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Enhanced hydrogen storage properties of MgH,
co-catalyzed with K;NiFg and CNTs

N. N. Sulaiman and M. Ismail*

The composite of MgH,/K,NiFg/carbon nanotubes (CNTSs) is prepared by ball milling, and its hydrogena-
tion properties are studied for the first time. MgH, co-catalyzed with K;NiFg and CNTs exhibited an
improvement in the onset dehydrogenation temperature and isothermal de/rehydrogenation kinetics
compared with the MgH,—K,NiFg composite. The onset dehydrogenation temperature of MgH, doped
with 10 wt% K,NiFg and 5 wt% CNTs is 245 °C, which demonstrated a reduction of 25 °C compared with
the MgH, + 10 wt% K,NiFg composite. In terms of rehydrogenation kinetics, MgH, doped with 10 wt%
KoNiFg and 5 wt% CNTs samples absorbed 3.4 wt% of hydrogen in 1 min at 320 °C, whereas the MgH, +
10 wt% K,NiFg sample absorbed 2.6 wt% of hydrogen under the same conditions. For dehydrogenation
kinetics at 320 °C, the MgH; + 10 wt% K,NiFg + 5 wt% CNTs sample released 3.3 wt% hydrogen after 5 min
of dehydrogenation. By contrast, MgH, doped with 10 wt% K;NiFe released 3.0 wt% hydrogen in the same
time period. The apparent activation energy, E,, for the dehydrogenation of MgH, doped with 10 wt%
KoNiFg reduced from 100.0 kd mol™ to 70.0 kJ mol™ after MgH, was co-doped with 10 wt% K;NiFg and
5 wt% CNTs. Based on the experimental results, the hydrogen storage properties of the MgH,/K,NiFe/
CNTs composite is enhanced because of the catalytic effects of the active species of KF, KH and Mg,Ni
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1. Introduction

Hydrogen is an attractive potential energy carrier for energy
applications mainly because of its low pollution factor."
Despite the fact that hydrogen is an ideal candidate for energy
carriers, concerns surrounding the storage of hydrogen are a
major issue. Currently, hydrogen can be stored in a gaseous
form, liquid form (as a cryogenic liquid) and solid form
(absorbed gas in solid material).” The commercialisation of
hydrogen storage in pressurised gas and cryogenic liquid
forms have faced two major technical challenges, namely,
safety and cost. Thus, solid-state hydrogen storage is an attrac-
tive option as it has high gravimetric hydrogen capacity and
favourable safety considerations.?

At present, there are two categories of hydrogen storage in
solid-state materials, which are chemically bound hydrogen
(such as metal hydrides and complex hydrides) and physically
bound hydrogen (such as carbon materials and metal-organic
frameworks). Among them, magnesium hydride (MgH,) is con-
sidered one of the most promising materials for solid-state
hydrogen storage because of its high hydrogen storage capacity
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that are formed in situ during dehydrogenation, as well as the unique structure of CNTs.

(>6 wt%). MgH, also has the advantages of low cost and
superior reversibility. However, high thermodynamic stability
(AH = —75 kJ mol™* H,) and slow sorption kinetics render
MgH, impractical for solid-state hydrogen storage.” Thus, to
overcome these disadvantages, many studies have investigated
several techniques for improving its sorption kinetics and low-
ering the thermodynamic stability. These techniques include
reducing the grain size through ball milling,” doping with
catalyst,® using a destabilizing concept (reacting with other
metals or metal hydrides),"™"" and a ball-milling process
assisted by dielectric-barrier discharge plasma for dual-tuning
the thermodynamics and kinetics.">™*® Currently, doping
MgH, with a catalyst by the ball milling method has been the
focus of intensive research. Catalysis doping can be divided
into several categories such as using metals,"”” hydrogen
storage alloys,"® metal halides,"*>* metal oxides, and a
carbon-based catalyst.>*>*

Previous studies have reported the positive effects of carbon
nanotubes (CNTs) towards the improvement of the hydrogen
storage properties of MgH,.>>*® The combination of metals or
metal halides/oxides with CNTs as mixed dopants has
attracted the attention of many researchers with several
studies conducted for the MgH,/co-catalyst system.>”** The
synergistic interaction among metals or metal halides/oxides
and CNTs is an effective approach to improve the hydrogen
storage properties of MgH,.

This journal is © The Royal Society of Chemistry 2016
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Recently, we found that K,NiFs enhances the hydrogen
sorption properties of MgH,.>* Based on the encouraging
results of the MgH,-K,NiFs composite, the study of the effect
of the K,NiF,-CNTs composite as a co-catalyst for the sorption
behaviour of MgH, may yield interesting findings. In the
present study, we hypothesised that the hydrogen storage pro-
perties could be enhanced by MgH, co-catalyzed with K,NiFg
and CNTs. The improvement of the hydrogenation of MgH,
co-doped with K,NiFs and CNTs is due to the combination of
the three interesting elements (i.e., K, Ni and F species) with
the catalytic effect of CNTs. To date, no studies have reported
the effects of MgH, co-doped with K,NiFs and CNTs on the
hydrogenation performance of MgH, for solid-state hydrogen
storage. Thus, this paper proposes to investigate the effects of
CNTs as a co-dopant on the hydrogen sorption properties of
the MgH,/K,NiFs composite. The hydrogen storage properties
and reaction mechanism of the MgH,/K,NiF¢/CNTs composite
were investigated using a pressure-composition-temperature
(PCT) study, differential scanning calorimetry (DSC), X-ray
diffraction (XRD) and scanning electron microscopy (SEM).
The possible catalytic mechanism from the results obtained is
discussed further in this paper.

2. Experimental section

All the materials used, namely, pure MgH, (hydrogen storage
grade, 98% purity), K,NiFs (99% purity) and multi walled
carbon nanotubes (MWCNTs) (>90% carbon basis, diameter =
110-170 nm, length = 5-9 pm) were purchased from Sigma
Aldrich. For simplicity, MWCNTs will be referred to as CNTSs.
The materials were used as received with no further purification
or pretreatment. To eliminate the influence of oxygen and
moisture, all the samples were handled in an MBraun Unilab
glove box under an argon atmosphere. 10 wt% K,NiF, and 5
wt%/10 wt% CNTs were mixed with 150 mg of MgH,. Pure MgH,
and MgH, + 10 wt% K,NiF, were also prepared under the same
conditions for comparison purpose. All the samples used were
milled for 1 h at 400 rpm in a planetary ball mill (NQM-0.4).
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.

The temperature-programmed-desorption (TPD) and the
de/rehydrogenation kinetics experiments were performed in
Sieverts-type pressure-composition temperature (PCT) appar-
atus (Advanced Material Corporation). About 100 mg of the
sample was loaded into a sample vessel in the glove box. For
the TPD experiment, all the samples were heated in a vacuum
chamber and the amount of desorbed hydrogen was measured
to determine the lowest decomposition temperature. The
heating rate for the TPD experiment was 5 °C min " and the
samples were heated from 25 °C to 450 °C. The de/rehydro-
genation kinetics measurements were conducted at the
desired temperature with the initial hydrogen pressure of
33 atm and 1.0 atm, respectively. The hydrogen capacity was
expressed in weight percentage (wt%).

This journal is © The Royal Society of Chemistry 2016

Paper

X-ray diffraction (XRD) (Rigaku MiniFlex II diffractometer
with Cu Ka radiation) was used to study the reaction pathway
of the samples. In this study, we used XRD to identify what
kind of chemical compound existed in the samples before and
after desorption as well as absorption. §-26 scans were carried
out over diffraction angles from 20° to 80° with a speed of
2.00° min~". All the sample preparation was done in a glove
box to prevent the occurrence of oxidation of the sample.
Before measurement, a small amount of sample was spread
uniformly on the sample holder, covered with tape and then
sealed in plastic wrap to minimize exposure to air during the
measurement.

DSC analysis of the dehydrogenation process was carried
out on a Mettler Toledo TGA/DSC. The sample of about
5-10 mg was loaded into an alumina crucible, then was put
into a sealed glass bottle to prevent the sample from oxidation
during transportation from the glove box to the TGA/DSC
instrument. A reference material of an empty alumina crucible
was used in the analysis. The different heating rates were
applied with a 50 ml min™" gas flow when the samples were
heated from 25 °C to 500 °C under an argon atmosphere.

Scanning electron microscopy (SEM; JEOL JSM-6360LA) was
used to investigate the morphology of the samples. The
samples were prepared on a carbon tape and then coated with
ultrathin gold spray under vacuum by using vacuum sputter
coating. These samples were also prepared in the glove box in
order to minimize the oxidation.

3. Results and discussion

The dehydrogenation behaviour of as-received MgH,, as-milled
MgH,, MgH, + 10 wt% K,NiFs, MgH, + 10 wt% K,NiFs + 5 wt%
CNTs and the MgH, + 10 wt% K,NiFs + 10 wt% CNTs com-
posite was investigated by using TPD, as shown in Fig. 1. The

A
2

-3

—— As-received MgH,

5k ®— As-milled MgH,
| —A— MgH,, + 10 wt.% K,NiFg

— v MgH2 +10 wt.% K2NiF6 + 5 wt.% MWCNT

Hydrogen released (wt.%)

7L —4— MQH2 +10 wt.% K2NiF6 +10 wt.% MWCNT

250 300 350
Temperature (°C)

200

Fig.1 TPD curves for the dehydrogenation of as-received MgH,, as-
milled MgH,, MgH, + 10 wt% K,NiFs, MgH, + 10 wt% K,NiFs + 5 wt%
CNTs and MgH, + 10 wt% K,NiFe + 10 wt% CNTs.
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as-received MgH, started to release hydrogen at about 417 °C,
with a total dehydrogenation capacity of 7.1 wt% H, at 450 °C.
Meanwhile, the onset dehydrogenation temperature of MgH,
slightly reduced to about 355 °C after milling, with total hydro-
gen desorption of 6.7 wt%. This result showed that the milling
process also affected the onset desorption temperature of
MgH,. After MgH, was doped with 10 wt% K,NiFs, the onset
decomposition temperature of MgH, was greatly enhanced.
The dehydrogenation temperature of MgH, + 10 wt% K,NiFg
decreased to about 270 °C, which was lower by 147 °C and
85 °C compared with that of as-received and as-milled MgH,,
but the amount of hydrogen released decreased to 5.9 wt%.
Furthermore, MgH, + 10 wt% K,NiFs + 5 wt% CNTs and
MgH, + 10 wt% K,NiFg + 10 wt% CNTs had a positive effect on
the onset dehydrogenation temperature of MgH,. The desorp-
tion of the 10 wt% K,NiFg + 5 wt% CNTs co-doped MgH, sample
started at around 245 °C with a total dehydrogenation capacity
of 5.1 wt%, which was a reduction of about 172 °C, 110 °C and
25 °C compared with as-received MgH,, as-milled MgH, and
MgH, + 10 wt% K,NiF,, respectively. The results of MgH, +
10 wt% K,NiFs + 10 wt% CNTs are also included in the graph
for comparison. The sample started to release hydrogen at
about 251 °C with a total hydrogen release capacity of 5.0 wt%
H,, which is almost the same as the hydrogen dehydrogena-
tion capacity of MgH, + 10 wt% K,NiFs + 5 wt% CNTs. It can
be seen clearly that the onset dehydrogenation temperature of
MgH, + 10 wt% K,NiFs + 5 wt% CNTs was lower than MgH, +
10 wt% K,NiFg + 10 wt% CNTs. This correlated with our pre-
vious study which reported that this finding may be due to the
excessive catalytic effects brought about by the relatively high

Dalton Transactions

levels of the added catalyst.”>** In addition, Barkhordarian
et al*® also reported the same phenomenon in their paper.
They claimed that only 0.5 mol% Nb,Os was enough to give
the fastest kinetics with a 7.0 wt% total dehydrogenation
capacity. All the results indicated that K,NiF; and CNTs
demonstrated synergetic effects as a mixed dopant.

Fig. 2(a) presents the isothermal rehydrogenation kinetics
curve for as-milled MgH,, MgH, + 10 wt% K,NiFs, MgH, +
10 wt% K,NiFs + 5 wt% CNTs, and the MgH, + 10 wt%
K,NiFs + 10 wt% CNTs composite measured at a constant temp-
erature of 320 °C under 33.0 atm of H,. The results suggested
that MgH, + 10 wt% K,NiFs + 5 wt% CNTs had the fastest kine-
tics rate compared with the others. Moreover, the K,NiFs and
CNTs co-doped MgH, samples showed better hydrogen absorption
properties than the as-milled MgH, and the MgH, + 10 wt%
K,NiFs composite. The sample of MgH, doped with 10 wt%
K,NiF; absorbed 2.6 wt% of H, in 1 min, whereas the
as-milled MgH, absorbed 2.5 wt% of H,, which was almost
the same capacity as that of the doped composite of MgH, +
10 wt% K,NiF¢. By contrast, hydrogen absorbed by the MgH, +
10 wt% K,NiFg + 5 wt% CNTs and MgH, + 10 wt% K,NiFg +
10 wt% CNTs samples reached approximately 3.4 and 3.1 wt%
of H,, respectively, in the same time period. Therefore, the
hydrogen absorption behaviour was affected by the amount of
catalyst. These results indicated a synergetic catalytic effect
from the combination of K,NiFs and CNTs for MgH,.

Fig. 2(b) displays the isothermal dehydrogenation kinetics
curve for as-milled MgH,, MgH, + 10 wt% K,NiF,, MgH, +
10 wt% K,NiFs + 5 wt% CNTs, and the MgH, + 10 wt%
K,NiFg + 10 wt% CNTs composite, which were measured at 320 °C
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Fig. 2

Isothermal rehydrogenation kinetics curves at 320 °C and under 33.0 atm (a) and isothermal dehydrogenation kinetics at 320 °C and under

1.0 atm (b) of as-milled MgH,, MgH, + 10 wt% K;NiFe, MgH, + 10 wt% K,NiFg + 5 wt% CNTs and MgH, + 10 wt% K,NiFs + 10 wt% CNTSs.
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and under 1.0 atm of H,. Evidently, the doped samples displayed a
great enhancement compared with the un-doped sample. The
MgH, + 10 wt%K,NiFs + 5 wt% CNTs and the MgH, + 10 wt%
K,NiFs + 10 wt% CNTs composites released 3.3 and 2.1 wt%
hydrogen in 5 min after 1 h of dehydrogenation, respectively.
The results displayed that the sample of MgH, + 10 wt%
K,NiFs + 5 wt% CNTs had faster hydrogen desorption kinetics
than MgH, + 10 wt% K,NiFs + 10 wt% CNTs. It can be con-
cluded that the amount of catalyst can affect the hydro-
gen desorption behaviour. This finding can be supported with
a study by Ranjbar et al®” They claimed that the kinetics
results could be improved by the decrement of the grain size
of MgH,, but if too much catalyst is added to the sample it
would obstruct the hydrogen diffusion by blocking the
diffusion paths. Oelerich et al.*® also showed that as little as
0.2 mol% of the catalyst was effective to present the fastest
sorption kinetics. By contrast, MgH, doped with 10 wt%
K,NiFg released 3.0 wt% hydrogen, whereas almost no hydro-
gen (0.1 wt% hydrogen) was desorbed by using the as-milled
MgH, sample in the same time period. Taken together, these
results proposed that the enhancement of the dehydrogena-
tion kinetics of the MgH,-K,NiFs composite was due to the
addition of CNTs. The doping amount of 5 wt% CNTs could
be considered the best compromise in terms of the dehydro-
genation temperature and isothermal de/rehydrogenation
kinetics compared with 10 wt% CNTs. Thus, identification of
the optimal 5 wt% amount of CNTs led to the analysis of the
MgH,-K,NiFs-CNTs mechanism and the catalytic effect in
subsequent tests.

The thermal properties of the as-received MgH,, as-milled
MgH,, MgH, + 10 wt% K,NiFs, and MgH, + 10 wt% K,NiFs +
5 wt% CNTs samples were further studied by DSC, as shown in
Fig. 3. In the graph, the curve of the as-received MgH, dis-
played only one strong endothermic peak at approximately
484.20 °C, which corresponded to the decomposition of MgH,.

T T T T T T T T T T T T T
As-received MgHZ
As-milled MgH2
lllgH2 +10 wt.% KZNIFS
MgH2 +10wt.% KZNIFS +5wt.% MWCNT
3
&
2
K=
(=
®
[F]
I
Endothermic
1 " 1 i 1 i 1 i 1 i 1
350 375 400 425 450 475 500 525

Temperature (°C)
Fig. 3 DSC traces of the as-received MgH,, as-milled MgH,, MgH, +

10 wt% K,NiFe, and MgH, + 10 wt% K,NiFg + 5 wt% CNTSs (heating rate:
30 °C min~%; argon flow: 50 ml min™3).
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The results from the DSC curves of the as-milled MgH,,
MgH, + 10 wt% K,NiFs and MgH, + 10 wt% K,NiFs + 5 wt%
CNTs samples were similar to those of the as-received MgH,
sample, showing only single endothermic peaks at 438.75 °C,
418.37 °C and 416.92 °C, respectively. The DSC results further
indicated the synergetic effect of K,NiFs and CNTs on the
dehydrogenation of MgH,, which was due to the notable decre-
ment in the peak temperatures of the samples.

The Kissinger equation®® shown below was used to calcu-
late the apparent activation energy, E, of the as-received MgH,,
as-milled MgH,, MgH, + 10 wt% K,NiFs, and MgH, + 10 wt%
K,NiFs + 5 wt% CNTs at different heating rates. The Kissinger
equation is stated below:

In[p/Ty*] = —Ea/RT), + A (1)

where f is the heating rate, T}, is the peak temperature in the
DSC curve, R is the gas constant, and A is a linear constant.
Thus, the activation energy, E,, can be obtained from the slope
in a plot of In[p/T,,*] versus 1000/T},. Fig. 4(a)-(d) display the
DSC curves at different heating rates for all the samples
studied. As shown in Fig. 5, from a Kissinger plot of the DSC
data, the apparent activation energy, E,, for the MgH, + 10
wt% K,NiFg sample was found to be 100.0 k] mol™, which was
lower than that of as-received and as-milled MgH, (175.0 and
133.0 kJ mol ™, respectively). After co-doping with K,NiFs and
CNTs, the activation energy was lowered to 70.0 k] mol™,
which displayed a great enhancement in kinetics by 30.0
k] mol™" as compared with MgH, doped with K,NiF,. This
result seems to be consistent with previous studies that found
that the improvement in the dehydrogenation kinetics is due
to the reduction in the activation energy after the addition of a
catalyst.'®*%*? In the present study, MgH, co-doped with
K,NiFs and CNTs reduced the activation energy for the
decomposition of MgH, caused by ball milling and doping
with a co-catalyst. These improvements in the decomposition
properties were also related to the energy barrier for H,
released from MgH,. The results clearly showed the existence
of synergistic catalysis between K,NiFs and CNTs for MgH,.
Fig. 6 presents the SEM images of the as-received MgH,,
as-received CNTs, as-milled MgH,, MgH, + 10 wt% K,NiFg,
and MgH, + 10 wt% K,NiFs + 5 wt% CNTs. The particle size of
the un-milled sample was larger than that of the milled
sample after 1 h of ball milling. Fig. 6(a) displays the particle
size of as-received MgH,, and the sample was larger than
100 pm. The unique nanostructure of CNTs prior to ball
milling is displayed in Fig. 6(b). The MgH, sample that
encountered 1 h of ball milling exhibited a dramatic increase
in the average size of MgH, particles, as shown in Fig. 6(c).
The particle size was not homogeneous and included some
agglomerates, which were identified in the sample. Fig. 6(d)
reveals that MgH, doped with 10 wt% K,NiF had the smallest
particle size compared with the as-received and as-milled
MgH,. The small particle size increased the rate of reaction for
MgH, because of the increase in the surface area of the
sample. Zhang et al.** reported that large surface areas can be

Dalton Trans., 2016, 45, 19380-19388 | 19383
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Fig. 5 Kissinger plot of as-received MgH,, as-milled MgH,, MgH, +
10 wt% K;NiFg, and MgH, + 10 wt% K,NiFg + 5 wt% CNTs composite.

obtained from the nanostructured material, which led to the
formation of more defects on the particle surfaces, hetero-
geneous nucleation of the product phase, shortening of the
diffusion length of the constitutive elements and lowering of
the hydrogen reaction enthalpy. The image also displays that
the sample was irregularly shaped and agglomerated, which

19384 | Dalton Trans., 2016, 45, 19380-19388

showed the typical morphology of the ball-milled powders.
Fig. 6(e) displays the SEM image of MgH, co-doped with 10
wt% K,NiFs + 5 wt% CNTs. The addition of CNTs to the
sample of MgH, + 10 wt% K,NiF, could enhance the hydrogen
storage properties of MgH, because of the lower particle
agglomeration. However, the difference of particle agglomera-
tion between the MgH, + 10 wt% K,NiFs, and MgH, + 10 wt%
K,NiFs + 5 wt% CNTs samples was not really obvious. After 1 h
of ball milling, the CNTs were not destroyed, which correlated
with the findings of previous studies.*"** Wu et al*® also
claimed that the special microstructure of CNTs may facilitate
the desorption of hydrogen from Zn(BH,), even though CNTs
may be shortened or partly destroyed during ball milling.
Moreover, the sample that was co-doped with K,NiFs and
CNTs also appeared to exhibit less agglomeration.

To clarify the reaction progress and phase structures of the
MgH, + 10 wt% K,NiFs + 5 wt% CNTs samples, XRD measure-
ments were performed on the samples after 1 h of ball milling,
after dehydrogenation at 450 °C and after rehydrogenation at
320 °C and under 33.0 atm hydrogen pressure (Fig. 7). As
shown in Fig. 7(a), only a single MgH, peak dominated the
XRD pattern after 1 h of milling. However, the K,NiFs-contain-
ing phase or CNTs could not be detected after milling,
which was probably due to the low amount of K,NiFs and
CNTs as detected by XRD. This finding may also be due to
the peaks of K,NiFs and CNTs that transformed into an

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 XRD patterns of MgH, + 10 wt% K,NiFs + 5 wt% CNTs (a) after
ball milling for 1 h, (b) after dehydrogenation at 450 °C and (c) after
rehydrogenation at 320 °C.

amorphous state directly after ball milling. After heating to
450 °C, MgH, from the as-milled pattern disappeared and fully
transformed into Mg, which showed that the dehydrogenation
process of MgH, was completed (Fig. 7(b)). Meanwhile, a small
MgO peak was detected after dehydrogenation; this peak possi-
bly resulted from the low oxygen contamination when transfer-

This journal is © The Royal Society of Chemistry 2016

ring the samples to the XRD instrument. Moreover, some
peaks of KF, KH and Mg,Ni were also observed after dehydro-
genation, thereby proposing that several reactions occurred
during dehydrogenation between MgH, and K,NiFs. The re-
hydrogenation of MgH, co-doped with K,NiFs and CNTs at
320 °C (Fig. 7(c)) represented the major peaks of MgH,. In
addition, MgO could still be detected in the XRD spectra,
together with the peaks of KF and KH that remained
unchanged after rehydrogenation. The new peak of Mg,NiH,
that formed because of the absorption of hydrogen by Mg,Ni
was also detected. The formation of Mg,NiH, can be represented
in the following equation:

Mg,Ni + 2H, — Mg,NiH,. (2)

As no CNTs peak was detected in the phase composition of
the sample with 5 wt% CNTs, the sample with 10 wt% CNTs
was prepared for XRD to study the phase structure. Fig. 8
shows the XRD patterns of MgH, + 10 wt% K,NiFs + 10 wt%
CNTs after 1 h of ball milling, after dehydrogenation at 450 °C
and after rehydrogenation at 320 °C and under hydrogen
pressure of 33.0 atm. After increasing the amount of CNTSs to
10 wt%, the peak of CNTs after ball milling was noted in the
XRD spectra (Fig. 8(a)). The peak of MgH, still dominated the
XRD pattern after 1 h of milling. The spectra of dehydro-
genated samples (Fig. 8(b)) represented the major peaks of
Mg, and the peak of CNTs was still present. In addition,
the same new species of KH, KF and Mg,Ni peaks were noted.

Dalton Trans., 2016, 45, 19380-19388 | 19385
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Fig. 8 XRD patterns of MgH, + 10 wt% K,NiFg + 10 wt% CNTs (a) after
ball milling for 1 h, (b) after dehydrogenation at 450 °C and (c) after
rehydrogenation at 320 °C.

A small amount of MgO was also detected in the peak that
resulted from minimal oxygen contamination. Meanwhile, the
XRD patterns of the rehydrogenated sample showed that Mg
had largely transformed into MgH, (Fig. 8(c)). However, some
peaks of Mg could be observed in the XRD patterns, which
possibly resulted from the Mg that was not fully reversible in
the process. Meanwhile, the peaks of MgO and CNTs could
still be detected, along with the peaks of species KH and KF
that remained unchanged after rehydrogenation. The peaks of
Mg,NiH, were also detected in the pattern.

The results of this study indicated that the formation of
in situ active species KF, KH and Mg,Ni, which resulted from
the reaction of MgH, and K,NiFs during dehydrogenation, may
play an important role in the improvement of MgH, sorption.
Recent studies revealed that the decrement of the dehydrogena-
tion temperature of metal hydrides and complex hydrides is due
to the catalytic effects of the F~ anion.'®*® Wang et al>° also
reported the optimal performance of TiF; over TiCl;. Liu et al.*®
conducted structural analyses and found that the F~ anions can
partially substitute the H™ anions in the hydride lattice, thereby
weakening the Al-H bonds and reducing the thermodynamic
stability. In addition, a previous study on the Mg based com-
posite revealed that the catalyst helps to dissociate the hydrogen
molecule to enhance the absorption and desorption rate
together with the decrement of the desorption temperature.>' >

Numerous studies verified that significant improvements of
metal hydride/complex hydride sorption properties are attribu-
ted to the synergistic effects of in situ formed hydride species via
the decomposition of host materials.***>> For example, Xiao
et al®® revealed that the dehydrogenation properties of the
second step reaction of the NaAlH, system can be enhanced by
the addition of KH. Moreover, the addition of KH can signifi-
cantly enhance the dehydrogenation properties of NaAlH, and
Mg(NH,),/2LiH systems.”” > Mg,Ni has also been reported as
an effective catalyst that increases the reaction rates of MgH,

19386 | Dalton Trans., 2016, 45, 19380-19388
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and reduces the reaction temperature.®® Mao et al®' also
claimed that Mg,Ni is more active than Mg,CO, because of the
improvement of dehydrogenation of MgH, doped with MgCl,
and Mg,Ni compared with MgH, doped with MgCl, and Mg,CO.

The catalytic effect of CNTs may also play an important role
in improving the hydrogen storage properties of the MgH,/
K,NiFs/CNTs composite. Previous studies have shown that the
unique nanostructure of CNTs is expected to form a net-like
architecture after being milled together with the host materials
and acting as a diffusion channel for hydrogen.®>® In
addition, the enhancement of the CNTs-added MgH,-K,NiF¢
sample may also have been due to the hardness of CNTs. The
presence of CNTs in the MgH,-K,NiFs composite prevented
particle agglomeration, as shown in Fig. 6(e). The hydrogen
storage properties of light metal hydrides improved with
reduced particle agglomeration.®* Hence, the enhanced hydro-
genation process of MgH, co-doped with K,NiFs and CNTs was
due to the combination of the in situ active species of KF, KH
and Mg,Ni with the catalytic effect of CNTs.

4. Conclusion

The hydrogen storage properties of MgH, improved after
doping with K,NiFs and CNTs. The addition of K,NiFg co-cata-
lyzed with CNTs reduced the dehydrogenation temperature
and improved the de/rehydrogenation kinetics of MgH, com-
pared with the MgH,-K,NiFs composite. The MgH, + 10 wt%
K,NiFs + 5 wt% CNTs sample started to release hydrogen at
around 245 °C with a total dehydrogenation capacity of 5.1
wt%, decreased by approximately 25 °C compared with MgH,
+ 10 wt% K,NiF. In terms of rehydrogenation kinetics, MgH,
co-doped with 10 wt% K,NiFs and 5 wt% CNTs samples
absorbed 3.4 wt% of hydrogen in 1 min at 320 °C and under
33.0 atm of hydrogen, whereas the MgH, + 10 wt% K,NiFg
sample absorbed 2.6 wt% of hydrogen under the same con-
ditions. For the dehydrogenation kinetics under 1.0 atm of
hydrogen and 320 °C, the MgH, + 10 wt% K,NiFs + 5 wt% CNTs
sample released 3.3 wt% hydrogen after 5 min of dehydrogena-
tion. By contrast, MgH, doped with 10 wt% K,NiFs released
3.0 wt% hydrogen in the same time period. The results from
the Kissinger plot displayed that the apparent activation
energy, E,, for MgH, co-doped with K,NiFs and CNTs was
lowered to 70.0 k] mol™, which showed a great enhancement
in kinetics by 30.0 k] mol™ as compared with MgH, doped
with 10 wt% K,NiF, (E, = 100.0 k] mol™"). It is believed that
the newly developed product of KF, KH and Mg,Ni together
with the unique structure of the CNTs functioned as a real
catalyst and then generated a synergetic effect to enhance the
hydrogen storage properties of MgH,.
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