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Graphene, a two-dimensional (2-D) nanostructure of
carbon, has attracted a great deal of attention since
it was experimentally discovered in 2004.1 Like carbon
nanotubes, graphene sheets possess a high surface
area to volume ratio and extraordinary electronic
transport properties.2 These properties make graphene
very promising for many applications such as solar
cells, sensors, batteries, supercapacitors, and hydrogen
storage.3,4

Carbon materials are widely used in lithium batteries,
for example, disordered carbon,5,6 hierarchically po-
rous carbon monoliths,7 and acid treated graphite.8 The
nanostructuring of electrode materials is a promising
strategy to further improve the capacity of batteries.9

Among various carbon nanostructures, carbon nano-
tubes (CNTs) have been widely studied as electrodes for
lithium batteries since their unique structure should allow
rapid insertion/removal of lithium ions.10,11 Another
active research direction in advanced batteries is to make
batteries flexible, which could lead to important applica-
tions such as in wearable power sources.

Flexible electrode materials made of carbon nanotubes
such as CNT papers12 have exhibited a reversible
discharge capacity of about 200 mA h g-1 at a current
density of 0.08 mA cm-2. A much higher reversible
discharge capacity of 572 mA h g-1 was obtained for
CNT/carbon layer paper13 at 0.2 mA cm-2. However,
the relatively high production cost of carbon nanotubes
and the difficulty in making stable CNT dispersions have
limited their practical application as battery electrodes.
Recently, our group has demonstrated that stable

graphene aqueous dispersions can be chemically pre-
pared from commercially available, inexpensive graphite.
Vacuum filtration of the as-prepared dispersion results in
the formation of ultrastrong paper-like materials exhibit-
ing a smooth surface with a shiny metallic luster on both
sides.14 The graphene papers are mechanically strong
and electrically conductive with Young’s modulus of
41.8GPa, tensile strength of 293.3MPa, and conductivity
of 351 S cm-1.15 These flexible, robust graphene papers
may find use as electrodes in flexible energy storage
devices.16 Accordingly, in the present communication we
report the electrochemical properties of graphene paper
electrodes used in lithium batteries.
SEM studies of graphene paper show that it possesses

a layered structure through the entire cross section
(Figure 1). The graphene paper displayed a weak, broad
diffraction peak of (002) diffraction at about 23�
(Figure 2b), a pattern typical of amorphous structure,
with a layer-layer distance (d-spacing) of 0.379 nm
calculated according to Bragg’s equation. This compares
with a d-spacing of 0.336 nm for graphite. The increased
d-spacing for graphene paper can be ascribed to the
presence of a small amount of residual oxgen-containing
functional groups or other structural defects. About
12.4 atom % of oxygen was retained in the graphene
paper. Annealing the graphene paper at 800 �C under N2

for 1 h shifted the diffraction peak to 26.3 � (Figure 2c),
nearly identical to that of graphite (Figure 2a) but less
crystallized.
Cyclic voltammograms (Figure 3) using graphene

paper and graphite as electrodes in 1.0 M LiPF6 with
Li as the counter and reference electrodes revealed amuch
higher specific cathodic current with graphene paper
compared to graphite as the electrode. In addition, with
graphene the initial current loss on subsequent scans was
enormous and a negligible anodic current was observed.
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Two cathodic peaks appeared during the lithiation
process (lithium intercalation). The peak at 0.29 V can be
ascribed to lithium intercalation into the graphene layers
like the disordered carbon material 17 due to the structural
defects in some basal planes of carbon nanosheets in the
graphene paper. The strong, sharp peak at 1.47V indicated
more active intercalation sites were available in graphene
paper. This may be due to a type of lithium interactions
with the residual oxygen-containing functional groups
within graphene nanosheets. The cyclic voltammograms
obtainedwith graphite electrode revealed responses attrib-
uted to Li ion intercalation and deintercalaction.
Using the graphite electrode, the discharge capacity was

initially found to be 298 mA h g-1, decreasing to
240 mA h g-1 after 50 cycles (i.e., 81% retention of the
initial capacity) (see Supporting Information Figure S1).
Using graphene paper, an enormous irreversible capacity
was observed (Figure 4a), the discharge capacity dropping
sharply from 680 mA h g-1 to 84 mA h g-1 on the second
cycle; that is, only 12.4%of the initial capacitywas retained
(Figure 4b). These results correspond with the cyclic vol-
tammograms recorded above. The graphene paper elec-
trode is therefore not suitable for application as the anode
material in a secondary or rechargeable lithium ion battery.
Nevertheless, the first discharge for this electrode exhib-

ited a consistent flat plateau and a discharge capacity of

528 mA h g-1 with a cutoff voltage of 2.0 V. The midpoint
of the discharge plateau was 2.20 V (vs Li/Li+), offering
a specific energy density of 1162 W h kg-1. These results
indicate that a battery composed of a graphene paper
cathode and a lithium foil anode may have poten-
tial practical application as a power source in many tech-
nological fields.
These electrochemical experiments clearly demonstrate

that chemically prepared graphene exhibits distinguishable
electrochemical properties compared to graphite. These
differences are most likely caused by residual oxygen-
containing groups in the graphene paper. Our elmental
analysis showed that unannealed graphene contains a
considerable amount of oxgen (the atomic ratio of C/O is
around 9).14 These oxygen-containing groups could react
with lithium, leading to different electrochemical behavior.
Graphite oxide exhibited a similar result in lithium bat-
teries18,19 with a high discharge voltage of 2.3 V (vs Li).
Ruoff et al. have recently reported that the oxygen

content of graphene films can be significantly reduced by
thermal annealing.20,21 To further understand the role of

Figure 1. SEM image of graphene paper (cross section).

Figure 2. X-ray diffraction pattern of (a) graphite, (b) graphene paper,
and (c) graphene paper after treatment at 800 �C.

Figure 3. Cyclic voltammograms of (a) graphene paper and (b) graphite
in LiPF6with Li as counter and reference electrode (scan rate: 0.1mV s-1,
range: open circuit potential to 0.0 V).
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oxygen-containing groups, we also examined the electro-
chemistry of the annealed graphene paper. As shown in
Figure S2 (Supporting Information) after the graphene
paper was annealed at 800 �C under N2 for 1 h, the flat
discharge plateau at about 2.20 V disappeared. Its elec-
trochemcial behaviours became more like that of carbon
nanotubes.22 Lithium could reversibly intercalate/
deintercalate from this type of graphene paper. A rever-
sible discharge capacity of 301 mA h g-1 was retained
after 10 cycles, or 30% of the initial discharge capacity.
The heat treated graphene paper can therefore be used
as an anode in secondary lithium ion batteries.

Apart from the well-known application as anode to
substitute Li in lithium-ion batteries, carbonaceous
materials have been used in a variety of other batteries;
for example, carbon black as an oxygen absorber in
Zn-air batteries and graphite as an electrical conductor
and lubricant in alkaline batteries.23 Graphite-based
compounds such as graphite oxide and graphite fluo-
ride24 have also been suggested as positive electroactive
materials. However, the strong hygroscopicity of graphite
oxide has deterred its development as a cathode material.
Now, only “graphite fluoride” (CF)n is of practical
importance for primary lithium cells. In lithium carbon
monofluoride batteries, (CF)n or (C2F)n or CxF is the
cathode material; dangerous and poisonous F2 or HF is
used in the fluorination of graphite.25 Graphene paper
overcomes the disadvantages of graphite oxide and gra-
phite fluoride, making it a promising cathode material in
lithium batteries.
In summary, chemically prepared graphene paper

exhibits distinguishable electrochemical properties com-
pared with graphite. A sharp peak at 1.47 V is observed in
the first lithiation process in cyclic voltammograms.
A flat discharge plateau is observed at 2.20 V in the first
discharge curve, and a corresponding discharge capa-
city of 582 mA h g-1 (to the cut off voltage of 2.0 V)
is obtained, which indicates that this battery system
(graphene paper cathode and lithium anode) might be a
new primary battery system with potential practical
application as a power source. Particularly, this work
suggets that graphene sheets can be chemically tailored
to offer new electrochemical properties for more
diverse applications. Electrochemical characterization
can be an effective method to probe the chemical struc-
ture of graphene.

Acknowledgment. Financial support from the Australian
Research Council is gratefully acknowledged.

Supporting InformationAvailable: Detailed experimental des-

cription and charge/discharge profiles of graphite and graphene

paper after treatment at 800 �C (PDF). Thismaterial is available

free of charge via the Internet at http://pubs.acs.org.

Figure 4. (a) Charge/discharge profiles and (b) cycle performance of
graphene paper at a current density of 50 mA g-1.
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