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bstract

We have investigated the ternary mixture of complex hydrides with stoichiometry 2LiNH2 + LiBH4 + MgH2, and have identified a set of novel
ydrogen storage reactions. One of these reactions involves the known reversible reaction Mg(NH2)2 + 2LiH ↔ Li2Mg(NH)2 + 2H2. Previous stud-
es have shown that initiating this reaction from the binary mixture 2LiNH2 + MgH2 results in poor hydrogen desorption kinetics and a small
mount of NH3 release. In contrast to this behavior, here we demonstrate that by starting from the ternary mixture 2LiNH2 + LiBH4 + MgH2,
he above reaction can proceed at lower temperatures and with improved kinetics, while maintaining reversibility. The advantage of start-

ng with the ternary mixture can be traced to the subsequent formation, melting, and reaction of Li4BH4(NH2)3 with MgH2 to form the

ixed imide phase Li2Mg(NH)2, which acts as a seed for the reversible reaction, and is at least partly responsible for the improved kinetic
esponse.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Complex hydrides such as NaAlH4, LiNH2 and LiBH4 are
romising candidates for reversible solid-state hydrogen storage
pplications due to their high hydrogen densities. However, in
heir pure form the practical utility of most of these hydrides
re limited by slow kinetics, irreversibility, and/or high desorp-
ion temperatures. Recently, it has been recognized that a viable
trategy for overcoming these limitations involves combining
omplex hydrides with small amounts of a catalytic dopant or
ia reactions with other compounds [1–3]. In regards to the later
trategy, the reversible reaction involving amides and imides of

ithium and magnesium,

g(NH2)2 + 2LiH ↔ Li2Mg(NH)2 + 2H2 (1)
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as been found to have desirable thermodynamics for release
nd reabsorption of hydrogen at moderate temperatures and
ressures [4,5]. However, the observed reaction kinetics of this
eaction is inhibited, requiring temperatures of 220 ◦C or more
or reasonable rates of hydrogen release. Additionally, a small
mount of NH3 accompanies the release of H2, an undesir-
ble attribute as NH3 can poison PEM fuel cells. In this paper,
e will describe a novel scheme that results in significantly

nhanced desorption kinetics for reaction (1) at lower tempera-
ures while suppressing NH3 release. These improved properties
ere identified in the course of exploring the ternary composi-

ion, 2LiNH2 + LiBH4 + MgH2.

. Experimental
Lithium amide (LiNH2) (95% purity, Sigma–Aldrich), magnesium hydride
MgH2) (95% purity, Gelest) and lithium borohydride (LiBH4) (95% purity,
igma–Aldrich) were used as received. All sample handling was performed in
n MBraun Labmaster 130 glovebox maintained under argon atmosphere with

mailto:jyang27@ford.com
dx.doi.org/10.1016/j.jallcom.2007.03.145
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LiBH4 were still visible, while LiNH2 was consumed. Addition-
ally, new phases Li4BH4(NH2)3 [6] and Mg(NH2)2 were formed
in the milling process. Upon heating to 140 ◦C, but before any
appreciable amount of hydrogen was released (140 ◦C, 0.2 wt%
46 J. Yang et al. / Journal of Alloys an

0.1 ppm O2 and H2O vapor. Two grams of a mixture of LiNH2, LiBH4 and
gH2 in a 2:1:1 molar ratio mixture was loaded into a milling vial containing

hree stainless steel balls weighing 8.4 g each. Mechanical milling was carried
ut using a Spex 8000 mixer/mill for 1–20 h.

Variable temperature hydrogen desorption and gas composition were
onitored using a temperature-programmed desorption (TPD) apparatus

onstructed in-house utilizing a MKS PPT electron-ionization quadrupole
ass-spectrometer (MS) equipped with a heated capillary inlet (115 ◦C), a
indberg tube furnace with programmable temperature control and a Brooks
850 E-series mass flow controller. Hydrogen desorption kinetics were also
haracterized using a water displacement desorption (WDD) apparatus con-
tructed in-house where the amount of desorbed gas was directly monitored
rom the volume of expelled water. Hydrogen desorption kinetics, reversibility,
nd cycling characteristics were collected using a PCT Pro-2000 Sieverts’ type
ressure–Composition–Temperature (PCT) apparatus from Hy-Energy.

Phase identity and purity were characterized by XRD and FT-IR. Powder
RD (PXRD) data were collected on a SCINTAG (XDS 2) powder diffractome-

er operated at 45 kV and 40 mA with step increments of 0.02◦ measured during
.5 s with Cu K� radiation (λ = 1.5418 Å). All samples were maintained under an
rgon atmosphere during data collection using a custom-made aluminum sam-
le holder with a Kapton® film cover and a depressed button-style sample pan.
amples were mounted into the sample pan, covered with a Parafilm® sheet, and
ealed into the Al sample holder. Five peaks resulting from Parafilm® (2θ = 21◦
nd 24◦) and aluminum (2θ = 38◦, 45◦ and 65◦) were manually excluded from
he raw PXRD data files. High-temperature X-ray diffraction data were collected
sing a Bueler HDK 2.4 furnace chamber attached to a Scintag X1 diffractome-
er, an Inel CPS 120 position sensitive detector and collimated Cu K� radiation.
ata were collected under an atmosphere of flowing purified nitrogen (200 sccm)
hile the temperature was ramped at a constant rate of 2 ◦C/min from 50 to
50 ◦C following an initial room temperature scan. Scans were integrated for
min, each corresponding to a temperature average over a 10 ◦C window while

amping. Photo-acoustic infrared spectra were obtained on a Mattson Instru-
ents Cygnus 100 FT-IR spectrometer, using an interferometer mirror velocity

f 0.08 cm/s. The spectrometer was equipped with a water-cooled source. An
ETC Model 200 photoacoustic cell purged with helium was used through

ut. Sixty-five scans were averaged for sample and background data. Spectra
ere transformed at 8 cm−1 resolution with one order of zero filling. Nitrogen
oil-off was used to purge the instrument and sample handling was achieved
n this atmosphere by the use of a glove bag attached to the access door of the
ample chamber. Samples were transferred from the preparative chamber to the
pectrometer glove bag in sealed containers.

. Results and discussion

.1. Hydrogen desorption

Fig. 1 shows the TPD-MS analysis of the gas evolved from
s-milled 2LiNH2 + LiBH4 + MgH2 sample while ramping the
emperature at a rate of 5 ◦C/min under 100 sccm Ar flow. We
ote that hydrogen desorption from this ternary mixture starts
t approximately 110 ◦C, and consists of at least four distin-
uishable reactions, with TPD-MS peaks at 180, 190 (shoulder),
10, and 560 ◦C. We also note that the amount of NH3 release
s extremely small when compared to the amount of hydrogen
eleased.

Fig. 2 shows the constant temperature desorption kinetics at
60 and 320 ◦C to a 1 bar hydrogen atmosphere. The total capac-
ty of hydrogen release is quite large, with 8.2 wt% hydrogen
esorbed through three hydrogen releasing reaction steps seen

n Fig. 1. The first 3.5 wt% hydrogen is released very quickly,
ithin minutes at both temperatures. However, the remaining
.7 wt% requires 12 h to desorb at 260 ◦C, a temperature below
he second peak in Fig. 1, but only one hour at 320 ◦C, a tem-

F
a
S

ig. 1. TPD-MS data for the ternary composition depicting hydrogen (m/e = 2,
lue) and ammonia (m/e = 17, pink) as function of temperature (5 ◦C/min heating
ate to 575 ◦C).

erature above the second peak. At either temperature, the total
mount of hydrogen released is the same (8.2 wt%), implying
hat the temperature of the second desorption peak in Fig. 1
s kinetically limited, rather than a thermodynamic transition
emperature.

.2. Phase analysis

The data in Figs. 1 and 2 strongly suggest that there are
ultiple desorption reactions occurring in this system. To iden-

ify these reactions we have undertaken an extensive analysis
f this composition as a function of temperature, using a com-
ination of PXRD, photoacoustic detection FT-IR, and in situ
igh-temperature PXRD. Figs. 3 and 4 show respective PXRD
atterns and IR spectra of the as-milled sample as well as sam-
les that were heated (5 ◦C/min) and quenched at 140, 180, and
55 ◦C corresponding to 0.2, 2.0, and 4.0 wt% hydrogen des-
rbed. In the milled sample, the starting components MgH2 and
ig. 2. Isothermal kinetic hydrogen desorption data for the ternary composition
t 260 ◦C (purple) and 320 ◦C (red) vs. time (log scale). Data collected on a
ievert’s type PCT apparatus.
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Fig. 3. PXRD patterns of: (a) as-milled sample, quenched after ramping to
140 ◦C (0.2 wt% H2 desorbed), 180 ◦C (2.0 wt% H2 desorbed) and 255 ◦C
(4.0 wt% H desorbed) and (b) to 335 ◦C (7.3 wt% H desorbed), 375 ◦C
(
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Fig. 4. FT-IR results of: (a) as-milled sample, quenched after ramping to 140 ◦C
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ment confirms the phase formation sequence as observed from
2 2

8.2 wt% H2 desorbed), 450 ◦C (8.2 wt% H2 desorbed), and 500 ◦C (8.2 wt%

2 desorbed).

esorbed), we observed a significant increase in the amount of
g(NH2)2 and the melting of Li4BH4(NH2)3. The latter is indi-

ated by the disappearance of Li4BH4(NH2)3 in the PXRD data,
oupled with the persistence of the characteristic symmetric
nd asymmetric N–H (amide) stretches in IR data (3301 and
242 cm−1 observed in our experiments, compared with 3303
nd 3243 cm−1 for Li4BN3H10 given in reference [6]). Further
eating to 180 ◦C results in release of 2.0 wt% hydrogen and the
ormation of the mixed-imide phase, Li2Mg(NH)2. It should be
oted that the phase assignment of this mixed imide is based
n its three characteristic peaks at 30.7◦, 51.3◦, and 60.9◦ in
XRD data [4] as well as the signature N–H stretch in the IR
ata (3178 cm−1 observed in the present work, 3187 cm−1 given
n [7]). As observed by both PXRD and IR, this phase contin-
es to grow in intensity until 255 ◦C (4.0 wt% H desorbed),
2
hich corresponds to the first peak and shoulder described in
ig. 1. Concurrently (from 140 to 255 ◦C or 0.2–4.0 wt%), MgH2
nd Mg(NH2)2 are completely consumed while Li4BH4(NH2)3

F
q
t

0.2 wt% H2 desorbed), 180 ◦C (2.0 wt% H2 desorbed), and 255 ◦C (4.0 wt%

2 desorbed) and (b) enlarged portion for wave numbers between 3500 and
500 cm−1.

s significantly depleted. The second major hydrogen releasing
vent occurs between 255 and 375 ◦C and corresponds to a total
f 4.2 wt% extra hydrogen desorbed. In this temperature region,
i2Mg(NH)2 and LiBH4 are consumed and Mg3N2 and Li3BN2
re formed. From PXRD, trace amounts of LiH and an unknown
hase (denoted as ‘Phase X’) are also detected. Subsequent heat-
ng up to 500 ◦C does not result in additional hydrogen release
ut does lead to a phase transformation consistent with the con-
umption of Li3BN2, Mg3N2, and LiBH4 and the production of
iH and LiMgBN2, a phase which was reported in the literature

o form only under high temperature conditions (1477 ◦C from
i3N, Mg3N2, and BN) [8]. The final hydrogen releasing step

>500 ◦C) is attributed to decomposition of LiH (third peak in
ig. 1).

Fig. 5 shows a contour plot of the results from an in situ
igh temperature PXRD measurement. This in situ experi-
igs. 3 and 4 described above, but also reveals additional
uantitative information in terms of the phase transformation
emperatures. Specifically, during the initial heating of the
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Fig. 6. (a) Hydrogen desorption kinetics at 180 ◦C and 1 bar over five cycles
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ig. 5. Contour plot of in situ XRD for the ternary composition as a function of
emperature (25–450 ◦C).

illed sample it is evident that prior to any hydrogen release,
i4BH4(NH2)3 and MgH2 phases rapidly disappear by 100 and
50 ◦C, respectively. The melting of Li4BH4(NH2)3 occurs at
lower temperature than previously observed (150 ◦C) [9], an

nteresting point which may play an important role in improv-
ng the kinetics of the reversible reaction in this ternary system.
ased on the combination of above phase analysis results, we
rrive at the following reactions for the first peak, shoulder, and
econd peak reactions of Fig. 1, respectively:

Li4BH4(NH2)3 + 3MgH2

⇒ 3Li2Mg(NH)2 + 2LiBH4 + 6H2 (first peak) (2)

g(NH2)2 + 2LiH ⇒ Li2Mg(NH)2 + 2H2 (shoulder) (3)

Li2Mg(NH)2 + 2LiBH4

⇒ 2Li3BN2 + Mg3N2 + 2LiH + 6H2 (second peak) (4)

To the best of our knowledge, this is the first observation of the
ew desorption reactions (2) and (4). Reaction (3) is the previ-
usly discovered [4,5] reversible reaction (1). We note that both
rst peak and shoulder reactions form the mixed imide phase
i2Mg(NH)2, which is subsequently consumed in the second
eak hydrogen desorption to form nitride phases and LiH.

.3. Reversibility

Fig. 6(a) shows the desorption kinetics over five cycles of
he as-prepared and recharged sample at 180 ◦C to 1 bar hydro-
en atmosphere. The as-milled sample desorbed approximately
.0 wt% hydrogen within 10 min. After recharging at 180 ◦C and
00 bar hydrogen, it then reversibly releases 2.8 wt% hydro-
en in the next four cycles. TPD-MS of the as-prepared and
echarged samples are compared in Fig. 6(b). The first peak
hifts to a higher temperature upon recharge, overlapping the

houlder region in the milled sample. We thus conclude that the
shoulder” reaction (reaction (3), above) is the reversible reac-
ion in our material. Especially noteworthy from Fig. 6 is the
ignificantly improved kinetics of the ternary mixture at 180 ◦C,

p
a
a
i

fter subsequent charging (180 C and 100 bar hydrogen). (b) Hydrogen des-
rption TPD-MS curves (5 ◦C/min heating rate to 575 ◦C) for the as-prepared
ample (blue) and recharged sample (red) illustrating shift in reaction event
ontributions.

s compared to the reaction kinetics obtained from the binary
ombination of LiNH2 and MgH2 [10,11]

.4. Discussion

The reversible reaction (3) between Li2Mg(NH)2 and
LiH + Mg(NH2)2 has a theoretical capacity of 5.6 wt% hydro-
en and from its measured thermodynamics [5], it is predicted
o desorb to 1 bar pressure at 90 ◦C. However, when this reaction
s initiated from a binary mixture of 2LiNH2 + MgH2, temper-
tures of 220 ◦C or more are required to achieve reasonable
inetics, and a small amount of NH3 accompanies H2 desorption.

Given these limitations of the binary mixture, it is quite
ntriguing that our ternary mixture 2LiNH2–LiBH4–MgH2 gives
he same reversible reaction but with substantially improved
inetics and suppressed NH3 release. We suggest that the
mproved kinetics are due to a unique “self-catalyzing” process
resent in the ternary mixture. The solid-state product of reac-
ion (3), Li2Mg(NH)2, is also produced by reaction (2), which

recedes reaction (3) in temperature. We propose that the gener-
tion of Li2Mg(NH)2 in reaction (2) effectively “seeds” or acts
s nucleation agent for reaction (3), reducing its temperature and
ncreasing its reaction rate [11].
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More specifically, the Li4BH4(NH2)3 phase formed dur-
ng milling further reacts with MgH2 to form Mg(NH2)2. The

g(NH2)2 phase continues to grow upon further heating, par-
ially consuming Li4BH4(NH2)3 and MgH2. At approximately
00 ◦C, Li4BH4(NH2)3 melts and Li2Mg(NH)2 precipitates via
eaction (2) between the remaining molten Li4BH4(NH2)3 and

gH2. These precipitated Li2Mg(NH)2 particles may act as
eeds for further formation of Li2Mg(NH)2 from Mg(NH2)2
nd LiH formed during ball milling and upon heating. This reac-
ion scheme improves the low temperature kinetics by supplying
uclei and controlling the grain size of the mixed imide phase.
t also suppresses the formation of NH3 due to the low des-
rption/recharging temperature. LiBH4 and LiH phases could
nhibit grain growth in the cycling process and provide hydro-
en diffusion pathways. The negligible loss of N from NH3
elease also improves the cycling performance of the reversible
eactions.

. Conclusions

Via an in-depth exploration of the ternary mixture,

LiNH2–LiBH4–MgH2, we have identified several novel hydro-
en storage reactions, and improved kinetic response in a known
eaction. We find a self-catalyzing reaction which improves
he low temperature kinetics of the reversible reaction between

[
[

pounds 446–447 (2007) 345–349 349

i2Mg(NH)2 and 2LiH + Mg(NH2)2. During low-temperature
esorption, the reaction between molten Li4BH4(NH2)3 and
gH2 forms dispersed Li2Mg(NH)2 “seeds”, which serve

o accelerate the reversible reaction, providing significant
esorption at lower temperatures than previously observed.
dditionally, the formation of NH3 from amide decomposition

s significantly suppressed in the ternary mixture, translating to
mproved low temperature cycling behavior.
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