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Effect of Na3FeF6 catalyst on the hydrogen storage
properties of MgH2

N. N. Sulaiman, N. S. Mustafa and M. Ismail*

The effects of Na3FeF6 catalyst on the hydrogen storage properties of MgH2 have been studied for the

first time. The results showed that for the MgH2 sample doped with 10 wt% Na3FeF6, the onset dehydro-

genation temperature decreased to 255 °C, which was 100 °C and 162 °C lower than those of the as-

milled and as-received MgH2 sample, respectively. The re/dehydrogenation kinetics were also significantly

enhanced compared to the un-doped MgH2. The absorption kinetics showed that the as-milled MgH2

only absorbed 3.0 wt% of hydrogen at 320 °C in 2 min of rehydrogenation, but about 3.6 wt% of hydrogen

was absorbed within the same period of time after 10 wt% Na3FeF6 was added to MgH2. The desorption

kinetics showed that the MgH2 + 10 wt% Na3FeF6 sample could desorb about 3.8 wt% of hydrogen in

10 min at 320 °C. In contrast, the un-doped MgH2 sample desorbed only 0.2 wt% of hydrogen in the

same period of time. The activation energy for the decomposition of the as-milled MgH2 was

167.0 kJ mol−1, and this value decreased to 75.0 kJ mol−1 after the addition of 10 wt% Na3FeF6
(a reduction by about 92.0 kJ mol−1). It is believed that the in situ formation of the active species of

NaMgF3, NaF and Fe during the heating process could enhance the hydrogen storage properties of MgH2,

due to the catalytic effects of these new species.

1. Introduction

Hydrogen is a clean and safe energy carrier and has significant
potential for use as an environmentally friendly energy carrier
in future applications. Since hydrogen reacts with oxygen and
produces water vapor as the exhaust in fuel cell applications, it
is considered to be pollution-free. This correlates with the
target formulated by the US Department of Energy (DOE)1 for
a long-term vision for the applications of hydrogen storage
that considers the economic and environmental parameters.
Although hydrogen has the potential to be an energy carrier,
the main problems faced are how to store and release it. There
are three approaches to storing hydrogen: storing it at high
pressures, cryogenics, and in the solid-state. The solid state
hydrogen storage was chosen rather than the cryogenic liquid
and gaseous states, due to several advantages such as the
efficiency of energy, safety, and the effectiveness of cost.2

Metal hydrides,3–5 complex hydrides,6–11 carbon
materials,12 and metal–organic frameworks (MOFs)13 are the
types of solid-state hydrogen storage materials that have been
studied. Among the many types of solid-state hydrogen
storage, MgH2 is considered to be one of the most promising

materials due to its high hydrogen capacity (7.6 wt%), with the
added advantages of being low cost and having superior rever-
sibility.14 However, problems such as high decomposition
temperature and slow desorption/absorption kinetics have
dampened the hope of its commercialization.15 These disadvan-
tages have been overcome by reducing the particle size,16

doping with catalysts,17–23 and reacting with other metals or
metal hydrides (destabilization concept).24–28 Many studies have
claimed that the fast and effective dissociation of hydrogen
molecules was enabled by the enhancement of the hydrogen
sorption kinetics in the metal hydride systems caused by cata-
lytic factors.29 Thus, the introduction of various catalysts into
MgH2 could enhance the hydrogenation properties of MgH2.

To date, no research has been conducted to study the
effects of Na3FeF6 as a catalyst on the hydrogenation perform-
ance of MgH2. Na3FeF6, which contains Na, Fe and F species,
may be an effective approach to enhancing the hydrogenation
performance of MgH2. Li, Be, Na, Mg, B and Al are light
metals that could form a large variety of metal–hydrogen com-
pounds.1 These elements are quite attractive due to their light
weight and the number of hydrogen atoms per metal atom.
Moreover, NaAlH4 is one of the promising alanates for practi-
cal application purposes because it was found to reversibly
store 3–4 wt% hydrogen under moderate conditions by the
addition of a small amount of Ti as a catalyst.30 On the other
hand, the hydrogen desorption properties of MgH2 were also
enhanced after being mixed with NaAlH4.

31,32 The onset
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dehydrogenation temperature was significantly improved as it
started to release hydrogen at about 280 °C, reduced by about
50 °C compared to as-milled MgH2. There was also an
enhancement in the dehydrogenation kinetics.

Many studies have reported transition-metal compounds as
effective catalysts for MgH2, resulting from the high affinity of
transition-metal cations for hydrogen.33–35 Liang et al.35

reported that the de/rehydrogenation kinetics of MgH2 were
enhanced by adding 5 wt% transition metal (Ti, V, Mn, Fe, and
Ni) compared to un-doped MgH2. Recently, numerous studies
have revealed that the reduction of the dehydrogenation temp-
erature of metal hydrides and complex hydrides is due to the
catalytic effects of the F-anion.36–39 Na based halides such as
NaF have also been proven to be good catalysts for metal
hydrides and alanates.40,41 It was reported that NaF particles
work as nucleation centers for the formation of NaH, due to
their identical crystallographic structures and comparable
lattice parameters, which promote the nucleation and growth
of NaH in the dehydrogenation process.42 It would therefore
be quite reasonable and interesting to combine Na, Fe and F
species to form a catalyst that would be able to have positive
effects on the dehydrogenation of MgH2. To the best of the
authors’ knowledge, no research has been reported on MgH2

doped with Na3FeF6. In this study, the hydrogen storage per-
formance of MgH2–Na3FeF6 composite was studied using
pressure-composition-temperature (PCT), differential scanning
calorimetry (DSC), X-ray diffraction (XRD) and scanning elec-
tron microscopy (SEM). The possible catalytic mechanism
from the results obtained is also discussed in this study.

2. Experimental details

MgH2 (hydrogen storage grade, 98% purity) and Na3FeF6 were
purchased from Sigma Aldrich. Both materials were used as
received with no further purification or pretreatment. Approxi-
mately 150 mg of MgH2 was ball-milled with different percen-
tages (10 wt%, 20 wt%, and 50 wt% of the total substance
amount) of Na3FeF6. The samples were loaded into a sealed
stainless steel vial, together with four hardened stainless steel
balls. The ratio of the weight of the balls to the weight of the
powder was 40 : 1. MgH2 with different Na3FeF6 powder ratios
were then milled for 1 h in a planetary ball mill (NQM-0.4), by
first milling for 15 min, resting for 2 min and then milling for
another 15 min in a different direction at the rate of 400 rpm for
2 cycles. For comparison, pure MgH2 was also prepared under
the same conditions. To eliminate the influence of oxygen and
water moisture, all handling of the samples was performed in an
MBraun Unilab glove box under high purity argon atmosphere.

The experiments on the temperature-programmed-desorp-
tion (TPD) and the de/rehydrogenation kinetics were per-
formed in a Sievert-type pressure-composition-temperature
(PCT) apparatus (Advanced Materials Corporation), also known
as the Gas Reaction Controller (GRC). The samples were
loaded into sample vessels in the glove box. For the TPD
experiments, all the samples were heated in a vacuum

chamber and the lowest decomposition temperature of each
sample was determined by measuring the amount of desorbed
hydrogen. The samples were heated from room temperature to
450 °C with the heating rate of 5 °C min−1. The de/rehydro-
genation kinetics experiments were conducted at the desired
temperature with the initial hydrogen pressures of 1.0 atm and
33.0 atm, respectively.

Differential scanning calorimetry (DSC) analysis of the as-
prepared powder samples was carried out using a Mettler
Toledo TGA/DSC 1. About 2–6 mg of the sample was loaded
into an alumina crucible in the glove box. Subsequently, the
crucible was placed in a sealed glass bottle in order to prevent
oxidation during the transfer from the glove box to the DSC
apparatus. An empty alumina crucible was used as reference.
The samples were heated from room temperature to 500 °C
under Ar atmosphere, and the heating rate was 20 °C min−1.

XRD analysis was performed using a Rigaku MiniFlex X-ray
diffractometer with Cu Kα radiation. Before the measurement,
a small amount of sample was spread uniformly on the sample
holder and covered with a scotch tape, then sealed in a plastic
wrap to prevent oxidation. The XRD analyses of the samples
before and after desorption, as well as after rehydrogenation,
were carried out at a speed of 2.00° min−1 over the diffraction
angles from 20° to 80°. Moreover, the surface morphology of
the samples was characterized using a scanning electron micro-
scope (SEM; JEOL JSM-6360LA). The samples were prepared on
a carbon tape and then coated with gold spray under a vacuum.
In order to minimize the oxidation, the preparations of the
samples were also carried out in the glove box.

3. Results and discussion

Fig. 1 displays the temperature programmed desorption (TPD)
performances of the as-received MgH2, as-milled MgH2 and

Fig. 1 TPD curves for the dehydrogenation of as-received MgH2, as-
milled MgH2 and the MgH2 doped with 10 wt%, 20 wt% and 50 wt%
Na3FeF6 under 1.0 atm vacuum with heating rate of 5 °C min−1.
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the MgH2 with 10 wt%, 20 wt%, and 50 wt%. Na3FeF6 added.
From the results obtained, it was clearly shown that the TPD
performance of MgH2 was significantly improved by adding
the Na3FeF6 nanopowder, resulting from the decrease of the
onset dehydrogenation temperature of the doped sample as
compared to the as-received and as-milled MgH2. The as-
received MgH2 started to release hydrogen at about 417 °C
with a total dehydrogenation capacity of 7.1 wt% hydrogen
after being heated to 450 °C (theoretically released at 7.6 wt%
hydrogen). On the other hand, the onset desorption tempera-
ture of MgH2 after milling was reduced to about 355 °C, which
was 62 °C lower than the as-received MgH2 with 6.7 wt% hydro-
gen. This result indicates that the onset desorption temperature
of MgH2 was also influenced by the milling process.20,43 This is
supported by a study of the milled and un-milled MgH2 within
the scope of structural difference by Huot et al.16 They reported
that the milled MgH2 had faster hydrogen desorption kinetics
and decreased activation energy compared to the un-milled
MgH2. The graph also shows that the hydrogen desorption
capacity of the MgH2 after being milled was lower than of the
as-received MgH2. This might occurred because of MgH2 that
released hydrogen during the milling process.

The addition of Na3FeF6 as a catalyst to the MgH2 showed a
decrease in the initial dehydrogenation temperature. After
adding MgH2 with 10 wt% Na3FeF6, the sample started to
release hydrogen at about 255 °C. For the MgH2 doped with
20 wt% Na3FeF6, the initial dehydrogenation temperature
decreased to about 260 °C. From the results obtained, the
onset desorption temperature of the doped MgH2 with 10 wt%
and 20 wt% Na3FeF6 samples were greatly enhanced by the
reduction of about 100 and 95 °C, respectively compared with
the as-milled MgH2, with the amount of hydrogen released
reduced to about 5.7 and 5.5 wt% respectively. To further
support the results obtained about the decrease of the onset
desorption temperature of the doped sample, 50 wt% Na3FeF6
was added to the sample of MgH2. As expected, increasing the
amount of dopant to 50 wt% Na3FeF6 improved the onset des-
orption temperature as compared with the as-milled MgH2 by
decreasing the temperature to about 330 °C with a total dehy-
drogenation capacity of only 4.4 wt%. This phenomenon is
similar to a study reported by Wan et al. on NiFe2O4 doped
MgH2.

44 They revealed that the reduction of hydrogen released
in the MgH2 + 9 mol% NiFe2O4 as compared with the MgH2 +
3 mol% NiFe2O4 and MgH2 + 5 mol% NiFe2O4 was due to the
excessive catalytic effects of the addition of excess NiFe2O4. Bar-
khordarian et al.45 also claimed the same condition in their
study. They found that only 0.5 mol% Nb2O5 was sufficient to
provide the fastest kinetics with a total dehydrogenation
capacity of 7.0 wt%. These results suggest that Na3FeF6 played
an important role as a catalyst in reducing the initial dehydro-
genation temperature of the MgH2. In addition to Na3FeF6, our
previous study on complex metal fluoride catalysts, K2TiF6

46

and K2ZrF6,
22 also showed an improvement in the onset dehy-

drogenation temperature of the doped sample as compared to
the as-received and as-milled MgH2. All the samples started
releasing hydrogen below 260 °C.

To further study the reversibility of MgH2 after doping with
Na3FeF6, the isothermal rehydrogenation kinetics of the MgH2

samples with and without the addition of Na3FeF6 was investi-
gated at 320 °C and under 33.0 atm of H2, as shown in Fig. 2.
The doped samples were studied at different ratios of Na3FeF6:
10 wt%, 20 wt% and 50 wt%. Among the ratios studied, MgH2

+ 10 wt% Na3FeF6 showed the fastest kinetics rate. Moreover,
the hydrogen absorption properties of the MgH2 + 10 wt%
Na3FeF6 composite was better than the un-doped composite.
As shown in Fig. 2, the doped composite of 10 wt% Na3FeF6
can absorb about 3.6 wt% of H2 in 2 min, whereas the as-
milled MgH2 only absorbed 3.0 wt% of hydrogen and required
about 20 min to achieve the same capacity as the composite
doped with 10 wt% Na3FeF6. In addition, hydrogen absorbed
was about 1.6 wt% and 1.2 wt% within 2 min after adding
20 wt% and 50 wt% Na3FeF6, respectively. From the results, it
can be seen that the hydrogen absorption behavior can be
affected by the amount of the catalyst. This correlates with a
study by Oelerich et al.32 who presented that the fastest sorp-
tion kinetics was obtained by using only 0.2 mol% of the cata-
lyst. Ranjbar et al.47 also reported that the reduction of the
grain size of MgH2 will enhance the kinetics results, but excess
catalyst added to the sample would obstruct the hydrogen
diffusion by blocking the diffusion paths. Taken together,
Na3FeF6 can also be suggested as a good catalyst for the
enhancement of rehydrogenation kinetics.

Fig. 3 presents the isothermal dehydrogenation kinetics of
the as-milled MgH2 and MgH2 doped with 10 wt%, 20 wt%
and 50 wt% Na3FeF6, measured at 320 °C and under 1.0 atm
of H2. As clearly shown in the graph, the sample with the
Na3FeF6 catalyst showed a remarkable improvement compared
to the un-doped sample. The 10 wt% Na3FeF6-doped MgH2

sample released about 3.8 wt% hydrogen in 10 min after 1 h of
dehydrogenation. In comparison with our previous study,22,46

Na3FeF6 demonstrated better enhancement of desorption kine-

Fig. 2 Isothermal rehydrogenation kinetics of the dehydrided samples
of the as-milled MgH2 and MgH2 doped with 10 wt%, 20 wt% and
50 wt% Na3FeF6 at 320 °C and under 33.0 atm.
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tics than other complex metal fluoride catalysts (K2TiF6 and
K2ZrF6). In 30 min, the MgH2 + 10 wt% Na3FeF6 sample
released about 4.0 wt% hydrogen at 300 °C, whereas MgH2 +
10 wt% K2TiF6 and MgH2 + 10 wt% K2ZrF6 samples desorbed
hydrogen at about 3.4 wt% and 3.0 wt%, respectively. MgH2

doped with 20 wt% and 50 wt% Na3FeF6 released about 3.2 wt%
and 1.8 wt% hydrogen in 10 min, respectively. In contrast, the
as-milled MgH2 sample desorbed only 0.2 wt% hydrogen in the
same period of time. These results indicate that the Na3FeF6
catalyst also enhanced the dehydrogenation kinetics of MgH2.

From the results of the initial decomposition temperature
and sorption kinetics, it was shown that the 10 wt% Na3FeF6-
doped MgH2 sample was the best composite for the enhance-
ment of the hydrogen storage properties of MgH2. Thus, the
MgH2 + 10 wt% Na3FeF6 sample was chosen to investigate the
mechanism and the catalytic effect on MgH2.

Fig. 4 compares the isothermal dehydrogenation kinetics of
the un-doped MgH2 and the MgH2 + 10 wt% Na3FeF6 sample
at 280 °C, 300 °C, 320 °C and 340 °C. These dehydrogenation
measurements were conducted at different temperatures
under 1.0 atm pressure to further study the dehydrogenation
kinetics of the as-milled MgH2 and MgH2 doped with 10 wt%
Na3FeF6. As displayed in the graph, MgH2 doped with 10 wt%
Na3FeF6 revealed a remarkable enhancement and better
desorption kinetics compared to the un-doped MgH2. The
MgH2 + 10 wt% Na3FeF6 sample released about 3.3 wt% hydro-
gen as shown in Fig. 4(e) in 60 min of dehydrogenation at
280 °C. There was a slight difference for the as-milled MgH2 as
the sample released only about 0.2 wt% hydrogen under the
same conditions. Further heating the Na3FeF6-doped MgH2

sample at a higher temperature, as shown in Fig. 4(f)–(h),
showed faster isothermal dehydrogenation kinetics than the un-
doped sample. Under the same period, Na3FeF6-doped MgH2

released hydrogen to about 4.3 wt%, 4.5 wt% and 4.7 wt% at
300 °C, 320 °C and 340 °C, respectively. On the other hand, the

as-milled MgH2 released about 1.0 wt%, 1.9 wt% and 3.9 wt%
under the same conditions (Fig. 4(b)–(d)). These results show
that the improvement of the desorption kinetics of MgH2 can
be achieved by doping with Na3FeF6. This kinetic enhancement
was related to the energy barrier of the H2 release from MgH2.

In the present study, adding Na3FeF6 to the MgH2 reduced
the activation energy for the decomposition of MgH2. The
Arrhenius equation shown below was used to calculate the
apparent activation energy, EA of the as-milled MgH2 and
MgH2 + 10 wt% Na3FeF6.

k ¼ k0 expð�EA=RTÞ ð1Þ

where k is the rate of dehydrogenation, k0 is a temperature
independent coefficient, EA is the apparent activation energy
for hydride decomposition, R is the gas constant, and T is the
absolute temperature. As shown in Fig. 5, by plotting ln(k) vs.
1/T, the apparent activation energies, EA, for hydrogen to be
released from the un-doped MgH2 and MgH2 + 10 wt%
Na3FeF6 were identified. From the calculations, the activation
energy, EA, for the decomposition of MgH2 + 10 wt% Na3FeF6
sample was about 75.0 ± 0.4 kJ mol−1, which was about
92.0 kJ mol−1 lower than for the as-milled MgH2 (167.0 ±
1.4 kJ mol−1). In our previous studies,22,46 it was shown that
the activation energy for the hydrogen desorption of MgH2

doped with 10 wt% K2ZrF6 was 80 kJ mol−1 and 132 kJ mol−1

for the MgH2 + 10 wt% K2TiF6 sample. Therefore, this study
has shown that doping MgH2 with Na3FeF6 has even lower des-
orption activation energy, demonstrating the superiority of
Na3FeF6 in enhancing the dehydrogenation properties of mag-
nesium hydride, as compared with other complex metal fluor-
ide catalysts such as K2TiF6 and K2ZrF6. These results were
supported by a study which claimed that the reduction of the
activation energy was due to the use of various catalysts,
especially any transition metal additive that leads to the pro-
vision of a site for the hydrogen dissociation and recombina-

Fig. 3 Isothermal dehydrogenation kinetics of the rehydrided samples
of the as-milled MgH2 and the MgH2 doped with 10 wt%, 20 wt% and
50 wt% Na3FeF6 at 320 °C and under 1.0 atm.

Fig. 4 Isothermal dehydrogenation curves of as-milled MgH2 and
MgH2 doped with 10 wt% Na3FeF6 at 280 °C (a, e), 300 °C (b, f ), 320 °C
(c, g) and 340 °C (d, h).
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tion during the absorption and desorption processes. Ball
milling is also one of the best ways to lower the activation
energy because of the fresh un-oxidized surfaces that result
from the breaking up of the Mg or MgH2 powder particles;48

thus, the decrease of the activation energy enhances the sorp-
tion properties of MgH2.

The thermal properties of the as-milled MgH2 and MgH2 +
10 wt% Na3FeF6 samples were further investigated by DSC,
with the results shown in Fig. 6. Clearly, the curve for the as-
milled MgH2 shows only one strong endothermic process,
namely, a peak at 440.30 °C that corresponds to the decompo-
sition of the MgH2. In addition, the DSC curves for the MgH2 +
10 wt% Na3FeF6 sample are similar to those of the as-milled
MgH2 sample, displaying only one endothermic peak at
342.76, which corresponds to the decomposition of MgH2 but
with the peaks having moved to lower temperatures. Further-

more, it can be seen that the onset decomposition tempera-
tures of the samples in DSC were slightly higher than in the
TPD (Fig. 1). These differences may result from the fact that
dehydrogenation was conducted under different heating rates
and atmospheres in two types of measurements. The DSC
measurement was run under 1.0 atm argon flow with a
heating rate of 20 °C min−1, while the TPD measurement was
conducted under the condition of 1.0 atm vacuum with
5 °C min−1 heating rate, resulting in different driving forces
during the desorption process. A similar phenomenon has
also been reported in our previous studies.49,50

In order to determine the hydrogen desorption enthalpy
(ΔHdec) of MgH2 decomposition, the DSC curves were analyzed
by the STARe software and the hydrogen desorption enthalpy
was obtained from the integrated peak areas. The hydrogen
desorption enthalpy for as-milled MgH2 was calculated as
75.2 kJ mol−1 H2, which is almost the same as the theoretical
value (76 kJ mol−1 H2). After the addition of Na3FeF6, the
enthalpy of hydrogen desorption of MgH2 was similar to that
of un-doped MgH2. These results indicate that the additive
investigated in this study acted as a catalyst and did not
change the thermodynamics of the system (destabilization
effect). This phenomenon is similar to previous reports on
metal halide doped MgH2.

51,52 However, other studies have
reported that both the thermodynamic and kinetic properties
of MgH2 could be adjusted at the same time with the addition
of a catalyst.44,53

Fig. 7 displays the SEM images of the as-received MgH2, as-
received Na3FeF6, as-milled MgH2 and 10 wt% Na3FeF6-doped
MgH2. From the SEM images, the un-milled MgH2 sample had
the largest particle size compared to the milled sample. As
shown in Fig. 7(a), the as-received MgH2 sample had an
angular shape with a particle size that was larger than 100 μm.
Fig. 7(b) shows the Na3FeF6 sample with particle size smaller
than 5 μm. After undergoing the ball milling process for 1 h,
the particle size of the MgH2 sample, as shown in Fig. 7(c),
became inhomogeneous. The average size of the MgH2 par-
ticles also caused a drastic decrease with some agglomeration.
On the other hand, it is clearly shown in Fig. 7(d) that the par-
ticle size of the MgH2 doped with 10 wt% Na3FeF6 as a catalyst
had the smallest size compared with the as-received and as-
milled MgH2. This might be due to the hardness of the
Na3FeF6, which helped MgH2 to break into a smaller size. This
phenomenon is similar to that in our previous report on
complex metal fluoride catalysts, K2TiF6 and K2ZrF6 doped
MgH2,

22,46 in which the hardness of the additive helped to
break the MgH2 particles into smaller sizes. The small size of
the particles leads to the enhancement of hydrogen absorp-
tion/desorption. The minimum initial dehydrogenation temp-
erature is also improved with the rise of the specific surface
area and decrease of the diffusion length of hydrogen.54

XRD was used to analyze the phase structure of the MgH2

doped with 10 wt% Na3FeF6 after 1 h of ball milling after de-
hydrogenation at 450 °C and after rehydrogenation at 320 °C
under 33.0 atm hydrogen pressure, as shown in Fig. 8. After
1 h of ball milling, only MgH2 peaks were observed; no peaks

Fig. 5 Arrhenius plots of ln(k) vs. 1/T for as-milled MgH2 and MgH2

doped with 10 wt% Na3FeF6.

Fig. 6 DSC traces of the as-milled MgH2 and MgH2 + 10 wt% Na3FeF6
(heating rate: 20 °C min−1; argon flow: 30 mL min−1).
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of Na3FeF6 were found as clearly shown in Fig. 8(a). The
reason the parent material of Na3FeF6-containing phases was
not detected could be because of its transformation into an
amorphous state after undergoing the milling process or poss-
ibly due to the fact that the amount of Na3FeF6 was too small
to be detected by the XRD machine. After dehydrogenation at
450 °C, as shown in Fig. 8(b), there were distinct peaks of Mg,
which revealed that MgH2 was fully transformed to Mg, thus
indicating the completion of the dehydrogenation of MgH2, as
shown in the equation below:

MgH2 ! Mg þH2 ð2Þ

Moreover, a peak of Fe could be seen after the dehydrogena-
tion. In addition, the MgO phase was also detected in the
dehydrogenation, due to contamination with a little oxygen,
which occurred during the sample preparation because of the
reaction between Mg and oxygen. Fig. 8(c) displays the results
for the rehydrogenated sample. Major peaks of Mg were
detected, showing that the Mg phase was largely transformed
into MgH2; the peaks of Fe and MgO were still present. The
reaction that occurred between MgH2 and Na3FeF6 during the
ball milling or heating process may have been caused by the
appearance of the active species of Fe after the de/rehydrogena-
tion processes.

To further explore the Na3FeF6-containing phase after de-
hydrogenation and after rehydrogenation, a sample of MgH2

with 20 wt% Na3FeF6 was prepared. Fig. 9 presents the XRD
patterns of the MgH2 doped with 20 wt% Na3FeF6 after 1 h of
milling, after dehydrogenation at 450 °C and after rehydro-
genation at 320 °C under the hydrogen pressure of 33.0 atm.
After undergoing the 1 h ball milling process, as shown in
Fig. 9(a), it can be seen that only the parent materials, MgH2

and Na3FeF6, were detected in the XRD pattern. No new com-
pounds were formed at this stage. As can be clearly seen in the
graph, the peaks of the catalyst can be detected in the milled
reactant of MgH2 doped with 20 wt% Na3FeF6 compared to the
MgH2 doped with 10 wt% Na3FeF6. The results indicate that
the amount of 20 wt% Na3FeF6 was large enough to be
deemed as detectable by the XRD machine. After heating to
450 °C, the peaks of MgH2 and Na3FeF6 disappeared, as can
be seen in Fig. 9(b). The results show that MgH2 was fully
transformed into Mg. In addition, the phase structures of Fe
and MgO were still present, together with some new peaks of
NaMgF3 and NaF observed after the dehydrogenation process,

Fig. 7 The SEM images of the (a) as-received MgH2, (b) as-received Na3FeF6, (c) as-milled MgH2 and (d) MgH2 + 10 wt% Na3FeF6.

Fig. 8 XRD patterns of MgH2 doped with 10 wt% Na3FeF6 (a) after ball
milling for 1 h, (b) after dehydrogenation at 450 °C and (c) after rehydro-
genation at 320 °C.

Paper Dalton Transactions

7090 | Dalton Trans., 2016, 45, 7085–7093 This journal is © The Royal Society of Chemistry 2016



proposing that a reaction might partially take place during the
heating process between MgH2 and Na3FeF6 as stated below:

3MgH2 þ 2Na3FeF6 ! 3NaMgF3 þ 3NaFþ 2Feþ 3H2 ð3Þ
The values of the standard Gibbs free energy, ΔG°

f , of MgH2,
Na3FeF6, NaMgF3 and NaF are −35.98, −2606.23, −1616.28,
and −545.18 kJ mol−1,55 respectively. Thus, −1163.98 kJ mol−1

would be the total change in ΔG° for MgH2. The standard-
state free energy of the reaction, ΔG°, was calculated using the
equation stated below:

ΔG° ¼
X

ΔG°
fproducts � ΔG°

freactions ð4Þ

The possibility of the reaction as stated in eqn (3) was
proven by the results obtained from the thermodynamic poten-
tials. Moreover, Fig. 9(c) shows the XRD pattern of the rehydro-
genated sample. From these results, it can be seen that the Mg
phase was largely transformed into MgH2, but minor peaks of
Mg were still present, indicating that MgH2 formation was not
fully reversible in the rehydrogenation phase. The peaks of
NaMgF3, NaF, Fe, and MgO still existed. The appearance of the
F-containing catalytic species, NaMgF3 and NaF in the XRD
spectra for the dehydrogenated and rehydrogenated samples
might be detected due to higher concentrations after the
amount of catalyst added was increased to 20 wt%, as com-
pared to the sample of MgH2 + 10 wt% Na3FeF6 with no detec-
tion of F species observed, shown in Fig. 8.

Following the first complete cycle (de/rehydrogenation), the
samples were subjected to a second dehydrogenation under
1.0 atm hydrogen pressure at 320 °C. Fig. 10 shows the XRD
patterns of the MgH2 doped with 20 wt% Na3FeF6 after the
second dehydrogenation. Compared with the mixed sample
after the first dehydrogenation, NaMgF3, NaF and Fe phases
did not change, indicating that the ternary combination
(NaMgF3, NaF and Fe) is very stable. Therefore, Na3FeF6 plays a
role in just the first MgH2 dehydrogenation. In the next hydrid-

ing–dehydriding cycles, NaMgF3, NaF and Fe are the main
phases that affect the hydrogen storage properties of MgH2,
and the second dehydrogenation can be expected to be similar
to reaction (2).

The results obtained show that the formation of the in situ
active species of NaMgF3, NaF and Fe, which resulted from the
reaction of MgH2 and Na3FeF6 during the dehydrogenation
process, could play an important role in improving the hydro-
gen sorption of MgH2. The formation of the active species of
NaMgF3 and NaF indicated that the Na3FeF6 component in the
MgH2–Na3FeF6 sample played a catalytic role through the for-
mation of F-containing catalytic species. This finding is corre-
lated with the previous work that studied the effects of
transition metal fluorides on the hydrogen storage properties
of MgH2, as reported by Jin et al.56 They revealed that the reac-
tion between MgH2 and transition metal fluorides during
milling and hydrogenation had formed the hydride phases
that could play a real role in enhancing the hydrogenation
kinetics of MgH2. From the study, many of the fluorides dis-
played significant catalytic effects in terms of onset desorption
temperature and de/rehydrogenation kinetics of MgH2. In
addition, the improvement of the dehydrogenation properties
of alanate was also proven and it was influenced by the F-con-
taining catalytic species.37 Moreover, NaF was one of the active
species that helped in the enhancement of the hydrogen
storage in NaAlH4 with synergetic catalysis.40 NaF particles
were also reported to work as a nucleation centre, which pro-
moted the nucleation and growth of NaH in the dehydrogena-
tion process, resulting from the identical crystallographic
structure and comparable lattice parameters.42

The formation of the in situ Fe particles resulting from the
reaction of MgH2 and Na3FeF6 during the dehydrogenation
process may play an important role in the enhancement of
MgH2 storage properties, because it is well-known that Fe is a
good catalyst for MgH2.

35,57 Fe may interact with hydrogen
molecules, which may lead to the dissociation of the hydrogen

Fig. 9 XRD patterns of MgH2 doped with 20 wt% Na3FeF6 (a) after ball
milling for 1 h, (b) after dehydrogenation at 450 °C and (c) after rehydro-
genation at 320 °C.

Fig. 10 XRD patterns of MgH2 doped with 20 wt% Na3FeF6 after
second dehydrogenation kinetics at 320 °C and under 1.0 atm.
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molecules and the enhancement of the sorption kinetics. On
the other hand, it has been reported that the formation/
decomposition of MgH2 on the dissociation/recombination of
the hydrogen molecule was caused by the catalytic effects of
Fe.58–60 From the previous studies, it was clearly shown that
the F-containing catalytic species and Fe-species can act as a
great catalyst for MgH2. Therefore, based on the results
obtained, the excellent dehydrogenation properties of MgH2

were achieved because of the newly developed ternary combi-
nation of NaMgF3, NaF and Fe, which acted as a real catalyst
in the reaction during the dehydrogenation process. The
in situ ternary combination (NaMgF3, NaF and Fe) served as an
active species and played a synergistic role, which improved
the hydrogen storage properties of the Na3FeF6-doped MgH2

sample.

4. Conclusion

In conclusion, by doping with Na3FeF6, the hydrogen storage
performance of MgH2 has been significantly improved. MgH2

doped with 10 wt% Na3FeF6 achieved optimal sorption per-
formance, including the initial dehydrogenation temperature
and the isothermal de/rehydrogenation kinetics. An onset
dehydrogenation temperature of 255 °C was observed for the
10 wt% Na3FeF6 doped MgH2, decreasing the desorption temp-
erature by about 100 °C compared to the un-doped MgH2

sample. In terms of the isothermal rehydrogenation kinetics,
the MgH2 sample doped with 10 wt% Na3FeF6 absorbed about
3.6 wt% of hydrogen at 320 °C in 2 min of rehydrogenation,
whereas the as-milled MgH2 only absorbed 3.0 wt% of hydro-
gen and required about 20 min to achieve the same capacity as
the doped sample. On the other hand, for the isothermal de-
hydrogenation kinetics, the MgH2 sample doped with 10 wt%
Na3FeF6 released about 3.8 wt% hydrogen in 10 min, whereas
the as-milled MgH2 sample desorbed only 0.2 wt% of hydro-
gen in the same period of time. Moreover, the apparent acti-
vation energy, EA, for the decomposition of MgH2 + 10 wt%
Na3FeF6 was decreased from 167.0 kJ mol−1 for the as-milled
MgH2 to 75.0 kJ mol−1. From this study, it is reasonable to con-
clude that the in situ active species of NaMgF3, NaF and Fe
that were formed by the doping of MgH2 with Na3FeF6 during
the heating process acted as a real catalyst in enhancing the
hydrogen storage properties of MgH2.
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