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ABSTRACT

The lithium storage properties of graphene nanosheet (GNS) materials as high capacity anode materials for rechargeable lithium secondary
batteries (LIB) were investigated. Graphite is a practical anode material used for LIB, because of its capability for reversible lithium ion
intercalation in the layered crystals, and the structural similarities of GNS to graphite may provide another type of intercalation anode compound.
While the accommodation of lithium in these layered compounds is influenced by the layer spacing between the graphene nanosheets, control
of the intergraphene sheet distance through interacting molecules such as carbon nanotubes (CNT) or fullerenes (Cg) might be crucial for
enhancement of the storage capacity. The specific capacity of GNS was found to be 540 mAh/g, which is much larger than that of graphite,
and this was increased up to 730 mAh/g and 784 mAh/g, respectively, by the incorporation of macromolecules of CNT and Cg, to the GNS.

Graphene based materials are quite intriguing from both
perspectives of fundamental science and technology, because
they are nontoxic, chemically and thermally tolerant, electri-
cally conductive, and mechanically hard. Such properties
suggest a wide-range of industrial applications for graphene-
based materials such as adsorbents, catalyst supports, thermal
transport media, structural and electronic components, bat-
teries/capacitors, and even application in biotechnology. In
particular, advanced carbonaceous materials are desirable for
use in energy technologies such as hydrogen storage, fuel
cells, solar cells, lithium batteries, and capacitors, which have
a strong requirement for superior storage devices. In state-
of-the-art energy technologies, high-density lithium second-
ary batteries (LIB) are in high demand for electrical/hybrid
vehicles, advanced electronics, and miscellaneous power
devices.

Graphene nanosheets (GNS) are emerging nanomaterials
that are two-dimensional layers with one-atomic thickness
and strongly bonded carbon networks, which have attracted
much interest for various applications of structural, thermal,
electronic, and nanotechnologies.'” !> In particular, these
materials have superior electrical conductivities than graphitic
carbon, high surface areas of over 2600 m?/g, chemical
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tolerance, and a broad electrochemical window that would
be very advantageous for application in energy technologies.
The current electrode materials employed in LIB are lithium
intercalation compounds such as graphite and LiCoO,,
because these materials can be reversibly charged/discharged
under intercalation potentials with sufficient specific capacity.
However, much higher density electrodes are increasingly
important as the demand for advanced electrical vehicles and/
or mobile electronic device power back-ups increases.

In this investigation, the possibility of higher lithium
storage capacity was explored by controlling layered struc-
tures of graphene nanosheet (GNS) materials. The GNS
materials can be prepared by exfoliation of a bulk graphite
crystal to a dispersion of individual atomic-layer graphene
sheets, and a reassembling process results in layered nanosheet
products. According to this process, the nanosheet materials
consist of numbers of atomic graphene sheets. Controlling
the reassembling of monolayer graphene sheet materials in
solution would allow the tuning of the inter layer spacing,
the thickness of the GNS, and the morphology. Structural
control of the nanosheet materials may affect the lithium
storage properties. Functional nanocarbons such as carbon
nanotubes (CNT) or fullerenes (Cgp), which have been
intensively investigated for advanced energy storage,'3~'8
have been incorporated into the reassembling process of the
GNS materials, identified here as GNS families, for the



Figure 1. SEM and TEM observation of OGS and GNS. (a,b) SEM
images of GNS. TEM images of (c) OGS and (d) GNS. (e,f) Cross-
sectional TEM images of GNS.

preparation of LIB intercalation anode materials. Enhance-
ment of the specific capacity of these electrode materials,
via interaction between the graphene nanosheet and the
functional nanocarbons, was investigated with an aim to
obtain an unusual nano-space size for lithium ion intercala-
tion with higher energy densities.

TEM and SEM were used to characterize the structure of
both the OGS and the reduced GNS materials. Figure la
shows an SEM image of typical GNS, revealing a curled
morphology consisting of a thin wrinkled paper-like structure.
This structure suggests that the intrinsic ripples of GNS might
develop into wavy structures in the macroscopic scale.'*?
The thickness of the GNS can be observed in the magnified
SEM image of Figure 1b. It was found that the graphene
platelet thickness ranged from 3 to 7 nm, which corresponds
to an approximately 10—20 layer stacking of the monatomic
graphene sheets, according to an interlayer spacing of 0.335
nm for graphite. Figure 1c shows a TEM image of the typical
OGS, and a curved monatomic nanosheet can be observed,
suggesting that the oxidized graphene nanosheet has been
fully exfoliated from the graphite by the process employed
here. A monolayer of the oxidized graphene nanosheet (OGS)
suggests a layer-by-layer exfoliation process of graphene
monatomic sheets from the graphite. After reduction of the
OGS, the GNS materials were formed and then characterized
using TEM observation. Figure 1d shows a TEM image of
the GNS, which shows a rippled and crumpled structure,
similar to that of the original OGS. The similarity of the
OGS and GNS sheet structures suggests that the in situ
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Figure 2. Lithium insertion/extraction properties of the GNS
families. (A) charge/discharge profiles of (a) graphite, (b) GNS,
(c) GNSHCNT, and (d) GNS+Cg at a current density of 0.05 A/g.
(B) Charge/discharge cycle performance of (a) graphite, (b) GNS,
(c) GNS+CNT, and (d) GNS+Cg.

reduction reaction occurs in solution without disruption of
the nanosheet morphology. Figure le,f shows the stacking
sheet structure of GNS in the TEM cross sections, and
individual monolayers of the GNS are clearly observed. The
thickness of the GNS is approximately 2—5 nm and is
composed of approximately 6—15 stacked individual mona-
tomic graphene layers, which are clearly shown in the TEM
cross sections. According to these figures, some parts of the
GNS are wavy and turbostratic, indicating that the layer
stacking is not commensurate and disordering, possibly
because of the uncontrolled reassembling process of the
nanosheet materials. Thus described, both the OGS and the
GNS materials are nanosheet structured carbonaceous ma-
terials, synthesized from the layer-by-layer exfoliation of
individual OGS, with a subsequent reduction process provid-
ing monatomic graphene sheets that are reassembled to form
GNS structures with approximately 4 to 20 stacking layers.

The lithium insertion/extraction properties of graphite,
GNS, GNS+CNT, and GNS+Cg are shown in Figure 2.
Figure 2A shows charge/discharge profiles for (a) graphite,
(b) GNS, (c) GNS+CNT, and (d) GNS+Cg. Curve a shows
the typical insertion/extraction properties expected for highly
crystalline graphite electrode materials. A reversible capacity
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Figure 3. (A) Relationship between the number of graphene stacking sheets in the GNS families and the d-spacing perpendicular to the
basal plane. (B) Cross-sectional TEM images of GNS with different numbers of graphene sheets: (a) 4 stacking layers, (b) 6 layers, and (c)

17 layers. The d-spacing increases as the layer number decreases.

of approximately 320 mAh/g was obtained at a current
density of 0.05 A/g. In contrast, the charge/discharge curves
of GNS, GNS+CNT, and GNS+Cg displayed significantly
different profiles compared with that of graphite, which
indicates that the accommodation of lithium into these new
classes of carbonaceous materials are different. For example,
in the charging (insertion) curve, the slope starts ap-
proximately 2.5 V (vs Li/Li+) and has large specific
capacities below 0.5 V without distinguishable plateaus. The
profile implies the presence of at least two different Li-
storage sites in GNS, GNS+CNT, and GNS-+Cgy. The
capacity of the potential region lower than 0.5 V (vs Li/
Li+) should be due to lithium intercalation into the graphene
layers,?' while the absence of a potential plateau suggests a
disordered stacking of the graphene nanosheet structures,
resulting in electrochemically and geometrically nonequiva-
lent Li ion sites. Xue et al. suggested the Li ions are
electrochemically adsorbed on both sides of single-layer
sheets that are arranged like “falling cards”.?> However, the
capacity above 0.5 V vs Li/Li*, may be associated with a
faradic capacitance either on the GNS surface or on the edge
plane.?® Similar Li-storage behavior can also be observed in
hard carbon.?'* Furthermore, the reversible capacity at a
current density of 0.05 A/g is 540, 730, and 784 mAh/g for
GNS, GNS+CNT, and GNS+Cg, respectively. Obviously,
the reversible capacity of the GNS, GNS+CNT, and
GNS+Cg families is much higher than that of the theoretical
value of graphite (372 mAh/g). Yata et al. have reported
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that the accommodation of lithium in polyacenic semicon-
ductors (PAS) up to the capacities of LiC, might be possible
when the graphene layer distance is increased to ap-
proximately 0.4 nm.> The difference in the inter layer
spacing between the PAS (0.4 nm) and the graphite (0.335
nm) is almost equal to the radius of a lithium ion (0.06 nm),
which might provide a greater Li ion accommodation number
than that of the limited CgLi stage 1 compounds.

Figure 2B shows a comparison of the charge/discharge
cycle performance for (a) graphite, (b) GNS, (¢) GNS+CNT,
and (d) GNS+Cg. For the graphite material, the reversible
capacity after 20 cycles was 240 mAh/g, or 78% retention
of the initial capacity. However, the reversible capacity after
20 cycles was 290, 480, and 600 mAh/g for GNS,
GNS+CNT, and GNS+Cg, respectively. The reversible
retention capacity after 20 cycles was 54, 66, and 77% for
GNS, GNS+CNT, and GNS+Cg, respectively. The data
suggests that the fading capacity of GNS, GNS+CNT, and
GNS+Cg is somehow faster than that of the graphite;
however, the large specific capacity of these materials
suggests that lithium ions are reversibly inserted/extracted
in the GNS by a similar intercalation mechanism to that
occurring in graphite.

The theoretical limit of the specific capacity of a graphite
electrode is considered to be 372 mAh/g, which corresponds
to the composition of stage 1 Li-graphite intercalation
compound (Li-GIC), that is, CeLi.?6 However, as shown in
Figure 2A, the charge/discharge capacities of GNS, GNS+CNT,
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Figure 4. (A) Relationship between the d-spacing and the charge capacity of the GNS families and graphite. (B) Relationship between the
d-spacing and the charge capacity of various reported carbonaceous nanomaterials, including the present work. (C) Cross-sectional TEM
images of GNS families with almost the same numbers (5—6) of graphene stacking layers for (a) GNS, (b) GNS+CNT, and (c) GNS+Ceo.

and GNS+Cgy are much higher than 372 mAh/g. This
suggests that the formation of LiCe¢ compound is not
sufficient to explain such a high storage capacity. Conse-
quently, other mechanisms for the storage of lithium ion
species are required. In order to discuss the mechanism in
detail, the detailed layered structures of the GNS families,
GNS, GNS+CNT, and GNS+Cg, were investigated by TEM
observation, as shown in Figure 3. Lithium storage in
carbonaceous materials is strongly dependent on the nano-
structure of the host material; therefore, it is very important
to determine the phenomena occurring during the reas-
sembling process and the associated structural changes of
the GNS for accommodation of lithium ions. Figure 3A
shows the relationship between the d-spacing and the
graphene layer stacking number of the GNS families. Figure

2280

3B shows cross-sectional TEM images of several GNS
materials with different stacking numbers, and the direct line
scanning analysis results of the lattice images perpendicular
to the basal plane. According to this analysis, the layer-to-
layer distance (d-spacing) can be measured. Pure GNS was
found to possess a smaller average d-spacing of ap-
proximately 0.365 nm compared with those of GNS with
CNT and Ce. Figure 3A shows that the d-spacing of the
GNS changes with the stacking layer numbers, that is, the
number of graphene layers accumulated to form the nanosheet
material. Surprisingly, the d-spacing of GNS increased with
the decrease in the number of graphene layers. The d-spacing
of the GNS increases monotonically as the number of
graphene layers is reduced; the d-spacing of the GNS with
17 stacking graphene layers is approximately 0.34 nm;
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however, that with only 4 layers increases up to 0.385 nm.
This indicates that the graphene intersheet distances are
expanded by more than 9% by the reduction in the stacking
layer numbers. The increased d-spacing of the GNS are
displayed in the TEM images of Figure 3B, which shows
the layer stacking of the nanosheet with enhanced intersheet
distances. In contrast, the average d-spacing of the GNS+CNT
and GNS+Cg are approximately 0.40 nm, regardless of the
stacking layer numbers, and are larger than that of GNS.
The presence of the w—electron system macromolecules of
CNT and Cg must be responsible for the significant
enhancement of the d-spacing in the GNS+CNT and
GNS+Cg structures.

Figure 4A shows the relationship between the d-spacing
and the charge capacities for graphite and the GNS families.
A trend of increasing reversible capacity was observed when
the d-spacing of the material is increased. The average
d-spacings of GNS, GNS+CNT, and GNS+Cg are 0.365,
0.40, and 0.40 nm, respectively. The expansion ratio in the
d-spacing is (0.365 — 0.335/0.335) x 100 = 9% for GNS,
and 19 and 19% for GNS+CNT and GNS+Cg, respectively.
For GNS+Cgp, with a d-spacing expanded by 19%, the
reversible capacity was enhanced by 144% compared with
that of graphite, from 320 to 784 mAh/g. Figure 4B shows
the relationship between the charge capacity and the d-
spacing of several carbonaceous materials including those
in the present study. The expansion in d-spacing of the GNS
families caused a linear increase of the specific capacity,
while it is not so remarkable in the literatures.?’~%°

Figure 4C shows cross-sectional TEM images of GNS,
GNS+CNT, and GNS+Cgy, respectively, together with line
analysis results of the stacking graphene layers. Comparison
of the d-spacing for GNS, GNS+CNT, and GNS+Csy with
almost the same number of layers (5—6 layers) is shown.
The d-spacing was found to be 0.365, 0.40, and 0.42 nm for
GNS, GNSHCNT, and GNS+Cé, respectively, for a similar
number of stacking graphene layers. It is considered that the
addition of CNT and Cgy may cause an expansion of the
d-spacing of the GNS material, possibly due to the electron
affinity of both CNT and Cg.

Although the detailed lithium storage mechanisms are not
clear for GNS, GNS+CNT, and GNS-+Cgy, it was found that
the reversible capacity of GNS, GNS+CNT, and GNS+Cg
materials varied significantly depending on the d-spacing of
the graphene nanosheet. Two possible reasons for the
enhanced capacities of GNS, GNS+CNT, and GNS+Cg can
be proposed based on the different structures of graphite and
GNS. First, the electronic structures of GNS, GNS+CNT,
and GNS+Cg must be different from that of graphite.
Second, the expansion in the d-spacing of the graphene layers
may cause additional sites for accommodation of lithium
ions. Not only the regular sites of CgLi, but also the next
neighboring sites of stage 1 GIC compounds would be
available because of both the structural and the electronic
changes in the GNS materials. Therefore, these nanosheet
forms of graphene are promising anode materials for future
large-scale, high-capacity lithium ion batteries, although
several problems remain to be solved before practical use
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in batteries can be realized. It was demonstrated that the
d-spacing of GNS+CNT and GNS+Cg are the largest (0.40
nm) compared with those of previous studies, as shown in
Figure 4B, and this may be a crucial factor for large lithium
reversible storage capacities in the GNS families up to 784
mAh/g. Further control of the reassembling process may
provide an expansion of the interior space of the nanosheet
compounds and three-dimensional morphologies, which may
offer the promise of very large storage of lithium ions
between graphitic carbon layers.
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