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Abstract

Neutron and synchrotron studies have been performed on in situ hydriding of Li;N. Commercial Li;N is composed of a phase (~70 wt.%) and
BB phase (~30 wt.%). We have performed experiments to convert 3 — «, and studied in situ deuteration using neutron diffraction experiments. We
found concurrent phase evolution of Li;ND, LiD, and LiND,. Mass percentages of the phases evolved as a function of time and temperature have
been quantified using General Structure Analysis System (GSAS) refinement of the neutron diffraction data. The problem of formation of the stable
LiD is discussed in light of decreasing of the amount of LiD phase when the temperature is increased from 200 to 320 °C during dehydriding, and
in addition the concentration of Li,ND phase increased at this temperature. Lattice parameters, volume changes, phase evolutions in wt.% as a

function of temperature and time are presented.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Several studies have indicated complex alkali metal based
hydrides, such as, lithium amide (LiNH;) and lithium imide
(LioNH) are particularly attractive as potential candidates for
hydrogen storage due to their relatively high theoretical gravi-
metric hydrogen density (e.g., LiNH, alone has 6.5wt.%
hydrogen). Chen et al. [1] pioneered the progressive hydrogena-
tion of lithium nitride, LizN, which leads to the absorption of
the theoretical 11.5 wt.% hydrogen by the reaction in Eq. (1):

Li3N + 2H, < LipNH + LiH + H; < LiNH; 4 2LiH
(total capacity : 11.5wt.% Hy) €))]
If only imides are considered, then the following Eq. (2) is valid.
Li,NH + H; < LiNH; 4 LiH
(reversible at ~ 1barat285°C, 6.5wt.% Hy, AH

= 45kJ/mol) 2)
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To increase the equilibrium pressure, Luo [2] showed that Mg
additions increase the plateau pressures, Eq. (3).

2LiNH, + MgH, < Li,Mg(NH),  (32barat200°C)  (3)

Chen et al. [1] also suggested that full reversal to LizN
may be possible at higher temperatures (>400°C) as per
Eq. (4), which is also confounded with competing side-
reactions leading to ammonia formation as in Egs. (5) and (6)

[3].
LipNH + LiH & LisN + Hp
(not easily reversible, ~ 0.01 bar at255°C, Swt.% Hy, AH
= 165kJ/mol) @)

2LiNH, < Li,NH + NHj
(3.7wt.% NH3, AH = +84kJ/mol NH3) 5)

NH; + LiH — 2LiNH; + H,
5.8wt.%Hy, AH= —39kJ/mol NH3) (6)
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Fig. 1. Schematic of the in situ deuteriding/de-deuteriding experimental setup.
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However, these hydrogenation/dehydrogenation reactions have
not been shown to be reversible or to have adequate hydrogen
release kinetics at moderate temperatures.

Issues with ammonia evolution were reported by Ichikawa et
al. [4] who indicated that the NHj3 release is controllable; the
NH3 evolved during a first-order reaction, then is consumed in
a secondary reaction shown in Eq. (6); the kinetics are very fast
for this reaction. The lithium-based complex hydrides have great
potential as materials for fuel cell, on-board vehicular, and other
applications [5-7].

Commercial LizsN powder is a two-phase mixture of a-LizN
and B-LizN. The structure of the o phase is hexagonal with
P6/mmm space group with lattice constants a =3.648(1) A and
c=3.875(1) A (Z=1) [8,9]. The B phase is a high-pressure
phase, and is a hexagonal structure with a=3.552(1)A and
c=6.3113)A (P63/mme, Z=2) [10]. The low-temperature
structural behavior studies of the a-LizN and B-Li3N phases
have been performed by Huq et al. [11] and Chien et al. [12]
using neutron powder diffraction (NPD). The structure of Li,NH

was reported as cubic (Fm-3m) with a= 5.0742(2) A by Nori-
take et al. [13] using synchrotron X-ray diffraction (XRD), and
by Ohoyama et al. [14] using NPD. Recently, Balogh et al.
[15] reported the crystal structure and phase transformation of
deuterated lithium imide (LioND) using both NPD and XRD.
The crystal structure of LiNH; was determined by Juza and
Opp [16], and re-determined by Jacobs and Juza (single-crystal
XRD) [17], Miwa et al. [18], and Yang et al. by NPD [19] as
tetragonal structure with a =5.03442 and ¢ = 10.25558 A (space
group I-4).

Li-based hydrides show a high capacity for reversible hydro-
gen storage. However, understanding phase formation behaviors
during temperature change is also important for the hydrogen
storage application. In this study, we report results of NPD
studies, such as phase evolution of the amide, imide, LiD, dur-
ing hydrogenation of LizN. Also the effect of temperature on
deuteriding and de-deuteriding of Li3N.

2. Experimental

A lithium nitride sample (LizN, 80 mesh) was obtained from Sigma—Aldrich
in the form of a powder. Time-of-flight (TOF) NPD data was collected for
the Li3N sample using the General Purpose Powder Diffractometer (GPPD)
at the Intense Pulsed Neutron Source (IPNS), Argonne National Laboratory.
Diffraction data were collected on all detector banks. The sample was loaded
in the Inconel alloy pressure sample holder in a helium-filled re-circulating
glove-box. The in situ deuteriding/de-deuteriding experimental setup is shown
in Fig. 1. Deuterium gas was supplied at 2 bar during the deuteriding experiment.
Rietveld refinements were performed using the General Structure Analysis Sys-
tem (GSAS) computer software [20,21]. To de-deuteride, for the results shown
in Fig. 3, we used active evacuation via a Varian V-70 turbo pump system, backed
up with a dry mechanical pump. The NPD data were acquired on two banks of
detectors at IPNS (Argonne National Laboratories), every 15 min. The phases
were identified first by standard search methods, and then the compositional
changes were tracked using the GSAS program.

3. Results and discussions

In this study, we performed both diffraction studies on the
pre-treated o phase LizN sample as well as o+ 3 LizN com-
mercial powders. At room temperature, the NPD data show
that the commercial Li3N sample contains two different phases:
65 wt.% a-Li3N phase and 35 wt.% (-LizN phase. Isothermal
in situ deuteriding NPD data was taken at 200 °C at 2 bar D,
pressure. Isothermal evolution (wt.%) of different phases as a
function of time is shown in Fig. 2. Initially, as the tempera-
ture was equilibrated to 200 °C, the only change observed in the
diffraction pattern was 3-Li3N transforming to a-LizN phase
(region 1); the a-LizN phase increases from 65 to 79 wt.% with
a corresponding decrease in the mass of the (3 phase. In region
2, the hydride phases Li)ND and LiD begin to appear. Con-
currently, there is a decrease in the mass of the a-Li3N phase,
suggesting that the a-Li3N is converting to LiND and LiD. The
B-LizN phase concentration continues to decrease in region 2.
The evolution of the amide LiND, phase was observed after
~145 min, in region 3. It can be noted that in region 3, con-
centrations of LiND» and LiD are greater than that of Li;ND,
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Fig. 2. Isothermal in situ deuteriding NPD results (at 200 °C and 2 bar D, pres-
sure of the commercial LizN sample (a-LizN and B-LizN) show the different
amounts of phase formation as a function of time.

indicating either direct formation of LiND, from Li3N or rapid
transformation of LipND — LiND; during these multiple con-
current transformations. It does appear that, as the amount of
a-LizN phase decreases, there is a corresponding increase in
the amount of LiND, formed. The reactions in regions 1-3 at
200 °C are summarized in Table 1.

Another in situ deuteriding/de-deuteriding experiment was
performed by using the pre-treated LisN sample which
contained only the a-Li3 N phase; the 3-Li3N to a-Li3z N transfor-
mation occurs readily above 250 °C. The results are presented

Table 1

Summary of isothermal transformations in each region at 200 °C
Region 1 Region 2 Region 3

Up to ~100 min 100-145 min 145-650 min

B—Li3N - OL—Li3N B—Li3N — (X—Li3N

o-LisN — LipND + LiD

B—Li3N — 0(—Li3N
a-LisN — Lip,ND +LiD
LipND — LiND; (rapid)

for the deuteration and de-deuteration in Fig. 3. Deuteriding
was performed at room temperature, 150, 200, and 250 °C. As
expected, the a-LizN phase is stable up to 150 °C. As temper-
ature was increased from 150 to 200 °C, (from ~19 to 30h)
the hydride phases, Li;ND, LiD, and LiND; form simultane-
ously under these conditions (2 bar of deuterium pressure). Also
note that as the temperature is raised there is time lag to equi-
librate. The amount of Li;ND phase increases to ~19 wt.%,
the LiD phase to ~21 wt.%, and the LiND, phase ~14 wt.%
after isothermally holding temperature at 200 °C for 9 h. From
Fig. 3, it can seen that the a-Li3 N phase concentration decreases
rapidly in the 200 and 250 °C regions at the deuteriding region,
and only ~10 wt.% is residual after 12 h of isothermal holding at
200 °C. In the 250 °C deuteriding region, initially, the amount of
the LioND phase formed increases rapidly, and then decreases
due to the formation of the LiND; and LiD phases. It can also
be noted that the formation of LiD phase continues to increase
during deuteration between 200 and 250 °C, while the Li,ND
decreases and LiND; increases with a possible saturation at 40 h;
with 25 wt.% of Li;ND, 37 wt.% LiD, and 28 wt.% LiND;. In
the 200 °C region, there is a tendency to form Li,ND and LiD
phases in preference to LiND», similar to what we observed in
Fig. 2. The total amount of hydrogen storage is calculated to be
7.26 wt.% at the end of 44 h.

The neutron data indicate a total storage of 7.26 wt.% of
hydrogen after 44 h at 255 °C. Our recent work at 255 °C showed
that at 2 bar, the material has an effective equilibrium capacity
of 8.7 wt.%. Four grams of material was used in the NPD stud-
ies, indicating that 0.29 g of hydrogen was stored, or 83% of the
material’s potential capacity. The deuteration wt.% capacity of
the materials was converted to hydrogen capacity.

The overall hydrogen absorption reaction of Li3N can be
obtained from Eq. (1) as:

LisN + 2H; <> LiNH; 4 2LiH

The Gibbs free energy of the ongoing reaction in our case at a
hydrogen pressure of 2 bar, can be obtained using the following
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Fig. 3. The phase evolutions of the in situ deuteriding and de-deuteriding of the pure a-LizN sample as a function of temperature and time.
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equation:
AG = AG°+ RTInKp_jppar
= —RTInKpatx=726wt.% + RT In K p—3par (7

As LizN, LiNH», and LiH are all solid species, their activities
are assumed to be equal to 1. The equilibrium constant for this
reaction is estimated to be:
auNH,afy _ 1
Kp = G
aLizNPH, Py,

and if the imposed pressure is 2 bar then

1
AG =—RTIn | — +RTIn | — )
p Hy Peq P Hy p=2bar

Our neutron data showed ~7.26 wt.% hydrogen (Fig. 3) at
250 °C, whereas our equilibrium absorption isotherms, using
LizN as starting material taken at 255 °C, showed that at 2 bar
hydrogen pressure there should be ~8.7 wt.% hydrogen stored
(Fig. 4). Thus the absorption NPD and isotherm show a discrep-
ancy of 1.44 wt.% hydrogen; although there is a small difference
in temperature at which these two data sets were taken. From
our isotherm (Fig. 4) we can obtain the absorption equilibrium
pressure (Peq) of ~0.8 bar at 7.26 wt.% hydrogen. This yields
AGggq. 8) = —8.0kJ/mol for reaction (1), indicating that the reac-
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Fig. 4. Pressure-composition hydrogen absorption isotherm of Li3N at 255 °C.

tion would continue to absorb the additional 1.4 wt.% hydrogen
if given more time. However, we started to evacuate the sys-
tem prematurely before that remaining 1.4 wt.% hydrogen was
absorbed in the sample.

De-deuteriding was started after 44 h at 250 °C. In this 250 °C
region, the amount of the LioND phase increases rapidly to

70.0
(b) Lip

69.0 [ V=0.0091xT+ 66.85

Volume (A3)

68.0

67.5 L 1 1 L
0 50 100 150 200 250 300 350

Temperature (C)

Volume (AY)

Temp m T z

o - LizN LiD LiND;

Z=1 7=4 7=8

100°C 44.59 67.76 260.79
150°C 44.71 68.21 262.31
200°C 44.84 68.67 263.87
250°C 44.83 69.13 265.47
300°C 45.20 69.58 266.85

Fig. 5. The unit-cell volumes of (a) a-Li3N, (b) LiD and (c) LiND; phases vs. temperature.
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50wt.% with a corresponding decrease of LiND; phase to
10 wt.% in 5 h. There is a much less pronounced decrease in the
amount of LiD phase at this temperature; only 5 wt.% decrease
observed. After 48 h, the temperature was decreased to 200 °C
during de-deuteration. At this temperature the amount of Li;ND
(54%), LiD (31%), LiND, (10%) remained constant up to 65 h.
Chen et al. [1] reported a rather rapid increase in hydride phase
formation at 200 °C during de-hydriding, but we did not observe
this behavior. We acknowledge that if we had raised the temper-
ature by ~10 K; we probably would have observed the changes
that Chen et al. [1] had reported. It can be noted that the amount
of hydrogen desorbed increased rapidly for about 2h or so at
320°C which is perhaps what Chen et al. observed. Increas-
ing the temperature to 320 °C rapidly increased the amount of
Li;ND (from 54% to 76%) and decreased the amount of LiD
(from 31% to 20%). No LiND; phase was measurable after 68 h;
perhaps the intensity of its Bragg peaks were too low for detec-
tion above the background level. The amount of the LiD phase
decreased when the de-deuteriding temperature was increased
to 320 and 350 °C, and the amount of the Li;ND phase increased
as the temperature was increased during de-deuteriding. There
is no LiND; phase observed upon de-deuteriding above 320 °C.

The changes in unit-cell volumes were measured at different
temperatures during deuteration in equilibrated samples at dif-
ferent temperatures. In this experiment, the deuterated sample
was heated to 250 °C, the sample holder was then sealed, and
the supply of deuterium to the sample was shut off. The sample
was then cooled down from 250 to 100 °C, and then reheated
from 100 to 300 °C to measure the unit-cell volumes. The vol-
ume expansions as a function of temperatures of the a-LizN,
LiD, and LiND; phases are shown in Fig. 5, and tabulated in the
insert table. All these phases show an increase in unit-cell vol-
umes, as expected. The Bragg peaks of the Li; ND phase were not
observed at these temperatures. The volume of the LizN phase
increased from 44.59 to 45.2 A3, the LiD phase from 67.76 to
69.58 A3, and the LiND, phase from 260.79 to 266.85 A from
100 to 300 °C, respectively.

4. Summary and conclusions

Neutron scattering studies of deuteration of a-LizN showed
that the different amounts of LiD, and LiND;, and Li;ND phases
form during isothermal heating at different temperatures. The
total amount of hydrogen storage is calculated to be 7.26 wt.%
during deuteriding at 250 °C. The stable LiD phase was found

to decrease slightly when the temperature is increased from 250
to 320 °C during de-deuteriding.
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