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ABSTRACT
Hydrogen storage properties of two ball-milled composites of Ca(NH;),+2LiH and
CaH,+2LiNH; were investigated as a series of searching studies of high
performance hydrogen storage materials. About 4.5 mass% hydrogen is desorbed
from about 100 °C and the thermal desorption profiles show a peak around 200
and 220 °C for the composites of CaH,+2LiNH, and Ca(NH;),+2LiH, respectively,
under a helium flow at 5 °C/min heating rate without any NH; emission within our
experimental accuracy. The powder X-ray diffraction and infrared absorption
spectroscopy indicated that the dehydrogenated states of both composites form “an
unknown imide phase” after heating up to 400 °C, while the dehydrogenated states

after heating up to 200 °C in vacuum are the mixed phases of Li;NH and CaNH.



The rehydrogenated state for the ball-milled composite of CaH,+2LiNH, is
transformed into the composite of Ca(NH,); and 2LiH by repeating the

dehydrogenation and rehydrogenation cycles at 180~200 °C.
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1. Introduction
The hydrogen storage technologies for realizing the hydrogen energy society in near
future are currently under development all over the world. Particularly, hydrogen
storage materials composed of light elements have been considered as one of the
suitable candidates for on-board hydrogen tank application since its gravimetric
hydrogen density can be expected to be high. For example, carbon based materials''),
lithium borohydride™™, complex aluminum hydrides!’, imide-amide systems and so on,
have attracted much attention in these years.
Recently, metal-N-H systems have been paid considerable attention as a new family
of hydrogen storage materials since the Chen’s report in 2002 that lithium nitride (Li3N)
reversibly absorbs/desorbs a large amount of hydrogen (~ 9.3 mass%), where the

reaction is expressed by the following two-step reactions'":



Li3N + 2H; <> Li;NH + LiH + H; <> LiNH; + 2LiH (1)
The large standard enthalpy change (AH ~ 148 kJ/mol H,")) of the first reaction
indicates that a very high temperature over 430 °C needs for completing the hydrogen
desorption from Li,NH (lithium imide) to Li;N'®. However, the second step reaction
has much lower AH ~ 45 kJ/mol H, and still a large amount of hydrogen capacity (6.5
mass%). Therefore, the second reaction can be suitable for on-board uses. In fact,
Ichikawa et al’! have examined the hydrogen storage properties of the ball-milled
mixture of lithium hydride (LiH) and lithium amide (LiNH,) with a small amount of
titanium chloride (TiCls) as a catalyst, and the results obtained showed that a large
amount of hydrogen (5.5-6.0 mass%) is reversibly desorbed/absorbed at 150~250 °C
according to the following reaction:

LiNH; + LiH < Li,NH + H, (2).
Furthermore, they have experimentally demonstrated that the hydrogen desorption
reaction (2) proceeds by the following two elementary reactions mediated by ammonia
(NH;3)™,

2LiNH; — Li;NH + NH3 (3) and

LiH + NH3; — LiNH; + Ha. 4)
Here, it is to be noted that the existence of the above two reactions has already been
described in the previous reports. !

The above reaction (4) suggests that it is possible to synthesize LiNH, by



ball-milling LiH under a gaseous NH; atmosphere at room temperature.”’ Indeed, since
the reaction (4) is an exothermic® and ultra-fast™® reaction, the LiNH, product can be
easily synthesized by the above reactive ball-milling method. Furthermore, other alkali
or alkaline earth metal amides M(NH;)y (such as NaNH,, Mg(NH,), and Ca(NH,),)
were also synthesized by ball-milling their hydrides MHx (such as NaH, MgH, and
CaH;) under the NH; atmosphere. Their decomposition properties were investigated in
detail.""'* Those properties were useful for designing new metal-N-H systems for the
hydrogen storage, because LiNH, or LiH in reaction (2) can be replaced with other
metal hydrides or amides, respectively. Actually, Leng ef al. have reported the
ball-milled mixture of magnesium amide (Mg(NH,),) and LiH with the 3:8 molar ratio
as a novel H-storage system. In this composite system, a large amount of H, (> 6
mass%) was reversibly absorbed/desorbed at 150~200 °C!"],

In addition, Xiong et al.l'¥ have reported that the mixture of LiNH, and calcium
hydride (CaH,) with the 2:1 molar ratio desorbs hydrogen from 70 °C and takes a
hydrogen desorption peak at 206 °C at the heating rate of 2 °C/min in the temperature
-programmed desorption (TPD) profile. Furthermore, Hino ef al.'* have examined the
thermal desorption mass spectra (TDMS) of the calcium amide (Ca(NH3),) in details
and clarified that Ca(NH;), decomposes into the calcium imide (CaNH) and emits NHj
at lower temperatures than any of LiNH, and Mg(NH;), decompositions.

In this paper, we examined the hydrogen storage properties of Li-Ca-N-H systems



by analogy with the Li-N-H and Li-Mg-N-H systems. For that, two kinds of the
ball-milled mixtures of Ca(NH;), and 2LiH (Ca(NH;),-2LiH), and CaH, and 2LiNH;
(CaH,-2LiNH;) were prepared and examined the hydrogen desorption and absorption

characteristics.

2. Experimental details

The starting materials, LiH (95 mass% purity), CaH; (99.99 mass% purity) and
LiNH, (95 mass% purity) were purchased from Sigma-Aldrich Co. In this work,
Ca(NH;), was mechanochemically synthesized by ball-milling CaH, in a pure NH;
atmosphere of 0.6 MPa.'”? The mechanical milling was performed for 10 hrs at room
temperature by using a planetary ball-mill apparatus (Fritsch P5) at 250 rpm. Each
mixture of Ca(NH;),-2LiH and CaH,-2LiNH, without any catalyst was mechanically
ball-milled under 1 MPa argon (Ar) atmosphere using the planetary ball-mill apparatus
at 250 rpm for 2 hrs.

The gas-desorption properties were examined by a thermal desorption mass
spectroscopy (TDMS, PFEIFFER, QME200) combined with thermogravimetry (TG)
and differential thermal analysis (DTA, Seiko NanoTechnology Inc., TG/DTA6300) at a
heating rate of 5 °C/min up to 400 °C under a highly pure helium (purity > 99.9999 %)
flow. The reversibility of the composites was tested by repeating dehydrogenation at

200 °C under vacuum for 8 h and rehydrogenation at 180 °C under 3 MPa H; for 8 h.



The identification of phases in the samples was carried out by X-ray powder
diffraction (XRD) with Cu-Ka radiation (Rigaku, RINT2500). Infrared absorption
spectra (IR) were collected by Fourier transform infrared spectrometer (PerkinElmer,
Inc., Spectrum One) with the diffuse reflectance accessory (PIKE Technologies Inc.,
DiffuselR). The sample was diluted to 10 mass% in KBr (99+%, Sigma-Aldrich Co.).

In this work, all the experimental processes from the sample preparation to the
examinations of hydrogen storage properties were performed in a glovebox filled with a

purified Ar gas without exposing the sample to air at all.

3. Results and Discussion

As described in the Introduction, we found that the hydrogen desorption reaction
between LiNH, and LiH was controlled by the two-step elementary reactions mediated
by NH;. Similarly, it can be expected that the reaction between Ca(NH;), and LiH, or
CaH; and LiNH; proceeds by a molecule-solid reaction mediated NH; as well.

Then, both the mixtures of Ca(NH;), + 2LiH, and CaH, + 2LiNH, were mechanically
ball-milled under an Ar atmosphere of 1 MPa for 2 hrs and their hydrogen desorption
properties were examined. In Figure 1, the TDMS and TG profiles for both the
composites are shown. As reference, the profiles for the ball-milled mixture of LiH and
LiNH; with a TiCl; catalyst are also given in Fig. 1. The results indicate that both the

Ca(NH,),-2LiH and CaH,-2LiNH, composites desorb ~4.5 mass% hydrogen from



~100 °C and the peak temperatures of hydrogen desorption are 200, 220 and 230 °C for
the CaH,-2LiNH,, Ca(NH,),-2LiH and LiH-LiNH, composites, respectively. Here, it
should be noted that any NH; emission for all the products could not be detected in the
TDMS profiles within our experimental accuracy. Expectedly, we notice that the
starting temperature of hydrogen desorption for Ca(NH;),-2LiH is much lower than that
for LiH-LiNH; because the decomposition temperature of Ca(NH,), is much lower than
that of LiNH,. Unexpectedly, however, the CaH,-2LiNH, composite showed much
lower peak temperature of hydrogen desorption than Ca(NH,),-2LiH although both the
TG curves around 150 °C exhibited quite similar behavior. Nevertheless, it can be
concluded that the H, desorption temperature of the Li-Ca-N-H systems is lower than
that of the catalyzed Li-N-H system.

Figure 2 shows the powder XRD profiles for the ball-milled composites of
Ca(NH;),-2LiH, and CaH,-2LiNH, before and after performing the TDMS and TG
measurements up to 400 °C. In the XRD profiles for the as-milled composites of
Ca(NH,),-2LiH, and CaH,-2LiNH,, the phases of original materials are somehow
recognized to exist. However, they were transformed into the similar unknown phase,
which might be of Li;Ca(NH), composition, after heating up to 400 °C irrespective of
the starting materials as is shown in Fig. 2(II-a) and (II-b). This phase is analogous to
the unknown phase observed by Xiong et all'¥ for the Li-Ca-N-H system. This

indicates that the hydrogen desorption reactions of Ca(NH,),-2LiH, and CaH,-2LiNH,



are respectively expressed as follows;
Ca(NH,), + 2LiH — “unknown imide phase” + 2H, (5)
CaH; + 2LiNH; — “unknown imide phase” + 2H, (6)

Next, we examined the reversibility of hydrogenation reaction for both the
CaH,-2LiNH, and Ca(NH;,);-2LiH composites. The dehydrogenation and
rehydrogenation were performed at 200 °C under vacuum for 8 h and at 180 °C for 8 h
under 3 MPa H,, respectively. Figures 3(I-a) and (I-b) respectively show the XRD
profiles after performing the dehydrogenation for both the CaH,-2LiNH, and
Ca(NH;),;-2LiH composites. We notice that each composite is partially transformed into
the mixed phases of both imides Li,NH and CaNH, which is in contrast with the XRD
profiles after performing the TDMS and TG examinations up to 400 °C, where the
unknown imide phase is developed. The composite of CaH,-2LiNH; rather than
Ca(NH;),-2LiH shows that the structural characteristics after the dehydrogenation of the
CaH,-2LiNH; composite at 200 °C under vacuum are closer to those obtained at 400 °C
compared to the case for the Ca(NH;),-2LiH composite, indicating that CaH,-2LiNH,
reveals much faster dehydrogenating reaction than Ca(NH;),-2LiH. This may be due to
that the CaH,-2LiNH, composite has brought much better nano-scale contact between
the amide and hydride phases rather than the Ca(NH;),-2LiH composite by ball-milling.
From the above results, the hydrogen desorption reactions from both the ball-milled

composites of Ca(NH;),-2LiH and CaH,-2LiNH; are respectively expressed as follows:



Ca(NH;), + 2LiH — CaNH + Li,NH + 2H,
— “unknown imide phase” + 2H, (7)
CaH, + 2LiNH, — CaNH + Li,NH + 2H,
—“unknown imide phase” + 2H, (8)
where the mixture of Li-imide and Ca-imide phases can be gradually transformed into
the unknown imide phase with increase in the temperature up to 400 °C. The
theoretically expected weight loss due to hydrogen release was deduced to be 4.5
mass%, which is in good agreement with the experimental weight loss value due to the
TG measurement in Fig. 1.
After the dehydrogenation of both the CaH,-2LiNH, and Ca(NH,),-2LiH composite
at 200 °C, the rehydrogenation of the samples was performed at 180 °C under the 3
MPa H, atmosphere for 8 h, and their XRD profiles are shown in Fig. 3(II). In both the
profiles, the LiH phase can be assigned to exist though the intensities are quite weak.
However, it is difficult to claim that the Ca(NH;), phase exists in the profiles since
Ca(NH;), shows quite similar diffraction patterns to CaNH. Then, the experiment for
further phase identification was performed by the IR spectroscopy. As shown in Figure
4, the IR absorption peaks corresponding to Ca(NH,), are detected in the both
rehydrogenated samples. Therefore, we conclude that both the composites are
transformed into the same mixture of Ca(NH,), and 2LiH after rehydrogenation.

Consequently, the reversible reaction in the Li-Ca-N-H systems can be expressed as



follows;

CaH, + 2LiNH; — CaNH + Li;NH + 2H; <> Ca(NH,), + 2LiH 9)
Both the composites rehydrogenated under 3 MPa H, atmosphere at 180 °C for 8 h only
desorbed ~2.5 mass%, indicating that the composites are not fully rehydrogenated under
the above experimental condition. Taking into account smaller 4H speculated from

I much higher pressure and lower

relatively low hydrogen desorbing temperature!'’
temperature may be required for complete rehydrogenation.

Finally, we discuss the mechanism of hydrogen absorption reaction for the
Li-Ca-N-H system by analogy with the Li-Mg-N-H system. With respect to reaction (9),
similar results were obtained with the Li-Mg-N-H system. Luo and Sickafoose ['°
prepared the ball-milled composite of 2LiNH, and MgH, as starting material and
revealed that the mixture converted to the composite of Mg(NH,), and 2LiH after
repeating a dehydrogenation and rehydrogenation cycle. After fully dehydrogenation at
220 °C, it has been found that the composite is transformed into the new Li,MgN,H,
phase. Therefore, they claimed that the following reaction equations are realized in
sorption process:

MgH; + 2LiNH; — Li,MgN,H; + 2H, <> Mg(NH;), + 2LiH. (10)
On the basis of appearance of the single ternary imide, the hydrogen absorption reaction

could be understood by a single solid-phase reaction as one of the disproportional

reactions, while Leng et al. reported that the composite phase of 4Li,NH and Mg;N,
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was transformed into the mixed phase of 8LiH + 3Mg(NH,), by hydrogen uptake,
which was explained by the NH; mediated reaction model.'”! Based on this reaction
model, we can smoothly deduce the rehydrogenating reaction of the reaction (9) as
follows: (i) At the first step, 2Li,NH is hydrogenated into 2LiH and 2LiNH,. (ii)
Secondly, 2LiNH, decomposes to Li,NH and NHs. (the net result of steps i and ii is:
Li,NH + 2H, — 2LiH + NHs.) (iii) Then, CaNH reacts with the generated NH; and is
transformed into Ca(NH,),. (iv) Finally, all of the Li,NH and CaNH absorb H; and are
transformed into Ca(NH;), and LiH. Thus, we notice that the nitrogen atom in the
Li,NH phase transfers to the Ca(NH,), phase through the NH; mediated reaction and
the LiH phase is formed. Actually, we were not able to obtain the Ca(NH,), phase only
by the same hydrogenating treatment for the CaNH phase!'?! and the detected reaction
enthalpy change corresponding to the dehydrogenation from Ca(NH,), + CaH, to

2CaNH +2H, was quite small value!'?

. Further detailed investigation on the
hydrogenation reaction in the Li-Ca-N-H system is necessary to understand the

mechanism of the hydrogen storage reactions in the amide-imide systems.
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4. Summary
The H-storage properties for both the ball-milled composites of Ca(NH,), and 2LiH,

and 2LiNH, and CaH, were examined. The results obtained are summarized as follows:

(1) Both the dehydrogenated states were confirmed to form the mixture of Li,NH and
CaNH phases after dehydrogenation at 200 °C under vacuum for 8 h, which were
transformed into an “unknown imide phase” after heating up to 400 °C.

(2) The TDMS profiles indicated that the peak temperatures due to hydrogen desorption
are 200 and 220 °C for the CaH,-2LiNH, and Ca(NH;),-2LiH composites,
respectively, though the starting temperatures due to hydrogen desorption are almost
the same for both the composites.

(3) After rehydrogenation, both the composites were transformed into the mixture of
Ca(NH;); and 2LiH.

Therefore, we conclude that the reversible hydrogen storage reaction in the Li-Ca-N-H

system can be expressed as follows:

CaH, + 2LiNH; — CaNH + Li;,NH + 2H, <> Ca(NH;), + 2LiH
According to this reaction equation, we can theoretically expect a hydrogen capacity of

4.5 mass % for the hydrogen storage.
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Fig. 1. Thermal desorption mass spectra (TDMS, top) for mass 2 and thermogravimetry
(TG, bottom) profiles for the ball-milled composites of CaH, + 2LiNH, (solid line),
Ca(NH;), + 2LiH (dashed line) and LiH + LiNH, (dotted line) in the heating process up

to 400 °C under a He gas flow atmosphere at a heating rate of 5 °C/min.
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Fig. 2. Powder X-ray diffraction profiles for the ball-milled composites of (a) Ca(NH>),
+ 2LiH and (b) CaH, + 2LiNH; (I: as milled, II: after heating up to 400 °C for the
TDMS and TG measurements). The peak positions of the typical reflections in the
ICDD powder diffraction files are included for comparison. The peaks for the unknown
phase are marked by open circles. The upturn of the background at low angle is due to

glue used to fix the powder on the sample holder.

17



(I) dehydro- 200°C (1) rehydro- 180°C

o (b) 2LiNH +CaH,

(b) 2LiNH,+CaH,

=
c
S 00 O 9o 0
o (a) Ca(NH,),+2LiH
S (@ Ca(NH)+2LiH| ,
— Ca(NH2)2 <T6-0476>
> 1 .1 .1 L1 | | [ . .
0 I LioNH <75-0050> I LIH <00- O340>
C " | - N P
Q CazNH </71-0035>] LiNH, <71-1616>
E ] | R [ PR N EETETEPE ETPEPET S AT I TP
- I CaNH <74°13055 | I CaHy <73-1391>
N . " Y R TR T P I RPT ST PR P T
I (.]a(NHz)z 26 O47b> | | CaNH <74-1305>
il Al ll (| 1 i |
' I ' I

! ) T ' T
20 40 60 80 20 40 60 80
20 (degree)

Figure 3. Powder X-ray diffraction profiles for the composites of (a) Ca(NH,), + 2LiH
and (b) CaH, + 2LiNH; produced by ball-milling (I: after dehydrogenation at 200 °C in
vacuum for 8 h, II: after rehydrogenation at 180 °C under 3 MPa H, atmosphere). The
peak positions of the typical reflections in the ICDD powder diffraction files are
included for comparison. The peaks for the unknown phase are marked by open circles.
The upturn of the background at low angle is due to glue used to fix the powder on the

sample holder.
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Fig. 4. Infrared (IR) spectra for the composites of 2LiNH,-CaH; (upper 3 solid lines)
and Ca(NH;),-2LiH (lower 3 solid lines) for as milled, after dehydrogenation, and after
rehydrogenation of . Dashed lines indicate IR spectra of the reference materials (LiNH;:

top, CaNH and Ca(NH,),: bottom).
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