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As a promising conversion-type anode material, iron sulfide has been widely studied. However, due to its
huge volume expansion during repeated lithiation/delithiation, iron sulfide tends to pulverize and form
aggregates upon cycling, which greatly hinders its application in high performance lithium ion batteries
as a durable anode material. Herein, a strategy for synthesizing and stabilizing iron sulfide nanosheets
with a robust titanium oxide nanofiber interior support is proposed. The hierarchical nanostructured
composite anode material was successfully synthesized by the electrospinning technique and
subsequent sulfurization. The size of the iron sulfide nanosheets can be easily tuned by adjusting the
composition of the reacting agents and/or the sulfurization temperature. Electrochemical results reveal
that the composite delivers a reversible capacity of 591 mA h g™t at a current density of 0.1 A g~* after
100 cycles and exhibits excellent long-term cycling stability at 0.5 A g™ and 1 A g~ as well.
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full-cell performance, showing its potential in serving as a competitive candidate anode material in

DOI: 10.1039/c5ta03196k lithium-ion batteries for power applications. Moreover, this method also opens up an avenue for
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Introduction

Metal sulfides have attracted extensive attention as alternative
LIB anodes due to their high theoretical capacity and good
conductivity.*** Among all kinds of metal sulfides, iron sulfide
has become more and more popular recently because of the
environmental benignity and abundant resources of iron.>"**
However, the same as other sulfides, due to their huge volume
fluctuation during charging and discharging, the capacities of
iron sulfide anode materials decay rapidly upon cycling, which
seriously hinders their practical applications.**** To improve
the cycling performance of metal sulfides, several effective
methods such as combining with elastic and conductive
carbonaceous materials,>'"'>'>"* constructing spacious hierar-
chical nanostructures®**> and compositing with robust metal
oxides**** have been undertaken.
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modifying and improving other conversion-type anode materials.

To be specific, Mai et al. fabricated an FeS@N-C nanowire
composite through a simple amine-assisted solvothermal
reaction and subsequent calcination. The as-prepared LIB
anode exhibited superior rate capability and long-term cycling
stability.” Constructing spacious hierarchical nanostructures
has also been proved to be effective in improving the cycling
performance.”****® For example, Ma et al. synthesized a 3D
flowerlike iron sulfide material via a facile one-step sulfuriza-
tion process, finding that its unique structural features can
effectively alleviate the volume fluctuations in lithiation/deli-
thiation processes and shorten the diffusion length of lithium
ions as well.”® Moreover, instead of making pure iron sulfide,
compositing FeS and metal oxides with a rational design would
make good use of the synergistic effect between them and
realize better performance. For example, a flower-like Fe,O3/FeS
composite prepared by Wang et al. through a solvothermal
method and a subsequent oxidation process showed better
cycling stability and rate performance than pure FeS.*” Among
all kinds of metal oxides, TiO, especially amorphous TiO, or
hydrogen treated TiO, has been widely used as a sulfur host,
protective shell or buffering layer in composite materials due to
its rich defects and strong chemical interactions with active
materials, which can ensure a prolonged cycling life span.>**"~**
Furthermore, its small volume change (~4%) upon cycling,
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elastic feature and excellent structural stability also make
amorphous TiO, perfect for compositing with alloy-type or
conversion-type anodes to provide more stability. Yang et al.
wrapped silicon nanoparticles with amorphous TiO, shells to
alleviate the violent volume fluctuations of silicon during
charging/discharging and achieved improved cycling perfor-
mance.”® Amorphous TiO, was also used to compose with SnO,
and served as a buffer layer for realizing better cycling
stability.”® Although TiO, has been widely used as a compositing
agent in anode materials, usually employed as a protective shell
or buffering layer, the use of TiO, as a robust support for
conversion type anode materials like FeS has not yet been well
studied. The electrospinning technique is widely used as an
ideal method to construct multi-component hierarchical
nanostructured materials due to its convenience and good
control of the morphology of products.*

Thus, taking into account the advantages of a conductive
carbon matrix, spacious hierarchical nanostructure and amor-
phous TiO, buffer layer, we synthesized a novel hierarchical
structured FeS@TiO,@C composite material via the electro-
spinning technique and subsequent sulfurization. Here, the
amorphous TiO,/C nanofiber serves as a robust backbone,
which not only helps to stabilize FeS during cycling but also
plays an important role in controlling the growth of FeS nano-
sheets and maintaining the hierarchical nanofibrous
morphology. Electrochemical results revealed that the
composite anode exhibited a high capacity of 591 mA h g~ ! after
being repeatedly cycled 100 times at a current density of 0.1 A
g ' and long-term cycling stability at 0.5 Ag "and 1 Ag '. And
a high reversible specific capacity of 465.0 mA h g™ can still be
delivered when being cycled at 2 A g~'. More importantly,
a LiFePO,//FS@TO full cell also showed good cycling stability
and a high reversible capacity.

Experimental
Materials synthesis

Titanium butoxide (TBOT, C;¢H360,Ti, CP, 98.0%, Aladdin),
acetic acid (AA, CH3COOH, =99.5%, Sinopharm Chemical
Reagent Co., Ltd.), iron(m) acetylacetonate (Fe(acac)s,
Ci5H,FeOq, =98%, Aladdin), N,N-dimethylformamide (DMF,
C3H,;NO, =99.5%, Sinopharm Chemical Reagent Co., Ltd.),
thiourea (H,NCSNH,, Sinopharm Chemical Reagent Co., Ltd.),
polyvinylpyrrolidone (PVP, M.W. = 1 300 000, Alfa Aesar (China)
Chemicals Co., Ltd.) and lithium iron phosphate (LiFePOy,,
98.3%, Zhejiang Ruibang technology Co., Ltd.) were all of
analytical grade and used without further purification in this
work.

First, 0.51 g of PVP was dissolved in 2.49 g of DMF to form
a transparent solution under stirring for 3 hours at 40 °C. Then
1 mL of AA was added to the above transparent solution and
further stirred for 10 more minutes before 1 mL of TBOT was
injected and stirred overnight. Finally, 1 g of Fe(acac); was
dissolved in the above pale yellow solution and stirred for
another 4 hours. The bright red solution was drawn into a 5 mL
syringe with a stainless steel nozzle (0.58 mm of inner diam-
eter). Then the solution was ejected and electrospun onto
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a plate collector covered with aluminum foil that was placed
about 15 cm away from the needle, and a voltage of 11 kV was
applied between the needle and the plate to initiate the elec-
trospinning. The temperature of the electrospun instrument is
set to 35 °C. The resulting orange red nanofibers were collected
under a propelling speed of around 0.1 mm min™".

The FS@TO was prepared by sulfurizing the precursor of
FeS@TO nanofibers collected in the electrospinning process
mentioned above in a tubular furnace under vacuum. To ensure
full sulfurization excess thiourea was used as the sulfur source,
and the system was heated to 500 °C with a ramp rate of 2 °C
min~ ", then maintained for 3 hours before cooling down to
room temperature naturally; the as-prepared sample is denoted
as FS@TO. For comparison, the TiO,/C nanofibers and FeS
nanosheets were prepared via the same procedures without
adding an iron source and titanium source, respectively, and
the as-synthesized products are denoted as TO and FS. In order
to investigate the influence of sulfurizing temperature on the
morphology of the final product, the precursor of FS@TO was
also sulfurized at 600 °C and 700 °C, and the as-obtained
samples are denoted as FS@TO-600 and FS@TO-700.

Characterization

The crystallographic phases of the as-prepared samples were
determined by X-ray diffraction (XRD, Rigaku D/Max 2500)
using Cu Ko radiation (A = 1.54178 A). The microscopic
morphology of the material surface was observed using a field
emission scanning electron microscope (FESEM, FEI Nova
NanoSEM 230). A Titan G2 60-300 TEM was used to further
obtain TEM and HRTEM images and energy dispersive spec-
trometer mapping in order to obtain more structural details.
The data of the element composition and content, chemical
state, molecular structure and chemical bonds of the
compound are provided by X-ray photoelectron spectroscopy
(XPS). Elemental carbon and sulfur contents in the sample were
determined using a C-S analyzer (LECO CS600, America). TG
and DSC tests were carried out on a STA449C (NETZSCH, Ger-
many) from room temperature to 700 °C with a heating ramp of
10 °C min '. ICP-OES (Optima5300DV) was employed to
determine the content of Fe and Ti elements. Specific surface
areas were calculated using the multi-point Brunauer-Emmett-
Teller (BET) method. The pore size distribution was calculated
from the adsorption branch using the nonlocal density func-
tional theory (NLDFT) model.

Electrochemical measurements

Stainless-steel coin cells (CR2016) used for electrochemical
measurements were assembled in a glovebox filled with high-
purity argon gas. The working electrodes were obtained by
coating a homogeneous aqueous slurry containing 80% active
materials, 10% Super P and 10% sodium carboxymethyl cellu-
lose (CMC) onto copper foil before being dried in a vacuum oven
at 100 °C overnight. Lithium foil was used as the counter/
reference electrode, and 1 M LiPF, in a mixture of dimethyl
carbonate (DMC), ethylene carbonate (EC) and ethyl methyl
carbonate (EMC) (1:1:1 by volume) was chosen as the
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electrolyte. Cyclic voltammetry (CV) curves were recorded using
an electrochemical workstation (CHI660C, Shanghai), and
electrochemical impedance spectroscopic analysis (EIS) from
100 kHz to 10 mHz was conducted on an electrochemical
workstation (MULTI AUTOLAB M204, Metrohm). The galvano-
static charge/discharge performances were studied in the
potential range of 0.01-3 V (vs. Li'/Li) using a multichannel
battery testing system (Land CT 2001A).

For the full battery assembly, commercial LiFePO, (98.3%,
Zhejiang Ruibang Technology Co., Ltd.) was used as the cathode
material and mixed with acetylene black and polyvinylidene
fluoride (PVDF) with a weight ratio of 7 : 2 : 1 before dispersing
in NMP to form a uniform aqueous slurry, which was then
applied onto aluminum foil and dried in a vacuum oven at 100
°C. To ensure the full utilization of the FS@TO composite
anode, the LiFePO, electrode was punched into larger discs
(#16) than the anode ones (912), and the capacity N/P ratio was
about 1: 1.2.

Results and discussion

In this work, we proposed the in situ formation of FS@TO, FS
and TO composites embedded in nitrogen-doped carbon
nanofibers via the electrospinning technique and subsequent
vacuum sulfurization; the synthesis procedures of FS@TO are
schematically shown in Fig. 1. During the stirring and electro-
spinning procedures, the ferrous source (Fe(acac);) and tita-
nium source (TBOT) were able to homogeneously disperse in
a continuous and uniform carbonaceous matrix derived from
PVP, which ensured the alleviation of violent volume change,
the inhibition of agglomeration and better electronic conduc-
tivity. Then, after being vacuum sulfurized in a tubular furnace,
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Fig. 1 Schematic illustration of synthesis of FS@TO composite
nanofibers.
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the nanofiber-shaped precursors were successfully converted
into the final products with good morphology retention.

X-ray diffraction (XRD) patterns of the FS@TO, FS and TO
samples obtained at 500 °C are shown in Fig. S1.} All of the
visible diffraction peaks of the FS sample can be indexed to the
hexagonal FeS phase (JCPDS card no. 8§9-6927). The sharp peaks
corresponding to (110), (112), (114), and (300) planes indicate
the good crystallinity of FeS. And the XRD pattern of the TO
sample reveals its amorphous feature and poor crystallinity,
which is reasonable, as 500 °C is not sufficient for the formation
of titanium oxides with good crystallinity. According to the
HRTEM image (Fig. S4cf) and Raman spectrum (Fig. S77),
which will be discussed later, the formation of amorphous TiO,
can be confirmed. As for the FS@TO sample, its XRD pattern is
like a superimposition of patterns of both FS and TO samples,
indicating the good crystallinity of synthesized FeS and the
amorphous feature of the TiO, support.

In order to identify the morphology of the as-synthesized
products, scanning electron microscopy (SEM) was employed.
As shown in Fig. S2,t before sulfurization, precursors of FS@TO
(Fig. S2at), FS (Fig. S2bt) and TO (Fig. S2ct) are all inter-
connected nanofibers with spacious gaps and a smooth surface.
After being sulfurized at 500 °C for 3 h, the FS sample, however,
underwent a dramatic morphology change and turned into
densely packed thick sheets with a polygon-like shape, whose
lateral sizes are roughly around 1 pm (Fig. S3a and bt). This
dramatic morphology change could be resulting from the
crystallization and growth of FeS grains. Before sulfurization,
the iron source was just ions that were glued and wrapped up by
PVP, showing a typical fibrous morphology after the electro-
spinning process. Then, when being heated up with thiourea,
the iron source began to react with the sulfurous atmosphere
that was given off by the thermolysis of thiourea and formed FeS
nanocrystals, which then grew up into polygon-like nanosheets
due to its hexagonal crystal structure and became so large that
the carbonaceous wrapper derived from PVP was also bulked up
by these thick FeS sheets and resulted in a sheet shape rather
than a fibrous one. Interestingly, under the same conditions,
the morphology of TO did not change significantly before and
after sulfurization, as shown in Fig. S2¢, S4a and b (ESIT). This
phenomenon should be ascribed to the amorphous feature of
the as-synthesized TiO,, as 500 °C was not high enough for the
formation of crystalline TiO,. As a result, the nanofibrous
micromorphology was successfully retained. Similarly, as
shown in Fig. 2a and b, the as-prepared FS@TO sample also well
retained the nanofibrous morphology of its precursor. It can be
seen that there are uniformly distributed nanoscale thin sheets
on the surface of the fibers. It is worth mentioning that,
compared to the nanosheets in the FS sample, the FeS nano-
sheets in FS@TO are much smaller and thinner, corresponding
well to the XRD results shown in Fig. S1:f the sharper and
narrower peaks observed in the pattern of the FS sample also
indicate that the FeS in the FS sample has better crystallinity
and larger sizes. These results suggest that the amorphous
titanium oxide in sample FS@TO suppressed the growth of FeS
crystals, and thus they successfully retained the nanofibrous
morphology instead of growing into thick and large sheets like
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Fig.2 SEMimages (a and b), TEM images (c), the high-resolution TEM
image (d), and elemental mapping images (e—k) of FSQTO composite
nanofibers.

the FS sample (Fig. S3a and bf). With regard to the unique
morphology of the FS@TO sample, here is our proposal for its
morphology evolution mechanism. Before sulfurization, as the
reagents were uniformly dispersed in the viscous fluid, the iron
species and titanium species should be still uniformly distrib-
uted in the nanofibers after electrospinning. Then, during the
sulfurization process, thiourea decomposed and gave off
a sulfurous atmosphere when being heated up, and iron species
and titanium species gained higher mobility due to high
temperature. For the titanium species, as 500 °C was not high
enough for sulfurizing titanium, the titanium species could
move randomly, while the iron species kept reacting with the
sulfurous atmosphere and forming FeS nanosheets on the
surface, and thus the iron species near the surface was
consumed by the reaction. Driven by the concentration
gradient, the iron species kept moving outward and underwent
reaction, and as a result, the obtained FeS nanosheets were all
located on the surface of the nanofibers rather than uniformly
distributed within the nanofibers. As for the amorphous tita-
nium oxide, although it did not participate in the sulfurization,
it interacted with the iron species and slowed down their
outward motion rate, and as a result, the FeS crystal sizes in
sample FS@TO are much smaller and thinner than those in
sample FS whose iron species moved outward more freely. For
sample FS@TO, retaining the spacious nanofibrous
morphology can not only shorten the ion diffusion distance and
provide a continuous electronically conductive matrix, but also
accommodate the drastic volume fluctuation of FeS during the
repeated (de)lithiation. And the small crystal size of FeS
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nanosheets also makes it easier to accommodate the nano-
sheets, and the defects of amorphous TiO, backbones keep the
FeS nanosheets anchored and avoid agglomeration. According
to the BET results shown in Fig. S5 and Table S1,{ the TO
sample has the largest specific surface area (75.4 m*> g~ ', based
on Siangmuir)y Which should be attributed to its amorphous
feature. The FS@TO sample, consisting of amorphous TiO,
backbones and small FeS nanosheets, possesses a specific
surface area of 49.3 m” g ', while the smallest specific surface
area of 7.9 m* g~ is observed for FeS. The corresponding pore
size distribution curves of FS@TO and FS indicate that the
addition of TiO, increases the number of micropores (pore sizes
below 2 nm). The influence of temperature in the sulfurization
process on the morphology of the as-prepared composites was
also investigated. Keeping other conditions unchanged, the
FS@TO composite nanofibers were also sulfurized with thio-
urea under vacuum at 600 °C and 700 °C, and the obtained
products are denoted as FS@TO-600 and FS@TO-700, respec-
tively. As shown in Fig. S6a,f an uneven distribution and
obvious agglomeration of nanosheets can be observed on the
surface of the fibers in sample FS@TO-600. When the sulfuri-
zation temperature was further increased to 700 °C, iron sulfide
sheets grew even larger and stacked with each other resulting in
sparsely distributed thick polygon plates, most of which became
so large that they can no longer stay connected to the titanium
oxide fibers (Fig. S6bf). This can be ascribed to the higher
mobility of iron species with elevated temperatures. As dis-
cussed above, amorphous titanium oxide played an important
role in slowing down the outward motion of Fe species in the
sulfurization process, resulting in a well retained nanofibrous
morphology at 500 °C. But at higher sulfurizing temperatures
(600 °C and 700 °C), this slowing down effect became less
effective due to the higher mobility of iron species. And as
a result, the FeS crystals grew larger and started to agglomerate.

Fig. 2c shows the TEM image of FS@TO composite nano-
fibers; it can be seen that the nanosheet attached to the
nanofiber is very thin. Fig. 2d shows the HRTEM image of
FS@TO, which reveals that the thin nanosheet is composed of
many small grains (marked by red dashed line circles), and
those planes marked as 1, 2 and 3 can be assigned to (112),
(201) and (103) of the FeS phase, respectively, confirming that
the thin nanosheets attached on the surface of the nanofibers
are crystalline FeS. Fig. 2e shows the high-angle annular dark-
field (HAADF) image of a single FeS@TO nanofiber. And Fig. 2f-
k are corresponding elemental mapping images of elements Ti,
Fe, S, C, N and O, respectively. As seen in Fig. 2g, the distri-
bution of the Fe element matches well with the nanosheet
morphology on the surface of the nanofiber in Fig. 2e, which
once again confirmed that these nanosheets are FeS. As for the
S element distribution (Fig. 2h), instead of overlapping with the
Fe one, the S element is uniformly distributed throughout the
whole nanofiber. This could be resulting from the reaction
between the excess sulfurous atmosphere with the carbona-
ceous matrix derived from PVP during the sulfurization. As
shown in Fig. 2f and i-k, elements Ti, C, N and O are all
uniformly distributed throughout the whole nanofiber, indi-
cating the formation of titanium oxide backbones and a

This journal is © The Royal Society of Chemistry 2019
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N-doped carbon conducting matrix. The distribution of
element O in Fig. 2k seems also overlapping with the distri-
bution of element Fe (Fig. 2¢g), and this could be attributed to
two possible reasons. The overlapping O may come from the
oxygen-containing groups that are connected to the carbon
matrix that wraps the FeS nanosheets, as the reagent PVP we
used in the electrospinning process contains C=0 bonds. But
also, it may come from some trace Fe,O, that formed in the
preparation of the test sample or during transportation to the
lab for TEM characterization. The observed sample FS was also
investigated by TEM and the results are shown in Fig. S3c and
d.t It can be seen that the FS sample is composed of unevenly
distributed nanoparticles or sheets that are surrounded by
amorphous carbon. Fig. S3et shows the HRTEM of FS, in which
clear lattices can be seen and the two lattices marked as 1 and 2
can be assigned to the (004) and (110) planes of hexagonal FeS,
respectively. Fig. S3f-kt display the elemental mapping images
of the FS sample, which confirmed the even distribution of
elements Fe and S, indicating that the whole sheet is FeS. The
distribution of element C, however, looks sparser than Fe and S,
and the element N is distributed even sparser, suggesting that
the uncontrolled growth of FeS crystals broke through the
confinement of the outside carbon matrix, which would result
in poor cycling performance. The existence of element O could
be due to the C=0 bonds in the carbonaceous matrix derived
from PVP ((C¢HgNO),). As for the TO sample, the elemental
mapping images (Fig. S4e and g-if) show the uniform distri-
bution of elements Ti, C, N and O in the nanofibers, confirming
the formation of titanium oxides and the N-doped carbona-
ceous wrap. The existence of element S (Fig. S4ff) can be
ascribed to the small amount of C-S bonds formed during the
vacuum sulfurization process.

The Raman spectra of samples FS@TO, FS and TO are pre-
sented in Fig. S6.1 The two strong humps at 1335 cm™ " (D band)
and 1580 cm ™' (G band) can be attributed to the defects of the
disordered carbon matrix and in-plane vibration (E,; mode) of
sp>-hybridized graphitic carbon atoms, respectively.®® In addi-
tion, the peak intensity ratio of Ip/I; is regarded as a useful
index to evaluate the degree of crystallinity of the carbonaceous
matrix. That is, the bigger the Ip/I; ratio is, the more defects
there are in the characterized sample;** it can be seen from
these Raman spectra that the carbon matrices in all three
samples are mostly amorphous. In the low frequency region,
sample TO has 3 small peaks located at 151, 428 and 626 cm ™,
which can be assigned to the E4 B;; and E, modes of the
anatase phase TiO,, respectively.*>*® It is worth mentioning that
for well crystalline anatase TiO,, the peak corresponding to the
E, vibration mode should originally be located at 144 cm .
However, in our sample, this peak is shifted to 151 em ™', and
the shifting phenomenon was also observed by W. F. Zhang
et al., who found that this shifting was related to the crystal size
of anatase TiO,.*® In their work, when the crystallite size of
anatase TiO, changed from 27.9 to 6.8 nm, the Raman peak
shifted from 144 to 151 cm™'. Accordingly, the shifting
phenomenon observed in the sample TO confirms the forma-
tion of amorphous TiO, with tiny crystal size. And the two peaks
at 220 and 285 cm™ " seen in sample FS confirm the formation of
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FeS.*”* As for the FS@TO sample, the peaks related to anatase
TiO, and FeS can all be observed in the Raman spectrum, which
is strong evidence of the co-existence of both FeS and TiO, in
the as-synthesized FS@TO composite. And the E; mode peak of
TiO, further shifted to 153 cm™?, revealing the amorphous
feature of TiO, in the composite. Fig. S8at shows the ther-
mogravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC) results of FS@TO, which contain four stages of
weight changes. The first weight loss at about 50-150 °C can be
ascribed to the evaporation of physically adsorbed water in the
FS@TO composite. And the following weight increase at
approximately 200-310 °C corresponds to the oxidation of the
FeS into FeSO,.”* The second steep weight loss takes place at
approximately 320-500 °C accompanied by a strong exothermal
peak around 423.5 °C, which can be ascribed to the burning off
of the carbon matrix and the full oxidation of remaining FeS
into Fe,03.”" The last weight loss stage between 500 and 620 °C
is attributed to the further oxidation and decomposition of
FeSO, to produce Fe,0;.>"*° As shown in Fig. S7b,t the TG curve
of the FS sample is almost the same as that of FS@TO, showing
3 weight loss and 1 slight weight increase stages that can be
explained by the same reactions mentioned above. Its DSC
curve, however, shows an additional exothermal peak centered
at 350.6 °C. Actually, with a closer look at Fig. S8a,t it is not hard
to find that there is also a shoulder peak at around 350 °C. This
difference should be ascribed to the smaller size and richer
defects of FeS in sample FS@TO, which make the oxidation of
FeS less distinguishable from the combustion of carbon. The
TG curve of the TO sample is simpler (Fig. S8ct), with only three
weight loss stages that can be ascribed to the evaporation of
physically adsorbed water and combustion of the carbon shell,
respectively. The higher weight loss percentage in the second
weight loss stage of FS and TO than that of FS@TO can be
ascribed to the higher carbon contents in FS and TO than in
FS@TO. As the 29.5% weight loss in FS@TO includes not only
the loss of carbon that gets burned off, but also the loss corre-
sponding to the conversion from FeS to Fe,03, C-S analysis was
also conducted to obtain more accurate carbon mass content in
sample FS@TO. As seen in Table S1,f FS@TO contains 23.52%
carbon and 19.44% element S. EDS was also employed and the
results are shown in Fig. S9 and Table S3.1 The average mass
percentage of C and N is about 33.3%, which is consistent with
the result obtained from TGA. Table S47 shows the test results
of ICP-OES; the atomic ratio between Ti and Fe is 1.082 : 1. So
the mass ratio between amorphous TiO, and FeS is calculated to
be 0.983 : 1.

X-ray photoelectron spectroscopy (XPS) measurements were
conducted to ascertain the surface chemical compositions and
valence states of the FS@TO. The XPS survey spectrum of the
FS@TO nanofibers is shown in Fig. 3a. The high resolution
survey spectra regarding elements iron, titanium, sulfur, carbon
and nitrogen are shown in Fig. 3b-f, respectively. In the Fe 2p
spectrum of the FS@TO nanofibers (Fig. 3b), the two sharp
peaks at 711.1 eV and 725.0 eV correspond to Fe**, while the
peaks located at 707.2 eV, 713.0 eV and 719.0 eV indicate the
presence of Fe®" in the composite.**> The existence of Fe**
should be ascribed to the formation of Fe;0,,** which is
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FS@TO.

reasonable, as FeS is highly reactive toward oxygen and so some
FeS could be converted to Fe;O, during the transportation for
the XPS test, and a similar phenomenon was also seen in other
work.”* The high resolution Ti 2p spectrum shown in Fig. 3c
presents two peaks at 458.7 eV and 464.5 eV, which correspond
to Ti 2ps,, and Ti 2p4,,, respectively, indicating the presence of
Ti**.*** Fig. 3d shows the S 2p XPS spectrum, which is a little
bit complicated. The peaks at 161.6 eV, 163.3 eV, 165.0 eV, and
164.0 eV confirm the existence of $*>~, while the other one at
168.5 eV is attributed to SO;>~, which could be resulting from
the oxidation of FeS during the transportation for the XPS
test.*>**>* In the C 1s core-level XPS spectrum shown in Fig. 3e,
the peaks at 284.7 eV, 285.6 eV and 288.4 eV can be attributed
to C-C, C-N or C-S, and C=O0 groups, respectively,**>* sug-
gesting the presence of N-containing and/or S-containing and
O-containing functional groups on the surface of the carbo-
naceous matrix. The formation of the nitrogen doped carbon
matrix can be further confirmed from the N 1s core-level
spectrum (Fig. 3f); the peaks at 398.5 eV, 399.0 eV, and 400.7 eV
are ascribed to pyridinic nitrogen, pyrrolic nitrogen and
graphitic nitrogen, respectively, which provide more evidence
for the successful doping of nitrogen in carbon.”**” The doped
nitrogen atoms can improve the electronic conductivity of
carbon, especially pyrrolic N and pyridinic N, which could
create numerous extrinsic defects and active sites in the carbon
matrix, leading to fast reaction kinetics and good rate
capability.>»%557-5

In order to evaluate and compare their electrochemical
performances, the as-synthesized products were assembled into
two-electrode coin-type half cells by pairing with lithium metal
discs as both the counter electrode and reference electrode.
Fig. S9at shows the first five consecutive cyclic voltammetry
curves of FS within the voltage window of 0.01-3 V (vs. Li'/Li) at
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a scan rate of 0.1 mV s~ . In the first cathodic scan, the broad
hump from around 1.4 V to 1.099 V can be ascribed to the
reaction of Li with FeS forming Li,FeS, (2FeS + 2Li + 2e =
Li,FeS, + Fe).*>*® The small hump centered at 0.757 V corre-
sponds to the conversion reaction between FeS and Li (FeS + 2Li
+ 2e = Li,S + Fe).*>* The hump at around 0.353 V, which is
absent in the following cycles, can be attributed to the forma-
tion of a SEI layer.** After the first cycle, the CV curves from the
2nd to 5th cycle are almost overlapped, indicating good
reversibility of the FS sample. And the redox pair at 1.432 and
1.882 V can be attributed to the reversible lithiation and deli-
thiation process between Li, ,FeS, and LiyFeS, (ref. 42)
(Fig. S10b).t The CV curves of the TO sample are shown in
Fig. S11a,T and no obvious peaks can be observed, indicating
the amorphous feature of the TO sample. As for the CV curves of
the FS@TO sample (Fig. 4a), the redox pair at 1.429 and 1.879 V
is much weaker than the one seen in the CV curves of sample FS;
this should be ascribed to the poorer crystallinity and smaller
amount (the CV curves were normalized with the active mass of
the electrode, and sample FS@TO has less FeS than FS, as the
former one also contains a large portion of TiO, inside) of FeS in
the sample FS@TO. Moreover, the richer defects in the smaller
and thinner FeS nanosheets of the FS@TO sample make the
lithiation/delithiation process in FS@TO become more
consecutive and surface-controlled, thus leading to a less
intensive redox pair, which can also be inferred from its
increased portion of capacitive contribution (Fig. 5d and
S11dt). And it is worth mentioning that although this redox pair
is much more obvious in the CV curves of the FeS sample, the
capacity delivered is not very impressive (Fig. S10bt). Apart from
those peaks also seen in the FS sample, there is a pair of redox
peaks located at 1.629 V and 2.334 V, which is not usually seen
in other FeS anode studies. This redox pair could be related to

This journal is © The Royal Society of Chemistry 2019
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the conversion between lithium polysulfides and lithium sulfide
that usually takes place in Li-S batteries due to the small
amount of sulfur absorbed by the pores and defects of the
carbonaceous matrix. Da-Wei Wang et al.®* synthesized
a microporous-mesoporous carbon filled with sulfur and tested
it as a cathode material in a Li-S battery with the electrolyte of 1
M LiPF¢ in EC/DMC/EMC (1: 1 : 1, vol), similar to the electro-
lyte used in this work. The redox peaks reported in their work
are centered at 1.62 V and 2.22 V, which match well with those
seen in the CV curves of the FS@TO sample. As seen in Fig. 4a,
this pair of redox peaks fades away rapidly in the following
cycles which could be due to the irreversible reaction between
lithium polysulfides and carbonate solvents in the electro-
lyte.®*** Fig. 4c (the coulombic efficiencies shown in Fig. 4c-e
and g all correspond to the FS@TO sample) shows the
comparison of the cycling stability of FS@TO, FS and TO at
a current density of 0.1 A g~%; it can be seen that the specific

This journal is © The Royal Society of Chemistry 2019

discharge capacities in the 2nd cycle of FS@TO (770.8 mAh g™ ")
and FS (780.6 mA h g~ ') are comparable. The capacities of FS in
the first 25 cycles are even slightly higher than those of FS@TO,
which should be attributed to the larger FeS portion contained
in the FS sample. However, due to its larger crystal size, better
crystallinity and lack of suitable support backbones, FS
undergoes much more severe capacity fading throughout the
test compared to FS@TO. As a result, the capacity of FS
decreases to 507.7 mA h ¢~ from 780.6 mA h g~ " in 70 cycles
with a poor capacity retention of 65.0%. FS@TO, on the other
hand, retains 77.4% of the capacity delivered in the 2nd cycle
after being cycled for 100 times. Moreover, if the first few cycles
are not considered, which are not quite stable due to the
formation of an SEI layer, the capacity retention of FS@TO from
the 8th to 100th cycle is as high as 91.6% compared to the 72.5%
(from the 8th to 71st cycle) for the FS sample. The TO sample
shows similar cycling behavior to FS@TO and good capacity
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retention, despite its relatively low specific capacity, which once
again proves the good stability of the amorphous TiO, backbone
and its important role in ensuring the outstanding cycling
stability of FS@TO. Similar cycling performances were also
obtained at a larger current density of 0.5 A g~ (the first two
cycles were cycled at 0.1 A g~ " for better activation), and the
results are shown in Fig. 4e. Fig. 4b shows the charge/discharge
profiles of the 1st, 2nd, 5th and 50th cycles of FS@TO from the
galvanostatic cycling test (0.1 A g~ '). Consistent with the CV test
results, in the initial discharge profile, there is a small plateau at
around 1.63 V, which becomes much smaller and can barely be
seen in the 2nd cycle. The initial discharge and charge capac-
ities are 1237.8 and 766.4 mA h g™, respectively, and the huge
irreversible capacity loss should be mostly caused by the
formation of the SEI layer. The rate performances of these three
samples are compared in Fig. 4d. When being cycled at 0.1, 0.2,
0.4,0.8,1.6,3.2,and 5 A g~ ', the FS@TO electrode delivers high
discharge specific capacities of 914.7 (2nd cycle), 767.8, 712.2,
654.1,579.4, 471.2 and 359.8 mA h g, respectively. After being
cycled at 5 A g7, a high specific capacity of 842.5 mA h g™* can
be restored when the current density is switched back to 0.1 A
g~', which then gradually increases to around 880 mA h g~ " as
the cell becomes stable. Considering that the N-doped carbon
matrix also has the ability to store Li’, the sample N-C was
synthesized via the same processes (electrospinning and
vacuum sulfurization) as that for FS@TO without adding
iron(m) acetylacetonate or titanium butoxide. The electro-
chemical performance of the derived N-C electrode was inves-
tigated in a half battery. As shown in Fig. S12,} the electrode N-
C delivers a specific discharge capacity of around 300 mA h g~ *.
As the mass percentage of N-doped carbon in the FS@TO
composite is about 33.3%, it can be estimated that N-doped
carbon contributes around 100 mA h g~ to the total capacity of
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880 mA h g ' in the FS@TO composite. As for the TO sample,
although its specific capacity is relatively low, its rate capability
is impressive, indicating the good stability of the TiO,/C
nanofiber backbones. With regard to the FS sample, however,
without the support of TiO,/C nanofiber backbones, it suffers
more obvious capacity fading as the current density goes higher.
At 5 A g7, its specific capacity (55.6 mA h g~ ') even has been
surpassed by that of the TO sample (61.1 mA h g~'), not to
mention that of the FS@TO sample. To further manifest the
good structural stability and electrochemical performance of
the as-prepared FS@TO anode, previously published FeS and
FeS composite anode materials’>*>*7* are also taken into
consideration for comparison and the results are shown in
Fig. 4f and Table S5.f As shown in Fig. 4f, the FS@TO anode
presented in this work delivers higher specific capacities at
various current densities than those previously published FeS
anodes for LIBs, which strongly supports that the as-synthe-
sized FS@TO composite is a promising and high-performance
anode material for lithium storage. Table S51 also shows the
comparison of the cycling stabilities of these published FeS
anodes with that of the FS@TO electrode in our work and it can
be clearly seen that the FS@TO anode shows competitive long-
term cycling performance. The long-term cycling performance
of the FS@TO electrode at high current density was also eval-
uated, and the result is shown in Fig. 4g. The same as the test at
0.5 Ag ", before being cycled at 1 Ag ™", the cell was cycled at 0.1
A g for the first two cycles. Putting aside the first two cycles
that were cycled at 0.1 A g~ ' and the transition cycle (3rd cycle)
from 0.1Ag 'to1Ag ", the FS@TO delivers 465.3 mAh g ' in
the 4th cycle and retains 402.5 mA h g™ in the 500th cycle; the
capacity retention is as high as 86.5% and the capacity fading
rate is only 0.03% per cycle. Contrastingly, the FS electrode
delivers 506.9 mA h g~ in the fourth cycle, even slightly higher
than that of FS@TO, but only retains 58.8% of this capacity after
being cycled for 230 times at 1 A g~ " (Fig. S10ct). These results
strongly support that combining the high capacity conversion
type anode material FeS with robust and flexible amorphous
TiO,/C nanofiber backbones is an efficient way to improve its
cycling stability. And as mentioned above, the amorphous TiO,
also played an important role in preventing the FeS crystals
from growing too large by slowing down the outward motion of
iron species during the sulfurization, thus successfully main-
taining the nanofibrous morphology, which also ensured the
superb cycling performance of FS@TO. The electrochemical
performances of FS@TO samples sulfurized at different
temperatures are compared in Fig. S13.7 As it can be seen,
although also supported by robust and stable amorphous TiO,
backbones, FS@TO-600 and FS@TO-700 exhibit poorer rate
performances than FS@TO. This should be ascribed to the
smaller crystal size and richer defects in FS@TO, which ensure
faster kinetics and higher pseudocapacitance.

For better understanding the electrochemical kinetics of
FS@TO nanofibers, cyclic voltammetry (CV) tests were con-
ducted at different scanning rates from 0.1 to 2 mV s~ '. As
shown in Fig. 5a, CV curves obtained at different sweep rates are
similar in shape with a slight peak shift as the scan rate
increases, which indicates the excellent kinetics and low

This journal is © The Royal Society of Chemistry 2019
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polarization of the FS@TO electrode at high sweep rates.
According to Bruce Dunn et al.,”” materials with high surface
area and complex structures tend to have a high portion of
external pseudocapacitance contribution. The relationship
between the measured current (i) and the corresponding scan
rates (v) can be described by the following equations:”

) =a’, (1)
IV) = kyv + kov'? (2)

where a and b are two adjustable parameters, v is the sweep rate
(mV s™') and I(V) is the current (mA) at the corresponding sweep
rate.”® The storage mechanism can be distinguished by the
range of the b value, which can be obtained from the slope of
the log(v) vs. log() plot (Fig. 5b). The value of b varies from 0.5 to
1 corresponding to different lithium ion storage mechanisms. If
the b value is close to 0.5, then the system is controlled by
diffusion, whereas if the b value is equal to 1, then it means it is
a capacitive process. With regard to peak 1, 2 and 3, the b values
are 0.866, 0.824 and 0.860, respectively, indicating that the
kinetics of the FS@TO are mainly surface -capacitive-
controlled.” However, the fitted b values of peak 1 and 2 of the
FS sample are 0.458 and 0.513 (Fig. S14a and b¥), respectively,
suggesting that the corresponding lithiation/delithiation
processes are diffusion controlled.

According to eqn (2), where k; and k, are parameters for
a given potential, k;v represents the contribution of the capac-
itive process, whereas k,v"/* indicates the contribution of the
diffusion-controlled process. For analytical purpose, eqn (2) can
be rearranged to:

I = k" + &y 3)

In this way, the values of k; (slope) and k, (intercept) can be
obtained from the fitted straight line. Based on the quantifica-
tion, the capacitive-controlled contribution was calculated to be
83.5% for FS@TO at a scan rate of 1 mV s~ (Fig. 5c). Fig. 5d
shows the percentage of the pseudocapacitive contribution at
various scan rates, which gradually increases with higher sweep
speed. For comparison, the capacitive contribution percentages
in FS and TO electrodes at different scan rates were also
calculated and are presented in Fig. S14d and S11d,} respec-
tively, which are much smaller than those in FS@TO. This result
explains why FS@TO delivers much better rate performances
than FS and TO.

It is well known that the overall performance of a battery,
especially its rate performance, greatly depends on the diffusion
rate of lithium ions in the electrode material. In other words, it
is very useful to determine the chemical diffusion coefficient for
studying the electrochemical properties of materials. Therefore,
electrochemical impedance spectroscopy (EIS) and the Galva-
nostatic Intermittent Titration Technique (GITT) (before the EIS
and GITT tests, all batteries were cycled 50 times at a current
density of 0.5 A g~ to stabilize the batteries) were carried out.
Fig. 6a displays the Nyquist plots. The semicircle represents the
high frequency region, and the straight line corresponds to the

This journal is © The Royal Society of Chemistry 2019
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low frequency region. According to eqn (S1)** (ESIf), the diffu-
sion coefficient of lithium ions is inversely proportional to the
value of the square of the slope ¢. As shown in Fig. 6b, the slopes
of the FS@TO, FS and TO electrodes are 280.4, 206.4 and 565.2,
respectively. Therefore, according to the EIS results, FS has the
highest diffusion coefficient, which is slightly larger than that of
FS@TO and much larger than that of TO. Considering the
intrinsic good electronic and ionic conductivity of iron sulfide,
the result is reasonable as the FS sample has the largest portion
of FeS. As for the FS@TO sample, although a little of its good
conductivity and diffusive activity was sacrificed due to
combining with TiO,, it gained much better structural stability
and a fine crystal size in return which ensured its superior
overall cycling performance and rate capability.

Fig. 6¢ displays the charge/discharge profiles of the FS@TO
electrode in the GITT test along with the corresponding diffu-
sion coefficients of FS@TO, FS and TO, which were calculated
based on eqn (S2) (ESIT). As it can be seen, the diffusion coef-
ficients of FS@TO and FS electrodes are comparable and much
higher (more than one magnitude) than those of the TO elec-
trode. The diffusion coefficients of TO vary in a flat and
consecutive trend, revealing its amorphous feature, while those
of FS fluctuate much more drastically. As for the FS@TO
sample, its diffusion coefficients also fluctuate during the lith-
iation and delithiation processes due to the phase transition of
FeS, but in a more flat way than that of the FS sample, which
should be attributed to its robust TiO, backbones and much
smaller crystal size of FeS nanosheets. And it is worth
mentioning that the diffusion coefficients of the FS sample are
much lower than those of FS@TO at around 1.5 V in discharge
and around 2.0 V in charge (marked by red dashed line circles),
in contrast to the fact that they are slightly higher for most of
the time during the test. This phenomenon strongly supports
the conclusion that the FS sample suffers a much more violent
volume expansion than FS@TO. This conclusion is confirmed
by the post-cycling SEM images of FS@TO, FS and TO elec-
trodes, as shown in Fig. S16.1 After being cycled at 0.5 A g~* for
50 cycles, FS@TO and TO electrodes can still maintain the
spacious nanofibrous morphology, while the FS electrode shows
a dense and compact morphology with obvious agglomerations.
The TEM image of the FS@TO electrode after cycling at 0.5 Ag™"
for 50 times shown in Fig. S17at further revealed that the FeS
nanosheets are still steadily attached to the surface of the TiO,
nanofibers. However, the structure of FS collapses (Fig. S17bt)
due to the violent volume fluctuations during repeated (de)
lithiation.

To further demonstrate the potential practical application of
the FS@TO sample, a lithium-ion full battery was assembled by
pairing with a commercial LiFePO, cathode, as illustrated in
Fig. 7a. A prelithiation procedure for FS@TO was carried out in
a half-cell to compensate for the lithium loss during the initial
cycle. In order to ensure the full utilization of the FS@TO
electrode, the full-cell was assembled based on the capacity
ratio of 1.2 : 1 between LiFePO, and FS@TO. And the capacity of
the full-cell was calculated using the active mass of the FS@TO
electrode only. The charge/discharge profiles of selected cycles
for the lithium ion full-cell (voltage window is 1.0-3.7 V) at
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Fig. 7 Lithium-ion full-cell electrochemical performance. (a) Sche-
matic illustration of the LiFePO,4//FS@TO full-cell, (b) the charge/
discharge profiles of the selected cycles in the potential range of 1.0—
3.7 V at a current density of 0.1 A g%, (c) the cycling performance at
a current density of 0.5 A g%, and (d) the rate performance from 0.05
tolAg™t

a current density of 0.1 A g~ ' is shown in Fig. 7b. From the 5th
to 20th cycles, the charge/discharge curves are almost coinci-
dent, showing highly reversible charge/discharge behavior.
When being cycled at 0.5 A g~ * (the first two cycles were tested

16550 | J Mater. Chem. A, 2019, 7, 16541-16552

at the low-frequency region; GITT curves and the corresponding Li* diffusion coefficient (c) at different

at 0.1 A g ' for better activation), the full-cell also displays
excellent cycling stability with a high coulombic efficiency of
around 97% throughout the 300-cycle test (Fig. 7c), except for
the first few cycles, in which the coulombic efficiency is rela-
tively low due to the formation of a SEI layer. The rate perfor-
mance of the full-cell has also been investigated and results are
shown in Fig. 7d. High discharge capacities of 932.9 to 812.8,
734.4 to 651.1, 583.7 to 517.7, 434.7, 386.1, 351.6, 324.4, and
514.4 mA h g~ " were delivered at the current densities of 0.05,
0.1, 0.2, 0.4, 0.6, 0.8, 1.0 and 0.1 A g™, respectively (Fig. 7d).
The good rate performance can be ascribed to the small crystal
size of FeS nanosheets, durable amorphous TiO, backbones,
highly conductive carbonaceous matrix and good lithium ion
diffusive ability of FeS in the composite anode materials.

Conclusions

In summary, a composite anode material with a novel hierar-
chical structure of nitrogen-doped carbon nanofiber wrapped
FeS nanosheets grown on amorphous TiO, backbones has been
successfully in situ synthesized via the electrospinning tech-
nique and subsequent in situ conversion with vacuum sulfuri-
zation. The influence of temperature on the morphology of
sulfurized products was also investigated, and 500 °C was found
to be the best, which not only successfully maintained the
nanofibrous structure but also prevented the FeS crystals from
growing too large, thus ensuring superior cycling stability and

This journal is © The Royal Society of Chemistry 2019
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rate performance. The addition of a titanium source was also
found to be critical in suppressing the uncontrolled growth of
FeS and offered a durable backbone support as well. With such
a structural advantage and synergistic effect, the as-synthesized
FS@TO sample exhibited the best rate performance and cycling
stability when compared with single-component FeS and TiO,.
A high reversible specific capacity of 465 mA h g~' can be
delivered by FS@TO at 2 A g~ " and when being cycled at 1 Ag™",
and its capacity fading rate is as low as 0.03% per cycle. More-
over, the LiFePO,//FS@TO full-cell also shows good rate
performance and stable long-term cycling ability, and a high
coulombic efficiency of around 97% was obtained at a current
density of 0.5 A g~ ' throughout a 300-cycle test with a reversible
specific capacity of 485.7 mA h g~ '. As the industrial require-
ments of lithium ion batteries are surging, this work would be
enlightening for pursuing durable and high performance anode
materials for practical applications.
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