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Synergistically Thermodynamic and Kinetic Tailoring
of the Hydrogen Desorption Properties of MgH, by Co-
Addition of AIH; and CeF;+t

Haizhen Liu,” Chen Wu, " He Zhou®, Tian Chen®, Yongan Liu“, Xinhua Wang*’“’c,
Zhaohui Dong”, Hongwei Ge*, Shouquan Li°, and Mi Yan*

MgH, possesses a high hydrogen capacity and excellent reversibility. However, the high
thermal stability and slow sorption kinetics retard its practical application as an on-board
hydrogen storage material. In this work, AIH; and CeF; were introduced into the Mg-based
material for the purpose of improving both the thermodynamic and the kinetic properties of
MgH,. DSC-TG analysis show that the onset hydrogen desorption temperature of MgH, can
be synergistically reduced by 86 °C through co-addition of 0.25AIH; and 0.01CeFs.
Isothermal desorption measurements demonstrate that the co-addition of AIH; and CeF;
significantly enhances the hydrogen desorption kinetics of MgH,, with the absence of the
induction period in the initial stage and the acceleration of hydrogen desorption process. In
addition, this co-doped MgH, shows very good cycling stability at 300 °C, with a 1-h
capacity of 3.5 wt% and a 3-h capacity of 4.5 wt%. Structure analysis by XRD
measurements indicate that during the hydrogen desorption process, MgH, may react with
Al (generated from the in situ decomposition of AlIH;) to form Mg solid solution and
Mg;;Al,,, which contributes to the thermodynamic improvement of the Mg-based material.
Besides, MgH, may also react with CeF; to form MgF, and CeH,_3;, which act both as the
hydrogen diffusion gateways and as the impediment to the grain growth of MgH, during
hydrogen sorption cycling, thus improving the hydrogen desorption kinetics and the cycling
stability of MgH,. Finally, it was found that the presence of A1H; will kinetically help CeF;
to take its positive effect on the hydrogen desorption properties of MgH,. This work provides a
method for simultaneously tailoring the thermodynamic and the kinetic properties of MgH, by

synergistic addition of metal hydride and rare earth fluoride.

1 Introduction

Magnesium hydride (MgH,) is a promising candidate as a hydrogen
storage material for on-board applications due to its high hydrogen
capacity and excellent reversibility.! However, the unfavourably
high thermodynamic stability and sluggish hydrogen sorption
kinetics restrict the practical application of MgH,.>*

To overcome the problems, mixing or alloying MgH,/Mg with
metals is one of the strategies.*'* Among the various metals, the
metallic aluminium (Al) has been studied to improve the hydrogen
sorption properties of MgH,.> 7 > 1 Zaluska et al.'” suggested that
Al may not only act as a heat-transfer medium but also involve in the
hydrogen sorption reactions of MgH,. In our previous work'® '°, we
utilized aluminium hydride (AlH3) as an Al source, replacing the
metallic Al, to have significantly reduced the hydrogen desorption
temperature of MgH,. It was demonstrated that in the Mg—Al-H
system, AlH; is much better than the metallic Al regarding its ability
to improve the hydrogen desorption properties of MgH,. It was
suggested this superiority is ascribed not only to the brittleness
feature of AlH;, but also to the fact that AIH; will undergo the
decomposition to form oxide-free Al* upon heating. The brittleness
feature makes it easier for AlH; to mix with MgH, well to ensure
uniform elemental distributions by short-term milling. The oxide-
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free Al* may benefit the reaction kinetics since it is of high chemical
activity. However, the hydrogen desorption kinetics of the
Mg—-Al-H system suffers from severe decline when subjected to
cycling.?® It was indicated that this decline of kinetics is due to grain
growth or particle agglomeration during the hydrogen sorption
process.

Mixing with transition metal halides is another strategy that has
been employed to successfully improve the hydrogen sorption
kinetics of Mg-based materials.”’* It was suggested that many
halides may react with MgH, and the product will act as impediment
to the grain growth of MgH,, thus improving the kinetics of MgH,.
However, while these metal halides can affect the kinetics of MgH,,
the thermodynamics of MgH, was barely changed. It is true that an
improved kinetics is essential for fast hydrogen uptake and release,
but the thermodynamic destabilization of MgH, is also highly
desired because a lower stability means MgH, is able to start
releasing hydrogen at a lower temperature.

In the present work, for the purpose of simultaneous
thermodynamic and kinetic enhancement of MgH,, the AlH; and a
transition metal fluoride, cerium fluoride (CeF;), were introduced
together into the Mg-based materials by ball milling, with AlH; as
the destabilizing agent and CeF; as the accelerating agent. The
following will show that AlH; can thermodynamically destabilize

RSC Advances, 2015, 00, 1-6 | 1



RSC Advances

MgH,, while CeF; can kinetically accelerate the hydrogen releasing.
In addition, it is interesting that with co-addition of AlH; and CeF;,
the desorption properties of MgH, can be synergistically enhanced
and this co-doped MgH, shows fast desorption kinetics and very
good cycling stability at 300 °C. Moreover, CeF; was reported by Jin
et al.*" to have little influence on the hydrogen desorption of MgH,.
However, in the present work CeF; was found to be able to
significantly reduce the desorption temperature of MgH,, especially
in the presence of a small amount of AlHj.

2 Experimental Sections

Experimentally, MgH, (Alfa Aesar, 98%) and CeF; (Sinopharm
Group, 99.9%) were used as-received and AlH; was synthesized by a
wet chemical method***2. Then the samples were prepared by ball
milling the starting materials using a QM-3SP4 planetary mill
(Nanjing Nanda Instrument Plant). In general, 1 g of powders and 50
g of stainless steel balls were sealed in a stainless steel vial with a
volume of 100 mL. The milling was carried out at 400 rpm for 30
min. All handlings were operated under inert atmosphere. Four
samples, i.e., MgH,, MgH, + 0.25A1H;, MgH, + 0.01CeF3, and
MgH, + 0.25A1H; + 0.01CeF3, were prepared for comparison. Then
two series of samples, (that is, MgH, + mCeF; (m = 0.01, 0.02, and
0.05) and MgH, + 0.1AlH; + nCeF; (n =0.01, 0.02, and 0.05)), were
prepared for further study.

Phase structures were determined by powder X-ray diffraction
(XRD) using a PANalytical X-ray diffractometer (X Pert Pro) with
Cu Ka radiation. During sample transferring or measurement, the
samples were sealed with amorphous membranes to avoid exposure
to the air.

Nonisothermal hydrogen desorptions were studied by differential
scanning calorimeter (DSC) and thermogravimetry (TG) analysis
(Netzsch, STA449F3). The samples were heated from room
temperature to 500 °C with a heating rate of 10 °C/min. During the
heating process, flowing argon of 50 mL/min was utilized to prevent
sample oxidation.

Isothermal desorptions were carried out on a lab-built Sieverts-
type apparatus. Before the desorption measurement, the sample
holder was evacuated to vacuum. Then the samples were rapidly
heated to 300 °C and held at this temperature, during which the
desorption curves were collected. Prior to the next desorption cycle,
the dehydrogenated sample was rehydrogenated at 300 °C and 5
MPa H, for 1 h.

Field emission scanning electronic microscopy (SEM, FEI SU 70)
was used to study the morphology of the samples.

3 Results and Discussion

The XRD patterns of the as-synthesized AlH; and the as-milled
samples, shown in Fig. S1 (ESIt), indicate they are mainly the
physical mixtures of the starting materials after milling. No CeFs-
relevant phases are detected in the CeF;-doped samples, which may
due to the low addition content.

Fig. 1 contains the DSC curves of the samples with a heating rate
of 10 °C/min. As is seen from the DSC curves, the peak desorption
temperature of the as-milled MgH, is 388 °C and is reduced to 375
(or 354 °C) when it is mixed with 0.25AlH; (or 0.01CeF;). Then
further reduction to 346 °C can be achieved by co-addition of
0.25A1H; and 0.01CeF;, which means a synergistic enhancement
effect.

Fig. 2 shows the TG curves of the samples. The weight loss of
each sample during heating is indicated in the figure with the
theoretical weight loss included in the parenthesis. The onset
desorption temperature of the as-milled MgH, is 350 °C, which is
reduced to 292 °C (or 301 °C) when it is mixed with 0.25A1H; (or
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0.01CeF3). Further reduction of the onset desorption temperature to
264 °C can be achieved by co-addition of 0.25A1H; and 0.01CeF;.
This desorption temperature of the co-doped MgH, is 86 °C lower
than the as-milled MgH,. Similar to the DSC results, the onset
desorption temperature of the co-doped MgH, is the lowest among
the samples studied. These DSC-TG results jointly demonstrate that
AlH; and CeF; have synergistic effects on the hydrogen desorption
temperature of MgH,.
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Fig. 1 DSC curves of the as-milled MgH, (a), MgH, + 0.25A1H; (b),
MgH, + 0.01CeF; (c), and MgH, + 0.25AlH; + 0.01CeF; (d)
samples.
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Fig. 2 TG curves of the as-milled MgH, (a), MgH, + 0.25A1H; (b),
MgH, + 0.01CeF; (c), and MgH, + 0.25AlH; + 0.01CeF; (d)
samples.

The hydrogen desorption kinetics of the samples are investigated
by isothermal desorption at 300 °C and the fractional hydrogen
desorption curves are displayed in Fig. 3. It is observed that the as-
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milled MgH, releases a very small amount of hydrogen after
desorption at 300 °C for 3 h, which can also be confirmed by the
XRD result of the desorption product in Fig. S2 (ESIf) that the
majority of MgH, is still present in the desorption product. The
hydrogen desorption of AlH3;-doped MgH, first accelerates for the
initial 30 min and then slows down for the following stage. As for
the CeFs-doped MgH,, the hydrogen desorption first undergoes an
induction period for the initial 20 min and then proceeds with a fast
kinetics. However, it is interesting that by co-addition of AlH; and
CeF3, the induction period is absent and the desorption goes on
rapidly with a speed as high as that of the CeFs-doped MgH,. In
addition, the hydrogen desorption extent of the co-doped MgH, is
over 90%, which is the highest among the samples studied.

Fig. S2 (ESIf) shows the XRD patterns of the isothermal
desorption product of each sample. The desorption product of the
MgH, + 0.25A1H; sample mainly contains Mg;Al;,, Mg, and some
un-decomposed MgH,, while they are Mg and some trace of un-
decomposed MgH, for the MgH, + 0.01CeF; sample. However, no
CeF;-relevant phases are detected; this may be due to the low
addition content of CeF;. As for the MgH, + 0.25AIH; + 0.01CeF;
sample, it mainly contains the Mg;,Al;; and Mg phases and no un-
decomposed MgH, is detected, suggesting that MgH, can fully
decompose by co-addition of 0.25AIH; and 0.01CeF;. A diffraction
peak located at 2Theta = 27°-28° is suspected of belonging to the
phase of CeH,.;. Although the CeF;-relevant phases cannot be
detected right here, the XRD results at least give the information that
only partial decomposition of MgH, occurs in either the AIH;-doped
or the CeFs-doped MgH, samples, but it is almost full decomposition
for MgH, co-doped with AlH; and CeFs.

Combined the kinetics results with the structure analysis, we
conclude that the co-addition of AlH; and CeF; also synergistically
improves the desorption kinetics and the desorption extent of MgH,.
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Fig. 3 Isothermal hydrogen desorption curves of as-milled samples
plotted as fractional desorption of MgH, in the sample vs. time. The
desorption temperature is 300 °C.

The cycling desorption properties of MgH, co-doped with AlH;
and CeF; were studied by measuring the isothermal desorption
curves at 300 °C for 10 cycles, which are shown in Fig. 4a. As can
be seen that the desorption kinetics first accelerates at the second
cycle and then is maintained for the following cycles. From Fig. 4b,
it is shown that the capacity of 1-h desorption first increases for the
initial 3 cycles and then is maintained at a value of ca. 3.6 wt%
despite of a slight decrease at cycle 8. The capacity of 3-h desorption
is mainly maintained at a value of ca. 4.5 wt%. These cycling
desorption measurements indicate that the cycling desorption
stability is extremely good for MgH, co-doped with AlH; and CeF;.
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Fig. 4 (a) Cycling isothermal desorption curves of the MgH, +
0.25AlH; + 0.01CeF; sample; (c) Capacity of hydrogen released
from the MgH, + 0.25A1H; + 0.01CeF; sample after desorption for 1
h and 3 h respectively vs. cycle number. The desorption temperature
is 300 °C.

It has been shown in Fig. S2 (ESIf) that due to low addition
amount, we cannot detect any CeF;-relevant phase by XRD either in
the as-milled samples (Fig. S1) or in the desorption product (Fig. S2
(ESIt)). In order to facilitate the detection of the CeFs-relevant
phases using XRD technique, the content of CeF; was increased and
two series of samples, i.e., MgH, + mCeF5 (m = 0.01, 0.02, and 0.05)
and MgH, + 0.1AIH; + nCeF; (n = 0.01, 0.02, and 0.05), were
prepared by ball milling. Their XRD patterns are shown in Fig. S3
(ESI{). It can be seen that the as-milled samples are mainly the
physical mixture of the starting materials. CeF; is detected in the as-
milled samples (see Fig. S3d-i (ESI{)) and does not react with
MgH, or AlH; during ball milling. The Scherrer’s equation® was
utilized to estimate the grain sizes of MgH, in the samples, which
are indicated in the figure. The grains of MgH, can be refined from
(43~44) nm to (38~40) nm by addition of 0.01CeF; and further
refinement to (25~28) nm can be achieved by addition of 0.05CeF;.
That is to say, CeF; addition is likely to refine the grains of MgH,.

The XRD patterns of the desorption product of MgH, + 0.1AlH;,
MgH, + 0.05CeF;, AlH; + 0.1CeF;, and MgH, + 0.1AIH; +
0.02CeF; are presented in Fig. 5. The desorption product of the
MgH, + 0.1AlH; sample contains Mg, Mg;Al,,, and un-
decomposed MgH,, which means that MgH, has reacted with Al to
form Mg;;Al,. There exist Mg, a small amount of un-decomposed
MgH,, MgF,, and CeH,.; in the desorption product of the MgH, +
0.05CeF; sample; this suggests that CeF; may have reacted with
MgH, during desorption process to form MgF, and CeH, ;. Then
from the desorption product of the AlH; + 0.1CeF; sample, it is
indicated that AIH; prefer to decompose by itself and will not react
with CeF; during desorption process since CeF; remains unreacted
in the sample before and after desorption. As for the MgH, +
0.1AIH; + 0.02CeF; sample, it is seen that a mixture of Mg,
Mg;;Al;,, MgF,, CeH,._;, and some trace of un-decomposed MgH,
exist in the desorption product. These products suggest that on one
hand, Al (formed from decomposition of AlH;) will react with MgH,
to form Mg;;Al,,; on the other hand, CeF; will also react with MgH,
to form MgF, and CeH,;. From the inset in Fig. 5, it is observed
that the diffraction peak of Mg in the desorption products of
MgH,+0.1AIH; or MgH, + 0.1AlH; + 0.02CeF; has shifted to higher
angles, which indicates that some Al atoms have dissolved into the
crystal structure of Mg and a Al-doped Mg solid solution (denoted as
Mg (Al)) is formed.

RSC Advances, 2015, 00, 1-6 | 3
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Fig. 5 XRD patterns of the desorption products of the selective
samples. The hydrogen desorption measurements were carried out
isothermally at 300 °C for 3 h.

Based on the above phase analysis on the desorption product of
each sample, we can conclude that after hydrogen desorption process,
Al (formed from the decomposition of AlH;) has reacted with MgH,
forming Mg solid solution (Mg(Al)) and Mg;;Al;, according to
Eqns. (2) and (3):

MgH, + Al* = Mg (A) + H,  (2)
MgH, + Al* — Mg;,Al, +H,  (3)
Meanwhile, CeF; has reacted with MgH, forming MgF, and CeH,_;
following Eq. (4). CeH,.; is a nonstoichiometric metal hydride.
MgH2 + CeF3 g MgF2 + CeH2N3 (4)

The formations of Mg solid solution and Mg;;Al;, indicate that
the thermal stability of MgH, may have been reduced by addition of
AlHj; since several theoretical studies have reported the stability of
MgH, can be changed by doping with Al. Shang et al.” used first-
principles calculations to study the stability of MgH, by metal
doping and found that the formation heat of MgH, can be reduced
from —75.99 kJ mol! H, for pure MgH, to —28.36 kJ mol™! H, for
MgH, doped with 20 mol% Al. Another theoretical calculation by
Kelkar ez al.'’ showed a reduction of 9.3 kJ mol™! H, for the heat of
formation of MgH, with addition of 6.25 mol% Al. The Mg;Al;,
alloy was reported to have better hydrogen desorption/absorption
properties than the pure Mg/MgH, materials. Bouaricha et al.’
prepared Mg;;Al;, alloy by ball milling the elemental Mg and Al.
They found that Mg ;Al;; shows improved hydrogen sorption
properties than the pure Mg and can be reversibly hydrided into
MgH, and Al under conditions of 400 °C and 38 bar H,. It was
ascertained that the hydrogenation of Mg ,;Al;, proceeds in two
steps™ ** 3. At first, Mg,Aly, is hydrided into Mg,Al; and MgH,.
Then, Mg,Al; is further hydrided into MgH, and Al in the second
step. These reactions are totally reversible. Crivello er al™®
demonstrated that the presence of Al in the Mg;;Al,, materials leads
to an increase of their plateaus pressure, which means that Al can
destabilize MgH, by forming the Mg-Al alloys. Therefore, MgH,
has been thermodynamically destabilized by AlH; in the present
work and this may contribute to the absence of the induction period
in the isothermal desorption curves of AlH;-doped MgH, in Fig. 3.
As the isothermal desorption was carried out by quickly heating the
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sample to 300 °C (within 10—15 min) followed by holding at this
temperature, which is very close to the practical heating condition,
the destabilized AlH;-doped MgH, can start to release hydrogen at a
lower temperature than MgH, without AlH; addition, which results
in the absence of the induction period.

With respect to the formation of MgF,, it was suggested MgF,
may benefit the initial activation of MgH, during the hydrogen
desorption process.’® As for the CeH,., some literatures have
reported the formation of this rare earth hydride from either the as-
milled MgH,—Ce composite or the hydrogenation product of
Mg—Ni—Ce alloys.'> *” " *® However, the CeH,.; in our present
work is generated from the reaction between MgH, and CeF;. The
transition metal fluorides like CeF; are generally very fine, which
will lead to more uniform distribution of CeH,.; on the particle
surfaces or the grain boundaries of MgH,. CeH, ; may act as a
“hydrogen pump”, which helps deliver hydrogen atoms from/to the
MgH,/Mg matrix during hydrogen desorption-absorption process,
thus improving the hydrogen sorption kinetics of MgH, as shown in
Fig. 3. On the other hand, CeH, ;/MgF, layers can also serve as the
impediment to the grain growth or coarsing of MgH, during cycling
sorption process. These two factors are the main cause of the
improvement of the desorption kinetics (Fig. 3) and the extremely
good cycling stability (Fig. 4) of MgH,.

A schematic diagram displaying the structure evolutions of AlH;
and CeF; during the sample preparation and the hydrogen desorption
process can be seen in Fig. S4 (ESIt). A briefly description of the
evolutions is given below. Firstly, the MgH,~AlH;—CeF; composite
is prepared by ball milling the starting materials of MgH,, AlH; and
CeF;. After milling, the particle sizes of the starting materials will
decrease because both the two hydrides are brittle materials,
Meanwhile, CeF; may cover on the surfaces of the particles of MgH,
and AlH;. MgH, and AlHj; particles will also contact closely with
each other after milling. Then during the hydrogen desorption
process (i.e. at the heating stage), AlH; will firstly decompose to
form the oxide-free Al* and this freshly formed Al* will further
react with MgH, to form the Mg solid solution (Mgg(Al)) and
Mg ;Al},, thus thermodynamically improving the desorption
properties of MgH,. On the other side, CeF; will also react with
MgH, to form MgF, and CeH,.;, which distribute surrounding the
particles of Mg-Al phases and act both as the impediment to the
grain growth of Mg-Al phases and as the hydrogen diffusion
gateways. In this way, the MgF,/CeH, ; layers can kinetically
improve the desorption properties of MgH,. In a word, this
schematic diagram delivers a picture on how the thermodynamics
and the kinetics of MgH, are tailored by co-addition of AlH; and
CeF;. The synergistic effect is believed to contribute to the reduction
of desorption temperature, the absence of desorption induction
period, the acceleration of desorption kinetics and the extremely
good cycling stability.

Finally, we carried out the thermal decompositions of the MgH, +
mCeF; and the MgH, + 0.1AlH; + nCeF; samples by DSC analysis,
which are shown in Fig. 6. It is found in Fig. 6a—c that the peak
desorption temperatures of the MgH, + mCeF; samples generally
locate at about 360 °C even if the CeF; addition is increased. A
study by Jin et al. also showed that the desorption temperature of
MgH, doped with 1 mol% CeFj is only slightly reduced by less than
20 °C; this reduction is even less than our present work (about
30 °C). However, it is seen from Fig. 6d—f that in the presence of
0.1AlIH;, the peak desorption temperature of MgH, can be further
reduced if the CeF5 addition is increased. A reduction of about 70 °C
is achieved for the MgH, + 0.1AlH; + 0.05CeF; sample compared to
the pure MgH, in Fig. la.

To preliminarily study the role of AlH; in the MgH, + 0.1AIH; +
0.05CeF; sample, we carried out morphology analysis on the as-
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milled MgH, with or without AlH; addition. Fig. 7 shows the SEM
images of the pure MgH, sample and the MgH, + 0.25AlH; sample
after ball milling. It is seen that the particles of the as-milled MgH, +
0.25A1H; sample are generally smaller than that of the as-milled
pure MgH, sample, which suggests that AlH; addition will lead to
particle refinement of MgH,. This may imply that more MgH,
particle surfaces will contact with the excess CeF;. More closely
contacting means that more MgF,/CeH,_; phases acting as hydrogen
diffusion gateways will be generated, thus further reducing the
desorption temperature of MgH,. It should be noted that this
temperature reduction may origin from the kinetic enhancement
rather than the destabilization effect. As the hydrogen desorption
analysis of the samples were carried out by DSC measurements with
a relatively fast heating rate of 10 °C/min. Such a heating rate may
lead to hysteresis in the DSC curves if the reaction kinetics is not
fast enough. The AlHj;-added Mg-based material may possesses
more MgF,/CeH, ; phases acting as hydrogen diffusion gateways,
thus behaving better kinetic properties. Therefore, the AlH; addition
in our present work was believed to kinetically help CeF; to take
effect on the Mg-based materials. All in all, in addition to
thermodynamically destabilizing MgH,, AlH; may also kinetically
help CeF; to take effect on the MgH,. However, the exact role of
AlH; should be carefully studied in detail by other analysis
techniques.
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Fig. 6 DSC curves of MgH, + mCeF; (m = 0.01, 0.02, and 0.05) (a-c)
and MgH, + 0.1AIH; + nCeF; (n = 0.01, 0.02, and 0.05) (d-f)
samples.
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Fig. 7 SEM images of the as-milled samples: (a) MgH, + 0.25A1H;;
(b) MgH,.

Conclusions

The hydrogen desorption properties, involving the kinetics, the
thermodynamics, and the cycling stability of MgH, is
significantly improved by synergistic addition of AlH; and
CeF;. The formations of Mg solid solution and Mgi;Al,
contribute to the thermodynamic destabilization of MgH,, while
the formation of CeH,.; acting as “hydrogen pump” and
impediment to grain growth of MgH, leads to the improvement
of the kinetics and the extremely good cycling stability of
MgH,. Finally, it was found AlH; would kinetically help CeF;
to take effect on MgH,. This work provides a method for
simultaneously tailoring the thermodynamic and kinetic
properties of MgH, by synergistic addition of metal hydride
and rare earth fluoride.
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