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ABSTRACT

Interactions between LiAlH4 and LiNH; through a gaseous ammonia intermediate have been investigated.
LiAlH4 and LiNH, powders with a molar ratio of 1:1 were separated in two containers inside a reactor
and heated from room temperature to 350 °C at a heating rate of 1 °C/min. The results showed that LiNH,
would decompose into Li;NH and NH3; to certain extent even at a relatively low temperature. Ammo-
nia then reacted with Al and LiH that decomposed from LiAlH4, whereupon the chemical equilibrium
of the system was altered and the initial reaction temperature was lowered. Ammonia decomposed
from LiNH, acted as an intermediate. A pathway for the thermal decomposition of the system was
proposed as:
8 ;gmLizNH+ 2 +53mLiH+ 2 -qogmAlN-&- 8 qgmAH— 482_03'"H2 O<m<1)
The heating rate and initial molar ratio of reactants will affect the value of m, thus the final resultants
vary. The theoretical hydrogen desorption capacity of the system was calculated to be in the range of

LiNH; + LiAlH4 —

7.39-7.88 wt.% and a total desorption capacity of 7.37 wt.% was obtained by thermal decomposition.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

One of the main problems of the “hydrogen economy” is
finding lightweight materials that could reversibly store great
amounts of hydrogen at moderate pressures and temperatures
[1]. An extensive range promising materials have been investi-
gated including Mg-compounds, amides, and complex hydrides
[2]. Among these different classes of potential hydrogen storage
materials, the complex hydrides, such as tetrahydroaluminates
(alanates), hexahydroaluminates, amides and imides of the alkali
and alkali-earths, or mixtures of these hydrides, remain attrac-
tive and continue to draw considerable interest among researchers.
Alanates of the general form MAIH,4, where M is a lightweight alka-
line metal (Li, Na or K), have a high gravimetric density of hydrogen,
which is essential for their potential use as hydrogen storage mate-
rials. Among the alanates, LiAlH,4 is one of the most interesting
compounds because of its high hydrogen-capacity (10.5wt.%). It
thermally releases hydrogen through the following three general
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reactions [3]:
LiAlH4s — (1/3)Li3AlHg +(2/3)Al + H(5.3 wt.%H3)
x (T= 150-175°C) (1)

LisAlHg — 3LiH + Al + (3/2)Hx(2.6 wt.%H,) (T = 180-220°C)
(2)

LiH + Al — LiAl + (1/2)H2(2.6 wt.%H,) (T = 400-420°C) (3)

The thermal decomposition temperature of LiAlHy4 is too high
for practical use owing to thermodynamic and kinetic limitations
[4]. Therefore, various strategies have been proposed and adopted
to improve the hydrogen storage performance of LiAlHg4, such
as destabilizing with metal hydrides [5,6], mechanical grinding
treatment [7-9], partial cation substitution [10], and addition of
catalysts [11] among others.

Luand Fang[12] have reported that LiAlH4 combined with LiNH,
in a specific molar ratio without any catalysts would release a
large amount of hydrogen (~8.1 wt.%) at 85-320°C, which is much
lower than the reaction temperature of reaction (1). He proposed
that LiNH, reacted with LiH generated by reaction (2). Therefore,
the reaction was accelerated and decomposition temperature was
decreased. In contrast, Xiong et al. [13] considered that LiAlH,
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Fig. 1. Schematic diagram of the experimental device.

would react with LiNH, to form an intermediate during mechani-
cal grinding at an ambient temperature. The chemical process for
LiAlH4-LiNH, interaction could be described as:

LiAlH4 + LiNH, — (1/3)Li3AlHg-LiNH;—-(2/3)Al + 2H
— [Li,AINH] + 5H (4)

As reactants have a tendency to turn into amorphous crystals,
some detection methods become invalid for mechanical grind-
ing systems. With solid-state nuclear magnetic resonance (NMR)
techniques, Dolotko et al. [14] confirmed the formation of AIN dur-
ing mechanical grinding. A new transformation mechanism for a
LiAIH4-LiNH; mechanical grinding system through a series of com-
pleting solid-state processes was presented as follows:

2LiAIH4(s) + LiNH,(s) — LizAlHg + AIN(s) + 2H,(g) (5)
LisAlHg(s) + LiNHa(s) — 4LiH + AIN(s) + 2H,(g) (6)

As LiNH, is an efficient and widely used additive [15], its cat-
alytic mechanism should be investigated thoroughly. In previously
published papers, ammonia release in the LiAIH4-LiNH; system
is not taken into consideration, although there are considerable
evidences prove that LiNH, will release ammonia when heated
[16]. NH3 will not only damage the catalyst in a fuel cell, but will
also accelerate the cyclic instability of hydrogen storage materi-
als. Therefore, reducing the ammonia emission level is important
for N-containing metal complex hydrogen storage systems. The
present study focuses on the role that ammonia plays and examines
potential reaction pathways for the LiAlH4-LiNH, system.

2. Experimental methods

The initial materials, LiAIlH4 (95%, CAS:16853-85-3), LiNH; (95%, CAS:7782-89-
0) and AIN (98%, CAS:24304-00-5) were purchased from Aldrich Chemical and used
as received, without any further purification. Influence of the impurities in the ini-
tial materials to the final experimental results was not taken into consideration.
To prevent samples and raw materials from undergoing oxidation and/or hydrox-
ide formation, they were stored and handled in an argon-filled glovebox (Mbraun
MB200B). Pure LiAlH4 and LiNH, with a molar ratio of 1:1 and a total weight of about
1 g were placed separately into two stainless steel containers. Both containers were
placed into an airtight reactor and evacuated as shown in Fig. 1. The volume of the
reactor was large enough so that the pressure variation inside the reactor would
not affect the decomposition process of the reaction. The reactor was then heated
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Fig. 2. Relationship between the temperature and hydrogen desorption capacity.
(The reactor was heated from room temperature to 350°C at a heating rate of
1°C/min, and was then maintained at 350°C for 5h.).

from room temperature to 350°C at a heating rate of 1°C/min, and maintained at
350°C for 5 h. The relationship between temperature and pressure was recorded by
computer.

The thermal gas desorption properties of the mixtures were determined by a
thermogravimetry analyzer (TG) (Netzsch STA449F3) upon heating to 500°C at a
heating rate of 5°C/min. The flow rate of argon of 99.99% purity was maintained at
40 mL/min throughout entire heating process. The outlet gas from the TG analyzer
was constantly monitored using a Quadropolc Mass Spectroscopy (QMS) (Netzsch
QMS 403C). The gases monitored included H, and NHs. Structural analysis was car-
ried out using a Rigaku D/max-3B X-ray diffractometer using Cu-K, radiation at
room temperature. For NMR analysis, the 27 Al and ”Li solid-state NMR experiments
were performed on a Bruker Avance Il 300 MHz spectrometer. AIN(98%) from Alfa-
Aesar was used as standard. The samples and the reference compounds were packed
in MAS zirconia rotors in a glove box under argon atmosphere and tightly capped to
minimize the possibility of oxygen contamination. The 27Al and ”Li shifts were ref-
erenced to 1 M aqueous solution of AI(NO3)3 and LiCl. 27 Al and ”Li peaks of AI(NO)3
and LiCl solutions were made as standard and marked as 0 ppm, respectively.

Structure analysis was carried out using a Rigaku D/max-3B X-ray diffractometer
using Cu-K, radiation at room temperature. The XRD samples were covered with
a special plastic tape to prevent the contact of the sample with water vapor and
oxygen.

3. Results and discussion

Fig. 2 shows the relationship between desorption capacity and
temperature inside the reactor. The reaction appears to consist of
three steps: the first step ranges from 120°C to 170°C; the sec-
ond step ranges from 170°C to 210°C; and the third step is above
210°C. TG-DSC analysis results of the commercial LiNH,, LiAlHy,
and mixtures of LiAlH4 and LiNH; in a molar ratio of 1:1, with and
without mechanical grinding treatment, are shown in Fig. 3. The
initial decomposition temperature of commercial LiAlH4 is about
150°C, which is similar to the literature value [3]. Figs. 2 and 3
clearly show that the initial decomposition temperature of the sys-
tem designed in the present study is lower than that of commercial
LiAIH4 and LiNH,. As the reactants were separated from each other,
solid contact reactions could be excluded, so we consider that the
NHj3 emitted by LiNH, reacted with LiAIH4 (or decomposition prod-
ucts of LiAlH4) and allowed the overall reaction to continue.

The mixture of LiAlH4 and LiNH, prepared without mechani-
cal grinding decomposed within four steps. Little weight loss of
about 0.91 wt.% around 100 °C occurred during the first step owing
to the mild decomposition of LiNH, (Fig. 3(c)), as the TG line of the
mixture during this step was quite similar to that of commercial
LiNH,. The reaction characteristics of the other three steps were
the same to that of commercial LiAlH4, which indicates that the
mixture of LiAlH4 and LiNH, decomposed severally in the open
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Fig. 3. TG/DSC curves of as-received LiNH; and LiAlH4, and their mixture. (a) As-received LiAlH4; (b) as-received LiNH;; (c) mixture of LiNH, and LiAlH4 in a molar ratio of
1:1 without mechanical grinding and (d) mixture of LiNH, and LiAlH, in a molar ratio of 1:1 ball milled for 3 h under Ar atmosphere.

environment because it was difficult to retain NH3 released from
LiNH, in the system. However, the mechanical grinding treatment
allowed the release of a certain amount of Hy [11,12], which sug-
gested a solid contact reaction was taking place during mechanical
grinding treatment.

These two points indicate that there are two possibilities for
the reaction between LiAlH4 and LiNH,: through solid contact or
through a gaseous ammonia intermediate. The solid contact reac-
tion has been studied by many groups [16,17], in this paper, we
focus on the gaseous ammonia reaction. In the present case, LiAlH,4
and LiNH, were physically separated so that the solid contact
reaction was not possible. Ammonia should be the only gaseous
intermediate interacting between LiAlH4 and LiNH,.

The endothermic peak in DSC curve of LiNH, in Fig. 3(b) reveals
that LiNH, decomposes most intensely at about 372 °C, but some
decomposition occurred even at relatively milder temperatures
below 100°C, as shown by its TG curve. LiNH, has been shown to
decompose to a different extent across a broad temperature range
between 60°C and 500°C [17,18], which could be described as the
following reaction:

2LiNH, — Li;NH + NHj (7)

Compared the DSC curves of the mixtures of LiAl[H4—LiNH, com-
posites with the received LiNH,, another phenomenon can be
observed. Endothermic peaks of the mixtures corresponding to the
intense decomposition of LiNH, decrease or even disappear when
a mechanical grinding treatment is carried out, which indicates
that LiAlH4 makes the decomposition of LiNH, more continuous
and efficient. Generally speaking, ammonia is harmful to hydrogen

storage systems, so the ammonia release level should be strictly
monitored and controlled. In the present system under study, the
reaction continued with the aid of ammonia. Fig. 4 shows the com-
position profile of the effluent gas from the LiAlH4 + LiNH, mixture
without a mechanical grinding treatment. Peaks on the M2 (H,)
curve around 175°C and 230°C corresponded to the decomposi-
tion of LiAlH4 and Li3AlHg, respectively. The NH3; concentrations
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Fig. 4. The composition profile of the effluent gas released from LiAlH4 +LiNH;
mixture without mechanical grinding treatment as a function of temperature. (The
heating rate is 5 °C/min with an argon flowing rate of 40 mL/min in the entire heating
process.).
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were quantified using the intensity of NH,* species with a mass-
to-charge ratio of 16. The intensity of NH3* species was not used to
quantify NH3 because of the presence of OH* species which had the
same mass-to-charge value to NH3* [19]. The concentration curve
for NH,* exhibited a linear response to temperature as reaction
temperature increased from room temperature to about 260°C. A
small peak around 60 °C was found as shown in the inner image of
Fig. 4, which indicated that LiNH, could decompose slightly even
at low temperature, as NH2* could be ionized from NH3 only in this
system.

The X-ray diffraction pattern of LiAlH4 held at 150°C for 1h
revealed trace amounts of AIN and Li3AlHg. This is because ammo-
nia released by LiNH, at low temperature can react with the Al
decomposed from LiAlH4. Zhang et al. [5] found that Al particles
decomposed from LiAlH,4 to achieve an extraordinarily high dis-
persion over the compound and have a high activity. Our previous
experiments showed that Al with high activity will react with NH3
to form AIN and H;. As shown in Fig. 5(c), the XRD pattern of Al
powder mechanically ground under 5atm of NH; atmosphere for
5h confirmed the presence of the AIN phase. In contrast, ordinary
Al powder seems to be much more stable because of the compact
Al,03 surface film.

Fig. 5 exhibits the XRD patterns of the products synthesized
under different reaction temperatures for 1h as shown in Fig. 1.
The products of LiAlH4 held at 150 °C contained a minor AIN phase,
while at 200 °C, LiH, AIN and Li3AlHg were found, Li; NH and Al were
detected as the reactor was heated to 300 °C. For LiNH,, peaks cor-
responding to LiNH, decreased and ultimately disappeared as the
reaction temperature increased, replaced by peaks corresponding
to Li;NH. Since commercial LiAlH4 does not contain N element, the
N element in LiAlH4 products must have arisen from NH3 trans-
ferred from LiNH,.

As AIN presented in a predominantly amorphous form [17],
the intensity of peaks corresponding to AIN was fairly low and
below the limits for accurate X-ray diffraction measurement. In
order to further confirm the presence of AIN, we carried out 27Al
measurement of probable candidates for intermediate and final
products of the transformation, including initial LiAlH4, and LiAlH4
held at 150°C, 200°C and 300°C for 1h (heated from room tem-
perature and then held at target temperature for 1h). The NMR
measurements shown in Fig. 6 indicate that AIN was formed when
temperatures reached 150°C and the quantity of AIN increased
linearly with increase in reaction temperature. In contrast, the
peak corresponding to LiAlH4 decreased and ultimately vanished
as transformation continued. NMR analysis of the 7Li spectra
(Fig. 6(b)) showed the formation of Li, NH. The LiNH, sample held at
300°C contained LiNH; and Li; NH, which meant that LiNH, could
not completely decompose into Li;NH at 300 °C within 1 h. In other
words, the reaction kinetics was relatively slow.

Based on this analysis, we divide the reaction process into three
stages, as shown in Fig. 2. The transformation occurring in Stage I
can be described as follows:

LiAlH4 — LisAlHg +(1/3)Al + H, (8)
LiNH, — (1/2)Li;NH + (1/2)NH; (9)
Al + NH3 — AIN + (3/2)H, (10)

The wave line of the TG curve in Fig. 3(a) represents the melting
of LiAlH4. The melting point of LiAlH4 is close to the decompo-
sition temperature of Li3AlHg [3], at about 170°C. Residual LiAIH,4
started to melt at Stage II, as temperature reached the melting point.
At the same time, Li3AlHg acting as an intermediate decomposed
according to reaction (2). The decomposition products of Li3AlHg
consisted of Al, Hy and LiH. Leng et al. have reported that LiH quickly
reacts with NH3, even at room temperature [19]. The NH3 pro-
duced from LiNH, decomposition reacted simultaneously with Al
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Fig. 5. XRD patterns of reactants and resultants synthesized at different tempera-
tures. (a) Resultants of LiAlH4 at 150°C, 200 °C and 300°C for 1 h; (b) resultants of
LiNH; at 200°C and 300°C for 1 h and (c) Al powder ball milled under 5 atm of NH3
for 5h.

and LiH to form Li;NH and AIN at Stage II. Because the decomposi-
tion process of LINH, was dependent on the chemical equilibrium,
the decomposition of LiNH, could not proceed rapidly enough. The
XRD pattern of the LiAlH4 products at Stage II (Fig. 5(a), 200°C)
revealed a small amount of LiAlHy, Li; NH and Li3 AlHg. As previously
mentioned, commercial LiAlH4 powder contains no N element, so
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Fig. 6. 27Al and "Li MAS NMR spectra of the mixture of LiAlH4 + LiNH, kept at differ-
ent temperatures for 1 h. (a) 27 Al MAS NMR spectra and (b) 7Li MAS NMR spectra.

the N element seen here must have been transferred from LiNH,
by a gaseous ammonia intermediate. The X-ray diffraction mea-
surements confirmed the decreasing in LiNH, associating with the
increasing of Li;NH as the temperature was increased. The main
reaction taking place at Stage Il can be described as follows.
Residual LiAIH4 will decompose completely at Stage II.

LiAlH, — LisAlHg +(1/3)Al + Ha (11)

Decomposition of LiNH; will not be complete, as the XRD pattern
showed massive amounts of LiNH; at 200°C.

LiNH, — (1/2)Li;NH + (1/2)NH; (12)

Al and LiH decomposed from Li3AlHg react with NH3 to form AIN
and LiNH,, this reaction between NH3 and Li3AlHg may be gener-
alized as:

LisAlHg + (5/2)NH; — AIN + (3/2)Li;NH + 6Ha (13)

At Stage III, the situation is quite simple. Residual Li3AlHg and
LiNH, will decompose completely. Li;NH is quite stable at 350°C,
so the main reactions at Stage Il could be written as follows:

LiNH, — (1/2)Li;NH + (1/2)NHs (14)

Ammonia then reacts with Li3AlHg to form AIN and Li,NH as fol-
lows:

LisAlHg + (5/2)NH; — AIN + (3/2)Li;NH + 6Hs (15)

Since the molar ratio of LiNH, and LiAlH4 is 1:1, it can be calcu-
lated that Li3AlHg is present in excess. The total quantity of Li3AlHg
is one-third that of LiAlH4 according to reaction (1). Therefore,
residual Li3AlHg likewise decomposes at Stage III, as follows:

LisAlHg — 3LiH + Al + (3/2)H, (16)

Combining all of these reactions, an overall reaction can be writ-
ten to characterize the entire transformation of LINH, and LiAlH4
in the present system as:

LiNH; + LiAlHg — 5= mLizNH+2+53mLiH +2J;gm AN
8—-3m 48 —3m
+—g A+ —55 Hz (0<m<1)

where m represents the percentage of decomposing of LiNH, at
Stage 1.

We repeatedly affirmed that the transformation of the system
was dominated by the chemical equilibrium, so the decomposition
process for LiNH; is likely to be slow and continuous. Therefore, the
heating rate and reaction temperature will have substantial effects
on the value of m. Different heating rates will result in different
products. On the whole, the theoretical hydrogen releasing capacity
should be in the range of 7.39-7.88 wt.% as molar ratio of LiAlH4 and
LiNH, is 1:1. A total hydrogen desorption capacity of 7.37 wt.% was
obtained (Fig. 2), which is close to the theoretical calculation. The
total weightlossin TG test was about 7.53 wt.%, which is higher than
the data obtained by the thermal desorption experiment. The rea-
son for this phenomenon may be attributable to the different end
temperatures, which were 500°C for TG analysis, but only 350°C
for the thermal desorption.

4. Conclusions

An interaction between LiAlH4 and LiNH, through a gaseous
ammonia intermediate was studied. LiNH, may release ammonia
across a broad range of temperatures, which reacts with Al and LiH
decomposed from LiAlH4. Ammonia is continuously produced and
then consumed, making the whole reaction sustains. Because the
decomposition of LiNH; is dominated by the chemical equilibrium,
the whole reaction is slow and incomplete. The overall reaction can
be expressed as:
2+3m 2+3m

M i, NH + = LiH+ AIN

8 —
LiNH; + LiAIH
1 2+ L1 4 — 10

8-3m 48 —3m

10 Al + 20 H»
where m represents the decomposition percentage of LINH, when
the temperature is below 170°C (Stage I). The heating rate and
initial molar ratio of LiNH; and LiAlH4 in the system will affect
the m value, so the final products may be different. The theoreti-
cal desorption capacity is calculated to range from 7.39% to 7.88%
as m varies. A total hydrogen desorption capacity of 7.37 wt.% was
obtained when LiNH;/LiAlH4 was heated from room temperature
to 350 °C with a heating rate of 1 °C/min and maintained at the final
temperature for 5 h.

0<m<1)
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