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A composite of pyrite FeS2 microspheres wrapped by reduced graphene oxide (FeS2/rGO) has 

been synthesized by a facile one-step solvothermal method and applied as anode in lithium ion 

batteries (LIBs). Impedance measurements and transmission electron microscopy show that 

incorporation of rGO significantly decreases the charge transfer resistance and improves the 

structural stability of the composite. As an anode material for a LIB, the composite exhibits a 

high capacity of 970 mA h g-1 at a current density of 890 mA g-1 after 300 cycles. Additionally, 

this composite anode shows impressive performance especially at high current densities. The 

LIB shows a capacity of 380 mA h g-1 even at a high current density of 8900 mA g-1 (10 C) 

over 2000 cycles, demonstrating its potential for applications in LIBs with long cycling life 

and high power density. 

 

 

Introduction,  

Pyrite iron sulfide (FeS2) is an interesting optical and electronic 

material for photovoltaic and energy storage applications due to 

their abundance in nature and inexpensive cost.1-3 Pyrite has 

been investigated as counter electrode in photovoltaic devices, 

cathode or anode material in lithium batteries.2-4 It is a 

promising lithium battery electrode material with a high 

theoretical capacity of 890 mAh g-1 assuming four electron 

transfer. Therefore, pyrite has been intensively investigated as 

the cathode or anode material.3-5 Unfortunately, reduction of 

pyrite Fe2S with lithium forms polysulfide Li2Sx (2<x<8), 

which can easily dissolve into the liquid electrolytes and break 

the electrical contact between active material and current 

collector, leads to a poor cycle performance and hampers its 

practical LIBs application.3-15 One strategy to address this 

problem is to design liquid electrolyte with special group for 

suppressing polysulfide dissolution.3-5 Another effective 

approach is to wrap the electrode materials with polymer or 

carbon coating layer to effectively reduce the dissolution of 

polysulfide into the electrolyte, which significantly improved 

the rate and cycling capabilities.10-34 

Recently, Song’s group successfully synthesized iron sulfide-

embedded carbon microspheres, which exhibited a high specific 

capacity of 736 mA h g-1 at a current rate of 50 mA g-1 after 50 

cycles.10 Xu et al. also reported a soft template approach to 

synthesize ultrathin carbon-coated FeS nanosheets, which have 

a discharge capacity of 615 mA h g-1 at a current of 100 mA g-1 

after 100 cycles.11 Son et al. embedded natural pyrite in a 

polyacrylonitrile matrix to enhance the electrochemical 

performance stability of the FeS2 as cathode material, and this 

composite cathode showed a capacity of 470 mA h g-1 after 50 

cycles.12 Liu et al. also obtained carbon-encapsulated pyrite for 

LIB cathode; the discharge capacity remains about 500 mA h g-

1 after 50 cycles.13 While the high capacities reported in these 

earlier works clearly suggested that carbon-coated pyrite has 

good potential for LIB application, long-term stability at high 

current rate has to be investigated to enable its 

commercialization.  

Recent studies in Li-S battery showed that wrapping the sulfur 

into graphene sheets can significantly reduce the dissolution of 

polysulfide into the electrolyte and improve the cycling stability 

and rate performance.20-29 We therefore adopt a similar strategy 

to wrap FeS2 with a thin layer of graphene to reduce Li2Sx 

dissolution into the organic electrolyte. Here, we report the 

synthesis of pyrite FeS2 microspheres/reduced graphene oxide 

(FeS2/rGO) composites via a facile solvothermal approach. For 

practical application, micrometers FeS2 structures are more 

easily to industrial production and processing as well as a 

higher packing density for lithium battery. As the anode of LIB, 

this composite exhibits a capacity of ~1000 mA h g-1 at a 

current density of 890 mA g-1 after 300 cycles. Moreover, it 

retains a capacity of 380 mA h g-1 even at a high current density 
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of 8900 mA g-1 (10C) after 2000 cycles, demonstrating its 

potential applications for LIBs with long cycling life and high 

power density. 

 

Experimental 

Synthesis of FeS2/rGO Composite 

Graphene oxide (GO) was prepared by a modified Hummer 

method.34-36 In brief, graphite (3.0 g) was mixed with NaNO3 

(1.5 g), concentrated H2SO4 (69 mL) and KMnO4 (9.0 g), and 

the mixture was cooled in an ice bath under vigorous stirring 

for 30 min. The reaction was then heated to 35 °C and stirred 

for 30 min. Afterwards, deionized water (138 mL) was dropped 

slowly into the solution for 30 min. Additional water (420 mL) 

and H2O2 (30%, 3 mL) was added and the mixture was kept at 

98 °C for 15 min. After cooling in ambient temperature, the 

mixture was filtered and washed for several times with diluted 

HCl aqueous solution (200 mL, 30 wt%), water and ethanol. 

The obtained yellow-brown solid was then dispersed in water 

by ultrasonication at room temperature for 1 hour.  

For synthesis of FeS2/rGO composites, a mixture of the as-

prepared GO solution (2 mL, 9 mg/mL), FeSO4•7H2O (3 mmol) 

and sulfur (7 mmol) powder were added in triethylene glycol 

(TEG, 100 mL) and ultrasonicated for 30 min. The mixed 

solution was kept at 200 °C for 20 hours. After cooling to room 

temperature in air, the reaction product was collected and 

washed with distilled water and ethanol several times, and then 

dried under vacuum. The final product was annealed in N2 gas 

at 400 °C for 30 minutes. For comparison, the FeS2 sample, 

which we call bare FeS2, prepared without GO was also 

obtained in the same way.  

 

Characterization 

The as-prepared samples were characterized by scanning 

electron microscopy (SEM) and transmission electron 

microscopy (TEM) with a Philips XL30 FEG SEM and a 

Philips CM200 FEG TEM (operating at 200 kV), respectively. 

X-ray diffraction (XRD) was carried out with Philips X’Pert 

diffractometer using Cu Kα radiation. Raman measurements 

were conducted using a Renishaw 2000 laser Raman 

microscope equipped with a 514 nm argon ion laser of 2 mm 

spot size for excitation. Electrochemical impedance 

spectroscopy (EIS) measurements were performed using an 

impedance measurement unit (ZAHNER-elektrik IM6) with an 

AC amplitude of 10 mV and a frequency range of 0.1–105 Hz. 

Test coin cells were assembled in a dry argon-filled glove box 

with the working electrode consisted of FeS2/rGO (80%), 

Carbon black (10%), and CMC (carboxymethyl cellulose, 10%) 

on the copper foil. Pure metallic lithium foil served as a counter 

electrode. The separator was one layer of a polypropylene 

glycol film (Celgard 2025). The electrolyte was 1 M LiPF6 

dissolved in an ethylene carbonate (EC)/dimethyl carbonate 

(DMC) mixture (1:1 in volume). Cyclic voltammetry (CV) 

measurements were carried out with a CHI660C 

electrochemical workstation. Galvanostatic charge-discharge 

experiments were carried out with a MACCO Instruments 

system.  

 

Results and discussion,  

The preparation of the microspheres FeS2/rGO composite is 

schematically illustrated in Fig. 1. The synthesized GO sheets 

dispersed in water are negatively charged due to the ionization 

of carboxyl and hydroxyl groups on their surface.30 The 

positively charged Fe2+ ions will be absorbed on the surface of 

GO sheets by electrostatic attraction. The solvothermal reaction 

results in the formation of the FeS2 on graphene oxide. The 

sulfur powder provides the sulfur atoms which nucleate with 

the Fe2+ ions to form FeS2. The formed FeS2 will self assemble 

into the ball-like microspheres to decrease the surface energy 

while the graphene oxide is partially reduced. Finally, the 

composite of FeS2 microspheres warped by the rGO sheets was 

formed by the solvothermal process. 

Fig. 2a shows an SEM image of the as-prepared FeS2 sample 

obtained without addition of rGO in the preparation. It can be 

seen that the formed microspheres have a uniform ball-like 

morphology with diameter of 1-3 µm. When rGO is added in 

the reaction system while keeping other conditions unchanged, 

the synthesized microspheres are wrapped by the reduced 

graphene oxide sheets, as shown in Fig. 2b. Microstructure of 

the composite was further studied with TEM and high-

resolution TEM (HRTEM). Fig. 2c shows a TEM image of a 

typical microsphere with rGO sheets wrapping on the surface. 

The inset in Fig. 2c displays an HRTEM image, from which the 

lattice spacings of 0.27 and 0.24 nm match well respectively 

with those of the (200) and the (210) planes of pyrite FeS2. 

XRD diffraction patterns of the synthesized samples with and 

without using GO are shown in Fig. 2d. The two samples 

exhibit similar XRD pattern, all diffraction peaks can be readily 

indexed to a cubic lattice of pyrite FeS2 (JCPDF card No. 42-

1340, space group Pa-3, a = 5.419 Å). Fig. 2e shows a Raman 

spectrum of the FeS2/rGO composites. There are two strong 

feature peaks at 335 and 376 cm-1 as well as a weak peak at 423 

cm-1, which match well respectively with the reported values of 

the Eg, Ag, and Tg modes of pyrite FeS2.
37-38 There are no 

obvious vibration peaks in the range of 200-300 cm-1 from FexS 

or FexO. Two strong peaks at 1348 and 1582 cm-1 correspond to 

the D band and the G band of rGO, respectively.39  
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Thermo-gravimetric analysis (TGA) curves of the FeS2 and the 

FeS2/rGO samples are shown in Fig. 2f. The TGA 

measurements were carried out under an oxygen atmosphere. 

There is a significant difference in their thermal oxidative 

degradation characteristics. The thermal degradation of 

FeS2/rGO composite undergoes two major weight loss stages, 

while that of FeS2 shows three major stages. From the TGA 

curve of the FeS2/rGO composite, the content of graphene is 

about 9.6 wt%.  

Electrochemical performance of the FeS2 microspheres/rGO 

composite as anode material for LIB was investigated with 

cyclic voltammetry (CV). Fig. 3a shows representative CV 

curves of the FeS2/rGO composite electrode at a scan rate of 0.1 

mV s-1 between 0.01 and 3 V versus Li+/Li for the first, second 

and third discharge/charge cycles. Detailed mechanisms for 

reduction and oxidation of lithium and FeS2 during 

discharge/charge have been discussed in previous works.15-22 In 

the first cycle, two reduction peaks were at 0.6 and 1.2 V while 

two oxidation peaks were at 1.8 and 2.5 V. The sharp peak at 

about 1.2 V in the cathodic sweep corresponds to the reactions: 

FeS2 + 2Li+ +2e- → Li2FeS2 and Li2FeS2 + 2Li+ + 2e- → 2Li2S 

+Fe. The two reactions proceed simultaneously with a single 

reaction FeS2 + 4Li+ +4e- → Fe + 2Li2S for the Li+ has 

relatively slow diffusion in pyrite FeS2 at room temperature. 

The broad peak from 0.6 to 0.01 V is attributed to the formation 

of a solid electrolyte interlayer (SEI) on the electrode surface 

which disappears in the following. For the anodic sweep, the 

peak at 1.8 V is related to the formation of Li2-xFeS2 according 

to the reactions Fe + 2Li2S → Li2FeS2 + 2Li+ + 2e- and Li2FeS2 

→Li2-xFeS2 + xLi+ + xe-, and the peak at 2.5 V further to the 

formation of FeSy and S according to the reaction Li2-xFeS2 

→FeSy+ (2-y)S + (2-x)Li+ + (2-x)e-. After the first cycle, the 

reduction peaks changed to two peaks at about 2.0 and 1.4 V 

which correspond to the conversion reactions FeSy + (2-y)S + 

2Li+ +2e- → Li2FeS2 (2.0 V) and Li2FeS2 + 2Li+ +2e- → Fe + 

2Li2S (1.4 V), respectively. This indicates an irreversible phase 

change due to the formation of S and Li2S during the 

discharge/charge process. Moreover, there is a slight change for 

the subsequent anodic sweep in the peaks position from the 

second cycle, implying excellent electrochemical reversibility. 

Fig. 3b shows the cycling performance of the FeS2 

microspheres/rGO composite between 0.01 V and 3 V at a 

current density of 890 mAh g-1 (1C). The discharge capacity is 

763 mA h g-1 at the 1st cycle, while this value decreases to 557 

mA h g-1 at the 20th cycle. The discharge capacity of the 

composite during the initial 20 cycles could be attributed to the 

formation of SEI layer and the irreversible reaction between Li, 

FeS2 and rGO. It is interesting that the capacity increases from 

557 mA h g-1 to 970 mA h g-1 within 250 cycles with a high 

coulombic efficiency of 99.9%. The phenomenon of the 

gradually increasing capacity in the initial cycles is normally 

observed for transition metal compounds,3-5 which is attributed 

to the reversible formation of a polymeric gel-like film 

originating from kinetic activation in the electrode. 

Additionally, there is a long active period for the electrolyte 

penetrating into the inner part of the FeS2 microspheres, making 

the inner part also involved in the conversion reactions. From 

the 250th cycle upwards, the capacity shows a relatively mild 

change: the discharge capacity is ~970 mA h g-1 after 300 

cycles, which is much higher than the theoretical maximum of 

graphite (i.e. 372 mA h g-1) and also slightly higher than the 

theoretical value (~890 mA h g-1) of FeS2. The high capacities 
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could be attributed to synergistic effects, including the 

reversible formation/dissolution of polymeric gel-like film 

resulted from electrolyte degradation, which is often observed 

in transition metal compounds, and the insertion of lithium ions 

into interfacial storage and acetylene black. To study the effect 

of rGO, the cycling performance of the pristine FeS2 

microspheres was also evaluated (Fig. 3b) at the same current 

density of 890 mA g-1. However, the discharge capacity of 

pristine FeS2 microspheres decreases quickly to less than 100 

mAh g-1 within 50 cycles. It is clear that the cycling stability of 

the FeS2 microspheres/rGO composite is significantly enhanced 

by the rGO. 

Rate performance and high rate cycling stability are crucial to 

high power batteries applications. Fig. 3c shows the 

discharge/charge curves observed at various current rates 

between 0.01 and 3.0 V. It shows fifth-cycle discharge 

capacities of around 1202 mAh g-1 (0.2C), 1027 mAh g-1 

(0.5C), 901 mAh g-1 (1.0C), 732 mAh g-1 (2.0C), 512 mAh g-1 

(5.0C), 360 mAh g-1 (10C), and 237 mAh g-1 (20C). The 

FeS2/rGO composite electrode exhibits a good cycling response 

at various rates. Even when the current reaches 10C (8900 mA 

g-1) the electrode can still maintain a capacity 380 mAh g-1. 

Significantly enhanced cycling stability was achieved over 

2000 cycles for cycling at 10C with the voltage range of 0.01-

3.0 V versus Li/Li+, as shown in Fig. 3d. The FeS2/rGO 

composite has an initial discharge/charge capacity of 510 and 

440 mAh g-1, respectively, with a CE of 86%. The discharge 

capacity of FeS2/rGO drops lowest to 290 mAh g-1 and the CE 

increase to 99% to the next 300 cycles, then rebounds and 

stabilizes. The discharge capacities at 2000 cycles retain 347 

mAh g-1, with a CE of 99.8%. This outstanding stable cycle 

performance of FeS2 microspheres/rGO composite is mainly 

due to good dispersion of FeS2 particles with graphene 

wrapping on the surface. The above encouraging results show 

that FeS2/rGO composite synthesized in this work could be 

potentially used as a high power density material in lithium-ion 

batteries. 

Electrochemical impedance spectroscopy (EIS) was used to 

evaluate the interfacial charge transfer capability of FeS2/rGO 

electrode. Fig. 4a shows Nyquist plots of the as-prepared cell, 

after 1, 25, 100 cycles at 1.0 C rate. The diameter of the 

semicircle at high frequency, which is attributed to the charge-

transfer reaction at the electrolyte/electrode interface, is 

decreased with discharge/charge process. This means an 

increased electrical conductivity of the electrode as well as an 

enhanced electrochemical activity of the FeS2/rGO electrode 

along with the discharge/charge process, which results in an 

increased capacity. The reduction in electrical resistance might 

be attributed to the synergistic effect of the decrease of the FeS2 

particles size and increase of the rGO conductivity upon 

cycling, similar to the phenomenon found in many grapheme-

based composites.40, 41 The size reduction of particles which 

was further confirmed by TEM of the cycled FeS2/rGO 

electrode, signifies the enhanced electrical conductivity 

between rGO and FeS2 particles. 

TEM and XRD were performed on cycled FeS2/rGO composite 

to evaluate the morphology and structure changes after 

discharge/charge cycles. Fig. 4b shows the XRD diffraction 

pattern of the FeS2/rGO composite after 2000 cycles at 10C 

rate. The cycled FeS2/rGO shows a different XRD pattern to the 

as-prepared FeS2/rGO, the diffraction peaks can be indexed to 

the pyrrhotite Fe1-xS (JCPDF card No. 20-0534), which is 

analogous to the previous reports.9,12 The composite 

morphology and crystal structure are further studied by TEM as 

shown in Fig. 4c. The Fig. 4d shows a HRTEM image in which 

the lattice space of 0.180, 0.208 and 0.239 nm match with 

(309), (2014) and (2010) planes of the pyrrhotite Fe1-xS, 

respectively. This indicates that the FeS2 microspheres are 

broken into nanoparticles wrapped by graphene. According to 

recent research,11-13 at room temperature Li+ has relatively slow 

diffusion into pyrite FeS2, it is evident that pyrite FeS2 is not 

reformed at high charge, therefore the final reduction and 

oxidation may proceed with the reactions between Li+ and 

pyrrhotite Fe1-xS at a high rate discharge/charge process. The 

reaction mechanism of pyrite FeS2 at high rate cycle process 

still needs further investigations. 

 

Conclusions 

In conclusion, pyrite FeS2 microspheres wrapped with reduced 

GO sheets were synthesized via a facile solvothermal method. 

Owing to the excellent conductivity, large effective contact 

surface area, and superior effectively polysulfide preservation 

of graphene which wrapped on the surface of the FeS2, the as-

prepared FeS2/rGO composite exhibit significantly enhanced 

electrochemical cycling stability and rate performance. This 

composite exhibited an impressive capacity of ~970 mA h g-1 

after 300 cycles at a current density of 890 mAh g-1 (1.0C). 

Moreover, it retains a capacity of ~380 mAh g-1 even at a high 

current density of 8900 mAh g-1 after 2000 cycles, indicating its 

potential applications for LIBs with long cycle life and high 

power density. 
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