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To elucidate the influence of Fe on the interaction between carbon and hydrogen in graphite nanocrystals, graphite
nanocrystals were mechanically milled with steel balls in a hydrogen atmosphere, and the potential of the material
produced to store hydrogen was evaluated. X-ray diffraction and Raman spectra revealed that milling reduced the graphene
size and increased the average distance between graphene layers. Elemental analysis showed that milling increased both the
H/C and Fe/C ratios in the material. After being milled in a hydrogen atmosphere, samples released hydrogen at a lower
temperature than before milling. Thermal decomposition occurred in two stages—235 to 475°C and 692 to 749°C—and
yielded a total of 1.0 wt% hydrogen. It is hypothesized that these two stages corresponded to hydrogen released from Fe3C
structures and from the Fe-catalyzed graphitization reaction, respectively. Before milling, samples slowly released a total of
0.5 wt% hydrogen over a temperature range from about 300 to over 900°C. Fe-C-H materials are attractive for hydrogen
storage because they are composed of carbon and iron, which are inexpensive and abundant elements on Earth, and they
have a high hydrogen weight density of 11 wt%.

1. Introduction

Nanocarbon materials such as carbon nanotubes, graphene,
and fullerenes are often applied to lightweight structural
materials [1, 2], heat dissipation materials [3, 4], and electri-
cal conductors [5, 6] because they have high electrical and
thermal conductivity. The expectation is that broader use of
these nanocarbon materials in other applications will save
energy. Of particular interest is their application to hydrogen
storage materials [7–10].

The use of hydrogen as an energy source is being stud-
ied intensely; progress is being made in the development of
various technologies such as fuel cell cars [11, 12], and
attempts are underway to transform Iceland into a nation
that relies primarily on hydrogen as a source of energy
[13]. Hydrogen storage technology is important for hydro-
gen utilization technology. Hydrogen is currently stored in

high-pressure cylinders [14], and improvement of storage
efficiency is needed.

In recent years, there have been reports of highly effi-
cient hydrogen storage (adsorption) in carbonaceous stor-
age materials such as carbon nanotubes and graphite
nanofibers. However, the characteristics of these methods
(e.g., high release temperature) and problems with their
insufficient practical properties and evaluation have pre-
cluded identification of a storage method that might be
suitable for large-scale use in the future [15, 16]. The mech-
anism of hydrogen storage in carbonaceous materials is
associated with the layered structure peculiar to graphite
and may therefore differ from the mechanisms associated
with other material systems.

Controlling the properties of nanocarbon materials
requires control of the graphene layer structure. Heat treat-
ment and vapor phase growth are examples of typical control
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methods. Mechanical milling, which involves applying
mechanical energy to materials and grinding them, does
not require high temperatures; it is also possible to synthesize
supersaturated alloys as well as amorphous or nonpermanent
phase materials via mechanical milling. This process has
attracted attention as a way to manufacture ceramic materials
and alloys.

Mechanical milling of graphite with a ball mill in a
hydrogen atmosphere has been reported to occlude a large
amount of hydrogen in the solid phase [17]. The hydrogen
storage capacity of this hydrogenated graphite is a unique
property that results from milling, and the mechanism of
storage is essentially different from that of typical hydrogen
storage materials (e.g., M+H2 ⇔ MH2). The many studies
of this mechanism reflect its potential as a means of storing
hydrogen as well as its inherent interest as a subject of basic
scientific research [17–20].

It has been suggested that iron, which is considered an
impurity in the milling process, affects the interaction
between carbon and hydrogen [21]. ESR measurements that
recorded the unpaired electronic state (radical) in the sample
revealed that localized electrons were generated as milling
progressively destroyed the graphite structure [22].

In this study, the miniaturization of graphite nanocrys-
tals was analyzed by Raman spectroscopy. Furthermore, the
mechanism of hydrogen storage was inferred from the rela-
tionship between the graphite size and hydrogen storage
capacity of milled samples. Graphite nanocrystals were
mechanically milled with steel balls in a hydrogen atmo-
sphere, and the nanostructural changes caused by mechani-
cal milling were elucidated. Furthermore, the milled
product was evaluated as a hydrogen storage material. The
influence of Fe on the interaction between carbon and hydro-
gen was assessed. The mechanism of hydrogen release, in
which Fe played an important role, was evaluated. Fe-C-H
materials were found to be attractive for hydrogen storage
because carbon and iron are inexpensive and abundant
elements on Earth and because Fe-C-H materials have a high
hydrogen weight density.

2. Materials and Methods

2.1. Sample Preparation

2.1.1. Preparation of Graphite Nanocrystals. Argon (99.99%)
was introduced into a high-frequency induction thermal
plasma generator (Denki Kogyo Co., Ltd.). Methane
(99.99%) was then introduced into the Ar plasma for prepa-
ration of carbon samples. The internal pressure of the reac-
tion vessel was 126Torr, and the plate voltage was 5.5 kV.
The flow rate of Ar as a plasma gas was 1.2mL/min, and
the flow rate of Ar as a sheath gas was 80mL/min in the radial
direction. The flow rate of CH4 was 2mL/min. Carbon
samples attached to the inner wall of the reaction vessel were
collected after the system had been operated for 60min.

2.1.2. Milling of Graphite Nanocrystals in a Hydrogen
Atmosphere. An aliquot of 0.5 g of graphite nanocrystals
prepared as described in Section 2.1.1 was placed in a
chromium steel mill pot (80 cc) together with 20 steel balls
(10mmϕ). Hydrogen gas was introduced at 1MPa, and
then, the system was operated as a planetary ball mill at
400 rpm for 80 h. Figure 1 shows a schematic diagram of
the experimental apparatus.

2.2. Characterization. X-ray diffraction analysis, elemental
analysis, laser Raman spectroscopy, and temperature-
programmed desorption mass spectrometry (TPD-MS) mea-
surements of samples prepared as described in Section 2.1
were carried out. X-ray diffraction (XRD) patterns were
collected on a diffractometer (model RINT-TTR, Rigaku)
(Cu Kα) operated at 40 kV and 50mA. The d value was
the spacing between the graphene layers, and La and Lc
were the crystallite sizes along the a and c axes of the
crystal, respectively. Elemental analysis for Fe and C was
carried out by inductively coupled plasma-atomic emission
spectrometry (ICP-AES; CIRIOS 120EOP, Rigaku). For
quantitative analysis of hydrogen, a sample was placed in
a graphite crucible and heated in an Ar stream to extract
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Figure 1: Schematic drawing of milling of graphite nanocrystals in a hydrogen atmosphere.
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hydrogen as H2, which was detected and quantified with a
thermal conductivity detector (TCD).

Raman spectra of the mechanically ground samples were
measured with a JASCO NR-1000S Raman spectrometer
equipped with an Ar ion laser (GLG3300, NEC), a double
monochromator (CT-1000, JASCO), and a photomultiplier
(R464, Hamamatsu Photonics, K.K.). A 488 nm laser line
with an output power of 300mW was focused to a diameter
of 80mmϕ on the sample, and scattered light was collected
at 30° to the incident laser beam. The spectrum resolution
was about 10 cm−1. The gas generated from the samples as
the temperature varied from 30 to 1050°C at 10°C/min was
analyzed with a TPD-MS (TPD: Ohkura ATD 700, MS:
ANELVA AGS-221). The gases that evolved during the heat-

ing process were continuously and quantitatively analyzed
with a mass spectrometer. Before the experiments, the mass
spectrometer was calibrated using N2, H2, CO, CO2, O2,
CH4, and Ar. The total pressure of the gas released during
the heat treatment was also measured as a function of tem-
perature with a Bayard–Alpert gauge. The total gas pressure
could then be compared to the pressure calculated from the
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Figure 2: X-ray diffraction patterns of graphite nanocrystals (a) and
samples milled in a hydrogen atmosphere for 10 (b), 20 (c), 40 (d),
and 80 h (e).

Table 1: The average surface distance (d) calculated from the peak
position of the (002) peak.

Milling time (h) d (Å)

0 3.44

10 3.75

20 3.73

40 3.76

80 3.70

Table 2: Results of elemental analysis of graphite nanocrystals
milled in a hydrogen atmosphere.

Milling time (h) H/C (wt%) Fe/C (wt%)

0 2.4 0.0

10 5.6 3.1

20 4.9 3.3

40 5.7 2.5

80 5.0 3.0
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Figure 3: Laser Raman spectroscopy of graphite nanocrystals (a)
and samples milled in a hydrogen atmosphere for 10 (b), 20 (c),
40 (d), and 80 h (e).
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Figure 4: Crystallite size (La) of graphite nanocrystals milled in a
hydrogen atmosphere.
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sum of the partial pressures of the gas species deduced from
the quantitative analysis of the gas phase. The desorption rate
of each gas as a function of temperature was determined from
the TPD analysis. The total amount of each gas released was
computed by temporal integration of the TPD curves.

3. Results and Discussion

3.1. XRD. XRD graphite peaks of (002), (10), and (004) were
found for graphite nanocrystals (Figure 2(a)). Regardless of
the milling time, small (002) peaks at 20–30° derived from
the order in the interlayer direction of the graphite (c axis
direction) could be confirmed, and the α-Fe and Fe3C peaks
at 40–50° due to contamination from the steel balls could also
be confirmed (Figure 2(b)–(e)). Table 1 shows the average
surface distance (d) calculated from the position of the
(002) peak. The d value of the milled samples was larger after
milling. These results show that the milling process increased
the interlayer distance in the graphite nanocrystals of the
milled samples.

3.2. Elemental Analysis. Table 2 shows the results of the ele-
mental analysis of graphite nanocrystals milled in a hydrogen
atmosphere. In all cases, the H/C ratio was about 4.9–
5.7wt%. It was apparent that hydrogen was introduced by
milling. The amount of introduced hydrogen was not very
dependent on the milling time. Based on the changes in the
values of d in Table 1, it is hypothesized that the layered
structure of the graphite was destroyed by milling and that
hydrogen was introduced at that time. The Fe/C ratio was
about 2.5–3.3wt%. It is inferred that Fe was an impurity
introduced during the milling process.

3.3. Laser Raman Spectroscopy. The laser Raman spectros-
copy peaks (G band peaks) derived from the graphite struc-
tures at around 1580 cm−1 and peaks (D band peaks)
derived from disorder structures at around 1350 cm−1 were
apparent in the spectra of all samples (Figure 3). The crystal-
lite size (La) in the spreading direction of the hexagonal
planes of the graphite structures (a to b axis direction) was
calculated from the calibration equation of Tuinstra and
Koenig [23]:

La = 4 2AG
AD

, 1

where AG is the integrated intensity of the G band peak, and
AD is the integrated intensity of the D band peak. Regardless
of the milling time, La values for all milled samples were
about 0.5 nm (Figure 4).

Next, the atomic ratio of hydrogen to carbon in the aro-
matic structure was considered. Figure 5 shows the structural
formulae of benzene, phenalenyl [24, 25], and coronene. The
atomic ratios of hydrogen to carbon are 6/6, 9/13, and 12/24,
respectively, in these molecules, and the corresponding
weight percents of hydrogen are 8.33, 5.76, and 2.78wt%.
The weight percent of hydrogen for phenalenyl was close to
the result in Table 2 for milled samples (4.9–5.7wt%). The
size of La for phenalenyl was 0.56 nm, which is almost the
same as the result for all milled samples (approx. 0.5 nm). It
is therefore assumed that the milled samples were graphene
with a size similar to that of phenalenyl.

Figure 6 shows the mechanism of miniaturization of
graphite nanocrystals. When milling in hydrogen, miniatur-
ization was possible at a lower revolution number than in
the case of milling in an inert atmosphere. It is hypothesized
that the miniaturization process was accelerated because
hydrogen was stabilized on the miniaturized edge carbon
atoms, and the suppression of recombination and promotion
of miniaturization were therefore enhanced.

The hydrogen absorption state of ball-milled carbon
includes not only −CH but also −CH2, −CH3, or both. In
IR and neutron-scattering experiments, it has been con-
firmed that hydrocarbon groups (−CH, −CH2, and −CH3)

C
CC

C
C

C

H

H
H

H

H

H

(a)

C
CC

C
CC

C

C

C

C
C

C
C

H

H
H

H

H

H H

H

H

(b)

C
C
H

C
C

C

H

H

C
CC

C
C

H

H H

C

C

CC
C

H

H

C
C

C

C
C

C
H

C
CC H

H

H

(c)

Figure 5: Structural formulae of benzene (a), phenalenyl (b), and coronene (c).
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Figure 6: Mechanism of miniaturization of graphite nanocrystals.
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are generated by hydrogen storage [26, 27]. These results
have shown that edges and defects with active electrons are
generated in the process of destroying the graphite structures
by milling and hydrogen bonds are formed at those sites. The
correlation between the structural change and hydrogen
content observed in this study is consistent with the hydroge-
nation mechanisms described in previous reports.

3.4. TPD-MS. Figure 7(a) shows the TPD-MS spectra of
graphitic nanocrystals milled for 20 h in a hydrogen atmo-

sphere. Figure 8 shows the temperature dependence of the
amount of hydrogen released from the graphite nanocrystals
before and after milling in a hydrogen atmosphere based
on the TPD-MS results (Figure 7). The results show that
the sample milled in a hydrogen atmosphere began to
release hydrogen at a temperature of 300°C, lower than
that of the sample before milling. In the milled graphite
nanocrystals, 1.0wt% of hydrogen was generated. Thermal
decomposition occurred in two stages: 235–475°C and
692–749°C. The amount of hydrogen generated increased
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Figure 7: TPD-MS spectra of a graphitic microcrystal milled for 20 h in a hydrogen atmosphere (a) and of the sample before milling (b).
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remarkably at 400°C or higher. In contrast, the sample
before milling released hydrogen from about 300°C to over
900°C (Figure 7(b)). A total of 0.5wt% of hydrogen was
generated from the sample before milling.

High temperatures of several thousand °C are generally
required to graphitize carbon-based materials, but it has been
reported that graphitization proceeds at lower temperatures
when Fe nanoparticles are used as catalysts [28]. Growth of
the graphite crystal likely occurs on the Fe surface. Nanosized
Fe is probably a result of Fe incorporation by milling and acts
as a catalyst for graphitization.

Examination of the high-temperature region of the
hydrogen release profile (Figure 8) revealed that hydrogen
release proceeded slowly up to a temperature of 900°C or
higher in the sample before milling, which did not contain
Fe, whereas in themilled sample, hydrogen release was almost
complete after the steep hydrogen release peak at 700°C.

This difference can be explained by considering the char-
acteristics of the hydrogen storage states of the graphites.
Hydrogen at C-H sites in the edges or defects of graphites
can be thermally released by simple C-H bond breakage
because of structural destruction caused by the milling pro-
cess. Hydrogen release is considered to have a wide tempera-
ture distribution according to the energy distribution of
hydrogen storage states. In contrast, in the case of a milled
sample, graphitization proceeded at about 700°C because of
the catalytic effect of Fe; the edges and defects that are hydro-
gen storage sites recombined during crystallization [28]. In
this case, hydrogen was released rapidly from C-H sites.
Finally, hydrogen trapped at the distorted interface between
Fe and Fe3C or at the disordered interface between lamellar
structures of Fe3C can be desorbed at about 400°C [29]. These
experimental facts are very consistent with the results
obtained in this study. Our results are therefore consistent
with the hypothesis that hydrogen is stored in the disordered
C-Fe phase and released at around 450°C during the struc-
tural change.

TPD-MS analyses of the milled sample indicate that
1.0wt% hydrogen was released. If the 0.5wt% obtained from
a sample before milling is the hydrogen release capacity of a
C-H site, then the hydrogen release capacity of a C-Fe-H site
is 0.5wt%. In the milled sample, the weight ratio of C and Fe
was Fe/C = 3 3wt%, so the weight ratios of C, Fe, and H in
the milled sample were 96.3, 3.2, and 0.5wt%, respectively.
Assuming that a disordered C-Fe phase was formed at C
Fe = 1 1 (mol), the weight percentage of C in the C-Fe-H

site was 3 2/55 85 ∗12 01 = 0 7wt%. Thus, the C-Fe-H site
contained H/(C-Fe-H) equal to 0 5/ 0 7 + 3 2 + 0 5 = 11wt
%. The implication is that a large amount of hydrogen can
be released from the C-Fe-H site in the milled material. This
hydrogen weight density is much higher than that of alloy
materials, which are conventional hydrogen storage mate-
rials, and is a value comparable to that of light-element
hydrogen storage materials.

If a C-Fe phase can be selectively synthesized, it can
function as a material with a high hydrogen storage capac-
ity and can release hydrogen at about 450°C. The character-
istics required for practical use imply that the hydrogen
release temperature should be low. However, the C-Fe
phase is an attractive material for hydrogen storage because
it is composed of carbon and iron, which are inexpensive
and abundant elements on Earth, and it has a high hydro-
gen weight density.

4. Summary

In order to elucidate the influence of Fe, which has been
considered to be an impurity introduced during the mill-
ing process, on the interaction between carbon and hydro-
gen, graphite nanocrystals were mechanically milled with
steel balls in a hydrogen atmosphere, and the nanostruc-
tural changes of carbon caused by mechanical milling are
elucidated. Furthermore, the characteristics of Fe-C-H as
a hydrogen storage material were evaluated. The hydrogen
release mechanism, in which Fe plays an important role,
was also evaluated. Fe-C-H materials were found to be
attractive materials for hydrogen storage because they are
composed of carbon and iron, which are inexpensive and
abundant elements on Earth, and they have a high hydrogen
weight density.

Data Availability

All the data used to support the findings of this study are
available from the corresponding author upon request.
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