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Three carbon materials were prepared for the synthesis of Li–C compounds, such as Li intercalated
graphite. The materials were as-received high purity polycrystalline graphite (G), graphite milled under
a hydrogen atmosphere (HG), and graphite milled an argon atmosphere (AG). With respect to the dif-
ference for them, HG preserved a better crystalline structure than AG. Each material was milled with
Li, where the products are denoted as Li-G, Li-HG, and Li-AG. In XRD patterns of Li-G and Li-HG, the
peaks corresponding to LiC6 and LiC12 were revealed, while no peaks were observed in the case of Li-AG.
ano-structured materials
echanochemical processing

hermochemistry
alorimetry
hermal analysis

However, the formation of lithium carbide Li2C2 was suggested for Li-AG by a thermal analysis under an
inert gas. After the hydrogenation, LiH was formed for all the compounds, and graphite was recovered
for Li-G and Li-HG. Each hydrogenated compound desorbed H2 with different profile by heating up to
500 ◦C. As a reaction product, Li2C2 was formed for the hydrogenated Li-HG and Li-AG. In the case of
the hydrogenated Li-G with better crystalline structure, Li intercalated graphite were formed after the
dehydrogenation. Therefore, it is concluded that the hydrogen absorption and desorption process of Li

diffe
intercalated graphite was

. Introduction

Carbon materials have been of long interest for energy stor-
ge purpose, e.g. hydrogen storage and battery electrode [1–10].
y ball-milling for graphite under H2 atmosphere, large amount of
ydrogen of more than 4 mass% is chemisorbed by the formation of
ydrocarbon groups, –CH2 and –CH3, at edges of graphene [11–15],
here the hydrogenated graphite is defined as CnanoHx. The hydro-

enated state of CnanoHx has quite stable C–H covalent bonds,
hereby higher temperature than 700 ◦C is required to release the
ydrogen. As another thermal characteristic feature of CnanoHx,
large amount of hydrocarbons such as methane CH4 or ethane

2H6 are also desorbed with H2 desorption. Moreover, it is difficult
o recharge the dehydrogenated product with H2 under moder-
te temperature and pressure for a practical application. Therefore,
lenty of efforts are made to realize pure hydrogen absorption and

esorption at modest conditions. Since the report of a new system
f CnanoHx and Lithium hydride LiH, it offers a different reaction
athway to desorb hydrogen from CnanoHx by destabilization of
–H bonding via the interaction with LiH [16,17]. Later studies
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rent from those of Li2C2.
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also showed alkali or alkali-earth metal hydrides can reduce the H2
desorption temperatures and at the meantime, suppress the hydro-
carbon release. After H2 desorption, the nano-structural lithium
carbide Li2C2 was formed as a reaction product. Li2C2 is thermo-
dynamically stable compared with single substances of C and Li,
leading to lower H2 desorption temperatures than CnanoHx and LiH
themselves. Furthermore, this product can be recharged with H2
at 350 ◦C under 3 MPa of H2 to form LiH and the C–H bond [18].
This indicates that the reaction path of hydrogen absorption and
desorption is changed by the formation of nano-structural Li2C2.
However, the amount of desorbed hydrogen was gradually decayed
after a few cycles of the hydrogen ab/desorption because Li2C2 is
decomposed into hydrocarbon gas such as methane [19].

As well known, graphite forms intercalated compounds with
some alkali metals such as lithium Li and potassium K. Among
them, K intercalated graphite provides an alternative way to store
hydrogen. Two kinds of compounds with the forms of KC8 and KC24
absorbs 0.49 mass% H2 by chemisorption at high temperature and
1.2 mass% H2 by physisorption at low temperature, respectively, by
following reactions [20]:
KC8 + 0.335H2 → KC8H2/3 High temperature (1)

KC24 + 2H2 → KC24H4 Low temperature (2)

In a similar study, K intercalated super activated carbon (KC8) was
synthesized by thermally treating the mixture with C/K ratio of 4

dx.doi.org/10.1016/j.jallcom.2010.08.002
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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t 300 ◦C for 20 h [21]. This compound can absorb 1.6 mass% H2,
reater than H2 taken by above K intercalated graphite. During the
2 absorption, the intercalation of K and H2 into KC8 leads to the

ormation of KC4H0.8, with a triple atomic layer of K–H–K between
raphene planes. Although the H2 capacity has been enhanced by
ynthesis of new K intercalated carbon materials, the involvement
f a heavy metal K limits a higher gravimetric capacity of hydrogen.

As mentioned in the earlier part, it was found that the forma-
ion of Li2C2 as the product on the reaction between CnanoHx and
iH can lead to rechargeable H2 absorption/desorption. Thereby,
t is expected that Li intercalated graphite formed by a high crys-
alline graphite can store hydrogen rechargeably because it is also
hermodynamically stable compound than graphite and Li such as
i2C2. In addition, Li can realize higher hydrogen capacity than
he K intercalated graphite mentioned above. In this study, the
i intercalated graphite and Li2C2 were synthesized from high or
ow crystalline graphite by ball-milling method, and their hydro-
en storage properties were investigated. Finally, difference of the
ydrogen absorption and desorption reactions of Li intercalated
raphite and Li2C2 were discussed.

. Experimental technique

.1. Sample preparation

A highly pure graphite powder (99.999%) was purchased from Strem Chemicals,
nd the sample handling was performed in a glove box (Miwa MFG, MP-P60W) filled
ith a high purity Ar (99.9999%). Prior to the synthesis of the Li–C compounds, apart

rom the as-received graphite (G), two kinds of materials were prepared by following
ethods: (1) a 300 mg G powder was milled under a 1 MPa H2 in a planetary mill

pparatus (Fritsch, P7) with 20 ZrO2 balls with diameter of 8 mm for 8 h, and the
roduct was denoted as HG; (2) a 300 mg G powder was milled under a 1 MPa Ar

n the planetary mill apparatus with the 20 ZrO2 balls for 8 h, and the product was
enoted as AG. Here, the milling pot was made by Cr steel and equipped with a
uick connector (Swagelok) to introduce H2 or Ar gas. Subsequently, a total amount
f 900 mg of respective G, HG, or AG and Li granulated metal (99.9%, Aldrich) were
illed under Ar for 3 h, where the Li:C ratio was fixed to 1:2, by using the planetary
ill apparatus with the 20 ZrO2 balls to synthesize the Li–C compounds. These Li–C

ompounds were denoted as Li-G, Li-HG, and Li-AG.

.2. Experimental procedure

In order to investigate hydrogen absorption properties of the Li–C compounds,
ifferential scanning calorimetry DSC (TA Instruments, Q10 PDSC) was used with
wo conditions, a 0.5 MPa H2 flow and a 0.2 MPa Ar flow, up to 500 ◦C with a heating
ate of 10 ◦C/min. One of the peak temperatures obtained in DSC result under H2

f each compound was chosen as a temperature for the later hydrogenating treat-
ent. Each compound was treated under 1 MPa H2 for 12 h in the SUS reactor for
hydrogenation. For the compounds after the hydrogenations, the thermal des-

rption properties were examined with a heating rate of 10 ◦C/min. by a combined
hermogravimetry (TG), differential thermal analysis (DTA) (Rigaku, TG 8120), and
hermal desorption mass spectroscopy (TDMS) (Anelva, M-QA200TS) installed in a
love box, where a high purity He (99.999%) was used as carrier gas. Powder X-
ay diffraction XRD (Rigaku, RINT-2100, Cu K� radiation) was carried out for the
amples to identify the reaction products. Then, all samples were covered by a poly-
mide film (Du Pont-Toray Co. Ltd., Kapton®) in the globe box to avoid an oxidation
y exposing to air during measurements. In addition, specific surface area of HG and
G was measured by BET method using N2 adsorption (Shimazu, Gemini 2375) to
haracterize the structural properties of them.

. Results and discussion

In Fig. 1, the XRD patterns of the samples, G, HG, and AG,
repared in advance as the materials of the Li–C compounds are
hown. The XRD patterns of G showed clear diffraction peaks cor-
esponding to graphite structure. For HG milled under H2, the 0 0 2
iffraction peak at around 27◦ was preserved although its intensity
as lowered. On the other hand, AG milled under Ar showed an
morphous-like state, which was mainly due to the graphite frac-
ure through impact by ball-milling. Here, specific surface area of
G and AG was about 500 and 250 cm2/g, respectively. The spe-
ific surface area of AG is twice smaller than HG, suggesting that
n agglomeration would occur when graphite is milled in inert
Fig. 1. XRD patterns of the carbon materials and the Li–C compounds. As reference,
XRD patterns of Graphite (PDF #41-1487), LiC6 (PDF #34–1320), and LiC12 (PDF
#36-1046) in the database are shown.

gas atmosphere. Strictly speaking, the graphene “edges” gener-
ated during milling are not terminated by Ar, resulting that the
edges form bonding to other carbon atoms randomly. It is expected
that the agglomeration leads to the formation of amorphous state
[22]. In fact, in the case of ball-milling under H2, hydrogen atoms
are absorbed as hydrocarbon groups such as −CH2 and −CH3 at
the graphene edges and defects generated by ball-milling, in other
words, the graphene layers were stabilized by the termination of
hydrogen atoms [12–15]. The hydrogen absorption on the “edge”
site requires lower energy, which would be achieved by the impact
of milling under certain H2 pressures. Meanwhile, Ong and Yang
have shown that the milling effect can be minimized when graphite
is milled under an O2 atmosphere [23]. They claimed that the
formation of oxides on active centres created during the milling
could effectively prevent graphite structure from sliding past one
another. So, well crystalline graphite due to large stacking faults can
be produced by milling treatment with a reactive atmosphere, in
this case, O2. A similar study carried by Chen et al. also indicates that
an increase of H2 pressure in the milling, which efficiently enhances
the H2 occupancy at the edges of graphite, prevents the fracture of
graphite structure during the milling [24]. Therefore, HG shows a
better crystallite state with less fracture rate than AG milled under
an inert atmosphere of Ar.

The XRD patterns of the Li–C compounds, Li-G, Li-HG, and Li-
AG, are also shown in Fig. 1. Li-G synthesized from high crystalline
(as-received) graphite G and Li showed continually a better crys-
talline structure, resulting that Li intercalated graphite, LiC6 and
LiC12, were formed. The HG after milling with Li, Li-HG, showed
tendency to be nano-structure although broad peak correspond-
ing to LiC6 phase were detected. In the case of Li-AG, there is no
clear graphite or Li–C compound phases were observed. The dif-
ference existing among Li-G, Li-HG, and Li-AG should be caused

by the crystallinity of the starting materials. Regarding the for-
mation of Li–C compounds, comparing the intact graphite G, the
relatively less crystallinity of graphite might contribute to form the
high Li density in graphite layer such as LiC6 due to more graphene
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ig. 2. DSC profiles performed under H2 (upper) and Ar (lower) atmosphere of the
s-synthesized Li–C compounds, Li-G, Li-HG, and Li-AG.

dges and defects on layers broken by milling. Especially for AG, its
lready formed amorphous state would as well assist the forma-
ion of high density phase LiC6 or even higher Li-density phase e.g.
iC2 and Li2C2 [25–28]. However, it was difficult to observe these
hases with current experimental conditions in this study. In order
o identify the Li site in such samples, nuclear magnetic resonance
MR experiment will be useful.

To examine the hydrogen absorption and thermodynamic prop-
rties of as-synthesized samples, the DSC measurements were
erformed under H2 (for hydrogenation) and Ar (for intercalation)
ow condition, respectively. These DSC results of each sample are
hown in Fig. 2. In addition, Fig. 3 shows the XRD patterns of each
ample after hydrogenation at respective temperature chosen by
he DSC measurement under H2. The DSC profiles of Li-G in Fig. 2
howed a sharp endothermic peak at 180 ◦C, which is attributed to
elting of Li. This is probably due to poor combination of Li with

ntreated graphite during the milling process. For the DSC results
f all the samples under Ar, the same endothermic peaks were
bserved at around 450 ◦C. This may be caused by a phase transi-
ion of lithium carbide Li2C2 [27], suggesting that a nano-structural
i2C2 would be formed during milling with Li for all the samples
lthough its amount in Li-G is relatively small. For Li-G under H2
ow, a broad exothermic peak appeared in the temperature range

rom 100 to 200 ◦C. After hydrogenation at 140 ◦C for Li-G, which
s peak temperature in DSC profile, a LiH formation and a recov-
ry of graphite were confirmed by XRD measurements as shown
n Fig. 3. The results indicate that the intercalated Li reacted with

2 and deintercalated to form LiH. Two exothermic peaks appear
n the DSC profile of Li-HG as shown in Fig. 2, which may be due to
he two different ways to react with H. The first peak at around

◦
20 C is caused by a reaction of H atoms with the intercalated
i similar to Li-G because the reaction temperature is almost the
ame. It is expected that the second exothermic reaction at around
90 ◦C originates in the hydrogenation of the nano-structural Li2C2.
rom these results, the hydrogenation temperature was chosen to
Fig. 3. XRD patterns of Li-G, Li-HG, and Li-AG after the hydrogenation at 140, 190,
and 215 ◦C, respectively. As reference, XRD patterns of graphite (PDF #41-1487) and
LiH (PDF #65-9245) in the database are shown.

be 190 ◦C for Li-HG. After the hydrogenation treatment, LiH and
graphite with low crystallite were formed as shown in Fig. 3. On the
other hand, Li-AG showed one broad exothermic peak at around
215 ◦C. In the XRD pattern after the hydrogenation at peak tem-
perature 215 ◦C, the diffraction peaks corresponding to LiH was
detected, suggesting that nano-structural feature still remained
after the hydrogenation treatment. The DSC and XRD results for
Li-AG indicate that the hydrogen absorption kinetics of the nano-
structural Li2C2 is relatively worse than that of the Li intercalated
graphite even though both of the compounds can be hydrogenated
to form LiH.

TG–TDMS results of the hydrogenated samples and the results
of XRD measurements after TG–TDMS are shown in Figs. 4 and 5,
respectively. In the TDMS spectra, the intensity of CH4 is enlarged
in ten times. The hydrogenated Li-G sample desorbed only H2 from
150 ◦C. A weight loss by H2 release was about 1 mass% as shown in
TG result, suggesting that reversible H2 capacity of Li-G was about
1 mass%. From the XRD pattern after heating up to 500 ◦C shown in
Fig. 5, it was confirmed that Li was intercalated into the graphite
layer again and in addition a small amount of Li2C2 was formed.
Moreover, non-reacted LiH still remained. The Above experimental
facts indicate that Li-G possesses the two different dehydrogena-
tion process, which are paths to form the Li intercalated graphite
and Li2C2. The existence of two pathways would be caused by
the inhomogeneous crystallinity of graphite, in other words, the
main part is a high crystalline graphite and a small residual part
is a low crystalline graphite formed during the milling process to
synthesize Li-G. In the case of the hydrogenated Li-HG and Li-AG,
almost the same H2 desorption with very small amount of CH4
emission were observed as shown in Fig. 4. Regarding CH4 des-
orption, it would be originated in the hydrocarbon groups such as
−CH2 and −CH3 formed at graphene edges and defects because the
hydrogenated graphite CnanoHx desorbs not only H2 but also CH4
as reported before. Li-HG should possess such hydrocarbon groups
because HG was synthesized by the milling under H2. For the Li-AG,
the active edges and defects in graphite generated by synthesizing

AG would be changed to the C–H groups during the hydrogena-
tion. The weight loss of Li-HG was about 3.5 mass%, which should
include a contribution of about 1.5 mass% of hydrogen containing
in HG [15]. Thus, assuming that small amount CH4 emission can



722 H. Miyaoka et al. / Journal of Alloys and

b
2
t
b
t
t

F
e
#

Fig. 4. TG–TDMS results of the hydrogenated Li–C compounds.

e ignored, the essential hydrogen capacity was estimated to be

mass%. For Li-AG, the 3.5 mass% of weight loss would correspond

o the hydrogen capacity if the contribution of CH4 emission could
e negligible. As shown in XRD patterns of Li-HG and Li-AG in Fig. 5,
he diffraction peaks corresponding to LiH phase disappeared after
he dehydrogenation. Li2C2 was formed as the dehydrogenated

ig. 5. XRD patterns of the Li–C compounds after TG–MS measurements. As refer-
nce, XRD patterns of Li2C2 (PDF #21-0484), LiC12 (PDF #35-1046), and LiH (PDF
65-9245) in the database are shown.
Compounds 509 (2011) 719–723

state. In previous studies, it is confirmed that CnanoHx with the C–H
groups and LiH system can interact with each other to form Li2C2
[16,17]. Therefore, the hydrogen desorption properties of the Li–C
compounds synthesized from low crystalline graphite would be
similar to the CnanoHx and LiH system.

4. Conclusions

Three types of the Li–C compounds have been synthesized by
using the as-received graphite and the pre-milled graphite under
different atmosphere, and then their H2 absorption and desorption
properties were investigated from thermodynamic and structural
points of view.

In the cases of Li-G and Li-HG, the Li intercalated compounds
were confirmed by XRD. However, by DSC measurements under
Ar, all three samples show an phase transition of Li2C2 at 450 ◦C,
so it suggested that Li-G and Li-HG were composed by Li interca-
lated graphite and nano-structural Li2C2. From thermal analyses by
DSC, it was confirmed that the hydrogen absorption process of the
Li intercalated compounds and Li2C2 were different. The hydro-
genation of LiC6 and LiC12 proceeded at lower temperature than
Li2C2 because of the different kinetic properties. By the hydrogena-
tion, Li intercalated graphite was changed to graphite and LiH. In
the case of Li2C2, LiH and nano-structural carbon were formed as
the hydrogenated state. For the hydrogen desorption properties,
dependence on the structural properties was found as well. The
high crystalline graphite and LiH in Li-G desorbs only H2, and Li
intercalated graphite was formed again. On the other hand, the
part with low crystalline graphite, e.g. Li-AG, revealed the char-
acteristic H2 desorption properties with the formation of Li2C2 by
the interaction between the C–H groups and LiH like Li–C–H system
[18,19]. As discussed above, the hydrogen storage properties of the
Li–C compounds synthesized by the milling would be classified by
the crystallinities of starting graphite, which lead to the different
reaction process.

From the experimental facts in this work, it was confirmed that
H2 was reversibly stored in the Li intercalated graphite with a
repeat of the Li deintercalation and intercalation to graphite below
200 ◦C as the following equation,

C6Lix + (x/2)H2 ↔ 6C(graphite) + xLiH (3)

Therefore, it was expected that the reversible hydrogen absorption
and desorption reactions would be realized because the graphite
structure is preserved during each process differently from the
Li–C–H system [18,19].
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