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h i g h l i g h t s
� MnFe2O4 nanoparticles effect on MgH2 desorption properties is studied for the first time.
� MgH2 þ 7 mol% MnFe2O4 desorption temperature onset reduction is 140 �C, compared with MgH2.
� The apparent activation energy of the 7 mol% MnFe2O4-doped sample is dramatically decreased.
� Mg2MnO4 and Fe0.872O phases play an important role in improving MgH2 desorption properties.
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a b s t r a c t

The catalytic effects of MnFe2O4 nanoparticles on the dehydrogenation properties of MgH2, prepared by
ball milling, are investigated for the first time. The onset dehydrogenation temperature for MgH2 þ 7 mol
% MnFe2O4 is 300 �C, 140 �C lower, compared with the as-received MgH2. The isothermal dehydriding
kinetics shows that 7 mol% MnFe2O4-doped sample can release 5.05 wt.% hydrogen in 1 h at 300 �C
under 0.1 MPa pressure, whereas as-received MgH2 releases only 0.49 wt.% hydrogen for the same
conditions, indicating significantly improved dehydrogenation. From the differential scanning calorim-
etry and the Kissinger desorption kinetics analysis, the apparent activation energy of 7 mol% MnFe2O4-
doped sample is 64.55 kJ mol�1, resulting in 190.34 kJ mol�1 decrease, compared with the as-received
MgH2, which is lower than that of MgH2 doped with other reported transition metal oxide catalysts.
Based on X-ray diffraction and X-ray photoelectron spectroscopy tests, Mg2MnO4 and Fe0.872O phases
together play a synergistic role in remarkably improving MgH2 dehydriding properties.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Magnesium hydride is one of the attractive hydrogen storage
materials due to its high hydrogen storage capacity (w7.6 wt.%),
low cost and light weight. However, high desorption temperature
(>400 �C) and relatively poor hydridingedehydriding kinetics limit
MgH2 practical applications [1e5]. During the past decade re-
searchers tried to address these issues. The efforts included pre-
paring smaller particle powders by using ball milling [6], and
additives, such as transition metals [4,7], transition oxides [8,9],
transition halides [10], and other compounds [5,11]. Since transition
metals have multiple valence states in corresponding transition
metal oxides, the latter show better reaction efficiency [9,12]. Thus,
studying hydrogen interactions with transition metal oxides helps
understanding their specific role in MgH2 hydrogen absorptione
All rights reserved.
desorption reactions [13e16]. It was also reported that MnO2 and
Fe2O3 could ameliorate MgH2 hydrogen storage performance
[17,18]. Zhai et al. reported that MnFe2O4 could remarkably improve
LiAlH4 dehydrogenation [19], therefore, it is reasonable to believed
that MnFe2O4 would show great potential as a catalyst to advance
MgH2 hydrogen storage performance. In this work, MnFe2O4
nanoparticles were employed as catalyst precursors to study their
effect on the dehydrogenation properties of MgH2 prepared by ball
milling.
2. Experimental

MgH2 was obtained from Sigma Aldrich Co., and MnFe2O4

(�99.99% pure, 20 nm particle size) was prepared by the nitratee
citrate auto-combustion methods (Fe(NO3)3$9H2O and Mn(NO3)2
were dissolved in deionized water and mixed uniformly, then
adding chelating agent citric acid, the pH value of solution was
adjusted to 7 by adding NH3$H2O, the solution was stirred by
magnetic stirrer at 60 �C to form a solegel, the gel was dried at
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Fig. 1. Thermal desorption curves of the as-received MgH2, as-milled MgH2, and ball-
milled MgH2 doped with 3 mol%, 5 mol%, 7 mol% and 9 mol% nanosized MnFe2O4.
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Fig. 2. DSC profiles of (a) as-received MgH2 and (b) ball-milled MgH2 doped with
7 mol% MnFe2O4 within the 50e500 �C temperature range (4 �C min�1 heating rate).
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120 �C. The dry gel was ignited in the air and a self-propagation
reaction (exothermic) followed). Both materials were used as-
received, without any further purification. All handling (including
weighing and loading) was performed in high-purity argon-filled
glove box in order to avoid oxidation and moisture. About 2 g of
MgH2 was mixed in different proportions (3 mol%, 5 mol%, 7 mol%,
and 9 mol%) with MnFe2O4 nanoparticles, and ball milled for
30min in a high-energy Spexmill. All the samples were loaded into
the stainless steel vial in an argon-filled glove box. ZrO2 balls were
added with a ball-to-powder weight ration of 15:1. After the 10 min
ball milling, the steel vial was rested for 5 min to cool it.

The dehydrogenation properties of as-receivedMgH2 and doped
samples were measured by using a pressureecompositionetem-
perature (PCT) apparatus (Beijing Nonferrous Metal Research
Institute, China). For non-isothermal dehydrogenation, typically,
0.5 g sample was loaded into the vessel, and then heated up to
500 �C at a 6 �C min�1 rate under 0.1 atm, the system pumped to a
hard vacuum, before heating was commenced. Following the first
complete dehydrogenation, the samples were subjected to rehy-
drogenation at 350 �C under 4 MPa hydrogen pressure. Subse-
quently, the rehydrogenated samples were dehydrogenated at
300 �C, or 350 �C under 0.1 MPa pressure, respectively.

In order to further analyze the dehydrogenation performance
and calculate the desorption activation energy of the doped MgH2
sample by means of the Kissinger method, the differential scanning
calorimetry (DSC) was performed using NETZSCH STA 449C in
high-purity argon (50 mL min�1

flow rate). About 5 mg sample was
sealed into a 50 mL alumina crucible in the glove box, and then
heated at different heating rates (4 �C min�1, 7 �C min�1 and
10 �C min�1), from 50 �C to 500 �C.

The morphology of the as-received and doped samples after ball
milling was examined by scanning electronmicroscopy (SEM, ZEISS
EVO18, Germany). The phase structure of the samples after ball
milling and after dehydrogenation was determined by using the
MXP21VAHF X-ray diffractometer (XRD with Cu Ka radiation,
40 kV, 200 mA) at room temperature. The 2q angle was varied from
10� to 90� in 0.02� increments, 1 s per step. X-ray photoelectron
spectroscopy (XPS) was performed with the PHI-5300
spectrometer.

3. Results and discussion

3.1. Dehydrogenation temperature

Fig. 1 shows the non-isothermal desorption curves of as-
received MgH2, as-milled MgH2, and MgH2 doped with 3 mol%,
5 mol%, 7 mol% and 9 mol% MnFe2O4 nanopowder. It is distinct that
adding MnFe2O4 nanoparticles dramatically improves MgH2
dehydriding properties, since the onset desorption temperature for
the doped samples is remarkably lower, compared with the as-
received MgH2. The as-received MgH2 starts to decompose at
440 �C. Compared with the as-received MgH2, the initial dehy-
drogenation temperature of the as-milled MgH2 drops by 80 �C due
to the MgH2 activation introduced by the ball milling [20,21].

When MgH2 matrix is doped with MnFe2O4 nanoparticles, the
desorption temperature onset is reduced further. For the 3 mol%
doped sample, the dehydrogenation process initiates at 330 �C.
Further increase of the additives amount to 5 mol% reduces the
dehydrogenation temperatures to 320 �C. Compared with the as-
received MgH2, adding 3 mol% and 5 mol% MnFe2O4 causes a
reduction in the onset desorption temperature by 110 �C and
120 �C, respectively. Further 7 mol% MnFe2O4 addition drops the
decomposition initiation temperature to 300 �C, resulting in further
decrease, compared with 3 mol% and 5 mol% doped samples, and a
reduction of 140 �C, comparedwith the as-receivedMgH2. With the
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Fig. 3. Isothermal desorption curves of the as-received MgH2 and ball-milled MgH2

doped with 5 mol% and 7 mol% MnFe2O4 at (a) 350 �C and (b) 300 �C under 0.1 MPa
pressure.
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MnFe2O4 amount increasing to 9 mol%, the onset dehydrogenation
temperature reduces to 280 �C. The reduction of the onset dehy-
drogenation temperature is 31.8% after doping with MnFe2O4
nanopowders, which demonstrates MnFe2O4 superiority in
improving theMgH2 desorption temperature, comparedwith other
various catalysts reported in the literature [22e24]. However,
hydrogen desorption capacity for the 9 mol% doped sample is
significantly lower due to an excess amount of MnFe2O4
Fig. 4. SEM images of (a) the as-received MgH2 and (b
nanoparticles. Therefore, the MgH2 þ 7 mol% MnFe2O4 sample
exhibits optimal dehydrogenation performance, including the
onset dehydrogenation temperature and the released hydrogen
capacity. Thus, using the optimal 7 mol% amount of MnFe2O4
nanoparticles, allows analyzing the MnFe2O4 mechanism and the
catalytic effect in the following test.

To further compare the thermal decomposition performance of
MgH2, with and without the catalyst, Fig. 2 shows DSC curves of the
as-received MgH2 and MgH2 doped with 7 mol% MnFe2O4 samples
within the 50e500 �C temperature range (4 �C min�1 heating rate).
As seen in Fig. 2(a), the DSC curve of the as-received MgH2 includes
only one endothermic peak at 411.2 �C, corresponding to MgH2
dehydrogenation. However, for the doped sample, there are two
characteristic peaks in the DSC curve seen in Fig. 2(b). The first
endothermic peak is assigned to MgH2 desorption, while the origin
of the second endothermic peak appearance is unclear. The second
peak may be related to the particle size of MgH2 and the appear-
ance of the g-MgH2 phase (Fig. 5(b)) [22,25e27].

The notable reduction of the peak temperature in the above DSC
results reveals that the dehydrogenation properties of MgH2 are
significantly improved by adding nanosized MnFe2O4. However, it
is noteworthy that the desorption temperature onset measured by
DSC is quite lower than that measured by PCT. A similar phenom-
enon is reported in the literature [28,29]. This is mainly due to the
different decomposition atmospheres and heating rates for the
samples tested with DSC (0.1 MPa argon, 4 �C min�1) and PCT
(0.1 atm, 6 �Cmin�1), resulting in different driving forces during the
desorption process.

3.2. Dehydrogenation kinetics

Isothermal desorption kinetics curves for the as-received MgH2,
MgH2þ 5mol%MnFe2O4 andMgH2þ 7mol%MnFe2O4 samples are
measured at 300 �C and 350 �C respectively under 0.1 MPa pres-
sure. Fig. 3 shows that the as-received MgH2 and the ball-milled
samples doped with 5 mol% MnFe2O4 and 7 mol% MnFe2O4 nano-
particles release 0.49 wt.%, 2.87 wt.% and 5.05 wt.% hydrogen at
300 �C in 1 h under 0.1 MPa pressure, respectively. Further tem-
perature increase to 350 �C results in 0.54 wt.%, 4.56 wt.% and
6.72 wt.% of released H2 for the same time and pressure,
which demonstrates MnFe2O4 superiority in improving MgH2
desorption kinetics, compared with other catalysts reported in the
literature [16,30e33]. Therefore, significant improvement of MgH2
dehydrogenation kinetics can be achieved by adding MnFe2O4
nanopowders.

3.3. Dehydrogenation mechanism

SEM images of the as-received MgH2 and the ball-milled MgH2
sample doped with 7 mol% MnFe2O4 nanopowders are shown in
) ball-milled MgH2 doped with 7 mol% MnFe2O4.



Fig. 5. XRD patterns of (a) as-milled, (b) ball-milled MgH2, doped with 3 mol% and (c)
7 mol% MnFe2O4.

Table 1
Activation energy ofMgH2 dopedwith different catalysts, calculated by the Kissinger
method.

Catalyst Ea (kJ mol�1) Reference

Before doping After doping

BaRuO3 140 90 [16]
VO2(B) 160 139 [27]
Cr2O3 e 84 [34]
TiO2 e 94 [34]
Fe2O3 e 124 [34]
Fe3O4 e 115 [34]
Nb2O5 206 197 [35]
MnFe2O4 254.89 64.55 This work
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Fig. 4. The particle size of the as-received MgH2 is larger than
100 mm, however, the particle size of the MnFe2O4-doped sample is
between 5 mmand 10 mm. It must be mentioned that the embedded
MnFe2O4 particles can not be seen at the MgH2 surface by SEM
because of their small size. The dehydrogenation properties of
MgH2 doped with MnFe2O4 significantly improve after ball milling
due to the decreased particle size, which results in high surface
defect density andmore grain boundaries. Moreover, a high density
of nanosized catalyst particles forms a large number of nucleation
sites at the surface of theMgH2 matrix, leading to surface activation
and larger surface area of the MgH2 particles.

In order to further analyze MgH2 desorption mechanism after
doping with MnFe2O4, an apparent activation energy (Ea) of the as-
received MgH2 and MgH2 doped with 7 mol% MnFe2O4 was ob-
tained by the Kissinger method. The Ea of the as-received MgH2 is
254.89 kJmol�1, while the Ea of the doped sample is calculated to be
64.55 kJ mol�1. Therefore, there is a remarkable reduction of
190.44 kJ mol�1 in Ea for MgH2, indicating that the apparent acti-
vation energy is significantly improved by adding MnFe2O4 nano-
particles. To show MnFe2O4 catalytic effect on MgH2
dehydrogenation, comparison of Ea for MgH2 doped with different
transition metal oxide catalysts, calculated by the Kissinger
method, is listed in Table 1 [16,27,34,35]. MnFe2O4-doped sample
has the lowest apparent activation energy, which signifies MnFe2O4
superiority in improving the desorption performance of MgH2,
compared with other reported catalysts.

To illustrate that MgH2 and MnFe2O4 react during ball milling,
Fig. 5 shows XRD patterns of the as-received MgH2 (Fig. 5(a)) and
MgH2 doped with 3 mol% (Fig. 5(b)) and 7 mol% (Fig. 5(c)) MnFe2O4
after ball milling. Diffraction peaks of the composites are consid-
erably broadened as a consequence of particle size reduction (also
confirmed by SEM), more defects and mechanical strains created
within the lattice by the ball milling. For the doped samples after
ball milling, g-MgH2 diffraction reflections appear, but not b-MgH2.
The presence of g-MgH2 is a result of microstructure alteration due
to the ball milling, which is in agreement with reported results
[36e38]. New Mg2MnO4 and Fe0.872O phases are found, indicating
that MgH2 and MnFe2O4 react during ball milling. A similar
decomposition reaction occurs betweenMgH2 and Nb2O5, in which
Nb2O5 reduction forms MgNb2O3.67 [39]. Further increase of the
MnFe2O4 amount results in Mg2MnO4 and Fe0.872O peaks intensity
gradual increase. However, MgH2 peaks intensity declines, sug-
gesting that MgH2 reacts with MnFe2O4 and experiences partial
decomposition during ball milling, which becomes more severe
with increasing MnFe2O4 amount.

In order to determine the phase structure of the doped samples
in desorption process, XRD scans are performed on the as-milled
MgH2 (Fig. 6(a)) as well as 3 mol% (Fig. 6(b)) and 7 mol%
(Fig. 6(c)) MnFe2O4-doped samples after desorption at 350 �C, as
shown in Fig. 6. For the as-milled MgH2, the XRD pattern shows
that the sample only has Mg phase after desorption. For the doped
samples, the XRD spectra imply that there is not only Mg phase, but
also Mg2MnO4 and Fe0.872O phases. The Fe0.872O phase reflections
intensity gradually increases with the amount of MnFe2O4.
Considering the extreme improvement of MgH2 desorption
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Fig.6. XRD patterns of (a) as-milled, (b) ball-milled MgH2, doped with 3 mol% and (c)
7 mol% MnFe2O4 after desorption.
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properties by doping with MnFe2O4, it is reasonable to conclude
that the formed Mg2MnO4 and Fe0.872O phases together provide a
synergistic catalytic effect.

Fig. 7 shows the XPS narrow scan spectra of the ball-milled
MgH2 doped with 7 mol% MnFe2O4. Fig. 7(a) shows the photo-
emission spectrum of Mn 2p at 640.2 eV and 652.9 eV,
corresponding to Mg2MnO4 and MnOx/Mn, respectively. Fig. 7(b)
shows the photoemission spectrum of Fe 2p at 707 eV and 725 eV,
respectively, corresponding to FexOy and Mg2MnO4. XPS results
further testify that MgH2 and MnFe2O4 react during ball milling.
4. Conclusions

In conclusion, the dehydrogenation properties of MgH2 are
remarkably improved by adding MnFe2O4 nanoparticles. The onset
desorption temperature of ball-milled MgH2 doped with 7 mol%
MnFe2O4 is 300 �C, resulting in 140 �C decrease, compared with the
as-received MgH2. The isothermal dehydriding kinetics shows that
7 mol% MnFe2O4-doped sample can release 5.05 wt.% hydrogen in
1 h under 0.1 MPa pressure, whereas as-received MgH2 only re-
leases 0.54 wt.% hydrogen for the same conditions (time, temper-
ature and pressure). From the differential scanning calorimetry and
the Kissinger desorption kinetics analyses, the apparent activation
energy Ea of the 7 mol% MnFe2O4-doped sample is 64.55 kJ mol�1,
resulting in 190.34 kJ mol�1 reduction, compared with the as-
received MgH2 sample. Based on X-ray diffraction and X-ray
photoelectron spectroscopy analyses, Mg2MnO4 and Fe0.872O pha-
ses together play a synergistic role in remarkably improving
dehydrogenation properties of MgH2.
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