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Graphene nanosheets (GNSs) were synthesized and used as

cathode active materials in a nonaqueous lithium-oxygen battery.

The GNSs electrode delivered an extremely high discharge

capacity in comparison to carbon powders, which is attributed

to its unique morphology and structure.

The nonaqueous lithium-oxygen/air battery is one of the most

promising energy storage systems for hybrid electric vehicles

(HEVs) and electric vehicles (EVs) because of its extremely

high theoretical energy density.1 The porosity of the air

electrode plays an important role in the lithium-air battery

performance because the insoluble products are deposited in

the electrode, which block O2 from diffusing to the reaction

sites.2 Recent work also showed that the oxygen reduction

reaction (ORR) in the carbon electrode significantly affected

its performance.3 Therefore, it is important to develop new

carbon electrodes to improve the kinetics and enhance the

energy capacity.

Graphene nanosheets (GNSs) have attracted great attention

for energy storage applications.4 Especially, they have been

widely used as catalyst supports or non-noble catalysts for fuel

cells.5 Recently, Yoo and Zhou examined the GNSs as air

electrodes in lithium-air batteries with a hybrid electrolyte and

found that GNSs showed good electrocatalytic activity for

ORR in an aqueous electrolyte, resulting in high performance.6

They also developed an idea of applying a graphene-like thin

film on a ceramic state electrolyte in a lithium-air battery.7

However, to the best of our knowledge, no research on GNSs

as a cathode for nonaqueous lithium-oxygen batteries has

been reported.

Herein, for the first time, we employed GNSs as cathode

active materials in nonaqueous lithium-oxygen batteries and

found that GNSs delivered an extremely high discharge

capacity.

Fig. 1 shows the discharge/charge curves of the lithium-

oxygen batteries with GNSs, BP-2000 and Vulcan XC-72 as

cathodes at a current density of 75 mA g�1. The discharge

capacities of the BP-2000 and Vulcan XC-72 electrodes are

1909.1 and 1053.8 mAh g�1, respectively. The GNSs electrode

delivers a capacity of 8705.9 mAh g�1, which is the highest

capacity of any carbon-based materials in lithium-oxygen

batteries ever reported so far. Moreover, it also shows higher

average discharge plateau voltage and charge capacity than

BP-2000 and Vulcan XC-72 electrodes, indicating a higher

catalytic activity for cathode reactions.3

The SEM and TEM images of GNSs electrode before and

after discharge are shown in Fig. 2. As shown in Fig. 2a and b,

Fig. 1 Discharge–charge performance of lithium-oxygen batteries

with (a) GNSs, (b) BP-2000, and (c) Vulcan XC-72 cathodes at a

current density of 75 mA g�1.

Fig. 2 SEM and TEM images of GNSs electrodes before (a and b)

and after (c and d) discharge.
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the GNSs have a curly morphology with a thin, wrinkled

structure.

These unique structures provide ideal porosity which is

suitable for the electrolyte wetting and the O2 diffusion, thus

improving the efficiency of the catalyst reactions. The electrode

with these structures not only increases the electrochemically

accessible site, but also provides a large diffusion path for the

O2 mass transfer, therefore, improving the discharge capacity

dramatically.

After discharge, the products deposit on both sides of the

GNSs (Fig. 2c), and it is important to note that at the edges of

the GNSs, a relatively darker/thicker colour is observed

(marked by arrows), suggesting more products on the edge

sites as indicated by the square in Fig. 2d.

Fig. 3 shows the FTIR spectra of the GNSs, BP-2000 and

Vulcan XC-72. It can be seen that in comparison to the other

two carbon materials, GNSs show an extra band at 1120 cm�1,

which corresponds to the C–O stretching vibrations.8 This is

because the edge sites of the GNSs contain a large amount of

unsaturated carbon atoms which are highly active to react

with oxygen and form oxygen-containing groups. Therefore,

the presence of these unsaturated carbon atoms results in high

activity for ORR.9

Several works have reported that the surface area, pore size

and mesopore volume of carbon materials significantly affected

the specific capacity of lithium-air batteries.2 These effects are

also investigated in this work.

Fig. 4a shows the N2 absorption–desorption isotherms at 77 K

for GNSs, BP-2000 and Vulcan XC-72. All samples are found to

yield a type-I isotherm at low P/P0, indicating the presence of

micropores.10 For GNSs, the hysteresis loop, in the P/P0 range

of B0.4–1.0, is indicative of mesoporosity in addition to the

presence of microporosity.11 The hysteresis loop for mesopores

shifts to a higher P/P0 range (B0.8–1.0) for BP-2000 and Vulcan

XC-72, which is associated with the presence of a narrower range

of mesopores, with larger diameters.

The pore size distribution (PSD) obtained using the Barrett–

Joyner–Halenda (BJH) method for the three carbon materials

are shown in Fig. 4b. In the mesopore size range (2–50 nm),

the GNSs show a wide distribution of pore sizes and much

higher pore volume at the pore size range from 2–20 nm, while

at large pore size range (20–50 nm), BP-2000 possesses large

pore volume. Vulcan XC-72 possesses small pore volume,

compared to GNS and BP-2000.

GNSs have similar mesopore volume but smaller surface

area compared to BP-2000 (Table S1, ESIw), while the discharge
capacity is much higher. Therefore, the pore size of GNSs

plays a more important role in its superior performance, in

addition to its novel structure. GNSs possess wide PSD in the

mesopore range, forming suitable diffusion channels for the

electrolyte and O2, which is an ideal 3-dimentional (3D),

3-phase electrochemical area.12

Fig. 5 shows the XRD pattern of the GNSs electrode after

discharge. The dominant discharge product is Li2CO3 and a

small amount of Li2O2 is also present. Xiao and Zhang et al.

and Bruce et al. have reported that for a carbon-based

electrode, the formation of Li2CO3, along with a small

amount of Li2O2, was because the intermediate product of

Fig. 3 FTIR spectra of GNSs, BP-2000 and Vulcan XC-72.

Fig. 4 (a) N2 adsorption–desorption isotherms at 77 K and (b) pore

size distribution (PSD) for GNSs, BP-2000 and Vulcan XC-72.

Fig. 5 XRD pattern of GNSs electrode after discharge.
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the reaction between Li and O2 may in turn react with the

carbonate solvent in the PC/EC-based electrolyte.13

In summary, GNSs were employed as the cathode materials

for lithium-oxygen batteries, and for the first time, were

demonstrated to show an excellent electrochemical performance

with a discharge capacity of 8705.9 mAh g�1. The unique

structures of GNSs form an ideal 3D 3-phase electrochemical

area and the diffusion channels for the electrolyte and O2,

which increase the efficiency of the catalyst reaction. In addition,

the active sites at the edge significantly contribute to the

superior electrocatalytic activity towards ORR. Although the

detailed mechanism for the oxygen reduction reaction on

GNSs in a nonaqueous electrolyte is unclear, it has revealed

that GNSs can deliver an extremely high discharge capacity,

showing promising applications in lithium-oxygen batteries.
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