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bstract

We synthesized BNnanoCHx by ball-milling hBN under methane atmosphere. This BNnanoCHx product itself desorbed not only hydrogen but also
ydrocarbons in a wide temperature range from 300 to 900 ◦C. Moreover, Fourier transform infrared (FT-IR) spectroscopy for BNnanoCHx indicated
he existence of the C–H bonding in the material. On the analogy of the CnanoHx–LiH composite reported before, we prepared the composite of

NnanoCHx and LiH. This composite successfully desorbed hydrogen around 200 ◦C, in which the emission of the hydrocarbon gases was strongly

uppressed. Thermodynamic and structural properties of the composite showed an interaction between the C–H groups and LiH. Thus we found
hat the BNnanoCHx–LiH composite is a new hydrogen storage material.

2007 Elsevier B.V. All rights reserved.
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. Introduction

At present, a lot of scientists are researching on high
erformance hydrogen storage materials to establish suitable
ransportation technologies for a clean and sustainable society.
ecently, hydrogen storage materials composed of light ele-
ents have been paid much attention as an on-board application

ecause it is expected that gravimetrically and volumetrically
igh densities of hydrogen would be realized.

Since Dillon et al. reported on the hydrogen storage prop-
rties of single-walled carbon nano-tube in 1997 [1], various
arbon based materials have been investigated all over the
orld. Among them, we have focused on nano-structural hydro-
enated graphite (CnanoHx) and have investigated the hydrogen
torage properties [2–7]. The CnanoHx product was synthe-
ized from graphite powder by mechanical ball-milling method
nder hydrogen atmosphere for 80 h. The nano-structure and

ydrogenation were induced during ball-milling process simul-
aneously. Therefore, CnanoHx possessed high hydrogen storage
apacity of 7 mass% because hydrogen atoms were chemisorbed
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t the edges of graphene sheet as –CH, –CH2 or –CH3 groups in
ano-size grains produced by mechanical ball-milling. In fact,
hese hydrocarbon groups have been detected by neutron scatter-
ng measurements [8] and IR absorption spectroscopy [9]. From
hermodynamic points of view, this product desorbed hydro-
en as well as some hydrocarbons such as CH4 and C2H6 in
he temperature range from 300 to 900 ◦C. However, the hydro-
en desorption temperatures were recognized to be so high for
ractical use. Furthermore, it is difficult to rehydrogenate this
roduct under a moderate pressure and temperature condition
or using as an on-board application, because a graphitization of
he sample proceeded after the dehydrogenation with increase
n the temperature above 700 ◦C [5].

In a recent study, the CnanoHx material was mixed with each
lkali (-earth) metal hydride by ball-milling, yielding compos-
te materials (metal–C–H materials) [10–13]. The metal–C–H

aterial composed of CnanoHx and LiH released hydrogen
round 350 ◦C within few hours. Additionally, the hydrocar-
on desorption from the CnanoHx–LiH composite was strongly
uppressed compared with that from the CnanoHx material

tself [11]. It was considered that the polarized groups such
s –CH, –CH2 or –CH3 at the edges of graphene in the
nanoHx and the ionic crystal of LiH are destabilized by inter-
cting with each other, leading to release of hydrogen gas
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tion are located around 750 and 650 ◦C, respectively. As shown
in the TG profiles, weight loss of BNnanoCHx was increased from
5.0 to 9.5 mass% with increase in the milling time from 8 to 80 h.
These results indicate that the number of hydrocarbon groups at
0 H. Miyaoka et al. / Journal of Alloys

t lower temperature compared with that of each component
14].

It is well known that boron nitride (BN) forms various struc-
ures such as layered structure and nano-tube according to
ifferent synthesizing methods, considering that BN materials
ould be similar to carbon materials. So far, hydrogen stor-

ge properties of BN nano-tube [15–17] and hexagonal (hBN)
18–20] have been investigated as well as the carbon mate-
ials. As reported by Wang et al., it was clarified that hBN
ould absorb about 2 mass% H2 as a stable hydrogenated state
nd formed nano-structure by mechanical ball-milling under
ydrogen atmosphere. Accordingly, hydrogen atoms would be
bsorbed in the nano-structural hBN (BNnano) as a chemisorbed
tate at the edges of layered structure composed of boron
B)–nitrogen (N) hexatomic ring.

On the basis of above background, we have synthesized a
ew hydrogen storage material composed of hBN based mate-
ial and LiH. It is expected that a chemical adsorption of the
olarized hydrocarbon groups are induced at the edges of the lay-
red structure in hBN by mechanical ball-milling under methane
CH4) atmosphere, where the hydrocarbonized hBN product is
amed as BNnanoCHx. The nano-composite of BNnanoCHx and
iH synthesized by mixing both components is expected to des-
rb hydrogen gas at much lower temperature than that of each
aterial by an interaction between the polarized groups and the

onic structure as well as the hydrogen desorption reaction of
he metal–C–H materials.

In this paper, BNnanoCHx and the BNnanoCHx–LiH compos-
te are characterized from thermodynamic, structural and optical
oints of view. Based on the results of thermal gas desorp-
ion analysis and structural examination of these materials, the
ydrogen desorption behavior of this composite is discussed to
nderstand why hydrogen is desorbed at lower temperature than
he decomposition temperatures of each component.

. Experimental

BNnanoCHx materials were synthesized by ball-milling hexagonal boron
itride (hBN) powder (99%, Aldrich) using a rocking (vibrating) ball-mill appa-
atus (SEIWA GIKEN Co. Ltd., RM-10). Then, 300 mg of hBN powder and
0 ZrO2 balls with 8 mm in diameter were put into a milling vessel with an
nner volume of ∼30 cm3 made of Cr steel (SKD-11) and the hBN powder was

illed under 1 MPa methane (CH4) at room temperature, where the milling
imes were chosen to be 8, 32 and 80 h. As references, BNnanoHx and CnanoHx

aterials were also prepared by using the rocking mill apparatus from hBN and
raphite (99.999%, STREAM CHEMICALS) powder, respectively, where the
all-milling was performed for 80 h under 1 MPa hydrogen (H2) atmosphere.
fter that, the composite of the BNnanoCHx material and LiH were mechanically
illed for 2 h under the 1 MPa H2 atmosphere by using a planetary (rotating) ball-
ill apparatus (Fritsch, P7), in which totally 300 mg of 80 h milled BNnanoCHx

nd LiH mixture and 20 ZrO2 balls put into the Cr steel vessel and the molar
atio of the BNnanoCHx and LiH was chosen to be 1:1.

All the samples were handled in a glovebox (Miwa MFG, MP-P60W) filled
ith purified argon (>99.9999%) to avoid an oxidation and pollution due to water
apor. Thermal gas desorption properties and thermodynamic properties of as-
repared samples were examined by a thermal desorption mass spectroscopy

TDMS) (Anelva, M-QA200TS) connected to thermogravimetry (TG) and dif-
erential thermal analysis (DTA) (Rigaku, TG8120). Especially, this equipment
s installed inside the glovebox to minimize an influence of exposing the sam-
les to air. In the thermal analysis, high purity helium gas (>99.9999%) was
owed as a carrier gas, and the heating rate was fixed at 5 ◦C/min for all the
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amples studied in this work. Structural properties of all samples were exam-
ned by an X-ray diffraction measurement (XRD) (Rigaku, RINT-2100, Cu K�

adiation), where the samples were covered by a polyimide sheet (Kapton®, Du
ont-Toray Co. Ltd.) in the glovebox to avoid an oxidation during the XRD
easurements. The FT-IR measurements were performed by using a diffuse

eflection cell to examine IR active stretching modes in the BNnanoCHx mate-
ials and the BNnanoHx and CnanoHx materials as reference. For IR absorption
pectroscopy, the hBN based samples and CnanoHx were diluted by KBr down to
0 and 1 mass%, respectively. Moreover, the FT-IR equipment is also installed
nside a home-made glovebox filled with purified argon.

. Results and discussion

.1. Characterization of BNnanoCHx

Fig. 1 shows the thermal gas desorption spectra and the TG
rofiles of the BNnanoCHx products synthesized by ball-milling
or 8 h (a), 32 h (b) and 80 h (c). It is considered that mass
umber 2, 16 and 28 in Fig. 1 consist with hydrogen, methane
CH4) and ethane (C2H6), respectively, where each fragment of
bove gases is also observed in the TDMS measurement. All the
NnanoCHx products desorbed hydrogen and hydrocarbons in

he temperature range from 300 to 900 ◦C without NH3 or BH3.
he peak temperatures of hydrogen and hydrocarbons desorp-
ig. 1. Thermal gas desorption spectra of hydrogen (mass 2) and hydrocarbons
mass 16 and 28) from the BNnanoCHx materials and TG profiles corresponding
o weight loss with increase in a temperature up to 900 ◦C (dashed and dotted
ine); (a) 8 h milled, (b) 32 h milled and (c) 80 h milled BNnanoCHx.
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ig. 2. XRD profiles of the BNnanoCHx materials after milling (upper) and after
eating up to 900 ◦C (lower); (a) 8 h milled, (b) 32 h milled and (c) 80 h milled
NnanoCHx.

he edges of the hBN layers is enhanced with increase in the
illing time because these edges would be produced during
echanical milling process. In the DTA measurement, no clear

eaks corresponding to endothermic or exothermic reaction was
ound around the peak temperatures of the gas desorption, indi-
ating that the enthalpy of reaction with releasing hydrogen or
ydrocarbons in the BNnanoCHx product is quite small.

Figs. 2(a)–(c) shows the XRD patterns of the BNnanoCHx

roduct synthesized by 8, 32 and 80 h milling, and as refer-
nces, the profile corresponding to hBN is added. As shown in
ig. 2 (a), some small peaks and diffuse peaks corresponding

o hBN were found around 26◦ and 43◦ in the XRD pattern,
espectively. However, it seems that the layered structure of the
BN has almost been destroyed after only 8 h milling. More-
ver, in the case of the BNnanoCHx milled for more than 32 h, no
eaks were observed in the XRD profiles as shown in Fig. 2(b)
nd (c). These facts indicate that nano-structures in hBN are
nduced by ball-milling. In addition, the crystallization of hBN
as not significantly occurred by the annealing up to 900 ◦C for

ll the BNnanoCHx products as shown in Fig. 2, where it seemed
hat some extra diffraction peaks around 26◦ or 28◦ correspond
o quite small amount of impurities such as hBN or boron
xides.

Fig. 3 shows an FT-IR spectrum of the 80 h milled BNnanoCHx

aterial. As references, the results of the CnanoHx and BNnanoHx

aterials are also shown in Fig. 3. In the spectrum of
NnanoCHx, some peaks were found at ∼3440, 3000–2840 and

2500 cm−1. The peaks located from 3000 to 2840 cm−1 corre-

pond to the C H stretching modes of the polarized –CH2, –CH3
roups because these peak positions are in the same region as
hose in the FT-IR spectrum of CnanoHx [9]. Therefore, it is con-

c
p
g
t

ig. 3. FT-IR absorption spectra of BNnanoCHx and reference materials; (a)
he CnanoHx, (b) the BNnanoHx and (c) the BNnanoCHx material, which are
ynthesized by mechanical milling for 80 h.

rmed that hydrocarbon (CH) groups are located at the edges of
BN layer by using ball-milling method under methane atmo-
phere. The FT-IR spectrum of the BNnanoHx material revealed
wo peaks at ∼3440 and ∼2500 cm−1 without any peaks corre-
ponding to C H stretching mode located 3000∼2840 cm−1. On
he other hand, the peaks corresponding to the N H and B H
tretching modes were observed at 3150–3500 cm−1 [20–22]
nd around 2500 cm−1 [19,23], respectively. In fact, the O H
tretching mode could be appeared as a quite broad peak around
420 cm−1 in Fig. 3(a). However, the peak sharpness between
he O H and the N H modes is quite different. Therefore, from
he comparison between the FT-IR spectra of BNnanoCHx and
NnanoHx, the peaks of BNnanoCHx at ∼3440 and ∼2500 cm−1

ere assigned to N H and B H stretching modes, respectively.
FT-IR results indicate that the BNnanoCHx material pos-

esses three polarized groups corresponding to N H, C H and
H stretching modes. Therefore, it is suggested that hydrogen

toms or hydrocarbon groups dissociated from CH4 during the
echanical milling are chemisorbed as the polarized N H, C H

nd B H groups at the edges of layers in the nano-structured
BN. On the basis of above results, these polarized groups in
NnanoCHx should be destabilized by mixing with LiH just like
ydrogen desorbing reaction of the CnanoHx and LiH composite
10,11].

.2. Hydrogen desorption properties of the Li–BN–C–H
omposite

Fig. 4 shows the gas desorption spectrum and the TG profile of
BNnanoCHx–LiH composite (Li–BN–C–H composite), where

he composite was synthesized from BNnanoCHx and LiH by
all-milling for 2 h and BNnanoCHx was chosen as being milled
or 80 h. As shown in the TDMS spectrum of the Li–BN–C–H

omposite, the hydrogen desorption spectrum revealed some
eaks corresponding to 200, 350 and above 500 ◦C. The hydro-
en desorption intensity at each peak in the figure indicates that
he amount of hydrogen desorption at 200 ◦C is much larger than
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Fig. 4. Thermal gas desorption spectra of hydrogen (mass 2) and a small amount
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Heben, Nature 386 (1997) 377.
f hydrocarbons (mass 16 and 28) from the 80 h milled BNnanoCHx–LiH com-
osite and TG profile corresponding to weight loss (dashed and dotted line) with
ases desorption.

hose of other hydrogen desorption. It is noteworthy that this
esorbing temperature at 200 ◦C is much lower than the decom-
osition temperatures of BNnanoCHx and LiH, which are above
00 and 650 ◦C, respectively. In addition, this hydrogen desorp-
ion from the BNnanoCHx–LiH composite at 200 ◦C proceeds
t much lower temperature than that from the CnanoHx–LiH
omposite at 350 ◦C [10].

It is noticed that a small amount of hydrocarbons was des-
rbed around 200 ◦C as well, in which hydrocarbons desorption
emperature was much lower than that of the BNnanoCHx itself.
urthermore, the amount of hydrocarbons emission from the
NnanoCHx–LiH composite was obviously suppressed com-
ared with hydrocarbons desorption from the BNnanoCHx

aterial itself. Those results indicate that hydrogen atoms
bsorbed as hydrocarbon groups are released instead of hydro-
arbons at 200 ◦C by interacting with LiH, where hydrocarbons
hould be desorbed above 400 ◦C from BNnanoCHx. As shown
n Fig. 4, the weight loss of the BNnanoCHx–LiH composite is
bout 6.0 mass%, where this value includes a contribution from
small amount of hydrocarbon emissions. These results indi-

ate that hydrogen is released from both the components by
hemical interaction between BNnanoCHx and LiH. In the DTA
easurement of this composite, any endo/exothermic reactions

ould not be observed in the measuring temperature range, indi-
ating that the enthalpy changes (�H) of those reactions for the
ano-composite of BNnanoCHx and LiH are expected to be quite
mall.

As shown in upper profile of Fig. 5, it is found that some
eaks corresponding to LiH are confirmed in the XRD pro-
les of the as-milled BNnanoCHx–LiH composite. On the other
and, these peaks are strongly suppressed in the XRD profile
f this composite after heating up to 500 ◦C as shown in lower
ngle in the Fig. 5. It is seemed that small peaks around 32◦
orrespond to boron oxide (B2O3) as quite small amount of

mpurity. These results indicate that nano-structural composite
LiBNC)nano might be formed after hydrogen desorption with
ncreasing temperature up to 500 ◦C, which is similar structural
roperties to that of the Li–C–H material [10].
ig. 5. The XRD profiles of the composite of the 80 h milled BNnanoCHx–LiH
fter synthesizing by milling (upper) and after heating up to 500 ◦C (lower).

From above thermodynamic and structural properties of the
NnanoCHx–LiH composite, it is considered that hydrogen in

he both components are desorbed at lower temperature com-
ared with the hydrogen desorption temperatures of BNnanoCHx

nd LiH by interaction between the polarized groups in the
NnanoCHx material and LiH in the nano-scale.

. Conclusion

We have synthesized BNnanoCHx material and
NnanoCHx–LiH nano-composite (Li–BN–C–H compos-

te) by ball-milling method. The BNnanoCHx material possessed
he polarized N H, C H and B H groups at the edges of
exatomic ring structure in the nano-structural hBN layers
ynthesized during milling process under methane atmo-
phere. The hydrogen desorption temperatures of Li–BN–C–H
omposite were much lower than the hydrogen desorption
emperatures of BNnanoCHx and LiH themselves. Moreover,
he hydrocarbons emission from this composite at 200 ◦C was
ignificantly suppressed compared with that of the BNnanoCHx

aterial. Furthermore, the nano-structural cluster (LiBNC)nano

as generated after hydrogen desorption with increasing up to
00 ◦C.

Thermodynamic and structural properties of Li–BN–C–H
omposite indicated that characteristic interaction existed
etween the polarized group in the BNnanoCHx material and
onic crystal of LiH in the nano-scale. This interaction led to a
estabilization of hydrogenated states in BNnanoCHx and LiH.
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