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Pressure—concentration isotherms have been recorded for NaAlH, with different doping levels of
titanium. It is well known that titanium accelerates the hydrogenation and dehydrogenation

reactions in this system. Our studies have shown that the titanium doping also significantly alters
the thermodynamics of the system, which is demonstrated by the change of the dissociation
pressure with doping level. This can be explained by changes in the systems energy by dilution of
the TiAl-alloy present after doping: Such an alloy forms as a result of the doping reaction.

Aluminum generated during the dehydrogenation reaction dilutes this alloy, which gives an

additional contribution to the free energy of the system.

Introduction

Doping of sodium alanate (NaAlH,) with a few mol.% of
titanium'™ or other metal compounds® brings about a two-
step reversible chemical system (eqn (la,b)) with extremely
enhanced de- and rehydrogenation rates. This property, com-
bined with a highly available hydrogen storage capacity and
cycle stability, is the reason why this system is at present one of
the most investigated hydrogen storage materials, particularly
for PEM fuel cells.

Na3AlH4 2 Na3AlH6 + 2Al1 + 3H2 (la)
3NaAlHg = 3NaH + Al + 1.5H, (1b)

Ti-doping leads to facilitated hydrogen dissociation, which
partly explains the catalytic effect,’ and the influence of
titanium on the kinetics of the reactions in eqn (l1a,b) is well
documented.” ™ This does not hold for the thermodynamics
of the system. Pressure—concentration isotherms (PCIs) of
undoped NaAlH,; and Naz;AlHg in dissociative mode have
been established by Dymova et al.'® more than 30 years ago.
We measured PCIs of NaAlH, doped with Ti(OBu)4, Bu =
n-C4Ho, at the 2 mol.%’ and Gross et al. with TiCl; at the
4 mol.% doping level.'” Recently, Graetz et al.'® determined
PCIs of doped (4 mol.%) and undoped Na,LiAlHg. They
found an increase in kinetics, but no change in the bulk
thermodynamics. In this context it should be noted that, to
the best of our knowledge, the influence of the doping level on
the thermodynamics of the NaAlH, system has never been
explicitly investigated.

According to X-ray diffraction,'®* X-ray absorption
TEM-EDX and chemical evidence®®?’” in the case of the
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doping reaction (eqn (2)), TiCl; undergoes reduction to the
zerovalent state:

3NaAlH, + TiCl; — Ti + 3Al + 3NaCl + 6H, (2)

The striking result of the combined TEM-EDX measure-
ments>>** during cycling is that zerovalent Ti is found to be
present solely in the Al phase of the system, i.e. it is absent in
NaAlH, and NaH phases. On the basis of XAFS spectra,” the
state of zerovalent Ti in the mixed AIl-Ti phase can be
described as being (largely) atomically dispersed (solid solu-
tion), that is surrounded predominantly by Al atoms. A more
detailed analysis of both XANES and EXAFS spectra gives
strong indication that Ti in the Al phase is present in a form
resembling TiAl; local environment, both in the hydrogenated
and dehydrogenated state.>® These results prompted us to also
study the thermodynamics of the system by investigating the
effect of the doping level of Ti on the PCIs. It was observed
that the addition of titanium does not only influence the
kinetics, but also substantially alters the thermodynamics,
due to the dilution of the alloy by the aluminium formed in
the dehydrogenation reaction. These findings and their inter-
pretation will be discussed in more detail in the following.

Experimental

All experiments and operations were performed under argon
atmosphere using air- and water-free solvents.

Preparation

NaAlH, (Chemetall, 82-85%) was purified by dissolution in
THF, separation from insoluble portions via filtration and
precipitation from the solution by addition of pentane. After
drying under vacuum, samples of 4.0 g each were doped by
ball milling with 0.5, 2, 4, 10, 17.5 or 25 mol.% of TiCl
(Aldrich, 99.99%) for 3 h at ambient temperature employing a
SPEX mill (50 mL stainless steel vessel with tungsten carbide
coating, one tungsten carbide ball a 11 g).
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Determination of pressure—composition isotherms (PClIs)

The determination of the PCIs and the preceding cycling test
were carried out using a PCTPro-2000 from Hy-Energy LLC
(Fremont, CA, USA). This is a fully automated instrument for
recording precise PClIs, kinetics, and absorption—desorption
cycling of gases including hydrogen. All measurements were
carried out at 160 °C, which is below the melting point of
NaA1H4.

Each sample (~2 g) of the Ti-doped sodium alanate was
filled into the sample holder in the glove box. Before recording
the PCIs, samples were subjected to 3 hydrogen dis- and
recharging cycles (dehydrogenation: 1 bar, hydrogenation:
130 bar H, pressure) which ensures stable performance.

For the PCI measurements, a reservoir volume of 11.83 mL
was used. This reservoir was pressurized to 10 bar for 2, 4, 10,
17.5, and 25 mol.% Ti, 15 bar for 0.5 mol.% Ti) above
(absorption branch) or below (desorption branch) the last
measured equilibrium pressure. The equilibration time was
varied between 3.5 h (25 mol.% Ti) and 20 h (0.5 mol.% Ti)
for each datapoint. PCI determinations for each individual
doping level were repeated twice.

For undoped NaAlH4, the dissociation pressure was deter-
mined by heating a sample of 8§ g of NaAlH4 in a 10 mL
autoclave. The system was equilibrated for six weeks.

Results and discussion

The dissociation pressure of the undoped NaAlH,4 was deter-
mined to be 69.5 bar.

The PCI curves were reproduced with freshly re-synthesized
samples and found to be in satisfactory agreement with each
other (+1.5 bar of the plateau pressure) and, for 2 mol.% of
the dopant, also with the former PCI measurements.’ Because
increasing amounts of NaAlH, are spent for the reduction of
TiCl; (eqn (2)), hydrogen storage capacities decrease with
increasing doping level (calculated storage capacities: 0.5
mol.%: 5.4%; 2 mol.%: 5.0%: 4 mol.%: 4.6%; 10 mol.%:
3.3%; 17.5 mol.%: 2.0%; 25 mol.%: 0.95%).

The resulting PCI curves of NaAlH, at 160 °C doped with
0.5-25 mol.% of TiCl; are given in Fig. 1. The PCIs have a
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Fig. 1 PCI curves for 0.5, 2, 4, 10, 17.5 and 25 mol.% Ti doped
NaAlH, at 160 °C.

number of remarkable features which are not in line with the
notion that the titanium is simply a catalyst:

1. For the second hydrogenation step (eqn (1a) from right to
left) the dissociation pressures increase in parallel with increas-
ing doping levels until no hydrogenation is possible any more
at a doping level of 25 mol.% under the present conditions.

2. The PCIs for the second hydrogenation step have no
plateau, as would be expected, but are inclined; the pressure
increases with increasing extent of hydrogenation. The slope
increases with increasing doping level. The ends of the curves
show a steep rise of dissociation pressures.

3. The obvious hysteresis increases as the doping level
increases.

4. In the first hydrogenation step (eqn (1b) from right to left)
the doping level exerts only a minor influence on the dissocia-
tion pressure.

These observations clearly demonstrate that the titanium
doping of the NaAlH,4 does not just change the kinetics of the
system, as expected for a catalyst, but also influences the
thermodynamics quite drastically. This proves the possibility
of thermodynamic tailoring of light metal hydrides simulta-
neously with catalyzing the hydrogenation/dehydrogenation
reaction.

The interpretation of the findings is not quite straightfor-
ward, but most of the features observed can be rationalized
based on the thermodynamical properties of the TiAl alloy
which is formed in the presence of titanium in the NaAlH,
system. On the basis of a schematic energy diagram for the
first dehydrogenation step of the undoped and Ti-doped
NaAlH, system (Fig. 2), feature 1 can be discussed in the
following (simplified) manner: The equilibrium position for
the undoped system is determined by the difference of the
energy between the lower, Nas;AlHg + 2Al, and the upper,
NaAlHy, energy level (Fig. 2a).t The doping reaction with
titanium leads to lowering the energy level of the NaAlH,
brought about by the energy change due to the formation of a
Ti—Al alloy (resembling TiAl;) and NaCl and the release of a
corresponding amount of hydrogen.?? The exact nature of the
alloy phase is not clear. Locally, it probably has a structure
related to TiAl;, but it does not exist as an extended
phase, since in most experiments, under cycling conditions
no XRD reflections corresponding to a defined phase can be
detected.?>*

Under the current conditions, the doping reaction is irre-
versible and therefore its energetical contribution is irrelevant
for the following discussion (Fig. 2b). The energy levels of the
NasAlHg + 2 Al and the NaAlH, states are both lowered by
the doping process, but their difference remains unchanged.
On first sight, one would therefore not expect further influence
of the titanium on the thermodynamics of the system. How-
ever, one has to take into account that the Ti—Al alloy formed
in the doping reaction can participate in the overall reaction:
aluminium formed during the dehydrogenation will dilute the

+ For the relevant step, the alloy dilution, the free energy and the free
enthalpy are virtually equal, because the volume effect in solid state is
very small. Since tabulated values are available for the free enthalpy,
we use AG in the following.
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Fig. 2 Schematic energy diagram for the first dehydrogenation step
of the undoped (a) and Ti-doped (b) NaAlH,.

alloy, and this can result in an additional contribution to the
overall energy of the system.

TiAl; is known to be the most stable Ti—Al alloy, and the
alloy formed upon doping has at least an overall stoichiometry
corresponding to TiAl; and a similar local structure.”*** In
addition, it is known that titanium and aluminium are fully
miscible over the whole concentration range.?® This means
that AG for the formation of each of these alloys must be lower
than the corresponding linear combination of the AG values of
Al and TiAl; (see the schematic diagram in Fig. 3).

This additional energy contribution, due to the dilution of
the TiAl alloy, lowers the free energy of the dehydrogenated
state. This in turn leads to a higher free energy difference
between the hydrogenated state (which is unaffected) and the
dehydrogenated state, which finally corresponds to an in-
creased dissociation pressure for a Ti-doped material. This is
schematically shown in Fig. 3 for the example of the 4 mol.%
Ti-doping. After the doping reaction, there is NaAlH,4 and a
Ti-Al alloy corresponding to a composition of TiAl;
(although not necessarily the defined TiAl; phase), point A

AG

07 0,75 08 0,85 09 0,95 1
NaAH, Na.AlH, x(Al)

Fig. 3 Schematic representation of the energy of mixing for the Ti—Al
system as a function of the Al content.

in the schematic. Decomposition of the NaAlH, according to
eqn (la) releases aluminium, which would correspond to the
composition in point B in the diagram. As long as this
aluminium does not react with the TiAl alloy, the total energy
of the system would not be changed, and the hydrogen
pressure would correspond to the non-doped material. How-
ever, since titanium and aluminium are fully miscible over the
full concentration range, the energy of a titanium alloy at each
composition must be below the line connecting the defined
phases in the phase diagram. Thus, the aluminium will react
with the alloy, and an additional energy is released, the system
reaches point C. This additional energy leads to an increase in
the dissociation pressure of the NaAlH,.

Feature 2 of the PCI is also understandable in the frame-
work of the alloy dilution: At low doping levels, the amount of
alloy present is small, and the contribution to the overall
energy of the system caused by alloy dilution is small as well.
The change in the plateau pressure at low doping levels is
therefore not very pronounced. At higher doping levels, the
effect becomes more significant. From Fig. 2 it can be seen that
the composition of the alloy changes most strongly at the
beginning of the decomposition. The total range from point A
to B corresponds to the first decomposition step for the 4
mol.% sample, and AAG between B and C illustrates the
overall additional energy contribution of the alloy dilution
for the first decomposition step. If one divides the complete
first decomposition into smaller steps (the distances between A
and B/, B’ and B”, B” and B’’/, etc., each correspond to a 10%
conversion), the reason for the sloping plateau pressure can be
easily rationalized.

Each dilution step for this example contributes an energy
gain to the whole system which corresponds to projection of
the line B'~C’, B"-C” etc. (energy gain for the systems with the
corresponding stoichiometries for the stepwise decomposition)
onto AAG(B-C), i.e. onto the line symbolizing the energy gain
of the full system. One can easily see that the contributions
become smaller and smaller the further the reaction proceeds.

This is the reason for the occurrence of a sloping PCI
instead of a plateau and also explains the steep rise towards
the end of the curves. The second step of the dehydrogenation
is only affected to a small extent, since here the alloy is highly
diluted to begin with, due to the aluminium from the first
decomposition step, i.e. the starting point for further dilution
is already very close to the right side of the graph in Fig. 3,
close to the pure aluminium composition. This effect would
explain feature 4 observed in the PCI.

For the hysteresis (feature 3), no simple explanation exists.
However, the occurrence of a hysteresis means that the system
is not in equilibrium, which is understandable. For an alloy to
be homogeneous, normally high temperature cycling and long
annealing times are necessary. The processes during the hy-
drogenation/dehydrogenation proceed at temperatures below
200 °C, and thus, no equilibrium structures can be expected.
The hydrogenation/dehydrogenation reaction probably starts
from the interface. Thus, during hydrogenation first the sur-
face layers of the particles would react with hydrogen and
titanium would be enriched in these parts of the sample
compared to the bulk. This higher Ti concentration leads to
a higher hydrogenation pressure than for a particle with

This journal is © the Owner Societies 2006

Phys. Chem. Chem. Phys., 2006, 8, 2889-2892 | 2891



homogeneous distribution of the Ti. The opposite would hold
for the dehydrogenation. The dehydrogenation of the surface
layers would lead to lower Ti-concentration than in the bulk,
and accordingly to a lower dissociation pressure. Such an
effect would explain the hysteresis between hydrogenation and
dehydrogenation. This indicates that the kinetics of these
reactions must be studied in detail in order to get a better
understanding of this behaviour.

In principle, at doping levels approaching stoichiometric
reaction of NaAlH,4 with TiCls, one would expect the pres-
sures decreasing again, since the deviation from the TiAls
composition by the dilution of the alloy with aluminium would
be small and therefore the influence on the overall energetics of
the system is expected to decrease again. This was not ob-
served in our experiments. However, one should keep in mind
that it is not known how the free enthalpy of the system
changes between an aluminium content of 75% and pure
aluminium, since no data are available in this range. In
addition, as stated above, the system is certainly not in the
equilibrium state, and therefore the system behavior does not
necessarily correspond exactly to the one expected from an
equilibrium consideration.

Thus, even if not all details of the thermodynamics of the
NaAlH,/Ti system are understood, it is clear that the thermo-
dynamics are substantially influenced by the doping with
titanium and that a reasonable explanation for this influence
can be given by the cycling of the TiAl alloy between a Ti-poor
state and a Ti-rich state, with the mixing free energy being
responsible for the change of equilibrium hydrogen pressures.

Conclusions

The presented results about the influence of Ti doping level on
PCIs (Fig. 1), ie. on thermodynamics of the reversible
NaAlH, system, are in line with previous interpretations of
XAS and TEM data. It was suggested that the Ti state changes
between a Ti-rich state resembling TiAl; and a Ti-poor TiAl
solid solution.?

In the field of intermetallic hydrides, it is a well known
phenomenon that by partial substitution of the basic consti-
tuents by secondary (or higher order) components, the ther-
modynamics of the hydride systems can be changed “at will”.
This is important both for electrochemical and gas phase
charging.?>*® So, for example, alloying small amounts (2-3
wt.%) of Ni or In with Al-Mg intermetallics causes a sig-
nificant increase in the hydrogenation rate and changes the
thermodynamics of the compounds.®'=*

In the field of alanates, the recognition that by doping with Ti,
in addition to enhancing the Kkinetics, at the same time the
thermodynamics of the system (increase of the dissociation
pressure) can be modified in a controlled manner is new and is
of considerable importance for the systems (thermodynamic
tailoring). A related observation for the light metal hydrides had
recently been reported for LiBH, in combination with MgH,
where the possible formation of MgB, was assumed to be
responsible for the change in the hydrogen equilibrium pressure.*®

Further work in this direction is focussed on thermody-
namic and kinetic tailoring of alanates using other than Ti
based dopants.
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