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In this study, we use a rapidonvenient, and cogfffective precipitation method to synthesisi.Fe
xS@C anode materials farse inlithium ion batteries (LIBs We found that using a special carbon
source acetylene black can lead to higher discharge specific capacity and a long cycling life of the LIB
with Fe.xS@C anode. The sample prepared with 10 wit% e carbon source and calcined at 600 °C
showed the best electrochemical performance. The optimurS@&C sample maintained a very
stable state after the initial 30 cycles of attenuation at 100 hAngl exhibited a high and stable
reversible capacitgf 644 mA-h-g* until the 200th cycle.
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1. INTRODUCTION

The current rapid development of various technologies has increased the demand for energy,
which necessitates that energy storage equipment keep pace with such demands. In particular, th
emergence and gradual popularization of new energy vehicles has led to the continuous developmern
of battery technologies. Lithiuion batterieqLIBs) arethe most widely used secondary batteries at
present, are also being constantly developed and improv8H Rlthough research on alternative
batteries with low cost and highly abundant elements has continued, there are still many unresolved
difficulties remain so that research on such batteries is still in the laboratory stage and cannot be
commercialized yet [4]. Therefore, LIBs are still likely to be the best choice for lescge power
batteries for a long time in the future, and research toward inmgrdkie performance of LIBs will
continue [79].
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Electrode materials are the most important component of LIBs that determine the performance
of the batteries. While the traditional anode material, graphite, cannot keep up with the demand of the
nextgeneréion high-performance LIBs, the development of the next generation ofgediormance
electrode materials with long cycle stability, and high capacity has become the primary task of
researchers at this stage [10,11]. For example, Tarascon [12] firsteeploe transition metal oxides
as the anode materials of LIBs. In 2000, transition metal sulfides also began to attract the attention of
researchers [13]. Similar to the properties of transition metal oxides, transition metal sulfides also have
a high theretical capacity, and the transition metal sulfide has better reversible capacity than the
transition metal oxide. Among these, iron sulfide has a high theoretical capacity and Fe is an abundan
element. Such compounds can not only undergo redox reagtitmdithium ions, but their &S
layered structure also enables lithium ion intercalation into the van der Waals gaps, and thus,
researchers believe that this kind of material have good application prospet.[lrén sulfide also
has critical shacomings. Their poor conductivity and structural collapse caused by large volume
changes that lead to poor cycle stability are some of the issues to be overcome [17,18]. Commor
methods for improving the properties of iron sulfide mainly include, introduairsuitable carbon
source, designing reasonable nanostructure forms of the material, or compounding it with other
materials. Researchers usually use one or more of these methods to improve the electrochemice
properties of the material [1B1]. Zhu et alsuccessfully combined porous electrospinning technology
with a biomoleculeassisted hydrothermal method to prepare porous graphite carbon nanowires
containing FeS nanodots [22]. The anode material showed relatively good performance in LIBs, a
satisfactorydischarge capacity of 400 mA-h*dnas been achieved at a test conditions of 0.5C. Pan et
al. prepared F®4J/FexS@C@Mo$S nanosheets in two steps using fredegng and hydrothermal
methods [23]. The anode material exhibits wonderful charge/discharfgenpence and superior cycle
performance whether used in SIBs (sodium ion batteries) or LIBs. When used in LIBs and selecting a
rate of 200 mA-g, an amazing reversible capacity exceeds 1000 mA:h-g

However, most of these methods are complicated weélsyimthetic steps being cumbersome,
the output of the product is limited, and the morphology and uniformity of the nanostructures are
difficult to control, all of which are the reasons why this material is difficult to commercialize. In this
study, we seleted acetylene black as a carbon source, used a fastpkiywconvenient, and higheld
precipitation method to prepare 1x8@C anode materials for lithiuron batteries. The resulting
product performs surprisingly well as an anode. The results shatwthé synthesized material has
superior electrochemical properties.

2. EXPERIMENTAL

The chemical reagents were used directly after purchase and without any purification. First, an
appropriate amount of acetylene black (ACET) was takenbieaker, and 50 mL of deionized water
and an appropriate amount of polyvinylpyrrolidone were added and the mixture was sonicated for 1 h.
Then, mixed 5.4058 g of Fe@H,O with 3.0448 g of CBH4S into a beaker, added 100mL of
deionized water to obtain a mmgeneous solution. The ultrasonically dispersed acetylene black
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suspension was directly added to this mixed solution and stirred at room temperature for 12 h.
Subsequently, the mixture was transferred to an evaporating dish and placed in a blast dryfng ov
24 h at 80 °C, the precursor was obtained. Thereafter, the obtained precursor was placed in a tub
furnace and calcined at 500, 600, and 700 °C for 4 h under argon. The obtained black powders were
washed thrice with deionized water and thrice whibadute ethanol, and then placed in a blast drying
oven at 80 °C until they dried completely.

X-ray diffraction (XRD, Bruker D2 diffractometer, using ®uUradiation sourceg-= 1.5408
A) was wused to probe 14S®E. Thetsaustere andsing ah FBAC weren 0o f
characterized by transmission electron microscopy (TEM,-J&EMN3FEE). The obtained materials
were mixed with PVDF at a mass ratio of 1:1 and fornueysby added deionized water o2 ml.
Then, selected smooth flat copper foil as the current collector, uniformly coated the slurry to obtain the
Fe.xS@C anode, which was then dried at 70 °C for 10 h. A button battery was assembled in a hand
operated bx. A solution of LiPk (the volume ratio of dimethyl carbonate: ethylene carbonate: ethyl
methyl carbonate = 1:1:1) as an electrolyte, at the same time Li metal as the counter electrode. After
stood for 12 h, the electrochemical performance of the assdnfiattery was allowed to evaluate.
Constant current charge /discharge and cycle life tests were carried out by aCRNID1A battery
test system (voltage range~0.01 to 3 “dyoltageCyc I
range~0.01 to 3 V) andlC impedance (voltage range~0.01 to 3 V, frequencies ranging~0.01 Hz to 0.1
MHz) measurements were both tested on an electrochemical works(@itir650D Shanghai
Chenghua of China).

3. RESULTS AND DISCUSSION
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Figure 1 exhibits the XRD diffraction diagram obtained under different experimental
conditions. Fig.1. (a) shows patterns ofi.fe @C with different amounts of acetylene black at a
calcination temperaturef ®00 °C, the letters a, b, ¢ and d marked in the figure represent the carbon
coating amount of 0, 5, 10, 15 wt%, respectively. Fig.1. (b) shows patterns &@€ with 10 wt%
ACET at different calcination temperature, the letters a, b, and ¢ markae figtire represent the
calcination temper at u respectvély. Abh BRD, diffrecidh peaks of thé 0 O
prepared sampdeare consistent witrhexagonal FeS (JCPDScard#29-0725)[6,24], indicating that
the prepared samples are alh.F2@C materialsThe sharp peak shapef the samples indicatine
high degree otrystallinity . The carbon coated on the material is in an amorphous state, which is
proved by the fact that no distinct diffraction peak of carbon is observed in the figure.

Figure 2 shows the morphology of thetkR8@C material. The TEM exhibits a random block
shape, with the dark portion in the TEM image beingxBeand the lighter portion at the periphery
being carbon coated on the surface of the sample in an amorphou3lh@se carbon wrapped on the
surfacecannot only serve as substrate for conductiaturing electron transfdsut also enhance the
stability of the material structure during the electrochemical reaction, thereby greatly improving the
electrochemical performance of theamples[25,%6]. The interplanar spacing of the material
corresponding to the (200) crystalline paof the FexS material can also be observed in Figure 2,
and the calculated numerigaisult is ~ 0.31 nm. The result of the TEM analysis are mutually
demonstrated with the XRD results we obtained earlier.

10D

Figure 2. TEM image of FexS@Cmaterials

Figure 3(a) and Figure 3(b) shows the first cycle charge and discharge curves and the cycle life
diagrams of FexS@C coated with different amounts of ACET at 600 °C, respectively. The letters a, b,
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c and d represent the ACET amount of 0, 5, I wt%, respectively. With the performance curve
comparison of F&S@C and pure kS, we can conclude that the carbon coating is an effective
modification method which can significantly improve the electrochemical performance of the sample.
The thin @arbon layer can buffer the structural collapse and large volume changes caused by the
process of insertion/ extraction of lithium ion. In addition, carbon coating canealsancethe
electronic conductivityand Li storageof our prepared samplebsing acetylene black as the carbon
source results in a relatively high fisgcle discharge specific capacity, but the fogtle charging
specific capacity is faeks than this high value, resulting the Coulomb efficiency of the first cycle was
not ideal, but the discharge specific capacity and cycle stability are excellent.
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Figure 3. (a) First cycle charge and discharge profiles afxB&C coated with different amounts of
acetylene black at 600 °C (a, b, ¢ ancefdresent the carbon coating of 0, 5, 10 and 15 wt%,
respectively); (b) Cycle life of ReS@C coated with different amogntf acetylene black at
600 °C (a, b, ¢ and depresent the carbon coating of 0, 5, 10 and 15 wa%ectively); (c)

First cycle charge and discharge profiles of S0 C (10 wt% ACET) at different calcination
temperatures (a, b, andrepresent the caltiat i on t emper ature of 5
respectively); (d) Cycle life of ReS@C (10 wt% ACET) at different calcination temperature
(a,b,andec epresent the calcinati onredpectmgyd.r at ur e
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With increasing amount of ACEThe discharge specific capacity of the material increases
first, reaches a maximum at 10 wt% and then begins to decrease. When the amount of carbon coatin
increase to 15 wt%, the reversible capacity of the material is reduced, which possibly due to the
excessively high content of carbon reduces the tap density of the material or exacerbates the
agglomeration of the material particles. Therefore, 10 wt% is the optimum coating amount of ACET.
Figure 3(c) and Figure 3(d) are the cycle life diagrams andrteMeek charge and discharge curves
of FexS@C (10 wt% ACET) at different calcination temperatures, respectively. The letters a, b, and ¢
represent t he cal cination t emper at The eafinatoih 50
temperature has a versignificant effect on the electrochemical performance of the sample
agreement witithe previously reported literature [@}. can be seen thappropriatelyincreasethe
calcination temperature can improve electrochemical performance of the material, but Coulomb
efficiency of the first cycle does not have a good and regular effect. When the calcination temperature
is insufficient, thecrystal does not grow completely. Thereafter, as the calcination temperature
increases, the particles of the material become larger and the agglomeration is aggravated, making th
performance of the material unsatisfactory. In conclusion, the most sutdbieation temperature is
600 . Il n summary, optimum results were obtair
in the synthesis and the material was calcined at 600 °C. The samples prepared under such conditior
exhibited the best electrochemligeerformance, including the most stable long cycle performance and
the highest reversible capacity.

Figure 4 shows a long cycle life diagram of the material under the optimal condition at 100
mA-g?. In the first few cycles, it can be observed that tiserdhrge curve has a very significant drop.

This irreversible loss of capacishould bemainly caused by structural collapaed the formation of
the solid-electrolyte interface SEI) film [23-25]. It tends to be stable while the 30th cycle. The
optimum FeixS@C sample exhibits a pretty good reversible capacity of 644 mAunj the 200th
cycle, and the curve is very smooth while it maintains a very stable trend.
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Figure 4. The cycleperformance of &S @C wi t h 10 wt % ACET at
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Figure 5 showghe cycle performance profiles of k& @C (10 wt % ACET,
different rates. The initial test rate is 100 mA-@nd thenumericalvalue increases by 100 every 10
cycles until up to 500 mA:Y and then continues to cycle at 100 mA-Fhe discharge curve of the
material shows a large attenuation in the first 10 cycles then tendsstabibe The electrode delivers
560, 510, 490, and 470 mA-htgapacity at 200, 300, 400, and 500 mA.gespectively, with
satisfactory stability. In the 50th cycle, the current density was reverted to 100" midegdischarge
specific capacity of the aterial remained at 640 mA-h*after a small attenuation, indicating the
wonderful cycle stability of the sampl€he results of these electrochemical properties otFdased
materials are very prominent in the reported literat{irable 1)
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Figure 5.Charge and discharge profiles ofi k8@C with 10 wt% ACET at 600 at different rates.
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As shown in Table 1, we compared the electrochemical properties of the prepau@dwith
similar anode materials for LIB#hat were described in literaturkk can be clearly observed that at
approximate current density, tsamplewe prepared has a higher reversible capacity and excellent
cycle stability. In addition, theamplealso hassatisfactoryrate performancerlhe reversible capacity
and stabilityof the sampleat highrateare better than those reported in the literature.
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Figure 6. (a) Cyclic voltammogram of keS@C with 10 wt% ACET at 600 at the scanning
voltage range of 0.63.0 V, and at a scan rate of 0.0005 m¥-¢b) Nyquist plots of Fe
xS@C with 10 wt% ACET at different calcination temperatures (a, b, arepresent the
calcination temper atrespeetivelyYy 500, 600 and 700

Figure 6(a). shows the cyclic voltammogram of the prepared material. The scanning voltage
range was 0.03.0 V, and the scan rate was 0.0005 m¥ Fhree reduction peaks are obserirethe
first cycle in agreement witlhe previously reported literatur@427], located at 1.56, 1.05, and 0.79
V, respectively.The small peak at 1.56V should be attributed to the intercalation reaction beLi, t
peak at 105 V correspond to theonversion reaction between:k8 and lithium Fe.xS + 2Li + 2€ -
Li>S + Fg [25-27]. The peak at 0.79 V could be attributed to the formation of SEI la§@28]. The
oxidation peak at 2.11V of the firgtycle corresponds to the conversion ob&ito LixxFeS, the
reduction peak at 1.25V of the second cycle should be attributed to the conversionFe&SLio
LioFeS, andthe subsequent reactmmre reversible conversion reaction of:kFeS and LpFeS
[25,27,29]. Onwards from the second cyclenly a significant reduction peak can be observed at 1.25
V, and the third cycle at 1.19 V. This situation indicates that there are some irreversible reactions in the
first cycle. The oxidation peak shifts from 2.11 V to 2.03 V and remains by the thalé,cwhich
implies an increase in the reversibility of the material after the second Eyalner, the current
density decreases, the peak height also becomes gentle, and the degree of coincidence between t
curves of the first three weeks is not goadich indicates that the sample has undergone some
irreversible reaction during the charging and discharging process in the first few weeks, resulting in
irreversible capacity los26,30]. Figure 6(b) shows the Nyquist plots ofikB@C (10 wt% ACET)
calcined at different temperatures (the letters a, b, and c represent the calcination temperatures of 50C
600 and 700 : respectively). Ny q u i-c&rdular pdrtiont s ¢
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(charge transfer resistance, Rct) in the high feegy region represents the difficulty of charge transfer
during Li" insertion/ extraction, and the oblique portion (Warbug resistance, Ws) in the low frequency
region indicates the diffusion ability of Lin the electrode reaction, respectivelihe smaller Rct
indicates thebetterkinetics of the electrochemical reacti@®monstrating the better electrochemical
properties of the sampleBata fitting by using ZView software, we obtained the smallesstasie

while the material calcined at 600 °Che resistance value of FeS@ 0 (Rct ~34:
Ws~161.1 Q) is significanb09 smaRter550a8 0Ohatl
FeS@C7 0 0 (Rct ~401. 6 Q, Ws~40 ls.cénsistept withdhmedulessof. T

constant current charge /discharge and cycle life tests, further proof the best synthesis conditions we
obtained before.

4. CONCLUSION

Fe.xS@C materials were synthesized by a simple, convenientamhdffective precipitation
method, using acetylene black as the carbon sotitoe.sample prepared with 10 wt% ACET for
carbon coating and calcined at 600 °C showed excellent discharge specific capacity and cycle stability,
which displayed a stable higleversible capacity of 644 mA-higuntil the 200th cycle, and the
Coulombic efficiency after stabilization was found to be close to 100%. When the sample was tested at
a high rate of 500 mA-Y the discharge specific capacity is still satisfactory arsdettaellent stability,
could be maintained at 470 mA-h-gThen the current density was reverted to 100 mAaghe 50th
cycle, the discharge specific capacity of the material remained at 640 mAdfigy a small
attenuation. The prepared material wkd significantly enhanced electrochemical performance to
compared with pure k&S, the FexS@C materials with good electrochemical performance indicates
their potential for use in LIBs.
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