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Ti–Zr-codoped NaAlH4 exhibits improved hydrogen desorption and reabsorption properties compared
with sole Ti- or Zr-doped alanate. This contribution aims on reversible hydrogen storage in such material
under realistic operation conditions. Results on isothermal dehydrogenation–rehydrogenation cycles at
125 ◦C and desorption at 4 bar hydrogen back-pressure are presented, proving NaAlH4 to be a suitable
hydrogen material in combination with proton exchange membrane fuel cells.
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. Introduction

Since the discovery of the catalytic effect of Ti halide precursors
1], NaAlH4 has become a promising candidate for the solid-state
torage of hydrogen. This finding was followed by several papers
ealing with different approaches to improve the activity of Ti
atalysts [2]. Several Ti-containing compounds, such as organic pre-
ursors [3], TiH2 [4] and Ti nanoparticles [5] have been proven to
atalyze hydrogen desorption of NaAlH4 efficiently. In this respect,
ecent findings indicate that Ti(0) is the actual catalyst [6,7].

Zr is in the same group in the periodic table as Ti, thus, a sim-
lar catalytic effect can be anticipated. However, there are only
ew publications dealing with Zr catalysts for dehydrogenation and
ehydrogenation of NaAlH4. From a systematic screening of a mul-
itude of transition metal chlorides for dehydrogenation of NaAlH4
t turned out that ZrCl4 is less efficient than different Ti chlorides
ut much more efficient than all other catalyst precursors tested
8]. In addition, organometallic Zr additives were successfully used
or the dehydrogenation of NaAlH4. Furthermore, it was demon-

trated that the combination of Zr and Ti catalyst precursors helps to
mprove the desorption kinetics [9]. X-ray diffraction studies were
arried out in order to investigate the influence of the dopants Ti
nd Zr on the lattice parameters of NaAlH4 [10]. A synergistic effect
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was observed both for desorption and reabsorption of hydrogen by
different authors [11,12].

Doped NaAlH4 has several promising properties as reversible
hydrogen storage material for technical use, such as cycle sta-
bility, rather low absorption and desorption temperatures from
100 to 150 ◦C [2] and the possibility of its direct synthesis start-
ing from NaH and Al via reactive milling [13]. More importantly,
the dehydrogenation of NaAlH4 exploiting the exhaust heat of a
high-temperature proton exchange membrane (HT-PEM) fuel cell,
working at 1.2 bar has been tested [14]. However, for practical
applications a fuel cell back-pressure of several bar is required in
order to reach a sufficient performance, in particular for mobile
applications [17].

In this contribution, dehydrogenation of doped NaAlH4 is pre-
sented for the first time at a constant hydrogen back-pressure of 4 bar
and a temperature of 150 ◦C in order to mimic realistic operation
conditions in combination with a HT-PEM fuel cell. For this pur-
pose, NaAlH4 was ball-milled with Zr, TiCl4 and both in combination
(codoping). In addition, dehydrogenation and rehydrogenation of
hydrogen storage material were studied under isothermal condi-
tions, being favourable for technical processes.

2. Experimental
2.1. Powder preparation

All samples were prepared and handled in a glovebox (MBraun) under Ar to
prevent unwanted oxidation. For Zr-doping, 5 mol% Zr powder (Chemetall, 97.8%
purity) with a particle size of 2–3 �m was intermixed with NaAlH4 powder (Aldrich,

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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codoped system achieved faster kinetics than the storage material
with pure Zr or Ti as catalyst. This in qualitative agreement with
the findings in Ref. [12], whereas we achieved faster kinetics (espe-
cially for hydrogenation) with lower catalyst loading under milder
conditions (lower hydrogenation pressure and lower dehydrogena-
ig. 1. Hydrogen reabsorption and desorption kinetics of NaAlH4, doped with Zr,
iCl4 and Zr + TiCl4.

echnical grade, 90% purity). For Ti-doping, 5 mol% TiCl4 (Aldrich, >99% purity) as
nexpensive and liquid Ti precursor was added to the NaAlH4 powder using a syringe.
oth combinations were individually ball-milled under Ar for 24 h in a Fritsch P6
ith 600 rpm and a ball-to-powder ratio of 20:1. To prepare codoped NaAlH4, sam-
les with equal concentrations of Ti and Zr were ball-milled for 2 h with 400 rpm,
hus, the catalyst concentration amounts to 2.5 mol% for each Ti and Zr. To prepare
he sample with each 1 mol% Ti and Zr the formerly produced sample was ball-milled
ogether with the respective amount of pure NaAlH4 for 4 h at 600 rpm.

.2. Analysis

The crystal X-ray diffraction analysis (XRD) was carried out in a D5000 Siemens
sing Co K� radiation in the scanning range of the diffraction angle 40◦ ≤ 2� ≤ 100◦ .
he samples were covered with a capton foil to avoid sample contamination with
oisture and oxygen.

The morphology of the specimens has been analyzed using an EVO 50 ZEISS
canning electron microscope (SEM).

.3. Kinetics

The rehydrogenation/dehydrogenation kinetics and cycle stability of the sam-
les were studied using a magnetic suspension balance (Rubotherm). Therefore,
ydrogen desorption and reabsorption can be investigated at constant hydrogen
ressures in the range from 10−5 to 200 bar (flow-through mode), i.e. covering the
perating pressure range of most PEM fuel cell systems.

. Results and discussion

The doped NaAlH4 samples were activated by a first des-
rption step. Thereafter, the hydrogenation and dehydrogenation
roperties of the hydrogen storage material were investigated in
ependence of the catalyst under isothermal conditions, being
avourable for technical processes. The catalytic effect of Zr was
ompared with TiCl4 as benchmark catalyst precursor. The effect
f codoping NaAlH4 with both Zr and Ti on the kinetics of hydro-
en sorption and the influence of the catalyst concentration was
nvestigated (cf. Fig. 1).
In accordance with the thermodynamic data of the reaction
quilibria between NaAlH4, Na3AlH6 and NaH [15,16], two steps
an be observed during both absorption and desorption (Scheme 1).
t a constant temperature of 125 ◦C rehydrogenation of Na3AlH6

Scheme 1. Decomposition reactions of NaAlH4 to NaH.
Fig. 2. X-ray diffraction patterns of NaAlH4 + 2.5 mol% Zr + 2.5 mol% TiCl4 prior to
and after cyclization.

to NaAlH4 (reverse reaction of (1)) starts at a pressure of >70 bar.
Dehydrogenation of Na3AlH6 to NaH (2) is restricted to maximum
pressures of a few bar. Detailed kinetic and thermodynamic inves-
tigations will be presented elsewhere.

For both hydrogen absorption and desorption, the Zr–Ti-
Fig. 3. SEM micrographs (BSE mode) of NaAlH4 + 2.5 mol% Zr + 2.5 mol% TiCl4 prior
to (a) and after (b) cyclization.
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ig. 4. Dehydrogenation of NaAlH4 at 4 bar in dependence of the catalytic system
n comparison with the dehydrogenation of Zr–TiCl4-codoped NaAlH4 at 1 bar.

ion temperature, respectively). The codoped NaAlH4 reversibly
tored about 4 wt% hydrogen at a constant temperature of 125 ◦C
ith a total catalyst amount of only 2 mol%. Values of >4 wt%

eversible hydrogen release were achieved after 5 h of dehydro-
enation, and hydrogen uptake of 4 wt% after 1 h was demonstrated
or this sample. Within the investigated range the catalyst con-
entration in the codoped system has only a minor effect on the
orption kinetics of NaAlH4. However, the storage system with
mol% catalyst stored 0.4 wt% hydrogen more than the sample with
mol%.

The reversibility was confirmed by XRD analysis (cf. Fig. 2).
n the representative XRD pattern of codoped NaAlH4 prior to
ehydrogenation and after three cycles of dehydrogenation and
ehydrogenation Ti could not be detected directly, probably due
o an overlap with the Al peaks of the finely dispersed catalyst.
owever, NaCl was found which is formed during the reduction
f TiCl4. As expected from Fig. 1, Na3AlH6 has not been detected,
hus, indicating a low concentration. The XRD patterns of the other
amples we investigated provide similar results and are therefore
ot presented.

SEM measurements prior to and after cyclization (cf. Fig. 3) of the
odoped sample show the particle fragmentation that can explain
he increasing activity after the first cycle, which we observed for
ll samples. This effect is consistent to the observations in Ref.
9].

Since for many fuel cell applications a hydrogen pressure of

bar is needed during desorption [17], the material systems inves-

igated here were tested under such realistic operation conditions.
ig. 4 exhibits the dehydrogenation kinetics of the NaAlH4 samples
t 4 bar hydrogen pressure with three different catalytic additives
nd desorption of the codoped system at 1 bar for comparison. The

[

[
[

nd Compounds 496 (2010) L38–L40

hydrogen desorption at 4 bar starts at higher temperature than in
the case of 1 bar hydrogen pressure and proceeds slower. There is
a characteristic step in the desorption curves of the systems with
TiCl4 and the Zr–TiCl4 mixture at 4 bar and temperatures below
150 ◦C, indicating a temperature range where the desorption reac-
tion nearly stops at the stage of Na3AlH6. The codoped system is
superior to the other catalysts over the whole temperature range.
About 4 wt% hydrogen were desorbed within 5 h.

4. Conclusions

Codoping NaAlH4 with Zr and TiCl4 considerably improves the
kinetics for hydrogen desorption and reabsorption, compared to
sole doping with Zr or TiCl4. Reversible hydrogen storage of 4 wt%
via pressure variation between 1 and 100 bar at a constant tem-
perature of 125 ◦C with reasonable kinetics was demonstrated. It
was shown for the first time that about 4 wt% of hydrogen could
be released during dehydrogenation of NaAlH4 against a hydro-
gen pressure of 4 bar, which will be needed for PEM fuel cells in
automotive applications.
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