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Abstract

Mechanochemical reaction of metal nitrides (Li3N, Ca;N,, h-BN, Mg;N,, SizNy, AIN, TiN, VN, ZrN) was performed in a planetary ball
mill. We demonstrated that hydrogen (H,) can be stored by the ball milling of their respective metal nitrides in a H, atmosphere at 1 MPa and
room temperature. The H, content of ball-milled metal nitrides was 0.2-5.0 wt.%. This reaction did not occur at ambient conditions without
a mechanochemical reaction mechanism. Infrared absorption showed that the N-H stretching vibrations of the ball-milled light metal nitrides
occurred at 3100-3500 cm™!. The N-H force constant of the metal imides in the ball-milled metal nitrides decreased with the metal ionic radius
and the electronegativity. These results indicated that the size of the metal ion and the charge transfer from the metal to nitrogen play important

roles for the force constant.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A polymer electrolyte fuel cell (PEFC, PEM fuel cell) is the
prime power source for fuel cell vehicle (FCV). One of the most
widely envisioned sources of fuel for FCV is hydrogen (Hj).
Therefore, it is necessary to have a storage system of Hy and
to have H, delivered on demand. H; can be stored in tanks as
compressed or liquefied Hy or by adsorption on carbon materials
[1,2]. It can also be stored in Hp-absorbing alloys, H»-absorbing
alloys with high dissociation pressure [3,4] or as a chemical
hydride, such as NaBHy [5-7], LiBH4 [8,9], NaAlH4 [10,11] or
MgH; [12-14], as well as in an organic hydride, such as methyl-
cyclohexane or decalin [15]. In recent years, attention has been
given to metal nitrides [16-21]. Chen et al. reported that metal
nitride (Li3zN) absorbed and desorbed hydrogen at high tem-
perature (468-528 K) [16]. It has been reported that the partial
substitution of lithium by magnesium in the nitride/imide sys-
tem (Li-Mg-N-H) destabilizes Li—-N-H system [17-21]. For
useable Hj storage, H, absorption/desorption at ambient tem-
perature is necessary. Recently, it has been shown that chemical
reaction can occur at room temperature during mechanochemi-
cal processing [22].
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In this paper, we demonstrate that hydrogen can be stored by
the process of ball milling metal nitrides in a H, atmosphere at
a pressure of 1 MPa and at room temperature.

2. Experimental
2.1. Materials

Lithium nitride Li3N (Kojundo Chemical Laboratory Co.
Ltd., Japan, molecular weight: 34.82, density: 1.38 gcm™3,
purity: >99%), calcium nitride CazN; (Sigma—Aldrich, molec-
ular weight: 148.25, density: 2.63 g cm™3, purity: >99%) hexag-
onal boron nitride h-BN (Kojundo Chemical Laboratories Co.
Ltd., molecular weight: 24.82, density: 2.25gcm™3, purity:
>99%), magnesium nitride MgzN, (Sigma—Aldrich, molec-
ular weight: 100.95, density: 2.71 gecm™3, purity: >99.5%),
aluminum nitride AIN (Kojundo Chemical Laboratories Co.
Ltd., molecular weight: 41.0, density: 3.26gcm™3, purity:
99.9%), silicon nitride Si3N4 (Kojundo Chemical Laboratories
Co. Ltd., molecular weight: 140.28, density: 3.44 g cm>purity:
>99.9%), titanium nitride TiN (Kojundo Chemical Laborato-
ries Co. Ltd., molecular weight: 61.91, density: 5.43 gcm™3,
purity: 99%), vanadium nitride VN (Sigma—Aldrich, molecular
weight: 64.95, density: 6.13 gecm™3, purity: 99%), and zirco-
nium nitride ZrN (Sigma—Aldrich, molecular weight: 105.23,
density: 7.09 gcm™3) were used in this experiment. Lithium
amide LiNH, (Sigma-Aldrich, molecular weight: 22.96,
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density 1.17 gcm™3) and borane—ammonia complex NH3BH3
(Sigma—Aldrich, molecular weight 30.87, purity 90%) were
used as reference specimens. High purity Hy gas (>99.99999%)
was used as the reaction atmosphere. Mechanochemical reaction
was performed in a planetary ball mill (Fritsch P-5). The mill
container (Cr—Mo steel pot with an internal volume of 300 mL)
was loaded with 5 g of metal nitride and 40 pieces of steel ball
with a diameter of 9.5 mm (ball-to-powder mass ratio of 28:1).
The metal nitrides were milled at 400 rpm of rotational speed and
200 rpm of revolutional speed for 20h in a H, gas atmosphere
at a pressure of 1 MPa and room temperature (296 K).

2.2. Characterization

ThermoNicolet AVATAR 360 E.S.P. FT-IR spectrometer with
ATR system was used for IR studies in an inert atmosphere of
Nj. X-ray diffraction intensity curves in an inert atmosphere
(Ar) were recorded with Cu Ka radiation (50kV, 300 mA) fil-
tered by monochrometer using Rigaku Rint-TTR. The apertures
of the first, second and third slits were 0.5, 0.5 and 0.15 mm,
respectively. With the Horiba EMGA-621 Hydrogen Analyzer,
H; contained in a specimen was extracted by heating at 2273 K
in an inert gas (Ar). The decomposed H, was released from the
specimen and was monitored by a thermal conductivity detector.

Hydrogen absorption properties of the metal nitrides
were measured with a commercial pressure—composition—
temperature (PCT) automatic measuring system provided by
Suzuki Shokan Co. Ltd., Japan (Sievert’s type apparatus).

3. Results and discussion

The products after ball milling of LizN and CazN; were light
brown, which are different from the dark brown starting mate-
rials [23]. Fig. 1 shows the H, contents for various ball-milled
metal nitrides. We found that H, can be stored by the ball milling
of their respective metal nitrides in a Hy atmosphere at 1 MPa
and room temperature. The values differ significantly between
the different specimens. It is shown that the ball-milled light
metal nitrides such as LizN and CaszN, have the H, contents
above 3 wt.% while the small amounts of H, are stored after
the transition metal nitrides have been milled under H; pressure

H, content/wt%

0

Li;N CaN, h-BN MgN, AIN SiN, TiN VN 2ZmN

Fig. 1. H, content of different ball-milled metal nitrides.

(0.2-0.5 wt.%). The H; absorption properties at 9 MPa and room
temperature for 20 h were evaluated by the Sievert’s apparatus.
The H» content was also monitored by a hydrogen analyzer. The
measurements confirmed that the metal nitrides did not absorb
H; without a mechanical milling.

The H, absorption during milling suggests that the hydro-
genation process is a two-step process as follows. Hj is absorbed
on new particle surfaces created by pulverization during ini-
tial milling. The absorbed H; reacts with metal nitrides such as
LizN and Ca3Nj; to form metal imides, metal amides and metal
hydrides under further high-energy ball impacts as shown fol-
lowing sections. Local temperature rise, induced by ball impacts,
may also contribute to the hydrogenation reaction.

3.1. Ball-milled Li3N [23]

The total H, content in ball-milled LizN determined by a
hydrogen analyzer was 5.0 wt.% after milling for 20 h. Fig. 2
presents the XRD profiles of the ball-milled Li3N, Li3 N together
with the data of LipNH, LiNH,, LiH, Li,O and LiOH. The
diffraction peaks of the ball-milled Li3N at 26 of 38.3°, 44.5°
and 64.8° are raised from (1 1 1), (200) and (2 2 0) planes of LiH
in which its unit cell is cubic in shape [24]. The XRD profiles
also show that the ball-milled Li3N includes unreacted LizN.
The unit cell of LioNH is cubic in shape [24] and the unit cell of
LiNHj; is tetragonal in shape [24]. As the XRD curve of LiNH»
phase is quite similar to that of Li;NH phase, it is difficult to
characterize the hydrogenating reaction during ball milling only
from the XRD curves. The strongest peak of the ball-milled Liz N
in the XRD curve is at about 33° and which comes from either
Li;O or LiOH. The O-H stretching vibration associated with
LiOH however, was not observed in the IR spectrum. This con-
tamination might originate from small leaks in the pulverizing
system.

The structure of ball-milled Li3 N was investigated by infrared
spectroscopy. Fig. 3 shows the infrared absorption spectra of
ball-milled Li3N, LisN, LiNH, and Li,NH. Here, LioNH was
synthesized by decomposing LiNH; at 673 K under vacuum
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Fig. 2. XRD patterns of ball-milled Li3N in H, and Li3N together with the data
of LiH (JCPDS file No. 09-0189), Li,NH (JCPDS file No. 06-0417), LiNH,
(JCPDS file No. 06-0418), Li,O (JCPDS file No. 12-0254) and LiOH (JCPDS
file No. 32-0564). The background broad diffraction in the XRD profiles is due
to a polymer film used for shielding from air and H,O.
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Fig. 3. Infrared absorption spectra of ball-milled LizN in H, and Li3N together with the data of Li,NH and LiNH,.

(0.1Pa) for 1h [25]. The N-H symmetric and asymmetric
stretching vibrations of LiNH> occur at 3260 and 3315 cm™L,
respectively [26]. The bands at 1540 and 1560 cm™! indicate the
N-H deformation vibrations of the amide ion [26]. Li;,NH gives
rise to characteristic N-H stretching vibration at 3180cm™!
[27,28] and small absorption at 3250 cm~!. We notice that the
ball-milled Li3N contains LioNH and LiNH; due to the presence
of these characteristic IR bands at 3180, 3260, 3320, 1540 and
1560 cm™!. Those bands are broad and they can be explained
by the small size of the crystallites and/or disorder of the crys-
tallites. Thus, the Infrared absorption spectra and the X-ray
diffraction (XRD) intensity curves showed that the ball-milled
Li3zN is a mixture which includes Li3N, Li;NH and LiNH; and
LiH. Then the hydrogen storage in LizN takes the following
two-step reaction path [16]:

LisN + 2H, < LipNH + LiH + Hj (1)
Li,NH + LiH + H; <> LiNH; + 2LiH 2)

H, of 10.4 wt.% [2H;,/Li3N +2H;] can be stored in this reac-
tion. The H; content of the ball-milled Li3N determined using
the hydrogen analyzer was 5.0 wt.% and half of the theoretical
value. The calculated standard enthalpy change (heat of forma-
tion) for Eq. (1) was —116kJmol~! Hj [16]. Thermodynamic
analysis was performed over the LioNH system [Eq. (2)]. Using
the van’t Hoff plots, the heat of formation of the H, absorption
and desorption was about —66 kJ mol~! H, [16,28]. These neg-
ative values indicate that LisN and (Li,NH + LiH) can easily
absorb hydrogen at room temperature. We speculate that insuf-
ficient H, was supplied in Li3sN powder, thus unreacted Li3N
remained due to the decrease in the H, content during the ball
milling.

3.2. Ball-milled CasN; [23]

The Hp content of ball-milled Ca3N; examined using a
hydrogen analyzer was 3.2wt.%. The structure of the ball-

milled CazN, was characterized by X-ray diffraction method
and infrared spectroscopy. The XRD patterns of ball-milled
Ca3N; and as received Ca3 Ny, together with the data of CapNH,
CaNH, CaH;, Ca(NH;), are shown in Fig. 4. Fig. 4 indicates
that the ball-milled Ca3N; in H, does not contain unreacted
CazN;. We notice that the diffraction peaks of the ball-milled
CazN, at 26 of 27.9°, 30.1°, 31.8°, 41.5° and 60.0° are raised
from (011), (200), (111), (211), (202) planes of CaH», in
which the unit cell of CaH; is orthorhombic in shape [24]. The
ball-milled CazN, also includes CapNH or CaNH because the
unit cells of CaNH and CaNH are cubic in shape [24] and their
XRD curves are similar to each other.

The crystal structures of CaNH and Ca;NH are given in Fig. 5
with respect to generating of a possible N-H bond. The crystal
structure of CaNH generated from XRD indicates the presence of
N-H bond, but the crystal structure of CaNH generated by XRD
shows that CayNH does not have that bond. Fig. 6 shows the
infrared absorption spectra of ball-milled CazN, and CazN,. The
ball-milled CazN, now contains a stretch at 3130 cm™! which
is due to the presence of CaNH. Thus the reaction of CazN; and
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Fig. 4. XRD patterns of ball-milled CazN; in Hy and CazN; together with the
data of CaH, (JCPDS file No. 03-065-2384), Ca,NH (JCPDS file No. 26-0308),
CaNH (JCPDS file No. 01-075-0430) and Ca(NH;), (JCPDS file No. 16-0476).



84 Y. Kojima et al. / Journal of Power Sources 159 (2006) 81-87

2a=1.00nm

CaNH(cubic)

1.01nm

a=

CayNH(cubic)

Fig. 5. Crystal structures of CaNH and Ca,NH.
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Fig. 6. Infrared absorption spectra of ball-milled Ca3N, in Hp and CazN, .

H; by the mechanochemical reaction can be expressed by Egs.
(3) and (4):

CasNjp +4H), < 2CaNH + CaH, +2H,
2CaNH + CaH, + 2H; <> Ca(NH»); 4+ 2CaH;

(€)
“

The theoretical H, content obtained by Egs. (3) and (4) is
5.2wt.% [4H/(CaszNj, +4H5)]. The Hy content of ball-milled
CazN; examined using a hydrogen analyzer was 3.2 wt.% and
this value is a little large compared with the theoretical value of
2.7wt.% by Eq. (3) [2H2/(Ca3N; + 4H>)]. The difference is due
to the fact that the ball-milled Ca3zN, includes a small amount
of Ca(NH»),.

According to the first-principle calculations [29], it is
reported that the calculated values of the heat of formation
of Egs. (3) and (4) are —115 and —57 kI mol~! Ha, respec-
tively. The large negative heat of formation indicates that CaH»,
CaNH and Ca(NH3), are stable with respect to CazN», while
the reaction [Eq. (4)] does not proceed easily. We assumed that
the activation energy for the reaction is larger than the Li-N-H
system [Eq. (2)].

3.3. Ball-milled Mg3N;
Fig. 7 shows the XRD patterns of ball-milled Mg3N> and

Mg3zN». The unit cell of MgzN» is cubic in shape [24] and the
crystal structure of MgzN> maintained after ball milling. The

Ball-milled Mg;N,
5
8
2
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=
g Mg;N,
| 1 | |
15 25 35 45 55 65

260 /degree

Fig. 7. XRD patterns of ball-milled Mg3zN, and Mg3zN».

ball-milled Mg3zN> displays a broader diffraction peak. Judging
from Fig. 7, the ball-milled Mgz N, serves the formation of the
small size of the crystallites and/or disorder of the crystallites
compared with Mgz N».

It has been reported that MgNH gives rise to a character-
istic band around 3226 cm~! [30]. The N-H stretching mode
of MgNH shifts to lower energy compared to Mg(NH>), (3277,
3329 cm™! ) [30]. The broad IR band of the ball-milled Mgz N5 is
observed at 3160 cm™! as shown in Fig. 8 and is approximately
in agreement with that of MgNH. Using an analogy similar to
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Fig. 8. Infrared absorption spectra of ball-milled Mg3;N, and MgzN,.
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Fig. 9. XRD patterns of ball-milled h-BN and h-BN.

Egs. (3) and (4), the hydriding reaction of Mg3Nj is as follows
[31]:

Mg3zN;y +4H; <+ 2MgNH + MgH; + 2H; )

(6)

The experimental Hp content of the ball-milled Mg3N, is
0.5wt.%. The theoretical value is 7.4 wt.% [4H>/(Mg3N, +
4H3)]. Thus only 7% H; content was obtained. Values for the
heat of formation in Egs. (5) and (6) by the first principles cal-
culation were —2 and —43 kJ mol~! Hp, respectively [29]. The
small absolute values correspond to high dissociation pressure.
The high dissociation pressure and the high activation energy
may prevent the hydriding reaction.

2MgNH + MgH, + 2H, <> Mg(NH,), + 2MgH,

3.4. Ball-milled h-BN

The XRD patterns of ball-milled h-BN and h-BN are shown in
Fig. 9. As h-BN is mechanically milled, it shows diffuse diffrac-
tion peaks at 26 of 26.7° and 42.6°, corresponding to the (00 2)
and (100) planes for h-BN. The (002) peak of h-BN based
on the interlayer spacing weakens by milling. This indicates

85

changed by mechanical milling. The H; content in ball-milled
h-BN is 1.9 wt.%, being comparable to the value reported by
Wang et al. [32] and is only 10% of the corresponding theoreti-
cal value of NH3BH3 (19.6 wt.%). The infrared spectrum of the
ball-milled h-BN is shown in Fig. 10. Characteristic N-H and
B-H stretching vibrations of the spectrum appear at 3440 and
2520 cm™~!. The N-H and B—H stretching modes shift to higher
energy compared with borane-ammonia complex (NH3zBH3,
N-H:3302cm™!, B-H: 2313 cm™!). Another distinct difference
of ball-milled BN and NH3;BH3 was observed in the B-N stretch
with a strong peak at 1326 cm™! for the ball-milled h-BN and
a slight peak at 1374 cm™~! for NH3BH3 [33]. The B-N absorp-
tion of ball-milled B-N resembles that of BN (1279 cm™ ). In
addition, out of plane B-N—B absorption at 784, 757 cm~! of
ball-milled h-BN and h-BN indicates the presence of B3N3 ring
structure [33]. To interpret the hydride reaction, it is convenient
to describe the N-H and B—H stretching vibrations in terms of
addition reaction of Hj at the edge of the h-BN produced by
mechanical milling in a H, atmosphere as indicated in Fig. 10.

Ball-milled AIN, Si3Ny and transition metal nitrides also
showed broad diffraction peaks. These broad peaks also estab-
lish the small size of the crystallites and/or disorder of the
crystallites.

3.5. Infrared absorption spectra of light metal nitrides

The IR bands of ball-milled AIN, and Si3Ny also appeared
at 3210 and 3330 cm™', respectively (Fig. 11). The bands are
assigned to the N-H stretching vibrations [34]. Thus we found
that the infrared spectra of the ball-milled light metal nitrides
show N-H stretching vibrations around 3100-3500 cm™".

The simple N—H stretching vibrations of the metal imides in
ball-milled metal nitrides can be approximated by considering
the atoms as point masses linked by a spring having a force con-
stant k and Hooke’s Law. Using this simple approximation, the
stretching frequency of the molecule vibration (wave number)
of two atoms system would give the result:

that the form of the interlayer structure of h-BN is drastically v = k'/?/Qro)[1/mx + 1/mu]'/? (7)
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Fig. 10. Infrared absorption spectra of ball-milled BN, BN and NH3BH3.
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Fig. 11. Infrared absorption spectra of ball-milled AIN, AIN, ball-milled Si3N4
and Sig N4.

where vis wave number(cm 1), ¢ speed of light (cm s™ 1Y, k force
constant (dyne cm™ 1), my mass for nitrogen atom (g atom™!)
and my is mass for hydrogen atom (gatom™!). Note that this
formula holds for a harmonic oscillator.The force constant & is
expressed as

k = V@A) mmu/(mu + myn)] x 1073 [Nm™1 (8)

where ¢, my and my are 3 x 1019¢cms!, 23.3 x 1072* and
1.66 x 10~%* gatom ™!, respectively. Substituting experimental
values of the wave number in Eq. (8), the force constants were
given. Here, we assumed that metal imides are synthesized by
the mechanochemical reaction of AIN and Si3Ny.

Linde et al. reported that force constants of metal imides
exhibit a linear decrease with the ionic radius [30]. Fig. 12 shows
the plot of the force constant for the ball-milled metal nitrides
against the ionic radius of the metal combined with nitrogen
[30,35]. The force constant decreases with the radius. The force
constant also depends on the electronegativity of the metal [36].
So, It was confirmed that the force constant decreased with the
ionic radius at the same electronegativity (Li: 1.0, Ca: 1.0) [36].
It was reported that the N-H stretching modes in IR spectra of
LiNH; were shifted to higher energy as a result of the coordi-
nation by Li* ion and the repulsion of neighboring anions [26].
A larger sized cation gives a smaller N-H bond force constant
because of the longer bond length between N and H by the

680
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Fig. 12. ITonic radius dependence of force constant for ball-milled metal nitrides.

weakened repulsion from protons of neighboring imide ions. Li
and Mg have similar ionic radius (Li: 0.068 nm, Mg: 0.065 nm),
but the higher electronegativity of Mg than that of Li provides
smaller force constant. This result indicates that the control of
the charge transfer from a cation to N-H leads to a small N-H
bond force constant.

A dramatic reduction in hydrogen desorption temperatures
were observed in the Li-Mg-N-H and Li—-Ca—N-H systems
compared with Li-N-H system [17-20]. Generally, a bond
energy U is proportional to a force constant k [37]:

Uxk &)

Thus, partial cation substitutions such as Mg>* and Ca®*
using larger electronegativity and ionic radius may provide
lower hydrogen desorption temperature in Li-Mg-N-H and
Li—Ca—N-H systems based on their weak N-H bond energy.

4. Conclusions

Hydrogen can be stored by a mechanochemical reaction of
their respective metal nitrides in a Hy atmosphere at room tem-
perature. The Hp content of ball-milled metal nitrides were
0.2-5 wt.%. Infrared absorption showed that the N—H stretching
vibration of the ball-milled light metal nitrides occurred around
3100-3500 cm~!. It was indicated that the size of the metal ion
and the charge transfer from the metal to nitrogen play important
roles for the force constant.
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