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ABSTRACT

Mixed alkali alanates LixNa3_xAlHg have been successfully synthesized by means of grinding mixtures of
LisAlHg and NasAlHg in specific molar ratios. Non-stoichiometric LixNas.xAlHg compounds with single
perovskite-type structures (space group Fm-3m) can be formed only within the composition range of
x = 0.9—1.3. Li;.3Nay 7AlHg exhibits superior hydrogen storage properties over other LiyNas_xAlHg com-
pounds. Its onset dehydrogenation temperature (~423 K) was lowered by more than 40 K from other
samples in temperature programmed dehydrogenation (TPD) curves. Also, the dehydrogenation capacity
of Li; 3Naj7AIHg (3.45 wt.%) is the highest among the compounds. The dehydrogenation enthalpy values
of LixyNa3_xAlHg decreased as x increased from 0.9 to 1.3 according to the results by isothermal pressure-
composition (PCI) curves and van't Hoff plots. It shows that the dehydrogenation Lij3Naj;AlHg
(49.7 k] mol H3') was greatly destabilized from that of LiNa,AlHg (68.1 k] mol H3?). Furthermore, the
apparent activation energy of dehydrogenation for Li;3Naj7AIHg (138.1 k] mol~!) was remarkably low-
ered from that of LiNayAlHg. This illustrates that Lij3Naj7AIHg exhibits enhanced dehydrogenation ki-
netics from that of LiNa;AlHg.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

As well known, hydrogen is very important as a new source of
renewable energy [1]. However, the emerged hydrogen storage
materials cannot fully meet the standards of utilizations [2].
Some complex hydrides, such as NaAlHy4, potentially reach the
target of both gravimetric and volumetric densities [3—11]. It's
possible for the de/re-hydrogenation capacity of NaAlHy to attain
more than 4.5 wt.% H, at a temperature below 473 K using Ti-
based additives [12—16]. In recent years, studies have been
expanded to include mixed alkali alanates such as LiNaAlHg,
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LiK;AlHg, and K;NaAlHg etc. People have already synthesized
these materials and investigated their hydrogen storage perfor-
mances extensively [17—32].

Among these compounds, LiNayAlHg exhibits a large dehydro-
genation capacity. Approximately 6.7 wt.% H; can be evolved from
the compound through a three-step reaction within the tempera-
ture range from 463 K to 753 K [31]. Many methods to synthesize
LiNa,AlHg have been developed during the last decades. Wang et al.
obtained LiNayAlHg by solid-state reaction among LiH, NaH, and
NaAlH4 at a ratio of 1:1:1. Nearly 3.35 wt.% H, can be released
during the first stage of dehydrogenation [31,32]. Claudy et al. [17]
combined LiAlH4 with NaH to achieve LiNajAlHg via either toluene
or a solid-state reaction at high temperatures and under high
hydrogen pressures. Huot et al. [20] obtained LiNa,AlHg by means
of mechanochemical method without any solvent, which supplied
a facile way to yield the product. Since then, the ball milling method
has been extensively used in many combinations such as 2NaH-
LiAlH4 [26,27], NaH-LiAlH4 [23], 2NaAlH4-LiH [22], and NaAlHg4-
NaH-LiH [25] for synthesizing LiNa,AlHg.


mailto:zhangyao@seu.edu.cn
mailto:yfzhu@njtech.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2017.09.205&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2017.09.205
https://doi.org/10.1016/j.jallcom.2017.09.205
https://doi.org/10.1016/j.jallcom.2017.09.205

X. Fan et al. / Journal of Alloys and Compounds 729 (2017) 648—654 649

Some other works were conducted to adjust the atomic ratio of
Li to Na of the LiNayAlHg phase in order to optimize its thermal
stability and dehydrogenation performances. However, only a few
compounds have been achieved up to date [33,34]. The composi-
tion range of x in LixNaz_xAlHs compounds is still imprecise. The
effects of x on the structures and thermal stabilities of these com-
pounds are also unknown.

In the present work, we explored different values of x for LixNas.
xAlHg and the hydrogen storage performances for each. X-ray
diffraction (XRD) measurements were implemented to characterize
the structures of these compounds. Differential scanning calorim-
eter (DSC), temperature programmed dehydrogenation (TPD), and
pressure-composition isotherms (PCI) measurements were carried
out to study the dehydrogenation properties of these samples. We
primarily found that x = 1.3 exhibits the best thermodynamic and
kinetic properties from the x values that we studied.

2. Experimental

Chemicals NaH (95%, Sigma—Aldrich), NaAlH; (93%, Sigma-
—Aldrich), LiH (97%, Aladdin), and LiAlH4 (97%, Alfa Aesar) were all
used without pretreatment. NaszAlHg was synthesized by ball
milling NaH and NaAlH4 in the molar ratio of 2:1 for 20 h under
high-purity (99.9999%) argon on a planetary ball mill (QM-3SP4,
Nanjing) at 500 rpm. LizAlHg was synthesized by ball milling LiH
and LiAlH4 in the molar ratio of 2:1 for 5 h under high-purity
(99.9999%) argon at 450 rpm. The mixtures Li3AlHg and NazAlHg
were milled in specific molar ratios for 10 h to form Li-Na-Al-H
compounds at a rotation rate of 500 rpm. The ball-to-powder
weight ratio was about 65:1.

Both PCI and TPD measurements were carried out on a home-
made Sieverts-type apparatus [35,36]. A sample tested by DSC
(TA Q2000) was about 5 mg and used carrier gas of 0.1 MPa Ar with
a purge rate of 50 ml min~ . All the measurements were performed
at a ramping rate of 5 k min~L.

Structural characteristics of the samples were conducted by
powder X-ray diffraction (XRD, X'Pert PRO of PANalytical) with Cu-
Ka radiation at 40 kV and 40 mA. The diffraction degree (26) was
scanned from 10° to 90° with a step width of 0.02. All handlings on
the samples were performed in glove box full of high-purity Ar
(99.9999%). A cellophane tape was placed on the sample pool to
protect the sample from the air and moisture during XRD
measurement.

3. Results and discussion
3.1. Structures of mixed alkali metal alanates

The LixNasz_xAlHg compounds were synthesized by ball milling
the mixtures of LisAlHg and NasAlHg at different ratios
(x = 0.9—1.3). The reaction was expressed by equation (1).

xLizAlHg + (3-x) NasAlHe — 3LixNa3_xAlHg (1)

Single phase Li-Na-Al-H (S.G. Fm-3m) can be identified only
within the composition range of x = 0.9—1.3 as shown in the XRD
patterns of Fig. 1a and b. When x is lower than 0.9, NasAlHg appears
in the XRD pattern. When x exceeds 1.4, an unknown phase could
be formed. The lattice parameters were evaluated by using Jade
software [37] and are summarized in Fig. 1c. It was found that these
lattice parameters continuously decrease with the augmentation of
x from 0.9 to 1.3. Fig. S1 exhibits the Rietveld refinements results in
the XRD patterns of LixNa(3-x)AlHs (x = 0.9—1.3). The refinements
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Fig. 1. a) XRD patterns of xLi3AlHg—(3-x)NasAlHg system synthesized by ball milling
(x = 0.8—1.5); b) XRD patterns of xLi3AlHg—(3-x)Na3AlHg within the Bragg angle
ranging from 50° to 80° (x = 0.9—1.3); c) Dependencies of the lattice parameters
upon X value by means of Jade and Rietica (Rietveld refinement) software,
respectively.
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results demonstrated the continuous variation of lattice parameter
with increasing x amount, which agrees well with those obtained
by Jade as shown in Fig. 1c. However, the atomic coordinates of Li,
Na, Al, and H in the perovskite-type structure (Fm-3m) phase are
hardly observed in the present work. Further efforts on LixNas.
«AlDg by means of synchrotron X-ray diffraction analyses are
ongoing.

Calculation methods by Jade and Rietica are thoroughly
different. Rietica method determining results of lattice parameters
is mainly based on the Rietveld refinements on XRD patterns.
However, the Jade method determined lattice parameters and
crystalline sizes mainly on the basis of the Bragg angles and the
FWHM of diffraction peaks, respectively. Both methods are thor-
oughly different. However, dependencies of lattice parameters
upon x values are nearly the same for both methods. It suggests that
variations of lattice parameters are double checked and
demonstrated.

3.2. De/re-hydrogenation properties of LiyNa3.xAlHg

The temperature programmed desorption curves of LixNas.
«AlHg (x = 0.9—1.3) exhibited in Fig. 2 indicate that, with the in-
crease of x, the dehydrogenation capacity gradually increases. This
phenomenon can be ascribed to the increased amount of light-
weight lithium in the compounds. When x amount of Li is gradually
increased from 0.9 to 1.3, the onset temperatures of dehydroge-
nation lowers accordingly. Furthermore, when x reaches 1.3, its
onset temperature is reduced to 423 K, which is lower than other
samples by at least 40 K. Also, the dehydrogenation capacity of the
compound reaches 3.45 wt.% Hy, which is the highest capacity
among these single phase Li-Na-Al-H compounds.

Fig. 3 a shows the XRD patterns of LiyNas_xAlHg (X = 0.9—1.3)
compounds annealed at 573 K. The identified LiH, NaH, and Al
phases imply that these compounds went through the same
desorption process, which can be expressed as follows.

LixNas_xAlHs — XLiH + (3-x)NaH + Al + 3/2H, )

Fig. 3b shows the XRD patterns of Li;3Naj7AlHg annealed at
temperature 453 K, 483 K, 503 K and 523 K, respectively. Those
suggest that the

identified phases reaction pathway of
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Fig. 2. Temperature programmed desorption (TPD) curves of LixNas_xAlHs compounds
synthesized by ball milling.

Liy3Na17AlHg is the same as the other LixNas.xAlHg samples as
equation (2).

Fig. 4 describes the hydrogenation performances for as-
dehydrogenated LiyNas34AlHg compounds. It reveals that the
duration time until saturated hydrogenation gradually decreased
with an increase of x in LixyNas_xAlHg. Among these samples,
Li13Naq7AlHg exhibits the shortest saturation time and the highest
isothermal hydrogenation rate. In XRD patterns of Fig. 5, there is
still some NaH, LiH, and Al phases and has a perovskite-type
structure. It means that the reaction was not completed. Both ki-
netic and thermodynamic barriers likely hindered its
rehydrogenation.

3.3. De/re-hydrogenation kinetics of LixNaz-xAlHg

Fig. 6 (a), (b), and (c) present the DSC curves measured at
different ramping rates for LiNaAlHg, LijaoNajgAlHg and
Li13Naq7AlHg, respectively. Based on these curves, the activation
energy values of desorption from these samples can be determined
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Fig. 3. a) XRD patterns of LixNas_xAlHg samples as annealed at 573 K; b) XRD pattern of
Lij3Na;;AlHg sample as annealed at 453 K for 10hr, 483 K, 503 K, and 523 K,
respectively.
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Fig. 4. Isothermal hydrogenation curves of the Li-Na-Al-H samples at 507 K and under
hydrogen pressure of 5 MPa.

by means of Kissinger's equation (3).

8 Eq 1
In <T3> = fﬁ-ﬁ+c (3)

In this equation, § is the ramping rate, T, stands for the peak
temperature, and R represents the gas constant.

The apparent activation energy E; for dehydrogenation of
LiNayAlHs is 162 k] mol~! which approaches the value of previous
work (173 kJ mol~1) [32]. It was found that with an increase of x in
LixNas_xAlHg, the E; value would be gradually reduced. It means
that the dehydrogenation kinetic barrier was weakened with the
increase of the Li amount in the compound. Therefore, the dehy-
drogenation kinetics and reaction rate were enhanced. According to
the results summarized in Table 1, Li; 3Naj7AlHg offers the lowest
apparent activation energy (138.1 k] mol~!) among these com-
pounds, which enhances its dehydrogenation kinetics.
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Fig. 5. XRD patterns of those LixNasxAlHg (X = 0.9—1.3) samples after isothermal
hydrogenation.
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Fig. 7(a), (b), and (c) reflect the isothermal rehydrogenation
behaviors of LiNaAlHg, LijoNajgAlHg and Lij3Naq7AlHg com-
pounds tested at different temperatures. Their absorption activa-
tion energies were identified by the Arrhenius formula as equation
(4) and the Johnson-Mehl-Avrami (JMA) equation (5) [26].

— Ea
Ink = “RT T InA (4)
a=1—e k0" (5)

Where k represents the reaction rate constant, E; stands for the
hydrogen absorption activation energy, T is temperature, R belongs
to the gas constant, A is assigned as pre-exponential factor, and « is
a constant.

According to the results summarized in Table 1, those hydro-
genation activation energy values are very close to these com-
pounds, which means that increasing the Li amount in Li-Na-Al-H
compounds would slightly improve the kinetics of hydrogenation.

3.4. Thermal stabilities of LiyNas_xAlHg

The dehydrogenation enthalpies AH were employed to repre-
sent the thermal stabilities of LixNaz_xAlHg. In order to reveal the
effects of x on their thermal stabilities, these AH values were
investigated by means of PCI curves in Fig. 8 and their van't Hoff
equation (6) as follows.

1np:%(%fH> +C (6)

P is the plateau pressure, T is the temperature, AH is the desorption
enthalpy, and R is the gas constant.

As shown in Table 2, the enthalpy value of LiNa;AlHg (68.1 k] mol
Hz!) is close to the value of previous work (63 k] mol H31) [31,32].
Here, those AH values of LixNas_xAlHg compounds were remarkably
reduced with increasing x in these compounds. Lij3Naj7AIHg
possesses the lowest dehydrogenation enthalpy value (49.7 k] mol
Hz') among these Li-Na-Al-H compounds. The enthalpy value of
Li;3Naj7AlHg closes to that of NasAlHg (47 k] mol H3 1) [3] but is
higher than that of LisAlHg (15 k] mol H3 ') [38]. Furthermore, all PCI
curves possessing one plateau demonstrate again that each sample
of LixNasz_xAlHg only has a single phase.

Liy3Naq7AlHg is the most destabilized sample, which should be
beneficial to reducing its onset dehydrogenation temperature as
shown in Fig. 2. Therefore, it can be concluded that Li; 3Na; 7AIHg is
the optimized species among all Li-Na-Al-H compounds due to its
superior thermal stability and activation energy.

4. Conclusion

1) In the present work, non-stoichiometric LixNa3.xAlHg com-
pounds were successfully synthesized through ball milling the
mixtures of LisAlHg with NasAlHg in specific molecular ratios.

Table 1
Desorption and absorption activation energies of LixNas_xAlHs compounds.

Compound LiNayAlHg Lij;NajgAlHg Lij3Naj7AIHg

Ea (K] mol~!) of dehydrogenation 162.0 150.6 138.1
Ea (K] mol~!) of rehydrognation 63.2 53.6 59.8
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Fig. 7. a) Isothermal hydrogenation curves of LiNa,AlHg obtained at temperatures of
443 K, 463 K, and 483 K, respectively; b) Isothermal hydrogenation curves of
Li;2Na; gAlHg obtained at temperatures of 443 K, 463 K, and 483 K, respectively; c)
Isothermal hydrogenation curves of Lij3Na;;AlHg obtained at temperatures of
443 K, 463 K, and 483 K, respectively. The background hydrogen pressure was
5 MPa.
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Fig. 8. a) PC isotherm curves of LiNa,AlHg tested at 493 K, 503 K and 513 K, respec-
tively; b) PC isotherm curves of Li;;Na;gAlHg tested at 493 K, 503 K and 513 K,
respectively; c) PC isotherm curves of Li; 3Naj7AlHg tested at 493 K, 503 K and 513 K,
respectively. Their van't Hoff plots were exhibited in respective diagrams.

XRD analysis indicated that the formation range of LixNa3_xAlHg
compounds was x = 0.9—1.3 in composition.

Table 2

The dehydrogenation enthalpies of LiyNas xAlHg compounds.
Compound LiNa,AlHg Li; oNa; gAlHg Li; 3Na; 7AlHg
AH(KJ mol~T Hz 1) 68.1 56.4 49.7

2) The Liy3Naj7AlHg exhibited the best dehydrogenation perfor-
mance among these Li-Na-Al-H compounds, of which the onset
temperature was reduced by more than 40 K from other Li-Na-
Al-H compounds.

3) The products of Lij3Naj;AlHg after dehydrogenation exhibit
superior hydrogenation kinetics over the other Li-Na-Al-H
compounds.

4) Liy3Naq17AlHg possesses the lowest thermal stability and acti-
vation energy for dehydrogenation among these Li-Na-Al-H
compounds. Both thermodynamic and kinetic properties of
Li;3Nai7AlHg synergistically improve its de/re-hydrogenation
performances.
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