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a  b  s  t  r  a  c  t

The  results  of the  studies  on  the  dehydrogenation  behavior  of  the  ball  milled  LiAlH4 catalyzed  with  5  wt.%
of  manganese  chloride  (MnCl2) are  reported.  During  ball milling  for  15  min  the  LiAlH4 +  5  wt.%  MnCl2
nanocomposite  releases  a miniscule  amount  of  ∼0.25 wt.%  H2.  However,  no  products  of  the  possible
reaction  between  LiAlH4 and  MnCl2 (e.g.  LiCl)  are  observed  by  X-ray  diffraction  (XRD).  In  a  DSC test  most
of LiAlH4 decomposes  exothermically  to Li3AlH6 in a  solid  state  while  a small  fraction  of  retained  LiAlH4

melts  and  decomposes  in  a  liquid  state.  During  dehydrogenation  at 100 ◦C under  0.1  MPa  H2 the  ball  milled
LiAlH4 +  5 wt.%  MnCl2 nanocomposite  is able  to desorb  ∼4.6  wt.%  H2 within  ∼30,000  s in  a  solid  state
ydrogen storage materials
ithium alanate (LiAlH4)
anganese chloride (MnCl2)

all milling
-ray diffraction (XRD)
ifferential scanning calorimetry (DSC)

but  only  in  Stage  I  (reaction:  LiAlH4 (solid)  →  1/3Li3AlH6 + 2/3Al  +  H2).  The  apparent  activation  energy  of
dehydrogenation  for this  solid  state  reaction  is  equal  to  ∼80  kJ/mol  as  compared  to  ∼70  kJ/mol  obtained
for  LiAlH4+5  wt.%  n-Ni  [7].  However,  during  decomposition  at 100 ◦C  a  chemical  reaction  occurs  between
LiAlH4 and  MnCl2 producing  LiCl  and  most  likely  an  amorphous  Mn  metal  catalyzing  the  reaction  in Stage
I.  The  ball milled  LiAlH4+5  wt.%  MnCl2 nanocomposite  is  capable  of  desorbing  substantial  quantities  of
H2 during  long  term  storage  at room  temperature  (RT;  ∼21 ◦C), 40  and 80 ◦C.
. Introduction

In the future Hydrogen Economy a viable solid state hydrogen
torage system is needed for efficient supply of pure hydrogen to
uel cells in automotive and a variety of non-automotive applica-
ions like, for example, electronic consumer goods. For a Proton
xchange Membrane (PEM) fuel cell stack a viable hydrogen system
equires operating temperature range roughly from room temper-
ture (RT) to 100 ◦C and a practical hydrogen capacity exceeding at
east 6 wt.% particularly for automotive applications [1].

One of the most interesting hydrides for solid state hydrogen
torage is a complex metal hydride LiAlH4 (lithium alanate) since it
an liberate a theoretical quantity of 7.9 wt.% H2 below 250 ◦C [1].
iAlH4 releases only high purity H2 in contrast to complex metal
orohydrides that can also release diboranes [1] which are destruc-
ive to a fuel cell’s membrane. Some catalytic metal chlorides such
s TiCl3 [2,3], ZrCl4 [4],  VCl3 [4,5], NiCl2 [4,6] and ZnCl2 [4] were
dded to LiAlH4 which enhanced quite dramatically the rate of des-

rption and in effect lowered the effective desorption temperature
f LiAlH4.
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In the present work we report the results of the studies on the
dehydrogenation behavior of the ball milled LiAlH4 catalyzed with
5 wt.% of manganese chloride (MnCl2). The emphasis is on the dehy-
drogenation behavior at a temperature range from RT to 100 ◦C
which roughly falls within the operating temperature range of a
PEM fuel cell. The results are qualitatively compared to the catalytic
effects of nanometric nickel (n-Ni) which are already reported in
[7,8]. The latter results are treated as a benchmark for comparison.
It is to be pointed out that the catalytic effects of MnCl2 on the
dehydrogenation behavior of LiAlH4 have never been investigated.

2. Experimental

LiAlH4 of 97% purity (Alfa Aesar) which was thoroughly characterized in [9]
was  mixed with 5 wt.% of the MnCl2 catalytic precursor (99.99% pure, ultra dry
manganese(II) chloride (MnCl2) from Alfa Aesar) and subsequently processed by
controlled ball milling for 15 min  in the magneto-mill Uni-Ball-Mill 5 under high
energy impact mode IMP68 with two magnets [1,7–11]. The ball-to-powder weight
ratio (R) used in this work was 132:1 (R132) as opposed to both 40:1 (R40) and R132
used for the system LiAlH4 + 5 wt.% n-Ni in [7].  In our research on the dehydrogena-
tion of various hydrides we have found no measurable difference in the investigated
microstructural and hydrogen storage properties between hydride powders pro-
cessed with these two R’s and eventually we set up at R132 as it saves the quantity
of powder used. The rotational speed of milling vial was ∼200 rpm. The processed

nanocomposite powders were investigated by differential scanning calorimetry
(DSC), X-ray diffraction (XRD) and volumetric hydrogen desorption in a Sieverts-
type apparatus. Due to the space limitation an interested reader can find the details
of all the experimental techniques in our most recent publications [1,7–11]. For the
long-term storage experiments at room temperature (RT; ∼21 ◦C), 40 and 80 ◦C the

dx.doi.org/10.1016/j.jallcom.2010.09.068
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. Comparison of DSC curves for catalyzed LiAlH4 ball milled under IMP68 for
5  min  with R132. (a) LiAlH4 + 5 wt.%MnCl2 (this work). (b) LiAlH4 + 5 wt.% n-Ni [7].

all  milled LiAlH4 + 5 wt.% MnCl2 nanocomposite was stored under 0.1 MPa pressure
f  high purity argon (99.999% purity) in a tightly sealed glass vial at a prescribed tem-
erature (at RT in a glove box and at 40 and 80 ◦C in an oven). A small quantity of
owder was extracted from a vial after a predetermined number of storage days in

 glove box filled up with high purity argon. A characteristic “pop up” sound was
lways heard after opening the vial which indicated a hydrogen pressure build up
nside the sealed vial. Subsequently, the extracted powder sample was  loaded in a
love box into a tightly sealed reactor chamber which was mounted in a furnace
f  our Sieverts type apparatus. After purging a few times with vacuum/H2 the final
ressure of 0.1 MPa  H2 was set up in the reactor and the powder was  fully dehydro-
enated at 170 ◦C. A hydrogen desorption curve was  registered until full saturation
as reached (usually up to 10–20 ks).

. Results and discussion
SEM observations show that the average particle size after ball
illing is on the order of ∼3 �m as compared to the initial average

article size of as received LiAlH4 which is equal to ∼10 �m [9].
rain/crystallite size estimate of LiAlH4 from the peak breadths of
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ig. 2. Comparison of volumetric desorption curves at 100 ◦C under 0.1 MPa
2 for catalyzed LiAlH4 ball milled under IMP68 for 15 min  with R132. 1-
iAlH4 + 5 wt.%MnCl2 (this work) (desorbed up to 140 ks) and 2-LiAlH4 + 5 wt.% n-Ni
desorbed up to 98 ks) [7].
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Bragg peaks in XRD patterns, following the methodology described
in [1,7–11],  shows that the average grain size of ball milled LiAlH4
is close to ∼80 nm with an excellent coefficient of fit R2 of about
0.96–0.98. Therefore, we  refer to these ball milled catalyzed pow-
ders as nanocomposites. Pressure drop measurements in a milling
vial in due course of milling were conducted from which a loss
of about 0.25 wt.% H2 after 15 min  of ball milling was estimated
according to the procedures described in [1].  The XRD pattern of a
ball milled nanocomposite LiAlH4 + 5 wt.% MnCl2 (not shown here)
exhibits only majority peaks of LiAlH4 (JCPDS#73-0461) as well
as peaks of the Al minority phase (JCPDS#85-1327) which is most
likely an impurity [9].  A very weak peak at the 2� position which
may correspond to the 100% (0 2 0) peak of Li3AlH6 (JCPDS#27-
0282) is also observed but this position is also superimposed with
the 19% (-1 1 1) peak of LiAlH4 so it is hard to conclude unam-
biguously whether or not some minutiae quantity of Li3AlH6 is
indeed present in the microstructure after milling. However, no
products of the reaction between LiAlH4 and MnCl2 are observed
by XRD. In addition, no 100% (0 0 3) peak of MnCl2 (JCPDS#22-
0720) could be recognized in the XRD pattern after milling which
suggests that MnCl2 may  have become amorphous as a result of
milling.

Fig. 1a shows a DSC curve for ball milled LiAlH4 + 5 wt.% MnCl2.
The low temperature of the first exothermic peak at 139.3 ◦C
strongly indicates that, most likely, this peak may represent a
superposition of two events as discussed in [7,9]. The first one
is the reaction of the surface aluminum-hydroxyl groups owing
to the presence of impurities as first reported by Block and Gray
[12]. As also recently suggested in [7,9] this hydroxyl reaction may
possibly trigger the second event which is the decomposition of
LiAlH4 in a solid state according to the well-known reaction which
theoretically releases about 5.3 wt.% H2 [1]:

LiAlH4 (solid) → 1/3Li3AlH6 (solid) + 2/3Al(solid) + H2 (1)

However, this reaction seems not to proceed to a full com-
pletion because a small fraction of retained LiAlH4 melts (notice
a small endo peak at 163.1 ◦C) and immediately afterwards
decomposes according to reaction (1) in a liquid state at the
exothermic peak around 171.1 ◦C (Fig. 1a). However, the most
recent results obtained in our laboratory show that the increase

of MnCl2 content to about 29 wt.% in the ball milled nanocompos-
ite (molar ratio 8LiAlH4 + MnCl2) completely eliminates melting of
LiAlH4.

y = -79.762x + 17.121

R2 = 1

-9

-8.5

-8

-7.5

-7

-6.5

-6

-5.5

-5

0.330.320.310.30.290.28

1000/RT 

ln
 k

LiAlH4+5 wt.% MnCl2
IMP68-R132-15 min 140°C

120°C

100°C

Fig. 3. The Arrhenius plot of rate constant k with temperature for estimation of the
apparent activation energy of hydrogen desorption for the ball milled LiAlH4 + 5 wt.%
MnCl2 system for Stage I.
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ig. 4. Comparison of the amounts of hydrogen desorbed during long term storage
this work) and (b, d and f) LiAlH4 + 5 wt.% n-Ni [7].

As can be seen in Fig. 1b, in contrast to MnCl2, the addition of
 wt.% n-Ni to LiAlH4 combined with a high energy ball milling com-
letely eliminates melting of LiAlH4 in a DSC test. It must, however,
e pointed out that just mixing of LiAlH4 with the same amount
f n-Ni does not eliminate melting at all as reported in [7]. The
ndothermic peaks at 217.4 and 209 ◦C observed in Fig. 1a and b for
iAlH4 + 5 wt.% MnCl2 and LiAlH4 + 5 wt.% n-Ni, respectively, are due
o a well-known second major reaction in a solid state according
o the following path which theoretically releases about 2.6 wt.%H2
1]:

/3Li3AlH6 → LiH + 1/3Al + 0.5H2 (2)

High temperature peaks at 413.4 ◦C and 419 ◦C observed in
ig. 1a and b for LiAlH4 + 5 wt.% MnCl2 and LiAlH4 + 5 wt.% n-Ni,
espectively, are customarily assigned to the decomposition of LiH
1]. As very recently reported in [8] the formation of various inter-

etallic compounds in the ball milled LiAlH4 + 5 wt.% n-Ni system
s also observed around this peak temperature so the origin of this

eak is rather ambiguous.

Ball milled LiAlH4 + 5 wt.% n-Ni desorbs relatively fast at the
40–250 ◦C range under 0.1 MPa  H2 (atmospheric pressure) the
uantity of about 7.4–7.8 wt.% H2 within 10,000–600 s, respectively
m temperature (RT), 40 and 80 ◦C for (a, c and e) ball milled LiAlH4 + 5 wt.% MnCl2

[7,8].  In contrast, ball milled LiAlH4 + 5 wt.% MnCl2 desorbs at the
same temperature range with a slightly lower rate the quantity of
6.7–7.2 wt.%H2 within 20,000–600 s, respectively.

Fig. 2 shows a comparison of isothermal volumetric hydrogen
desorption curves obtained at 100 ◦C under 0.1 MPa  H2 for ball
milled LiAlH4 + 5 wt.% MnCl2 up to 140 ks and LiAlH4 + 5 wt.% n-Ni
up to 98 ks desorption time. For the 5 wt.% MnCl2 additive dehydro-
genation occurs in a solid state but only through Stage I (reaction
(1)) while for the 5 wt.% n-Ni additive, within a similar time span,
dehydrogenation occurs in a solid state through both Stage I and II
(reactions (1) and (2),  respectively). After desorption of ball milled
LiAlH4 + 5 wt.% MnCl2 at 100 ◦C for 140 ks its XRD pattern (not
shown here) exhibits the diffraction peaks of LiCl (JCPDS#04-0664),
Al and Li3AlH6. Apparently, during decomposition besides reaction
(1) in Stage I producing Li3AlH6 and Al a second reaction producing
LiCl (and again Al) must have occurred with the following general
path:
nLiAlH4 + MnCl2 → (n − 2)LiAlH4 + 2LiCl + 2Al + Mn  + 4H2 (3)

For 5 wt.% MnCl2, n = 63 so the exact reaction is as follows:

63LiAlH4 + MnCl2 → 61LiAlH4 + 2LiCl + 2Al + Mn  + 4H2 (4)
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Since no diffraction peaks of Mn  (JCPDS# 33-0887/32-0637) are
bserved after desorption at 100 ◦C for 140 ks most likely Mn  is in
n amorphous state.

Apparently, dehydrogenation rate of LiAlH4 + 5 wt.% MnCl2 is
lower than that for its counterpart with the 5 wt.% n-Ni addi-
ive. The apparent activation energy of dehydrogenation for
tage I for LiAlH4 + 5 wt.% MnCl2 has been estimated using the
ohnson–Mehl–Avrami–Kolmogorov (JMAK) and Arrhenius equa-
ions according to the methodology described in detail in [1,7–11].
ig. 3 shows the Arrhenius plot for three temperatures used for
alculations which renders the value of ∼80 kJ/mol with an excel-
ent coefficient of fit R2. This value can be compared to a value of
70 kJ/mol for Stage I obtained for LiAlH4 + 5 wt.% n-Ni in [7].

At this point it is appropriate to elucidate the effect of ball
illing and resulting nanostructuring on LiAlH4 without any cat-

lytic additives. It is found that the apparent activation energy of
ehydrogenation for unmilled (as received) LiAlH4 is equal to ∼111
nd ∼100 kJ/mol for reactions (1) and (2),  respectively [9].  For ball
illed LiAlH4 the apparent activation energy of dehydrogenation is

lightly reduced to ∼92.5 and ∼92 kJ/mol for reactions (1) and (2),
espectively [9].  In addition, Fig. 9 in [7] shows that at 100 ◦C under
.1 MPa  H2 pressure about 5 wt.%H2 is desorbed within 70,000 s
nd 270,000 s for ball milled and unmilled (as received) LiAlH4,
espectively. Apparently, ball milling of LiAlH4 is definitely bene-
cial for improvement of its dehydrogenation kinetics but still the
anometric catalytic additives bring about an additional profound

mprovement in the dehydrogenation kinetics.
Fig. 4 shows the comparison of the amount of hydrogen des-

rbed during long term storage at room temperature (RT; ∼21 ◦C),
0 and 80 ◦C for ball milled LiAlH4 + 5 wt.% MnCl2 (Fig. 4a, c and e)
nd LiAlH4 + 5 wt.% n-Ni (Fig. 4b, d and f). It can be seen that the
all milled LiAlH4 + 5 wt.% MnCl2 nanocomposite is able to desorb
ubstantial quantities of H2 at these low temperatures. At RT and
0 ◦C the ball milled LiAlH4 + 5 wt.% MnCl2 nanocomposite within a
omparable time span slowly desorbs even slightly greater amount
f H2 than its LiAlH4 + 5 wt.% n-Ni counterpart despite that at ele-
ated temperatures the apparent activation energy of 5 wt.% MnCl2
oped LiAlH4 is slightly greater (∼80 vs. ∼70 kJ/mol, respectively).

. Conclusions

During high energy ball milling for 15 min  the LiAlH4 + 5 wt.%

nCl2 nanocomposite releases about 0.25 wt.% H2. However, no

roducts of any possible reaction of LiAlH4 with MnCl2 (e.g. LiCl)
re observed on the corresponding XRD pattern. In contrast, the
iAlH4 + 5 wt.% n-Ni nanocomposite does not release H2 during high

[
[
[
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energy milling up to 1 h [7].  In a DSC test the majority of LiAlH4 in
the LiAlH4 + 5 wt.% MnCl2 nanocomposite decomposes exothermi-
cally to Li3AlH6 in a solid state reaction although a small amount
of it is still retained which subsequently melts and simultane-
ously decomposes in a liquid state. During a volumetric desorption
test in a Sieverts-type apparatus at 100 ◦C under 0.1 MPa  H2 pres-
sure, ball milled LiAlH4 + 5 wt.% MnCl2 desorbs about ∼4.6 wt.% H2
within ∼30,000 s (∼4.8 wt.%H2 within 140,000 s) in a solid state
but only in Stage I (reaction (1))  as opposed to the LiAlH4 + 5 wt.%
n-Ni nanocomposite which desorbs slightly over 7 wt.% H2 in
both Stage I and II (reactions (1) and (2))  [7].  An XRD pattern of
LiAlH4 + 5 wt.% MnCl2 desorbed at 100 ◦C exhibits diffraction peaks
of LiCl which give evidence that a reaction between LiAlH4 and
MnCl2 occurred during dehydrogenation. The apparent activation
energy of dehydrogenation of ball milled LiAlH4 + 5 wt.% MnCl2
for Stage I is equal to ∼80 kJ/mol as compared to ∼70 kJ/mol for
LiAlH4 + 5 wt.% n-Ni in [7].  The ball milled LiAlH4 + 5 wt.% MnCl2
nanocomposite is able to desorb substantial quantities of H2 at RT,
40 and 80 ◦C. At RT and 80 ◦C the ball milled LiAlH4 + 5 wt.% MnCl2
nanocomposite, within a comparable time span, seems to desorb
a measurably greater amount of H2 than its LiAlH4 + 5 wt.% n-Ni
counterpart.
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