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ABSTRACT: N-doped amorphous carbon coated Fe;O,/SnO, coaxial nanofibers were
prepared via a facile approach. The core composite nanofibers were first made by
electrospinning technology, then the shells were conformally coated using the chemical
bath deposition and subsequent carbonization with polydopamine as a carbon source.
When applied as a binder-free self-supported anode for lithium ion batteries, the coaxial
nanofibers displayed an enhanced electrochemical storage capacity and excellent rate

performance. The morphology of the interwoven nanofibers was maintained even after
the rate cycle test. The superior electrochemical performance originates in the structural stability of the N-doped amorphous

carbon shells formed by carbonizing polydopamine.
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1. INTRODUCTION

Lithium ion batteries (LIBs) are widely applied to a variety of
electronic products such as mobile phones, laptop computers,
cameras, and so on. Although the current LIBs have many
advantages compared with the other rechargeable batteries, they
still cannot fully meet the growing energy storage demands. As
we know, the anode material for most of the commercial LIBs is
graphitic carbon; its lower theoretical specific capacity hinders a
further improvement of the energy density and power density of
the batteries. Therefore, various anode materials with higher
theoretical specific capacities have been developed so far."”

Metal oxides have attracted great attention due to their high
theoretical specific capacity.”~ However, their inherent low
electronic conduction results in the poor cycling capabilities and
the inferior rate performances. Moreover, they suffer from
serious structural pulverization arising from the drastic volume
changes during the lithium insertion/extraction processes, which
can lead to the exfoliation from the current collector.

Many approaches have been developed to improve the
electrochemical performance of the metal oxide electrodes,"*™"*
Two of them are widely used. The one is to fabricate composites
with carbonaceous materials, such as glucose'® and gra-
phene,'®*"” for increasing the electrical conductivity and buffering
the volume change of the active metal oxides. Some N containing
carbon sources, such as PPy'® and dopamine,'® were also used
because it had been shown that the resultant N-doped carbon is
of an enhanced electrical conductivity, and when the
corresponding composite is applied to the electrode of LIBs, it
can lower charge transfer and form more stable solid electrolyte
interface (SEI) films.>%*!

The other one is to prepare composite metal oxides based on
the fact that the composite can deliver a high cycling capability.
When one metal oxide reacts with lithium, the other may absorb
the corresponding volume change or act as a conductive matrix.
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Hierarchical SnO,/Fe,0; heterostructures,”* Zn0/Sn0,,>* and
NiO/ZnO>** nanofibers have been fabricated as enhanced anode
materials for LIBs. On the other hand, metal oxide composites
directly grown on metal substrates, for example, SnO,/Fe,0;
nanotube on stainless steel substrate® and Co;0,/Fe,O,
nanowires on Ti substrate,”® have been reported as binder-free
electrodes for LIBs. Regardless of their superior electrochemical
performance, the active mass loadings of the electrodes are low
and the synthesis routes are complicated. Simple fabrication of
binder-free self-supported metal oxide composites with higher
mass loading has been rarely reported, to the best of our
knowledge.

In this work, we report a facile strategy to synthesize self-
supported carbon coated Fe;0,/SnO, coaxial nanofiber blanket
with a high areal density and large area. The precursor of Fe,05/
SnO, composite nanofiber was first prepared by electrospinning
technology. Superior to the other fragile metal oxide nanofibers,
the as-spun Fe,0;/Sn0, composite nanofibers have flexibility as
well as high mechanical strength, and their morphology was well
reserved after being coated with dopamine. A N-doped
amorphous carbon coated Fe;0,/Sn0O, coaxial nanofiber blanket
was then obtained after carbonization in an argon atmosphere.

2. EXPERIMENTAL SECTION

2.1. Preparation of the Fe,03;/SnO, Composite Nanofibers
(Fe,03/Sn0, NFs). Polyvinylpyrrolidone (PVP, M, = 1300000 g/
mol), N,N-dimethylformamide (DMF), FeCl,-4H,0, and SnCl,-2H,0
were supplied by Sigma-Aldrich Corporation. Dopamine hydrochloride
was purchased from Aladdin. In a typical procedure, 0.265 g of FeCl,-
4H,0, 0.15 g of SnCl,-2H,0 (with a Fe:Sn molar ratio of 2:1),and 0.3 g
of PVP were dissolved in 2.4 g of DMF under vigorous magnetic stirring
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for several hours. Then the mixture was electrospun using a 25 gauge
injection needle with a flow rate of 0.15 mL/h and an applied voltage of
15 kV. The distance between the needlepoint and the grounded
collector of aluminum foil was 17 cm. Finally, the as-spun fibers were
calcined in air at 500 °C for 4 h.

2.2. Fabrication of the Carbonized Polydopamine Coated
Fe;0,/Sn0O, Coaxial Nanofibers (C-PDA-Fe;0,/SnO, NFs).
Typically, 80 mg of prepared Fe,0;/SnO, composite nanofibers was
added to 200 mL tris-buffer solution (pH = 8.5, the concentration of
dopamine is 0.6 mg/mL),ZI’27 and a uniform and stable air flow was
injected into the bottom of the aqueous solution. The polymerization
was proceeded for 2 h at room temperature, and the obtained nanofibers
were washed several times with deionized water. Following the same
procedure, the polymerization was repeated for three times. Finally, the
polydopamine coated Fe,03/SnO, composite nanofibers were calcined
at 500 °C for 4 h in an argon atmosphere. It should be noted that neither
stirring nor centrifugation were involved during the fabrication of the
carbonized polydopamine coating.

2.3. Structural Characterization. The structure and morphology
of the resultant nanofibers were characterized by X-ray powder
diffraction (XRD, X'Pert Pro Philips, Cu Ka radiation, 4 = 0.154 056
nm), field-emission scanning electron microscopy (FE-SEMS-4800,
Hitachi) and transmission electron microscopy (TEM, FEI, Tecnai G2
F30). Thermal gravimetric analysis (TGA, Du Pont Instrument 1090B)
was carried out to evaluate carbon content with a heating rate of 10 °C/
min. X-ray photoelectron spectroscopy (XPS) analysis was performed
on a Kratos AXIS Ultra DLD instrument with an Al Ko probe beam.

2.4. Cell Assembling and Tests. CR-2032 coin cells were
assembled in a pure argon-filled glovebox using lithium foil as the
counter and Celgard 2320 as the separator membrane. The obtained
nanofiber blanket was used as a working electrode, and the active mass
loading was about 1.2 mg/ cm?. The electrolyte was 1 M LiPF dissolved
in ethylene carbonate (EC):dimethyl carbonate (DEC):ethyl methyl
carbonate (EMC) in a 1:1:1 volume ratio. Galvanostatic charge—
discharge cycling and rate tests were carried out at room temperature
using a multichannel battery tester (Neware BTS-610). Cyclic
voltammetry (CV) curves were measured with an electrochemical
workstation (CHI-660C).

3. RESULTS AND DISCUSSION

3.1. Structural Characterization and Analysis. Figure
la,b shows SEM images of the prepared Fe,03/SnO, composite
nanofibers. It can be seen that the nanofibers are randomly
distributed to form an interwoven network. The average
diameter of the nanofibers is about 70 nm. After polydopamine
coating and carbonization, as shown in Figure 1¢,d, the average
diameter of the nanofibers increases to about 90 nm, while the
interwoven network structure is still maintained. A similar
structure of Fe;0,/Sn0, and SnO, nanofibers is shown in Figure
S1 (Supporting Information). Such an architecture constructs a
convenient transport network for electrons, which is a benefit for
the electrochemical reaction, as the material is used as an anode
for LIBs. The optical image shown in Figure 1e illustrates that the
large-areal nanofiber blanket is reserved after the fabrication of
the carbonized polydopamine coating on Fe;0,/SnO, compo-
site nanofibers, whereas its color changes from brown to black.

The TEM images in Figure 2a,b show the morphology of a
single Fe,0;/Sn0, composite nanofiber. It can be seen that the
nanofiber consists of numerous interconnected nanoparticles
and nanopores, which originated from chloride calcination and
PVP decomposition in the air, respectively. The ultrafine
particles prevent the metal oxides from aggregation. On the
other hand, the nanopores are important for buffering volume
change of the metal oxides during the lithiation/delithiation
processes. Besides, the structure of the ultrafine nanoparticles
and nanopores enhance the specific surface area of the nanofibers
and facilitate the penetration of the electrolyte.

Figure 1. (3, b) SEM images of the prepared Fe,05/SnO, composite
nanofibers. (c, d) SEM images of the carbonized polydopamine coated
Fe;0,/Sn0, coaxial nanofibers. (e) Optical images of the nanofiber
blankets and the assembled CR-2032 cell.

Figure 2. (3, b) TEM and (c) high-resolution TEM images of the
prepared single Fe,05/SnO, composite nanofiber. (d, ¢) TEM and (f)
high-resolution TEM images of the carbonized polydopamine coated
single Fe;0,/SnO, coaxial nanofiber.

It can be clearly seen from the TEM image shown in Figure 2d
that the ultrafine nanoparticles and nanopores were maintained
after the polydopamine carbonization. The average pore
diameters in the Fe,0;/SnO, composite nanofiber and
carbonized polydopamine Fe;O,/SnO, coaxial nanofiber are
544 and 4.55 nm, as shown in Figure S2 (Supporting
Information). The carbonized polydopamine shell with a
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thickness of 12 nm is obvious, as shown in Figure 2e. From the
high-resolution TEM images shown in Figure 2¢,f, the spacing of
0.33 nm can be found, which corresponds with the (110) planes
of SnO, crystals, indicating that SnO, has not been reduced
during the polydopamine carbonization. However, the spacing of
0.27 nm decreased to 0.25 nm after the polydopamine
carbonization, indicating that Fe,O; converted to Fe;O,. The
TEM mapping shown in Figure S3 (Supporting Information)
suggests that the elements of Fe, Sn, O, C, and N have a uniform
distribution in the nanofiber.”®**

XRD measurement was carried out to identify the phase
composition of the carbonized polydopamine coated Fe;O,/
SnO, coaxial nanofibers. As shown in Figure 3a, the peaks at
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Figure 3. (a) XRD pattern and (b) XPS spectrum of the carbonized
polydopamine coated Fe;0,/SnO, coaxial nanofibers. The insert in (b)
is the high-resolution XPS spectrum of N 1s in the carbonized
polydopamine shells.

26.6° and 51.8° are in good accordance with the diffraction from
the (110) and (211) planes of SnO, (JCPDS 41-144S),
respectively. The other peaks correspond to the diffraction
from Fe;0, (JCPDS 65-3107),>" although all the peak positions
shift to the lower angle less than 0.2° compared to the standard
values, the XRD patterns of the composite nanofibers without
carbon coating confirm that the majority of Fe,Oj; transformed to
Fe;0, during the calcination at 500 °C in an argon atmosphere,
as shown in Figure S4 (Supporting Information). The broaden
peaks in the XRD patterns indicate that the sizes of the
nanoparticles are fine. The fact that no peaks of carbon can be
observed suggests that the carbonized polydopamine is
amorphous.

A full XPS spectrum for a sample of the carbonized
polydopamine coated Fe;0,/SnO, coaxial nanofibers is shown
in Figure 3b, which clearly proves the presence of C, N, O, Fe,
and Sn elements. The inset in Figure 3b is a high-resolution XPS
spectrum of N 1Is in the carbonized polydopamine, which
corresponds to the C—N (pyrrolic nitrogen) structure at a
binding energy of 400.2 eV and the C=N (pyridinic nitrogen)
structure at 398.5 eV,>! The evaluated N content incorporated in
carbon shell is about 7.3 wt % based on the XPS measurement.

TGA analysis was conducted to quantify the mass percentage
of the formed carbon shell on the nanofibers. As shown in Figure
4, a 4 wt % weight loss is observed before 300 °C, which can be
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Figure 4. TGA profiles of the Fe,0;/SnO, composite nanofibers and
the carbonized polydopamine coated Fe;O,/SnO, coaxial nanofibers.

attributed to the gas or water desorption from the porous
structures. In the case of the carbonized polydopamine coated
Fe;0,/Sn0, coaxial nanofibers, a sharp drop ranging from 300
to 420 °C can be ascribed to the gas desorption and the
combustion of carbon, which takes up 30 wt % of the composite.
So, the mass percentage of carbon is 26 wt %. Assuming that the
proportion of iron and tin in the resultant composite is same as
their molar ratios in the precursor solution, the mass percentages
of Fe;O, and SnO, can be estimated to be 37.4 and 36.6 wt %,
respectively. Thus, the calculated theoretical capacity of the
composite is about 733 mAh/g. The TGA curve is almost
horizontal in the subsequent heating process, suggesting that
there are few low valence metal oxides or metal remaining in the
nanofibers, which is consistent with the result of the XRD
measurement.

3.2. Electrochemical Evaluation. Various experimental
tests were conducted to analyze the electrochemical performance
of the prepared nanofibers. As shown in Figure Sa, for the
carbonized polydopamine coated Fe;0,/SnO, coaxial nano-
fibers, CV curves were measured under voltages ranging from
0.02 to 3.0 Vvs Li*/Li with a scan rate of 0.1 mV/s. A broad peak
around 0.5 V is observed only in the first cathodic scan, which can
be attributed to the irreversible formation of solid electrolyte
interface (SEI) layer and the conversion of Fe;O, to Fe. The
reduction peak of Fe;O, is located at 0.72 V in the subsequent
cycles.*' The relatively low potential peak near 0.1 V appear in all
the cathodic scans, which corresponds to the alloying of Li Sn. In
the oxidation scans, two characteristic oxidation peaks located at
0.6 and 1.9V correspond to the reversible dealloying of Li, Sn and
the generation of Fe;O,, respectively.”"*° The oxidation plateau
located at 1.3 V implies partial reversible formation of SnO,."®
On the basis of the above CV analysis, the electrochemical
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Figure S. (a) Cyclic voltammetry curves and (b) charge—discharge profiles of the carbonized polydopamine coated Fe;0,/SnO, coaxial nanofiber
electrode for the initial three cycles at a scan rate of 0.1 mV/s. (c) Cycling performances of the Fe,0;/Sn0O, composite nanofiber and the carbonized
polydopamine coated Fe;0,/SnO, coaxial nanofiber electrodes at a current density of 100 mA/g. (d) Rate performance of the carbonized
polydopamine coated Fe;O,/SnO, coaxial nanofiber electrode at various current densities.

reactions of the carbonized polydopamine coated Fe;0,/SnO,
coaxial nanofibers can be described as follows

SnO, + 4Li" + 4 — Sn + 2Li,0 (1)
Sn + xLi* + xe” © Li,Sn (0 < x < 4.4) (2)
Fe;O, + 8Li" + 8¢~ < 3Fe + 4Li,O (3)

Figure Sb shows the initial three charge—discharge curves of the
carbonized polydopamine coated Fe;0,/SnO, coaxial nanofiber
electrode at a current density of 100 mA/g. The initial discharge
and charge capacities are 1420 and 1051 mA/g, respectively. The
initial capacity loss can be mainly attributed to the formation of
SEI film and the irreversible reduction of SnO, as described by eq
1. Two obvious plateaus can be observed at 0.6 and 1.9 V in the
charge profiles, which stand for the reversible dealloying of Li,Sn
and the generation of Fe;O,.

The cyclic performance of the carbonized polydopamine
coated Fe;0,/Sn0O, coaxial nanofiber electrode was measured
under a constant current density of 100 mA/g. As a comparison,
the cyclability of the Fe,0;/SnO, composite nanofiber electrode
and the other nanofiber electrode were measured under the same
current density as shown in Figures Sc and SS (Supporting
Information). It can be seen from Figure Sc that, in the initial
several cycles, the charge—discharge capacities for the two
nanofiber electrodes are almost overlapping. However, the
capacity of the Fe,0;/SnO, composite nanofiber electrode
decayed to 310 mAh/g in the subsequent cycles. On the other
hand, after initial decaying to 810 mAh/g, the carbonized

20337

polydopamine coated Fe;0,/SnO, coaxial nanofiber electrode
recovers and maintains at a high reversible capacity in the
subsequent cycles. It delivers a reversible capacity of 850 mAh/g
after 80 cycles, which is approximately 20% higher than the
theoretical capacity. Most researchers attributed the enhanced
reversible capacity of the metal oxide electrodes to the growth of
polymeric %el-like film originating from the decomposition of
electrolyte.'>***" The Coulomb efficiency of the carbonized
polydopamine coated Fe;0,/Sn0O, coaxial nanofiber electrode is
higher than 96% after the fifth cycle onward.

The rate performance ranging from 100 to 1600 mA/g is
shown in Figure Sd. The carbonized polydopamine coated
Fe;0,/Sn0, coaxial nanofiber electrode delivers high capacities
of 1223, 1030, 862, and 640 mAh/g at 100, 200, 400, and 800
mA/g, respectively. Even after the current density is increased to
1600 mA/g, it still maintains a high charge capacity of 402 mAh/
g. When the current density is restored to the initial setting of 100
mA/g, the carbonized polydopamine coated Fe;O,/SnO, coaxial
nanofiber electrode leads to a reversible capacity of 1070 mAh/g.
The above results suggest that the binder-free and self-supported
electrode of the carbonized polydopamine coated Fe;0,/SnO,
coaxial nanofibers displays superior a capacity retention as an
well as excellent capacity recovery performance.

The superior electrochemical performance of the carbonized
polydopamine coated Fe;0,/SnO, coaxial nanofibers comes
from the design of the unique nanostructure. The structure and
morphology of the carbonized polydopamine coated Fe;O,/
SnO, coaxial nanofiber electrode after rate performance test were
characterized by SEM and TEM. The SEM image in Figure 6a
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Figure 6. (a, b) SEM and (c, d) TEM images of the carbonized
polydopamine coated Fe;0,/SnO, coaxial nanofibers after rate
performance test.

shows that most of the nanofibers broke up into about 2 ym long
fibers after enduring various current densities, which can be
attributed to the mechanical stress from the cell assembling and
the huge tension from the volume changes during the charge and
discharge process. However, the nanofibers have not been
pulverized because the volume change of the inner metal oxides
is limited by the outer carbon shell. Besides, the broken
nanofibers wrap to a three-dimensional network, as shown in
Figure 6b. Such a three-dimensional network provides a better
conductive channel and prevents the nanofibers from a further
fragmentation during the electrochemical reactions. The TEM
images in Figure 6¢,d clearly show that the nanofibers were well
maintained and firmly intertwined even after charge—discharge
cycles at various current densities as well as the intense ultrasonic
treatment in alcohol for washing of the remaining electrolyte.
The thickness of the carbon shell increases to 22 nm from the
HRTEM images shown in Figure S6 (Supporting Information),
and the surface of the nanofibers becomes rougher significantly,
as seen in the SEM and TEM images shown in Figures 1 and 2
before the electrochemical test, which may be attributed to the
volume expansion, the formation of SEI layer, and the growth of
the polymeric gel-like films.**** The carbon coated nanofibers
after constant current charge—discharge were well maintained, as
shown in Figure S7 (Supporting Information).

The enhanced lithium storage performance of the carbonized
polydopamine coated Fe;0,/SnO, coaxial nanofiber electrode
can be concluded as follows. First, the interwoven blanket
structure is well reserved during the polydopamine carbon-
ization, which facilitates electronic conduction and lithium ion
diffusion as evaluated from electrochemical impedance spectros-
copy measurement, shown in Figure S8 (Supporting Informa-
tion). Second, the porous metal oxides are encapsulated in the
carbon shell, which accommodates huge volume change of the
metal oxides and prevents the electrode from pulverization.
Third, Fe and Sn are alternately generated due to their different
charging and discharging plateaus. In the discharge process,
Fe;O, nanoparticles react with lithium while Sn acts as a
conductive matrix, then the generated Fe and Li,O serve as a
conductive matrix while Sn reacts with lithium, and vice versa in
the charge process. Such a mechanism promotes the electro-
chemical reaction and buffers the volume change. Besides, Fe and
Sn nanoparticles facilitate the decomposition of electrolyte due
to their catalytic activities.”*** Finally, as a result of N-doping, the

carbonized polydoyamine shell enhances the lithium storage
performance.”?>?

4. CONCLUSIONS

We have developed a simple method to fabricate N-doped
amorphous carbon coated Fe;0,/Sn0O, coaxial nanofibers for
application to anode of LIBs. The precursors of the Fe,0;/Sn0O,
composite nanofibers were prepared by electrospinning
technology, and the N-doped amorphous carbon shell was
conformally coated using a chemical bath deposition and
subsequent carbonization with polydopamine as a carbon source.
The approach does not require complex operations or
sophisticated equipment. The carbonized polydopamine coated
Fe;0,/Sn0, coaxial nanofiber electrode displays a high
reversible capacity of 850 mAh/g after 80 cycles at a current
density of 100 mA/g. It delivers reversible capacities of 1030,
862, 640, and 402 mAh/g at current densities of 200, 400, 800,
and 1600 mA/g, respectively. When the current density resumes
to 100 mA/g, the electrode reaches a satisfactory capacity of 1070
mAh/g. It is highlighted that the electrode structure was well
maintained after the rate performance test, indicating that such
an architectonic design can withstand a variety of harsh
conditions. The excellent cycle performance and superior rate
performance make the carbonized polydopamine coated Fe;0,/
SnO, coaxial nanofibers an ideal candidate anode material for
next-generation LIBs.
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