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With its high theoretical capacity of 1166 mA h g�1, Li2S is a promising prelithiated cathode material for

applications such as vehicle electrification and grid energy storage. Herein, we demonstrate facile

synthesis of Li2S–graphene oxide composites for use as high-capacity and stable-cycling Li2S cathodes.

The wrapping of graphene oxide onto the surface of Li2S through favorable lithium–oxygen interactions

helps to minimize the dissolution of intermediate polysulfides into the electrolyte during cycling, which is

a major reason for rapid capacity decay. Using the Li2S–graphene oxide composites as a cathode

material, we demonstrate a high discharge capacity of 782 mA h g�1 of Li2S (�1122 mA h g�1 of S) with

stable cycling performance over 150 charge–discharge cycles.

Introduction

There is currently a great deal of interest in the development of

rechargeable batteries with high energy density and long cycle

life for vehicle electrication and grid energy storage applica-

tions.1–6 Although rechargeable lithium-ion batteries are widely

used today in consumer devices, their energy density is too low

to render them viable for the above-mentioned applications.1–6

The major limiting factor in lithium-ion batteries today is the

low theoretical capacity of conventional intercalation cathodes

based on transition metal oxides and phosphates.1–6 On the

other hand, Li2S is a promising cathode material with a high

theoretical capacity of 1166 mA h g�1 (8Li2S4 S8 + 16Li), which

is �4 times that of its transition metal oxide or phosphate

counterparts.7–14 Unlike sulfur cathodes, Li2S is in a fully-lithi-

ated state and can be paired with lithium metal-free anodes

(such as silicon and tin), thus obviating the safety concerns and

dendrite formation associated with lithiummetal.7–14 Moreover,

the fact that Li2S undergoes volumetric contraction in the initial

delithiation process (instead of expansion as in the case of

sulfur cathodes) leads to less structural damage to the entire

electrode.11 Although sulfur cathodes are now under intensive

study,15–35 the potential of using Li2S as a starting cathode

material has not received adequate attention. Similar to their

sulfur counterparts, Li2S cathodes are plagued with the prob-

lems of low electronic and ionic conductivity as well as the

dissolution of intermediate lithium polysulde species (Li2Sn)

into the electrolyte, leading to rapid capacity decay and low

Coulombic efficiency.7–14 Wrapping of Li2S with mesoporous

carbon or carbon black has been the most common strategy

used to constrain Li2Sn species and reduce their dissolution into

the electrolyte,7–13 though the resulting cycling performance still

leaves much room for improvement. This is probably because

carbon, being largely non-polar in nature, does not interact

favorably with the polar Li2S and intermediate Li2Sn species

involved in the cycling process.

Previous ab initio simulations have shown that oxygenated

functional groups can bind strongly with Li2S and Li2Sn species

through Li–O interactions.12 Inspired by these theoretical

simulations, herein we demonstrate experimentally the use of

mildly-oxidized graphene oxide (GO) as an encapsulation

material for Li2S cathodes (Fig. 1a). The wrapping of GO onto

the surface of Li2S through favorable Li–O interactions helps to

minimize the dissolution of intermediate Li2Sn species into the

electrolyte during cycling, which is a major reason for rapid

capacity decay. Using the Li2S–GO composites as a cathode

material, we demonstrate a high discharge capacity of 782 mA h

g�1 of Li2S (�1122 mA h g�1 of S) and stable cycling perfor-

mance over 150 charge–discharge cycles.

Results and discussion

First, mildly-oxidized GO was synthesized using the modied

Hummer's method20,36 (ESI,† Fig. S1) and then re-dispersed into

anhydrous ethyl acetate. Micron-sized commercial Li2S
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particles were then added (Li2S : GO ¼ 75 : 25 by weight) fol-

lowed by ultrasonication and stirring to allow wrapping of GO

onto the surface of Li2S. Fig. 1b and c show scanning electron

microscopy (SEM) images of the Li2S particles before and aer

GO coating. We can see that the surface of the Li2S particles

changes to a more sheet-like appearance aer GO coating

(Fig. 1c; see also ESI,† Fig. S2 for a low-magnication SEM

image). Energy-dispersive X-ray spectroscopy (EDX) analysis in

Fig. 1d shows the presence of S, C and O in the Li2S–GO

composites (Li cannot be detected using EDX; the Si peak arises

due to the use of a Si substrate). From the relative atomic

fractions of the various elements, the Li2S content in the

composite was determined to be �76 wt% (ESI,† Table S1),

which is consistent with the relative amounts of Li2S and GO

added during the synthesis (75 : 25 by weight). The surface

coating of GO on the Li2S particles was further conrmed using

Raman spectroscopy. We see that the Raman spectrum of

pristine Li2S shows the characteristic T2g phonon mode of Li2S

at 372 cm�1 corresponding to Li–S bond vibrations,37,38 while

that of GO shows the characteristic D and G bands at 1350 and

1590 cm�1, respectively (Fig. 1e).39 The Raman spectrum of the

Li2S–GO composites shows both the peaks of Li2S and GO,

though the intensity of the Li2S T2g peak is much weaker

compared to GO (Fig. 1e). Since Raman spectroscopy is a

surface-sensitive technique, this observation indicates that the

surface of the Li2S particles has been largely covered with GO,

consistent with the SEM image in Fig. 1c.

Previous ab initio simulations have shown that oxygenated

functional groups can bind strongly with Li2S through coordi-

nation-like interactions between the lone pairs on electroneg-

ative O and the Li in Li2S.
12 In Fig. 2a, we show a schematic

depicting an example of such a Li–O interaction between Li2S

and epoxide groups commonly found in GO. To verify the

presence of such Li–O interactions in the Li2S–GO composites,

we performed X-ray photoelectron spectroscopy (XPS) and

Raman spectroscopy measurements, which are known to be

very sensitive to the chemical environment. To prevent moisture

contamination of Li2S, special precautions were taken during

characterization (see ESI† for details). We see that the Li 1s XPS

spectrum of pristine Li2S can be tted with a single peak with a

binding energy of 54.6 eV (Fig. 2b), which corresponds to Li in

the Li–S bond.40 In contrast, the Li 1s spectrum of the Li2S–GO

composites shows asymmetric broadening towards a higher

binding energy (Fig. 2b), which indicates a change in the

chemical environment experienced by Li. This spectrum can be

tted using 2 peaks: the peak at 54.6 eV corresponds to Li in the

Li–S bond, while the additional peak at 55.4 eV can be attributed

to Li–O interaction in the Li2S–GO composites in accordance

with tabulated values.40

This is further supported by close analysis of the T2g Raman

peak of Li2S in the pristine Li2S and Li2S–GO composite

samples. The T2g Raman peak of pristine Li2S occurs at

372 cm�1 (Fig. 2c), consistent with values in the literature.37,38

We see a red-shi in the Raman peak position from 372 cm�1 in

pristine Li2S to 369 cm�1 in the Li2S–GO composites (Fig. 2c)

which indicates a change in chemical environment. Since the

T2g phonon mode in Li2S arises due to Li–S bond vibrations,37,38

a red-shi (decrease in frequency) indicates a decrease in the

force constant and slight weakening of the Li–S bonds in the

Fig. 1 (a) Schematic showing the wrapping of Li2S with GO and the

favorable interactions between oxygenated groups in GO and polar

Li2S and Li2Sn species involved in the cycling process. (b and c) SEM

images of (b) commercial Li2S particles and (c) as-synthesized Li2S–

GO composites. (d) EDX spectrum of the Li2S–GO composites,

showing the presence and relative atomic fractions of C, O and S

(Li cannot be detected using EDX; the Si peak arises due to the use of a

Si substrate). (e) Raman spectra of pristine Li2S, pristine GO and Li2S–

GO composites.

Fig. 2 (a) Schematic showing an example of Li–O interaction between

Li2S and epoxide groups commonly found in GO. (b) XPS spectra of the

Li 1s peak and (c) Raman spectra of the T2g phonon mode of Li2S in

pristine Li2S and Li2S–GO composites, together with their respective

fitted peaks.
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Li2S–GO composites.41,42 This can be explained by the strongly-

electronegative O atoms in GO interacting with Li in Li2S,

causing the electron density along the Li–S bonds in Li2S to be

diminished and the bonds to be weakened, as evidenced by

Raman spectroscopy.

It is well-known that dissolution of intermediate Li2Sn
species into the electrolyte is a major reason for rapid capacity

decay in Li2S cathodes.7–14 Previous ab initio simulations have

shown that oxygenated functional groups (such as those found

on GO) can bind strongly with Li2Sn species as well,12 which

would enable GO to constrain these polysulde species during

cycling. To verify this, working electrodes were prepared by

mixing the Li2S–GO composites with carbon black and binder

(70 : 25 : 5 by weight) in N-methyl-2-pyrrolidinone to form a

Fig. 3 (a) Typical discharge and charge voltage profile showing various depths of discharge and states of charge (points 1 to 10) and (b) the

corresponding percentage of sulfur measured in the electrolyte relative to the total sulfur mass on the electrode at these various points for Li2S–

GO and pristine Li2S cathodes. Specific capacity values were calculated based on the mass of Li2S.

Fig. 4 (a) Specific capacity and Coulombic efficiency of Li2S–GO composite cathodes over 150 cycles at 0.2 C. (b) Capacity retention of Li2S–

GO composite cathodes cycled at 0.2 C in comparison with pristine Li2S cathodes. (c) Specific capacity and (d) voltage profiles of Li2S–GO

composite cathodes cycled at various C-rates from 0.2 C to 2 C. Specific capacity values were calculated based on the mass of Li2S.

This journal is © The Royal Society of Chemistry 2014 Chem. Sci.
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slurry, which was then coated onto aluminum foil and dried in a

glove box. The typical mass loading of Li2S was �1 mg cm�2.

2032-type coin cells were then assembled with lithium foil as

the counter electrode. Pristine Li2S cathodes were also prepared

in the same way for comparison. The cathodes were rst acti-

vated at C/20 (1 C ¼ 1166 mA g�1) by charging to a high cutoff

voltage of 3.8 V vs. Li+/Li to overcome the initial potential barrier

associated with micron-sized Li2S particles (ESI,† Fig. S3).11 The

cathodes were then subject to a discharge–charge cycle, during

which the electrolyte was tested for sulfur content using

inductively coupled plasma-optical emission spectroscopy (ICP-

OES) at various intermediate stages (see ESI† for details). Points

1 to 10 in Fig. 3a correspond to various depths of discharge

(DOD) and states of charge (SOC) during cycling, where 100%

DOD (point 6) and 100% SOC (point 10) refer to the maximum

discharge and charge capacities attained, respectively. The ICP-

OES results showed signicantly lower percentage dissolution

of sulfur into the electrolyte during cycling for the Li2S–GO

composites compared to pristine Li2S cathodes (Fig. 3b). At

point 3 during the discharge process (25% DOD), we measured

a maximum of 29% of the total sulfur mass on the electrode

dissolved into the electrolyte for the Li2S–GO composites,

compared to 88% in the case of pristine Li2S cathodes (Fig. 3b).

Similarly, at point 9 during the charge process (75% SOC), 30%

dissolution of the total sulfur mass into the electrolyte was

measured for the Li2S–GO composites, compared to 82% in the

case of pristine Li2S cathodes (Fig. 3b). This indicates the

effectiveness of the GO wrapping in constraining Li2Sn species,

hence reducing their loss into the electrolyte during cycling.

To further evaluate their electrochemical performance, the

Li2S–GO composite and pristine Li2S cathodes were cycled gal-

vanostatically from 1.8–2.6 V vs. Li+/Li. Specic capacity values

were calculated based on the mass of Li2S. From Fig. 4a, we see

that the Li2S–GO composite cathodes showed stable cycling at

0.2 C with a high initial capacity of 782 mA h g�1 of Li2S

(theoretical capacity 1166 mA h g�1). The capacity retentions

achieved at the end of 50, 100 and 150 cycles were 92%, 90%

and 88% respectively, relative to the initial cycle (Fig. 4b). The

average Coulombic efficiency over the 150 cycles was calculated

to be 97% (Fig. 4a). In comparison, pristine Li2S cathodes

exhibited greater capacity decay under identical testing condi-

tions (Fig. 4b). The capacity retention of the pristine Li2S

cathodes was only 62% aer 100 cycles (compared to 90% for

Li2S–GO composites), indicating a greater degree of polysulde

dissolution into the electrolyte in the former case. The stable

cycling performance of the Li2S–GO composite provides further

evidence for the role of GO wrapping in constraining Li2Sn
species during the cycling process.

Next, the Li2S–GO composite cathodes were cycled at

different C-rates to evaluate their rate capability and electrode

kinetics (Fig. 4c and d). When the C-rate was increased

successively from 0.2 C to 0.5 C to 1 C, the cells delivered high

stabilized capacities of 695, 680 and 640 mA h g�1 of Li2S

respectively (Fig. 4c). The capacities achieved at 0.5 C and 1 C

correspond to 98% and 92% of the capacity that was attained at

0.2 C, indicating good reaction kinetics in the cathodes. Even at

a C-rate of 2 C, a reversible capacity of 510 mA h g�1 of Li2S

could be attained. When the C-rate was switched abruptly from

2 C back to 0.2 C again, the original capacity was mostly

recovered (Fig. 4c), indicating the robustness and stability of the

cathode material. The morphology of the Li2S–GO composite

cathodes was also examined aer 150 cycles at 0.2 C. At the end

of 150 cycles, the voltage was maintained at 1.8 V vs. Li+/Li for

over 20 h and the cell was disassembled in the discharged state.

We see that the surface of the Li2S particles retain their sheet-

like appearance aer cycling (ESI,† Fig. S4), which indicates that

the GO wrapping is intact and effective in constraining inter-

mediate polysuldes to reduce their dissolution into the elec-

trolyte during cycling. As a result, the solid Li2S formed at the

end of discharge does not precipitate randomly and irregularly

all over the electrode and the original morphology is largely

preserved. Finally, we note that during the cycling process,

when Li2S is converted to S8 at the fully-charged state, the strong

C–S and O–S interactions between S8 and GO will help to

immobilize the S8 species and stabilize the electrode, contrib-

uting to the stable cycling performance as well.21

Conclusion

We have demonstrated the facile synthesis of high-performance

Li2S–GO composite cathodes in which the wrapping of GO onto

the surface of Li2S through favorable Li–O interactions helps to

constrain intermediate Li2Sn species during cycling, hence

resulting in stable cycling performance. Further work is

currently ongoing to pair these stable-cycling Li2S–GO

composite cathodes with lithium metal-free anodes (such as

silicon or tin) to achieve a full-cell conguration. This work

provides insight on the use of suitable encapsulation materials

that bind strongly with Li2S cathodes, for the future develop-

ment of high-capacity and long-lasting rechargeable batteries.
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