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LiAlH4 is an attractive hydrogen storage material because of its high gravimetric hydrogen storage capac-
ity of 10.5 wt.%. There are various reports in the literature on doping LiAlH4 with transition metals in order
to improve its dehydrogenation kinetics. However, very often it was found that LiAlH,4 starts dehydro-
genating already during doping, thereby, reducing the usable hydrogen storage capacity considerably.
In this study, LiAlH4 was doped by low-energy grinding with different transition metal chlorides (ZrCly,

TiCl; and NiCl,). Thus, unwanted dehydrogenation during doping could be prevented. The positive effect
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of the dopants on promoting the dehydrogenation of LiAlH4 was systematically studied by thermal analy-
sis. In addition, the crystal phases were characterized by X-ray diffraction. In view of long-term storability
of suchlike doped LiAlH4, the weight change was monitored at room temperature up to seven months.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen is an efficient, carbon-free and safe energy carrier.
However, its compact and weight-efficient storage is an ongoing
subject for research and development [1]. Metal hydrides offer an
attractive way for solid-state hydrogen storage with volumetric
storage densities up to 150 g-H,/dm?3 in the case of Mg,FeHg and
gravimetric storage densities up to 18 wt.% in the case of LiBH4 [2].
Among metal hydrides, LiAlH, is particularly attractive because of
its high hydrogen capacity (volumetric: 95 g-H,/dm?3; gravimet-
ric: 10.5wt.%-H,) in combination with rather low decomposition
temperatures under Ar (onset temperature below 100 °C after dop-
ing [3]). Although the reversible reaction from LizAlHg to LiAlH,4
is thought to be endergonic [4], it has been put forward recently
that it can be rehydrogenated with the use of polar aprotic sol-
vents under 1bar hydrogen pressure at room temperature [5],
which offers an energy-efficient way for off-board refueling. In any
case, LiAlH4 can serve as single-use hydrogen storage material for
various special applications, for example, portable hydrogen fuel
cell systems.
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It is generally accepted that the dehydrogenation of LiAlH4
includes three reaction steps [6]:

3LIAIH4 — LizAlHg +2Al + 3Hy (5.3 wt.%-H, of LIAIH,)  (1.1)
LisAlHg — 3LiH + Al + (3/2)H, (2.6 wt.%-H, of LIAIH,)  (1.2)
3LiH + 3Al — 3LiAl + (3/2)H, (2.6wt.%-H, of LIAIH)  (1.3)

Reaction (1.3) is, however, not observed at technically relevant
temperature conditions (T <250 °C). Taking step reactions (1.1) and
(1.2) into account, LiAlH,4 can release up to 7.9 wt.%-H, in view of
practical applications like hydrogen fuel cells. Although this mech-
anism has been adopted by most researchers since the early 1970s,
a one-step process of the LiH formation without intermediate for-
mation of alkali metal hexahydroaluminate was presented recently
by Balema et al. as below [7]:

2LiAIH, 2 2LiH 4 2A1 + 3H, (1.4)
2LiH + LiAlHs — Li3AlHg (1.5)

According to Balema'’s hypothesis, Li3AlHg is formed in the con-
secutive reaction(1.5)and collapsed at elevated temperatures (1.2).

Various studies have demonstrated that ball-milling of LiAlH,4
together with small quantities of dopants can greatly decrease the
temperature for the decomposition of LiAlH, [3,8-16]. The effect of
various dopants on the hydrogen desorption kinetics was reported
in the literature. Transition metal (TM) halides, especially titanium
chlorides, show the most obvious catalytic effects [9-12,16]. Up to
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now, the role of TM halides in the decomposition of LiAlH, is still
ambiguous. Since Balema et al. attributed the high catalytic activity
of TiCl4 to the in situ formation of a microcrystalline Al3Ti phase
[15], the effect of Al5Ti and other TM trialuminides on LiAlH4 was
investigated [8,17,18].

From the literature reports it can be concluded that doping
LiAlH; by high-energy ball milling causes a serious draw-
back: LiAlH4 dehydrogenates already during milling of the
LiAlH4—dopant mixtures [8-10,14]. Thus, the hydrogen storage
capacity available for later use is considerably reduced.

Further, it has to be noted that most studies on the dehydrogena-
tion kinetics of TM-doped LiAlH4 were performed either in vacuum
orinargonatmosphere[3,8-12,14,16], which is different from real-
istic operation conditions where a hydride reservoir should provide
hydrogen for a fuel cell at elevated H, pressures.

In order to overcome this disadvantage of doping LiAlH4 by ball
milling, the purpose of this study was to dope pre-milled LiAlH,4
with TMs by low-energy grinding in order to prevent unwanted
dehydrogenation during preparation. Three typical TM chlorides
(ZrCly, TiCl3 and NiCl,) were chosen as additives. Their effect on
promoting the dehydrogenation properties of LiAlH, (i.e. reduc-
ing the onset temperature of dehydrogenation and enhancing the
dehydrogenation rate) and their influence on the total amount of
hydrogen released was systematically investigated under a hydro-
gen back pressure of 1 bar, thereby, simulating realistic operation
conditions in combination with hydrogen fuel cells. In this regard,
the dehydrogenation of TM-doped LiAlH4; was examined under
isothermal conditions at 80 °C, which is the operating temperature
of hydrogen fuel cells [19]. Furthermore, the long-term dehydro-
genation behavior of TM-doped LiAlH4 at room temperature was
monitored up to seven months in order to test its storability.

2. Materials and methods
2.1. General

All samples were prepared and handled in a glovebox (MBraun) under argon
(5.0 purity) to prevent unwanted oxidation.

2.2. Materials

Powdery lithium aluminum hydride (99% purity) and zirconium (IV) chloride
(98% purity) were purchased from Alfa-Aesar. Titanium (III) chloride (>98.5% purity)
was purchased from Sigma-Aldrich. Nickel (II) chloride hexahydrate (>98% purity)
was obtained from VWR and dehydrated under vacuum for 3 h at 250 °C. The color
change from blue to yellow indicated the formation of anhydrous Nickel (II) chloride.

2.3. Pre-milling and doping procedure

As-received LiAlH4 powder was pre-milled for 30 min in a Fritsch P6 using a
steel vial and steel balls with a ball-to-powder weight ratio of 20:1 and a rotation
speed of 300 rpm. For low-energy doping, the pre-milled LiAlH4 was ground by hand
with a pestle in a mortar for 10 min with 2 mol% ZrCly, TiCl3 and NiCl,, respectively.
In addition, 5 mol% TiCl; was doped into LiAlH4 in the same manner. This 5 mol%
TiCls-doped LiAlH4 was only used for comparison of the dehydrogenation kinetics
with the 2 mol% TiCls-doped LiAlH4 sample (Fig. 5).

2.4. Structural analysis

X-ray diffraction (XRD) was performed with a Bruker D8 Advance using Cu-K,
radiation at a tube voltage of 40 kV and a tube current of 40 mA. The scanning range
of the diffraction angle (26) was 10-100°. All samples were permanently covered
with a capton foil to avoid any unwanted oxidation. The morphology of the powder
has been analyzed in an EVO 50 ZEISS scanning electron microscope (SEM) using
detectors for back-scattered electrons (BSE).

2.5. Dehydrogenation kinetics

Measurements of dehydrogenation kinetics were carried out in a magnetic sus-
pension balance (Rubotherm)with a precision of 10 p.g under a hydrogen (6.0 purity)
back pressure of 1 bar. The respective sample mass was about 250 mg. A heating rate
of 1 K/min was chosen from 0°C to 220°C.
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Fig. 1. XRD patterns of (a) dehydrated NiCl,, (b) as-received LiAlH4, (c) pre-milled
LiAlH4, (d) NiCl,-doped LiAlHy4, (e) ZrCls-doped LiAlH4 and (f) TiCls-doped LiAlH4.

2.6. Room temperature dehydrogenation

The freshly doped samples have been kept in gas-tight vials (6 ml) inside an Ar
glove box for up to 35 days to test their stability at room temperature (25°C). The
dehydrogenation kinetics was monitored based on the samples’ weight loss (sample
mass: 1g) over time via an electronic balance (Sartorius, precision: 1 mg).

3. Results and discussion

3.1. Structure analysis and dehydrogenation properties of
TM-doped LiAlH,4

Fig. 1 presents the XRD patterns of undoped and freshly TM-
doped LiAlH,. LiCl peaks are observed in as-received LiAlH4 as
impurity (Fig. 1b). After pre-milling of the LiAlH; powder for
30 min, no decomposition can be detected (Fig. 1c). The peaks of
ZrCl4 and TiCl3 can be easily found in the XRD patterns of ZrCly-
doped LiAlH4 (Fig. 1e) and TiClz-doped LiAlH4 (Fig. 1f), which
indicates that the dopants do not completely react with LiAlH,4
under the applied grinding conditions. However, a partial reaction
cannot be eliminated owing to the potential formation of nanopar-
ticles and their relatively small molar fraction. The XRD pattern of
NiCl,-doped LiAlHy4 (Fig. 1d) shows only the characteristic peaks of
LiAIH4 but no NiCl, peaks. This can be explained by the fact that
the dehydrated NiCl, used for doping is amorphous according to
the XRD pattern of Fig. 1a. In no case the formation of Li3AlHg was
detected which indicates that TM chlorides do not immediately
trigger the decomposition of the pre-milled LiAlH4 powder under
the low-energy grinding conditions applied here.

SEM investigations reveal that the as-received LiAlH, powder
consists of irregularly shaped particles with a broad size distribu-
tion ranging from a few micrometers up to several ten micrometers
(Fig. 2a). For comparison, the particle size of pre-milled LiAlH,4
doped with different TM chlorides is in the range of several
micrometers. For example, Fig. 2(b) exhibits the SEM micrograph of
pre-milled LiAlH4 doped with ZrCl, in BSE mode. Obviously, most of
the powder particles are smaller than 10 wm and they are agglom-
erated. A few large LiAlH4 particles with dimensions in the 30 wm
range are still found after pre-milling. The ZrCl, particles (bright
spots in Fig. 2b, exemplarily indicated by arrows) are homoge-
neously distributed in the LiAlH4 powder bed. Similar results in
view of particle size and dopant distribution have been observed
for the other samples. Therefore, effects like catalyst distribution
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Fig. 2. SEM micrographs in BSE mode of (a) as-received LiAlH4 and (b) pre-milled
LiAlH4 doped with ZrCly. The arrows indicate exemplary ZrCly particles.

and particle size are not expected to alter the investigations on the
effect of the dopants on LiAlHg.

In Fig. 3 the hydrogen release curves of LiAlH; doped with
different metal chlorides are presented in dependence on time
and temperature. The dehydrogenation onset temperature of
as-received LiAlH, is about 140 °C. For pre-milled LiAlH4 and NiCl,-
doped LiAlHg4, this temperature is reduced by nearly 10K. It is
noteworthy that ZrCly-doped LiAlH4 already begins to release
hydrogen at a temperature of about 80°C and that TiClz-doped
LiAIH,4 starts dehydrogenating at about 65 °C, which refers to an
onset temperature drop of 50 K and 65 K, respectively, compared to
the pre-milled sample. The maximum amount of hydrogen released
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Fig. 3. Dehydrogenation characteristics of LiAlH4 doped with different catalysts.
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Fig. 4. XRD patterns of (a) dehydrogenated pre-milled and undoped LiAlH4, (b)
dehydrogenated NiCl,-doped LiAlHy4, (c) dehydrogenated TiCl;-doped LiAlH4 and
(d) dehydrogenated ZrCls-doped LiAIH,.

from LiAIH4 doped with TiCls, ZrCly, NiCl, are 6.81 wt.%, 6.55 wt.%
and 7.25 wt.%, respectively. Thus, these materials released 94%, 94%
and 99% of their respective theoretical hydrogen capacity consider-
ing reactions (1.1) and (1.2). In addition, doping pre-milled LiAIH,4
with TiCl3 and ZrCl4 improves the dehydrogenation kinetics sig-
nificantly. As-received LiAlH4 powder dehydrogenates 90% of its
theoretical hydrogen content considering reactions (1.1) and (1.2)
within 175 min. In comparison, the pre-milled LiAlH4 and pre-
milled LiAlH4 doped with NiCl,, ZrCly, or TiCl; release 90% of their
theoretical hydrogen content within 163, 157, 154 and 151 min,
respectively, during the thermal regime shown in Fig. 3. Accord-
ing to Table 1, the comparison of these results with those from the
literature shows that TM-doping of LiAlH4 by low-energy grinding
results in improved dehydrogenation properties.

Itis worth noting that in the dehydrogenation curves of undoped
LiAIH4 and NiCl,-doped LiAlH4 (Fig. 3), two dehydrogenation steps
can be easily identified which refer to reactions (1.1) and (1.2).
However, in the case of ZrCly- and TiCl3-doped LiAlH4 the two
reaction steps are overlapping which can be explained by Balema’
hypothesis of a single-step dehydrogenation [7]. Another possi-
bility is a simultaneous proceeding of reactions (1.1) and (1.2).
In situ-synchrotron radiation XRD studies and detailed kinetic
investigations are planned to unambiguously identify the reaction
sequence in dependence on the dopant.

The disappearance of LiAlH4 and LisAlHg in the XRD patterns
of the dehydrogenated samples (Fig. 4) demonstrates that the
decomposition of LiAlH4 to LiH, Al and H, has been completed.
Interestingly, the TM halides cannot be detected anymore (com-
pare with Fig. 1). Since the intensity of the LiCl peaks has been
increased during the dehydrogenations in all TM halide-doped
samples, the formation of TMyAly or respective TM can be assumed.
However, metallic or intermetallic phases containing any of the
TMs, which are considered as the catalytically active compounds
[3,7,8,15,17,18] were not detected by XRD in the present study.

For possible practical application for PEM fuel cells, the dehy-
drogenation properties of TiCl3-doped LiAlHg4, which showed the
best dehydrogenation performance (Fig. 3), have been examined
in further detail up to a maximum temperature of 80°C (Fig. 5).
The results show that TiCl;-doped LiAlH4 can release consider-
able amounts of hydrogen even at constant 80°C: 2.9 wt.%-H, for
2mol% and 2.5wt.%-H, for 5mol% TiCl3-doped LiAlH4. Although
the total amount of hydrogen released is a little lower for 5 mol%
TiCl3-doped LiAlHg4, its dehydrogenation kinetics is clearly faster
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Table 1

Dehydrogenation properties of TM chloride-doped LiAlH4 powder.
Dopant Atmosphere Dehydrogenation Heating rate Maximum temp. Reference

Gas Pressure (Pa) H, released (wt.%) Onset temp. (°C) (K/min) (°C)

5wt.% TiCls Ar Not mentioned ~0.3 Not mentioned 2 327 [8]
5wt.% ZrCly ~1.1
5wt.% VCl3 ~2.7
5wt.% NiCl, ~6.4
5wt.% ZnCl, ~7.5
5 mol% AlCl3 Vacuum 0.1 ~7.5 ~110 8 250 [9]
5mol% VBr3 ~53
5mol% VCls ~3.0
2 mol% TiCly Ar 10° ~1.3 >100 3 450 [10]
2 mol% TiCls ~1.5
2 mol% AlCl; ~4.6
2 mol% FeCl3 ~2.6
2mol%
(TiCl3 - 1/3 AlCl3) Ar Not mentioned ~5.4 ~100 2 250 [3]
4 mol% ZrCly Not mentioned ~6 ~100 7 150 [11]
4 mol% HfCly ~6
2 mol% TiCls Vacuum Not mentioned ~2.0 ~50 1.3 250 [14]
2 mol% NiCl, Vacuum Not mentioned ~6.4 ~85 0.3 170 [16]
5mol% LaCls Vacuum Not mentioned ~5.5 ~125 2 250 [12]
5wt.% MnCl, H, 10° ~7 - - 170 [20]
2 mol% TiCls H; 10° ~6.8 ~65 1 220 This work
2 mol% ZrCly ~6.6 ~80
2 mol% NiCl, ~7.3 ~130

during the first 140 min: 1.0 wt.%-H; for 2 mol% and 1.5 wt.%-H; for
5mol% TiClz-doped LiAlHg4. The results demonstrate that the con-
centration of TiCl3 has a significant effect on the decomposition
kinetics of LiAlHy4, but not on the onset temperature. On the other
hand, the increased concentration of TiCl3 reduces the total hydro-
gen release due to its additional weight and the consumption from
the reaction between LiAlH4 and TiCls.

XRD patterns of TiClz-doped LiAlH, after dehydrogenation at
80°Care shown in Fig. 6. Li3AlHg, TiCls, Al, LiCl and undecomposed
LiAIH4 have been found in 2 mol% TiClz-doped LiAlHy, indicating
a partial decomposition of LiAlH,4 at 80°C. Except for the phases
found in 2 mol% TiCl3-doped LiAlHg4, TiCl, and an unidentified peak
at 14.84° (indicated by red arrow in Fig. 6) are observed in 5 mol%
TiCl3-doped LiAlH4. However, unlike the results of [8,15], Al3Ti has
not been observed in both samples and the unidentified peak in
5mol% TiCl;-doped LiAlH4 is not from AlsTi either. It should be
noticed that different preparation conditions were applied in [8,15]
where Al;3Ti was found (doping by high-energy ball milling with a
doping amount of nearly 50 wt.% titanium chloride).
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Fig. 5. Dehydrogenation characteristics of TiCl;-doped LiAlH4.

3.2. Long-term dehydrogenation of doped LiAlH, at room
temperature

The freshly doped samples have been kept under Ar atmosphere
for up to 35 days to study their long-term stability as a measure for
their storability at room temperature. In Fig. 7, the mass changes of
the samples are plotted over the 35-day period of investigation. The
undoped and pre-milled LiAlH4 did not show any mass change at all
during that time. The NiCl,-doped LiAlH4 merely showed a hydro-
gen release of 0.1 wt.% during 35 days. For ZrCl,- and TiCl;-doped
LiAIH,4 arespective mass loss of 1.6 and 1.5 wt.% occurred within 35
days. After that, all doped LiAIH4 samples were respectively kept in
gas-tight vials for 7 months. During these months all samples kept
a constant weight except ZrCly doped-LiAlH4 (0.5 wt.% H; release).

The dehydrogenation characteristics of the doped-LiAlH4 stored
after 7 months are shown in Fig. 8. It should be noticed that
here, unlike the dehydrogenation characteristics of LiAIH4 immedi-
ately after doping (Fig. 3), the two dehydrogenation steps referring
to reactions (1.1) and (1.2) can be easily identified for all the

®TiCla +LiCl OTiCl
ALbAIHe ® LiAlH« V Al

L <

Intensity (Counts)

20 (degree)

Fig. 6. XRD patterns of (a) 2 mol% TiCl;-doped LiAlH, after dehydrogenation at 80 °C
and (b) 5 mol% TiCl3-doped LiAlH, after dehydrogenation at 80°C.
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Fig. 7. Dehydrogenation of TM-doped LiAlH, at room temperature (cf. Section 2.6
for experimental details).
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Fig. 8. Dehydrogenation characteristics of doped-LiAlH4 stored at room tempera-
ture after seven months.

samples. The respective onset temperatures of both reactions (1.1)
and (1.2) are nearly the same for all samples. Comparing Fig. 8 with
Fig. 3 one can see that the total amount of hydrogen released differs
strongly for ZrCl,- and TiCl3-doped LiAlHy4. In other words, doping
pre-milled LiAlH4 with ZrCly and TiCl3 can trigger the dehydro-
genation even at room temperature with a very low reaction rate.
Investigations about the influence of the temperature during long
term storage on the dehydrogenation properties after the storage
period will be reported in a future paper.

4. Conclusions

Doping pre-milled LiAlH4 powder with TM chlorides (ZrCly,
TiCl;3 and NiCly) by low energy grinding can prevent the dehy-
drogenation of LiAlH4 during the preparation process. Compared
to undoped LiAlH4, the dehydrogenation onset temperature of
suchlike doped LiAlH4 was dramatically reduced by up to 65K.
In contrast to the findings in the literature more than 90% of the
theoretical hydrogen capacity can be released from the TM-doped
samples when heating them to 220°C. At 80°C almost 3 wt.%-H,
can be released from TiCl3-doped LiAlH4. ZrCl4 and TiCl3 trigger
the decomposition of LiAIH4 powder at room temperature by reac-
tion (1.1). Long-term storage of the TiCl;- and ZrCl4-doped samples
leads to a loss of a not insignificant amount of hydrogen. How-
ever, about 5 wt.% of hydrogen can still be released from TM-doped
LiAlH4 stored for 7 months.
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