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Performance Anode for Lithium lon Batteries

Yuanxian Xu,”® Wenyue Li,*® Fan Zhang,” Xiaolong Zhang,’ Wenjun Zhang, Chun-Sing Lee,"

Interconnected porous FeS/C composite consisting of FeS nanoparticles (~20 nm) homogeneously embedded in carbon
nanosheets was synthesized via a facile freeze-drying/carbonization method using NaCl template. As anode for LIBs, this
composite shows significantly enhanced electrochemical performances due to the synergistic effects of the conductive
carbon film and the porous structure, which provide an ideal conductive matrix and buffer spaces for respectively
electron/ion transfer and FeS expansion during lithiation process. This composite exhibits reversible capacities of ~703 mA
h g™ over 150 cycles at the 1 A g and a high-rate capability of 530 mA h g* even at 5 A g™, which is among the best
reported electrochemical performances for FeS-based materials thus far, demonstrating its potential application in LIBs

with long cycling life and high power density.

Introduction

Exploring alternative anode materials for lithium ion batteries
(LIBs) intensively and constantly
promoted in order to satisfy the energy storage and
conversion applications demanding for high energy and power

has been conducted

densities. Metal sulfides, one class of most promising anode
materials for LIBs, show much higher theoretical specific
capacities than traditional graphite materials (372 mA h g'l)
attracting considerable research.™® However, they usually
have limited conductivity for impacting the electron or ion
transport during electrode reactions, thus leading to significant
capacity 12 sulfides and
subsequent detachment from the current collectors induced
by large volume changes during lithium insertion and
extraction processes also hinder their
application.la'15 Furthermore, just like lithium sulfur batteries,

loss. Pulverization of metal

commercial

a polysulfide shutting effect may cause the electrochemical
degradation of the active metal sulfide materials, resulting in
continuous capacity fading upon cycling.le'18 To address these
problems described above, recent researches have primarily
focused on two aspects: 1) Structure engineering for
introducing abundant free space to alleviate the volume
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change effect and activating the electrode surface to facilitate
the permeation of lithium ions from the electrolyte to solid
electrode (more ion pathways can be provided after surface
engineering).”'26 For instance, metal sulfides with porous,
hollow and core-shell structures have been successfully
fabricated and exhibit enhanced electrochemical
performances compared with corresponding bulk materials.™®
2 2) Composition controlling for increasing their conductivity
and stability via composing with conductive materials such as
graphene, carbon nanotubes and conductive polymer.zz'27
These conductive materials not only provide fast electron/ion
transport route, but also promote the active materials to form
a stable solid electrolyte interface (SEl) film during the first
several charge-discharge processes making the structure of
metal sulfides stable upon long-term cycling.zz‘27

Iron sulfide (FeS), as one kind of metal sulfides, completes
the lithium ion storage via Li* + FeS +2e” - Li,S + Fe reaction,
giving a theoretical specific capacity of 609 mA h g'l.zs‘38
Nevertheless,
seriously restricted by the problems of metal sulfide in
common.®* Ag suggested above, structure and surface
engineering are effective methods to settle these tough
obstacles. By employing a combination of electrospinning
technique and biomolecular-assisted hydrothermal method,
Zhu et al. successfully fabricate porous graphitic carbon
nanowires with FeS nanodots accommodating in them.”® Due
to the synergetic effect between carbon nanowires and FeS
nanodots, this anode shows impressive LIB performances with
a discharge capacity of 400 mA h g‘1 after 50 cycles at 0.5 C. Xu
et al. also reported a carbon coated FeS nanosheets, which are
highly active anode materials for LIBs (615 mA h g'1 at a

current of 100 mA g'1 after 100 cycles).30 While the reported

its electrochemical performances are also
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studies suggested that the poor stability of FeS can be
optimized by the incorporating carbon, the rational design of
FeS based materials with long-term stability and rate capability
at high current densities (e.g., higher than 1 A g'l) still remain a
challenge.

In this study, an interconnected porous FeS/C composite
consisting of carbon nanosheets anchored with well-dispersed
FeS nanoparticles (designated as FeS@CNS) were successfully
in-situ synthesized via a facile freeze-drying/carbonization
approach using sodium chloride (NaCl) crystals as template.
The simultaneous formation of carbon nanosheets and FeS
nanoparticles on the surface of NaCl templates makes a good
incorporation between FeS and carbon nanosheets.
Furthermore, the interconnected porous carbon nanosheets as
elastic substrate can buffer the volume change of FeS during
lithiation/delithiation processes. As a result, when evaluated
as anode materials for LIBs, it shows significantly improved
electrochemical performances of a capacity ~703 mA h g'1 over
150 cyclesat 1A gt and ~532 mAhglevenat5Ag™

Experimental
Synthetic procedures

The reagents were obtained from Sinopharm Chemical
Reagent Co., Ltd. and used as received without any further
purification. In a typical synthesis process, 1.35 g ferric
chloride hexahydrate (FeCl;:6H,0, 99%), 1.47 g citric acid
(CeHgO5, 99.5%), 20 g NaCl (99.5%) and 0.76 g thiourea
(CH4N,S, 99%) were dissolved in 100 ml of deionized (DlI)
water. The solution was frozen under liquid nitrogen
surrounding and dried using a lyophilizer. And then, the dry gel
was ground into fine powders, loaded into a alumina crucible
and heated at 800 °C for various times (15 min, 30 min, 1 h and
2 h) in a tube furnace under Ar atmosphere. After cooled to
room temperature, the black powder was dispersed into DI
water to dissolve the NaCl template. Finally, the FeS@CNS
sample was obtained after being filtrated, washed with DI
water and alcohol for several times and dried at 60 °C in
vacuum. For comparison, FeS/C composite was also
synthesized using the same procedure described above except
adding the NaCl template. FeS particles and porous carbon
nanosheets were obtained by calcination of the mixtures of
FeCl;:6H,0, CH4N,S, NaCl and CgHgO; at 800 °C after freeze-
drying process, respectively.

Materials characterizations

Scanning electron microscopy (SEM) was carried out using a
Nova NanoSEM 450 field emission scanning electron
microscope with an acceleration voltage of 10 kV. TEM and
HRTEM were performed using a TECNAI G? F20 S-Twin electron
microscope operated at 200 kV. Powder X-ray diffraction (XRD)
analysis was measured on a Rigaku D/Max-2500
diffractometer with Cu Ka radiation. Thermogravimetric (TG)
measurement (Netzsch-STA 449C) was conducted from room
temperature to 900 °C at a heating rate of 10 °C/min in
air. Raman spectrum was recorded on a LabRAM HR Raman
spectrometer using laser excitation at 514.5 nm. Brunauer-
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Emmett-Teller (BET) surface areas of the products were
determined by nitrogen adsorption and desorption using a
Micromeritics ASAP 2020 analyzer at 77 K. X-Ray
photoelectron spectroscopy (XPS) spectra were tested on a
ESCALAB 250Xi system.

Electrochemical measurements

The electrochemical properties of FeS@CNS, FeS/C, FeS and
carbon nanosheets were tested using coin-type half cells
(CR2032) assembled at room temperature in an argon-filled
glovebox with lithium metal foil as the counter electrode. The
anode was fabricated by mixing the active material, carbon
black and poly-(vinylidene fluoride) (PVDF) with mass ratio of
80:10:10 in N-methyl-2-pyrrolidone (NMP) to form a
homogeneous slurry. Subsequently, the slurry was coated onto
a Cu foil, and dried at 80 °C for 24 h in a vacuum oven. The
modified Cu foil was then pressed and punched into 10 mm
diameter electrodes with mass loading of ~1.0 mg. Celgard
2400 and 1M LiPFg in ethylene carbonate/dimethl
carbonate/ethyl methyl carbonate (EC/DMC/EMC, 1:1:1 v/v/v)
were respectively used as the separator and electrolyte. The
charge/discharge measurement was performed using a LAND
CT2001A battery test system over a voltage window from 0.01
to 3V at room temperature. Cyclic voltammetry (CV)
measurement was conducted on a CHI 600D electrochemical
workstation at 0.1 mV/s over the range of 0.01-3.0V.
Electrochemical impedance spectroscopy (EIS) analysis was
recorded using an Autolab 302N electrochemical workstation
in the frequency range from 100 kHz to 10 mHz.

Results and discussion

Scheme 1 shows the typical preparation process of FeS@CNS.
Firstly, certain amounts of NaCl, CgHgO;, NH,CSNH, and FeCl;
were dissolved into DI water to form an even solution.
Secondly, the DI water was evaporated via a freeze-drying
method leading to the uniform distribution of each component
in the mixed powder. In this step, the reaction complex (FeCls-
NH,CSNH,-CgHgO,) can be easily attached on the surfaces of

NaCl crystal

uonezIuOgIE)) €

FeS/carbon nanosheet composite
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Scheme 1 Schematic illustration of the fabrication process of FeS@CNS.
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the formed NaCl crystals. Thirdly, the fine mixed powder was
calcinated at 800 °C under Ar atmosphere for 2h. During this
process, the carbon source was carbonized into carbon
nanosheets with the assistance of NaCl
simultaneously, the metal precursor FeCl; was converted into
iron oxides with NH,CSNH, being decomposed into H,S. Then
the react with the H,S to form the FeS
nanoparticles anchoring on the carbon nanosheets. Finally,
FeS@CNS composite was obtained by removing the NaCl with
DI water for several times. It should be noted that the NacCl
templates can be easily recycled via evaporating the DI
water.’®* |n order to clarify the reaction mechanism, FeS/CNS
samples annealed for 15 min, 30 min and 1 h have been also
prepared. As exhibited in Fig. S1, the XRD peaks of all the three
samples are all indexed to the hexagonal FeS (JCPDS Card
no.37-0477), indicating that the metal precursor FeCl; directly
reacts with the H,S derived from the decomposition of
thiourea to form the FeS nanoparticles during the anneal
process.

crystals,

iron oxides
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Fig. 2 XRD patterns (a) and Raman spectrum (b) of the FeS@CNS, FeS and
carbon samples.

As shown in Fig. 2a, all sharp XRD diffraction peaks of
FeS@CNS and FeS can be well indexed to the hexagonal FeS
(JCPDS Card no.37-0477), indicating the high degree of
crystallinity of the FeS.”®? For carbon sample, only one broad
and weak diffraction peak can be observed between 20 and 25

This journal is © The Royal Society of Chemistry 20xx
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°, which is assigned to the amorphous carbon.”® Thermal
gravimetric analysis (TGA) curves of FeS@CNS, FeS and carbon
are exhibited in Fig. S2. When the sample was heated to 900
°C, the carbon and FeS components were completely oxidized
into CO, and Fe203.33’36 According to the total 23 % weight loss
of FeS@CNS, the weight percentage of carbon is calculated to
be ~10.5 %. To better understanding the structure of FeS@CNS
composite, Raman spectroscopy of FeS@CNS, FeS and carbon
were performed and the results are shown in Fig. 2b. In the
sample of carbon, two distinct peaks at ~1350 (D band) and
1600 cm™ (G band) are presented, which can be assigned to
the amorphous and crystalline graphite.‘w’41 For the sample of
FeS@CNS, besides two carbon characteristic peaks, two new
peaks located at 214 and 282 cm™ are observed which are
typical asymmetric and symmetric stretching modes of Fes.*
The XPS analysis was further carried out to evaluate the
composite of FeS@CNS. From the Fig. S3, peak located at ~
707 eV is assigned to the Fe 2P;,, of the Fe2+, which is the
characteristic peak of the Fes.*®** And the peaks at ~¥161.4 and
163.1 eV are indexed to the S 2p;/, and S 2p; ), respectively.%’47
The survey of the XPS are also consistent with the results of
the Raman and XRD tests.

Fig. 3 SEM (a) TEM (b, c) HRTEM (d) and STEM (e) images of the FeS@CNS; EDS
mapping of carbon (f), sulfur (g) and iron (h) elements.

Fig. 3a shows a typical SEM image of FeS@CNS. It can be
seen that these carbon nanosheets are interconnected
together to form porous networks with pore size ranging from
hundreds nanometers to micrometer. Consequently, the
FeS@CNS composite can be effectively infiltrated by the
electrolyte achieving a fast electrode activation process during
the battery operation. For comparison, SEM images of FeS/C

and FeS samples are also shown in Fig. S4, only large
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microparticles can be obtained without adding the NaCl crystal
template, confirming the NaCl crystal can provide abundant
surfaces for reaction and avoid FeS product from
agglomeration during the anneal step. As a result, the specific
surface area of FeS@CNS is about 312.0 m? g'1 (Fig. S5), which
is much larger than that of FeS/C (82.8 m’ g'l) and FeS (23.0 m?
g"l). The results can also be verified by the density of the three
samples. As shown in Fig. S6, the three samples with the same
mass of 500 mg are filled in the transparent bottles and the
volume of the FeS@CNS is much larger than that of the FeS/C
and FeS. Further characterizations showed that FeS
nanoparticles with an average size of ~20 nm are uniformly
anchored on the carbon nanosheets according to the TEM and
HRTEM images (Fig. 3b-d). These carbon nanosheets not only
function as a conductive substrate for electron/ion transfer,
but also effectively buffer the large volume change of FeS
during the lithium ions insertion/extraction processes. In
addition, HRTEM image shows the well-defined lattice fringes
of nanoparticles crystals, where the lattice spacings of 0.29
and 0.21 nm are consisted with the (110) and (114) crystalline
planes of hexagonal FeS, respectively. These results are in
accordance with the XRD analysis described above, further
revealing a high degree of crystallinity of the FeS
nanoparticles. To character the element distribution in the
FeS@CNS, the elemental mappings of sulfur, iron and carbon
at the selected area of STEM (Fig. 3e) are shown in Fig. 3f-h.
The homogenous distribution of all these elements definitely
proves that FeS nanoparticles are uniformly embedded in the
carbon nanosheets.*®

Fig. 4a-c respectively displays the CV curves for the first
three cycles of FeS particles FeS/C and FeS@CNS at a scan rate
of 0.1 mV s™ in the voltage window of 0.01-3 V. For FeS

the papers reported previously.ss'37 The small peak at 1.7 V is
corresponding to the formation of Li,FeS, ( 2FeS + 2Li + 2e’
=Li,FeS, + Fe ) and the sharp peak at 1.1 V is resulted from the
conversion reaction of FeS + 2Li + 2e” = Li,S + Fe.* The broad
peak observed at about 0.7 V is usually from the side reactions
on the interfaces of the electrode and the formation of the
solid electrolyte interface (SEl) film.*”*® From the second cycle,
the reduction peaks at 0.7 and 1.1 V shift to 0.8 and 1.3 V,
respectively, and the oxidation peak at 1.9 V shifts to 2.0 V
with a remarkable current density drop, which means some
irreversible reactions occur in the first cathodic process.?’7 As a
result, the structure may not be stable during the discharge
and charge process. Correspondingly, the oxidation peak for
the first cycle at ~1.9 V is attributed to the oxidation of Fe to
form Li,FeS, ( Fe + Li,S — xLi —xe” -> Li,,FeS, ) and the peak at
~2.3 V is related to the formation of LiZFeSZ.?’8 These peak
current densities decrease gradually with the peak potential
shifting to positive direction upon cycling, implying the
electrode polarization is aggravated, probably due to the
sluggish reaction kinetics of pure FeS nanoparticles.37’38 For
the FeS/C, the CV curves are similar to that of FeS , while the
intensity of the oxidation and reduction peaks are much
weaker due to the addition of the carbon. Compared with the
CV curves of FeS particles and FeS/C, the peak current
densities as well as the peak potentials of the FeS@CNS
seldom change after the first cycle. And, only one single pair of
redox peaks appears at ~1.3 (reduction) and 1.9 V (oxidation),
the peak derived from the formation of SEI film disappear in
the following cycles, suggesting the introduction of carbon
nanosheets can effectively promote the formation of a stable
SEl and consequently decrease the irreversible capacity for SEI
consumption.zg'33

sample, three reduction peaks appear in the first cycle just as Fig. 4d-f show representative initial discharge/charge
0.3
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Fig. 4 (a-c) CV curves and (d-e) charge-discharge voltage profiles of FeS, FeS/C and FeS@CNS.
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voltage profiles of the FeS nanoparticles, FeS/C and FeS@CNS,
respectively. Upon the first discharge, three voltage plateaus
at around 1.6, 1.3 and 0.8 V are found for the FeS
nanoparticles. The distinct plateau at around 1.3 V is due to
the lithiation process of forming Li,S and Fe, while the
plateaus at around 1.6 and 0.8 V are respectively resulted from
the lithium ions insertion into the FeS host and the formation
of SEI film.”**” The plateau at 1.6 V is totally disappeared in the
following discharging processes identifying with the CV results.
Compared with the FeS, the potential plateaus of FeS/C and
FeS@CNS are much shorter in accordance with the CV esults.
Only one short plateau at around 1.25 V for FeS@CNS can be
clearly identified corresponding to the phase transition of
FeS/Fe.”*® Consequently, 1258 mA h g'1 are obtained for
FeS@CNS during the first discharge process which is lower
than that of FeS ( 1316 mA h g™ ) and FeS/C (1282 mA h g™ ).
The charge voltage profiles are also consisted with the CV
results and acquire 763, 807, 880 mA h g'1 for FeS, FeS/C and
FeS@CNS, respectively, corresponding to a initial Coulombic
efficiency of 58 %, 63% and 70 %. Although the capacities of
FeS@CNS are lower than that of FeS and FeS/C, the initial
Coulombic efficiency of it is significantly increased due to the
introduction of conductive and stable carbon nanosheets.

Fig. 5a displays the cycling performance of FeS@CNS, FeS/C
and FeS particles and corresponding coulombic efficiency of
FeS@CNS at a current density of 1 A g'l. For FeS@CNS, the
capacity gradually decreased to 664 mA h g'1 during the initial

Journal of Materials Chemistry A

several cycles. Then, the capacity is continually increasing
upon cycling and becomes stable at 703.8 mA h g'1 over 150
cycles with a coulombic efficiency above 99.0 %. This
phenomenon was commonly illustrated by the activation
process of electrode materials. During the initial cycles, due to
the lithiation-induced mechanical degradation of electrode
materials and the formation of a large amount of SEIl upon the
decomposition of liquid electrolyte, resulting in an irreversible
capacity loss. However, as the stabilization of SEl layer and
reactivation of material, capacity stabilization is often
occurred.”®™* The capacities of FeS and FeS/C composites are
only 177 and 180 mA h g'l at the 150th cycle, respectively,
much lower than that of FeS@CNS. In order to determine the
percentage of capacity contributed by carbon nanosheets, the
cycle performance of pure carbon nanosheets is also tested.
About 303 mA h g'1 of capacity is obtained at the 150th cycle,
and the capacity derived from the carbon nanosheets is
estimated to be 32 mA h g'1 in consideration of carbon weight
percentage (~10.5 %) in FeS@CNS composite, suggesting
nearly all the capacity is resulting from the reactions between
Li* and FeS.® In addition, the rate capability of FeS@CNS is
evaluated in Fig. 5b and c. The electrode delivers 652, 628, 598
and 532 mA h g'1 at the current density of 0.5, 1,2 and 5 A g'l,
respectively. When the current density decreases to 0.5 A g'l, a
capacity of 672 mA h g'1 can be retained. These
electrochemical performances are among the best results of
FeS based materials in the reported literatures (Table S1).
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Fig. 5 (a) Cycle behaviors of FeS@CNS, FeS/C, FeS and C. (b) Charge and discharge profiles of FeS@CNS at different rates. (c) Rate capability of FeS@CNS. (d) Nyquist

plots of FeS@CNS, FeS/C and FeS.
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After the cycle measurement, the battery was further
disassembled and the morphology of FeS@CNS was
investigated. As evidenced by TEM images (Fig. S7), large
carbon nanosheets with nanoparticles uniformly dispersing on
it can be preserved, and the diameter of FeS nanoparticles
after cycling are still similar to those before cycling as shown in
Fig. 3, suggesting the robust structure stability of the
FeS@CNS.39 In addition, SEM images of the cross section of
FeS@CNS, FeS, FeS/C anodes before and after cycling have
also been tested. As exhibited in Fig. S8, all active materials
closely attach to the current collectors before cycling.
However, the FeS and FeS/C materials are more easily peeled
off from the current collectors compared with FeS@CNS,
which can be clearly demonstrated in their corresponding SEM
images after cycling, suggesting the structure of FeS@CNS has
better buffer effect during lithium ion
insertion/extraction processes. In order to analyze the
electrochemical kinetics of FeS@CNS, electrochemical
impedance spectroscopy (EIS) measurements of different
samples were performed and evaluated in Fig. 5d. All of these
Nyquist plots are consisted by a medium-to-high frequency
depressed semicircle and a low-frequency linear part. An
equivalent circuit is exihinted as an inset in Table S2 where R,
is physical resistances, CPE; and R¢ are the resistance and a
constant phase element representing the SEI film, CPE,
represents the double layer resistance, R is charge transfer
resistance which can estimated from the diameter of the
semicircle and Z,, is the Warburg resistance.?®*’ Apparently,
the R value of FeS@CNS (36.4 Q) is much smaller than that of
FeS (84.5 Q) and FeS/C (68.1 Q) samples, implying the charge
transfer process are successfully facilitated by the carbon
nanosheets.

According to the above results, the improved
electrochemical performances of FeS@CNS composite should
be ascribed to the following reasons. First, due to the function
of NaCl template, carbon nanosheets with large specific
surface area can be easily obtained.”®* These interconnected
porous carbon not the FeS
nanoparticles avoid from agglomeration, but also provide a
conductive matrix for electron/ion transfers during the
electrode reactions. As a result, the battery performance of
FeS@CNS is much better than FeS/C composite even their
carbon weight percentages are similar. Second, the porous
structure of FeS@CNS. can be quickly infiltrated by the
electrolyte during the initial cycles thus forming stable SEI films
at the Third, the well-distributed FeS
nanoparticles with small average diameter can provide
sufficient electrode-electrolyte contact areas for high lithium

volume

nanosheets only make

. 26
interfaces.

ions flux across the interface and reduced lithium ions
diffusion  length, which significantly promote the
electrochemical processes especially at high current

densities.?® Finally, the carbon nanosheets function as an
stable and flexible host to anchor the FeS nanoparticles
accommodating the volume change of FeS during the lithium
ion insertion and extraction processes and preventing the

. . . 26,39
active materials from detachment with current collector.
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Conclusions

In summary, an interconnected porous FeS/carbon nanosheets
(FeES@CNS) composite with FeS nanoparticles homogeneously
embedded in carbon nanosheets was in-situ synthesized via a
facile freeze-drying/carbonization method using NaCl as
template. Owing to the hierarchical structure and the
incorporation of carbon nanosheets with improved
electron/ion conductivity, this FeS@CNS composite exhibits a
significantly enhanced lithium-storage performance in terms of
highly reversible specific capacity, good rate capability and
much improved cycle stability. This FeS@CNS composite
delivers a high reversible capacity of 703 mA h g"1 after 150
cyclesat1 A g'1 and enhanced high-rate capability (532 mAh g
Lats A g'l), indicating its potential for LIB applications.
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