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Abstract Poly(2,5-dimercapto-1,3,4-thiadiazole) (PDMcT)/

sulfonated graphene conductive composite (PDMcT/SGS)

was synthesized through in situ oxidative polymerization in

the presence of the water-soluble sulfonated graphene

sheets (SGS). Raman spectra revealed the existence of the

p–p interaction between thiadiazole rings and basal planes

of SGS. Scanning electron microscopy and transmission

electron microscopy showed that the submicron-sized

petals and nanofibers of PDMcT grew onto the surface of

SGS. As evidenced by the cyclic voltammetry results, the

incorporation of SGS has significantly improved the elec-

trochemical activity and cyclability of PDMcT. The dis-

charge capacity of PDMcT/SGS composite, measured with

the charge–discharge tests, was 268 mAh g-1 at the first

cycle and 124 mAh g-1 after 10 cycles.
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1 Introduction

During the past 20 years, the organodisulfide compounds

have attracted considerable attention because of their

potential use as the organic/polymeric cathode materials

with high energy density, lightweight, and environmental

friendliness in lithium batteries [1–8]. Among those org-

anodisulfide compounds, 2,5-dimercapto-1,3,4-thiadiazole

(DMcT) is one of the most promising materials since it

possesses high theoretical specific capacity and high sta-

bility to temperature [9, 10]. However, the application of

the DMcT has been hindered due to its poor electrically

conductivity and low redox rate at room temperature [11].

In order to overcome these hurdles, many materials,

such as conductive polymers [2, 12–16], metal nanoparti-

cles (Ag, Pd) [17–19], carbon fibers [20] and so on have

been used as electrocatalysts, to accelerate the redox

reactions of DMcT and provide a sufficient conductive

pathway. However, these composite cathode materials do

not have sufficient charge/discharge cyclability for prac-

tical application.

Graphene, a flat monolayer of hexagonally arrayed

sp2-bonded carbon atoms, has recently attracted consider-

able attention for its potential applications in many tech-

nological fields [21–29]. Graphene as nanometer-sized

filler can form conductive pathways in the composites even

at an extremely small concentration because of its high

electrical conductivity and a large surface-to-volume ratio

[23]. A variety of graphene composites based on various

polymers such as polystyrene [23], polyaniline [24], poly-

styreneslufonate-doped poly(3,4-ethylenedioxythiophene)

[25], epoxy [28], polyurethane [30], poly(vinylidene fluo-

ride) [31], and poly(arylene sulfide) [32] have been

reported.

However, graphene nanosheets form irreversible coag-

ulation in water due to their hydrophobic characteristic,

which restricts homogeneous dispersion of the graphene

nanosheets in polymer matrices at the individual sheet

level. Therefore, the preparation of water-soluble graphene

sheets is crucial. Water-soluble graphene sheets are usually
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prepared by chemical modifications [33, 34] or non-cova-

lent functionalizations [35, 36].

In this article, we will report the synthesis of water-soluble

sulfonated graphene sheets (SGS) and the following syn-

thesis of poly(2,5-dimercapto-1,3,4-thiadiazole) (PDMcT)/

SGS composite using in situ oxidative polymerization

method for the first time. The PDMcT/SGS composite

obtained has high electrical conductivity and good electro-

chemical properties compared with pure PDMcT.

2 Experimental

2.1 Materials

DMcT (Acros) was purified through recrystallization from

ethanol. Graphite oxide (GO) was synthesized from natural

graphite powder (30–50 lm) using the Hummers method

[37]. All other reagents were received as analytical grade

and were used without further purification.

2.2 Preparation of SGS

The SGS were synthesized using the method reported in

the literature [33] and described below. 1-g GO was dis-

persed in 200 mL deionized water whose pH was adjusted

to 9–10 with a NaOH solution. The GO sheets formed after

a 2 h sonification. The mixture was then reduced with 3-g

sodium borohydride at 80 �C for 1 h under constant stir-

ring. After being centrifuged and rinsed with deionized

water, the partially reduced GO was re-dispersed in 100-g

deionized water by mild sonification. The above sample

was sulfonated with 1.3-g aryl diazonium salt of sulfanilic

acid in an ice bath for 3 h. The post-reduction with 15-g

hydrazine was carried out at 100 �C for 24 h to remove the

remaining oxygen functional groups. The S content of the

SGS obtained from elemental analysis is 1.35%.

2.3 Synthesis of PDMcT

1.5 g (10 mmol) of DMcT was dissolved in 100 mL of

mixed solvent of deionized water and ethanol (deionized

water/ethanol = 1/2, by volume). Then 2.54 g (10 mmol)

of iodine (dissolved in 40 mL of ethanol) was dropped into

the above solution. The polymerization continued for 24 h at

40 �C with a continuous stirring. The reaction mixture was

filtered, and then washed with ethanol until the filtrate was

colorless. The product obtained was dried at 70 �C for 24 h.

2.4 Synthesis of PDMcT/SGS composite

1.5 g (10 mmol) of DMcT was dissolved in 100 mL of

mixed solvent of deionized water and ethanol (deionized

water/ethanol = 1/2, by volume), and then 1.5 g of SGS

was added into the above solution. The resulting mixture

was sonified for 15 min. 2.54 g (10 mmol) of iodine (dis-

solved in 40 mL of ethanol) was dropped into the above

mixture. The reaction was carried out under stirring for

24 h at 40 �C. The resulting product was filtered, washed

with ethanol solution, and dried at 70 �C for 24 h, leading

the PDMcT/SGS composite. The S content of the PDMcT/

SGS composite obtained from elemental analysis is 26.7%.

Thus, the PDMcT content in composite was calculated to

be 40.5 wt% according as the value of S content of the SGS

and the composite.

2.5 Measurements

Fourier-transform infrared spectroscopy (FTIR) spectra

were obtained through a Nicolet 5700 spectrometer using

KBr sample pallets. Renishaw in Via ? Reflex using a

50 mW He–Ne laser was utilized to generate Raman

spectra at 785 nm wavelength. A Rigaku D/Max 2550

VB/PC X-ray diffractometer using the Cu Ka radiation

served as the instrument in the study of X-ray diffraction

(XRD) patterns, which were recorded from 3� to 50�
(2h-angle). The morphology of the samples was observed

using both scanning electron microscopy (SEM, JEOL

JSM-6360) and transmission electron microscopy (TEM,

JEOL JEM-2100 at the accelerating voltage of 200 kV).

A TGA/SDTA/851e thermogravimetric analyzer, which

was used to perform thermogravimetric analysis (TGA),

recorded the weight loss of the samples that were heated

from room temperature to 800 �C at 10 �C min-1 under

nitrogen. The electrical conductivity of the samples was

determined using a SX 1934 four-probe instrument with

four-probe method on compressed pellets.

Cyclic voltammetry experiments were performed

using a CHI 760C electrochemical analyzer with a stan-

dard three-electrode system. A platinum foil coated with

active materials (PDMcT or PDMcT/SGS composite) was

used as working electrode, Ag/AgCl (sat. KCl) electrode

was used as the reference electrode and a platinum wire

was used as the counter electrode. The charge–discharge

tests were carried out on LAND CT2001A using a

constant current density of 10 mA g-1 and a charge–

discharge potential ranging between 1.8 and 4.0 V (vs.

Li/Li?). The lithium batteries were assembled with a

lithium anode, a 1 M LiPF6/EC-DMC (1:1 by volume)

electrolyte, and a cathode made of the composite con-

taining the materials (70 wt% PDMcT ? 20 wt% graph-

ite powder, or 90 wt% PDMcT/SGS composite) and

an binder (10 wt%). All electrochemical experiments

were completed at room temperature under an inert

atmosphere.
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3 Results and discussion

The FTIR spectra of SGS, PDMcT, and PDMcT/SGS com-

posite are given in Fig. 1. The spectrum of the SGS (Fig. 1a)

illustrates the presence of C=C (mC=C at 1,565 cm-1) and

–SO3H (mO=S=O at 1,033 and 1,003 cm-1). The absorption

bands of the PDMcT (Fig. 1c) appearing at 1,381 and

1,047 cm-1 correspond to the characteristic absorption of

S–S and C–S, respectively. For the PDMcT/SGS composite

(Fig. 1b), its spectrum contains the absorption bands of

both the PDMcT (1,381 and 1,047 cm-1) and the SGS

(1,567 cm-1).

Figure 2 shows Raman spectra of SGS, PDMcT, and

PDMcT/SGS composite. The Raman spectrum of SGS

displays a broad G band at 1,603 cm-1 and a broad D band

at 1,355 cm-1 (Fig. 2a). Compared with the graphene

reported by Stankovich et al. [38], the G band of SGS is

found broadened and red-shifted by 20 cm-1, which might

be attributed to a decrease in the average size of the

in-plane sp2 domains due to diazotization and reduction in

two stages. For pure PDMcT (Fig. 2c), the characteristic

bands showing at 1380, 1084, 643, and 520 cm-1 can be

assigned to the C=N stretch, the N–N stretch, the sym-

metric C–S–C stretch, and the S–S stretch, respectively.

The Raman spectrum of PDMcT/SGS composite contains

the characteristic bands of both SGS (1,608 and

1,358 cm-1) and PDMcT (1380, 1074, 637, and 520 cm-1)

(Fig. 2b). However, comparing with pure PDMcT, one can

find that the N–N stretch and the symmetric C–S–C stretch

of the thiadiazole rings in PDMcT/SGS composite shifts to

lower wavenumbers. This might be due to the p–p inter-

action between the thiadiazole rings and the basal planes of

SGS.

The SEM and TEM pictures of SGS and PDMcT/SGS

composite are presented in Fig. 3. The SEM micrograph of

SGS (Fig. 3a) shows a number of isolated single- or multi-

layer lamellae. From TEM image of SGS (Fig. 3b), one can

find the SGS are transparent, crumpled, and folded. How-

ever, the PDMcT/SGS composite has a different mor-

phology comparing with SGS. As shown in Fig. 3c, the

PDMcT grows onto the surface of SGS and forms submi-

cron-sized petals (indicated as domain 1) and nanofibers

(indicated as domain 2). From TEM image of this com-

posite (Fig. 3d), one can also observe that the fiber-like

PDMcT with a diameter of 10–30 nm deposits onto the

surface of SGS nanosheets, indicating that the p–p inter-

action between PDMcT and SGS plays a pivotal role in the

formation of ordered PDMcT chains.

Figure 4 depicts the XRD patterns of SGS, PDMcT, and

PDMcT/SGS composite. The XRD pattern of SGS

(Fig. 4a) has a broad peak at around 2h = 25.2�. The peak

corresponds to the diffraction of the (002) plane composed

of sulfonated graphene. The PDMcT exhibits several

strong reflection peaks at 2h = 20.7�, 26.3�, 27.8�, and

31.9�, indicating that the PDMcT has better crystalline

structure (Fig. 4c). In the diffractogram of PDMcT/SGS

composite, all diffraction peaks attributing to the PDMcT

remain while the peak corresponding to the (002) plane of

SGS disappears. This could be explained with the forma-

tion of irregular stack of SGS resulted from PDMcT

deposition onto the surface of SGS.

TGA curves for SGS, PDMcT, and PDMcT/SGS com-

posite are shown in Fig. 5. The thermogram of pure

PDMcT shows a weight loss of 99.7 wt% in a nitrogen

atmosphere at 700 �C (Fig. 5a). However, the SGS lost

only 21 wt% of its original weight under the same condi-

tion (Fig. 5c). The higher thermal stability of SGS than that

of GO may result from the removal of the labile oxygen

functional groups by chemical reduction [39]. For the

PDMcT/SGS composite, the weight loss in a nitrogen

atmosphere at 700 �C is 62.7 wt% (Fig. 5b), which indi-

cates that the thermal stability of PDMcT is improved with

the incorporation of SGS.
Fig. 1 FTIR spectra of (a) SGS, (b) PDMcT/SGS composite, and

(c) PDMcT

Fig. 2 Raman spectra of (a) SGS, (b) PDMcT/SGS composite, and

(c) PDMcT
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The electrical conductivity values of PDMcT, SGS, and

PDMcT/SGS composite are listed in Table 1. The electrical

conductivity of PDMcT is very low (\1910-7 S cm-1),

showings an insulating property while the conductivity of

SGS is quite high (2.5 S cm-1). The PDMcT/SGS com-

posite reaches a conductivity value of 0.84 S cm-1, which is

approaching that of the pure SGS and over 6 orders of

magnitude larger than that of pure PDMcT. The enhanced

conductivity of PDMcT/SGS is because the incorporation of

SGS that has a large surface-to-volume ratio and good dis-

persibility, which favors the formation of the conductive

pathway.

Figure 6a, b depict the second and fiftieth cyclic vol-

tammograms of the pure PDMcT and PDMcT/SGS

composite, respectively. It can be seen that the all

Fig. 3 SEM images of a SGS, and c PDMcT/SGS composite. TEM images of b SGS, and d PDMcT/SGS composite

Fig. 4 XRD patterns of (a) SGS, (b) PDMcT/SGS composite, and

(c) PDMcT

Fig. 5 TGA curves of (a) PDMcT, (b) PDMcT/SGS composite, and

(c) SGS

Table 1 Electrical conductivity of PDMcT, SGS, and PDMcT/SGS

composite

PDMcT SGS PDMcT/SGS

composite

Conductivity (S cm-1) \1 9 10-7 2.5 0.84
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samples exhibit one pair of redox peaks. The cathodic

peak located between 0.39 and 0.43 V is attributed to the

depolymerization of PDMcT, while the corresponding

anodic peak staying at 0.54–0.56 V is assigned to the

polymerization of DMcT. The values of redox current

peaks of PDMcT/SGS composite are about 20 times

higher than those of pure PDMcT, which indicates that

the rate of redox reaction of PDMcT is accelerated

remarkably when PDMcT is modified by SGS. This is

because the incorporation of SGS of high electrical con-

ductivity and a large surface-to-volume ratio improves

electron transport in PDMcT phase.

It can also be found that the current response of pure

PDMcT decreases and a reduction peak almost disappears

at 50th cycles (Fig. 6a). This is because the DMcT and

oligo-DMcT molecules which are produced during the

reduction process can gradually dissolve in the organic

electrolyte solution [6, 40]. However, the PDMcT/SGS

composite displays extraordinary stabilization during the

electrochemical cycles (Fig. 6b). The excellent cyclability

of PDMcT/SGS composite could be explained as follows.

Since SGS possesses large surface area and contains

–SO3H groups, a number of reductive products (DMcT and

oligo-DMcT) can be adsorbed on the surface of SGS

through the p–p interaction, which inhibits dissolution of

the reductive products in the organic electrolyte.

The first charge–discharge curves for lithium batteries

with PDMcT and PDMcT/SGS composite as cathode

materials are given in Fig. 7. It is noted that both

Li-PDMcT battery and Li-PDMcT/SGS battery have one

evident discharging platform near 2.4 V, which might be

ascribed to the reduction process of the S–S bonds. It is

also seen from Fig. 7 that the discharge capacity of

Li-PDMcT/SGS battery (268 mAh g-1) is higher than that

of Li-PDMcT battery (256 mAh g-1). The improved dis-

charge capacity might be due to the unique structure of

PDMcT/SGS composite. The nanometer-sized PDMcT

deposits on the surface of SGS uniformly, which reduces

the diffusion distance of ions in PDMcT phase during

charge–discharge process, ensures a high utilization of

PDMcT, and then exhibits a high specific capacity.

Figure 8 shows the charge–discharge cycles of

Li-PDMcT battery and Li-PDMcT/SGS battery. It can be

found from Fig. 8a that the cycle life of Li-PDMcT battery

is very short. The discharge capacity decreased substan-

tially to 54 mAh g-1 after second cycle and remained at

only 12 mAh g-1 after 6 cycles. As shown in Fig. 8b,

when PDMcT/SGS composite is used as the material, the

cycle behavior is significantly improved, which is in good

agreement with the cyclic voltammogram result. The dis-

charge capacity of the PDMcT/SGS composite can remain

at 124 mAh g-1 after 10 cycles. The enhancement of the

cycle stability for PDMcT/SGS composite could be related

to that the reductive products (DMcT and oligo-DMcT) are

adsorbed on the surface of SGS firmly due to the p–p
interaction, decreasing dissolution of the reductive prod-

ucts in liquid electrolyte solution.

Fig. 6 The second and fiftieth

cyclic voltammogram curves of

a PDMcT and b PDMcT/SGS

composite in 1 M LiPF6/EC-

DMC (1:1 by volume) solution

at a scanning rate of 20 mV s-1

Fig. 7 The first charge–discharge curves for Li-PDMcT battery

and Li-PDMcT/SGS battery. Current density: 10 mA g-1. Cutoff

voltages: 1.8–4.0 V
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4 Conclusions

A novel PDMcT/SGS conductive composite was success-

fully synthesized using in situ oxidative polymerization in

mixed solvent of water and ethanol. The electrical con-

ductivity of PDMcT/SGS composite was remarkably

improved with the incorporation of SGS because the SGS

has a large surface-to-volume ratio and good dispersibility.

The enhanced redox properties and improved electro-

chemical stability are confirmed by the cyclic voltammetry

and the charge–discharge tests. The PDMcT/SGS com-

posite may be a promising cathode material for recharge-

able lithium batteries.
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