa, and
the dehydriding process was carried out at 548 K under an
initial hydrogen pressure of 0.1 MPa. To fit the activation
energy to the Kissinger equation, the dehydriding peak tem-
perature of the hydrogenated samples were detected using a
simultaneous thermal analyzer (DTG-60A) with the samples
under Ar protection; the analysis was conducted from 300 to
773 K at heating rates of 5, 10, 15, and 20 Kemin ™.

3. Results and discussion
3.1. Microstructures

Fig. 1 presents the XRD pattern of the Nb metal powder
hydrogenated under 4.5 MPa of H, pressure at 623 K for 1 h.
As shown in Fig. 1, NbH peaks are well fitted to the stan-
dard peak positions of NbH and no Nb peaks are observed.
Thus, NbH was successfully prepared. The preparation of
LaH; was described in our previous work [22]. The obtained
LaH; and NbH were used as precursors in the subsequent
experiments.
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Fig. 1. XRD pattern of the Nb metal powder after hydrogena-
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Fig. 2 presents the XRD patterns of MgH,—NbH at three
different treatment stages (after ball milling, after hydroge-
nation, and after dehydrogenation). Fig. 2(a) indicates that
the ball-milled MgH,—NbH is composed of an MgH, phase
and an NbH phase. The wide diffraction peaks of the sample
indicate that small hydride nanocrystals were obtained dur-
ing the mechanical milling process. Such small nanocrystals
offer more surface area for the hydrogenation and dehydro-
genation processes. Fig. 2(b) shows the XRD pattern of
MgH,—NbH hydride hydrogenated at 623 K for 2 h at the
fourth hydriding/dehydriding cycle. The main phases are
also MgH, and NbH, similar to the main phases of the
ball-milled sample. However, the diffraction peaks are
sharper than those in the pattern of the ball-milled sample,
demonstrating the formation of a hydride with high crystal-
linity during the hydrogenation process. Moreover, some
diffraction peaks absent in the pattern of the ball-milled
sample are observed in the pattern of the hydrogenated
sample, indicating the formation of a new phase. As shown
in Fig. 2(c), after dehydrogenation at 623 K for 2 h, the
MgH, phase is transformed into an Mg phase, whereas the
NbH remains stable, implying that the NbH phase plays a
catalytic role.
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Fig. 2. XRD patterns of MgH,—NbH: (a) ball-milled; (b) after
hydrogenation at 623 K for 2 h; (c) after dehydrogenation at
623 K for 2 h.

The XRD patterns of the MgH,-LaH; sample before and
after dehydrogenation have been discussed in our previous
work [30]. The MgH, phase and LaH; phase were detected
in the dehydrogenated sample, indicating that the dehydro-
genation was not complete. Moreover, the XRD patterns in-
dicate that the LaH; phase partially transformed into the
LaH,; phase during the dehydriding process. The phase
transition from the LaH; phase to the LaH,3 phase caused
an obvious volume contraction and resulted in a distinct
strain of MgH,, which can improve its hydrogenation and

dehydrogenation properties.

The XRD patterns of the MgH,~NbH-LaH; composite
are presented in Fig. 3. As shown in Fig. 3(a), the as-milled
sample is composed of an MgH, phase, an LaH; phase, and
a small amount of NbH phase. Fig. 3(b) shows that the hy-
drogenated MgH,—NbH-LaH; also consists of an MgH,
phase, an LaH; phase, and a small amount of NbH phase.
The diffraction peaks become sharper and some small peaks
become more prominent because of crystallization at 623 K
under the H, atmosphere. Moreover, the NbH phase appears
after hydrogenation. Fig. 3(c) shows that the main phases of
the dehydrogenated sample are an Mg phase and the LaH,;
phase, consistent with the phases observed after hydrogena-
tion of the MgH,—LaH; sample. However, the peaks of the
NbH phase partly overlap those of the Mg phase. Collec-
tively, these results indicate that the MgH, phase trans-
formed into the Mg phase, the LaH; phase transformed into
the LaH, ; phase, and the NbH phase remained stable.
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Fig. 3. XRD patterns of MgH,—~NbH-LaHj3: (a) ball-milled; (b)
after hydrogenation at 623 K for 2 h; (c) after dehydrogenation
at 623 K for 2 h.

The different phase transformation processes of
MgH,-NbH, MgH,-LaH;, and MgH,~NbH-LaH; compo-
sites demonstrate that NbH and LaH; play different roles in
the hydrogenation and dehydrogenation processes. The
LaH; mainly manipulates the structure of the hydride, whe-
reas NbH acts as the catalyst. The synergistic effect of LaH;
and NbH is expected to improve the hydrogenation and de-
hydrogenation performance of the MgH,~NbH-LaH; com-
posite.

Scanning electron micrographs of the dehydrogenated
MgH,—-NbH, MgH,~-NbH-LaH;, and MgH,—LaH; samples
are shown in Fig. 4. Fig. 4(a) shows that the particles of
MgH,—NbH are uniform in size, ranging from 0.5 to 1 um.
The MgH,-NbH-LaH; composite exhibits a particle size
similar to that of the MgH,—NbH composite, but its particles
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are slightly agglomerated (Fig. 4(b)). However, in the case
of the MgH,—LaH; composite, the agglomeration is more
severe and the agglomerates are much larger. Therefore, we
deduced that MgH,~NbH and MgH,~NbH-LaH; possess
smaller particle sizes and higher specific surface areas than
the MgH,—LaH composite, which is beneficial to the hy-
driding/dehydriding kinetics of MgH.,.

To investigate the elemental distribution in MgH,-NbH-LaH;,
EDS maps were collected; the results are presented in Fig. 5.
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Fig. 5(a) shows an SEM micrograph of the analyzed area.
Figs. 5(b)-5(d) show the distribution of Mg, Nb, and La,
respectively. Mg is mainly distributed in the aggregated par-
ticles, whereas Nb and La are uniformly distributed over the
whole samples. This result indicates that NbH and LaH;
prevent aggregation of the hydride. Moreover, the

well-distributed Nb and La particles among the Mg particles
can provide additional channels and shorten the diffusion
length of hydrogen atoms.

Fig. 4. SEM micrographs of the dehy-
drided MgH,-NbH (a), MgH,-NbH-LaH;
(b), and MgH,-LaHj; (c).

Fig. 5. BF-SEM image (a) and EDS maps showing the distribution of Mg (b), Nb (c), and La (d) in MgH,~NbH-LaH;.
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3.2. Hydrogen absorption/desorption properties

The hydrogen absorption curves of MgH,-NbH,
MgH,—NbH-LaH3;, MgH,—LaHj;, and pure MgH, at 523 and
473 K are shown in Fig. 6. The hydrogenation data were
recorded at the fourth hydrogen absorption/desorption cycle
at 623 K under a hydrogen pressure of 3 MPa. Fig. 6(a)
shows that the MgH,—NbH composite exhibits the highest
hydrogen absorption rate and absorbs 5.30wt% H, within 3
min. The MgH,-NbH-LaH; and MgH,-LaH; composites
absorb 4.73wt% and 3.98wt% H,, respectively, under the
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same conditions. By contrast, pure MgH, absorbs only
2.37wt% H, within 3 min. From Fig. 6(b), the hydrogen ab-
sorption capacity of MgH,~NbH, MgH,-NbH-LaHj3, and
MgH,-LaH; composites are 4.87wt%, 4.11wt%,
2.78wt%, respectively, within 3 min. However, the sample
of pure MgH, only absorbs 0.53wt% H, within the same
time. These results clearly indicate that MgH, catalyzed by
NbH, LaH;, and LaH; + NbH performs much better than
pure MgH, in both maximum hydrogen storage capacity and
hydrogen absorption rate.
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Fig. 6. Hydriding curves of MgH,—~NbH, MgH,-NbH-LaH;, MgH,—LaH;, and pure MgH,: (a) 523 K; (b) 473 K.

The reaction mechanism during the hydrogen absorption
process can be investigated by comparing the observed hy-
driding rate with the predictions of certain kinetics equations.
The hydrogenation process is well fitted to the Avra-
mi—Erofeev equation (Eq. (1)):

a=1-¢X

(1
where o is the reacted fraction versus time #, k is the rate
constant, and m is the order of the reaction.

As shown in Fig. 7, the fitted lines almost coincide with
the practical experimental data, indicating that the hydrogen
absorption processes of MgH,~NbH and MgH,~NbH-LaHj,

at 523 K are well accordant with the Avrami—Erofeev equa-
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tion. The two composites follow the reaction mechanism of
nucleation and growth. The & values for MgH,~NbH and
MgH,-NbH-LaHj; are 0.915 and 0.695, respectively. Zhu et
al. [30] found that the hydrogen adsorption behaviors of an
MgH, + 20wt%LaH; composite and MgH, were also well
fitted using the Avrami-Erofeev equation and that the &
values of the two samples were 0.282 and 0.00734, respec-
tively. The k value represents the rate of hydrogen absorp-
tion reaction. It explains why MgH,~NbH exhibits the
fastest hydrogen absorption rate, as revealed by the hy-
driding curves, among the investigated composite mate-
rials.

1.0F (b) —
0.8 r
0.6

Fom —— Fitline
04L = MgH,~NbH-LaH,

L m=0.249
021 k=10.695

R*=0.971

i T'=523K

0.0
0 200 400 600 800 1000 1200
Time /s

Fig.7. Fitted hydrogenation kinetics curves for MgH,—NbH (a) and MgH,—~NbH-LaH; (b) at 523 K.
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In Fig. 8, the fitted lines for MgH,~NbH, MgH,~NbH-LaH,, and growth. However, in Fig. 8(a), the fitted line for pure
and MgH,-LaHj; at 473 K agree well with the experimental MgHj, is not consistent with the experimental data, which is

results, indicating that the hydriding process of the three ascribed to a change in the reaction mechanism of pure
samples accord with the reaction mechanism of nucleation MgH, at 473 K.
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Fig. 8. Fitted hydrogenation kinetics curves for pure MgH, (a), MgH,—NbH (b), MgH,~-NbH-LaH; (c), and MgH,-LaH; (d) at 473 K.

The MgH,~NbH, MgH,-NbH-LaH;, and MgH,—LaHj; co-doped samples, which can reduce the surface area of the
composites can not only improve the hydrogen absorption hydride and affect the hydrogen diffusion. Because the hy-
performance of MgH, but also enhance its dehydrogenation drogenation process is more dependent on the diffusion rate
behavior. As shown in Fig. 9, the MgH,-NbH-LaH; com- than the dehydrogenation process, the NbH and LaH;
posite released 0.67wt% H, within 20 min at 548 K, more co-doped hydride composite exhibits the highest hydrogen
than twice that released by MgH,-LaH;. Under the same release but the second-highest hydrogen absorption capacity.
conditions, MgH,—NbH released 0.57wt% H, and the pure
MgH, released only approximately 0.1wt% H,. The dehy-
driding curves indicate that the additive composed of LaH;
and NbH is more effective in improving the dehydriding
kinetics of MgH,, which is attributed to the co-catalysis of
LaH; and NbH during the hydrogen desorption process.

As previously discussed, the NbH + LaH; co-catalyzed
hydride composite exhibited greater hydrogen release than e Mg, NbE
the single NbH- or LaH;-doped hydride, which demonstrates | e MgH, NbH-LaH,
the synergistic effect between the NbH and LaH; additives. ~0-68 s MgH,-LaH,
However, NbH-doped MgH, hydride exhibited the highest v Pore Mt L
hydrogen absorption capacity, whereas the NbH and LaH; 0 200 400 600Tin§c? (/)S 10001200 1400 1600
co-doped composite exhibited the second-highest hydrogen Fig. 9. Dehydriding curves for MgH,~NbH, MgH,-NbH-LaH,,
capacity. These results likely reflect particle aggregation in the MgH,-LaH;, and pure MgH, at 548 K.
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3.3. Determination of activation energy

A noticeable feature presented in Fig. 10 is that
MgH,—NbH-LaH; shows the lowest dehydriding peak tem-
perature, which is as low as 595.03 K, or 94.26 K lower than
that of pure MgH,. The dehydriding peak temperatures of
MgH,—NbH and MgH,—LaH; are 598.35 and 667.51 K, re-
spectively. This result indicates that the additive composed
of LaH; and NbH can reduce the hydrogen desorption tem-
perature of MgH, more effectively than the single NbH or
LaH; additive, which is likely related to the co-catalysis ef-
fect of LaH; and NbH.
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Fig. 10. DTA curves of different samples at a heating rate of 5
K/min: (a) pure MgH,; (b) MgH,-NbH; (¢) MgH,-NbH-LaHj;;
(d) MgHz—LaH;;.

The activation energy (£,) of the dehydrogenation
process for the samples was fitted using the Kissinger equa-
tion (Eq. (2)):

e ) —ry @
™/ RT, +ln{0j
Ea

which can be simplified to

el
() "

where « is the heating rate, 7,, is the absolute temperature at

©)

the maximum desorption rate, and R is the ideal gas constant.

Fig. 11 shows a plot of In(T,?) versus 1000/7,,. The dehy-
driding peak temperature of the samples at various heating
rates and the obtained E, values are summarized in Table 1.
The E, for the hydrogen desorption reaction of
MgH,~NbH-LaH; decreases to (75.70 £ 3.59) kJ-mol ™',
which is 47.36 kJ'mol' lower than that of pure MgH,,

whose E, is (123.06 + 124) kJmol'. The E, for
MgH,—NbH is (77.14 £ 1.52) kJ-mol . Thus, the addition of
NbH resulted in a decrease of E, during the hydrogen de-
sorption process by decreasing the energy barrier of MgH,.
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Fig. 11. Kissinger plot of the first-order dehydrogenation

process of different samples at various heating rates.

Table 1. T, and E, corresponding to four samples
Heating rate used 3
Sampl . Tn/XK E,/(kJmol

ampie in DTA / (K-min™") (kJmol )
5 689.29
10 710.72

pure MgH, 123.06 + 1.24
15 723.01
20 732.54
5 598.35
10 621.94

MgH,-NbH 77.14+1.52
15 637.56
20 649.68
5 595.03
10 617.52

MgH,-NbH-LaH; 75.70 +£3.59
15 633.26
20 646.95
5 667.51
10 688.72

MgH,—LaH; 104.81 +5.34
15 702.19
20 715.43

4. Conclusions

A composite of MgH, + 10wt%LaH; + 10wt%NbH was
prepared by mechanical milling. This composite released
0.67wt% H, within 20 min at 548 K. By contrast, pure
MgH, and MgH, doped separately with LaH; and NbH re-
leased only 0.1wt%, 0.28wt%, and 0.57wt% H,, respectively.
These results reveal that the LaH; and NbH additive can
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improve the properties of MgH, because of the synergistic
catalysis effect. The dehydriding peak temperature of the
composite was reduced to 595.03 K, 94.26 K lower than that
of pure MgH,. The E, of the dehydrogenation process of
MgH, decreased from 123.06 to 75.70 kJ-mol " after it was
mechanically milled together with LaH; and NbH. Micro-
structure measurements revealed that the particle size of the
composite was remarkably decreased and that La and Nb
were homogeneously distributed in the matrix, providing
more diffusion paths and shortening the diffusion pathway
for hydrogen atoms in the composite.
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