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songmy@jbnu.ac.kr Abstract >> In the present study, Ni and TaFs were chosen as additives to enhance

_ the hydriding and dehydriding rates of Mg. A sample with a composition of 80 wt%
:jgzzd if ;ngj:r’yéog; Mg + 14 wt% Ni + 6 wt% TaFs (named 80Mg+14Ni+6TaFs) was prepared by
Accepted 30 April, 2017 high-energy ball milling in hydrogen. Its hydriding and dehydriding properties were

then examined. At the fourth cycle, the activated sample absorbed 3.88 wt% H for
2.5 min, 4.74 wt% H for 5 min, and 5.75 wt% H for 60 min at 593 K under 12 bar
H.. 80Mg+14Ni+6TaFs had an effective hydrogen-storage capacity (the quantity
of hydrogen absorbed for 60 min) of about 5.8 wt%. The sample desorbed 1.42
wt% H for 5 min, 3.42 wt% H for 15 min, and 5.09 wt% H for 60 min at 593 K under
1.0 bar Ha. Line scanning results by EDS for SOMg+14Ni+6TaFs before and after
cycling showed that the peaks of Ta and F appeared at different positions, in-
dicating that the TaFs in 80Mg+14Ni+6TaFs was decomposed.
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1. Introduction storage material'; a high hydrogen storage capacity
(7.6 Wt%), low cost, and abundance in the earth’s crust”.
Magnesium has many advantages as a hydrogen However, its reaction rates with H, are very low.
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Many works have been performed to increase the
hydriding and dehydriding rates of magnesiums'“).

In some works, magnesium hydride was employed
as a starting material in order to increase the hydrid-
ing and dehydriding rates of magnesium by milling
in a planetary mill with metal, compound, or ox-
ide'™. In this work, we used Mg instead of MgH> as
one of the starting materials.

Ni-added Mg alloys5’6) and mechanically-alloyed
Mg with Ni under an Ar atmospherels'ls) had the in-
creased hydriding and dehydriding rates of Mg. Ac-
cording to Bobet et al.'”, the hydrogen storage prop-
erties of pure Mg and10 wt% Co, Ni, or Fe-Mg mix-
tures were improved by milling in planetary ball mill
under H; for a relatively short time of 2 h.

Malka et al.”” investigated the effects of added
chlorides and fluorides of various metals on the de-
hydriding temperature of MgH,. They reported that
among the halides studied, ZrF4, TaFs, NbFs, VCI;,
and TiCl; showed the best catalysts for the decom-
position of MgHo.

The magnesium-based samples prepared by high
-energy ball milling in hydrogen with transition ele-
ments or oxides had relatively high hydriding and de-
hydriding rates when about 20% was added.

In the present work, Ni as an element and TaFs as a
halide were chosen to add to Mg in order to enhance
the hydriding and dehydriding rates. A sample with a
composition of 80 wt% Mg + 14 wt% Ni + 6 wt%
TaFs, which contained additives of 20 wt%, was pre-
pared by high-energy ball milling in hydrogen. The
hydriding and dehydriding properties of the sample
were then investigated. We named 80 wt% Mg + 14
wt% Ni + 6 wt% TaFs as 80Mg+14Ni+6TaFs.

2. Experimental details

Pure Mg powder (particle size 74-149 um, purity
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99.6%, Alfa Aesar), Ni powder (average particle size
2.2 ~3.0 um, purity 99.9% metal basis, C typically <0.1%,
Alfa Aesar), and TaFs (Tantalum (V) fluoride, purity
98%, Aldrich) were used as starting materials.

High-energy ball milling in hydrogen was carried
out in a planetary ball mill (Planetary Mono Mill;
Pulverisette 6, Fritsch). The total weight of the mix-
ture with the planned composition was 8 g and that of
105 hardened steel balls was 360 g. The mixture and
the steel balls were mixed in a hermetically sealed
stainless steel container (with a volume of 250 mL)
with a disc revolution speed of 250 rpm. The sample
was handled in an Ar-filled glove box. The pressure
of high purity hydrogen gas in the mill container was
about 12 bar. Milling time was 6 h by repeating mill-
ing for 15 min and resting 5 min. The hydrogen ab-
sorbed by the mixture during milling was made up by
refilling hydrogen every two hours.

A Sieverts' type hydriding and dehydriding appara-
tus, described previouslym, was used to measure the
absorbed or desorbed hydrogen quantity as the re-
action progresses. A used amount of the samples was
0.5 g for these measurements. After the absorbed and
then desorbed hydrogen quantities were measured at
desired temperatures for 1 h under 12 and 1.0 bar Ho,
respectively, the samples were vacuum-pumped at
623 K for 2 h. The micrographs of the samples were
obtained using a JSM-6400 scanning electron micro-
scope (SEM) operated at 20 kV. The elements in the
particles of the samples after milling and after hy-
driding-dehydriding cycling were analyzed by line
scanning with an energy dispersive spectrometer
(EDS, EDAX).

3. Results and discussion

The weight percentages of absorbed hydrogen, H,,

and desorbed hydrogen, Hq, are expressed with re-
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Fig. 1. Ha versus t curve under 12 bar Hz and Hq versus t curve
under 1.0 bar H, at 593 K at n=4 for 80Mg+14Ni+6TaFs

Table 1. Variations of H, under 12 bar H, and Hq under 1.0 bar
Hz with time at 593 K at n=4 for 80Mg+14Ni+6TaFs

2.5min| 5min | 10 min | 15 min | 30 min | 60 min
H, | 388 | 4.74 5.44 5.63 5.71 5.75
Hy | 0.85 1.42 2.50 342 4.79 5.09

spect to sample weight. Fig. 1 shows the H, vs. t
curve under 12 bar H, and Hq vs. t curve under 1.0 bar
H, at 593 K at n=4 for 80Mg+14Ni+6TaFs. The initial
hydriding rate is quite high and the sample absorbs
3.88 wt% H for 2.5 min, 4.74 wt% H for 5 min, 5.44
wt% H for 10 min, and 5.75 wt% H for 60 min. The
effective hydrogen-storage capacity is defined as the
quantity of hydrogen absorbed for 60 min. 80Mg+
14Ni+6TaFs has an effective hydrogen-storage ca-
pacity of about 5.8 wt%. The initial dehydriding rate
is low, compared with the initial hydriding rate, and
the sample desorbs 0.85 wt% H for 2.5 min, 1.42
wt% H for 5 min, 3.42 wt% H for 15 min, and 5.09
wt% H for 60 min. Table 1 presents the variations of
Ha under 12 bar H, and Hq under 1.0 bar H, with time
at 593 K at n=4 for 80Mg+14Ni+6TaFs.

The hydriding and dehydriding rates are expressed
as dH./dt and dHy/dt, respectively, where t is time.
The variations of the hydriding rate, dH,/dt, under 12
bar H; and the dehydriding rate, dHq4/dt, under 1.0 bar
H, with time at 593 K for activated 80Mg+14Ni+6TaFs
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Fig. 2. Variations of the hydriding rate, dH./dt, under 12 bar H,
and dehydriding rate, dHq/dt, under 1.0 bar H, with time at 593
K for activated 80Mg+14Ni+6TaFs (at n=4)
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Fig. 3. Ha versus t curves at 593 K under 12 bar H; at n=7 for
Mg and Mg after RMG at n=7

(at n=4) are shown in Fig. 2. The hydriding rate de-
creases very rapidly in the beginning and become al-
most zero after about 15 min. The dehydriding rate
decreases gradually in the beginning and become al-
most zero after about 35 min. The hydriding and de-
hydriding reactions progress by the nucleation and
growth mechanism which exhibits two stages of the
nucleation-growth stage and growth-impingement
stage. Fig. 2 shows that the dH,/dt vs. t and dHq/dt vs.
t curves exhibit only the later stage, the growth-im-
pingement stage. This indicates that the addition of
Ni and TaFs by high-energy ball milling in hydrogen

facilitates the nucleation of the magnesium hydride
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Fig. 4. SEM micrographs of 80Mg+14Ni+6TaFs after high-en-
ergy ball milling in hydrogen
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Fig. 5. SEM micrographs of 80Mg+14Ni+6TaFs after hydrid-
ing-dehydriding cycling (n=4)

in the hydriding reaction and the nucleation of the
solid solution of magnesium with hydrogen in the de-
hydriding reaction, making the nucleation-growth
stage disappear.

Fig. 3 shows the H, versus t curves at 593 K under
12 bar H, for Mg and Mg after RMG at n=7. High-en-
ergy ball milling in hydrogen is called reactive me-
chanical grinding (RMG). At n=7, Mg after RMG
has a higher initial hydrogenation rate and a larger
quantity of hydrogen absorbed for 60 min than Mg.
Mg absorbs 1.68 wt% H for 5 min, 2.16 wt% H for 10
min, 2.86 wt% H for 30 min, and 3.35 wt% H for 60
min. Mg after RMG absorbs 2.57 wt% H for 5 min,
3.21 wt% H for 10 min, 3.77 wt% H for 30 min, and
4.15 wt% H for 60 min. Comparison of Fig. 1 and
Fig. 3 indicates that 80Mg+4Ni+6TaFs has a much
higher initial hydriding rate and a much larger effec-
tive hydrogen-storage capacity than Mg and Mg after
RMG.

Fig. 4 shows the SEM micrographs of 80Mg+
14Ni+ 6TaFs after high-energy ball milling in hydrogen.
The sample after high-energy ball milling in hydro-
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Fig. 6. BSE (back-scattered electrons) images and line scan-
ning results by EDS for 80Mg+14Ni+6TaFs after high-energy
ball milling in hydrogen

gen has small and large particles. The particle sizes
are not homogeneous. The large particles have flat
surfaces.

The SEM micrographs of 80Mg+14Ni+6TaFs af-
ter hydriding-dehydriding cycling at 593 K (n=4) are
shown in Fig. 5. The sample after hydriding-dehydrid-
ing cycling also has small and large particles. The
particles are smaller than those of the sample after
high-energy ball milling in hydrogen. Expansion of
particles occurs during hydriding reaction and con-
traction of particles occurs during dehydriding reaction.
Repetition of expansion and contraction of particles
is believed to lead to the decrease in the particle size.

Fig. 6 shows the BSE (back-scattered electrons)
images and line scanning results by EDS for 80Mg+
14Ni+6TaFs after high-energy ball milling in hydrogen.

The particle sizes are not homogeneous. The large
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Fig. 7. BSE (back-scattered electrons) images and line scan-
ning results by EDS for 80Mg+14Ni+6TaFs after hydriding-
dehydriding cycling (n=4)

particles have flat surfaces. Fine particles are ob-
served on the large particles. The composition along
the scanned line for the sample after high-energy ball
milling in hydrogen is 31.44 wt% O, 0.54 wt% F, 1.63
wt% Ni, 64.23 wt% Mg, and 2.17 wt% Ta. Excluding
oxygen, the composition becomes approximately 94
wt% Mg + 2 wt% Ni + 4 wt% (Ta+F), which is quite
different from the composition of the sample of 80
wt% Mg + 14 wt% Ni + 6 wt% TaFs. Peaks of Ta and
F appear at different positions, showing that TaFs was
decomposed after reactive mechanical grinding. The
peak of F appears at the position where the peak of
Mg appears, suggesting that an Mg-F compound may
have formed. It is reported that MgF, forms in
TaFs-containing Mg alloys after high-energy ball mill-

ing in hydrogen22’24).
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The BSE (back-scattered electrons) images and
line scanning results by EDS for 80Mg+14Ni+6TaFs
after hydriding-dehydriding cycling (n=4) are shown
in Fig. 7. Particles and agglomerates after hydrid-
ing-dehydriding cycling are smaller than those after
high-energy ball milling in hydrogen. The composi-
tion along the scanned line for the sample after hy-
driding-dehydriding cycling (n=4) is 5.18 wt% O,
0.71 wt% F, 3.53 wt% Ni, 88.46 wt% Mg, and 2.12
wt% Ta. Peaks of Ta and F appear at different posi-
tions, showing that TaFs was decomposed after re-
active mechanical grinding. The peak of F appears at
the position where the peak of Mg appears, suggest-
ing that an Mg-F compound may have formed. It is
reported that MgF, forms in TaFs—containing Mg al-
loys after hydriding-dehydriding cycling22'24). Yavari
et al”. obtained powders with highly increased hy-
driding and dehydriding kinetics at 573 K by adding
transition metal fluorides such as FeF; to MgHo.
They reported that a fluorine transfer reaction pro-
duced protective MgF» and Fe nanoparticles, which
could act as a catalyst.

The addition of Ni and TaFs to Mg by high-energy
ball milling in hydrogen is considered to create de-
fects on the surface and inside of Mg, to produce
clean surfaces, and to reduce the particle size of Mg.
These phenomena increase nucleation rate, the re-
activity of particle surfaces, and the diffusion rate of
hydrogen atoms, respectively. Fig. 2 shows that the
addition of Ni and TaFs by reactive mechanical
grinding enhances the nucleation of the magnesium
hydride and the solid solution of magnesium with
hydrogen.

The XRD pattern of 80Mg+14Ni+6TaFs after
high-energy ball milling in hydrogen revealed the
presence of Ni, Mg, 3-MgH>, y-MgH,, MgF,, and
TaoH in the sample. The XRD pattern of 80Mg+
4Ni+6TaFs dehydrided at the 4" hydriding-dehydrid-
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ing cycle showed the inclusion of Mg, Mg:Ni, [3
-MgH,, and small amounts of MgO, MgF», and Ta,H
in the sample.

Mg,Ni has higher hydriding and dehydriding rates
than Mg. The formation of Mg,Ni phase with the re-
action of Ni with Mg during hydriding-dehydriding
cycling makes higher the hydriding rate of Mg and
the dehydriding rate of MgHo. It is considered that 3
-MgH,, v-MgH,, MgF,, and Ta;H formed during
high-energy ball milling in hydrogen help the par-
ticles pulverized more effectively. Jin et al.”® re-
ported that in the transition metal fluorides-added
MgHo, the hydriding kinetics of MgH, is improved
by arole of the hydride phases formed during milling

and/or hydriding reaction.

4. Conclusions

A sample with a composition of 80 wt% Mg + 14
wt% Ni + 6 wt% TaFs (named 80Mg+14Ni+6TaFs)
was prepared by high-energy ball milling in
hydrogen. At the fourth cycle, the activated sample
absorbed 3.88 wt% H for 2.5 min, 4.74 wt% H for 5
min, and 5.75wt% H for 60 min at 593 K under 12 bar
H,. 80Mg+14Ni+6TaFs had an effective hydro-
gen-storage capacity (the quantity of hydrogen ab-
sorbed for 60 min) of about 5.8 wt%. The sample des-
orbed 1.42 wt% H for 5 min, 3.42 wt% H for 15 min,
and 5.09 wt% H for 60 min at 593 K under 1.0 bar H>.
The addition of Ni and TaFs by high-energy ball mill-
ing in hydrogen and hydriding-dehydriding cycling
is believed to create defects on the surface and inside
of Mg, to produce clean surfaces, and to reduce the
particle size of Mg. Line scanning results by EDS for
80Mg+14Ni+6TaFs before and after cycling showed
that the peaks of Ta and F appeared at different posi-

tions, indicating that TaFs was decomposed.
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