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ABSTRACT

Graphene nanosheets (GNS), nitrogen-doped graphene nanosheets (N-GNS), and sulfur-doped graphene nanosheets (S-

GNS) were successfully synthesized, and their catalytic effects on the oxygen reduction reaction (ORR) in Li-O2 batteries

were compared. The S-GNS electrode exhibited the highest ORR catalytic activity, resulting in enhanced discharge capacity

and power capability. We attributed the enhanced ORR catalytic activity to the increased defect sites on graphene.
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1. Introduction

Li-O2 batteries have attracted attention because they

can deliver the highest energy density (theoretical value

of ~3,500 Wh kg−1) among all types of batteries [1-5].  An

unlimited source of oxygen makes Li-O2 technology

attractive for next-generation batteries. Li ions (Li+) and

oxygen (O2) react on a cathode substrate, forming Li2O2

discharge products (2Li+ + O2 + 2e−→Li2O2, 2.96 V)  [3].

There are no heavy transition metals or crystal frame-

work required to store Li ions, which leads to an

extremely high energy density. On the other hand, a

highly conductive substrate with a large surface area is

useful for storing the non-conductive, solid-state dis-

charge products. Thus, the choice of substrate material

is a key factor that determines the electrochemical prop-

erties of Li-O2 cells. Carbon-based materials have been

commonly used as substrate materials because of their

high surface area, porosity, and electrical conductivity.

Among the various carbon materials, graphene is one of

the most attractive candidates because of its large sur-

face area and superior electrical conductivity, which can

compensate for the poor conductivity of the discharge

products [6]. Furthermore, it was recently demon-

strated that graphene exhibits oxygen reduction reaction

(ORR) catalytic activity [7]; anchoring various dopants

on graphene-based substrates can affect the catalytic

properties of graphene [7-15].

In this study, nitrogen-doped graphene nanosheets

(N-GNS) and sulfur-doped graphene nanosheets (S-

GNS) were prepared from graphene oxide (GO) by

thermal treatments with nitrogen and sulfur dopants,

and their electrochemical performances as cathode

materials for Li-O2 batteries were compared with that

of bare graphene nanosheets (GNS). We found that the

nitrogen and sulfur dopants enhanced the ORR cata-

lytic activity of Li-O2 batteries; this was attributed to

the increased defect sites in heteroatom-doped GNS. 
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2. Experimental

GO was prepared from natural graphite (Sigma–Ald-

rich) using the modified Hummers method [16]. Aque-

ous GO suspensions were frozen in liquid nitrogen and

then freeze-dried using a lyophilizer (LP3, Jouan,

France) at 50oC and 0.045 mbar for 72 h. After lyo-

philization, low-density and loosely packed GO pow-

ders were obtained. The melamine monomer (0.5 mg/

mL) was added to the GO solution to dope GO with

nitrogen and obtain N-GNS. The solution of melamine

and graphene was frozen in liquid nitrogen and freeze-

dried using a lyophilizer at 50oC and 0.045 mbar for 72 h.

The lyophilized mixture was thermally treated at 600oC

for 2 h. The resultant product (N-GNS) was stored in a

vacuum oven at 30oC. S-GNS was prepared using ele-

mental sulfur. Equal amounts (100 mg) of the as-obtained

lyophilized GO powder and elemental sulfur powder

(Sigma-Aldrich, 99.98%) were mixed in a mortar. The

mixture was thermally treated in a tubular furnace at

600oC for 2 h. The resultant product (S-GNS) was stored

in a vacuum oven at 30oC. Bare GNS was prepared by

repeating the same procedure without the elemental sul-

fur powder.

The air electrode was composed of a mixture of the

prepared graphene and binder (Kynar 2801) at a weight

ratio of 80:20. The mixtures were dispersed in N-methyl-

2-pyrrolidone (NMP, Sigma-Aldrich, 99.5%) and cast

onto a Ni-mesh current collector. Lithium metal (3/8-inch

diameter), one sheet of glass fiber separator (Whatman

GF/D microfiber filter paper, 2.7-µm pore size), and the

prepared cathode were stacked in sequence in a

Swagelok-type Li-air cell. The electrolyte was 1 M lith-

ium bis(trifluoromethane)sulfonamide (LiTFSI) in tetra-

ethylene glycol dimethylether (TEGDME). All the cells

were assembled in a glove box and operated in an oxygen

atmosphere (770 Torr). Each cell was relaxed for 1 h in

an oxygen atmosphere before testing to ensure cell stabi-

lization. A potentio-galvanostat (WonA Tech, WBCS

3000, Korea) was used to measure the electrochemical

properties. X-ray photoelectron spectroscopy (XPS, PHI

5700 ESCA), field-emission scanning electron micros-

copy (FE-SEM, S-4300, Hitachi, Japan), and Raman

spectroscopy (Horiba Jobin-Yvon, LabRam HR, France)

were used for the analyses.

3. Results and Discussion

The morphologies of the synthesized GNS, N-GNS, and

S-GNS were observed by SEM (Fig. 1a-c). All the samples

had similar morphologies of a thin, curled structure.

Energy-dispersive spectroscopy (EDS) mapping, corre-

sponding to the SEM images of N-GNS and S-GNS (Fig.

1d and e, respectively), demonstrated that the nitrogen and

Figure 1. SEM images of (a) GNS, (b) N-GNS, and (c) S-

GNS, and EDS mapping of (d) N-GNS and (e) S-GNS.

Figure 2. (a) XPS N 1s spectra of N-GNS, and (b) XPS S 2p spectra of S-GNS.
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sulfur were uniformly doped onto the surface of GNS.

The chemical configurations of nitrogen and sulfur

were confirmed by XPS (Fig. 2). The XPS N 1s spec-

tra of N-GNS showed the two distinct peaks of pyri-

dinic N (398.2 eV) and pyrrolic N (400.3 eV),

corresponding to six- and five-membered rings at the

edge of a graphene sheet (Fig. 2a). The presence of

these chemical species indicates the broken symmetry

of the infinite carbon honeycomb lattice. In the XPS S

2p spectra of S-GNS, the C-S-C peak (163.8 eV) and -

C-SOx- peak (165.9 eV) were dominant (Fig. 2b). The

covalent C-S-C bonding is attributable to an S adatom

on a C-C bond, an S adatom on a monovacancy, or an

S2 dimer on a divacancy. 

The electrochemical performances of GNS, N-GNS,

and S-GNS at current densities of 0.1 and 0.2 mA cm−2

were investigated (Fig. 3). While the GNS electrode

delivered a discharge capacity of 370 mAh g−1, the dis-

charge capacities of N-GNS and S-GNS increased to

1280 and 1980 mAh g−1 after nitrogen and sulfur dop-

ing at a current density of 0.1 mA cm−2. Even at the

higher current rate, the discharge capacities of heteroa-

tom-doped GNS electrodes were greater than that of the

bare GNS. Based on the discharge capacity results at

different current rates, the rate capability of S-GNS was

the highest among the three graphene-based electrodes.

It has been reported that N-GNS exhibits ORR catalytic

activity due to the partial positive charge sites that result

from the difference in electronegativity between nitro-

gen and carbon, which increases oxygen adsorption

(electronegativity of nitrogen: 3.04; carbon:2.55)

[14,15]. In addition, the increased defect sites could fur-

ther enhance the ORR activity [17]. Therefore, the ini-

tial discharge capacity of N-GNS was higher than that

of bare GNS (Fig. 3). In the case of S-GNS, although

the difference in electronegativity between sulfur and

carbon is much lower (~0.03) than that between nitro-

gen and carbon, the initial discharge capacity and rate

capability of S-GNS were superior to those of N-GNS.

This implies that factors other than electronegativity

dominate the ORR activity; we investigated other fac-

tors using Raman analysis.

The Raman spectrum of GNS exhibited D and G

peaks at ~1360.6 and ~1599.8 cm−1, respectively (Fig.

4). The presence of the D peak indicates the formation

of defect sites having a broken symmetry of the infi-

nite carbon honeycomb lattice. The G peak originates

from the doubly degenerate E2g phonon at the Bril-

louin zone center. The D and G peaks of GNS were

shifted slightly to lower wavenumbers after doping.

The Raman spectra of N-GNS and S-GNS exhibited D

peaks at ~1355.6 and 1353.2 cm−1, respectively, and G

peaks at ~1593.8 and 1589.4 cm−1, respectively. The

shift of the D and G peaks indicates successful elec-

tron doping of GNS and supports the doping of het-

eroatoms [18]. Also, the D/G ratios of N-GNS and S-

GNS were 1.00 and 1.15, respectively. Both ratios

were larger than that of GNS (0.88), indicating an

increase in defect sites after doping. S-GNS had more

defect sites than N-GNS, which might be due to the

Figure 3. Discharge-charge curves of GNS, N-GNS, and S-GNS at current densities of (a) 0.1 mA cm
−2 and (b) 0.2 mA cm

−2.

Figure 4. Raman spectra of GNS, N-GNS, and S-GNS.
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larger radius of a sulfur atom (100 pm) compared to

nitrogen (65 pm) and carbon (70 pm) [19].

In previous reports, theoretical calculations using

density functional theory (DFT) showed that the

nucleation and growth of discharge products are most

likely to occur around the defect sites [20]. The defect

sites in S-GNS are thought to provide numerous

nucleation sites for the formation of Li2O2, resulting in

a high discharge capacity. S-GNS exhibited a higher

discharge capacity than N-GNS due to a greater num-

ber of defect sites, even though S-GNS had a negligi-

ble difference in electronegativity between nitrogen

and carbon. Additionally, S-GNS had the highest rate

capability among the three samples because the

numerous nucleation sites that resulted from increased

defect sites facilitated rapid growth of the discharge

products. 

4. Conclusion

N-GNS and S-GNS were prepared by thermal treat-

ment with melamine and elemental sulfur, respec-

tively. N-GNS and S-GNS had increased defect sites,

which resulted in enhanced ORR catalytic activity

compared to GNS. N-GNS and S-GNS showed dis-

charge capacities of 1280 and 1980 mAh g−1, respec-

tively, which were much higher than that of GNS

(370 mAh g−1). In addition, N-GNS and S-GNS

showed enhanced rate performances compared to

GNS; this was attributed to additional defect sites that

promoted nucleation of the discharge products.
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