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Effect of carbon on hydrogen desorption and absorption
of mechanically milled MgH
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Abstract

The use of MgH, instead of pure Mg, in the mechanical synthesis of Mg-based hydrogen storage materials offers added benefit to
powder size refinement and reduced oxygen contamination. Alloying additions can further improve the sorption kinetics at a relatively low
temperature. This paper examines the effect of graphitic carbon on the desorption and absorption.abMphite powder of different
concentrations were mechanically milled with Mgpfrticles. The milled powder was characterised by XRD, SEM and simultaneous TG
and DSC techniques. The results show that graphite poses little influence on the desorption properties éfdighter, it does benefit
the absorption process, leading to rapid hydrogen uptake in the re-hydrogenated sample. After dehydrogenation, 5wt.% of hydrogen was
re-absorbed within 30 min at 25C for the (Mghp + 10 G) mixture prior-milled for 8 h, while only 0.8 wt.% for the pure Mgkhilled
for 8 h, the effect may be attributed to the interaction between crystalline graphite witis&tsociation close to the Mgldr Mg surface.

Moreover, graphite can also inhibit the formation of a new oxide layer on the surface of Mg particles.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction graphite and Mg during milling and to prevent the graphite
from excessive breakage or becoming amorphous. Amor-
Metal hydrides are of considerable interest for safe and phous graphite does not seem to interact with Mg and the
practical hydrogen storage. Among these, Mdsiregarded benefit to activation of H absorption cannot be realised either.
as a very promising hydrogen storage material for vehicular The authors have also identified that the additives promote
applications, due to its high theoretical hydrogen-storage the transformation of graphite into thin flakes with cleavage
capacity of about 7.6 mol%, light weight and low cost. How- planes normal to the surface of Mg and such a structure in-
ever, relatively high sorption temperatures and low kinetics fluences strongly the hydrogen storage properties of the mix-
are main obstacles hindering its commercial applications. ture, e.g. rapid absorption kinetics can be achieved at@80
Moreover, for the first hydrogen uptake, Mg usually needsto  The use of MgH, instead of pure Mg, as a starting mate-
be “activated” by being exposed to a high temperature andrial can offer several additional advantages during mechan-
a high hydrogen pressure for 1Q1j. This is due to the fact  ical synthesis of hydrogen storage systems, such as much
that the surface oxide/hydroxide layer in Mg is imperme- refined grain size and reduced oxygen contaminaf@n
able to hydrogen. Therefore, the surface of Mg must always However, there has been no report regarding the effect of
be clean to allow hydrogen to reach the underlying Mg. carbon on MgH as a starting powder and on the hydrogen
Apart from metallic alloying[1], some non-metal ele- desorption properties of Mg or MgHpowder milled with
ments have also been studied as additives to Mg to improvecarbon. Here, both of hydrogen desorption and absorption
its hydrogen storage properties. For instance, graphite car-properties of the Mghlpowder milled with graphite carbon,
bon has recently been noted to facilitate the activation pro- termed as the (Mgh#-G) mixture, were investigated. The re-
cess of Mg and improve the absorption kinetics of both Mg sults were discussed along with earlier findings on pure Mg.
and MgNi [2-5]. Imamura et al[4,5] have used organic
additives, such as benzene and cyclohexane, in Mg/graphite
mixtures to enhance the solid-phase interaction between2. Experimental methods
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graphite powder (99 mass%, @) was purchased from ' 5 ' ' ' '
Goodfellow. A Fritsh P5 planetary ball mill with sealed pots o B-MgH,
was used for mechanical milling under an inert argon atmo- T T
sphere. The elements were weighted in a glove box filled * -MgO

with high purity argon. Each experiment involved about 6 g
of powder and six stainless-steel balls of 20 mm in diameter,
leading to a ball-to-powder weight ratio of 30. A relatively
low milling speed of 168.4 rpm was chosen in the study.
For hydrogen desorption examination, three compositions
of graphitic carbon 1, 10 and 30 mol% were first mixed
with MgH> for 1 h to identify the actual effect of different
graphite contents on the dehydrogenation of M@idd then
the sample with 10 mol% of graphite was further milled with
MgHo2 for 4, 8 and 15 h to investigate the milling effect on the
structural stability and hydrogen desorption of the mixture, As-received graphite
which is termed as (Mggl+ 10 G). et —
In order to identify the possible effect of carbon on hy- 10 20 30 40 50 60 70 80
drogen absorption, the (MgHt+ 10 G) mixtures milled for 2-Theta (deg.)
1, 4 and 8 h were first dehydrogenated at 43@or 2h un- . Fig. 1. Evolution of XRD patterns of the (MgH+ 10 G) mixture with
der vacuum to ensure complete release of hydrogen, guidedyiling time.
by prior study of hydrogen desorption of Mgl7] and then
rehydrogenated at a relatively low temperature of 2Z5@or
30m under 12-14 bar of hydrogen pressure for one Cyc|e; graphite peaks were detected, which indicates that the reg-
the temperature was chosen deliberately to a very low valueular crystalline structure of the graphite has been destroyed
in order to enhance the difference in hydrogenation with and Py milling, leading to undesirable amorphization. In order
without graphite. The absorption half-cycle was not closely t0 maintain the crystalline structure of graphite, it is sug-
followed in this experiment due to lack of an accurate moni- gested that milling should be less than 15 h under the current
toring system. Instead, the desorption of the rehydrogenatedconditions. Some MgO was produced during milling due to
samples were studied using simultaneous thermogravimetrythe easy oxidation of residual Mg remaining in the parent
(TG) and diffraction scanning calorimetry (DSC) to identify MgH>.
the total hydrogen absorbed under the preset rehydrogena- The as-received Mgiipowder was also milled for 8 and
tion conditions. 15h for comparison with the (MgiH 10 G) mixture. The
To further clarify whether additional powder boundaries XRD patterns of the milled powder/mixture were shown in
may enhance hydrogen “storage”, a loose and a Compacted:ig. 2 It is noted that the intensity and width of the MgH
(MgH> + 10 G) mixtures prior-milled for 8 h were first de-  peaks for the (Mghd + 10 G) mixture are similar to those
hydrogenated at 43 for 2 h, and then rehydrogenated at for the Mgk, milled for the same period of time, indicating
350°C for 6 h under 14 bar hydrogen pressure. The com-
pacted pellet sample was made in a die using about 0.065 g — T T
of the milled powder and a 15ton cold press. During each o -p-MgH, *-graphite
compaction, a pressure of 220 bar was used to make a thin *-MgO  v-Mg
pellet with a diameter of 6mm and a thickness of about
0.5-0.6 mm. Structural and hydrogen desorption/absorption
characterisations of the samples were performed by X-ray
diffraction (XRD), scanning electron microscopy (SEM) as
well as simultaneous TG/DSC.
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3. Results

3.1. Sructural characterisations by XRD and SEM

The phase evolution of the (MgHt+ 10 G) mixture with 20 30 40 50 60 70 80
milling time was examined by XRD analyses and the re- 2-Theta (deg.)
sults are shown irFig. 1 The peak at & = 26° belongs Fig. 2. Comparison of XRD patterns of the pure Mghand the

to the crystalline graphite. Its intensity is reduced gradually (MgH2 + 10 G) mixture milled for 8-15h under the same milling condi-
with the increase of milling time. After 15h of milling, no tions.
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T for 8 h after rehydrogenation under the same conditions, it
0-MgH, %MgO is clearly noted tha'F the MgHpeaks of the (Mghl+ 10 Q)
®-Mg  v-Graphite mixture are much higher than those of the pure Mghhile
the Mg peaks of the mixture are much lower than those of
pure Mghb. This observation indicates that a greater amount

the rehydrogenated mixtures, implying that the graphite did
not react or did not react strongly with Mg oraHliuring
cycling.
o (MgH.+106) miledfor th Fig. 4a—ecompares the SEM images of the (MgH10 G)
st powder mixtures milled for 1, 4 and 8h, the as-received
%0 | 30 40 s 60 70 8 graphite and tht_e pure MgHmilled f(_)r 8h, respectively.
Clearly, the particle sizes are very different. The (MgH
2-Theta (deg.) 10 G) mixture milled for 1 h exhibits inhomogeneous particle
Fig. 3. XRD patterns of the milled MgHand (MgH: + 10 G) mixtures size distribution. Many large particles are dispersed among
rehydrogenated at 25C for 30 min after dehydrogenation at 430 for small ones. With the increase of milling time, the particle
2h. size decreases and the particles gradually become homoge-
neous. Particularly, the mixture milled for 8 h shows very
that the crystallite size of the (MgH+ 10 G) mixture was fine distributionFig. 40.
not affected by the addition of graphite during milling and Also from Fig. 4c—ejt is clearly noted that after milling,
is similar to that of the Mghl. there is a significant size reduction of the graphite particles
The milled mixtures were completed dehydrogenated and and moreover, the particle size of the (MgH10 G) mixture
then rehydrogenated at 250 for 30 min.Fig. 3illustrates milled for 8 h is smaller and also more uniform than that of
the XRD patterns of the rehydrogenated (MgHLO G) mix- the pure MgH milled for 8 h.
tures originally milled for 1, 4 and 8 h, along with a rehy- In order to see whether rehydrogenation alters the particle
drogenated Mghisample originally milled for 8 h. Itis seen  size of the cold pressed pellet, it was cut in half, mounted
that the intensities of the pure MgHbeaks are greater and in resin and polished slightly for easy examination. The
those of pure Mg are weaker for the rehydrogenated mixture SEM images of the pellet specimen of the (Mg 10 G)
prior-milled for a longer period of time, which means that mixture prior-milled for 8h are compared iRig. 5 after
more hydrogen was absorbed in the mixture. By compari- dehydrogenation at 43@ for 2h andFig. 6 after rehy-
son with the XRD pattern of the pure MgHprior-milled drogenation at 350C for 6h. At a low magnification,

35 MaH,milld for 8h of the hydride has been formed in the (Mg 10 G) mix-

g (MgH +10G)millet for 6 ture than in the pure Mgilafter rehydrogenation. More-
-;,?, B g over, it should be noted that crystalline graphite exists in all
C

[]

C

o (MgH,+10G)milled for 4h
L)
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Fig. 4. SEM images of the (Mgl 10 G) powder mixture milled for: (a) 1 h, (b) 4h, (c) 8h and (d) of MgHiilled for 8 h and (e) of the as-received
graphite (micron bae 1 pm).
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15 mm
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Fig. 5. SEM images of the (MgiH 10 G) mixture pellet originally milled for 8 h after dehydrogenation at 430for 2 h: (a) at a low magnification
and (b) at a high magnification.
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Fig. 6. SEM images of the (MgiH- 10 G) pellet originally milled for 8 h after rehydrogenation at 380for 6 h: (a) at a low magnification and (b) at
a high magnification.

Figs. 5(a) and 6(3) there seems not much difference be- graphite in Mgk does not seem to influence the hydrogen
tween the two samples, apart from the evidence of a porousdesorption temperature of the mixture.

structure in both cases, which may be useful in trapping The (MgH + 10G) mixture was selected for further
hydrogen inside the material. No additional cracking of the milling up to 4, 8 and 15h, respectively. The DSC traces
samples is seen, which indicates that the cold compactedof the mixtures after different periods of milling are com-
sample is able to stand hydrogenation/dehydrogenation cy-pared inFig. 8 There is a slight reduction in the desorption
cling. At the higher magnificationFigs. 5(b) and 6(b) peak as milling time increases, which may be attributed to
the particles seem more uniform after rehydrogenation,
possibly due to that the newly formed hydrides break
up relatively large agglomerates in the sample during -
rehydriding.

¢ endood

(MgHL,+10G)
e (MgH30G
(MgH+1G)

3.2. Hydrogen desorption properties of the milled
(MgH2+G) mixtures

Heat flow (a. u.)

Fig. 7 shows the DSC traces of the mixtures of MgH
milled with 1, 10 and 30 mol% of graphite for 1 h at a low L A
speed of 168 rpm (dial number 4). The hydrogen desorption 0 1002000 300 -~ 400 500
peaks only defer by a few degrees with the increase of car- Temperature (°C)
bon content, the onset desorption temperature was not re-ig. 7. DSC traces of the mixtures of (MgH- 1, 10 and 30mol%
duced, all starting at about 40Q. Therefore, the content of  graphite) milled for 1h at a low speed of 168 rpm.




Fig. 8. DSC traces of dehydrogenation of the (MgH10G) mixture

C.X. Shang, Z.X. Guo/Journal of Power Sources 129 (2004) 73-80

77

1 400

— 0 4 3 - 350
- n & Mg, _
e | b g 8
; E -2 E:-_, Temperature — 250 [
: ! :
= ———1h milling 3 3 5 +200 %
‘('u' ATH [7] IS Q
o - - - - 4h milling o -4 A — 150 2
T — 8h milling s 5 % T §

- 15h milling MM
: : : . -6 = 50
0 100 200 300 400 500 -7 f— f f f f +— 0

Temperature (°C)

initially milled for different periods of time.

0 400 800 1200 1600
Desoprtion time, s

2000 2400

Fig. 11. Comparison of hydrogen desorption kinetic curves at’@7®f
the prior-milled MgH and (MgH + 10 G) mixture for 8 h.

in Fig. 8 for two (MgHy + 10 G) samples milled for 8 and
. l 15h, respectively. It reveals the total amount of hydrogen
r e that can be released from the milled mixtures, which is about
g 5wt.% in both cases. Since the DSC curve$ig. 8 indi-
= — Asreceived Mghi cate that the on-set desorption temperature is arouné@70
$ T Mt isothermal TG tests were carried out at 3Z5for MgH,
—e— (MgH1;+10G) milled for 15h and the (MgH + 10 G) mixture milled for 8 h. The results
"""" (MeH+106) milled for S are illustrated irFig. 11, where the desorption kinetics are
P —— ; noted to be similar. This further confirms that graphite has
0 100 200 300 400 500

little effect on the hydrogen desorption properties of MgH
Temperature (°C)

3.3. Hydrogen desorption of the rehydrogenated

Fig. 9. Comparison of DSC traces of dehydrogenation of the Maghtl .
(MgH2 + G) mixtures

the (MgH: + 10 G) mixtures initially milled for 8 and 15 h, respectively.

. . . - . . . Fig. 12 shows the DSC traces of the rehydrogenated
particle size reduction due to milling. To clarify this point, (MgHs + 5G) mixture originally milled for 1, 4 and 8h
chechrv_ﬁs da:cre éurth der15cﬁmng-areg _I\_Ar']'th th(?(se o_ft_the pfure respectively (the sample milled for 15h was not selected
thg 2 mll\j or dat?] M ! Igl.O.G e_ﬁegf Potf]l lons o because the carbon structure was largely destroyed, as in-
| N F:Eref t.gl-i and the ( gb‘ﬁ th ) mille OL. ﬁ.s?jmet dicated inFig. 1). The endothermic desorption peaks of
ength of time are more or ess he same, which Indicates y, rehydrogenated (MgHh 5G) mixtures are in similar
that graphite has little effect on the Qesorptlon tgmperature. positions to those of their original counterparts, shown in
Therlffofre, ths pe?"‘ shgts ts_hown Fig. 8 are mainly the Fig. 8 indicating that the rehydrogenation has not changed
result of powder size reduction. _ the onset desorption temperature.

Figs. 4-10show the mass loss as a function of temper-

t imult | 4 with the DSC : The corresponding TG curves of the rehydrogenated
ature, simultaneously measured wi e curves g|ven(Mg|_|2 + 5G) mixtures are shown iFig. 13 where the

Milled (MgH,+10G) after rehydriding
il ~ o X
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Fig. 10. Weight loss of hydrogen desorption of the prior-milled
(MgH2+10 G) mixture as a function of temperature, simultaneously mea- Fig. 12. DSC traces of the rehydrogenated (MgH 10G) mixture

sured with the DSC measurementsHiy. 8.

Temperature (°C)

prior-milled for 1, 4 and 8 h, respectively.
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1 : - 4, Discussion
Samples After rehydriding

To reduce the time needed for full activation and fast
H uptake of Mg, it has been noted that crystalline carbon
improves the activation behaviour and absorption kinetics
of Mg or Mg,Ni. Milling Mg with as little as 10 wt.% of
graphite for only 30 min has been shown to generate much

ST T Mgy milked or $h more rapid H uptake at 30@ than pure Mg milled for
-6 e = a longer period of time under the same milling conditions
100200 300~ 400 500 600 [2,3]. The material can be fully activated by the addition of
Temperature (C) graphite, which inhibits the formation of a new oxide layer
Fig. 13. TG curves of hydrogen desorption as a function of temperature ONC€ the initial oxide layer is broken.
of the rehydrided (Mghl+ 10 G) mixture prior-milled for 1, 4 and 8h In the relatively less energetic milling condition (speed:
and the rehydrided Mgtiprior-milled for 8 h. 168.4 rpm), the phase evolution of the (MgH 10 G) with
milling time was shown inFig. 1 It took about 15h of
milling to destroy completely the crystalline structure of
graphite, as indicated by the disappearance of the charac-
teristic diffraction peaks of graphite. As report by Imamura
et al. destroyed graphite structure does not influence the sur-
face and interface state of the material, Therefore, the milling
should be limited to a short period of time, no more than
15h in order to present the effect of graphite on absorption
of hydrogen. The position of the diffraction peaks of MgH
shows no shift with milling, indicating that the dissolution
of C into MgH, did not occur, at least not to a significant ex-
tent. This is in agreement with the report in the binary phase

—-=--- MgH, milled for 8h
(MgH;+G) milled for 1h
,,,,,,,, (MgH,+G) milled for 4h

Mass loss, wt%
.
(8]
}

hydrogen desorption capacities are 1.6, 2.8 and 5.0 wt.%,
respectively, for the mixtures originally milled for 1, 4
and 8h. The desorption curve of a pure Mgthilled

for 8h is also shown for comparison, where the sample
is noted to have absorbed only about 0.8wt.% hydrogen.
This clearly demonstrates that carbon indeed facilitates
the hydrogen absorption (here, the rehydrogenation) of the
(MgH2 + 10 G) mixtures. The increased hydrogen up-take,
indicated by the higher desorbed value, with increasing
milling time is likely due to increased uniformity of car-
bon distribution on MgH particle surfaces and a reduction . o . .
in the particle size. E|er$ce, the beneficial effects of ele- diagram that the solubility of C in Mg is extremely Iq@].

: By comparison of the XRD patterns of the Mgirhilled
irg:gtt;a\ﬁlegarbon on hydrogen absorption have been clearlyfor 8-15h with those of the (Mg#H 10 G) milled for the

same periods of tim&ig. 2 the addition of graphite does
not significantly change the crystallite size of MgHhis is

mixture originally milled for 8 h. Both TG and DSC curves different from .the rgsult big], n which a sizeable reduc'qqn
of the crystalline size of Mg is reported, even after milling

show that the hydrogen desorption temperatures and kI_Mg with graphite for only 30 min. The difference is possibly

netics of the powder and the pellet are very similar. The . . . O
TG curves show that hydrogen released from the pOWderplue to that the MgHlis very brittle and its crystallite size

and the pellet is about 5.0 and 6.0Wt.%, respectively. The is already very small in our case. However, Bouaricha et al.
small enhancement in the hydrogenati(;n capacity in the also show that the reduction of the crystallite size is not
pellet may be due to closely packed powder interfaces responsible for the improved activation characteristics of the

. ) ) . . . material.
r ndari which provi itional si for rin . —
ﬁydt:g;ega €s, ch provide additional sites for storing Moreover, the SEM images ifrig. 4 show that the

(MgH2 + 10G) mixture milled for 8h consists of more
uniform and smaller particles than the Mgkhilled for the
same period of time. This may be partly due to that the ad-
____________ dition of graphite reduces the adhesion and agglomeration

of MgH> particles. These fine particles have large surface
area per unit volume, which can enhance the hydrogen dif-
fusion and hydride phase formation, therefore, of benefit to
the sorption kinetics. Bouaricha et ] have also reported
that various C-containing materials such as fullerene and
graphite can increase the specific surface area of nanocrys-
: : i ‘ : talline MgNi. However, these carbon additions show no

100 200 300 400 500 effect on the hydrogen desorption kinetics of M
Temperature (°C) Graphite does not seem to react with other elements

Fig. 14. Comparison of the DSC and TG curves of the powder sample during (_jeh,ydmgenatlon and hydrogenation. This has been
and the pellet sample of the rehydrogenated (MgH.0 G) mixture (8 h proved inFig. 3for the XRD patterns of the (MghH- 10 G)
milling) at 350°C for 6 h under 14 bar pipressure. mixture rehydrogenated at 25C after dehydrogenation,

Fig. 14 compares the DSC and TG curves of the loose
powder and the pellet of the rehydrogenated (MgH 0 G)

.

endo. \
Ly
r DSC ;

Mass loss (Wt%)
Heat flow (a. u.)

- = === Powder sample

Pellet sample R PO
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where the graphite still remains in the mixture among the  Attempt to identify whether a firmly compacted powder
Mg/MgH particle. Therefore, the changes in hydrogen pellet can store more hydrogen than a loosely compacted
absorption/desorption properties of the mixture should be powder sample that was made using the (MgHLO mol%
related to the addition of graphite. The observation agreesG) mixture. The results indeed confirm a small increase
with the finding in[3,5]. in the hydrogen absorption capacity of the pellet by about

For the milled (Mght + G) mixtures with different 1wt.%, Fig. 14 because of additional powder—particle
graphite contents, the desorption temperature stays moreéboundaries and/or small pores that can trap hydrogen in
or less the samekig. 7. Although further milling of the the sample. Hence, the smaller the particle size, the greater
(MgH2 + G) mixture up to 15 h leads to about 70 reduc- this “compacting” effect is likely to be. Nano-sized pow-
tion in the desorption temperaturiéigs. 8 and 9compared der mixtures may gain the maximum benefit from much
with the as-received Mgid Such a reduction is mainly due  enhanced powder boundaries.
to the milling effect as a result of reduced particle size.  As with other alloying additions to improve the sorption
Hence it can be firmly stated that the addition of graphite in temperature and kinetics, increasing the level of carbon is
MgH» does not influence the desorption temperature. Nei- likely to reduce the overall hydrogen storage capacity, un-
ther does graphite seem to influence the desorption kineticsless the carbon structure happens to absorb/desorb hydro-
as seen irFig. 11 Graphite in the samples does not interact gen readily as well. When the “mist” on hydrogen storage
with or catalyse the Mghlparticles. of carbon nanostructures is clear, it is possible to identify

The existing experimental facility prohibits direct mea- an optimum hydrogen-absorbing carbon nanostructure as an
surements of the absorption kinetic curves. In order to clar- ideal modifier to Mg surfaces for the benefit of improving
ify whether the graphite influences the absorption behaviour both the sorption properties and the storage capacity.
of MgHy, the milled (Mg + G) mixture was first dehy-
drogenated completely then rehydrogenated and finally the
“absorption” characteristics of the mixtures are inferred from 5. Conclusions
the desorption curves of the rehydrogenated samples. This
is particularly noted irFig. 13 where the total amount of The possible effects of crystalline graphite on the hydro-
hydrogen released in the samples corresponds to the totapgen desorption and absorption characteristics of Mgre
amount of hydrogen absorbed during the rehydrogenationinvestigated in this article. The results clearly show that
process. Clearly, there is more hydrogen absorbed in thegraphite poses little influence on desorption temperature and
graphite modified mixtures than in the simply milled MgH  kinetics of Mgh. However, it does benefit the absorption
The higher level of hydrogen absorbed in the mixture milled behaviour of MgH, leading to rapid hydrogen uptake in
for a longer period of time may be due to a more uniform the rehydrogenated sample. After dehydrogenation, 5wt.%
coverage of carbon around even smaller particles, both ofof hydrogen was re-absorbed within 30 min at 260for
which facilitate rapid hydrogen uptake in the sample. This the (MgH + 10 G) mixture prior-milled for 8 h, while only
point is also clearly illustrated in the relative intensities of 0.8 wt.% for the pure Mgkl milled for 8 h, the effect may
the diffraction peaks, shown ifig. 3. The Mgk peaks in be attributed to the interaction between crystalline graphite
the graphite modified samples are much higher than thoseand the disassociation of hydrogen molecules at the MgH
in the pure MgH. This cannot be solely attributed to the or Mg surface and graphite coating on the powder particles
milling effect as result of particle size reduction, because can also inhibit the formation of a new oxide layer on the
the pure MgH was milled for 8 h as well, but did not show Mg powder surfaces.
much absorbed hydrogen. Therefore, the crystalline graphite
should play a certain catalytic role in the hydrogen absorp-
tion of Mg, or dissociation of bl near the Mg surface. Acknowledgements
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