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Abstract. Greigite (Fe3S4), which have ferromagnetic in inverse thiospinel (AB2S4), is widely researched to 
use an adsorbent and biomedical field because non-toxicity and abundant in nature. Iron-based materials are 
known to have a high theoretical capacity because of their multivalent state including redox pairs, but still 
suffer from collapse and aggregate during the charge/discharge process. Here, the synthesized Fe3S4 
nanosheet structure materials wrapped with reduced graphene oxide (Fe3S4NSs@rGO) were used as an anode 
electrode material for sodium-ion batteries (SIBs). The nano-sheet structure facilitates ion diffusion through 
expanded surface area, and rGO can effectively improve electrochemical conductivity and structure stability. 
As-prepared Fe3S4NSs@rGO were used as a host material to insert Na-ion via a conversion process, and the 
stabilized structure maintains the high capacity and long cycle performance. Thus, the Fe3S4NSs@rGO 
deliver a reversible capacity of 950 mAh g−1 after 200 cycles at a current density of 1A g−1 and 524 mAh g−1 
after 400 cycles at a current density of 2A g−1, which is much higher than reported materials. 

1. Introduction 

Research on renewable energy technologies has been 
continually developed in response to worries about fossil 
fuels and environmental problems, which are restricted in 
their availability. Many new alternative energy 
production technologies, such as, nuclear power, 
hydroelectricity, and solar power, are being introduced 
into the marketplace. Additionally, research on energy 
conversion devices for effectively storing power 
generated as a result of technical advancements is ongoing. 
[1-5] The battery industry, which was founded years ago 
on the findings of Professor John Goodenough and his 
team of lithium-ion battery researchers, has been able to 
get one step closer to achieving a clean energy future that 
is reliable and efficient by collaborating with smart grids. 
[6]  
 Sodium metal, the world's fourth-largest resource under 

the surface of the earth, has the potential to be used in a 
next-generation battery. Li+ and Na+ have similar 
electrochemical and chemical properties. In terms of the 
Standard Hydrogen Electrode (SHE), there is only a small 
gap of about 300 mV; Na (-2.71V vs SHE), Li (-3.04V vs 
SHE). [7] High-power performance, low-cost, ease of 
demand and supply, adaptability to operate in a variety of 
climatic conditions, and the possibility of free recycling 
in the face of environmental pollution and ecological 
influences are all factors that contribute to the 
compatibility of both sodium-ion batteries and energy 
storage system (ESS) industries. [8-10] The kinetics of 
Na+ is related to the rate performance of the SIBs, which 

is defined by ion diffusion and electron conductivity. [11, 
12] In light of the critical role the anode material plays in 
sodium energy storage performance, much effort must be 
expended to achieve outstanding reversibility, sodium 
dynamics, and a large intrinsic capacity.[13] 

Iron sulfide is unique among Transition metal 
chalcogens (TMCs) in terms of its cheap price, abundant 
reserves, and lack of toxicity. Numerous investigations 
have been conducted to determine the electrochemical 
characteristics and performance of FeS and FeS2. [14-17] 
However, electrochemical studies into Fe3S4 are 
inadequate. In recent years, the nanostructure design has 
been widely investigated as an effective strategy to solve 
poor capacity retention and cycling problems by 
shortening the diffusion path and allowing access to 
electrolytes with a larger surface area. [18-20] Qingjie 
Zhang et al., obtained nanocrystal Fe3S4 anode materials 
which have a specific capacity of 548 mAh g−1 at 0.2 A 
g−1 via solvothermal synthesis method. [21] However, the 
capacity performance of nanocrystal Fe3S4 needs further 
develop.  
Herein, A low-cost, high-performance anode material is 
obtained through the synthesis of an Fe3S4 composite. 
Reduced graphene oxide (rGO) is widely used in many 
studies as a promising compound in SIBs to reinforce 
electrochemical and cyclic performances. [22-24] When 
the rGO is doped onto the anode material, the original 
structure of the material is still maintained and the rGO 
matrix prevents volume expansion during charge and 
discharge process, resulting in superior storage dynamics. 
[25] There are no report on the electrochemical 
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performance studies of the sodium-ion battery using the 
Fe3S4 nanosheets structure with rGO composite as the 
anode material. A Fe3S4NSs@rGO compound was 
obtained by microwave-assisted synthesis. Through 
simple microwave-assisted synthesize, a long reaction 
time of 10 hours or more, which requires a conventional 
hydrothermal method, was drastically reduced to within 
10 minutes. The Fe3S4NSs@rGO composites deliver a 
capacity of 950 mAh g−1 even after 1A g−1, 200 cycles at 
a wide operating voltage of 0−3V and were able to reach 
a higher capacity of 524 mAh g−1 compared to the existing 
discharge capacity of Fe3S4NSs of 365.8 mAh g−1. 

2. Experimental 

2.1 Preparation of Fe3S4NSs and Fe3S4NSs@rGO 
composites 

The reagent used in the experiment is analytical grade, 
and no further purification was performed during the 
experiment. Graphene oxide (GO) powders were 
synthesized by a modified Hummers process by coating 
natural graphite flake. [26] 0.05g of GO powder was 
dissolved in 10ml ethylene glycol solvent and stirred for 
30 minutes under ultrasonic conditions. Combine 16mmol 
of FeCl3 and 3mmol of thiourea in an ethylene glycol 
solvent and agitate until the solution turns transparent 
yellow. After mixing GO with the solution, agitate for 
another 10 minutes and heat at 155 °C for 9 minutes in a 
microwave assisted heating system (MARS 6CEM 
Corporation, USA). The microwave has been set to 500W. 
The sediment formed during the heating process was 
washed several times with deionized water and ethanol 
through a centrifuge (7500 rpm, 3 min), and then obtained 
The Fe3S4@NSs composites through evaporating residual 
ethanol. The Fe3S4@NSs compound is synthesized in the 
same method without adding GO in the process. 

2.2 Characterization. 
The crystal structure of Fe3S4NSs@rGO was 

characterized by the X-ray diffractometer (XRD) of 
Bruker D8 and proceeded at a scan rate of 5° min−1. To 
examine the surface elemental and valence state 
distribution of Fe3S4NSs@rGO, X-ray photoelectron 
spectroscopy (XPS) was conducted using the PHI 
Quantera model. The structures and sizes of samples were 
examined using a scanning electron microscope (SEM, 
Hitachi S-4800). EDAX PW9900 energy dispersive 
spectrometry (EDS) was examined to analyze the 
distributions of Fe, S, and C elements in Fe3S4NSs@rGO. 
The morphologies of prepared Fe3S4NSs@rGO were 
examined using JEM-2100F TEM equipment. 

2.3 Electrochemical Measurements. 
The electrochemical properties of the prepared sample 
were irradiated through coin-type CR2016 half-cells. As-
prepared product was mixed in an 8:1:1 weight ratio with 
Fe3S4NSs@rGO, super p conductive addictive and 
poly(vinylidene fluoride) binder, and N-methyl-2-
pyrrolidone (NMP) was used as a solvent. Electrode was 
manufactured through a slurry coating process, Cu-foil 

was used as the current collector. It was dried in an oven 
at 80°C for 24h to eliminate the residual solvent. The 
amount of active material coated on Cu-foil was ~1.3 mg. 
The dried electrodes were sliced into disks measuring 1.1 
cm. Sodium metal was used as a counter electrode, and 
the electrolyte was about 0.3mL of prepared NaPF6 
(Aladdin≥ 99.99%) in DEC/EC with a molar ratio of 1:1. 
The separator was made of glass fiber (Whatman, Grade 
GF/D), and the coin cell was assembled in an Ar-filled 
glove box with less than 1 ppm of water and oxygen 
content. Galvanostatic measurements were performed 
using a CT2001A Land battery measuring instrument 
within a voltage window of 0–3 V and at various current 
densities. On a CHI 660E electrochemical workstation, 
cyclic voltammetry (CV) was performed at room 
temperature. Through the same process, Fe3S4NSs also 
tested electrochemical measurements. 

3. Results and Discussion 

 

Figure 1. (a) XRD patterns of the Fe3S4NSs and 
Fe3S4NSs@rGO composites. (b) Total XPS spectra of the 
Fe3S4NSs and Fe3S4NSs@rGO composites. (c-d) High-
resolution spectrum of C 1s and Fe 2p. 

 
In this study, thiourea interacts stable with Fe2+ to 

provide sulfur and regulate its structure. The Fe3S4 
nanosheet structure was prepared through microwave-
assisted method. The crystal structure of Fe3S4NSs and 
Fe3S4NSs@rGO were characterized as shown Figure 1a. 
The strong peaks at 29.94o, 36.34o and 52.3o can be 
attributed Fe3S4 cubic phase (JCPDS No. 89-1998) with 
the face-centered cubic unit composed of 24 iron atoms 
and 32 sulfur atoms and small crystal sizes can be 
identified through the presence of broad diffraction peaks. 
There is no difference between Fe3S4NSs and 
Fe3S4NSs@rGO peaks, indicating that the insertion of 
rGO has no effect on the structure of Fe3S4. 

Figure 1b-d illustrate the XPS analysis to validate the 
valence state and element composition of the 
Fe3S4NSs@rGO composites. In Figure 1b, C, O, Fe, and 
S elements are detected in both spectrums of the Fe3S4NSs 
and Fe3S4NSs@rGO. At presented in Figure 1c, C 1s 
spectrum can be deconvolved into four peaks of 288, 
286.4, 285.1, and 284.3 eV, which correspond to O=C–O, 
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C=O, C–O, and C–C/C=C bonds, respectively.[27] In 
Figure 1d, two pairs major peaks, Fe 2p3/2 and Fe 2p1/2, 
are deconvolved to correspond the elements of Fe2+ at 
710.5, 723.9eV peaks and Fe3+ at 713.9 and 727.4eV 
peaks. [28-30] 

 

Figure 2 Structural characterization of the pure Fe3S4NSs and 
Fe3S4NSs@rGO composites. (a) SEM images of the Fe3S4NSs 
and inside Fe3S4NSs@rGO composites. (b) HRTEM images of 
the pure Fe3S4NSs with inside SAED. (c) HRTEM image of 
the Fe3S4NSs@rGO. (Inset: SAED pattern) (d-e) TEM images 
of Fe3S4NSs@rGO. (f) EDS mapping of the Fe3S4NSs@rGO. 

 
The size and morphology of Fe3S4NSs and 

Fe3S4NSs@rGO were analyzed by SEM, TEM, HRTEM,  
and mapping images (Figure 2). As shown in Figure 2a, 
both the Fe3S4NSs and Fe3S4NSs@rGO exhibit the same 
2D ultra-thin nanosheet morphology. The nanosheet 
structures with a large surface area provide sufficient 
contact area with electrolyte and reaction sites, which can 
shorten the diffusion path of sodium ions. [31] SEM 
images show that Fe3S4NSs@rGO has smaller particle 
size compared to pure Fe3S4NSs, comfirming that the rGO 
controls the size of the nanosheet by suppressing 
excessive growth of the structure due to the interaction 
between the matrix of Fe3S4 which can be contributed to 
the reduction of GO. [28, 32] Figure 2b indexes the (311), 
(400), and (440) planes of the Fe3S4 via the selected area 
electron diffraction (SAED) pattern and provides the 
same diffraction pattern in HRTEM by measuring the 
distance d=0.297 nm of (311) plane and the d=0.246 nm 
of (400) plane. Figure 2c also illustrates the same plane of 
the greigite Fe3S4 in SAED pattern, but the distance 
(d=0.261nm) in the (400) plane of the Fe3S4NSs@rGO 
was extended compared with the existing 0.246 nm which 
can boost the sodium insertion kinetics. The presence of 
rGO could be confirmed through Figure 2d. COOH, COH, 
etc., which are the main functional groups of rGO, are 
easily coupled with Fe2+ ions. In addition, rGO has a 
strong surface interaction and buffers the volume 
expansion of Fe3S4 during the sodiation/desodiation 
processes.[33] Figure 2e−f prove that Fe and S elements 
are uniformly distributed.  

In Figure 3a, the Fe3S4NSs@rGO is scanned at a 
wide voltage range of 0−3 V and 0.5mV s−1 rate to 
confirm the CV plot. The same peaks are found in both 
the first and second cycles. Peaks were found at charge 
curve in 1.57V and 1.95V. In the discharge curves, 1.52, 
0.71, and 0.44V were measured, respectively. The two 
cycle curves overlapped each other showing that the 
charging/discharging process maintains a stable curve 
after the initial cycle. In Figure 3b, the charge/discharge 
curve of Fe3S4NSs@rGO can be confirmed. The 

Fe3S4NSs@rGO exhibits the initial discharge capacity of 
1418 mAh g−1 and the charge capacity of 914.4 mAh g−1 
with 64.83 % coulombic efficiency at 1 A g−1. A charge 
capacity lower than the discharge capacity resulted from 
Na+ ions with other irreversible decomposition reactions 
in the anode in the solid electrolyte interphase (SEI) 
formation process. [34, 35]   

 

Figure 3. Electrochemical performance of Fe3S4NSs@rGO 
composites compared with pure Fe3S4NSs. (a) The CV curves 
of Fe3S4NSs@rGO at scanning rate of 0.5mVs-1. (b) 
Galvanostatic charge-discharge curve. (c)Rate performance in 
the voltage range of 0-3V (d) Cycling performance with 
columbic efficiency at 1A g-1. (e)Cycling data between pure 
Fe3S4NSs and Fe3S4NSs@rGO. 
In the second and third cycles, discharge capacities of 919 
mAh g−1 and 899 mAh g−1 could be maintained. The rate 
performance of Fe3S4NSs@rGO can be confirmed in 
Figure 3c. The Fe3S4NSs@rGO delivers specific 
capacities of 1258.7, 1020.9, 821.4, 847.2, and 727.1 
mAh g−1 at 0.1, 0.2, 0.5, and 1 and 2 A g−1 current densities. 
After that, when it returns to 0.1 A g−1 current density, the 
capacity returns to a high capacity of 1405.8 mAh g−1 for 
excellent rate and reversible performance. To further 
measure the cycle stability, an attractive capacity of 950 
mAh g−1 with a stable coulombic efficiency of 100% is 
obtained at 1 A g−1 current density after 200 cycles as 
shown in Figure 3d. Due to the strong electrical 
conductivity and mobility of rGO, the electrode's contact 
resistance decreases, facilitating the rapid removal of 
electrons. [28] Additionally, the incremental specific 
capacities in following cycles occur from the formation of 
a polymeric gel-like coating in the electrode, which is 
attributed to kinetic activation. [36] Figure 3e shows the 
long-term cycle performance of Fe3S4NSs and 
Fe3S4NSs@rGO at a relatively high current of 2 A g−1. 
Fe3S4NSs shows a capacity of 365.8 mAh g−1 after 200 
cycles, but Fe3S4NSs@rGO shows a capacity twice as 
high as 524 mAh g−1 even after 400 cycles. The increased 
discharge capacity of Fe3S4NSs@rGO is mostly due to the 
linked rGO network delaying the aggregation of of Fe3S4 
and reduces the diffusion path for Na-ion shuttling.[23] 

4. Conclusion 

In summary, Fe3S4NSs@rGO was obtained using 
simple microwave-assist synthesis. The effect of 
Fe3S4NSs@rGO on the structural and electrochemical 
properties was evaluated compared with the pure 
Fe3S4NSs. Morphological and structural results showed 
that rGO is successfully composited with Fe3S4NSs while 
maintaining the structure integrity, and the rGO complex 
is evenly dispersed and doped into the prepared material. 
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The rGO complex did not cause additional structural 
deformation and demonstrated that the interaction 
between the matrixes between Fe3S4NSs improves 
electrical conductivity and the cycle performance of the 
electrodes. It shows excellent capacities of 1258.7, 1020.9, 
821.4, 847.2, and 727.1 mAh g−1 at 0.1, 0.2, 0.5, 1, and 2 
A g−1. Especially, it maintaines a capacity of 950 mAh g−1 
even after 200 cycles at 1 A g−1 and shows competitive 
electrochemical performance compared to pure Fe3S4NSs. 
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