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We report on a study of thermodynamic functions and phase stability of lithium alanates LiAlH, and
LizAlHg using ab initio density-functional and quasiharmonic phonon calculations. The calculated thermody-
namic functions are in good agreement with available experimental data and are used to study the decompo-
sition reactions of these materials. The results show that the decomposition of LiAlH, is irreversible under all
temperature and pressure conditions considered, indicating that a direct synthesis of LiAlH, from the solid
reaction of (%Li3AlH6+ §A1+H2) is not possible. Meanwhile, the calculated results suggest that Li;AlH¢ can be
used as a rechargeable hydrogen-storage medium under certain temperature and pressure conditions. We
construct the temperature-pressure phase diagram and present a discussion in conjunction with an analysis of

recent experimental results.
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I. INTRODUCTION

The search for hydrogen-based fuel cells is a very active
field of research in recent years.'”'® For on-board mobile
applications, the development of compact, light, and afford-
able containment is the key. Since the catalyzed NaAIH, was
found to release hydrogen under moderate conditions,” com-
plex hydrides based on Al and B have received considerable
attention as possible hydrogen-storage media for mobile ap-
plications. One of the potential candidates is LiAlH,, which
releases hydrogen in two steps,

53 wt. %

2
L1A1H4 = ngSAlH() + EAI + H2, (1)

2.6 wt. %

3
LijAlH; = 3LiH+Al+ H,, (2)

where the first reaction releases 5.3 wt % hydrogen and the
second reaction releases 2.6 wt % hydrogen relative to
LiAlIH,. Thus, this material has a total theoretical capacity of
7.9 wt % hydrogen. Taken alone, the second reaction of the
decomposition of LizAlHg can produce 5.6 wt % hydrogen.
All of these seem promising. There have been several experi-
mental studies on the thermodynamic phase stability of these
hydrides.!>-!8

On the theoretical side, there have been studies on the
thermodynamic stability of these hydrides at atmospheric
pressure. Based on the harmonic phonon approximation
(HA) and first-principles calculations, Lgvvik et al.'! found
that the calculated reaction enthalpy for Eq. (1) is positive,
suggesting that this reaction is endothermic. Using the same
approaches, Frankcombe and Kroes'? found that the decom-
position of LiAlH, is spontaneous even at low temperatures,
and the hydrides LiAlD, and Li;AlD¢ are more stable than
those of LiAlH, and Li;AlHg, respectively. Recently, Jang
et al.'"* used an empirical thermodynamic method to study
the phase equilibrium between LiAlH, and Li;AlHg. It is
noted that their empirical method is highly dependent on the
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existing thermodynamic data of these hydrides as input.
However, such data for Li;AlH¢ from experiment or accurate
theoretical calculations are still lacking.

In this paper, we present first-principles calculations of
the thermodynamic functions of these lithium alanates. The
obtained results are in good agreement with available experi-
mental data. These results are then used to study the phase
stability and reaction reversibility relevant to practical oper-
ating conditions in their potential on-board mobile applica-
tions as hydrogen-storage media. The calculated data also
provide the needed input for other (e.g., empirical) theoreti-
cal studies where experimental data are not yet available. In
the present work, we are especially interested in the thermo-
dynamic phase stability of the lithium alanates under differ-
ent temperature and pressure conditions. In particular, con-
cerning the phase stability for Eq. (2), the physical picture is
still unclear based on available experimental results. In the
experiment of Chen et al.,'> this reaction was reported to be
reversible and the reaction enthalpy of 0.43 eV per H, was
measured. However, their results have not been reproduced
by other groups. Very recently, using similar catalysts,
Brinks
et al.'® reported that the equilibrium pressure for this reaction
was at least 85 bars at 353 K. Therefore, the stability of
these hydrides at different pressures and temperatures re-
mains an unresolved issue. A clarification of this issue based
on first-principles calculations is the main objective of the
present work.

The remainder of this paper is organized in three subsec-
tions. In Sec. II, the theoretical methods are introduced. In
Sec. I1I, the results are presented and discussed. We show the
calculated thermodynamic functions and then use them to
study the phase stability in Egs. (1) and (2) at different pres-
sures and temperatures. In Sec. IV, the concluding remarks
are made.

II. THEORETICAL METHODS

The first-principles calculations have been performed in
the framework of the density-functional theory!'®" using the
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generalized gradient approximation?! (GGA) as implemented
in the VASP code.?>?} The interaction between the ion and
electron is described by the all-electron projector augmented
wave method.?*? The configurations Al 3s23p!, Li2s!, and
H 1s' are treated as the valence electrons. Brillouin-zone in-
tegrations were performed on the grid of Monkhost-Pack
procedure.’® For each supercell, a dense k-point mesh (the
spacing of k points <0.2/A) and a high plane-wave cutoff
energy of 600 eV were used. For medium-size cells (~4.8
X ~78X ~78 A% for LiAIH, and ~5.6X ~5.6X
~5.6 A3 for Li;AlHg), 6X4X4 and 6X6X6 k-point
meshes were used for LiAlH, and Li;AlHg, respectively. A
total-energy convergence of within 0.2 meV/fu. was
achieved (when compared with the results using the meshes
of 8X6X6 and 8§ X8 X8 for LiAlH, and Li;AlHg, respec-
tively). For a larger supercell for phonon calculations (~10
X ~10X ~10 A%), a 2X2X?2 k-point mesh was used. In
this case, a total-energy convergence within 0.1 meV/f.u.
was achieved (when compared with the results using a 4
X 4 X 4 k-point mesh). To calculate the phonons of LiAlH,, a
big supercell (9.660 X 15.590 X 15.559 A3) was found to be
necessary. A smaller supercell (9.660X7.795X7.780 A%)
was found to produce a negative frequency at the C and Z
points of the first Brillouin zone (this problem could not be
solved by treating Li 15> semicore state as valence).

To calculate the phonon density of states (DOS), we use a
direct ab initio force-constant approach, which was imple-
mented by Parlinski.?’-?® In this method a specific atom is
displaced to induce the forces to act on the surrounding at-
oms, which are calculated via the Hellmann-Feynman theo-
rem. The magnitude of the displacement of 0.03 A was used
in our calculations. Usually, the criterion is to use displace-
ment which gives the largest Hellmann-Feynman forces on
the order of +0.5-0.8 eV/A. For these lattices, the forces
caused by the 0.03 A displacement were found to be smaller
than 0.8 eV/A. The forces were collected to form the force-
constant matrices and then dynamical matrices. Harmonic
phonons were obtained from the diagonalization of the dy-
namical matrices. The internal energy (E(r) was evaluated

from the integral of phonon DOS as follows:

o )dw, 3)

1 o}
Eqy= ErJ ﬁwg(w)coth( 2T

0

where g(w) is the phonon DOS, r is the number of degrees of
freedom in the unit cell, # is the Planck constant, kg is the
Boltzmann constant, and 7 is the temperature. Similar inte-
grals can be applied to calculate the entropy and free
energy.”’

To construct the phase diagram, one needs to examine the
Gibbs free energies of the alanates at different pressures and
temperatures. To obtain these energies, we used the quasihar-
monic approximation (QHA), i.e., the phonons are harmonic,
but they are volume dependent (e.g., see Refs. 29-31). In our
calculations, the lattice volume is expanded or compressed.
In detail, for LiAlH,, the volumes of 40.0, 50.0, 57.5, 62.5,
65.0, 68.0, 69.3, 70.5, 71.8, 75.5, and 83.8 A3/f.u. are con-
sidered. For Li;AlHg, the volumes of 60.0, 65.0, 75.0, 80.0,
82.5, 87.7, 90.0, 92.5, 95.0, 97.5, and 102.5 A3/f.u. are con-
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sidered. For LiH, the volumes of 10.0, 13.0, 14.0, 15.0, 16.1,
16.5, 17.0, 18.0, 19.0, and 20.0 A3/f.u. are considered. For a
given volume, the lattice parameters and the atomic coordi-
nates are fully optimized until the forces are smaller than
0.0002 eV/A. For each optimized structure, its thermody-
namic functions as a function of temperature including the
vibrational entropy (S(ry)), the internal energy (Ezy)), the
enthalpy (H(zy)), and the Helmholtz free energy (F(ry)) are
computed. These functions have the following relationships:

Hiryy=Elecy + Eqyy + PV, 4)
Favy=Eteevy + Earvy— TSy (5)
G(T.V) =Hry - TS(T,V)7 (6)

where E(,,, ) is the electronic energy of the unit cell at a
given volume V obtained from the first-principles total-
energy calculations, 7 is the temperature, p is the pressure,
and Gz, is the Gibbs free energy at a given T and V. At
zero pressure, the equilibrium volume and its thermody-
namic functions at a given temperature 7 are obtained by
minimizing the Helmholtz free energy F (7, with respect to
volumes V. It is noted that for solids, the energy and volume
differences between zero and atmospheric pressure are neg-
ligible, e.g., for LiAlH,, the difference of volume is
0.001 A3/f.u. and the difference of energy is 0.1 meV/f.u.
At elevated pressures, the pressure p at a given temperature
T is evaluated from the Helmholtz free energy Fr.y),

OF

Ty

p=<—v ) . (7)
WV )

To study the reactions in Egs. (1) and (2), one needs to
know the Gibbs free energy of H, gas. At atmospheric pres-
sure, the Gibbs free energy is calculated by

G(po=1 atm,T)(HZ) = Eelec(HZ) + Ezp(HZ) + AI-I(T)(HZ) - TAS(T)
X (H,), (8)

where E,,.(H,) is the electronic energy of a H, molecule
obtained from the total-energy calculations, E,(H,) is the
zero-point energy of a H, molecule obtained from the pho-
non calculations, and AHp(Hp) and ASpy(Hp) are the
temperature-dependent enthalpy and entropy, respectively.
The values of AH 7(H,) and AS(7)(H,) can be obtained from
the tabulated thermochemical data.3> At elevated pressures,
the calculations of the Gibbs free energy will be discussed in
the later section.

Since these hydrides contain very light elements such as
H and Li, the zero-point energy will be relatively large,
which can expand the lattice constants. The calculated lattice
parameters for the hydrides obtained with and without the
inclusion of the zero-point energy (ZPE) are compiled in
Table I. Overall, our calculated parameters are in good agree-
ment with other calculations and experimental data. It can be
seen from Table I that the lattice constants are slightly ex-
panded due to the zero-point motions. To examine how much
the ZPE expands the volume, the correlation between the
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TABLE 1. Comparison between the calculated and experimental lattice parameters for LiH (Fm3m),

LiAIH, (P2,/¢), and Li;AlH, (R3). The zero-point energy (ZPE) for LiH, LiAlH,, and Li;AlH are 0.223,
0.833, and 1.333 eV/f.u., respectively. All units are in A.

Parameters 0 K GGA 0 K GGA including ZPE Expt.
LiH
Current Others? Current Others? At 83 KP
a 4.011 3.998 (4.018) 4.098 4.090 (4.14+0.02) 4.067
LiAlH, LiAID,
Current Others® Current Others At 9 K¢
a 4.830 4.837 (4.854) 4.923 Unavailable 4.817
b 7.795 7.809 (7.826) 7.917 Unavailable 7.802
c 7.780 7.825 (7.842) 7.851 Unavailable 7.821
B 111.778 112.137(111.878) 111.581 Unavailable 112.228
Li;AlHg LizAlDg
Current Others® Current Others At 9 Kf
8.013 8.027(8.049) 8.155 Unavailable 8.071
9.458 9.467(9.453) 9.648 Unavailable 9.513

4In Refs. 33 and 13. Without considering the ZPE, 4.01 and 3.987 A were obtained in Ref. 35 (GGA) and
Ref. 34 (PBE), respectively. With the ZPE, 4.112 A was obtained in Ref. 36 (PBE). In Ref. 37 (LDA),
3.879 A and 3.958 A were obtained with and without the inclusion of ZPE, respectively.

In Ref. 38.
“In Refs. 11 and 39.
9In Ref. 40.
°In Refs. 12 and 41.
fIn Ref. 42.

ZPE and the expanded volume AV for these hydrides at T
=0 K is plotted in Fig. 1. The expanded volume AV is de-
fined as the difference between the volume obtained with and
without the inclusion of the ZPE. The expanded volume in-
creases with the ZPE following a nearly linear relationship.

6

Li3AIH6

LiAIH,

LiH

Expanded volume AV (A%f.u.)
w

02 04 06 08 1 12 14
Zero-point energy (eV/f.u.)

FIG. 1. (Color online) Correlation between the zero-point en-

ergy (ZPE) and its expanded volume AV for LiH, LiAlH,, and

Li;AlHg at T=0 K. The expanded volume AV is defined as a vol-

ume difference between the volume obtained with and without the
inclusion of the ZPE.

For Li;AlHg, its expanded volume AV is equal to
4.9 A3/fu., which increases the free energy by
0.022 eV/f.u. at T=0 K. This effect will become more pro-
nounced as temperature increases. Since a perfect harmonic
crystal should not have any volume expansion under increas-
ing temperature, this is apparently an anharmonic effect.*> To
some extent, this anharmonic effect can be taken into ac-
count by the QHA. Therefore, in principle, the results com-
puted by the QHA are more accurate than those by the HA.
Interestingly, a recent paper on LiBH, by Frankcombe and
Kroes!? reported that there is no significant difference be-
tween the results obtained from the QHA and from the HA at
atmospheric pressure. We found a similar situation in our
calculated results even at high temperatures. The reason for
this phenomenon will be discussed below.

III. RESULTS AND DISCUSSION
A. Thermodynamic functions

We have calculated the volume-temperature curves for
LiAlH,, LisAlHg, and LiH over a large range of temperature
between 0 and 800 K. The results are shown in Fig. 2. By
fitting these free-energy curves to the third order Birch-
Murnaghan equation of state, we can obtain the
temperature-dependent equilibrium volume and thermal ex-

pansivity (az%,g—;/), which are compiled in Table II. These
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(a) LiAH,
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FIG. 2. (Color online) Calculated Helmholtz free energy F 7 as
a function of cell volume for (a) LiAIH,, (b) LizAlHg, and (¢) LiH
in the temperature range from O to 800 K. The dashed lines indicate
the position of the equilibrium cell volume. The blue solid curves
represent QHA results.

values of expansivities of the lithium alanates are similar to
those of the sodium alanates.*

Once the equilibrium volume is known, the thermody-
namic functions can be obtained as described above. The
calculated and measured thermodynamic functions as a func-
tion of temperature for LiAIH, are presented in Fig. 3. It is
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seen that the calculated thermodynamic functions are in good
agreement with the corresponding experimental data over a
large temperature range. It is noted that the thermodynamic
functions obtained from the HA and the QHA are nearly
identical at lower temperatures (up to the melting point of
453 K), whereas at higher temperatures the QHA produces
results larger than those obtained from the HA. It should be
mentioned that the validity of the (Q)HA approximation may
become questionable above the melting point. We note that
several recent studies on the liquid phases of LiBH, (Refs.
13 and 34) and LisBN,H,, (Ref. 35) have modeled the de-
hydrogenation reactions as solid-state reactions using the HA
due to the high computational costs associated with the cal-
culations for the liquid phases. This may be justified to some
extent as the liquid phases have more positive enthalpy val-
ues than the corresponding solids. Consequently, the calcu-
lated solid-state enthalpy can be regarded as an upper bound
on the enthalpy for the hydrogen desorption from the
liquids.® In the present work, our main focus is on the sta-
bility and reaction reversibility of the solid-state lithium
alanates below the melting point, where both HA and QHA
produce results in good agreement with the experimental
data.

The calculated thermodynamic functions as a function of
temperature for Li;AlHg and LiH are shown in Figs. 4 and 5,
respectively. Again, the results calculated by the QHA are
larger than those by the HA, particularly at high tempera-
tures. Experimental data for Li;AlHg are not yet available at
present. The calculated data provide a systematic description
for its thermodynamic properties over a large range of tem-
perature; these data can be used to further calculate other
physical properties of interest (see below) or as input in other
theoretical (e.g., empirical) studies. For LiH, the calculated
thermodynamic functions are in good agreement with the
experimental data. Figure 5(b) shows that the QHA is in a
slightly better agreement with the experiment than the HA.
However, for Figs. 5(a) and 5(c), the reverse is true, i.e., the
HA is in a better agreement with the experiment than the
QHA (in particular, T>450 K). Figure 5(c) shows that the
free-energy changes obtained from these two methods are
close to each other at 7<<450 K, and the QHA overestimates
the experimental data at 7>450 K. According to these re-
sults, neither method has a clear advantage when T
>450 K.

The above results show that our calculated thermody-
namic functions of the lithium alanates are in good agree-
ment with available experimental data, especially at lower
temperatures (below 450 K). Deviations from the experi-
mental data appear at higher temperatures. In general, the
QHA tends to overestimate and the HA tends to underesti-
mate these thermodynamic functions. In all the cases consid-
ered here, the HA and QHA results seem to provide the
lower and upper bounds (in magnitude) for the thermody-
namic functions. For the purpose of on-board hydrogen stor-
age, the required temperature should be lower than 450 K,
and thus both the HA and the QHA can provide reliable data
for the thermodynamic calculations.
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19V

TABLE II. Temperature-dependent equilibrium volume and thermal expansivity (a=12) for LiAlHy, LizAlHg, and LiH in the tempera-

ture range from 0 to 800 K.

=var

Temperature (K) 0 100 200 300 400 500 600 700 800
Volume for LiAIH, (A% 71.1 71.3 71.7 72.3 73.0 73.8 74.6 75.5 76.4
a for LiAlH, (107 (K) 0 0.44 0.75 0.94 1.06 1.12 1.17 1.23 1.35
Volume for Li;AlHg (A%) 92.6 92.7 932 94.1 95.2 96.6 98.1 99.9 102.0
a for LizAlH, (107 (K) 0 0.38 0.78 1.09 1.34 1.57 1.82 2.11 0.248
Volume for LiH (A?) 17.2 17.2 17.3 17.5 17.8 18.2 18.5 18.9 19.5
a for LiH (107%) (K) 0 0.41 0.92 1.35 1.73 2.08 242 2.79 3.22

B. Decomposition reactions for LiAlH, and Li;AlHg4 at
atmospheric pressure

In the preceding section, we presented the calculated ther-
modynamic functions of the lithium alanates that are in good
agreement with experimental values. In this section, we use
these functions to study the chemical reactions described in
Egs. (1) and (2).

Figure 6 shows the calculated enthalpy changes and Gibbs
free-energy changes as a function of temperature at atmo-
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spheric pressure. The results are calculated by both the QHA
and the HA. In the preceding section, the calculations show
that the thermodynamic functions obtained from the QHA
are always larger than those obtained from the HA, in par-
ticular, at high temperatures, e.g., for Li;AlHg at 7=800 K,
the free-energy difference between the QHA and the HA is
0.2 eV/fu. (see Fig. 4). As a result, one may expect that
there must be some differences in the reaction energies ob-
tained from these two methods. However, Fig. 6 shows that

'Chang'e of Hel'mholtz'free en'ergy in 'LiAIH4 "
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~100 . . . . . . .
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FIG. 3. (Color online) Calculated (lines) and measured (dots) thermodynamic functions of LiAlH, as a function of temperature. (a), (b),
(c), and (d) represent entropy (S(r)), enthalpy change (Hr—Hq)), change of Helmholtz free energy (F(r)—Fq)), and Helmholtz free energy
(F(zy), respectively. Solid and dashed lines represent calculated results from quasiharmonic and harmonic approximations, respectively.

Measured data are from tabulated thermochemical data (Ref. 32).
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Change of Helmholtz free energy in LiaAIH s
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FIG. 4. (Color online) Calculated thermodynamic functions of Li;AlHg as a function of temperature. (a), (b), (c), and (d) represent
entropy (S(p), enthalpy change (H(—H q)), change of Helmholtz free energy (F(y)—F ), and Helmholtz free energy (Fz)), respectively.
Solid and dashed lines represent calculated results from quasiharmonic and harmonic approximations, respectively. No experimental data are

available for Li;AlHg.

the actual difference is quite small. The reason for this out-
come is that the thermodynamic functions calculated by the
QHA have the same trend for both the reactant and product,
i.e., both are larger than those calculated by the HA. The
reaction enthalpy (or reaction free energy) is calculated by
the energy differences between the reactant and product and
thus the energy differences are largely canceled out. It shows
that the HA is as good as the QHA in calculating (with much
lower computing costs) the reaction enthalpy and reaction
free energy for the hydrides at atmospheric pressure. This is
also because the pV term has little contribution to the en-
thalpy compared to the energy term. However, at elevated
pressures, this contribution becomes important. Since the HA
does not consider the volume change in response to tempera-
ture variation (see Fig. 2), the QHA must be employed at
elevated pressures.

Figure 6(b) shows that the Gibbs free-energy change for
Eq. (1) is negative at all temperatures, indicating that the
decomposition of LiAlH, takes place spontaneously. This is
in accordance with existing experimental observation!6~!3
and theoretical predication.'”> For Eq. (2), the positive en-
thalpy change shown in Fig. 6(a) indicates that the reaction is
endothermic; the negative Gibbs free-energy change at T

>180 K [Fig. 6(b)] indicates that the decomposition of
Li;AlHg takes place spontaneously at 7> 180 K. This is also
in accordance with another theoretical predication.'? Based
on these calculations at 1 atm, we conclude that the reaction
for Eq. (1) is irreversible, and the reaction for Eq. (2) also is
irreversible when the temperature exceeds ~180 K.

So far, we have focused on the calculations at atmospheric
pressure. In the next section, we will examine the reactions
of Egs. (1) and (2) at elevated pressures.

C. Phase diagram for LiAlHg Li;AlHg, and LiH

To study the phase diagram for the reactions in Eqgs. (1)
and (2), we need to examine the Gibbs free energy of H, gas
at elevated pressures. The free energy at elevated pressures is
calculated by

Yp
Gp(Hy) =Gpmt amn(Ha) + kBT1n<p_>’ )

0
where p, and p denote atmospheric and elevated pressures,
respectively, and vy is the hydrogen fugacity coefficient. The
fugacity measures the deviation of a real gas from the ideal
behavior (y=1 describes an ideal gas). This property is im-
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FIG. 5. (Color online) Calculated and measured thermodynamic functions of LiH as a function of temperature. (a), (b), (c), and (d)
represent entropy (S(py), enthalpy change (H;y—H (), change of Helmholtz free energy (F(yy—F(g)), and Helmholtz free energy (F(p),
respectively. Solid and dashed lines represent calculated results from quasiharmonic and harmonic approximations, respectively. Measured

data (in dots) are from tabulated thermochemical data (Ref. 32).

portant at relatively high pressures (e.g., see Refs. 46 and
47). To know how much vy contributes to the free energy, the
logarithmic fugacity coefficient In y as a function of hydro-
gen pressure is plotted in Fig. 7. The dots are the data at T’
=298 K from Ref. 48, in which the data below 3000 atm
were directly calculated from the experimental values,* and
the data above 3000 atm were extrapolated from the virial
expansion. The solid lines at different temperatures are from
Ref. 50, in which the fugacity coefficients were calculated
from the Beattie-Bridgeman equation of state.>' The figure
shows that the contribution from the fugacity cannot be ne-
glected at high pressure, e.g., at 7=298 K and p=1 GPa,
In y is equal to 6.0, which means that the contribution to the
free energy is 0.154 eV per H, molecule (i.e., 6kzT). It is
noted that the contribution at low pressures is negligible,
e.g., at T=298 K and p=100 atm, In y is equal to 0.07,
which is equivalent to a contribution of only 0.002 eV per
H, to the free energy. Below, we will choose the data from
Ref. 50 for our calculations because these data are much
more complete than those from Ref. 48.

Once the Gibbs free energies of these hydrides as a func-
tion of pressure and temperature are known, the phase dia-
grams can be determined from the following procedure: first,

at a given temperature, the Gibbs free energies for the hy-
drides as a function of pressure are plotted; then, a coexist-
ence point between the lines may be found; finally, by vary-
ing the temperature, the (pT) phase diagram are constructed
by collecting all the coexistence points.

Figure 8 shows the Gibbs free energy as a function of
pressure for the reactant and product in Eq. (1) at T
=273 K. The results show that the product is always more
stable than the reactant, and thus there is no coexistence
point between these two lines. Varying the temperature, we
found that the situation is the same, i.e., the product is al-
ways more stable than the reactant. Frankcombe and Kroes'?
recently predicted that LiAlD, is slightly more stable than
LiAlH, at atmospheric pressure. It is interesting to see
whether there is a coexistence point between the deuterated
reactant (LiAlD,) and the deuterated product (%Li3AlD6

+%A1+D2) at elevated pressures. The calculated Gibbs free
energies shown in Fig. 8 indicate that there is a down shift in
their free energies, but there is still no coexistence point
between these two lines. The situation remains the same over
a large temperature range that we examined. Based on these
results, we conclude that LiAlH, and LiAlD, always tend to
decompose under all temperature and pressure conditions,
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FIG. 6. (Color online) Calculated (A) enthalpy changes and (B)
Gibbs free-energy changes as a function of temperature at atmo-
spheric pressure for Egs. (1) and (2). Thick and thin lines represent
the results for Egs. (1) and (2), respectively. Solid and dashed lines
represent the results calculated using the quasiharmonic and har-
monic approximations, respectively.
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FIG. 7. (Color online) Logarithmic hydrogen fugacity coeffi-
cient In y as a function of hydrogen pressure. The dots are the data
at T=298 K (Ref. 48). The solid lines are the data from (Ref. 50).
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At T=273 K
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FIG. 8. (Color online) Gibbs free energy as a function of pres-
sure for the reactant and product in Eq. (1) at 273 K. Thick and thin
solid lines represent the energies for LiAlH, and (%Li3A1H6+§A1
+H2), respectively. Thick and thin dashed lines represent the ener-
gies for LiAID, and (%Li3AlD6+§Al+D2), respectively.

indicating that the reaction of Eq. (1) is irreversible. It is
noted that the fugacity of the D, gas is not available from
experiment; instead, the fugacity of H, was used in our cal-
culations. To estimate its effect on the calculated results, we
note that, in principle, a gas with a larger mass will deviate
more from the ideal behavior than that with a small mass,
and thus the fugacity for the N, gas should be larger than that
of the D, gas, which in turn should be larger than that for the
H, gas. The fugacity coefficient In y for the N, gas is known
to be about twice as large as that for H, at 7=273 K and p
=1 GPa® It is equivalent to an extra contribution of
0.047 eV per molecule to the free energy. The extra contri-
bution from D, should be smaller than this value. Such a
small change in free energy will not affect the conclusions
drawn in the present work.

Using the same procedure, we now analyze the stability of
LizAlH, in Eq. (2). Unlike the situation for LiAlH,4, here
there is always a cross (coexistence) point between the Gibbs
free-energy curves of the reactant and the product. This
means that the relative stability of the reactant and the prod-
uct can be switched, thus allowing the release and recharge
of hydrogen under appropriate temperature and pressure con-
ditions, which is a key requirement for any practical
hydrogen-storage medium. Figure 9 shows the Gibbs free
energy as a function of pressure for the reactant and the
product at 7=273 K. At this temperature, the coexistence
pressure is 100 atm. We carried out calculations for the co-
existence pressure points at various temperatures. The results
are compiled in Table III. Based on these results, the (p,T)
phase diagram for the reactant (Li;AlHg) and the product
(3LiH+A1+%H2) is constructed, as shown in Fig. 10. The
filled shadow area indicates the phase space where Li;AlHg
can be stabilized, and the area outside of the shadow is where
LizAlH¢ decomposes into the product (3LiH+A1+%H2). It is
noted that the reaction of LiHHLi+%H2 will not affect this
phase diagram since this reaction only takes place at much
higher temperatures (823 K).>> The boundary between these
two areas can be fitted to the van’t Hoff equation,>
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AHg, AS
o SOk 2R

10
po RT R (10)

where p, is the atmospheric pressure (po=1), p is the equi-
librium hydrogen pressure, R is the gas constant, AHy is the
overall reaction enthalpy, and ASjy is the entropy change.
Usually, the overall reaction enthalpy AHj is considered to
be closely related to the enthalpy of formation AH (e.g., see
Ref. 33). However, the situation is different in the present
case, since the decomposition of Li;AlHg takes place spon-
taneously at ambient conditions and thus the AH was ob-
tained without considering the phase equilibrium [Fig. 6(a)
shows the plot of the enthalpy change (AH) only at one
pressure (i.e., at atmospheric pressure); the equilibrium pres-
sure for the reaction is not considered there]. However, AHg
is determined from the equilibrium hydrogen pressure and
temperature. Therefore, the meaning of AHjy is different
from that of AH, and the latter cannot be used to construct
the phase diagram.
A fitting to our calculated results leads to

1 0.22 13.89 (11)
=———+13.89,
"P=" "Ry

which gives AH=0.22 eV. The value of AHy, is very impor-
tant since it determines the slope of the line and thus controls
the equilibrium hydrogen pressure at a given temperature.
For the purpose of hydrogen storage, the optimum value for

TABLE III. Coexistence pressure points between
Eq. (2) at various temperatures.
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FIG. 10. (Color online) The (p,T) phase diagram for the reac-
tant (Li;AlHg) and the product (3LiH+Al+%H2) in Eq. (2).

AHpy is 0.41 eV per H,, which makes the hydrogen storage
reversible at around p=1 atm and 7=300 K.>* The value of
0.22 eV for LisAlHg is smaller than this ideal value, which
means that an applied pressure is needed to make this mate-
rial reversible at a given temperature. From Fig. 10, it can be
seen that the equilibrium pressure is 227 atm at 7=298 K.
Therefore, to use this material as a hydrogen-storage me-
dium, the choice of appropriate catalysts will be necessary to
decrease the required equilibrium pressure. It is noted that
there are also coexistence points between the Gibbs free en-
ergies of the deuterated reactant (Li3AlDg) and the deuter-
ated product (3LiD +A1+%D2). Since the fugacity of the D,
gas is not available from experiment, the phase diagram for
the Li;AlDg is not presented in this paper. By using the
fugacity of H,, the pressure for the deuterated phase diagram
at a given temperature was found to be higher than that for
the preceding result. This seems to be incorrect.

Finally, we comment on two recent experiments related to
Eq. (2). In the experiment of Chen et al.,'3 this reaction was
reported to be reversible, and the measured value for AHy, is
0.43 eV per H,. This value is nearly identical to the optimum
value of 0.41 eV per H, for hydrogen storage at ambient
condition. However, this result has yet to be reproduced by
other groups. Very recently, using similar catalysts, Brinks et
al.'® reported that the equilibrium pressure for this reaction is
at least 85 bars at 353 K. It indicates that this reaction may
be reversible but only at relatively high pressures. Our theo-
retical result is consistent with this latest experiment. A key
open question is the role of the catalyst in these two experi-

the reactant (Li3AlHg) and product (3LiH+Al+%H2) in

Temperature
(K)
273 298 350 450 550
Pressure at coexistence points (atm) 100 227 820 3676 9056
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ments, particularly the seemingly different effect of the cata-
lysts on the equilibrium pressure. This issue deserves further
attention by careful modeling and much more extensive (and
expensive) computational studies.

IV. CONCLUSIONS

We have presented a systematic computational study on
the thermodynamic properties and phase stability of lithium
alanates LiAlH,, Li;AlHg, and LiH using density-functional
theory (at GGA level) and quasiharmonic phonon calcula-
tions. The calculated thermodynamic functions are in good
agreement with available experimental data. Based on these
thermodynamic functions, the relative phase stabilities of
these alanates are examined. The decomposition of LiAlH, is
found to be irreversible under all temperature and pressure
conditions considered, indicating that a direct synthesis of

PHYSICAL REVIEW B 76, 024112 (2007)

LiAIH, from the solid reaction of (3Li;AlHg+2Al+H,) is
not possible. Meanwhile, the calculations indicate that
LizAlHg can be used as a rechargeable hydrogen-storage me-
dium under applied pressures. We constructed the (p,7)
phase diagram for Li;AlHg. By fitting the obtained phase
boundary to the van’t Hoff equation, the overall reaction en-
thalpy of 0.22 eV is obtained. Our calculated results are con-
sistent with the latest experiment by Brinks et al.'®
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