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The Fe,SSe particles dispersed in the pores of carbon (Fe,SSe/PC) were pre-
pared using a simple one-pot solid-state method, which were then characterized
by XRD, SEM, TEM, XPS, and Raman spectrum techniques. As the anode

material for lithium-ion batteries, Fe,SSe/PC displays an initial discharge
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capacity as high as 699.5 mAh/g at 0.1 C, and 327.9 mAh/g can be maintained
after 200 cycles, much enhanced than those of pure Fe,SSe. The small particles of

Fe,SSe wrapped in carbon can effectively buffer the volume expansion during
charging/discharging to improve the electrochemical performance.

Introduction

Lithium-ion batteries (LIBs) are playing a more and
more significant role in energy storage along with the
rapid development and requirement of high-power
current-consuming equipments [1-8]. As an impor-
tant component of LIBs, the anode material makes
great contribution to its capacity and influences the
whole electrochemical performance of LIBs. The
commercial graphite has been widely used as anode
materials for LIBs because of its excellent cycling
stability [9-11]. However, its low theoretical capacity
(372 mAh/g) cannot meet the requirement of LIBs
with high energy density and power density. So, it is
continuously meaningful to explore novel anode
materials.
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As anode material for LIBs, ferrous sulfide (Fe S)
has attracted much attention to be extensively stud-
ied [12-18] because of its high theoretical capacity
(609 mAh/g) and the low cost of iron. However, the
cycling stability of FeS is poor due to the large vol-
ume expansion during charge and discharge. Rela-
tively, ferrous selenide (FeSe,  theoretical
capacity:397 mAh/g) has a better cycling stability
and higher conductivity than FeS [19-22]. So, a dou-
ble-anions compound, Fe,SSe, was designed and
prepared. Fe,SSe combines the advantages of FeS and
FeSe, and it has a higher theoretical capacity
(480 mAh/g) and operating voltage (ca. 1.4 V vs.
Li*/Li) than that of graphite (below 0.2 V vs. Li* /Li).
J. B. Liu et al. prepared Fe,SSe using ball-milling
method followed by sintering, and the as-prepared
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Fe,SSe could deliver an initial discharge capacity of
471 and 397.2 mAh/g could be remained after 100
cycles at 0.1 C [23]. So far, this is the only study of
Fe,SSe as anode material for LIBs. Differently, one-
pot solid-state method was employed to prepare
Fe,SSe/PC composite here, which can be simply
described as the synthesis of Fe,SSe and PAN car-
bonization finished at the same time in one reactive
system. This method should be introduced to prepare
other types of metal chalcogenides/carbon compos-
ites. It is necessary to investigate Fe;SSe much more
to get better understanding and try to enhance its
electrochemical performance.

In our work, the Fe,SSe particles wrapped in car-
bon using a simple one-pot solid-state method,
namely, Fe,SSe/PC, exhibit a first discharge capacity
of 699.5 mAh/g at 0.1 C and 327.9 mAh/g can be left
after 200 cycles.

Experimental
Preparations and material characterizations

The Fe,SSe/PC was prepared by heating Fe (99 %,
aladdin), Se (99.9 %, aladdin), S (99.95 %, aladdin),
and PAN (M, 150000, Sigma-Aldrich) mixed with
the molar ratios of 3:2 for (Fe, Se, S):PAN and 2:1:1 for
Fe:Se:S in an evacuated quartz tube. The quartz tube
was firstly heated from room temperature to 400 °C
with the speed of 0.5 °C/min and homogenized at
400 °C for 5 h. Then the temperature was heated at
900 °C with the same heating rate and maintained for
10 h. Finally, the black sample was obtained through
natural cooling to room temperature. In addition,
pure Fe,SSe and carbonized PAN were prepared
using the same method.

Powder X-ray diffraction (PXRD, Bruker D8
Advance) analysis was performed at 40 kV and
100 mA for Cu-K« radiation (1 = 1.5406 A) with a
scan speed of 5 °/min at room temperature. Energy-
dispersive X-ray spectroscopy (EDS, Bruker, Quan-
tax) was used to analysis the element content.
Energy-dispersive X-ray spectroscopy element map-
ping was employed to show the distributions of Fe, S,
Se, and C in Fe;SSe/PC. Scanning electron micro-
scopy (SEM, Supra 55 Sapphire) and transmission
electron microscopy (TEM, Philips Tecnail2) were
used to observe the surface morphology and size.
Raman spectrum (Renishaw in via) and X-ray
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photoelectron spectroscopy (XPS, Thermofisher Sci-
entificc, ESCALAB250Xi) were used to analyze the
chemical structures and chemical composition,
respectively.

Electrochemical measurements

The electrodes were composed of 80 wt% active
material (Fe,SSe/PC or Fe,SSe), 10 wt% carbon black,
and 10 wt% polyvinylidene fluoride (PVDF), respec-
tively. The slurry was prepared by stirring the mix-
ture in a certain amount of N-methyl-2-pyrrolidinone
(NMP), then coated the slurry onto a copper foil.
After dried at 120 °C for 12 h in a vacuum oven, the
foil was cut into disks with diameter of 1.6 cm.

The CR-2032-type coin cells were assembled using a
Li foil as the counter electrode and a Celgard 2325 film
as the separator in a glovebox (VAC-Omni 102283) fil-
led with argon, where oxygen and water contents were
less than 1 ppm. The electrolyte was 1 M LiPF¢ in 1:1
DEC/EC. Cyclic voltammetry (C-V) measurements
were carried out on an electrochemical workstation
(CHI660D) in 1.0-3.5 V with a scan rate of 0.1 mV/s.
Electrochemical impedance spectroscopies (EIS) were
measured over a frequency range of 0.01 Hz-100 kHz.
The galvanostatic charge/discharge tests were carried
out at 0.1 C (48 mAh/g) in the voltage range of
1.0-3.5 V using NEWARE CT-3008 battery charge-
discharge system. The charge—discharge data were
recorded after the first discharge to 1.0 V.
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Figure 1 The powder XRD patterns of Fe,SSe/PC (blue) and
pure Fe,SSe (black).
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Results and discussion
Structure and morphology characterization

The content of Fe,SSe in Fe,SSe/PC was determined
by heating the sample in the air and calculating the
weight of Fe,O3;, which is about 88 %.

As seen in Fig. 1, the main PXRD peaks of Fe,SSe/
PC and pure Fe,SSe were located at 29.8°, 33.04°,
42.6°, 51.9°, 55.56°, 62.92°, and 69.52°, corresponding
to the calculated ones, indicating the obtained sam-
ples were pure Fe,SSe/PC and Fe,SSe. Energy-dis-
persive X-ray spectroscopy elemental analysis of
Fe,SSe/PC shows that C, Fe, S, and Se exist and the
ratio of Fe, Se, and S is around 2:1:1 (Fig. 2a). The EDS

(a) cps/eV
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element mapping analysis (Fig. 2b) of Fe,SSe/PC
indicates that Fe, S, Se, and N are evenly distributed
on the surface of carbon [24-27].

Figure 3 shows the Raman spectrum of Fe,SSe/PC.
Two peaks appear at 1348.79 and 1589.62 cm ',
which are caused by the effects of defects (D) and
graphitization (G), respectively [27]. Furthermore, the
intensity of D band is much higher than that of G
band, indicating that there are some defects and
interspaces on the surface of the carbon.

Figure 4 shows the X-ray photoelectron spec-
troscopy (XPS) spectrum which is used to analyze the
chemical composition and valence of Fe,SSe/PC. The
smooth C 1s spectrum (Fig. 4a) shows four peaks at
284.78, 284.80, 285.88, and 287.28 eV, indicating that
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Figure 2 Energy-dispersive X-ray spectroscopy analysis (a) and elemental mapping images (b) for Fe,SSe/PC.
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there are a large number of C=C, C-C, C-N, and C=N
bonds, respectively [28]. The Fe 2p (Fig. 4b) spectrum
has two strong peaks at 710.78 and 724.98 eV, which
are consistent with those of Fe?". Furthermore, the
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Figure 3 Raman spectrum of Fe,SSe/PC.
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characteristic peaks of S*~ appear at 161.78 and
163.18 eV from the S 2p spectrum (Fig. 4c). The Se
3d (Fig. 4d) spectrum shows two peaks at 54.08 and
55.88 eV, which approve that Se is in form of negative
bivalent in the composite [21, 29]. All these XPS peaks
indicate that the as-prepared sample is really Fe,SSe
and carbon with abundant single and double bonds,
corresponding to the results of PXRD, EDS, and
Raman spectrum.

Figure 5 shows the SEM images of Fe,SSe/PC,
pure CPAN (carbon form the carbonization of PAN),
and pure Fe,SSe. Compared with pure Fe,SSe, the
Fe,SSe particles in Fe,SSe/PC (Fig. 5¢) have much
smaller sizes with around hundreds of nanometers,
which are partially inserted to the pores on the sur-
face of CPAN. It can be observed that the Fe,SSe
particles in Fe;SSe/PC have smaller sizes than those
of pure ones, so the specific surface area of Fe,SSe in
Fe,SSe/PC is larger than that of pure Fe,SSe, which
can expand the area of effective interaction between
the active materials and electrolyte. What is more,
smaller size is beneficial to shorten the Li* diffusion

Figure 4 XPS spectra of (a) (b)
Fe,SSe/PC: a C 1s; b Fe 2p; C1s Fe2p
¢ S2p;d Se 3d.
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Figure 5 The SEM images of pure Fe,SSe (a), pure CPAN (b), and Fe,SSe/PC (c); the TEM image of Fe,SSe/PC (d).

Figure 6 Cyclic (a) (b)
voltammograms of pure Ist 0,002 1st
0.0005 4 2nd 2nd
Fe,SSe (a) and Fe,SSe/PC 3rd o
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route and enhances the kinetics of charge carrier  Electrochemical performance

transport [14]. The TEM image (Fig. 5d) further

shows that the Fe,SSe particles are wrapped in the The redox reaction occurred on the electrode was
carbon, which is well consistent with the results of studied using cyclic voltammetry (C-V) measurement.
the SEM images. Figure 6a, b show the test results for pure Fe,SSe and
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Figure 7 Nyquistplots for Fe,SSe/PC (black) and pure Fe,SSe (red) for
the freshly assembled cells in the frequency range from 100 to 0.01 Hz.
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Fe,SSe/PC for the first three cycles, respectively. Both
of the C-V curves are similar. For pure Fe,SSe (Fig. 6a),
a reduction peak is located at 1.36 V on the first loop,
which could be described as follows [23]:

Fe,SSe + 4Li" +4e~ — Li,S + 2Fe + LiSe. (1)

The broad oxidation peak appearing at 1.93 V indi-
cates that Fe,SSe phase formed again. After the first
cycle, the location of the reduction peak was at 1.43 V
and stable. The oxidation peaks were located at
1.93 V all the time, which can be explained using the
following reaction [23, 30].

Li,S + 2Fe + Li,Se — Fe;SSe + 4Li" +4e ™. (2)

Electrochemical impedance spectroscopies of pure
Fe,SSe and Fe,SSe/PC were investigated to know
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Figure 8 Charge and discharge curves of Fe,SSe/PC a and pure Fe,SSe b electrodes during the initial 3th cycles; ¢ Cyclic stability of Fe,SSe/PC
and pure Fe,SSe electrodes for 200 cycles at 0.1 C; d Rate capabilities of Fe,SSe/PC and pure Fe,SSe at various current densities.
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more about the interface performance of electrode
materials in Fig. 7. Both of the impedance curves
consist of a semicircle set in high frequency and a
straight line of low-frequency region, which
reflect the charge transfer resistance at the interface
of the electrode and the electrolyte, and ion diffusion
resistance in the electrolyte, respectively. It is obvious
that the radius of the semicircle for the Fe,SSe/PC is
much smaller than that of pure Fe,SSe in the high
frequency, indicating a lower resistance. This as well
proves that CPAN plays an important role for the
enhancement of Fe,SSe/PC’s electrical conductivity.

The cyclic performance of the electrode material for
pure Fe;SSe (Fig. 8a) and Fe,SSe/PC (Fig. 8b) was eval-
uated between 1.0 and 3.5V at 0.1 C. Obviously, the
initial discharge capacity of pure Fe,SSe was only
3953 mAh/g. On the contrary, Fe,SSe/PC electrode
prepared at the same conditions could deliver about two
times initial capacity of 699.5 mAh/g than that of pure
Fe,SSe. The capacity enhancement is most probably
ascribed to stabilized PAN matrix, which can effectively
prevent active material loss and bear the volume changes
during Li* insertion/extraction process [31]. Besides,
Fe,SSe/PC could still remain the capacity of 327.9 mAh/
g after 200 cycles, which is much higher than the capacity
of 102.3 mAh/g for the pure Fe,SSe electrode (Fig. 8c).
Furthermore, Fe,SSe/PC displays a good Coulomb effi-
ciency, which is maintained above 99 % during the
charge and discharge for 200 cycles.

The rate capabilities of Fe;SSe/PC and pure Fe,SSe
were also performed (Fig. 8d). Obviously, the specific
capacities were decreased along with the increase of
the discharge/charge rates from 0.1 to 2 C. The third
cycle discharge capacities of Fe;SSe/PC reach around
643.8, 560.5, 466.9, 360.6, and 277.6 mAh/g at 0.1, 0.2,
0.5, 1 and 2 C, respectively. The discharge capacity of
423.7 mAh/g can be still left when the current den-
sity comes back to 0.1 C, indicating that the Fe,SSe/
PC has a better reversibility and rate capacity than
that of pure Fe,SSe. These results reveal that the
incorporation of CPAN into pure Fe,SSe can effec-
tively enhance its electrochemical performance.

Conclusions

The Fe,SSe/PC was successfully prepared using a
simple one-pot solid-state method. It exhibits an ini-
tial discharge capacity of 699.5 mAh/g at 0.1 C and
327.9 mAh/g can be still maintained after 200 cycles
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when it is used as the anode material for LIBs. In our
opinions, this method can be also used to prepare
other M,S5e@PC (M: transition metal) composites.
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