
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 7
/3

1/
20

24
 1

:2
5:

51
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Theoretical inves
aKey Laboratory of So Chemistry and F

Chemical Engineering, Nanjing University

210094, P. R. China. E-mail: xhju@njust.ed

84315947 extn 801
bLaboratory of Science and Technology on C

Chemistry Research Institute, Xi'an 710065,

Cite this: RSC Adv., 2017, 7, 42024

Received 13th July 2017
Accepted 20th August 2017

DOI: 10.1039/c7ra07693b

rsc.li/rsc-advances

42024 | RSC Adv., 2017, 7, 42024–420
tigations on the phase transition
of pure and Li-doped AlH3

Zheng Mei, a Feng-Qi Zhao,b Si-Yu Xub and Xue-Hai Ju*a

In order to solve a contradiction between early theoretical prediction and experiments concerning the g/

a phase transition of aluminum hydride, models of Li-doped AlH3 were constructed and investigated

theoretically. Thermodynamic calculations show that the g / a transition of pure AlH3 absorbs energy,

and the changes in Gibbs free energy are in range of 1.74–1.99 kJ mol�1 at 298–380 K. These are

opposite to the experimental fact that the g- to a-phase transition takes place at 380 K. However, the

changes in enthalpy and Gibbs free energy in the g / a phase transition of Li-doped AlH3 are negative.

The doping of Li decreases the activation energy of the g / a transition and introduces more

metastable states between them. As the doping content increases, both the changes in enthalpy and

Gibbs free energy (DHg/a and DGg/a) decrease. The experimental DHg/a value (�2.83 kJ mol�1) is

between those of doped AlH3 with 1/23 and 1/11 Li-content (�0.87 and �5.62 kJ mol�1 for Al23LiH70 and

Al11LiH34, respectively). Heat capacity CP(T) increases as the Li-doping content increases. The CP(T) of

Al23LiH70 is consistent with the experiments. Considering the thermodynamic evidence and the

experimental conditions for AlH3 preparation, the aluminum hydride synthesized by the reaction of

LiAlH4 + AlCl3 is probably Li-doped with a Li content of 1/23. The changes in enthalpy and Gibbs free

energy, as well as the activation energy for the g / a phase transition can be increased if the Li-doped

AlH3 is purified.
1. Introduction

Aluminum hydride (AlH3, alane) is a metastable crystal that is
an important material because of its high hydrogen and energy
storage capabilities,1–5 thus it has been considered as a prom-
ising candidate for recyclable hydrogen storage materials in fuel
cells and energetic components in rocket propellants.1,2

Furthermore, as a highly active metal hydride and reductant,
AlH3 can be used in metastable intermolecular composites
(MICs). MICs are high performance thermite composites
usually consisting of nano layers, bars or particles of reducing
and oxidizing agents, which are highly active metals (nano Al,
Mg) and metal oxides (nano CuO, Fe2O3, etc.), respectively.6

However, researchers have realized that the MICs with a metal
reductant were low on combustion velocity and pressure
because of the lack of gaseous products.6 Thus, AlH3 could be
a promising reductant in MICs, because AlH3 does not only
carry a large amount of energy but also produces a lot of gas
(H2O) during the reactions.
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Due to its signicant applications, many researchers have
investigated AlH3 by simulation or experiment. Theoretical inves-
tigations involving hydrogen store and desorption properties,7–9

polymorph transition of pressures1,5,10 and mediated features11 of
AlH3 have been reported in recent years. Meanwhile, experimental
studies of synthesis and thermodynamic analysis have been per-
formed and showed the phase transition among AlH3 crystalline
polymorphs. An earlier calculation by Ke et al. predicted new cubic
and orthorhombic polymorphs with smaller enthalpy and Gibbs
free energy than those of hexagonal polymorph (a-phase).10 These
polymorphs were successively synthesized in subsequent years.12,13

However, some researchers have observed the phase transition
with heat release from b and g phase AlH3 to a phase at about 380
K,2,3 which contradicts Ke's theoretical results. Considering the
signicance of AlH3 in the energetic materials, it is necessary to
nd more details about the thermodynamics of the polymorphs
and to solve this contradiction.

In the previous thermodynamic experiments, both the a and
g polymorphs were synthesized using a reaction of AlCl3 and
LiAlH4 in ethereal solvent that was originally developed by
Brower et al.:14

3LiAlH4 þAlCl3 �������!Et2O
3LiClþ 4AlH3$Et2O (1)

Complex metal hydrides (LiAlH4 and LiBH4) were required to
preserve the AlH3 in solvent evaporation. Different AlH3
This journal is © The Royal Society of Chemistry 2017
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polymorphs were produced as the content of the metal hydride
changes. The conditions played an important role in deter-
mining the structural and thermodynamic properties of AlH3

thus generated. We have noticed that the AlH3 was generated in
the electrolyte solution (with Li+, Cl�, Al3+, AlH4

�). Since the Li+

ion is small and dissociative in the reaction solution, is it
possible that Li atom was doped into the AlH3 crystals? To
answer this question and nd out the inuence of Li-doping
upon the thermodynamic performances of AlH3 polymorphs,
we performed theoretical investigations of a- and g-AlH3 with
different Li doping contents (including pure AlH3) and made
a comparison with the experimental results.

For this purpose, density functional theory with generalized
gradient approximation (DFT-GGA) calculations for a- and
g-AlH3 with different Li-doping contents were performed to
obtain the optimized geometries, energies, and phonon vibra-
tional modes. The phonon calculations provided density of
phonon states (phonon DOS), zero point vibrational energy
(ZPE), as well as vibrational enthalpy and entropy. The results
could be used to estimate the thermodynamic properties
including internal energy, heat capacity, Gibbs free energy and
the enthalpy change of phase transition. By comparing the
calculated and the available experimental results, the role of
Li-doping in AlH3 phase transition could be revealed.

2. Computational methods and
details

Density functional theory (DFT) methods have been efficiently
used for the periodic atomic/molecular/crystalline systems.15–19

Many functionals, including Perdew–Burke–Ernzerhof (PBE),
Perdew–Wang (PW91), revised PBE (RPBE), PBE for solids
(PBESOL) and PBE with Wu–Cohen exchange (WC) func-
tionals20–24 were developed for improving the accuracy of GGA
simulations of different elements and systems. In order to select
the most suitable method and functional for AlH3 systems, local
density approximation (LDA) and generalized gradient approx-
imation (GGA) calculations with the above functionals were
performed for a- and g-AlH3 crystals, while the optimized lattice
parameters were compared with the experiments. The method
with the smallest error of lattice parameters would be employed
in the following calculation of Li-doped AlH3 crystals, thus
guaranteeing accuracy geometries and energies. All the DFT
calculations were performed by using CASTEP module in
Material Studio 6.0 package.25

Once the geometries were optimized to the lowest congu-
ration energies, the phonon calculations were performed at the
same level to provide the phonon DOS using Baroni's linear
response (or density functional perturbation theory, DFPT)
method.26 Based on the conguration energy and the phonon
spectrum, the thermodynamic properties were calculated via
Baroni's formulas below. The internal energy U is

U ¼ EC + ZPE + HV (2)

where EC is conguration energy, ZPE is zero point vibrational
energy, HV is the vibrational enthalpy calculated by
This journal is © The Royal Society of Chemistry 2017
HV ¼
ð

ħu
expðħu=kTÞ � 1

FðuÞdu (3)

where ħ and k are Planck and Boltzmann's constants, respec-
tively, T is temperature, F(u) is phonon density of states. ZPE
was evaluated as

ZPE ¼ 1

2

ð
FðuÞħudu (4)

The Gibbs free energy is

G ¼ EC þ ZPEþ kT

ð
FðuÞln½1� expð�ħu=kTÞ�du (5)

and the lattice contribution to the heat capacity CP(T) is

CPðTÞ ¼ k

ð ðħu=kTÞ2expðħu=kTÞ
½expðħu=kTÞ � 1�2 FðuÞdu (6)

The internal energy U is actually the total energy of a system.
Since the work term of D(pV) is neglectable for solids under
atmospheric pressure, the change of U demonstrates the
change of enthalpy, which is usually characterized by the
heat release or absorption. Therefore, the transition enthalpy of
g / a phase AlH3 is

DHg/a ¼ Ua � Ug (7)

3. Results and discussion
3.1 Benchmark of the methods and functionals

In order to nd an appropriated method for AlH3 crystal
systems, GGA calculations with 5 functionals (with and
without DFT-dispersion, DFT-D correction) and LDA calcu-
lations for pure a- and g-AlH3 were performed. Results were
listed in Table 1 together with the experimental values. Four
data were noted in bold in Table 1, which are the smallest
mean absolute error (MAE) and crystalline cell volume error
of a- and g-AlH3, respectively. As can be seen in Table 1,
GGA/PBE and GGA/PW91 are superior to others for the
calculation of AlH3 crystals, especially the PW91 was supe-
rior for overall performance (MAE are 0.45% and 0.57%
while DV are 0.59% and 1.29%, respectively for a- and
g-AlH3). But interestingly, the cell volume of g-AlH3 at the
LDA/CA-PZ level was excellently consistent with that of
experiment, although its performances for other parameters
were not the best. This may be caused by two reasons: (a) the
offset of the positive and negative errors of the lattice
parameters, (b) the small gradient of electronic density in
the AlH3 crystals. In addition, the TS, Grimme and OBS DFT-
D dispersion correction (for PBE, PBE, and PW91, respec-
tively) have overestimated the interactions between the atoms,
leading to the negative error of the lattice parameters and cell
volumes.27–29

According to the above analysis, GGA/PW91 method without
dispersion correction was selected to calculate the Li-doped
RSC Adv., 2017, 7, 42024–42029 | 42025
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Table 1 Calculated lattice parameters a, b, c, cell volumes V, error of the a, b, c, mean absolute error (MAE) of the a, b, c and error of cell volumes
for a and g AlH3

Phase Method/functional a (Å) b (Å) c (Å) V (Å3) Da (%) Db (%) Dc (%) MAE (%) DV (%)

Alpha GGA/PBE 4.4741 4.4741 11.7785 204.19 0.56 0.56 �0.21 0.44 0.90
GGA/PBE TS 4.3261 4.3261 11.6356 188.58 �2.77 �2.77 �1.42 2.32 �6.81
GGA/PBE Grimme 4.2732 4.2732 11.6470 184.18 �3.96 �3.96 �1.33 3.08 �8.98
GGA/RPBE 4.6271 4.6271 11.8120 219.01 4.00 4.00 0.07 2.69 8.23
GGA/PW91 4.4710 4.4710 11.7579 203.55 0.49 0.49 �0.39 0.45 0.59
GGA/PW91 OBS 4.1207 4.1207 11.3829 167.39 �7.39 �7.39 �3.56 6.11 �17.28
GGA/WC 4.3470 4.3470 11.7318 191.99 �2.30 �2.30 �0.61 1.74 �5.13
GGA/PBESOL 4.3485 4.3485 11.7506 192.42 �2.27 �2.27 �0.45 1.66 �4.91
LDA/CA-PZ 4.3232 4.3232 11.7395 190.01 �2.83 �2.83 �0.54 2.07 �6.10
Experimenta 4.4493 4.4493 11.8037 202.36 — — — — —

Gamma GGA/PBE 5.4353 7.4258 5.7705 232.90 1.02 0.95 �0.08 0.68 1.90
GGA/PBE TS 5.3231 7.2697 5.6682 219.34 �1.07 �1.17 �1.85 1.36 �4.03
GGA/PBE Grimme 5.3743 7.2743 5.7120 223.31 �0.12 �1.10 �1.09 0.77 �2.30
GGA/RPBE 5.4523 7.4830 5.8032 236.77 1.33 1.73 0.49 1.18 3.59
GGA/PW91 5.4257 7.4043 5.7626 231.50 0.84 0.66 �0.22 0.57 1.29
GGA/PW91 OBS 5.2854 7.1309 5.5550 209.36 �1.77 �3.05 �3.81 2.88 �8.40
GGA/WC 5.4284 7.3670 5.7313 229.20 0.89 0.16 �0.76 0.60 0.28
GGA/PBESOL 5.4367 7.3879 5.7407 230.58 1.04 0.44 �0.60 0.69 0.88
LDA/CA-PZ 5.4295 7.3516 5.7263 228.57 0.91 �0.05 �0.85 0.60 0.00
Experimenta 5.3806 7.3555 5.7751 228.56 — — — — —

a The experimental a, b, c of a- and g-AlH3 were taken from ref. 13 and 30 respectively.
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AlH3 crystals in this work because of its superior overall
performance for both a and g polymorphs.

3.2 Crystal structures of Li-doped AlH3 and potential energy
surface of phase transition

According to the original a- and g-AlH3 crystal structures from
ref. 13 and 30, a- and g-supercells of Al12H36, Al23LiH70 and
Al11LiH34 were built and optimized respectively (Fig. 1). To
Fig. 1 Optimized a- and g-Al12H36, Al23LiH70 and Al11LiH34 supercells,
as well as the corresponding structures of the transition states and
metastable states.

42026 | RSC Adv., 2017, 7, 42024–42029
generate each Li-doped supercell from the pure AlH3 crystal,
one Al atom were replaced by Li and two H atoms near Li were
removed in consideration of valence balance. In below discuses,
the energies are in terms of per mole AlLixH(3+x). The AlLixH(3+x)

is pure aluminum hydride when the x ¼ 0, and the doping
contents increases as x goes from 1/23 to 1/11.

Due to the smaller size and fewer bonding orbitals of Li than
Al atom, the doping of Li generates a local hole of electron
density in the supercells and inuences the energy evolution in
phase transition. Using linear synchronous transit (LST)
method with quadratic synchronous transit (QST) algorithm,
the minimum energy paths of the transition between alpha and
gamma phases of Al12H36, Al23LiH70 and Al11LiH34 supercells
were calculated by CASTEP program. As can be seen in Fig. 2,
the maximum energies in the transition paths for Al12H36,
Al23LiH70 and Al11LiH34 supercells are 547.49, 522.69 and
394.35 kJ mol�1, respectively, which are corresponding to the
transition states shown in Fig. 1. The comparison reveals that
the activation energy of the phase transition decreases as the
doping content increases, indicating that the doping of Li
atoms makes the transition easier. Besides, the energies of
metastable states in the transition are also shown. Interestingly,
the number of the metastable states increases as the doping
content increases. The most signicant metastable state for
each doping content was noted in Fig. 2. The total energies of
metastable states decrease as the doping content increases, just
as the activation energy.

3.3 Density of phonon states, internal energy and Gibbs free
energy

Fig. 3 demonstrates the density of phonon states (DOS) of a- and
g-AlLixH(3+x) supercells, as well as the partial DOS (PDOS) for Al,
Li and H atoms. The phonon PDOS of Al and Li locate in 0–
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Calculated energy evolution of the phase transition for
AlLixH(3+x), x ¼ 0, 1/23 and 1/11.

Fig. 3 Calculated full and partial density of phonon states for a- and g-
AlLixH(3+x) supercells, x ¼ 0, 1/23 and 1/11.
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500 cm�1, while those of H locate in the range of 500–
2200 cm�1. In both a- and g phase supercells, the Al and Li
atoms make main contributions to low frequencies phonon
while H atoms make main contributions to high frequencies
phonon.

Phonon is a quantitative characterization of vibration in
crystals. The atoms in crystal can vibrate and spread the vibra-
tion in terms of different modes, depending on the different
periodic arrangements and interaction strengths. Also, phonon
wave can scatter at the interface or defect area and results in
energy exchange.

As the doping content increases, the high frequency peaks in
g-AlH3 are split. Some Al–H interaction strengths were
Table 2 The optimized configuration energy (EC) and the calculated z
energy (G) at 298 and 380 K of a- and g-AlLixH3+x, as well as the changes
transition at 298 and 380 K

x Phase
EC
(eV mol�1)

ZPE
(eV mol�1)

U298

(eV mol�1)
G298

(eV mol�1)
U380

(eV m

0 a �105.2247 0.6717 �104.4910 �104.5901 �104
g �105.2262 0.6592 �104.5074 �104.6081 �104

1/23 a �106.1969 0.6686 �105.4670 �105.5698 �105
g �106.1850 0.6635 �105.4580 �105.5680 �105

1/11 a �107.3160 0.6724 �106.5773 �106.6897 �106
g �107.2520 0.6677 �106.5180 �106.6339 �106

This journal is © The Royal Society of Chemistry 2017
enhanced and led to higher frequencies, while some other
interaction strengths were weaken and led to lower frequencies.
This implies that the doping of Li atoms causes a reduced
symmetry of the crystals. The excitation or ionization of the Li
atoms can be a good channel for the phonon scattering, results
in a rearrangement of near atoms. This is a driving force for the
g–a transition of AlLixH(3+x).

In addition, it is well known that phase transition involves
the cleavage and reform of the chemical bonds, because the
different polymorphs usually contain different atomic congu-
rations. The bond breaking is the key step in overcoming the
energy barriers. Researchers have point out that the ‘up
pumping’ of low frequency phonon plays an important role in
the cleavage of the bonds.31,32 The magnitude of vibration
modes of low frequency is positively related to the energy
transfer rate for lattice vibration to bond breaking. Therefore,
the low frequency phonon modes by the Li-doping have played
an important role to facilitate the bond breaking and to lower
the phase transition temperature. This agrees with the activa-
tion energy calculation shown in Fig. 2.

With the neglecting of electronic excitation, lattice vibration
makes full contribution to the thermodynamic properties of
crystals. Due to the wave spreading of the vibrations, every
vibrational mode is delocalized in the crystal and makes indi-
vidual contribution to the thermodynamic properties such as
zero point energy (ZPE) and vibrational enthalpy (HV). Accord-
ing to Boltzmann's energy distribution, a vibrational mode with
frequency ui contributes a ZPE ¼ ħui/2 and a HV ¼ ħui/(exp(ħui/
kT) � 1). Based on the phonon DOS and the optimized cong-
uration energy (EC), the zero point vibrational energy (ZPE),
internal energy (U) and Gibbs free energy (G) at 380 K, as well as
the enthalpy change and Gibbs free energy change (DHg/a and
DGg/a) of g / a phase transition at 298 and 380 K were ob-
tained and listed in Table 2. All the EC, U, and G values decrease
as x increases. The values ofDHg/a andDGg/a also decrease as
x increases. Especially the decreasing of DGg/a implies that the
g / a phase transition becomes easier as more Li atoms are
doped. Besides, the DHg/a and DGg/a change slightly as the
temperature changes from 298 to 380 K, while the doping
content is the critical factor inuences them.

It is worth noting that the DHg/a and DGg/a are positive for
pure AlH3, which is agreed with an earlier calculation.10

However, it has been reported that the DHg/a is �2.8 �
0.4 kJ mol�1 at about 380 K in the experiments2,3 which is
ero point vibrational energy (ZPE), internal energy (U) and Gibbs free
of enthalpy and Gibbs free energy (DHg/a and DGg/a) of g/ a phase

ol�1)
G380

(eV mol�1)
DHg/a,298

(kJ mol�1)
DGg/a,298

(kJ mol�1)
DHg/a,380

(kJ mol�1)
DGg/a,380

(kJ mol�1)

.4554 �104.6240 1.58 1.74 0.87 1.99

.4644 �104.6446

.4221 �105.6071 �0.86 �0.17 �0.87 0.04

.4131 �105.6075

.5301 �106.7303 �5.72 �5.38 �5.62 �5.30

.4718 �106.4661

RSC Adv., 2017, 7, 42024–42029 | 42027
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contradict to our calculated positive DHg/a for pure AlH3.
However, the sign of DHg/a in experiment was consistent with
the DHg/a (�0.87 and �5.62 kJ mol�1) of Al23LiH70 and
Al11LiH34. The DGg/a and DHg/a are signicant parameters.
The former indicates the direction of phase transition, while the
latter determines the heat release or absorption. Their signs
(plus or minus) are not inverted by the approximation error or
measuring error. Therefore, the synthesis of g-AlH3 in experi-
ments may bring about Li-doping in AlH3 that was unable to be
detected in XRD due to low content of Li.2,3

Fig. 4 represents the DGg/a and DHg/a over the tempera-
ture range of 0–500 K for AlLixH(3+x) (x ¼ 0, 1/23 and 1/11). The
calculated DHg/a of pure AlH3 is positive at 0 to 500 K, which
indicates that the pure AlH3 will absorb energy in g / a phase
transition. The absolute value of DGg/a decreases as the
temperature increases implies that the g to a phase transition is
favorable at relatively lower temperature. But the experiments
revealed that the g / a phase transition occurred when the g

phase was heated to about 380 K. This indicates that the g /

a phase transition must overcome an energy barrier. On the
other hand, it is also revealed that the transition enthalpy
change of experiment is between those of Al23LiH70 and
Al11LiH34.
3.4 Heat capacity

Using the phonon DOS, the heat capacity CP(T) of pure and Li-
doped a-AlH3 were calculated and represent in Fig. 5. The
Fig. 4 Calculated Gibbs free energy change DGg/a and enthalpy
change DHg/a over the temperature range of 0–500 K for AlLixH(3+x)

(x ¼ 0, 1/23 and 1/11). The experimental data (�2.8 kJ mol�1 at 380 K)
was taken from ref. 2 and 3.

Fig. 5 Calculated heat capacity of a-AlLixH(3+x) (x ¼ 0, 1/23 and 1/11)
over the temperature range of 0–500 K, comparing with the experi-
mental values.33,34

42028 | RSC Adv., 2017, 7, 42024–42029
experimental CP(T) for a-AlH3 (41.14 J mol�1 K�1 at 298.15 K
(ref. 33) and 45.22 J mol�1 K�1 at 320.65 K (ref. 34)) were also
shown for comparison. The heat capacity increases as x
increases, which is caused by the Li-doping that introduces new
vibrational modes. In Fig. 5, the experimental CP(T) are signif-
icantly larger than those of pure AlH3 (x ¼ 0), but is close to
those of AlLixH(3+x) of x ¼ 1/23. Again, this indicated that the
experiments probably brought about Li-doping in AlH3.
4. Conclusions

The benchmark calculations for a- and g-AlH3 showed that the
GGA/PW91 method guarantees accurate lattice parameters with
0.51% mean absolute error. The relative energy evolution of the
phase transitions for AlLixH(3+x) (x¼ 0, 1/23, 1/11) indicated that
the introduction of more Li leads to a smaller activation energy
for the transition. The calculated full and partial density of
phonon states (DOS and PDOS) revealed that the Li-doping
breaks the symmetry of crystal, introduces new vibrational
modes, thus increases the heat capacity.

Using the phonon DOS, the enthalpy change (DHg/a) and
the Gibbs free energy change (DGg/a) in g / a phase transi-
tion were estimated. Results showed that the g / a transition
of pure AlH3 absorbs energy, which is contrary to the experi-
ments. However, the g / a transition of Li-doped AlH3 with
negative DHg/a and DGg/a values agrees with the experi-
ments. The heat capacity calculation revealed that the CP(T) is
close to the experimental value when the crystal is AlLixH(3+x)

with x ¼ 1/23.
Based on the above analysis and the experiment condition

for AlH3 preparation, the aluminum hydride synthesized by the
reaction of LiAlH4 + AlCl3 in experiments is likely to be Li-doped
AlH3 (Fig. 1) instead of pure one. This can explain the contra-
diction between the theoretical prediction and the experiments
for the phase transition. Besides, pure AlH3 has smaller heat
capacity and larger g/ a phase transition enthalpy than those
of Li-doped ones.
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