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Abstract Two milling modes (shearing and impact) were
applied to investigate the hydrogen storage properties of
graphite. It was found that the shearing mode leads to
0.613 wt.% hydrogen absorbed in graphite, while impact
mode leads to 2.718 wt.%. X-ray diffraction was used to
investigate the structure of the as-milled and subsequent
annealed samples. Differential scanning calorimetry was
used to study thermally induced transformations in the as-
milled samples. Infrared spectrometry was carried out to
investigate the interaction between carbon and hydrogen
atoms. Results are compared and discussed in conjunction
with Laser desorption time-of-flight mass spectrometry
results obtained earlier.

Introduction

As a very promising hydrogen storage candidate, graphite
has attracted considerable research interest. However, all
the results related to hydrogen absorption properties are
very scattered, ranging from around 0 to 67 wt.% [1-5].
Since most of the results were obtained through ball mill-
ing, the discrepancies are presumably due to the large
variation of ball milling conditions. The absorption prop-
erties of milling products are dependent on many factors
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such as milling atmosphere, the duration of milling, the
materials of the milling media, and the energies applied,
etc. All the above experimental parameters are quite dif-
ferent from each other as recorded in the publications.

Generally, hydrogen atoms are trapped at two sites: (1)
graphite inter-layers through solitary carbon dangling
bonds and 2) the edge surface of a crystallite through
carbon dangling bonds [5—7]. Mechanical milling contrib-
utes to the formation of dangling carbon bonds [8-10],
therefore, hydrogen storage capacities of graphite should
be enhanced by ball milling. Additionally, hydrogen solu-
bility, diffusivity and desorption properties in graphite are
defect related [11-15], and these defects can also be gen-
erated through mechanical milling [16-19]. So far,
hydrogen storage properties of graphite resulting from ball
milling have been mainly investigated by using two types
of high energy mills: planetary (Fritsch) and vibrational
(Spex), in which the movement of the grinding balls is very
chaotic, which leads to the generation of a large spectrum
of local milling energies and in consequence to a spectrum
of local absorption rates. In order to control the milling
energy, the movement of the grinding balls has to be
controlled [20, 21]. In experimental practice it is conve-
nient to have the ability to adjust from low-energy shearing
to high-energy impact to allow control of the milling en-
ergy and to address potential mill processing problems,
such as metal cold welding and contamination from milling
media.

More investigations on graphite are needed for better
understanding of the mechanisms of hydrogen adsorption
and desorption, to obtain a reliable capacity and ultimately
safe technical implementations. In the present work, two
milling modes (shearing and impact) were applied with the
aim of clarifying the influence of the milling mode on the
hydrogen storage capacity of graphite.
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Experimental

Graphite powder with a purity of 99.95% was milled under
hydrogen in a magneto-mill, Uni-Ball-Mill 5 [20] under
elemental milling modes such as impact and shearing
(Fig. 1). The milling cylinder was evacuated and purged
several times using helium firstly, and then filled with
hydrogen gas up to 500 kPa pressure. The milling time was
100 h. For comparison, graphite powder was milled in
helium atmosphere using the same milling conditions.

In the shearing mode (Fig. 1a), the balls both rotate and
oscillate around an equilibrium position at the bottom of
the milling cylinder in a strong magnetic field. In the im-
pact mode, the ball movement during the milling process is
confined to the vertical plane by the cylinder walls and is
controlled by an external magnetic field (Fig. 1b). In both
cases, the magnetic field is generated by FeNdB magnets.
The intensity and direction of the magnetic field can be
externally adjusted, allowing the ball trajectories and im-
pact energy to be varied in a controlled manner [20]. The
sample ball milled in hydrogen using the shearing mode
was designated as SH and the one using the impact mode as
IH. In the same way, the sample ball milled in helium by
the shearing mode was designated as SHe and by the im-
pact mode as IHe.

X-ray diffraction (XRD) patterns of the as-milled and
annealed powders were obtained through a Philips PW
1730 generator and diffractometer using Cu Ka radiation
(2 =0.15418 nm) and a graphite monochromator. Differ-
ential scanning calorimetry (Perkin-Elmer DSC-4) was
performed on the samples, with an argon flow rate of
70 mL/min at a heating rate of 20 °C/min up to 500 °C. To
determine the hydrogen content absorbed during ball
milling, combustion elemental analysis was performed on a
CHN Carlo Erba Elemental Analysis Model 1106. The
infrared absorbance was recorded using a Nicolet Avatar
360 FTIR spectrometer with an OMNI-sampler installed.

Fig. 1 The Uni-Ball-Mill 5 with the FeNdB external magnets
operating in the shearing (a) and the impact (b) modes of milling [20]
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Results and discussion

The XRD pattern in Fig. 2b shows that the graphitic
structure still exists in the as-milled product after milling
by shearing mode, and the grain size estimated according
to Scherrer equation is about 10 nm, which indicates that
shearing mode is effective in the formation of a nano-
structured layered structure. The broadening of the (002)
reflection peak is probably due to the following reasons: (1)
the nanoscale grain size and (2) microstresses induced
during milling. The (002) reflection peak disappears fol-
lowing the annealing process (Fig. 2c—f), which means that
the graphitic structure is metastable and the layered
structure exfoliates upon heating. The samples annealed at
lower temperatures (240 °C, 300 °C) are predominantly
nanostructured. The existence of austenite and magnetite
(Fig. 2f) indicates contamination from the milling media.

The graphitic structure disappeared after milling
graphite using impact mode (Fig. 3a), presumably due to
the high degree of deformation caused by strong collisions
between balls during milling. The high energy milling
mode (impact) led to some degree of iron contamination in
the formation of iron carbide, however, contamination in
the as-milled SH (Fig. 2b) is not detected. The presence of
iron, austenite also indicated that the high-energy milling
process involves more contamination, which is confirmed
through Mossbauer spectroscopy measurements [22]. The
annealed IHs also became nanostructured (Fig. 3b—d),
which reveals similar structural evolution to that of the
annealed SHs.

The DSC traces illustrate the distinctive thermal prop-
erties of the IH and SH. There are a series of small exo-
thermic-like peaks for IH, while only two relatively large
peaks and another small peak are found for SH. Two small
peaks were enlarged for further study (insets in Fig. 4).
They are each revealed as one small endothermic peak
closely followed by one large exothermic peak. The pos-
sible origins of the peaks will be discussed later in the
paper.

The combustion elemental analysis showed that the
hydrogen content reached 0.613 and 2.718 wt.% for the SH
and IH samples, respectively. From the application point of
view, the high-energy impact mode is more favourable. It
is well known that carbon dangling bonds are defect related
[8—10]. High-energy impact in this experiment led to more
defects than low-energy shearing, and consequently impact
mode improves the hydrogen storage capacity. After the
above DSC experiment, there was about 0.30 wt.% and
2.34 wt.% of hydrogen left in the SH and IH samples,
respectively.

Figure 5 shows DSC traces obtained from the as-milled
graphite in helium. The purpose of this experiment was to
investigate thermal effects due to the structural evolution of
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Fig. 2 XRD patterns obtained from pristine graphite, as-milled graphite (shearing mode) in hydrogen, and the annealed products at different
temperatures
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Fig. 4 DSC traces of the graphite milled in hydrogen through the
shearing and impact mode
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Fig. 5 DSC traces of graphite milled in helium through the shearing
and impact mode

ball milled graphite and distinguish these effects from ef-
fects due to carbon-hydrogen interaction. There is no clear
heat absorption or desorption for either sample. Since
nanostructural graphite recrystallizes at above 800 °C [23],
the effect of different milling modes on the structural
evolution presumably can not be displayed at the temper-
ature range applied in this experiment. Taking into account
the different milling atmospheres, the series of endothermic
and exothermic-like peaks obtained from SH and IH
(Fig. 4) are due to the interaction between carbon and
hydrogen, since all the other milling conditions remained
the same.

The possible composition of the as-milled samples is
investigated through Laser desorption time-of-flight mass
spectrometry [22]. The results revealed a variety of bare
carbon clusters as well as hydrogenated carbon clusters.
The likely hydrogenated carbon clusters are shown in
Table 1. The formation of hydrogenated carbon clusters is
associable with the milling mode, with impact leading to
many kinds, and shearing resulting in only two.
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Table 1 The possible hydrogenated carbon clusters observed in the
mass spectra of the graphite milled under hydrogen atmosphere in the
impact and the shearing modes [22]

C,Hy impact mode C,H, shearing mode

C5H4
C7HI
C,H,
C;H;
CsH,
CsH;

CsHy

CH,

In the light of the compositions listed in Table 1, the
exothermic-like peaks can be interpreted. As can be seen in
the insets of Fig. 4, the small peak actually is an endo-
thermic peak followed by an exothermic peak, which is
presumably due to the hydrogen desorption from the
hydrogenated carbon cluster and the succeeding carbon
atom re-arrangement with the formation of a bigger carbon
cluster [24, 25]. There are six types of hydrogenated carbon
clusters in the IH, and the desorption temperatures are
different, as can be seen from the different positions of the
small peaks. On the contrary, only two types of hydroge-
nated carbon clusters exist in the SH, and as a result, only
two large peaks and another small peak are visible.

Graphite itself has been intensively studied as a very
promising hydrogen storage medium. Based on this, we
would expect to observe some C-H bonding in the as-
milled samples. To confirm this hypothesis, infrared
absorbance of the composites was recorded (Fig. 6), be-
cause this technique gives information on bonding con-
figuration and on hydrogenated bonds [26]. The strong
signal below 700 cm™' originates from the equipment it-
self. The main features of the spectra are associated with
CO, and H,0 [27], and the characteristic stretching mode
of the C—H bond at 2800-3000 cm™ is not visible in the

impact
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Fig. 6 Infrared spectra of graphite obtained by milling in hydrogen
through the shearing mode and impact mode. The spectrum of pristine
graphite is also shown
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spectra [28]. It has to be noted that graphite can also store
hydrogen via the formation of hydrogenated carbon cluster
when it was milled in hydrogen. The correlation between
carbon and hydrogen in the samples is presumably not
classical C-H bonding. The molecular formulas derived
from the mass spectrometry also give a clue, since they are
very dissimilar to classical hydrocarbons.

Conclusion

On the basis of the above results one can conclude that
different ball milling modes lead to dissimilar amounts of
hydrogen trapped by carbon clusters. Additionally, the
formation of hydrogenated carbon clusters also depends on
the milling mode applied, with the sample obtained
through the high-energy mode consisting of a variety of
carbon clusters, in contrast to only two existing in the
sample obtained through the low-energy mode.

The exothermic-like peak actually is a combination of
one small endothermic peak and one large exothermic one,
which is assumed to be due to hydrogen desorption and
subsequent re-arrangement of carbon atoms. The carbon
hydrogen interaction seems not to be classical C—H bond-
ing on the basis of the IR results.
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