INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 23996—24004

journal homepage: www.elsevier.com/locate/he

Available online at www.sciencedirect.com International Journal of
DROGEN

HY
ScienceDirect ENERGY‘

New mechanism and improved kinetics of
hydrogen absorption and desorption of Mg(In) solid

Check for
updates

solution alloy milling with CeF3

H.C. Zhong ™", HJ. Lin ¢, X.J. Lu ", C.Y. Cao *”, C. Chen?, J.J. Sun "

2 Fujian Provincial Key Laboratory of Functional Materials and Applications, Xiamen University of Technology,

Xiamen, 361024, China

® School of Materials Science and Engineering, Xiamen University of Technology, Xiamen, 361024, China
€ Institute of Advanced Wear & Corrosion Resistance and Functional Materials, Jinan University, Guangzhou,

510632, China

HIGHLIGHTS

e Nanostructured Celns; forms by hydrogenation.

e In-situ formed Celn; impedes the agglomeration of Mgln

e Mg(In, Ce) solid solution reversibly forms by de/hydrogenation.

e The reversible phase transition and Celn; enhance de/hydriding reaction.

¢ Destabilization/lowering dehydriding enthalpy of MgH, is achieved.
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This paper presents improving the hydrogen absorption and desorption of Mg(In) solid
solution alloy through doped with CeF;. A nanocomposite of Mgg o5Ing gs-5 Wt% CeF3 was
prepared by mechanical ball milling. The microstructures were systematically investigated
by X-ray diffraction, scanning electron microscopy, scanning transmission electron mi-
croscopy. And the hydrogen storage properties were evaluated by isothermal hydrogen
absorption and desorption, and pressure-composition-isothermal measurements in a
temperature range of 230 °C—320 °C. The mechanism of hydrogen absorption and
desorption of Mg 95Ing o5 solid solution is changed by the addition of CeF3. Mg 95Ing 05-5 Wt
% CeF3; nanocomposite transforms to MgH,, MgF, and intermetallic compounds of Mgln
and Celns by hydrogenation. Upon dehydrogenation, MgH, reacts with the intermetallic
compounds of MgIn and Celn; forming a pseudo-ternary Mg(In, Ce) solid solution, which is
a fully reversible reaction with a reversible hydrogen capacity ~4.0 wt%. The symbiotic
nanostructured Celn; impedes the agglomeration of Mgln compound, thus improving the
dispersibility of element In, and finally improving the reversibility of hydrogen absorption
and desorption of Mg(In) solution alloy. For Mgp oslng os-5 Wt% CeF; nanocomposite, the
dehydriding enthalpy is reduced to about 66.1 + 3.2 kj-mol *-H,, and the apparent acti-
vation energy of dehydrogenation is significantly lowered to 71.9 + 10.0 kj-mol *-H,, a
reduction of ~73 kJ-mol~*-H, relative to that for Mgo 95Ing 05 solid solution. As a result,
Mgo.oslng os-5 Wt% CeF; nanocomposite can release ~57% H, in 10 min at 260 °C. The
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improvements of hydrogen absorption and desorption properties are mainly attributed to
the reversible phase transition of Mg(In, Ce) solid solution combing with the multiphase

nanostructure.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Hydrogen as a clean and renewable energy carrier is an ideal
substitution to current fossil fuels for satisfying the re-
quirements of sustainable society [1,2]. One of key issues for
the commercial applications of hydrogen energy, e.g.,
hydrogen fuel cell vehicles, is the efficient and safe hydrogen
storage technologies [3]. The light-weight hydrides are
generally regarded as the ultimate solution to the delivery and
storage of hydrogen [2,3]. Over last decades, various hydrides,
such as MgH,, LiBH,, NH3BH; etc, have been developed as
potential hydrogen storage materials [4—8|. Unfortunately,
those high-capacity hydrides always suffer from over high
thermodynamic stability and/or sluggish kinetics that result
in impractical high operating temperature for on-board ap-
plications [9—11].

Magnesium as one of the most promising hydrogen storage
materials, has many outstanding advantages, such as high
capacity, good cycle stability, abundant resource, low cost,
and environmentally friendly. But the high thermodynamic
stability of MgH, (—74.6 kJ-mol '-H,) results in the high
desorption temperature about 280 °C under a pressure of 1 bar
H,, and which will be further increased by the unfavorable
kinetics due to the high activation energy barriers [12,13].
Recently, tremendous efforts have been made to lower the
desorption temperature and improve the kinetics, such as
alloying [13—16], doping catalysts [17—20], nanocrystallization
and compositing [21—-23], and achieving great progresses. For
example, Yu et al. [24] synthesized MgH, nanocrystals
together with catalytic Ni nanoparticles on the graphene, this
MgH, nanocrystals presented fast hydrogen desorption rate at
200 °C, and could be re-hydrogenated at room temperature.
Using a similar synthetic route, Li et al. [25] prepared Mg,NiH,
single crystal nanoparticles covered by a thin layer (~ 3 nm) of
MgO, this nanostructured Mg,NiH, exhibited a low desorption
activation energy of 31.2 kJ-mol~*-H,, and high structural
stability during hydrogen absorption and desorption. It was
considered that MgO played a critical role in keeping the
thermal stability of Mg,Ni single crystal, and improving the
hydrogen absorption and desorption properties [25]. The
dimension effects were also confirmed in MgH,@CA micro-
spheres composite which released hydrogen with an activa-
tion energy of 114.8 kJ-mol~*-H, [26]. It is generally regarded
that nanocrystallization shortens the diffusion distance, de-
creases the thickness of Hy-impermeable layer of MgH,, even
weaken the Mg—H bonds, thus improving the kinetics. Doping
catalytic additives, such as transition metals (Fe, Co, Ni, Cu, Ti,
Nb, etc) [19,27,28], various nanosized metal oxides (TiO,, V,0s,
Cr,03, Fe;03, NbyOs, etc) [18,20,29], fluorides/halides (TiFs,
TiCls, LaF3, LaCls, CeF3, CeCls, etc) [30,31], and so on, is widely

used to enhance the de/hydriding kinetics. The comparative
study indicated that elemental V had the best catalytic effect
on dehydrogenation of MgH, among Ti, Mn, Fe and Ni [32]. For
0.75Mg-0.25Ti—H composite, the dehydriding activation en-
ergy was reduced to 53.6 kJ-mol~*-H, [33]. Recently some
multi-component oxides-TiVOs s, SrTiO3 and BaFe 5,044, Were
investigated as catalysts for de/hydrogenation of Mg [34—36].
Interestingly MgO was also found to have positive effect on
enhancing the hydrogen absorption and desorption in some
additives doped Mg systems, e.g. MgNiO, and MgFe,0, doped
MgH, systems [37,38]. Furthermore, the synergistic catalytic
effects were found in some nanocomposite additives, e.g. the
desorption temperature of MgH, was reduced to 210 °C due to
the introduction of symbiotic CeH,.73/CeO, nanocomposite
[39]. Other approaches to improve the kinetics include form-
ing composites with other hydrogen storage materials or
reactive additives, e.g. AlHj, ZrFe,H,, ZrMn, [23,40,41]. For
example, MgH, + 10 wt% nano-ZrMn, composite showed a
low desorption temperature of 181.9 °C, and reduced dehy-
drogenation activation energy ~ 83 kJ-mol~*-H, [41]. Although
crucial progresses have been achieved in improving the ki-
netics, the thermodynamic destabilization of MgH, is still
facing big challenge at present.

With respect to thermodynamic destabilization, several
strategies, namely nanostructuring, compositing with
reactive additives, and alloying, have been employed
[6,9,12,13,15,42,43]. Theoretically the stability of MgH, can be
obviously lowered when the crystal size is reduced to less
than 1.3 nm [44]. Nevertheless it is difficult to prepare this
nanostructured Mg/MgH,. Furthermore, owing to the high
surface energy, the original nanoparticles always tend to grow
and aggregate, which is particularly obvious during the
consecutive thermal treatments for H, absorption and
desorption, based on the solid-state reactions involving mass
transport, leading to a quick loss of the nanostructured
morphology and continuing deterioration of storage proper-
ties. Another innovative method is altering the de/hydriding
reaction pathways. Representative example is MgH,—Si sys-
tem, which shows a significantly reduced dehydriding
enthalpy of 36.4 kJ-mol~'-H, due to the changed reaction
route owing to the formation of Mg,Si [42]. However, the
reverse reaction was severely restricted by the high stability of
Mg,Si [42]. Additionally, forming intermetallic compounds by
alloying with metal elements (e.g. Mg,Ni, Mg;MnNi,) are
effective approaches to tune the thermodynamics. Unfortu-
nately these approaches are always suffered from a severe
penalty of large capacity losses [45].

Mg-based solid solutions, performed minor modulations to
the structure and composition of Mg, could be an alternative
choice to avoid excessive capacity loss. Numerous works
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demonstrated the improvements of hydrogen storage prop-
erties for Mg-base solid solutions, such as Mg—Ti/Co/Ni BCC/
FCC structure solid solutions, metastable Mg—Y and Mg—Y—Ni
supersaturated solid solutions by rapid solidification, and the
equilibrium Mg-Li and Mg—Sc solid solutions [46—49]. How-
ever, those Mg-based solid solutions, whether in equilibrium
or non-equilibrium state, could not recover from the hydro-
genated products consisting of elemental hydrides and/or
intermetallic compounds [50]. For instances, the supersatu-
rated Mg—Y—Ni and Mg—Y—Zn solid solutions were irrevers-
ibly decomposed to MgH,, YH,/YHs, Mg,NiH, and/or Mg,Zn/
MgZn, by hydrogenation [48,49], and the equilibrium Mg—Li
solid solution was irrecoverably hydrogenated to MgH, and
LiH [50]. To the best of our knowledges, most of Mg-based solid
solutions for hydrogen storage were limited by the unavoid-
able phase separation and poor structural reversibility.

Recently, it was confirmed that Mg(In) solid solutions could
reversibly absorb and desorb hydrogen with lowered dehy-
driding enthalpy [6,51]. However, the intermetallic compound
of Mgln (precipitated by hydrogenation) was easy to agglom-
erate, thus resulting in composition inhomogeneous, and
further lowering the reaction rate of reforming Mg(In) solid
solution, which deteriorated the de/hydriding kinetics [51]. As
far as we know, Rare-earth fluorides/halides were confirmed
to have catalytic effects on hydrogen absorption and desorp-
tion of Mg based alloys. Ismai et al. investigated the catalytic
effects of CeCl; and LaCl; on MgH,, and considered the in situ
formed Ce/La—Mg alloys and MgCl, as active species to cata-
lyze hydrogen absorption and desorption of Mg [52,53]. On the
other hand, it was regarded that the addition of Rare-earth
fluorides could modify the microstructures and reduce the
agglomeration/growth of nano Mg particles, thus improving
the hydrogen storage properties [31]. Herein, cerium fluoride
(CeFs) was doped to Mg(In) solid solution synthesized a
nanocomposite of Mgy gsIng os-5 Wt% CeF; by ball milling. It
was found that the nanostructured intermetallic compound of
Celn; instead of cerium hydrides (CeH,~ CeHs) formed by
hydrogenation of Mgp g5Ing 0s-5 Wt% CeF3; nanocomposite, and
this nanostructured Celns could limit the agglomeration of
Mgln. Upon dehydrogenation, pseudo-ternary Mg(In, Ce) solid
solution formed with reduced dehydriding enthalpy of
66.1 + 3.2 k] mol~* H,, and crucially lowered apparent activa-
tion energy of 71.9 + 10.0 k] mol~! H, comparing with that for
Mg(In) solid solution [51]. The results provide a new approach
to improve the hydrogen storage properties of Mg based
alloys.

Experimental details

Mg(In) binary solid solution was prepared by sintering and
subsequent ball milling process. Firstly, powder mixtures of
elemental Mg and In (99.9% purity, 200 meshes, Grinm
Advanced Materials Co., Ltd., China) with designed composi-
tion of Mg eslng s (atomic ratio) were homogenized by ball
milling, then pressed into pellets and sintered for 5 h at 573K
in a tube furnace under the protection of high purity argon
(99.9999%) atmosphere. Secondly, the pellets were pulverized
and milled with 5 wt% CeF3 (99.9% purity, 300 meshes, Alfa
Aesar) on a planetary mill (QM-3SP2, China) under the

protection of high purity argon atmosphere. The weight ratio
of powders to stainless steel balls was 1:50. To prevent tem-
perature over rising, the milling program was interrupted for
30 min after continuously running for 30 min. Finally, a
nanocomposite of Mgj oslng 0s-5 Wt% CeF3; was gotten by ball
milling for 20 h.

The powders X-ray diffraction (XRD) was performed on the
PANalytical X’Pert MRD diffractometer with Cu-Ka radiation
(» = 1.54056 A). The morphology and phase distribution were
observed by scanning electron microscope (SEM, ZEISS Sigma
500 attached OXFORD X-Max™ EDS) and scanning trans-
mission electron microscopy (STEM, FEI TALOS F200S
attached BRUKER Super-X EDS). The hydrogen storage prop-
erties were characterized by the measurements of pressure-
composition isotherm (PCI) and isothermal hydrogen ab-
sorption and desorption on an automatic Sievert-type appa-
ratus (homemade). The powders sample with a weight of
0.4000 g was sealed in a sample holder and loaded into a
stainless steel vessel for the following hydrogen absorption
and desorption measurements. Firstly, the apparatus pipe-
lines system and sample chamber were evacuated for about
30 min. Then the program began to calibrate the volume of
sample chamber at room temperature and target temperature
using high purity argon. And then the measurements started
according to the pre-set programs. Before the data collection,
the sample was activated completely by undergoing 5 cycles
of hydrogen absorption and desorption at 300 °C. The
isothermal hydrogen absorption was carried out under an
initial hydrogen pressure of 2.5 MPa. The hydrogen desorption
kinetic measurements started in near vacuum condition.

Results and discussions
Morphology and de/hydriding transition

Fig. 1 presents the phase components of Mgg.95Ing os-5 Wt%
CeF; nanocomposite in different states. Fig. 1(a) is the XRD

& MgH,
® Mg(In,Ce) solid solution

+ Mgln

(c) dehydrogenated

Intensity/a.u.

T CCF3 | E— T " T T
20 30 40 50 60 70 80
20/deg.

T CeF; |

Fig. 1 — XRD patterns of ball milled Mgy 95Ing os5-5 Wt% CeF3
nanocomposite. (a) ball milled, (b) hydrogenated, (c)
dehydrogenated.
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pattern of ball milled powders, which shows two phases of
primitive Mg(In) solid solution and the doped CeF;. By
hydrogen absorption, the diffraction peaks of Mg(In) solid
solution and CeF; were all disappeared accompanying with
the appearances of the diffraction peaks of MgH, and inter-
metallic compounds of MgIn and Celns, and traces of MgO
and MgF, could be also observed, as illustrated in Fig. 1(b).
Fig. 1(c) is the XRD pattern of dehydrogenated Mgp.9sIng os-
5 wt% CeF; nanocomposite, in which only Mg together with
trace of MgO could be observed. The intermetallic com-
pounds of MgIn and Celns could have been decomposed by
dehydrogenation, however there were no other new phases
concerning In and Ce observed. So it is believed that Mgln
and Celns have reacted with MgH, forming a pseudo-ternary
Mg(In, Ce) solid solution by dehydrogenation, which is
similar with the reversible de/hydriding mechanism of
Mg(In) binary solid solution. However, there was an inter-
esting phenomenon that the cerium fluoride (CeFs) did not
react with H, forming cerium hydrides (e.g. CeH, and CeHjs)
as reported in other materials systems [30,31].

For understanding the microstructures of Mgy.g5Ing os-5 Wt
% CeF3 nanocomposite, SEM and STEM were performed to
observe the morphology and microstructures, the results are
illustrated in Figs. 2—4. Fig. 2 is the back scattering electron
images of Mgo.oslnges-5 Wt% CeF; nanocomposite. From
Fig. 2(a) and Fig. 2(b), it can be observed that the particle size of
ball milled powders is in several micrometer degree. However,
CeF; (the bright particles marked by arrows in Fig. 2(a)) was

Fig. 2 — SEM (Back scattering electron) images of
Mgo.o5INng 05-5 Wt% CeF; nanocomposite. (a) and (b) ball
milled powders, (c) hydrogenated Mg o5Ing o5-5 Wt% CeFs
nanocomposite.

Fig. 3 — STEM images of the hydrogenated Mgp.o5Ing o5-5 Wt
% GeF3 nanocomposite, (a) bright field (BF) image, (b) high-
angle annular dark field (HAADF) image, (c) high resolution
image, (d) selected area electron diffraction patterns.

milled to nano size. Fig. 2(b) is the enlarged one particle. It
shows that the CeF; nanoparticles are homogeneously
dispersed in the Matrix of Mg(In) solid solution. Fig. 2(c) shows
the morphology of the hydrogenated Mgg.g5Ing os-5 Wt% CeF;
nanocomposite. The bright nanoparticles are the intermetallic
compounds of MgIn and Celn; precipitated by hydrogenation.
From Fig. 2(c) it is obviously observed that MglIn and Celns are
homogeneously dispersed in the matrix of MgH,, and keeping
high nanostructure stability during the hydrogen absorption
and desorption process. Comparing with Mg(In) binary solid
solutions, for the Mgp.gs5Ing 05-5 Wt% CeF3 nanocomposite the
precipitated MgIn is much smaller in particle size and dis-
perses more homogeneously in the matrix of MgH,, indicating
that the agglomeration of Mgln is constrained by the symbi-
otic intermetallic compound of Celns. Fig. 3(a) and (b) are the
bright field (BF) and high-angle annular dark field (HAADF)
images for the hydrogenated Mgy.g5Ing 0s-5 Wt% CeFs; nano-
composite, which further confirm that the intermetallic
compounds of Mgln and Celn; are nanostructure and disper-
sively embed in the matrix of MgH,. Fig. 3(c) and (d) are the
high resolution transmission electron image and selected area
electron diffraction patterns respectively, from which MgH,,
MgIn and Celns; were all confirmed in the hydrogenated
Mgo.9sIngos-5 Wt% CeFs; nanocomposite. The results are
consistent with the XRD analysis as shown in Fig. 1 (b).
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Fig. 4 — STEM images together with the corresponding
element mapping for hydrogenated Mgy.9s5Ing o5-5 Wt%
CeF; nanocomposite. (a) BF image, (b) HAADF image.

Additionally the amorphous/nanocrystalline MgH, is found
around the hydrogenation precipitates (Mgln or Celns). Fig. 4
illustrates the BF and HAADF images together with the cor-
responding element mapping for the hydrogenated
Mgo.95Ing 05-5 Wt% CeF; nanocomposite. Fig. 4(a) is the BF
image, and Fig. 4(b) is the corresponding HAADF image.
Fig. 4(c) is the mapping of element Ce, which is highly over-
lapped with the mapping of element In (Fig. 4(d)), indicating
that the dark particles in Fig. 4(a) (corresponding to the bright
particles in Fig. 4(b)) are the intermetallic compound of Celns.
The mapping of Mg (Fig. 4(e)) and F (Fig. 4(f)) confirms the
existence of MgF, which covers on the surface of the particles
with nanostructure. The SEM and STEM analysis reveal that
the intermetallic compound of Celns is nanostructure, which
benefits to inhibit the growth of MgIn and MgH,.

Based on the above phase analysis, it is considered that the
ball milled Mgy g5Ing 0s-5 Wt% CeF3; nanocomposite firstly ab-
sorbs hydrogen to transform to MgH,, MgF, and intermetallic
compounds of MgIn and Celns; conversely the decomposition
of MgH, involves the intermetallic compounds of Mgln and
Celn; to form a pseudo-ternary Mg(In, Ce) solid solution,

which is a reversible de/hydriding reaction. The de/hydriding
reaction of Mgposingps-5 Wt% CeFs; nanocomposite can be
described as:

firt:Mg(In) + CeF; + H, —» MgH, + MgIn + Celn; + MgF, (1)

then:Mg(In, Ce) + H, + MgF, <> MgH, + MgIn + Celn; + MgF,

(2)

Kinetics of hydrogen absorption and desorption

Fig. 5 shows the isothermal hydriding and dehydriding curves
of MgposIng os-5 Wt% CeFs; nanocomposite at different tem-
peratures. The nanocomposite shows much faster hydrogen
absorption rate than hydrogen desorption rate. But both the
hydriding and dehydriding rates of Mg osIngos-5 Wt% CeFs
nanocomposite are faster than those for the corresponding
Mg, 05N o5 solid solution alloy without doped with CeF;. The
hydrogen uptake content reached the maximum of 3.5 wt% in
20 min at 230 °C, but it only needed about 10 min to absorb
3.5 wt% H, when the hydriding temperature was elevated to
260 °C. However, it needed more than 30 min to release
hydrogen at 260 °C. On the other hand, from Fig. 5(a) it can be
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Fig. 5 — Isothermal hydrogen absorption and desorption of

Mgo.95INng 05-5 Wt% GeF; nanocomposite. (a) hydrogen
absorption, (b) hydrogen desorption.
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observed that the hydrogen uptake content has an obvious
increase (increasing to about 4.0 wt%) with the improvement
of hydriding kinetics when the temperature increased to
280 °C, indicating a progress of the hydrogenation degree. It is
well known that the diffusion rate of H atoms is far lower in
MgH, than in Mg [24]. So the hydrogen absorption will be
impeded and result in incomplete hydrogenation when the
surface of powders is covered by a continuous layer of
impermeable MgH,. However the diffusion rate can be accel-
erated by the elevation of reaction temperature. And it could
be also related to the formation of Mg(HxF;.x), as reported by
Pighin [54]. As a result, the hydrogen uptake content increased
with the elevated hydriding temperature in the experiment.
For dehydrogenation, the reaction had a significant speeded-
up by elevating the dehydriding temperature, as shown in
Fig. 5(b). The hydrogen release time was reduced from 30 min
to about 10 min by elevating the temperature from 260 °C
to 280 °C.

The sorption datum shown in Fig. 5(a) were fitted using
Johnson-Mehl-Avrami-Kolmogorov (J]MAK) equation:

a=1-—exp(l—«t)’ (3)

where « is the reaction fraction, « is the reaction rate, t is the
reaction time, and 7 is the reaction exponent. JMAK equation
is turned into the linear form as:

In[-In(1 — )] = nln(x) + 7 In(t) )

the linear plots of « and t were gotten in Fig. 6(a), from which x
values of different temperature were achieved and used to
calculate the apparent activation energy (E;) by Arrhenius
equation:

It can be changed into the form as following:

Ea

In() = — o=+ In(Ko) ()
1'6__ 3.5 E,=341%19kl/mol (a)
15- \ R’=0.99

12-4.0 S
0.84%
— 1 45 S
T 0.4- ® N

= 021 022 023 024 .

= 0.0 1000RT v:

= ]

-0.4 o 230°C
1 o 260°C
-0.8 1 A 280°C
1 v 300°C
-1.24
1.5 20 25 30 35 40 45 50 55

In(t)

Fig. 6 — (a) the linear plots of In[—In(1 — «)vsIn (t) and (b)
the Arrhenius plot for hydrogen absorption of Mgg o5Ing o5~
5 wt% CeF3; nanocomposite.

By this form the linear plots of In(x) and T~! were achieved
and illustrated in Fig. 6(b). The apparent activation energy of
hydrogen absorption was calculated to be 34.1 + 1.9 kJ-mol?
H, for Mgpgslnges-5 wt% CeF; nanocomposite, a notable
decrease in comparing with the value of 48.1 kJ-mol~! H, for
Mgp osIng o5 solid solution [51]. Through the same method the
apparent activation energy of hydrogen desorption was
determined to be 71.9 + 10.0 kJ-mol~' H, (as shown in Fig. 7),
lowered about 73 kj-mol ™' H, than 145 kJ-mol ™' H, for
Mgp o5Ing o5 solid solution un-doped with CeF; [51].

The dehydriding mechanism of Mgggslnges-5 wt% CeFs
nanocomposite is similar with that of Mg 95Ing o5 solid solu-
tion, the decomposition of MgH, involves the intermetallic
compounds of MgIn and Celns to form pseudo-ternary Mg(In,
Ce) solid solution and lease H,. This means that the de/hy-
drogenation involves the diffusion of H atoms as well as In
and Ce atoms in the Mg/MgH, lattice, which can be influenced
by the microstructure characteristics, such as the grain/par-
ticle size, phase distribution and the interfaces. Previously it
had been noticed that multi-phase microstructures with fine
grain/particle size is beneficial to the diffusion of H and In
atoms, and thus achieving kinetic improvement in the
Mg—-In—Al ternary system [51]. In the present work, the
precipitated intermetallic compounds of MgIn and Celn; were
all nanostructure, and there were also some amorphous/
nanocrystalline MgH,, e.g. around the intermetallic com-
pounds of MgIn and Celns, as observed by STEM. Certainly
these nanostructures are favorable for atom diffusing, thus
accelerating the dehydriding reaction. On one hand, these
nano grains also provide abundant boundaries/interfaces and
defect sites which have been cited as important components
for improving the kinetics of Mg-based materials [17,49]. On
the other hand, the nanosized MgIn and Celn; readily trigger
the decomposition of MgH,, once MgH, decomposes to
elemental Mg and H,, MgIn and Celn; will incorporate the
elemental Mg to form Mg(In, Ce) solid solution, which in
turn further accelerates the decomposition of MgH, [6,51].
Therefore, the intermetallic compounds of MgIn and Celns

E, =71.9 £ 10.0 ki/mol
R*=0.94

(a)

(b)

In[-In(1-a)]

T ¥ T

35 40 45 50 55 60 65 70
In(t)

Fig. 7 — (a) the linear plots of In[-In(1 — «)|vsIn (t) and (b)
the Arrhenius plot for hydrogen desorption of Mgp o5Ing o5~
5 wt% CeF3; nanocomposite.
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accelerate the decomposition of MgH,. Additionally, the sur-
face of powders covered by a layer of amorphous MgF,, which
could hinder the formation of continuous H-impermeable
MgO, and help H atoms to penetrate to the internal of particles
by forming Mg(HxF1.x)>. This amorphous MgF, possibly also
has catalytic effects on hydrogen absorption and desorption of
Mg as reported in Ref. [55]. At last but not the least, although
cerium hydrides were not found in the hydrogenated
Mg osIng os-5 Wt% CeF; nanocomposite, however the multi-
valent cerium could facilitate the diffusion and delivery of H
atoms, thus accelerating the formation and decomposition of
H, molecules [31,39]. That is to say the introduction of Celn,
plays an important role in improving the hydrogen absorption
and desorption properties.

Thermodynamics of hydrogen absorption and desorption

It is expected that the reversible phase transition of Mg(In, Ce)
solid solution benefits to destabilize MgH, as Mg(Al), Mg(In)
and Mg(In, Al) solid solutions [6,13,51]. Generally the de/
hydriding thermodynamics is evaluated through PCI mea-
surements. Fig. 8 shows the PCI curves of Mgp.gsIng os-5 Wt%
CeF3 nanocomposite, and the comparison of PCI for
Mgo.95Ing 05 solid solution doped and un-doped with CeF; at
280 °C. For Mgo.osIng 0s-5 Wt% CeF; nanocomposite, the lag of
hydrogen absorption and desorption is reduced, and the
plateau pressures are elevated, as illustrated in Fig. 8(b). And
there was also another outstanding feature that about 0.5 wt%
hydrogen released above the dehydriding plateau for
Mgo.95Ing 05-5 Wt% CeF; nanocomposite, which could be cor-
responding to the decomposition of amorphous MgH, around
the intermetallic compounds of MgIn and Celns. The reduced
lag is mainly attributed to the improved de/hydriding kinetics
as discussed in above. However, the elevated plateau pres-
sures definitely indicate a lowered thermodynamics of MgH,.

The equilibrium plateau pressure of metal hydrides is
dependent on the reaction enthalpy (AH) and entropy (AS),
both of which can be calculated by van’t Hoff equation:

10 i doped with CeF3 5 (@)
= 0.1
g
% _
o 0.01
é 0 1 2 : 4
17,]
&
0.1 5
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Fig. 9 — (a) the dehydriding plateau pressures and (b) van’t
Hoff plot for Mg 9sIng o5s-5 Wt% CeF; nanocomposite.

Peq. AH AS

() ke % "
here, P, is the equilibrium plateau pressure, which was taken
the average value of the dehydriding plateau pressures (cor-
responding to the pressure of midpoint at the plateau), the
results are shown in Fig. 9(a), po is the standard atmospheric
pressure, R is the gas constant (8.31J K~* mol™), and T is the
Kelvin temperature. The van’t Hoff plot shows a linear rela-
tionship between the equilibrium pressures and the reaction
temperatures as illustrated in Fig. 9(b). The calculated AH and
AS for dehydriding reaction is 66.1 + 3.2 kJ-mol~'H, and
1235 + 4.9 J K* mol? H, respectively. The dehydriding
enthalpy of Mgg.95Ingos-5 Wt% CeFs; nanocomposite is lower
than 68.1 kJ-mol™'H, for Mgy gsIng o5 solid solution un-doped
with CeFs [51]. The lowered dehydriding enthalpy could be
mainly attributed to the altered reaction pathways of MgH,
due to the formations of Mg(In, Ce) solid solution and the
intermetallic compounds of Mgln and Celns, as Eq. (2).
Recently, it was reported that the deformation of Magnesium
lattice or plastic deformation could increase the hydrogen
absorption and desorption plateau pressure and improve
hydrogen absorption/desorption [56—58]. For Mgg.g5Ing os-5 Wt
% CeF; nanocomposite, the dissolving of Ce and In (atomic
radium larger than Mg) combining with the multiphase
nanostructures generate severe lattice deformation, which
helps to elevate the de/hydriding plateau pressures. And this
deformation could also generate synergetic effects with the
reversible phase transition on lowering the dehydriding
enthalpy of MgH,.

L . B DR LA R BN JN R R
00 05 1.0 15 20 25 30 35 40 45
Hydrogen Capacity (wt.%)

Fig. 8 — (a) the pressure-composition isotherm (PCI) curves

of Mgy osIng o5-5 Wt% CeF; nanocomposite, (b) the

comparison of PCI for Mg, o5Ing o5 solid solution doped and
un-doped with 5 wt% CeFs.

Conclusions

The de/hydriding mechanism of Mgp.osIng o5 solid solution is
changed by the introduction of CeF; through mechanical ball
milling to form nanocomposite. Mgp.95INgos-5 Wt% CeF;
nanocomposite absorbs hydrogen transiting to MgH,, MgF,
and the intermetallic compounds of MgIn and Celn;. Upon
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dehydrogenation, MgH, reacts with the intermetallic com-
pounds of MgIn and Celns; forming pseudo-ternary Mg(In, Ce)
solid solution with reduced dehydriding enthalpy of
66.1 + 3.2 kJ-mol 'H, and significantly lowered dehydriding
activation energy of 71.9 + 10.0 kJ-mol * H,. The symbiotic
Celn; benefits to impede the agglomeration of MgIn, which
improves the reversibility of de/hydrogenation of Mg(In, Ce)
solid solution, and enhances the hydrogen absorption and
desorption. The lowered dehydriding enthalpy is mainly
attributed to the reversible phase transition of Mg(In, Ce) solid
solution and the multiphase nanostructures. In summary, the
hydrogen storage properties of Mg(In) solid solution alloy could
be significantly improved by doped with CeF;. And the results
could serve as a new approach to improve the hydrogen stor-
age properties of Mg based hydrogen storage materials.
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