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On the synthesis of nano-structural hydrogenated graphite by ball-milling under H, atmosphere, iron
contamination was mingled from steel balls during ball-milling. It is clarified by spectroscopic mea-
surements that the mingled iron formed a non-stoichiometric iron-carbon (Fe-C) compound. The Fe-C
phase was transformed to a well-ordered phase with H, desorption at 450 °C, suggesting that the hydro-
gen atoms were anomalously trapped at the Fe-C phase. With respect to hydrogen absorbing properties,
the mingled iron enhanced the hydrogen capacity by about 50% compared with iron free hydrogenated
graphite, where H/Fe was about 13 mass%. Therefore, if the hydrogen absorption site originated in the
Fe-C phase could be synthesized independently, it should be recognized as a promising hydrogen storage

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In 1999, it was reported that the hydrogenated nano-structural
graphite (C"M°H, ) can store the large amount hydrogen due to the
chemisorptions [1]. So far, the hydrogen absorption and desorption
properties on C""°H, have been investigated by various exper-
imental methods, thermal analysis and structural examination
[2-7], neutron scattering measurements [8,9], infra-red absorp-
tion spectroscopy [10], nuclear magnetic resonance spectroscopy
[11,12], electron energy-loss spectroscopy with transmission elec-
tron microscope [13-15], and electron spin resonance spectroscopy
[16].

CnanoH, was synthesized from graphite by ball-milling using
steel balls under H, atmosphere for 80 h [1]. Regarding the hydro-
gen absorption state, it was reported by Fukunaga et al. [8], Itoh
et al. [9], and Ogita et al. [10] that the hydrogen atoms were
chemisorbed as stable hydrocarbon groups. Thus, the hydrogen
absorption sites are the electronic active graphene edges and
defects induced by the formation of nano-structure during ball-
milling [16], where it is named C-H site in this paper. On the
other hand, Isobe et al. reported that a considerable amount of
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iron was mingled into C"¥"°H, from “steel balls” during the ball-
milling, resulting that the higher hydrogen capacity was obtained
[4]. Therefore, it is expected that the iron in C""°H,, forms the other
hydrogen absorption site.

In this paper, two types of C""°H, were synthesized by ball-
milling using steel balls and ZrO, balls in order to understand the
iron effect for hydrogen absorption and desorption properties. For
the products, various kinds of experimental analyses were per-
formed. From the results, the iron effect on the hydrogen absorption
and desorption properties of C""°H, was discussed.

2. Experimental technique
2.1. Sample preparation

To synthesize C"3"°H,, Graphite powder (99.999%, Stream Chemicals) of 300 mg
were put into a milling vessel made of Cr steel (SKD-11, Umetoku Co. Ltd.), which
is inner volume of 30cm?3, with 20 steel (SUJ-2) balls with 7mm diameter or 20
ZrO, balls with 8 mm diameter. The ball-milling was performed under 1MPa of
H, pressure for 80 h at room temperature by using a planetary (rotating) ball-mill
apparatus (P7, Fritsch). All the samples were handled in a glove-box (MP-P60W,
Miwa MFG) filled with purified Ar gas (>99.9999%) to avoid an oxidation. C""°H,
synthesized by using the “steel” balls and the “ZrO," balls are respectively named
ChanoH, (steel) and C"a"°H, (Zr0O-).

2.2. Experimental procedure

The hydrogen desorption properties of Cha"°H, (steel) and C"¥"°H, (ZrO,) were
examined by a thermal desorption mass spectroscopy (TDMS, M-QA200TS, Anelva).
TDMS equipment is installed inside the glove-box to minimize an influence of the
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Fig. 1. Thermal desorption mass spectra of C""°H, (steel) and C"#"°H, (ZrO;), in
which mass 2, 16, and 28 correspond to Hy, CHa, and CyHg, respectively.

oxidation and the water adsorption on the samples. In TDMS, high-purity helium
(He) gas (>99.9999%) was flowed as a carrier gas, and the heating rate was fixed at
10°C/min. Some kinds of fragments near expected desorption gases, H,, CHy4, and
C,Hg, were monitored in TDMS to assign the desorption gases.

In order to estimate the hydrogen and iron amount in the products, elemental
analysis was carried out by using oxygen-combustion method (2400cc CHN ana-
lyzer, Perkin-Elmer) with a high-purity oxygen gas (>99.9999%). For the elemental
analysis, all the samples of about 2 mg were covered by tin (Sn) foil in the glove-box.
By using this analysis, each amount of C and H in the samples was accurately mea-
sured. Aresidue corresponding to the iron amount can be evaluated by a subtraction
of the C and H amount from the total sample amount because C"3"°H, was mainly
composed of C and H atoms.

The structural change was investigated by an X-ray diffraction (XRD) measure-
ment (RINT-2100: Cu Ka radiation, Rigaku). For the XRD measurements, in order to
avoid an oxidation during the XRD measurements, all the samples were covered by
a polyimide sheet (Kapton®, Du Pont-Toray Co. Ltd.) in the glove-box.

The chemical state of iron in C"3"°H, (steel) was examined by Fe K-edge X-ray
absorption spectroscopy (XAS) at BL19B2 beam-line of SPring-8 synchrotron radia-
tion facility in Japan. The Fe K-edge X-ray absorption near edge structure (XANES)
spectra of the as-synthesized and dehydrogenated C"a"°H, (steel) were obtained in a
transmission mode. As references, metallic iron (Fe®!') (99.85%, 10 wm), iron carbide
(Fe3C) (99.9%, Rare Metallic), iron (II) chloride (FeCl,) (99.998%, Aldrich), and iron
oxy-hydroxide (FeOOH) were also measured. The samples were diluted by lithium
hydroxide (LiOH) powder (98%, Aldrich) and formed as a pellet of 1 cm in diameter.
After that, the samples were protected by the polyimide sheet to avoid the exposing
the samples in air during the measurements.

Méssbauer spectroscopy of >’ Fe was carried out to characterize the iron-related
phases in C"a°H, (steel) before and after H, desorption. °?Co was used as the Mdss-
bauer source. The sample of about 100 mg was formed as pellet of 1 cm in diameter
and covered with the polyimide sheet in the glove-box to protect the samples from
an oxidation during the measurements.

3. Results and discussion

The H, desorption properties of both the C""°H, products were
quite different as shown in Fig. 1. C"a"°H;, (steel) desorbs Hy with
characteristic two-peaks with heating, where each peak temper-
ature was 450 and 700°C, while the H, desorption from C"a"°H,
(ZrO,) revealed a broad-peak in the wide temperature range from
400 to more than 900 °C. The hydrogen amount of C"?1°H, (steel)
was estimated to be H/C=6 mass%, which was much larger than
ChanoH, (Zr0,),4 mass%. The iron amount Fe/Cin C""°Hy (steel)and
ChanoH, (ZrO,) was 15 mass% and less than 1 mass¥%, respectively.
These results suggest that the hydrogen capacity of the ball-milled
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Fig. 2. XRD profiles of (a) C"a"°H, (steel) product after synthesizing, (b) annealing
at 450°C for 8 h, (c) heating up to 900 °C, (d) C""°H, (ZrO,) after synthesizing, and
(e) heating up to 900 °C. The XRD profiles of graphite (PDF #65-6212), Fe;C (PDF
#72-1110), and Fe (PDF #87-0721) are referred from database.

graphite is enhanced due to the iron contamination from milling
balls. Under the above assumption, the hydrogen capacity for iron
can be estimated to be H/Fe =13 mass%, which was obtained from
division of the excess hydrogen H/C =2 mass¥% by the iron amount
Fe/C=15mass%. This hydrogen capacity was relatively larger than
the conventional hydrogen storage materials.

As shown in Fig. 2, the structural change with H, desorption
of C"anoH, (steel) was clearly different from C"¥"°H, (ZrO,). After
ball-milling, diffraction peaks of graphite completely disappeared
for both products, indicating that graphite structure was destroyed
down to nano-meter size. In the XRD pattern of the as-milled
ChanoH, (steel), quite broad peaks were observed, and these peaks
might be ascribed to Fe;C or Fe. After the first H, desorption of
CnanoH, (steel) at 450°C, broad diffraction peaks corresponding to
Fe;C appeared, indicating that a crystallization of Fe3C was simul-

— C""H (steel)

= = 450°C

- 900°C

Normarized Absorption (arb. units)

f . -
77100 7120 7140
Energy (eV)

Fig. 3. Fe K-edge XANES spectra of C"a°H, (steel) after synthesizing (thick solid
line), annealing at 450 °C for 8 h (thick dash line), and heating up to 900 °C (thick dot
line). Thin dash lines represent XANES spectra of reference, Fe®!, Fe3C, FeCl,, and
FeOOH.
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Fig. 4. Mossbauer spectra of (a) the as-synthesized C"3"°H, (steel) after milling and (b) after annealing at 450 °C for 8 h. Dot lines represent the reference spectra obtained
by database for fitting the experimental data, where a-Fe, y-Fe, Fe,C(x < 3), Fe3C, o’-Fe(C), and a-FeC correspond to alpha-phase of iron, gamma-phase of iron, carbon-rich
iron carbide, iron carbide, martensite steel, and amorphous Fe-C compound, respectively. Solid line is obtained as a sum of the fitting spectra. The number inserted on each

fitting spectrum shows abundance ratio in the product.

taneously occurred with the H, desorption. The peaks assigned to
Fe3C were grown and the diffraction peak assigned to (00 2) plane
of graphite appeared after the second H, desorption by the heat-
ing up to 900°C. Differently, C"¥"°Hy (ZrO,) showed no peaks in
the XRD patterns before and after H, desorption by heating up
to 900°C. A catalytic effect of iron for a graphitization has been
investigating [17-19]. Recently, Huo et al. reported on a carbon-
encapsulated iron nano-particle [20]. In this paper, it was clarified
that the disordered carbon around iron particles was transformed
to the well-ordered graphite structure by heat treatment at 1000 °C.
The above results indicate that the 1st H, desorption at 450°C
of ChanoH, (steel) is strongly related to the structural transforma-
tion of the iron containing phase. Furthermore, the graphitization
around the iron containing phase at 700 °C would accelerate the H,
desorption from C-H site although the hydrogen of C-H site should
be desorbed without graphitization.

In order to examine the chemical states of Fe in C"1°H, (steel),
X-ray absorption spectroscopy (XAS) for Fe K-edge was carried out.
The X-ray absorption near edge structure (XANES) spectra of the
products are shown as thick lines in Fig. 3, where thick solid, dash,
and dot lines show the spectra of this product after milling, anneal-
ing at 450°C, and heating up to 900 °C, respectively. The onset of
X-ray absorption for all the products was located at almost the
same energy 7107 eV, which was close to Fefll and Fe;C. The pre-
edge-like structure in the region from 7110 to 7115eV was also
similar to Fefl!l and Fes;C even though the normalized intensity
was different. The pre-edge structure indicates that the electron
density of state related to the hybridization between the p and
d orbital in the Fe atoms exists around Fermi energy, suggesting
that the electronic structure of the Fe in the product possesses
metallic state differently from FeCl, and FeOOH. The normalized
intensity of the pre-edge structure was changed to become higher
with increase in the temperature, indicating that electronic struc-
ture was changed. From this result, it is expected that the change of
electronic structure would be related to the H, desorption, assum-
ing that the hydrogen atoms are trapped in the iron containing
phase. Tatsumi et al. reported on the Fe K-edge XAS of hydro-
genated nano-structural graphite [14]. They suggest the relation
between the spectral change and hydrogen absorbed on the sur-
face of iron by first principle calculations. Here, when the iron

containing phase is composed of more than 2 phases (not single
phase), the XANES spectrum should include the contribution from
all the phases. Therefore, it should be clarified whether this spectral
change is affected by the plural iron containing phases or not.

In order to identify the iron containing phases in further detail,
the Mossbauer spectroscopy was carried out for Che"°H, (steel).
The Maossbauer spectrum of the as-milled product is shown in
Fig. 4(a). The phases with a higher abundance ratio were Fex,C(x < 3),
o’-Fe(C), and a-FeC, indicating that the iron containing phase in
the product would be a non-stoichiometric Fe—-C compound like
amorphous. Fig. 4(b) shows the Mdssbauer spectrum of CPan°H,
(steel) after the annealing at 450°C for 8 h. Noteworthy, the o'-
Fe(C) phase completely disappeared and the abundance ratio of
a-FeC obviously decreased. These spectral changes indicate that
the formation of the Fe3C and FeyC(x <3) phases are occurred by
the annealing at 450°C, in other words, the iron containing phase
was changed from non-stoichiometric Fe-C compound to well-
ordered Fe3C. This phenomenon was consistent with the structural
change due to the 1st H desorption. These results suggest that the
hydrogen atoms are trapped around the grain boundary, vacancy,
or carbon atoms in the non-stoichiometric Fe-C compound, which
is named “Fe-C-H site”. Then, the containing hydrogen is released
with the structural transformation into Fe3C. Actually, Takai et al.
reported that hydrogen can be trapped at the strained interface
between ferrite and Fe;C and/or the interface dislocation enclosed
between Fe;C lamellae in cold-drawn high strength steel, and then
the trapped hydrogen was desorbed at around 400°C [21].

4. Conclusion

In this work, the iron effects for the hydrogen absorp-
tion/desorption properties of C"@"°H, were characterized. The
hydrogen capacity was enhanced from 4 to 6 mass% in the case
of CManoH, (steel) because this product possessed not only C-H
site but also Fe-C-H site, which was the non-stoichiometric Fe-C
compound with the characteristic electronic structure differently
from metallic Fe. The characteristic two-peak H, desorption of
ChanoH, (steel) was due to the iron effect. With increase in a tem-
perature, the hydrogen trapped in Fe-C-H site was desorbed at
450°C as first H, desorption by the structural transformation from
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the non-stoichiometric Fe-C compound to the well-ordered Fe3C.
Simultaneously, the hydrogen desorption from C-H site should
independently start at 400°C, resulting that the H, desorption
from both the sites should be overlapped in the temperature range
from 400 to 650°C. The 2nd H; desorption was almost finished
at around 750°C even though the H, desorption from C-H site
should be continued above 900 °C. With respect to the second H,
desorption of C"a1°H, (steel), it is expected that the H, desorption
from C-H site, which is hydrogen absorption site at the graphene
edges and defects, is strongly accelerated due to the graphitization
around Fe or Fe3C particles. From above experimental facts, it is
concluded that the anomalous hydrogen absorption state caused by
the non-stoichiometric Fe—C compound coexist with the C-H site
in the ball-milled graphite. Its hydrogen capacity is estimated to be
H/(Fe-C-H)> 10 mass%, which is very larger value compared with
conventional hydrogen storage materials. Therefore, if the Fe-C-H
site could be isolated from the main carbon phase, it should be
thought as a promising hydrogen storage system.
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