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ABSTRACT

Lithium nitride has recently emerged as a promising material for hydrogen storage. The hydrogen storage
capacity reaches 10.2 wt% H by the formation of compounds, such as imides, amides, and others. Hydro-
genation of lithium nitride is highly exothermic, and thus desorbing hydrogen from these compounds
requires high temperature and cannot be used for reversible hydrogen storage. Ab initio calculations
predict that partial substitution of Li by transition metals like Cu or Ni can reduce the reaction enthalpy
between amide and imide. In this work, we present the synthesis of the ternary system Li;_yMyN (M= Co
or Ni) by Spark Plasma Sintering (SPS). The samples are hydrogenated at 255°C by solid gas reaction.
The sample crystal structures have been analyzed by synchrotron X-ray powder diffraction using a high
resolution powder diffractometer. The structural models for Co and Ni-substituted LizsN have been con-
firmed. The effect of the substitution on the phase formation upon hydrogenation has been investigated
at various metal and hydrogen concentration. Different behaviors are observed depending on the nature

of M.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The reaction of LizN with H, was already reported in the early
part of the last century [1]. However, interest in Li3N as a hydro-
gen storage materials only began recently when Chen et al. [2]
investigated its reversible hydrogen uptake. Lithium nitride has a
high theoretical hydrogen uptake capacity of 10.2 wt% via the two
following reactions:

LisN+Hp — LipNH+ LiH AH = —116kJ mol 'H, 1)
Li,NH + Hy — LiNH, + LiH AH = —66k] mol™'H, 2)

The enthalpy of the first reaction is highly exothermic and thus
requires very high temperature to release hydrogen [3-6]. Due
to incomplete dehydrogenation at a temperature of 255°C only
~5.8 wt% reversible hydrogen capacity can be obtained. Although
one can enhance dehydrogenation by increasing the temperature,
some authors demonstrate that dehydrogenation of hydrogenated
Li3N at a temperature of 400 °C is followed by a very low (0.4 wt%)
rehydrogenation capacity [7]. Ab initio calculations show that par-
tial substitution of Li by transition metals like Cu or Ni can reduce
the reaction enthalpy between amide and imide [8]. The ternary

* Corresponding author. Tel.: +33 1 4978 1342.
E-mail address: junxian@icmpe.cnrs.fr (J. Zhang).

0925-8388/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2010.09.160

Li nitrides Li3_yMxN (M =Ni, Co, Cu) have been studied for electro-
chemical applications [9-14] or hydrogen storage [15]. These works
have shown that the ternary compound crystallize in a structure
isotypic to the parent compound, a-LisN, in which the M atoms
partially replace Li(1b) at the interlayer site and create Li vacancies
within the [Li(2c)N(1a)] planes (Fig. 1).

Recently, studies have shown that non-stoichiometric com-
pound like Li,_yNHj:+y and other compounds such as Li4;NH do
exist but the thermodynamic properties are not fully established
[16-18]. In addition, it is difficult to desorb all the hydrogen during
phase transitions:

LiNH, — Lip yNH;_y — LiNH — LisNH — LisN 3)

In particular destabilization of Li; NH phase is very difficult. For this
purpose ternary compounds Liz_yMxN (M=Co or Ni) have been
synthesized using the Spark Plasma Sintering (SPS) technique. It
should be noted that simple ball milling of mixed phases does
not yield solid solution Li3_yMxN phase. In addition to preparing
the solid solution LisN with Co, Ni, we hydrogenated the Li3_yMxN
(M= Co, Ni) solid solutions with two H concentrations, so as to form
the expected Li4sNH and LisN,H3 phases. The phase composition
and the crystal structure have been studied by synchrotron X-ray
diffraction. The influence of the substitution on the crystal structure
and hydrogenation properties is discussed.
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Fig. 1. Crystal structure of «-Li3N (P6/mmm space group; a=3.647(1)A,
c=3.874(1)A; N 1a (0,0,0); Li 1b (0,0,1/2); Li 2¢ (1/3,2/3,0)).

2. Experimental

Solid solution Liz_xMN (M= Co, Ni) compounds were prepared using the SPS
technique from two precursors: LisN (Aldrich) and M metal powders. First the LisN
and M powders were ball milled together in a Fritsch Pulverisette 7 for 1h at a
rotation speed of 500 rpm with a ball-to-powder mass ratio 10:1. The mixture was
sintered by SPS under 50 MPa of pressure for 15 min at 700 °C under Argon partial
pressure in a graphite crucible. Then, the samples have been hydrogenated at 255 °C
by solid gas reaction at two different hydrogen contents. The first one at 0.7H/Li3N
(labeled “a” in Fig. 2) where the Li4sNH phase should form and the second one at 1.4
H/LisN (labeled “b” in Fig. 2) where the Li3N,H; phase should occur. Hydrogenated
samples have been sealed in glass capillary in a glove box filled with argon and ana-
lyzed by synchrotron X-ray powder diffraction at room temperature. The data were
collected at the Swiss-Norwegian Beamline (SNBL) at the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France, using a high resolution powder diffrac-
tometer equipped with a multi-crystal analyzer (A =0.50195 A). Phase analysis and
structural determination were done using the full profile fitting program FULLPROF
based on the Rietveld’s method [19].

3. Results and discussion

The synthesized powders LisN+5%Ni, LisN+5%Co and
LisN+11%Co (except precision, the nominal composition
Li 95Nig o5N, Lipg5NigosN and Liy 95Nig 5N will be used) were
compared to as procured LisN powders that contained both the a-
and B-phases. Powder X-ray diffraction pattern in Fig. 3(a) shows
a-and B-Li3N phases. The a-Li3N phase crystallizes in the P6/mmm
space group with lattice parameters a=3.647(1)A, c=3.874(1)A.
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Fig. 2. The pressure-composition isotherm of LisN and the hydrogenated points (a
at 0.7H/Li3N and b at 1.4H/Li3N) for the samples at 255°C.
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Fig. 3. Synchrotron powder X-ray diffraction patterns of commercial Li3N (a) and
SPS synthesized Liz_gsNi0_05N (b), Liz_gs COgiosN (C) and Liz_gg CO[)_HN (d) compounds.

It adopts a layered structure with [Li(2c)N(1a)] planes (where
each N is surrounded by a graphitic-like hexagon of six Li atoms)
interconnected by Li(1b) atoms between layers (Fig. 1). The 3-LizN
phase which is a high pressure phase, crystallizes in P63 /mmc space
group with lattice parameters a=3.552 A, c=6.311 A. After the SPS
treatment, samples contain only the a-LisN-type phase, a small
amount of lithium oxide and in some cases, traces of the metal
M. During SPS processing, the [3-LizN phase transforms to the
a-LisN-type and consequently the B-LisN phase in not observed in
the synthesized materials. Comparing the XRD patterns in Fig. 3(b)
and (c) we find the solubility of Ni is less than of Co in a-Li3N,
as residual metallic Ni phase is present as shown in Fig. 3(b).
The compound Liy g5C00 95N shows the maximum solubility and
excess Co is present in the compound Li; ggC0g.11N; thus there is
slightly more solubility of Co than Ni in the a-LisN, as suggested
by the presence of Bragg peaks of metallic Co in Fig. 3(d). The
substitution of lithium by transition metal atoms (Ni or Co) leads
to a modification of the cell parameters of a-Li3N, a increases and
c decreases. This cell evolution indicates a solid solution behavior.
The Rietveld refinement shows that Ni or Co replaces partially
the Li atoms in the interlayer Li site and additionally creates Li*
vacancies within the [Li;N] planes. These results are in agreement
with previous studies, the compositions determined by Rietveld
analysis are given in Table 1. Traces of pure metal M are attributed
to an incomplete reaction. The presence of lithium oxide is related
to the formation of free lithium during the synthesis following Eq.

(4).
LisN +xM — Liz_x_yMxN + (x + y)Li (4)

wherey stands for the number of created Li vacancies, and the value
are 0.47 for M=Ni and 0.4 for M = Co respectively. Free Li metal that
is very reactive may then react with the remaining O, gas present
in the SPS chamber.

In Fig. 2, the hydrogenation data points for (a) 0.7H/LisN and
(b) 1.4H/Li3N for all the three SPS synthesized samples and com-
pared with the Pressure-Composition-Isotherm (PCI) of a-LisN
compound at 255 °C. Phase composition for the hydrogenated sam-
ples at this two different H contents were studied by synchrotron
powder diffraction. The results of the Rietveld analysis are gath-
ered in Table 1 and typical refined diffraction pattern is shown
in Fig. 4 for Liy 55Cog 04N (Synchrotron diffraction refined compo-
sition) with 0.7H/Li3N. It is clear from Table 1 that for the same
H concentrations, the hydrogenation reaction leads to different
results depending on M. From previous in situ neutron diffraction,
the formation of LiyNH for H/Li3N ~0.7 [16] was reported. In our
study, the LiyNH phase was indeed observed for LizN at H/LisN
~0.7, but not for the transition-metal doped samples Liz_y,MxN.
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Table 1
Molar phase fraction (%) derived from the refinement of the XRD data for the different samples at various H concentrations.
H/LisN Phase Mol % Refined composition Cell parameters (A) Cell volume (A3) Rpragg
LisN +5.5%Ni
0 a-Liz_xNigN 92.1 Li 5002)Ni,031)N a=3.6713(1) c =3.8582(1) 45.035(2) 0.16
Li,O 7.7 Li,O a=4.6277 (3) 99.10(1) 0.42
Ni 0.2 Ni a=3.5239(1) 43.759(2) 0.17
~0.7 a-Liz_xNigN 471 Liz 5002)Ni,031)N a=3.6631(1) c=3.8583(1) 44.834(1) 0.10
Li,O 10.0 Li,O a=4.6242 98.88 0.04
Ni 2.0 Ni a=3.5233(1) 43.759(2) 0.09
Li,NH 20.1 Li;7NHi 3 a=5.0066(2) 125.50(1) 0.04
Li3N,H3 6.7 Li14NH; 6 a=>5.0485(3) 128.68(1) 0.04
LiH 133 LiH a=4.0831(2) 68.070(5) 0.14
LisNi3Ns 0.8 Lis(Lip4Niog)3N3 a=6.4416(7) c=3.562(1) 128.00(5) 0.18
~1.4 a- Liz_yNiyN 14.5 Li 5002)Ni,031)N a=3.6701(1) c=3.8582(1) 45.005(2) 0.11
Li,O 7.8 Li,O a=4.6242 98.88 0.08
Ni 3.1 Ni a=3.52253(7) 43.708(1) 0.09
Li;NH 39.1 Li;7NHi 3 a=5.01123(6) 125.844(3) 0.05
LisN,Hs 3.1 Li14NH1 6 a=5.0485(3) 129.15(1) 0.07
LiH 322 LiH a=4.08282(5) 68.058(2) 0.07
LisNi3Ns 0.3 Lis(Lip4Niog)3N3 a=6.4559(8) c=3.552(1) 128.22(6) 0.20
LizN+5.5%Co
0 a-Liz_xCoxN 89.8 Liz 55(1)C00.04(1)N a=3.67154(2) c=3.85069(4) 44.954(1) 0.09
Li,O 10.2 Li,0 a=4.6272(1) 99.071(6) 0.15
~0.7 a-Liz_xCoxN 58.4 Liz 55(1)C00,04(1)N a=3.67421(4) c=3.84850(6) 44.994(1) 0.07
Li,O 8.0 Li,0 a=4.6253(1) 98.948(5) 0.09
Li,NH 9.2 Li;NH a=5.0065(4) 125.49(2) 0.08
LisN,H; 2.8 Li;4NH;6 a=5.0602(5) 129.57(3) 0.13
LiH 21.6 LiH a=4.0833(3) 68.08(1) 0.38
~14 a-Liz_xCoxN 16.7 Liz 55(1)C0g.04(1)N a=3.6740(1) c=3.8473(2) 44.974(3) 0.19
Li,O 4.7 Li,0 a=4.6232(1) 98.817(4) 0.11
Li;NH 34.7 Li;sNH1» a=5.0182(1) 126.367(5) 0.09
LiH 43.9 LiH a=4.08266(6) 68.050(2) 0.20
LisN+11%Co
0 a-Liz_xCoxN 90.1 Liz 51(2)C00.09(1)N a=3.67532(3) c=3.83469(6) 44.859(1) 0.10
Li,O 8.7 Li,0 a=4.6272(2) 99.072(6) 0.11
Co 0.6 Co a=3.5428(2) 44.465(4) 0.24
~0.7 a-Liz_xCoxN 40.1 Li 56(2)C00.11(1)N a=3.68644(7) c=3.8297(2) 45.073(3) 0.19
Li,O 6.9 Li,0 a=4.6249(1) 98.927(6) 0.07
Co 0.4 Co a=3.5428 44.465 0.26
Li,NH 213 Li;sNH; > a=5.0149(6) 126.12(3) 0.12
LiH 31.3 LiH a=4.0825(3) 68.044(8) 0.29
~1.4 a-Liz_xCoxN 4.8 Liz67(5)Cog.11(1)N a=3.6847(3) c=3.829(1) 45.03(1) 0.45
Li,O 6.2 Li,O a=4.62275(7) 98.788(3) 0.11
Co 0.5 Co a=3.5388(3) 44.317(6) 0.44
Li,NH 43.9 Li; gNH1 2 a=5.0210(1) 126.581(5) 0.11
LiH 44.6 LiH a=4.08291(4) 68.063(1) 0.12
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Fig. 4. Refined X-ray pattern of Li55C0004N (Reitveld determined composition)
with 0.7H/Li3N. obtained from synchrotron diffraction analysis (measured (dots),
calculated (solid line), and difference curves (below); Vertical bars correspond to
diffraction line positions of the phases).

The absence of the Li4NH phase is not yet clearly understood but
the reaction path with H; for Lij 95Nig osN and Liz_yCoxN (x=0.05,
0.11) is obviously not the same. For LisN at low H concentration,
the following reactions can be written:

3Li3N + 2H, — 2Li;NH + LigNH + LiH (5)
LisNH + Hy — Li,NH + 2LiH (6)

For M =Ni, with increasing H concentrations, the observed molar
fraction of pure Ni metal increases from 0.2 to 3.1at.%. The Ni
precipitates may play a catalytic effect in the conversion of the com-
pound, which can accelerate reaction (6). That may also imply that
the metal substitution prevents reaction (7)

2Li(M)3N + Hy — Li;NH + Li(M)4NH (7)

which is part of reaction (5) and/or that the (Li,M)4NH phase is not
stable. Furthermore, a phase LisNi3N3 [20] is formed. It suggests
that the Ni-substituted Li;NH imide phase is less stable than Ni
metal and the LisNi3N3 phase.

For M =Co, the Li3_yCoxN compound does not show Co metal
decomposition upon hydrogenation since metallic Co rate keeps
constant to the amount observed just after the SPS treatment. Upon
hydrogenation, Liy 95C00 05N and Liy ggCog 11N compounds trans-
form into imide and LiH according to Eq. (1). The intermediate
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phase LizN,H3z which should be observed for H/LizN ~1.4, was not
observed for the commercial sample LizN and Liy ggC0g.11N. In con-
trast, it is present at H/Li3N=0.7 and 1.4 for Li; g5NiggsN and at
H/Li3sN=0.7 for Liy g5C0q05N. Finally, for all samples, the quantity
of LiH phase is well correlated to the Li;NH phase amount.

4. Conclusion

The ternary phases Lis_yMxN (M=Co or Ni) have been suc-
cessfully prepared by SPS with 5at.% (M=Co or Ni) and 10at.%
(M =Co). Those three compounds can be hydrogenated up to 0.7
and 1.4H/Li3N at 255°C under 10bar of hydrogen. The formation
of LiyNH previously reported for LisN is not observed for transi-
tion metal doped samples Lis_yMxN. For M=Ni, the Ni atoms are
released from the main phase upon hydrogenation and formation
of Li;NH, Li3NH3, LiH and LisNi3Ns3 is observed. For M =Co, the Co
atoms are not released upon hydrogenation and formation of Li; NH,
Li3sNH3 and LiH phase is observed.
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