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Abstract: The hydrogen sorption pathways of alkali alanates were analyzed and a mechanism
for the catalytic hydrogen sorption was developed. Gibbs free energy values of selected
intermediate steps were calculated based on experimentally determined thermodynamic data
(enthalpies and entropies) of individual hydrides: MAIH4, M3AlHg, and MH. The values of the
activation energies, based on the intermediates M", H, MH, and AlIHj, were obtained. The
mechanism of the catalytic activity of Ti is finally clarified: we present an atomistic model,
where MAIH,; desorbs hydrogen through the intermediates M', H, MH, and AlH; to the
hexahydride M3AlHg and finally the elemental hydride MH. The catalyst acts as a bridge to
transfer the M™ and H™ from MAIH, to the neighboring AlH4, forming AlH¢> and finally
isolated MH, leaving AIH; behind, which spontaneously desorbs hydrogen to give Al and 1.5 Ha.
The proposed mechanism is symmetric in the direction of hydrogen desorption as well as

readsorption processes.
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1. Introduction

While the volumetric hydrogen density in hydrides reaches twice the density of liquid
hydrogen, the gravimetric hydrogen density in metal hydrides is limited to about 2.5 mass%.
Since Bogdanovic and co-workers' presented Ti-catalyzed hydrogen sorption in sodium alanate
(NaAlH,4) at the MH1996 conference, the complex hydrides have been intensively investigated
for solid phase hydrogen storage. NaAlHs desorbs hydrogen in three distinct steps, where
Nas;AlHq and NaH are intermediate products of the partially dehydrogenated alanate in the

process as shown by the following three reactions:
3NaAIH, = Na,AIH,+2Al+3H, - 3NaH +3Al +%H2 —3Na+3A4l+6H, (1)

From the total amount of hydrogen (7.4 mass%) in NaAlH, half of the hydrogen, that is, 3.7
mass%, is desorbed in the first reaction at 353 K (p(Hy) = 0.1 MPa), one quarter, that is, 1.85
mass%, is desorbed in the second reaction at 423 K (p(H;) = 0.1 MPa), and one quarter, that is,
1.85 mass%, is desorbed in the third reaction at 700 K (p(H,) = 0.1 MPa).®> A two-step
decomposition reaction of NaAlH,; was proposed by Balema and Balema® due to the absence of
NazAlHg species. They proposed that NaH obtained from the direct decomposition reaction of
NaAlHy could react with the remaining NaAlH,4 in order to produce the Na3AlHg as indicated in
the following:

NadlH, — NaH + AlH, 2)

NaAlH, + 2NaH — Na,AIH, (3)

In the neat NaAlH4; system, the activation energies for the first and second
dehydrogenation reactions shown in Reaction (1) are 118 and 124 kJ/mol H,, respectively.*
Adding a few molar percent of TiCl; to the NaAlH4 reduces the activation energies to 80 and 96
kJ/mol H,, and the isotherm of the reabsorption of hydrogen follows the desorption isotherm
with almost no hysteresis.'”® The role of the Ti as a catalyst is to increase the reaction rate for
the hydrogen desorption and absorption reaction, that is, to allow the reaction to equilibrate in

the time frame of the experiment.” A few molar percent of TiCl; have been added to NaAlH, by
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ball milling or in a solvent."®’ Other Ti salts and Ti compounds, such as TiF3, Ti(OBu)4, TiH.,
and TiO,, have also been well studied and it was found that the anion reacts with the sodium in

10,11,12,13,14
the alanate. " ™

The added quantity of the Ti salt affects the increase of the reaction rate;
that is, up to 5 mol%, a linear increase of the reaction rate as a function of the added amount was
found, while for larger quantities the reaction rate did not increase anymore.” Apart from that,
Bogdanovic et al.l® reported that adding 2 mol% of ScCl; and CeCls into NaAlHs reduces
hydrogenation times by a factor of approximately two at high pressure and by a factor of ten at
low pressure in contrast to adding TiCl;. Wang et al.'® compared the reversible hydrogen storage
properties of Sc-NaAlH4 with those of Ti-NaAlH,. They concluded that Sc-NaAlH,4 cycled better
than Ti-NaAlH,4 and that Sc-doped NaAlH4 exhibited comparable or, in some cases, even higher
hydrogen storage capacities than Ti-NaAlH,. Other metals like Pd, Pt, Ir, Rh, and Ru that are
commonly used as hydrogenation catalyst elements have an insignificant effect on the
hydrogenation cycling’.

The following questions come to mind: 1) What is the catalytically active material? 2)
Which are the catalytically active sites? 3) In which oxidation state is the catalyst? 4) What is the
mechanism of the catalyzed reaction? Despite years of intense investigations of a large variety of
catalytic materials added to alanates, the mechanism of the catalyzed reactions including the role
of the catalyst remains unresolved.

Different ideas to explain the mechanisms of the Ti-catalyzed reactions have been
proposed by several authors and will be briefly reviewed in the following. One of the early
studies by Ivanov'’ on Ti as a catalyst in MAIH, explains the role of the Ti species on or in the
surface layer to provide a barrierless path for the hydrogen dissociation/recombination (H, 2
2H) reaction as behaving as a “hydrogen pump”. Hydrogen atoms diffuse to and from the
reaction center independently. However, there are various metals that are known to show a very
low dissociation barrier for hydrogen, for example, Pd and Pt, which do not increase the reaction
rate of the hydrogen desorption from alanates similarly to Ti. Furthermore, there are no quasi-
free hydrogen atoms in alanates but rather hydrogen carrying at least a partial negative charge.
Gunaydin et al.'"® proposed a vacancy-mediated mechanism that includes initiation of the
formation of mobile AIH; and NaH vacancies at the phase boundaries of Al-NaAlH4 and
NaAlH4-Na3AlHg. They found that H, evolved at the Al-NaAlH, interface. Borgschulte et al.’

further support this vacancy-diffusion-limited interfacial mechanism by suggesting that the role
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of Ti in the system is to act as a shuttle at the interface of AI-NaAlHs;. However the
decomposition of NazAlHg was not considered along with the reason for the formation of such an
interface in these proposed mechanisms. Since the hydrogen desorption occurs at the surface, the
interface is moving through the alanate crystal and therefore no transport limitation is present.
The desorption products are formed at the surface and subsequently diffuse to each other to form
bulk materials. Recently, Peles and van de Walle?® demonstrated that the presence of Ti could
change the Fermi level of the crystal and therefore the energy required to create a charged
hydrogen defect decreased. Sun et al.*' and Singh et al.** suggest that during decomposition of
NaAlH4, Ti particles are the centers for nucleation and growth of the decomposed phases.
However, the growth of the product phases is not directly connected to the hydrogen release and
the nucleation of the phases does not explain the catalytic activity of the reabsorption reaction.
Sandrock et al.” suggested that the Ti assisted the “breaking and re-forming” of covalent Al-H
bonds. Several groups performed DFT calculation by substituting Ti into the lattice of the
NaAlHs and Na3;AlHg structures. They mostly obtained the lengthening of Al-H bonds by
substituting Ti in Na sites. Furthermore, Wang et al.>> suggested that the interaction between Na-
containing and Ti-containing species was crucial. They proposed that the bond between Na" and
H™ weakened due to the interactions with Ti hydride, and the transfer of H" from the NaH to AlHj;
was assumed to be an important step in forming covalently bound [AlH4] anions. Very recently,
Marashdeh et al.** proposed the “zipper” mechanism of Ti catalysis, where the catalytically
active Ti species dispersed on the surface of NaAlH4 eject Na ions and other species to the
surface, where they can easily react. However, the zipper model only specifically explains the
decomposition of alanate; the re-hydrogenation step is assumed to occur by a simple hydrogen
pump mechanism.

Quite a number of possible mechanisms for the hydrogen sorption in MAIH4 have been
proposed.”®> However, none of these approaches are able to explain the fact that Ti catalyzes both
hydrogen desorption steps and the adsorption of hydrogen as perfectly symmetric hysterisis.' In
this work, we present a completely symmetric mechanism where the function of the catalyst is
well-defined. Firstly, we focus exclusively on understanding the main intermediate steps in the
dehydrogenation and rehydrogenation of MAIH4 and M3AlHg (where M = Li, Na, and K) based
on thermodynamic considerations. With this aim, the Gibbs free energies of each possible

compound are calculated from the experimentally available thermodynamic properties of
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individual hydrides: MAIH4, M3AlHq, and MH. Secondly, the activation barriers of the two
extreme cases, that is, no charge separation and complete charge separation, with the
intermediates M', H, MH, and AlH3, are obtained for the first and second steps. Lastly, we
present an atomistic model, based on thermodynamic considerations, where the catalyst acts as a
bridge to transfer the MH or M" and H from AIH, to A1H63' and finally to form MH. The
proposed mechanism is symmetric and the catalyst forms a bridge between the ions to form

transition states M"---Ti---H", MH, and AlH; for the (de)hydrogenation.

2. Thermodynamic Analysis

In order to evaluate the reaction path and the activation energies, the thermodynamic
stability of the intermediate products of the MAIH,4 hydrogen sorption process, the enthalpy of
formation and entropy data were collected from the published data and are presented in Table 1.
The enthalpy of formation of the elements in the standard state is zero (Hf = 0) by definition and
the entropy S° is determined from the heat capacity at constant volume (Cy). Therefore, for the
elements at 298 K, we have H = 0 kJ/mol and S%os. The Gibbs free energy G° at a temperature
T =298 K is then defined as:

G=H, -T-S )

where Hy" is the enthalpy of formation and S° is the entropy. For any step of the reaction the

change in the Gibbs free energy (AG) is

AG:GZ—GlzH;z—H}l—T(S;—Sf):AH—T(AS) (5)
(remove the f on the right hand side)

Molar heat capacity is a fundamental thermodynamic property that can be measured

under constant pressure or volume. These quantities are defined as follows:

o)<
»\er ), or ),
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where H is enthalpy, U is the internal energy, and T is the absolute temperature. The integration
of the heat capacity at constant pressure with respect to temperature can be used to calculate the
enthalpy and entropy at specific temperature. To obtain the enthalpy and entropy values at 453

K, the following equations are utilized.

H, = jcpdT+H° (7)

298

7 C .
S, = I7pdT+S (8)

1
298

In Table 1, C, (T=298 K) values are listed for elements and hydrides. The C, values of
potassium aluminum hydride and hexahydride could not be obtained in the literature. Therefore
we estimated C, (T=298 K) values for KAIH,; and K3;AIH¢ by adding the values of C, for KH
and AlH;: C,(KH) = 37.9 J/mol K and C,(AlH3) = 40.2 J/mol K (rule of additivity). Bonnetot et
al.® performed similar calculations for the C, values of NaAlH, and Na3;AlHs. They compared
the results obtained from the rule of additivity with experimental C, values determined by
adiabatic calorimetry. In order to verify the data, this rule was also applied for the calculation of
the enthalpy of formation and entropy data for the alanates. Satisfactory agreements between
estimated and experimental values were obtained except for the enthalpy of formation for
NaszAlHs. However, with the use of the calculated value of Na3AlHg obtained by the CALPHAD
method, the difference between estimated and experimental values was minimized. The higher
suitability of the rule of additivity is observed in enthalpy, entropy, and C, values of hexahydride
in our calculations as well as in the calculations of Bonnetot et al., who explained this probable
discrepancy by the different surroundings of aluminum atoms in tetra- and hexa-
hydridoaluminate. Therefore, we utilized the calculated result of Na3;AlH¢ obtained by the
CALPHAD method.

The dissociation energies of the elemental hydrides (LiH = 238.3 kJ/mol,”® NaH = 205.5

kJ/mol,”” KH = 176.8 kJ/mol**) were used in order to account for the charge transfer in the solid.
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MH—>M"+H" )
The thermodynamics of the hydrogen absorption and desorption reaction can be

determined by plotting the plateau pressures and temperatures in a van’t Hoff plot.

. P,
AG=AG" +RTIn-% (10)

o

eq

where R is the universal gas constant and P4 is the H, equilibrium pressure. At equilibrium, where

AG = 0, the relationship between H, pressure with temperature is given by the Van’t Hoff
equation

as follows:

P, AH° 1 AS°
In— = — +

1
P, R T R

eq

(1)

By plotting In(p/p°) versus 1/T, the slope is AH/R, often remains reasonably constant
over the temperature range considered experimentally. The temperature dependence of H,
sorption pressure between MAIH; and M3;AlHg as well as between M3;AlHg and MH was
evaluated by utilizing this correlation. The enthalpy difference between the compounds and the
elements is called the enthalpy of formation (AH¢), while the enthalpy differences between to
stable states is called the reaction enthalpy (AH,). Therefore, the enthalpy AH’ in the Van't Hoff
equation for the hydrogen desorption is AH’ = AHghexahydride) - AHy(alanate) for the first step
and AH’ = AH(alkali metal hydride) - AHy(hexahydride) for the second step of the reaction. The
standard entropy S° of the elements and compounds are given in table 1. The entropy change
upon the hydrogen sorption reaction is given by the entropy differences between the standart
entropy of the desorbed state plus the standard entropy of hydrogen minus the standard entropy
of the hydrides state, therefore, AS = So(hexahydride) + SO(HQ) + So(aluminum) - SO(alanate) for
the first step and AS = S%(alkali metal hydride) + S°(H,) + S°(aluminum) - S°(hexahydride) for
the second step of the reaction. Since the sum of the standard entropies of the solid products is
larger than that of the starting compound in the hydrogen desorption reaction, the resulting
entropy change upon the hydrogen desorption is larger than the standard entropy of hydrogen AS
= S°M) + S°(H,) - S°(MH). This is a major difference to the hydrogen desorption from a metal
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hydride, where the standard entropy of the hydride is larger than the standard entropy of the
metal and, therefore, the entropy change upon hydrogen desorption is equal or less than the
standard entropy of hydrogen gas.

Table 1. Experimental thermodynamic properties of LiAlH4, NaAlH,4, and KAIH4 at 298 K at 1
atm.

—AHy (kJ/mol) Ref S® (J/mol.K) Ref C, (J/molK)  Ref
Al 0 — 28.3 » 24.4 3
H, 0 - 130.0 30 28.8 31
Li 0 - 29.1 31 24.8 3
Na 0 - 51.2 31 28.2 31
K 0 - 64.2 31 29.6 !
LiH 90.6 2 20.0 3 27.9 !
NaH 56.4 33 40.0 31 36.4 31
KH 63.4 34 60.7 3 37.9 36
AlH; 11.7 37 30.0 37 40.2 3
LiAlH, 115.0 38 78.7 3940 83.2 .
NaA1H4 1130 35,41 891 29, 40 855 43
KAIH,4 170.5 42 112.9 39 78.1 -
Li;AlH 311.1 38 102.6 3931 127.7 3
NazAlHg 238.8% 42 161.5 43 150.6 3
K3AlH, 308.5 4 223.6 [This study]” 153.9 -

a CALPHAD calculation

b This value was optimized by using two decomposition temperatures acquired from differential thermal analysis in the literature 44

The experimental entropy value for K3AlHg¢ was not available from the literature;
therefore in this study these data were calculated based on Equation 5 using experimentally
determined temperatures found in the literature** for the transition from KAIH4 to hexahydride
(Ty) and from hexahydride to KH and Al (T,) Since the AH and AS are already known for the
hydrogen desorption from KAIH4, the entropy (S°) for K;AlHg was calculated by using two (p,T)
pairs acquired from differential thermal analysis in the literature.** The calculation details are

given in the following section.

3. Results and Discussion
In order to describe the hydrogen sorption reaction of the alkali alanates, for example, LiAlHy4,
NaAlH,, and KAIH4, the Gibbs free energy along the reaction coordinate was calculated at

various temperatures. The Gibbs free energy diagrams were constructed based on
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thermodynamic parameters (Hg, S°) as shown in Table 1. MAIH4 (where M = Li, Na, and K) is
known to release hydrogen in two distinct steps; partially dehydrogenated M;AlHs and MH

4,41
" From an

phases appear in the dehydrogenation process as indicated in the reaction (1).
atomistic point of view, in the case of NaAlH,, the reaction from the alanate NaAlH, to the

hexahydride Na;AlHg involves the transfer of two NaH to the neighboring NaAlH, (12):

3 NaAlH; — AlH;-NaH---NaAlHy4---NaH-AlH; — NasAlHg + 2 AlH; (12)
— 3NaH + 3A1H; (13)
in parallel: AlH; — Al + 3/2H2 (14)

The second step of the reaction involves the formation of NaH phase from the hexahydride
(13). In parallel the alane (AlH3) decomposes and releases hydrogen (14). Therefore, all possible
intermediates in the (de)hydrogenation processes were considered. Only the intermediates among
the possible steps that were energetically favorable and preserved the reaction balance to react
three moles of MAIHs were taken into account. The study is based on the experimentally
observed intermediates which were already emphasized in the literature for the
(de)hydrogenation reactions of MAIH4. In between products transition states, without charge
separation (minimum) and with complete charge separation (maximum), are introduced to form
the activation barrier in Figure 1 for LiAlH4, Figure 2 for NaAlH4, and Figure 3 for KAIH,.

The calculated Gibbs free energy levels for three moles of LiAlH4 at 453 K are shown in
Figure 1. LiAlHs is stable with respect to the decomposition into elements and
thermodynamically unstable with respect to the decomposition with the formation of Li;AlHg,
Al, and H,. According to the obtained energy values, the (de)hydrogenation reactions are
attributed to two possible reaction pathways including the transition state M™ and H (MAX,
complete charge separation) and bonded structure of MH (MIN, no charge separation). The
reaction route that connects LiAlH4 to Li3AlHg occurs through a two-step mechanism as shown
in Figure 1. First, two LiAlH4 molecules transfer LiH or Li" and H from each side to the central
LiAlIH4 and two AlH; remain. Secondly, the hexahydride LisAlHg is formed, the two AlHj;
spontaneously desorb hydrogen, and two Al are left. The experimentally determined activation

14

energy for the transformation of LiAlH4 to LisAlHg is 111 kJ/mol™. This value is in between the

levels of the MIN value for the transition state species LiH and the MAX value for Li" and H’
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(Figure 1). Since the experimental activation energy is much closer to the MAX level, the
transition state is close to the complete charge separation, Li' and H". The next step is the
spontaneous hydrogen desorption from the two AIH; to give two Al and three H,. Kang et al.*®
performed a computational study on the intermediate products for the hydrogen desorption from
LiAIHy. In their study, they report the stepwise mechanism involving two sequential hydrogen
transfers in the first decomposition reaction of LiAlH4. As a result of these transfers, LisAlHg
plus two AlH3; molecules are also formed. The driving force for the first reaction step is the
thermodynamic stability of the hexahydride. The two Li-H are transferred because the
hexahydride is more stable than the alanate; therefore, the movement of the two Li-H has to take
place simultaneously.

In the second dehydrogenation step, three LiH are formed from LisAlHg, leaving AIH5. The
reaction proceeds by transferring three hydrogen anions (H") from the hexahydride to the lithium
cation (Li'), and three LiH are formed. The two activation energies are 15.6 kJ/mol for the
transition state of LiH and 174.4 kJ/mol for Li" and H. The experimentally determined

1.3 Here the transition state is closer to the

activation energy for this step is equal to 100 kJ/mo
LiH than the separated charges. The reaction of LiAlH4 to form LizAlHs is exothermic with
AHys3 = =35.9 kJ/mol and AGys; = —36.1 kJ/mol, indicating a spontaneous hydrogen desorption
reaction. The Gibbs free energy, AGos = —19.8 kJ/mol, is in close agreement with the results of
Dymova et al., AGyog = 27.7 kJ/mol.*’” The direct hydrogen desorption from LiAlH4 to the final

product has a higher activation energy as compared to the reaction path via the hexahydride.

Therefore, this direct dehydrogenation is not observed.

-Figure 1-

The transition states for the dehydrogenation of NaAlH4 correspond in view of
composition to the transition states mentioned above (Figure 2). Therefore the mechanism can be
generalized: In both reaction steps of the hydrogen desorption from the alanate the alkali hydride
has to move. In the first step two alkali hydrides are transferred to the central alanate in order to
form the hexahydride and in the second step three alkali hydrides are removed from the

hexahydride. The driving force is the energy gain of the system obtained by forming the
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hexahydride and finally the separated alkali hydrides. The hydrogen desorption from the alane is
spontaneous. AlH; has not been detected experimentally; the reason could be attributed to the
unstable behavior of AlH3, which decomposes immediately into Al and hydrogen at temperatures
higher than 418 K.** Here the results indicate that the decomposition of AlH; is energetically
favorable and its formation is likely in order to obtain elemental compounds. At the end of the
first decomposition reaction, AIHj3 is responsible for the release of hydrogen. The experimentally
reported activation energies of the first and second hydrogen desorption reactions for NaAlH,4 are
118 and 124 kJ/mol.* The activation barriers for the transition of NaAlH, to Nas;AlHg are 35.9 for
NaH and 172.3 kJ/mol for Na" and H, per formula unit. Therefore, the transition state is in
between NaH and Na" and H, indicating that the real transition state has only partial charge
separation.

In the second reaction step, the experimentally determined activation energy is closer to
the level of NaH rather than the separated charges Na" and H™ for the hydrogen desorption
reaction from Nas;AlH¢ to NaH, Al, and H,. The second reaction step comprises only one
transition state: NaH and AlH; (Figure 2). Walters and Scogin et al.”’ proposed a similar reaction
path in which both NaAlH, and Na3AlHg release hydrogen by the formation of NaH and AlHj as
intermediate products. They investigated X-ray diffraction (XRD) patterns, as well as the
measured relative composition of selected decomposition samples at various extents of reaction.
From those patterns, it was observed that with decreasing concentration of NaAlH,, aluminum
metal appears and the concentration of the intermediate Na,AlHs first increases and then
decreases when NazAlHg increases during the progress of the reaction. Furthermore, they
suggested that the AlH; plays a major role in both the decomposition and the reformation
mechanism and they defined the role of Ti as a catalyst center for the formation of Ti—Al alloys,
facilitating the AlH; formation and sorption for both decomposition and reformation
mechanisms. However, the decomposition of AlH; is spontaneous and might not need catalysis

in order to release hydrogen.

-Figure 2-
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At 453 K the most stable phase is KAIH4, as shown in Figure 3, while the most stable
phase at that temperature is the elemental hydrides for the LiAIH4 and NaAlH,4 system (Figures 1
and 2). The Gibbs free energies of LiAlH4 and NaAlH,4 are similar, while that of KAIH, is 67
kJ/mol lower than that of NaAlH,4. This is because in the reaction MAIH4, — MH + Al + 3/2 Ho,
the enthalpy change with M = K is more endothermic than that with M = Na. Therefore a higher
decomposition temperature is required for KAIH, (573-673 K) as compared to NaAlH,4 under
ambient H, pressure. The (de)hydrogenation steps for KAIH4 follow the same reaction path as in
the cases of LiAlH, and NaAlH,. Ares et al.** reported that the apparent activation energies are
131 and 140 kJ/mol for the first and second decompositions of KAIH4. The experimentally
obtained activation energy values from the literature and the calculated values in this study for
the two main decomposition steps of Li, Na, and K alanates reveal that both activation barriers
tend to be higher when the alkaline metal is larger or less electronegative. They are in the
following order: LiAlH4 < NaAlHs < KAIH4. The higher activation barriers found for the
hydrogen desorption in KAIH4 can be explained by the more pronounced charge separation in

the transition state for the less electronegative alkali metals.

-Figure 3-

The Gibbs free energy of the alanate and the hexahydride determine the thermodynamic
stability of compounds and also their temperature of hydrogen release at 1 bar pressure. In Figure
4, the Gibbs free energy values for the selected levels are shown at different temperatures. The
values are calculated by varying temperatures between 290 and 400 K for NaAlH4 and 590 and
630 K for KAIH,4. The temperatures for the transition from MAIH,4 to hexahydride (T;) and from
hexahydride to MH and Al species (T,) are denoted by T, and T,. Those values are calculated
where the difference between the Gibbs free energy level of MAIH4 and M3;AlHg, or M3AlHg and
MH is zero by utilizing equation of AG = AH — TAS. The calculated values for NaAlHy are 295
and 382 K. The temperature dependences of hydrogen desorption from MAIH, to M3AlH; as
well as from M3;AlHg to MH are shown in Figure 4, where the Gibbs free energy is plotted over
the reaction coordinate at several temperatures. Bogdonavic et al.”® experimentally determined

the van't Hoff plot of the dissociation pressures of the hydrogen desorption from NaAlH, and
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NaszAlHg. For the two-step reversible hydrogen sorption of the Ti-doped NaAlH4, the hydrogen
pressures for NaAlHy4 at 456 K and for NazAlHg at 517 K are 135 and 64 bar, respectively.5 " The
extrapolated hydrogen dissociation pressures at 1 bar for NaAlH4 and NasAlHg are found at 292
and 377 K, respectively, which is in excellent agreement with the equilibrium conditions in the
Gibbs free energy diagrams.

The experimental entropy value for K3AlHg¢ was not available from the literature;
therefore the data were calculated by considering the experimentally found equilibrium
temperatures T; and T,. Ares et al.* investigated the thermal hydrogen desorption of the as-
prepared KAIH, by means of a differential thermal analyzer at 1 atm. This study confirmed that
the desorption reaction path is a multistep dehydrogenation. They found that 3K AIH, undergoes
an initial decomposition reaction to form K3AlHg + 2A1H; at 593 K and a second decomposition
of K3AIHg into 3KH + 2A1H; at 628 K. Those two temperatures were used in order to calculate
the standard entropy of K3AlH¢. The entropy was determined by equating two energy levels of
the decomposition phases, that is, transition from KAIHs to K3AlH¢ and from K3AlIH¢ to KH
(Figure 4). The optimized entropy for K3;AlHg is about 223.6 J/mol K. The obtained entropy
value of K3AlH¢ confirms the Gibbs free energy analysis, as the entropy of K3AlHg is lower than
those of Na3AlHg and LizAlHe. In addition to that, starting from the values of S° for KH and
AlH; (S°(KH) = 60.7 J/ mol K and S§°(AlH3) = 30 J /mol K) and using the rule of additivity, we
achieved the estimated S° value for K3AlHg: 212.1 J /mol K. This is very close to the value

obtained by equating the two energy levels of the decomposition phases in this study.

-Figure 4-

In spite of the difference in their crystal structures, the types of decomposition products,
that is, the reaction pathways, for the three alkali alanates under investigation are all the same.
This indicates that the mechanism for all three alanates may be similar. A large variety of
possible mechanisms for the Ti-catalyzed hydrogen sorption in MAIH, have been proposed.”
However, the decomposition of both MAIH4 and M3;AlH¢ and the rehydrogenation of the solid
decomposition products in the presence of Ti were not fully explained. In Figure 5, we illustrate
a completely symmetric mechanism where the catalyst has a well-defined function in each

reaction step, that is, to form a bridge between the ions M ---Ti---H™ and therefore avoid a
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complete charge separation. Specifically considering the alanates, the transition states, the
hexahydride, and the elemental hydrides, the role of Ti is clarified. As shown by the Gibbs free
energy diagrams, the hydrogen sorption mechanism for MAIH, follows a reaction pathway in
between M" and H (MAX, complete charge separation) and MH (MIN, no charge separation)
along with AIH3 in both hydrogen (de)adsorption reactions. Furthermore, Figure 5 illustrates that
Ti acts as a bridging atom for the ion transfer: Ti bridges two H and M" from two [AlH4] to the
neighboring MAIH, in the first step and Ti bridges three H and M~ from the Na3;AlH, to form
NaH in the second step. During the decomposition of Na3AlH, three H and M are produced by
the removal of three NaH in a side-reaction. At this point, the presence of Ti facilitates the rapid
decomposition of Na3AlHg, with the possibility of forming TiH". Sc, V, Ce, and Pr, which also
work as fairly effective catalysts in alanates, are able to form analogous hydride structures.

The role of Ti in the catalyzed rehydrogenation reaction follows the same path as the
dehydrogenation steps. This symmetrical reaction path might also be the reason why the
isotherm of the reabsorption follows the desorption isotherm with almost no hysteresis according
to the pressure—composition—temperature (PCT) analysis.l’S’6 In order to initiate rehydrogenation,
conditions that allow the formation of AlH; from Al are necessary. While the decomposition
reaction of AIHj3 occurs spontaneously, the formation of AIH3 from Al requires hydrogen at high
pressure. Graetz et al.’' performed ab initio calculations of the free energy, showing that the
minimum H; pressure necessary for AlH3 hydride formation at 300 K is 700 MPa (fugacity of H

= 50 GPa). This is in agreement with high-pressure hydrogenation experiments.”> The

equilibrium reaction Al + */,H, = AlHj is pressure dependent. During the rehydrogenation, the

formation of AlIH; depends on the left hand side reaction by requiring high hydrogen pressure.
However, even high pressure is required and also even a desired product is not
thermodynamically favored for the AlH; formation, the AlH; can be obtained if it is
continuously removed from the reaction. Since the formed AlH; is immediately consumed in the
catalyzed (Ti) subsequent step together with NaH to form the hexahydride or the alanate, the
reaction continues to produce AlH3; by proceeding from left to right. In other words, the
concentration of AlH3 is decreasing in the system because it is consumed to produce both of the
alanates, first NazAlHg and then NaAlH4. Here Ti is important to form bridge between M+ and
H’, which is then combined with AlH; to form hexahydride and alanate. The reason of requiring

much higher pressure for pure AlH; may be related to the presence of many unreacted AlHj in

14/20



Page 15 of 26

Physical Chemistry Chemical Physics

the system. In the case of NaAlH4 and KAIH4, the required pressure value for the formation of
AlHj can be lower due to the presence of M+ and H' that decrease concentration of AlH; in the
system. This is a different scenario from that proposed by Bogdanovic, where seemingly metallic
aluminum particles react with NaH to form Na;AlHg. Bogdanovic et al.> further indicated that
adding extra aluminum provides a complete reformation of NaAlH4. According to our proposed
mechanism, adding extra aluminum to the system may also promote the formation of additional

AlHj;, which interacts with NaH to form Nas;AlHg and then NaAlH4.

-Figure 5-

Sandrock et al.” report that Ti aids the breaking and reforming of covalent Al-H bonds by
lowering the activation energy for that process. They also showed that the activation energies for
the decomposition of the NaAlHs and Na3AlHg drop to much lower and different levels when
even a small amount of catalyst is added (0.9%). With further addition of TiClj; to the system, the
activation energy remains virtually constant, indicating that there is no further change in the
fundamental mechanism. In another study conducted by Sandrock et al.,’* the positive effect of
Ti together with LiH on desorption rates in contrast to the addition of only Ti to AlHj; is
discussed. This may indicate the beneficial interactions of Ti atoms with M" and H", which are
essential to form hexahydride and the elemental hydride structure. Since AlH; species are very
unstable and decompose spontaneously, those species could not be observed at the end of the
first and second decomposition steps. The immediate decomposition may be the reason why they
are not yet experimentally observed. However, the possibility of their presence cannot be

ignored.

4. Conclusions

The Gibbs free energy diagrams were constructed in order to determine the stability of
intermediates, products, and reactants based on the published experimental thermodynamic data.
We restricted the intermediates among the energetically favorable steps, conserving the reaction
balance of three moles of MAIH,. All investigated alkali alanates follow the same hydrogen

desorption mechanism, where the hexahydride is formed by transferring the alkali cation and a
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hydrogen anion from the two neighboring alanates to the central one, which forms the

hexahydride. The activation energy of the transfer of an alkali hydride MH is lower than the

experimentally determined activation energy, while the transfer of M' and H™ is energetically

above the experimental value. Therefore, the degree of charge separation determines the

activation energy. The role of the Ti catalyst is to reduce the charge separation by forming a

bridge between the M" and the H". The second reaction step again involves the movement of the

alkali hydride. Again the Ti plays the same role of forming a bridge. The standard entropy of
K5AlIHg was estimated to be 223.6 J/mol.
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Figure Captions

Fig.1 Gibbs free energy diagram of the hydrogen sorption reaction in LiAlHs and the
intermediates formed at 453 K. The levels of the minimum reaction path (no charge separation)
in blue (-), the levels based on the experimentally found activation energies in orange (-), and the

maximum reaction path (complete charge separation) in red (-) are shown.

Fig. 2 Gibbs free energy diagram of the hydrogen sorption reaction in NaAlHs and the
intermediates formed at 453 K. The levels of the minimum reaction path (no charge separation)
in blue (-), the levels based on the experimentally found activation energies in orange (-), and the

maximum reaction path (complete charge separation) in red (-) are shown.

Fig. 3 Gibbs free energy diagram of the hydrogen sorption reaction in KAIH4 and the
intermediates formed at 453 K. The levels of the minimum reaction path (no charge separation)
in blue (-), the levels based on the experimentally found activation energies in orange (-), and the

maximum reaction path (complete charge separation) in red (-) are shown.

Fig. 4 Transition temperatures for the reactions from MAIH4 to hexahydride (T;) and from
hexahydride to MH and Al species (T,) and the temperatures in between these transitions (T;_;)

for (a) NaAlH,4 and (b) KAIH,.

Fig. 5 The function of the Ti is to bridge H and M" (M'---Ti---H') in order to remove the ion
couple from the MAIH, or M3AlHg without the need to transfer individual M" and H ions.
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Fig.1 Gibbs free energy diagram of the hydrogen sorption reaction in LiAIH4 and the intermediates formed at
453 K. The levels of the minimum reaction path (no charge separation) in blue (-), the levels based on the
experimentally found activation energies in orange (-), and the maximum reaction path (complete charge

separation) in red (-) are shown.
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Fig. 2 Gibbs free energy diagram of the hydrogen sorption reaction in NaAlH4 and the intermediates formed
at 453 K. The levels of the minimum reaction path (no charge separation) in blue (-), the levels based on
the experimentally found activation energies in orange (-), and the maximum reaction path (complete
charge separation) in red (-) are shown.
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Fig. 3 Gibbs free energy diagram of the hydrogen sorption reaction in KAIH4 and the intermediates formed
at 453 K. The levels of the minimum reaction path (no charge separation) in blue (-), the levels based on
the experimentally found activation energies in orange (-), and the maximum reaction path (complete
charge separation) in red (-) are shown.
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Fig. 4 Transition temperatures for the reactions from MAIH4 to hexahydride (T1) and from hexahydride to
MH and Al species (T2) and the temperatures in between these transitions (T1-2) for NaAlH4
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Fig. 4 Transition temperatures for the reactions from MAIH4 to hexahydride (T1) and from hexahydride to
MH and Al species (T2) and the temperatures in between these transitions (T1-2) for KAIH4.
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Fig. 5 The function of the Ti is to bridge H- and M+ (M+---Ti---H-) in order to remove the ion couple from
the MAIH4 or M3AIH6 without the need to transfer individual M+ and H- ions.
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