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We demonstrate electrospun ternary Fe2O3-SnOx-carbon nanoﬁber (CNF) composites as highperformance, ﬂexible, and freestanding anodes for Li ion batteries (LIBs). In the ternary composites,
the CNF matrix accommodates volume changes of Fe and Sn during lithiation and delithiation, while also
providing short Li ion diffusion pathways, which ultimately enhances the capacity of the LIB. The concentrations of Fe and Sn were varied to ﬁnd the optimal composition. Higher Sn content increased capacity at slow discharge rates, but decreased capacity at higher discharge rates. Increasing Fe to Sn ratio
improved performance at high discharge rates. The Fe2O3-SnOx-CNF composite fabricated at a Fe:Sn
weight ratio of 3:1 exhibited a reversible capacity value of 756 mAh$g1 after 55 cycles. The materials
and methods demonstrated here are unique in producing a ﬂexible, free-standing mat with high
gravimetric capacity using a simple and scalable production process.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
Traditionally, graphite is used as the anode material in Li ion
batteries (LIBs). Graphite has a relatively low theoretical capacity of
372 mAh$g1; composites of metal oxides and carbon can produce
much higher-capacity anodes [1]. Metal oxides such as Fe2O3, NiO,
Cu2O, and SnO2 are potentially promising, as they are known for
their abundance, low cost, and non-toxicity [2,3]. However, capacity fading and poor performance at high current densities due to
dramatic volume changes during Li insertion and extraction limit
the application of such metal oxide composites. Hence, composites
of mixed oxides, such as Fe2O3-SnO2, TiO2-Fe2O3, and SnO2-ZnO,
have been investigated and reported to show superior and more
stable capacity [4,5].
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Among the previously mentioned mixed oxides, Fe2O3-SnO2 has
been reported to show high capacity and good rate capability. The
two metal oxide phases react with Li at different potentials; thus,
volume expansion and contraction occur in two stages, ultimately
reducing the strain and improving the stability [6]. Recently Muller
et al. [7] reported on carbon-coated, Fe-doped SnO2 nanoparticles.
The nanoparticles were synthesized by a solution method and the
carbon coating was achieved using a sucrose solution, followed by

drying under air and annealing at 500 C in an Ar atmosphere for
4 h. The electrode was fabricated in the traditional manner, with a
binder and Cu foil. Zhou et al. [8] reported on Fe2O3/SnO2 nanoheterostructures synthesized on a stainless steel substrate, using
a combination of hydrothermal and vapor transport deposition
techniques. Yan et al. [9] reported on SnO2/Fe2O3 nanocubes
formed by a solvothermal method; an electrode was created on Cu
foil using a binder-containing slurry. Palaparty et al. mixed carbon
black with SnO2 particles which were coated with FeOx via ALD
(atomic layer deposition) [10]. The electrode exhibited 94% capacity
retention at a fairly high current rate. Wang et al. synthesized
ternary Fe2O3/SnO2/rGO composites by a hydrothermal process,
which exhibited 87.8% capacity retention at 200 cycles [11]. In
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general, the use of a binder reduces the capacity of LIBs. Thus, efforts have been made to develop binder-free and current-collectorfree electrodes. Xie et al. [12] reported Fe2O3-SnO2 coaxially electrospun nanoﬁbers (NF) prepared using polyvinylpyrrolidone (PVP)

followed by calcination at 500 C in air, which made the NF highly
brittle. These brittle NFs were pulverized and mixed with poly
dopamine and again carbonized by Ar annealing at 500 C to form
binder-free self-supported electrodes. This showed the promise of
electrospun NFs, but suffered from a production process with a
relatively large number of steps. Liu et al. [4] reported Fe2O3-SnO2
nanoparticle-decorated ﬂexible graphene ﬁlms fabricated by hydrothermal and vacuum ﬁltration approaches. Guo et al. [13]
fabricated a high-performance SnO2-Fe2O3 carbon anode via a
sol-gel route. However, the fabrication of ﬂexible and freestanding
Fe2O3-SnOx-carbon NF (CNF) composites has not been yet
demonstrated. Flexible electrodes are important for use in foldable
and portable devices, and the freestanding feature eliminates the
current collector, which comprises at least 50% of the total weight
of conventional electrodes. According to Wang et al. [14], the
market for the ﬂexible energy storage devices will grow substantially in coming years. Therefore, the need for a simple and low-cost
fabrication process for ﬂexible electronics will become even more
important.
Herein, we demonstrate the synthesis of a ﬂexible, freestanding
Fe2O3-SnOx-CNF composite, and its high performance in capacity
retention, which is important for long-term use. In addition to its
electrochemical role, SnOx serves to reduce the agglomeration of
Fe2O3 during cycling. The electrochemical performance of these
ternary Fe2O3-SnOx-CNF electrodes was tested and parametric
studies were performed to determine the optimal fabrication
conditions. This study is unique in providing a simple route to highcapacity ﬂexible, binder-free, and free-standing electrodes, which
requires just a single deposition step (by electrospinning) followed
by heat treatment.
2. Experimental
Initially, 8 wt% polyacrylonitrile (PAN, Mw ¼ 150 kDa, SigmaAldrich) was dissolved in N,N-dimethylformamide (DMF, 99.8%,

Sigma-Aldrich) and the mixture was stirred for 24 h at 60 C. Iron
(III) acetylacetonate ((FeAcAc), Fe(C5H7O2)3, Sigma-Aldrich) and tin
(II) acetate ((SnAc), Sn(CH3CO2)2, Sigma-Aldrich) were dissolved in

this PAN-DMF solution and the mixture was stirred for 24 h at 25 C
to form a homogenous solution. The total metal salt content added
to the PAN solution was 4 wt%. Solutions with varying metal
compositions were prepared, as shown in Table 1. Various proportions of metals were tested to determine the optimized concentrations of Fe2O3 and SnOx that would maximize the synergistic
effects of Fe2O3/SnOx.
The steps of NF mat synthesis are shown in Fig. 1. The NF mat
was made by an electrospinning process, as discussed in our earlier
reports [15]. The setup consists of a syringe, needle, grounded
collector, and high-voltage power supply. The brown-colored precursor solution (Fig. 1a) was delivered from a syringe pump with an
optimized ﬂow rate of 250 mL/h that yielded a stable Taylor cone at
the end of the needle. The electrospun ﬁbers were collected on an
Table 1
Precursor composition.
Case no.

FeAcAc:SnAc (wt%)

1
2
3
4

0:0
4:0
3:1
1:3

aluminum collector held 17 cm away from the needle (Fig. 1d),
forming a yellow-colored mat. The synthesized mats were stabi
lized by heating in air at a heating rate of 5 C/min, from room

temperature to 280 C, where they were held for 30 min (Fig. 1b).
The stabilized mats were further annealed in a tube furnace under

ﬂowing Ar at 700 C for 2 h (Fig. 1c). For Ar annealing, we increased


the temperature from room temperature to 700 C at a rate of 3 C/
min to carbonize the PAN NFs, which yielded ﬂexible, freestanding
black-colored carbonized Fe2O3/SnOx/CNF mats, as shown in Fig. 1e.
These mats were then punched into circles 14 mm in diameter
(Fig. 1f) to be used as working electrodes in the tested half-cell.
The prepared and carbonized freestanding mats, with a thickness of ~15 mm were characterized to determine their structural,
morphological, chemical, and electrochemical properties. X-ray
diffraction (XRD, SmartLab, Rigaku) was used to study the crystalline structures of the mats. X-ray photoelectron spectroscopy (XPS,
Theta Probe Base System, Thermo Fisher Scientiﬁc Co.) measurements were conducted to evaluate the chemical states of elements
in the mats. The surface morphologies and elemental mapping of
the fabricated mats were evaluated using a ﬁeld emission scanning
electron microscope (FE-SEM, S-5000, Hitachi, Ltd.) and a transmission electron microscope (TEM, JEM 2100F, JEOL Inc.). A confocal
Raman spectrometer (NRS-3100, Jasco) was used to analyze the
carbon content and amount of carbon defects in the mats.
2.1. Electrochemical tests
The electrochemical performance was measured in a CR2032
coin-type half-cell, in which the 14-mm-diameter carbonized
freestanding binder-free NF mats were directly applied as anodes
without a slurry-coating process. A metallic Li sheet was used as the
reference electrode. A microporous polyethylene ﬁlm (Celgard
2400; Celgard, South Korea) was used as the separator between the
two electrodes. The electrolyte was 1-M LiPF6 in a solvent mixture
of ethylene carbonate (EC), dimethylcarbonate (DMC), and ethyl
methyl carbonate (EMC) (1:1:1 by volume) (PuriEL Soulbrain,
Seongnam, South Korea). Galvanostatic discharge/charge curves
were measured at 25  C using a WBCS3000 battery cycler system
(WonATech, South Korea). The cells were initially subjected to rate
testing at different current densities (10 cycles each at 100 mA g1,
200 mA g1, 500 mA g1, and 1000 mA g1) followed by an additional cycle test at 100 mA g1. In total, the number of cycles tested
was 55.
3. Results and discussion
The XRD patterns of mats fabricated with different Fe:Sn ratios
are shown in Fig. 2. The broad hump observed in the pattern of Case
1 is attributed to carbon from the CNFs. The patterns of Cases 2, 3,
and 4 show relatively weak peaks at 2q ¼ 40.25 and 47.5 ,
attributed to the (113) and (024) planes, respectively, of a-Fe2O3
(JCPDS No 24-0072). The small peak at 2q ¼ 29.19 corresponds to
the (220) planes of Fe3O4, conﬁrming the presence of the magnetite
phase (JCPDS No. 19-0629). The presence of the two phases is
attributed to the reduction of Fe3þ to Fe2þ during carbonization [2].
Notably, the weak peaks indicate that the crystallinity is generally
poor and the iron oxide crystallites are small. In Case 4, the Sn peaks
positioned at 2q ¼ 30.6 , 32.09 , 43.9 , and 45.02 correspond to
the (200), (101), (220), and (211) orientations, respectively (marked
with blue dotted lines). This suggests that the Sn phase is well
crystallized at higher Sn concentrations, while the lower concentration in Case 3 yields a poorly crystallized phase. The broad peak
at 25 in all cases is attributed to carbon from the carbonized PAN.
In Fig. 3, the SEM image of the Case 1 ﬁbers shows a smooth
morphology. The Case 2 surface appears roughly textured because
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Fig. 1. Schematics showing steps to obtain freestanding ﬂexible NF mat: (a) electrospinning process, (b) stabilization at 280 C for 30 min, and (c) carbonization under Ar gas at

700 C for 2 h. Photographs of (d) as-deposited yellow-colored mat, (e) carbonized mat with good ﬂexibility, and (f) 14-mm-diameter circular punched mat. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

of the Fe2O3 formation from within the NFs. In Case 3 and Case 4,
larger dots appear on the NF surfaces, which are found to be SnOx
by EDAX analysis (see Fig. S1). Sn may be driven to the surface of the
ﬁbers by stress relaxation. The difference in the thermal expansion
coefﬁcients of the component materials can create stresses that
drive Sn particles outside [16]. As the Sn concentration is increased
(Case 4), the dots grow larger, but appear less frequently. These Sn
spheres are sporadically attached to the NF surfaces. About 100 NF
samples were collected and their individual size was measured to
estimate an average NF diameter for each case. The estimated ﬁber
size is 324 ± 47, 252 ± 42, 280 ± 36, and 340 ± 38 nm for Cases 1, 2,
3, and 4, respectively. Increasing the electrospinning precursor’s
electrical conductivity with greater Fe concentration reduces the
diameter of a discharging jet and thus the nanoﬁber diameter is
also reduced [17].
Raman spectra from the Fe2O3-SnOx-CNF composites were
recorded using a 532-nm laser as the excitation source. In Fig. 4, all

Fig. 2. XRD patterns of Cases 1, 2, 3, and 4.

spectra exhibit bands centered at 1350 and 1596 cm1, which
correspond to disordered (D) and graphitic (G) carbon, respectively,
conﬁrming carbon graphitization in all specimens. The D-band indicates the presence of sp3-defects, whereas the G-band corresponds to the graphitic sp2-conjugated carbon. The intensity ratio
of the D- and G-bands (ID/IG) for Case 1 and for the other cases
(Cases 2, 3, and 4) were estimated as 1.1 and 0.78, respectively. The
low ID/IG value (<1.0) in Cases 2, 3, and 4 indicates improved
graphitization in these composites. The lower ID/IG ratio indicates
that the Fe precursor generates more highly ordered carbon than
the pure CNF [18].
The oxidation states and elemental composition in the NF mats
were determined from XPS spectra, as presented in Fig. 5. The
survey spectrum is presented in Fig. S2, which shows the signals
from C, N, O, Fe, and Sn. In Fig. 5a, the two peaks at ~710 eV and
725 eV, attributed to Fe 2p3/2 and Fe 2p1/2, respectively, conﬁrm the
presence of Fe (III). The shoulder peak at ~710 eV indicates the
partial reduction of Fe3þ to Fe2þ, consistent with the XRD pattern.
The peaks in Fig. 5b at 486.9 eV and 495.4 eV correspond to Sn 3d5/2
and Sn 3d3/2, respectively. The de-convoluted Sn 3d5/2 peak shown
in Fig. S3 conﬁrms the presence of metallic Sn, also observed in the
XRD pattern. However, the Sn2þ and Sn4þ peaks only partially
conﬁrm the presence of SnO and SnO2 whereas the XPS ﬁrmly indicates the presence of SnOx [19]. The peak at 285 eV in Fig. 5c
belongs to graphitic carbon, while the shoulder at 288 eV corresponds to the C(O)O group [2]. The O 1s band is detected at 531 eV,
as shown in Fig. 5d.
The distributions of Fe2O3 and SnOx nanoparticles were
explored by high-resolution TEM (HRTEM). Fig. 6a shows a
magniﬁed view of a single Fe2O3-SnOx-CNF from the Case 3 mat, in
which the growth of Sn nanoparticles inside the CNF is clearly
visible. The inset shows the selected-area electron diffraction
(SAED) pattern; all diffraction rings are indexed to tetragonal Sn. A
lattice-resolved HRTEM image (Fig. 6b) of a grain observed at the
edge of the NF in Fig. 6a identiﬁes it as Sn, as conﬁrmed from the
interplanar distances of the (200) and (101) planes. Thus, TEM
imaging conﬁrms the formation of Sn nanoparticles in the Fe2O3SnOx-CNF nanocomposites. Fig. 6c shows results of elemental
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Fig. 3. SEM images of mats from Cases 1, 2, 3, and 4.

mapping, which clearly reveals the presence of C, Sn, Fe, and O
distributed homogeneously along the NF. However, O is detected in
low concentrations compared to that of the metal particles; see
Fig. S3. Although Fe2O3 nanoparticles are not seen in Fig. 6a, the
elemental mapping conﬁrms the presence of Fe.
Fig. 7 shows the galvanostatic chargeedischarge proﬁles of
different cycles of electrodes using Cases 1, 2, 3, and 4 composites
at rate of 100 mA g1. The corresponding initial discharge/charge
capacities of Cases 1, 2, 3, and 4 are 903/677, 1030/762, 1053/797,
and 1458/1192 mAh$g1 with Columbic efﬁciencies of 74.9%, 73%,
75%, and 81%, respectively. The initial discharge curve shows a
smooth slope in the voltage range of 2.0e0.8 V, which is attributed
to the Li insertion process. A long plateau region near 0.8 V corresponds to the conversion of metal ions to metal particles [20] in
Cases 2, 3, and 4. Meanwhile, in Case 1, the conductive CNF facilitates Li ion transport in the electrode, but the reversible capacity is relatively low. Irreversible capacity loss is observed in all
samples in the ﬁrst cycle (N ¼ 1), which is due to the formation of

Fig. 4. Raman spectra of Case 1, 2, 3, and 4.

solid electrolyte interphase (SEI) layers [1]. The speciﬁc capacity is
the highest in Case 4 because it has the highest Sn concentration;
the ﬁrst discharge capacity of SnOx is 1458 mAh$g1 [21]. The
Coulombic efﬁciency of Case 4 reaches 81%, which is higher than
that of pure SnOx; see Fig. S4. The high Coulombic efﬁciency in
Case 4 is because of the relatively low Fe2O3 content, as Fe2O3
tends to decompose Li2O [22]. Interestingly, in Case 3, similar
reversible capacity trends are observed for N ¼ 2 and 5, implying
stable capacity resulting from the mixture of Fe2O3 and SnOx.
However, the second discharge curve is observed to differ from
the ﬁrst in all cases, suggesting drastic structural changes in the
working electrodes due to Li insertion [20]. In the Fe2O3-SnOx-CNF
composites, Li reacts with Fe2O3 by a reversible conversion reaction, so that the capacity of Fe2O3 is fully reversible, as shown
below [8]:

Fe2 O3 þ 6Liþ þ 6e 4 2Fe þ 3Li2 O

(1)

Simultaneously, SnOx reacts with Li in two steps, as presented in
the following electrochemical reactions [23]:

SnOx þ 2xLiþ þ 2xe / Sn þ xLi2 O

(2)

Sn þ xLiþ þ xe 4 Lix Sn ðx  4:4Þ

(3)

The Li2O matrix decomposition process occurs by the electrochemical formation of Fe0 and Sn0 nanoparticles, as mentioned in
reactions (1) and (2). The two different types of nanoparticles in the
NFs enhance the reversible capacity and increase capacity retention
in the anode. The enhanced capacity of the mixed-oxide NFs may be
due to the synergistic electrochemical activity of the composite
electrode.
The lithiation phenomena for Cases 1e4 were analyzed
further using the normalized differential capacity curves of the
LIB cells, as shown in Fig. 8. In Case 1, the peaks are at 0.24 and
0.84 V during N ¼ 1, attributed to Li insertion in the CNF and SEI
formation, respectively [24]. During N ¼ 2, the peaks almost
vanish, because the SEI layer formation is completed in the ﬁrst
cycle. Case 2 shows peaks at 1.3 V and 0.75 V, related to the
transformation of Fe2O3 to Fe0 along with the formation of Li2O
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Fig. 5. High-resolution XPS spectra of Fe2O3/SnOx/CNF Case 3: (a) Fe 2p. (b) Sn 3d. (c) C 1s. (d) O 1s.

Fig. 6. TEM images of a single ﬁber from the Case 3 mat. (a) image with SAED pattern in the inset, (b) HRTEM image, (c) Elemental mapping of C, Sn, Fe, and O.
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Fig. 7. Chargeedischarge curves at 100 mA g1.

Fig. 8. Differential capacity plots during lithiation of Case 1e4 electrodes.
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Fig. 9. Cycling performance at different current rates with voltage range of
0.001e3.0 V.

Fig. 10. Rate capability at different current rates.

[25]. A signiﬁcant impact of the composites of the two metal
oxides along with CNF is observed in Cases 3 and 4. Three peaks
are observed during lithiation in Case 3 at 0.98 V, 0.77 V, and
0.48 V, related to the Fe2O3-to-Fe0, Li2O, and SnO-to-Sn formation reactions, respectively [25]. The shift in the Fe0 formation
potential may be due to interactions of the two metal oxides in
the composite. However, the appearance of two peaks related to
the metal oxide-to-metal formation indicates the presence of
two metal oxides together that can buffer volume changes for
each other and prevent aggregation [22]. The broad and less
intense peak is due to the nanoparticles embedded in the CNF. In
Case 4, similar to Case 3, three peaks are observed at 1 V, 0.64 V,
and 0.4 V, but the peaks are sharp and intense, possibly because
of the increase in particle size with the increased concentration
of Sn. This would ultimately result in greater consumption by the
involvement and reaction of Li ions. However, the peak at 0.64 V
is due to the formation of the LiSn alloy. Notably, in Case 4, the
peaks related to alloy formation and the lithiation of Sn are
observed to persist during N ¼ 2.
The cycling performance Fe2O3-SnOx-CNF anodes at various
currents is shown in Fig. 9. All cases show capacity decreases
with increases in the current density loading. In all cases, the
capacity value is restored when the current density is reset to
100 mA g1, demonstrating good rate capability for all composites. However, in Case 4, the capacity decreases signiﬁcantly
with increases in current rate, probably because of lithium
diffusion limitations in the hundred-nanometer-size SnOx particles positioned outside of the ﬁbers [16]. The capacity restoration
value of Case 4 remains comparable to that of Case 3 because of
the presence of Fe2O3 nanoparticles. Table 2 presents the
discharge capacity values of different cases at varied current
rates. Table 2 shows that addition of Fe2O3 in pure CNF (Case 2)
increases the capacity. When SnOx is added to Fe2O3/CNF (Fe:Sn
~3:1) (Case 3) the capacity increased further and high capacity

was maintained at high current due to the mutual buffering effect of Fe and Sn and the small size of the metal oxide particles.
Further increasing the Sn:Fe ratio produced higher capacity at
low current, but gave the lowest capacity among all samples at
higher current.
In summary, pure CNF cannot exhibit high-performance capacity. The inclusion of Sn boosts the capacity only at low current
loading levels; at relatively high loading, the NF composites cannot
maintain high capacity. The inclusion of Fe enhances the composite's performance even at relatively high current loading levels. The
addition of more Sn helps to increase the performance of the
ternary composite anode.
A comparative graph of the discharge capacities of all cases
after each N ¼ 10 cycles at different current rates is presented in
Fig. 10. The ﬁgure conﬁrms the superior performance of the Case
3 electrode in capacity retention, as the electrode recovers its
capacity to the greatest extent among all compared cases. Thus, it
is clear that the Case 3 electrode can tolerate high currents; it
shows a reversible capacity of 540 mAh$g1 at 1 A g1 current
density. The capacity retention in Case 3 is ~71%, exceeding
previously reported values, as presented in Table 3. The reversible capacity values reported by Guo et al. [13], Liu et al. [4], and
Zhao et al. [26] are signiﬁcantly higher than those in the present
study. However, their capacity retention (relative to the ﬁrst
cycle) is lower. The sol-gel ﬁlm of Guo et al. and the SnO2/Fe2O3/
rGO particles via a hydrothermal processed by Zhao et al. were
fabricated with a binder and current collector and do not provide
the advantages of a ﬂexible, free-standing ﬁlm like that
demonstrated here. The high gravimetric capacity, based on the
mass of active material, may not be reﬂected in real devices
where the mass of the current collector is also a factor. Although
Liu et al. produced free-standing and ﬂexible ﬁlms, their method
requires multiple steps, including FeOOH nanospindle synthesis,
coating with SnO2 (in a 36 h process), particle collection and

Table 2
Effect of variation of Fe/Sn on Discharge capacity at different current rate.
Discharge capacity [mAh g1]

Case

Case
Case
Case
Case

1
2
3
4

Fe:Sn

100 [mA g1] N ¼ 1

200 [mA g1] N ¼ 11

500 [mA g1] N ¼ 21

1000 [mA g1] N ¼ 31

100 [mA g1] N ¼ 41

903
1034
1053
1458

496
634
751
917

403
580
654
651

332
471
540
367

497
596
692
631

0:0
4:0
3:1
1:3
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Table 3
Comparison of speciﬁc capacities reported so far with present study.
Composition

Electrode prepared

Flexibility

First discharge
capacity
[mAh g1]

First reversible
capacity
[mAh g1]

Capacity
retention
(Nth) [%]

Retained
capacity
[mAh g1]

Current loading
[mA g1]

Refs.

Fe2O3/SnO2/C
Fe2O3/SnO2/C
Fe2O3/SnO2/SWCNT

Microparticles w/binder
Nanoﬁber w/o binder
Nanoparticle w/binder

No
No
No

Sol-gel ﬁlm w/binder
Nanoparticle w/o binder
Nanoparticle w/o binder
Nanoparticle w/ binder
Nanoﬁbers w/o binder

No
Yes
Yes
No
Yes

1131
1075
1000
1000
1490
946
1255
1010
797

52
60
44
36
56
51
49
53
71

841
840
680
550
1460
540
1010
830
756

100
100
200
1000
200
100
100
200
100

[20]
[12]
[25]

Fe2O3/SnO2/C
Fe2O3/SnO2/Graphene
Fe2O3/SnO2/Graphene
Fe2O3/SnO2/graphene
Fe2O3/SnOx/CNF

1618
1400
1541
1541
2605
1050
2063
2150
1053

(50)
(80)
(50)
(100)
(150)
(90)
(200)
(100)
(55)

[13]
[27]
[4]
[26]
Present
work

Bold indicates paper’s ﬁnding.

puriﬁcation, mixing with separately-prepared graphene, ﬁlm
formation by vacuum ﬁltration, drying, and heat treatment for
electrode fabrication. By comparison, our method is simple, with
one deposition step, followed by heat treatment, and in situ
formation of the metal oxide nanoparticles. Thus, our process
that uses simple processing to produce a ﬂexible, free-standing
anode with a retained capacity that is double the theoretical
capacity of a graphite electrode may be of substantial practical
value even though it does not match the highest performing
iron-tin-carbon based anodes in the literature.
4. Conclusion
In summary, we have synthesized a ﬂexible and freestanding
Fe2O3-SnOx-CNF ternary composite electrode by a simple electrospinning and carbonization processes with in situ formation of
the metal oxide nanoparticles. The electrode with a 3:1 Fe:Sn
mass ratio exhibited a high Li storage capacity at a high current
(540 mAh$g1 @ 1A$g1), 71% capacity retention (relative to the
ﬁrst cycle), and excellent cycling performance. The superior
electrochemical properties of this electrode can be attributed to
the well-embedded nanoparticles of Fe2O3 and SnOx in the CNF
matrix, which provides good electron transport, short Liþ diffusion lengths, and a stable structure for Li ion diffusion. Mats with
higher Sn content (1:3 Fe:Sn ratio) showed higher speciﬁc capacity at current densities of 100 and 200 mA g1, but poorer
performance at high current densities. Considering the current
need for ﬂexible, free-standing electrodes with stable high capacities at high current densities, and the relative simplicity of
the fabrication process demonstrated here, these nanocomposite
electrodes have signiﬁcant potential for practical use in LIB
applications.
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