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a b s t r a c t

Li–N–H and Li–Si–N–H composites have been synthesized by ball milling starting from lithium amide,
lithium hydride and silicon powders. Hydrogen sorption behaviour was investigated for the Si-containing
composites and a Li–N–H reference sample. The as-milled Si-containing sample showed the presence of
the constituent powders but after few absorption–desorption cycles an important amount of Li2SiN2

appeared in both de-hydrogenated and re-hydrogenated composites. This phase was present in higher
amount in the de-hydrogenated sample than in the re-hydrogenated one. The presence of this phase
eywords:
ydrogen absorbing materials
echanical alloying

hermochemistry
-ray diffraction

was also confirmed by XPS measurements. Li–N–H and Li–Si–N–H composites in de-hydrogenated state
also contained lithium imide. X-ray diffraction data indicated a reversible hydrogen generating reaction
between lithium amide, lithium hydride and silicon to produce Li2SiN2, lithium imide and hydrogen.
The plateau pressure of Li–N–Si–H system is twice the one for Li–N–H at the same temperature (about
265 ◦C), as shown by pressure–composition isotherms in desorption mode. For the first time it has been

ic de
observed a thermodynam

. Introduction

Lithium-based materials are very promising for hydrogen stor-
ge purpose due to the very high content of hydrogen by weight
wt% H2). Lithium alanates [1], borohydrides [2] and amides [3]
ave been studied extensively. The amides have been proposed as
ydrogen storage materials since 2003 [4]. Their main problem was
he progressive loss of hydrogen storage capacity due to ammonia
NH3) release, but it has been found that by mixing lithium amide
LiNH2) and lithium hydride (LiH) the loss of storage capacity can
e substantially reduced below 350 ◦C [5]. The mechanism of sup-
ression of NH3 release has been intensively studied and it seems
hat the explanation is an ultra-fast reaction between LiH and NH3
o produce H2 and lithium imide (Li2NH) [6].

By the reaction

iNH2 + LiH ↔ Li2NH + H2 (1)

n amount of theoretically 6.5 wt% H2 can be reversibly stored. Even
f the desorbed hydrogen amount is relatively high, the plateau
ressure of the pressure–composition isotherm (PCI) in desorp-
ion mode is small at temperatures of interest. Thermodynamic

estabilization of LiH (increase of plateau pressure compared to
iH reference system) has been observed for the LiH + Si mixture for
he first time by Vajo and Olson [7]. Another important result has
een the destabilization of LiNH2 by magnesium hydride (MgH2)
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stabilization of Li–N–H by mixing it with Si.
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addition [8]. Mixture of amides and hydrides [9,10], amides and
borohydrides [11], amides and alanates [12] have been prepared
and investigated during the last few years and in some cases desta-
bilization effects were also observed. According to our knowledge,
no thermodynamic destabilization has been reported by mixing
LiNH2 with transition metals, C or Si. In the present work we have
prepared Li–N–H–Si composites to study the possibility of destabi-
lization effect of Si on the Li–N–H system. The stoichiometry of the
prepared composites envisaged the reaction:

3LiNH2 + 2LiH + Si ↔ Li5SiN3 + 4H2 (2)

with a theoretically amount of 7.14 wt% of released H2.

2. Experimental

The starting materials, LiNH2 (Alfa Aesar, 95%), LiH (Alfa Aesar, 99.4%), Si (Alfa
Aesar, 99.9%), were milled together in RETSCH-400 PM planetary mill with vial and
spheres made by tempered chromium steel. The proportion between the starting
powders was 3LiNH2:2LiH:Si and the ball to powder ratio was 20:1. A reference
sample (R-sample) was obtained by milling LiNH2:LiH. Short times (5 min) of pause
were intercalated between each 15 min milling reprises resulting in a total effective
milling time of 72 h. The sample manipulation was done into a MBraun glove box
under purified Argon (<1 ppm O2, <1 ppm H2O) in all the stages of the work. The
milling atmosphere was the purified Ar at the small overpressure of the glove box
(1.014 bar).

X-ray diffraction measurements were performed for the as-milled, de-
hydrogenated and re-hydrogenated samples using a D-8 Advance Bruker

diffractometer with Cu-K� radiation. The samples were covered with a thin poly-
meric layer in order to avoid oxidation during XRD measurements.

X-ray photoelectron spectroscopy (XPS) measurements were performed in
a dedicated photoemission chamber (Specs, Germany). An Al K� monochro-
matized X-ray source (1486.74 eV) was used. Prior to XPS analysis, surface
contamination was removed by 10 �A/cm2 4 keV Ar+ sputtering for 30 min.

dx.doi.org/10.1016/j.jallcom.2010.03.249
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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the same phases but in bulk form). It seems that ball milling
causes this enhancement, as expectedly for very small crystallites.
The lattice parameters of LiH phase in the re-hydrogenated R-
sample and of Li2NH in the de-hydrogenated R-sample fit well the

T
L
L

Fig. 1. Rietveld refinements for LiNH2 + LiH as-milled sample.

n order to compensate from the sample surface charging, an electron flood
un operating at 1 eV acceleration energy and 0.1 mA electron current was
sed.

Thermal programmed desorption measurements (TPD) and
ressure–composition isotherms in desorption mode (PCI des) were obtained
sing a commercially available volumetric Sievert apparatus provided by Advanced
aterial Corporation, Pittsburgh, USA. Hydrogen evacuation from samples
as done using a dual stage rotary pump (ultimate pressure 10−3 Torr). The
ressure sensors had a resolution of 0.2 bar. Due to the instrument limitations,
he PCI des measurements were performed down to only 0.1 bar. This is not
eal impediment because the fuel cells require hydrogen pressures of at least
bar.

. Results and discussion

As shown by X-ray diffraction profile of Fig. 1 the as-milled R-
ample contains only LiNH2, LiH and Li2O. The peaks are broad,
ndicating small crystallites. The Rietveld refinement (also pre-
ented in Fig. 1), obtained with the MAUD software [13] indicates
ome misfit at about 2� = 19◦ due to amorphous contribution of
he polymer film covering the sample holder. The estimated crys-
al sizes are 16(2) nm for LiNH2, 12(2) nm for Li2O and 29(2) nm
or LiH. For the most evident phase (LiNH2), the crystallite size
btained using the MAUD software was checked against the
illiamson–Hall plot and the results are in very good agreement.

fter five hydrogen absorption–desorption cycles, the XRD pat-
ern of the re-hydrogenated R-sample (Fig. 2) exhibits the same
hases (LiNH2, LiH and Li2O) but the peaks are sharper, clearly indi-
ating crystallites increase. Also a very small amount of lithium
mide (Li2NH) was detected. The Rietveld refinement (Fig. 2) for
he re-hydrogenated R-sample gives crystal sizes 2–3 times larger
han for the as-ball milled R-sample: 47(3) nm for LiNH2, 38(3) nm
or Li2O and 50(4) nm for LiH. This crystallite size increase is also
upported by scanning electron microscopy (SEM). However, the

ccuracy of SEM measurements (not reported) is influenced by oxi-
ation during sample manipulation in air. The XRD pattern of the
e-hydrogenated R-sample (Fig. 3) shows the presence of Li2NH
nd Li2O. The Rietveld refinement for this sample gives a very large
rystal size of 67(4) nm for Li2NH as shown in the same figure.

able 1
attice parameters and the reliability parameters of the fit (GOF, Rp, Rwp) obtained from
iNH2 + LiH R-samples.

Crystalline phase Space group As-ball milled sample
(GOF = 2.87, Rp = 2.98%,
Rwp = 3.88%)

Re-
sam
Rp

LiNH2 I-4 a = 0.5071(3) nm
c = 1.0258(5) nm

a =
c =

Li2O Fm-3m a = 0.4662(3) nm a =
LiH Fm-3m a = 0.4103(3) nm a =
Li2NH Fm-3m Not present a =
Fig. 2. Rietveld refinements for LiNH2 + LiH re-hydrogenated sample.

In Table 1 is given a comparison between the lattice parame-
ters of the crystalline phases for as-ball milled, re-hydrogenated
and de-hydrogenated R-samples, as derived with the MAUD soft-
ware and the same parameters from literature (ICDD database). In
the same table there are presented also the reliability refinement
parameters: GOF (goodness of fit), Rp, Rwp. The GOF values vary in
the range 2.35–3.05 while Rwp does not exceed 6%.

Interestingly, excepting LiNH2 which is tetragonal, all the other
phases are face centered cubic. LiH has the same lattice param-
eter for both ball milled and re-hydrogenated samples within
the error bar. LiNH2 phase in ball milled R-sample has a larger
lattice parameter than in re-hydrogenated sample. The refined lat-
tice parameter of Li2O from the de-hydrogenated R-sample is the
same as for re-hydrogenated R-sample. The refined lattice param-
eters of LiNH2 and Li2O from as-ball milled and re-hydrogenated
R-sample are larger than those given in literature (belonging to
Fig. 3. Rietveld refinements for LiNH2 + LiH de-hydrogenated sample.

Rietveld refinements for as-ball milled, re-hydrogenated and de-hydrogenated

hydrogenated
ple (GOF = 3.05,

= 4.38%, Rwp = 5.77%)

De-hydrogenated
sample (GOF = 2.34,
Rp = 1.18% Rwp = 2.44%)

Literature data

0.5060(3) nm
1.0262(5) nm

Not present a = 0.5016 nm
c = 1.0220 nm

0.4655(3) nm a = 0.4657(3) nm a = 0.4619 nm
0.4097(3) nm Not present a = 0.4096 nm
0.5040(3) nm a = 0.5051(3) nm a = 0.5047 nm
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ig. 4. X-ray diffraction data of 3LiNH:2LiH:Si samples (A – as-milled, B – re-
ydrogenated, C – de-hydrogenated).

iterature data and these phases are the closest to the correspond-
ng bulk phase, in agreement with the observed large crystallite
ize.

The quantitative analysis for as-ball milled and re-hydrogenated
-samples gives good results for the 1:1 ratio between LiNH2
nd LiH. Additionally, about 14 wt% of Li2O appears in all three
amples and in the re-hydrogenated R-sample 10 wt% Li2NH
s also present. Most probably Li2O is formed during the XRD

easurements.
The XRD pattern of the as-milled Si-sample (with

LiNH2:2LiH:Si proportion) shows broad peaks of LiNH2, LiH,
i2O, and peaks of Si which dominate the diagram (Fig. 4A). This is
ot only due to the higher X-ray scattering factor but also to the

arge crystal size of Si which gives narrow peaks. The XRD pattern
f the re-hydrogenated Si-sample (Fig. 4B) shows the presence
f Li2SiN2, LiNH2, Li2O and Si phases. The peaks belonging to
i2SiN2 are the most evident. Fig. 4C is the XRD pattern of the
e-hydrogenated Si-sample, which displays the presence of Li2NH

n place of LiNH2. Both de-hydrogenated and re-hydrogenated
i-samples contain some amorphous phase at 2� of about 18◦

nd 24◦. This contribution is relatively important and cannot be
riginated by the thin polymer film covering the sample holder.
he amount of Si present in the de-hydrogenated Si-sample is
uch lower than in the re-hydrogenated sample and the Li2SiN2

ontribution is higher in de-hydrogenated Si-sample than in the
ame sample in re-hydrogenated state. Taking into account the
odifications of the amount of crystalline phases discussed above,

he XRD data for the re-hydrogenated and de-hydrogenated
i-samples suggest the following hydrogen generating
eaction:

u + 1)LiNH + uLiH + (1/2)Si ↔ uLi NH + (1/2)Li SiN
2 2 2 2

+ (u + 1)H2. (3)

iH cannot be clearly distinguished in the XRD pattern of the re-
ydrogenated Si-sample due to overlapping with the Li2SiN2 peaks.
Fig. 5. X-ray diffraction data of 2LiNH2:Si de-hydrogenated sample.

The “u” value cannot be determined even if the stoichiometry of as-
milled Si-sample is known because the re-hydrogenated Si-sample
contains an important amount of Li2SiN2 and some amorphous
phase (with unknown stoichiometry). If this amorphous phase has
low Si content the XRD peaks are small compared to the peaks
belonging to Si-rich phases. The presence of a large number of
crystalline contributions makes difficult an accurate Rietveld quan-
titative analysis of the products of this reaction. As we will see in the
following, reaction (3) accounts for doubling the plateau pressure
of PCI des curve compared to that of the R-sample (reaction (1)). As
a consequence, Si addition destabilizes the LiNH2 + LiH system.

An attempt to obtain directly Li2SiN2 by ball milling and dehy-
drogenation of the mixture 2LiNH2 + Si has been performed. As
indicated by the XRD patterns of Fig. 5, this sample contains Li5N3Si
and an important amount of un-reacted Si. Consequently, in order
to satisfy the reaction stoichiometry an amount of NH3 must be
released. This proves clearly that the presence of LiH is very impor-
tant to avoid the release of NH3 and the progressive loss of hydrogen
storage capacity of the LiNH2.

XPS spectra of the Si2p core levels give a confirmation for the
presence of the Li2SiN2 phase as shown in Fig. 6. The patterns of
both re-hydrogenated (Fig. 6A) and de-hydrogenated (Fig. 6B) Si-
samples show the most important peak at about 101.8 eV. This
binding energy is very close to one obtained for Si3N4, of about
101.9 eV [14]. The peak is more intense for the de-hydrogenated
sample compared to the re-hydrogenated one, in good agree-
ment with the XRD data. A small Si bulk contribution can also
be detected for both spectra. The XPS spectrum of the Si2p core
levels for 2LiNH2:Si de-hydrogenated sample (Fig. 6C) shows a
broad peak and its de-convolution indicates the presence of SiO2
and some other phases. The amount of Li5N3Si, as given by XRD
data of 2LiNH2:Si de-hydrogenated sample (Fig. 5), is very small
compared to the Si bulk amount. However, it is not possible to
put in evidence a contribution of the Si bulk in the XPS spec-
trum of this sample, despite the most important contribution as
shown by XRD data is pure Si. Most probable, the broad XPS
peak for this sample is an overlapping of the peaks belonging to
Li5N3Si and SiO2 phases which are formed at the Si grains bound-
aries.

Thermal programmed desorption (TPD) measurements (with a
ramp of 3 ◦C/min) under vacuum for the as-milled R-sample show
an amount of almost 5 wt% H released at temperatures below
2
300 ◦C. We did not exceed this temperature in order to avoid any
NH3 release. The desorption starts at about 120 ◦C and from 220 ◦C
to 300 ◦C has a constant slope (Fig. 7A). The same type of mea-
surement for the Si-sample (Fig. 7B) shows that desorption begins
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ig. 6. XPS Si2p spectra of 3LiNH:2LiH:Si (A – re-hydrogenated, B – de-
ydrogenated) and 2LiNH2:Si de-hydrogenated (C) samples.

t about the same temperature as for of R-sample. About 2.7 wt%
2 is released below 300 ◦C, but the desorption practically finishes
t about 270 ◦C. It is evident that desorption completion for the
i-sample occurs at lower temperatures compared to the R-sample.

Fig. 8 exhibits the PCI des curves (A for R-sample, B for Si-sample)
own to 0.10 bar at 265 ◦C. According to this plot, the maximum
mount of hydrogen released by the R-sample is 2.9 wt%. The TPD
urve shows an amount of 3.4 wt% H2 desorbed below the same
emperature. The reason for this discrepancy is a large plateau
egion (0.5 wt%) at pressures below 0.10 bar, the lowest pressure
alue allowed by the experimental setup for this kind of mea-
urements (PCI des). The PCI des curve at 265 ◦C for the R-sample

easured down to 0.10 bar has a plateau with a middle pressure

f 0.60(5) bar. The Si-sample also exhibits only one plateau with
middle pressure value of 1.25(5) bar, proving a thermodynamic
estabilization effect due to the Si addition, in good agreement
ith reaction (3). The maximum hydrogen content by weight

ig. 7. Thermal programmed desorption curves of LiNH2 + LiH (A) and 3LiNH:2LiH:Si
B).
Fig. 8. Pressure–composition isotherms in desorption mode at 265 ◦C of LiNH2 + LiH
(A) and 3LiNH:2LiH:Si (B).

obtained from the PCI des curve for the Si-sample is 2.15 wt%, with
0.35 wt% lower than the 2.5 wt% released below the same temper-
ature (265 ◦C) in the TPD measurement. The same reason could
explain this difference, a region of the PCI curve below 0.1 atm.
The LiNH2:LiH system is inefficient as hydrogen storage material
due to low hydrogen desorption pressure. Si addition improves to
some extent this situation because 1.35 wt% H2 is released at pres-
sures >1 atm for the Si-sample compared to only 0.4 wt% released
by the R-sample. This is only a first result proving the effective-
ness of Si for the Li amide destabilization. Further extensive work
is required to investigate the possible Si destabilization effect on
other amides, and mixture of amides and hydrides.

4. Conclusions

LiNH2:LiH and 3LiNH2:2LiH:Si composites were prepared by
ball milling after which an increase of the lattice parameters of
LiNH2 was observed compared to the literature data for bulk phase,
while for LiH the lattice parameter remained practically unchanged.
The crystal size of the milled samples increases 2–3 times after
hydrogen absorption–desorption cycles. LiH crystal size was less
affected by hydrogenation. Li2SiN2 phase was formed for the
Si-containing samples after few hydrogen absorption–desorption
cycles. X-ray diffraction data proved an increase of Li2SiN2
and a decrease of Si amount for the de-hydrogenated Si-
containing samples compared to re-hydrogenated ones. The
presence of this phase was also confirmed by XPS measurements.
This fact indicated a hydrogen reversible generating reaction:
(u + 1)LiNH2 + uLiH + (1/2)Si ↔ uLi2NH + (1/2)Li2SiN2 + (u + 1)H2,
result also supported by PCI measurement in desorption mode. Si
addition to LiNH2:LiH system increased by two times the plateau
pressure, resulting in a destabilization observed for the first time
of LiNH2:LiH system by Si addition.
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