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a b s t r a c t

The application of Sn-based materials and transition metal oxides (TMOs) with high theoretical capac-
ities as anodes for lithium ion batteries is severely limited for the low cycle lifespan due to huge volume
changes. Combining the Sn-based or TMO materials with one-dimensional (1D) carbon nanofibers as a
lithium storage anode is one of the effective means to improve the cycle stability, rate performance,
initial coulombic efficiency and electrical conductivity of lithium ion batteries. In this work, a novel Sn
particles coated composite of SnOx/ZnO and N-doped carbon nanofibers (Sn/SnOx/ZnO@N-CNFs) with
high reversibility and long-life lithium storage boosted by pseudocapacitance behavior was fabricated
using a simple electrospinning technique and subsequent calcining process. The high theoretical capacity
of SnO2, high Li ion diffusion coefficient of ZnO, as well as stable cycle performance and great conduc-
tivity of N-CNFs were integrated into the composite by the synergistic effect, which delivers a high
reversible capacity of 588.7 mAh/g after 100 cycles at a current density of 0.5 A/g. More importantly, in
the case of great rate performance and cycle stability at high current density, the Sn/SnOx/ZnO@N-CNFs
electrode is endowed with significantly improved initial coulombic efficiency and prominent advantage
in electrical conductivity. The comprehensive performance, facile material fabrication method and
enhanced pseudocapacitive lithium storage for Sn particles coated SnOx/ZnO and N-doped carbon
nanofibers hybrid could contribute to the practical application of the updated energy storage devices.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

With the prosperous development of the electric vehicle,
portable electronics, smart grids industry and the increasing energy
demand of people, researches on portable, efficient and safe energy
storage devices are in full swing. Among these, lithium ion batteries
(LIBs) stand out owing to their lifespans and power densities su-
perior to that of other rechargeable battery systems [1e3].
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Nevertheless, commercial graphite anodes with a limited specific
capacity of 372 mAh/g and poor rate performance arouse the
exploration of alternative anode materials with high specific ca-
pacity and long cycle life, such as Si [4], metal [5], transitional metal
oxides [6], and sulfides [7]. Sn-based materials (Sn, SnO2, SnS2, etc.)
are expected to become an appropriate substitution as the anode
material of LIBs for their high theoretical capacity, abundant re-
serves and environmental benignity [8,9]. Particularly, SnO2 with
high theoretical capacity (ca. 1493 mAh/g) has attracted consider-
able attention, promptingmany studies on its application prospects
[10e12]. Besides, transition metal oxides (TMOs, MxOy, M ¼ Fe, Co,
Ni, Cu, Zn, etc) with higher theoretical capacities (>600 mAh/g)
have been also widely investigated as anode materials for next-
generation LIBs [13e15]. Among them, ZnO is regarded as a good
candidate with prominent advantages such as high theoretical
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capacity (978 mAh/g) and Li ion diffusion coefficient [16,17].
However, drastic volume expansion and severe aggregation during
the lithiation/delithiation reaction is a serious impediment for both
Sn-based materials and TMO materials as anode materials of LIBs,
leading to significant capacity fading [18e20]. What’s more,
intrinsically low coulombic efficiency and conductivity severely
limits their widespread application [21,22]. Hence, it is imperative
to explore appropriate approach to gain composite and hybrid
structure to overcome the limitations of pristine SnO2 or ZnO as
anode material for LIBs.

Nowadays, extensive efforts have been made to design func-
tional electrodes with nanoscale engineering since they are of vital
importance in promoting the performance of LIBs [23,24].
Compared with other nanostructures, one-dimensional (1D) ar-
chitectures, such as nanowires, nanorods, nanofibers and nano-
tubes, have gained increasing academic scrutiny as a result of their
less agglomerated configuration, faster intercalation kinetics, and
more tolerance toward stress changes [25,26]. Among these 1D
nanomaterials, continuous 1D nanofibers perform considerable
prospect as anode materials for LIBs, due to their engaging char-
acteristics. Previous reports have proved that electrospinning is
becoming an excellent technique for processing viscous polymer
solutions into consecutive 1D nanofibers, with superiority of
simplicity, low cost, high-efficiency and renewability [27].
Whereas, due to the inherent low specific capacity of carbonaceous
materials, the primitive electrospun carbon nanofibers have great
cycle stability and high conductivity but no advantage in capacity.
Accordingly, electrospinning is often used to produce composites of
metal/metal oxide particles and carbon nanofibers, displaying
highly elevated properties that prevail over the pure carbon
nanofibers [28,29].

In order to compensate for their shortcomings, great efforts
have been devoted to synthesize the composites of Sn-based or
TMO materials and electrospun carbon nanofibers. The integration
of Sn-based or TMOmaterials can enhance the rate capacities of the
carbon-containing complex. Meanwhile the 1D carbon nanofiber
structure can accommodate the bulk expansion of metal/metal
oxide particles, thereby improving the cycle stability of the anode
electrode. Also, it can shorten the diffusion path of lithium ions, so
as to make up for the low electrical conductivity of metal oxides. In
recent several years, some reports have demonstrated that the
advisable combination of Sn-based or TMO materials and 1D car-
bon nanofibers as a lithium or sodium storage anode could prom-
inently boost the performance of rechargeable batteries [30e37].
For instance, Wang et al. fabricated germanium@graphene@TiO2
core-shell nanofibers (Ge@G@TiO2 NFs) as anode materials for
lithium and sodium ion batteries using electrospinning and atomic
layer deposition, showing high capacity and good cycling stability
[33]. Xia et al. developed a foaming-assisted electrospinning for
fabricating various transition metal oxides into ultrafine nano-
particles (TMOs UNPs) that are uniformly embedded in hierar-
chically porous carbon nanofibers (HPCNFs), which displayed
extraordinary electrochemical properties with outstanding
reversible capacity, excellent capacity retention, high coulombic
efficiency, good rate capability, and superior cycling performance at
high rates [35].

In this work, a novel Sn particles coated composite of SnOx/ZnO
and N-doped carbon nanofibers (Sn/SnOx/ZnO@N-CNFs) with high
reversibility and long-life lithium storage boosted by pseudocapa-
citance behaviour was fabricated using a facile electrospinning
technique and subsequent calcining process, which was confirmed
by qualitative kinetics analysis. The composite fully demonstrates
the advantages of Sn-based materials, TMO materials and 1D car-
bon nanofiber materials as anode materials for lithium ion batte-
ries. It has not only excellent rate performance, stable cycle
performance, but also remarkably high initial coulombic efficiency
and electrical conductivity. The SnOx, ZnO, metallic Sn as well as N
element have been proved to perform different mechanisms of
action for lithium storage. By changing the ratio of Sn and Zn
element, the properties of the electrodes are slightly different. The
electrochemical performance differences in the composites with
various mass ratios of tin and zinc were qualitatively analyzed in
this work, and then the best comprehensive properties of the
batteries were obtained.

2. Experimental section

2.1. Synthesis of Sn(Ac)4/Zn(Ac)2/PAN nanofiber mats

In a typical procedure, to prepare the precursor solution for
electrospinning, 0.4 g PAN was first dissolved in 5 mL DMF under
vigorously stirring for about 6 h at 60 +C. Then, different mass ratio
of Sn(Ac)4 and Zn(Ac)2 with a total mass of 0.4 g were added to the
PAN/DMF solution and stirred constantly for another 24 h at the
room temperature subsequently to obtain a homogeneous solution.
The resulting precursor with 0.2 g Sn(Ac)4 and 0.2 g Zn(Ac)2 was
named SZ-1, and that with 0.3 g Sn(Ac)4 and 0.1 g Zn(Ac)2 or 0.1 g
Sn(Ac)4 and 0.3 g Zn(Ac)2 was named SZ-3 or SZ-1/3. In addition,
the precursor with one metal salt (0.4 g Sn(Ac)4 or 0.4 g Zn(Ac)2)
was also prepared for comparison, which was marked as S (or Z). To
obtain carbon fiber composite, the aforementioned precursor so-
lution was transferred into a 5 mL plastic syringe. The solution was
electrospun using a 23-gauge injection needle under a flow rate of
0.6 mL/h at a high applied voltage of 18 kV. The resulting fibers
were collected with an aluminum foil, which was 15 cm away from
the needlepoint and was under sustaining rotation. Whereafter, the
mats with as-electrospun white nanofibers on aluminum foil were
dried in vacuum at 80 +C over night.

2.2. Synthesis of Sn/SnOx/ZnO@N-CNF composites

The Sn coated SnOx/ZnO@N-CNF compositeswere acquired after
subsequent two-step annealing. Firstly, the mats were stabilized in
air at 280 +C for 6 h with a heating rate of 3 +C/min, after which the
color of the mats became brown. Next, the brown nanofiber
membrane was stripped and ground into powders. Finally, the
brown powders were carbonized at 700 +C under flowing argon for
2 h with a heating rate of 5 +C/min. The producted black powders
were the Sn/SnOx/ZnO@N-CNFs that we expected, which were
termed Sn/SnOx/ZnO-3@N-CNFs, Sn/SnOx/ZnO-1@N-CNFs and
SnOx/ZnO-1/3@N-CNFs. The compared composites with single
metal oxide were successfully synthesized under the same process,
named Sn/SnOx@N-CNFs and ZnO@N-CNFs.

2.3. Characterization methods

X-ray diffraction (XRD) analyses were measured on a Bruker D8
diffractometer equipped with Cu-Ka radiation (l ¼ 1.5418 Å) with a
scanning speed of 10+/min from 10+ to 80+. Raman spectra were
characterized using a Jobin-Yvon LabRAM HR Evolution spec-
trometer equipped with a 532 nm laser. X-ray photoelectron
spectroscopy (XPS) was conducted on a RBD upgraded PHI-5000C
ESCA system (PerkinElmer) with Mg-Ka radiation
(hn ¼ 1253.6 eV). Thermogravimetric analysis (TGA) was carried
out over a temperature range of 30e900 +C in air with a heating
rate of 10 +C/min. Scanning electronmicroscopy (SEM) images were
performed on PHILIPS XL30TMP. Transmission electron microscope
(TEM) images and energy dispersive spectroscopy (EDS) spectrum
were gained using a JEM-2100 F.
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2.4. Electrochemical measurements

The electrochemical performance was evaluated by using coin-
type 2025 cells within 0.01e3 V (vs. Liþ/Li). The working electrodes
were prepared by pasting homogeneous slurries onto a piece of
clean Cu foil, which consisted of the active material, acetylene
black, and polyvinylidene fluoride (PVDF) binder at a weight ratio
of 8:1:1 dissolved in N-methyl-2-pyrrolidone, following by vacuum
drying at 80 +C overnight. The final working electrodes were small
disks with a diameter of 14 mm, which were prepared by punching
the coating Cu foil into disks. And the mass of the active material is
1e1.5 mg. Lithium metal was used as counter/reference electrode,
and the separator was celgard 2400 polypropylene film. The cells
were assembled in an Ar-filled glovebox, where O2 and H2O con-
centrations were below 1 ppm 1 M LiPF6 dissolved in a mixture of
ethylene carbonate, dimethyl carbonate, and diethyl carbonate
(1:1:1, in vol %) was used as electrolyte. The galvanostatic charge/
discharge (GCD) measurements of the cells were evaluated on a
Land CT 2001A battery tester within a voltage range of 0.01e3 V. A
CHI-660D electrochemical workstation was used to obtain cyclic
voltammetry (CV) curves with a scan rate of 0.3 mV/s. Electro-
chemical impedance spectroscopy (EIS) was examined within a
frequency range of 100 kHz to 0.1 Hz by applying a sine wave with
an AC voltage of 5 mV.
3. Results and discussion

Fig. 1 graphically demonstrated the integrated synthetic routes
for Sn coated SnOx/ZnO@N-CNF composites. PAN solution were
used as the carbon source, while N doping was accomplished at the
same time. The reason for selecting PAN is that it can make the
membrane stable due to the high carbon yield. The Sn/SnOx/
ZnO@N-CNF samples were manufactured by a simple electro-
spinning method and subsequent thermal treatment. During the
elctrospinning process, the pendant drop of the precursor solution
on the nozzle tip was electrified and then overcame the surface
tension under the high electric field, giving rise to the evolution of a
liquid jet. With the DMF solvent volatilizing, a thin solid fiber was
collected on the rowing collector. To finish this process, a voltage of
18 kV between the nozzle tip and collector was necessary. After
electrospinning process, a homogeneous white Sn(Ac)4/Zn(Ac)2/
Fig. 1. Schematic of the electrospinning setup a
PAN nanofiber mat was gained. The stabilization of the fibers at 280
+C in air were also a preoxidized process that made the Sn4þ and
Zn2þ transform into SnO2 and ZnO, as the mats color change from
white to brown. The N-doped carbon nanofibers were finally
formed at the carbonization temperature of 700 +C, while part of
the SnO2 was reduced to Sn grains attached to the surface of the
nanofibers. During the entire carbonization process, the amor-
phous SnOx and ZnO nanoparticles were finally produced and
encapsulated in the inner area of the N-CNFs.

The morphology and the microstructure of the Sn particles
coated composites of SnOx/ZnO and N-CNF were characterized
using the SEM and TEM images, as shown in Fig. 2. Fig. 2aeh reveal
the nanofibrous structures of the four mats after stabilization. All
the composites exhibit a three-dimensional network structure
composed of one-dimensional nanofibers, which could signifi-
cantly aggrandize the interfacial contact for Liþ and shorten the
diffusion path of lithium ions, making for the improvement of
electrochemical performance. The fibers are 200e500 nm in
diameter, and are general smooth on the surface. As can be seen,
the Sn/SnOx/ZnO-1@N-CNFs (Fig. 2b, f, j, n) have the shortest
diameter of 200 nm on average, which can provide more interspace
for charge transport and lithium intercalation. And the SnOx/ZnO-1/
3@N-CNFs (Fig. 2c, g, k, o) take on the most uniform thickness,
whichmay bring more superior cycle performance in LIBs. The SEM
images of the eventual powder sample is demonstrated in Fig. 2i-p.
Apparently, the nanofibers became a little thinner after carbon-
ization, around 100e300 nm in diameter. There are plenty of small
grains with a size of 150e250 nm attached to the surface of the
nanofibers for Sn/SnOx@N-CNFs, which are identified as tin parti-
cles by the XRD results. For Sn/SnOx/ZnO-1@N-CNFs, the amount of
the grains is quite smaller. Nevertheless, the particles cannot be
observed in the SEM images of SnOx/ZnO-1/3@N-CNFs and ZnO@N-
CNFs, which is consistent with the following XRD results. In order
to visibly confirm the inner microstructure of the Sn/SnOx/ZnO-
1@N-CNFs, HRTEM and EDS tests were performed. Fig. 2q and r
shows the low-magnification TEM images of Sn/SnOx/ZnO-1@N-
CNFs, which present an 1D nanofiber structure with some grains on
the surface as expected. Some teeny nanoparticles can be observed
inside the nanofibers with a size of just a few tens nanometers,
which are confirmed to be amorphous SnOx and ZnO nanoparticles
by the EDS results (Fig. 2u). STEM image and its corresponding
nd subsequent thermal treatment process.



Fig. 2. (a)e(d) SEM and (e)e(h) high-magnification SEM images of Sn/SnOx@N-CNF, Sn/SnOx/ZnO-1@N-CNF, SnOx/ZnO-1/3@N-CNF and ZnO@N-CNF mats after stablizition,
respectively; (i)e(l) SEM and (m)e(p) high-magnification SEM images of Sn/SnOx@N-CNF, Sn/SnOx/ZnO-1@N-CNF, SnOx/ZnO-1/3@N-CNF and ZnO@N-CNF powders after carbon-
ization, respectively. (q)e(r) TEM and (s) HRTEM images of Sn/SnOx/ZnO-1@N-CNF powders. (t) STEM image and its corresponding elemental mapping of Sn/SnOx/ZnO-1@N-CNF
powders. (u) EDS spectrum of Sn/SnOx/ZnO-1@N-CNF powders in the yellow circle in (s). (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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elemental mapping are exhibited in Fig. 2u to further demonstrate
the distribution of Sn, SnOx and ZnO nanoparticles. It indicates that
the C, O, Sn, Zn and N element are all evenly distributed in the
nanofibers. And the distribution of Sn is extremely concentrated in
the particles on the surface of the nanofibers, indicating that the
particles are most likely tin particles.

The crystal structures of the five samples are exhibited and
compared in Fig. 3a. For Sn/SnOx@N-CNFs, Sn/SnOx/ZnO-3@N-CNFs
and SnOx/ZnO-1/3@N-CNFs, typical diffraction peaks at 2q ¼ 30.6+,
32.0+, 43.9+, 44.9+, 55.3+, 62.5+, 63.8+, 64.6+, 72.4+, 73.1+ and 79.5+

could be indexed to the (200), (101), (220), (111), (301), (112), (400),
(321), (420), (411) and (312) diffraction planes of cubic phase Sn
(JCPDS# 65e2631), respectively, indicating the existence and the
good crystallinity of crystalline Sn on the surface of the nanofibers.
The peaks of tinweaken gradually with the increase of zinc content.
Furthermore, at 2q ¼ 32.0+, 44.9+, 62.5+ and 64.6+, the relative
intensities of the peaks are higher according to the JCPDS card,
which could be interpreted as the superposition of the (111), (112),



Fig. 3. (a) XRD patterns and (b) Raman spectra of the as-prepared Sn/SnOx@N-CNFs, Sn/SnOx/ZnO-3@N-CNFs, Sn/SnOx/ZnO-1@N-CNFs, SnOx/ZnO-1/3@N-CNFs and ZnO@N-CNFs,
respectively.
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(311) and (222) diffraction planes of SnO2 (JCPDS# 65e2631) peaks.
For SnOx/ZnO-1/3@N-CNFs and ZnO@N-CNFs, only one broad peak
near 25+ could be observed, corresponding to graphitic carbon
gained from PAN. It also appears in the XRD patten of Sn/SnOx/ZnO-
1@N-CNFs, which is very weak. However, it cannot be seen in the
patterns of Sn/SnOx@N-CNFs and Sn/SnOx/ZnO-3@N-CNFs, maybe
because the Sn grains on the surface affected the detection of
graphitic carbon. There was no distinct peak related to SnOx and
ZnO because the temperature of 280

�
C was not sufficient for SnOx

and ZnO crystallization completely during the stabilization process.
Moreover, the flowof argon restrained the oxidation process, which
leaded to the formation of amorphous SnOx and ZnO of nanoscale
[37]. In additon, the Raman spectroscopy was adopted to evaluate
the graphitic quality of the Sn/SnOx/ZnO@N-CNF composites using
a 532 nm laser as the excitation source. As shown in Fig. 3b, all of
the CNF composites deliver two obvious peaks at around 1350 and
1590 cm�1, which correspond to D band (k-point phonons of A1g
symmetry) and G band (E2g phonon of C sp2 atoms) of carbon
material, respectively [38,39]. It can be easily found that there is a
red shift observed in both the D band and G band for ZnO@CNFs
compared to Sn/SnO2@N-CNFs, which indicates that tin and zinc
have different effects on the N-CNFs. Besides, the small red shift
could be seen in the Raman spectrum of the Sn/SnOx/ZnO@CNF
composites with the increase of zinc content, further proving the
various regulatory effects of tin and zinc. The ratio of the intensity
of the D band to the G band (ID/IG) for the Sn/SnOx@N-CNFs, Sn/
SnOx/ZnO-3@N-CNFs, Sn/SnOx/ZnO-1@N-CNFs, SnOx/ZnO-1/3@N-
CNFs, and ZnO@N-CNFs was calculated as 1.11, 1.11, 1.17, 1.14 and
1.15, respectively. These quite high ID/IG values, almost 35% higher
than that of GO (ID/IG z 0.85) [40], indicate increased disorder and
partial graphitization of the carbon nanofibers, which will support
higher electrical conductivity in LIBs. The fact that the ID/IG value of
Sn/SnOx/ZnO-1@N-CNFs is the largest (1.17) demonstrates that
there are abundant defects in the structural imperfection of sp3-
hybridized carbon materials [41], which is consistent with the XPS
results.

X-ray photoelectron spectroscopy (XPS) spectra was used to
analyze the constituents and the elemental chemical status of Sn/
SnOx/ZnO@CNF composites. The XPS overall spectrums (Fig. 4a)
prove the existence of Sn, Zn, O, C, and N elements in Sn/SnOx/
ZnO@CNF composites, with no evidence of impurities. The high-
solution Zn 2p spectrums of Sn/SnOx/ZnO-1@CNFs and SnOx/ZnO-
1/3@CNFs (Fig. 4b) show two well-proportioned peaks at 1021.8/
1022.1 eV and 1044.8/1044.9 eV, respectively, which are related to
Zn 2p3/2 and Zn 2p1/2. And the spin energy separations of the two
samples (23.0/22.8 eV) are accord with the previous reports of ZnO
[37,42]. As shown in Fig. 4c, the two broad peaks corresponding to
Sn 3d5/2 and Sn 3d3/2 in high-solution Sn 3d spectrum of the Sn/
SnOx/ZnO-1@CNFs could both be fitted into three peaks, repre-
senting Sn4þ at 495.5/487.1 eV, Sn2þ at 495/486.7 eV and Sn at
494.4/484.9 eV [43]. While there are only Sn4þ and Sn2þ charac-
teristic peaks in the spectrum of the SnOx/ZnO-1/3@CNFs, indi-
cating that no metal Sn exists in the SnOx/ZnO-1/3@CNFs, which is
consistent with the XRD pattern. The C 1s spectra could be fitted
into four peaks at 284.6, 285.3, 286.2 and 288.4 eV, belonging to C-
C, C-N, C-O and O-C]O bonds in several [44]. The extremely weak
peaks of C-O and O-C]O bonds could be attributed to the removing
of the oxygen-containing functional groups that caused by high
temperature thermal-treatment in Ar. For N 1s spectrum, four
fitting peaks can be clearly observed, associated with pyridinic N
(398.8 eV), pyrrolic N (399.5 eV), quaternary N (400.5 eV) and N-
oxide of pyridinic N (401.7 eV), respectively [44,45]. It has been
reported that N-doped could meliorate transfer of lithium ions and
enhance the electrode conductivity resulting in improvement of
electrochemical performance for lithium-ion batteries. That is
because the doped N element in the composite may lead to the
lattice distortion of SnOx, thereby improving the electrical con-
ductivity and resulting in higher reversibility to reach a high spe-
cific capacity [46,47]. Moreover, thermogravimetric analysis (TGA)
was carried out in order to determine the contents of C. Fig. 4f
demonstrates the TGA curves of Sn/SnOx@N-CNFs, Sn/SnOx/ZnO-
1@N-CNFs and ZnO@N-CNFs three samples. As shown, an obvious
mass loss occurred between 300 +C and 650 +C, involving the
combustion of carbon and oxidation reaction of Sn and SnO. For
ZnO@N-CNFs, there was only carbon burning off that cause weight
loss, thus, the mass percentage of C could be calculated as 67 wt%.
Also, as Sn and SnO occupied a small percentage of Sn/SnOx/ZnO-
1@N-CNFs known from the above results, the mass loss of 59%
could be regarded as approximate C concentration. Nevertheless,
the TGA curve of the Sn/SnOx@N-CNFs appears a faintly escalating
trend at above 500 +C. This may be on account of the oxidization of
Sn and SnO, so the authentic C content cannot be acquired. The
content of SnOx and ZnO encapsulated in N-CNFs in the Sn/SnOx/
ZnO-1@N-CNFs can be obtained by EDS, XPS and TG analyses. The
TGA curve indicates that the remained weight (41%) was approxi-
mately equal to the content of the SnOx and ZnO. Also, the XPS
survey shows the atomic concentrations of the C, N, O, Sn and Zn
elements is 63.49%, 15.08%, 16.21%, 2.79% and 2.43%, respectively.



Fig. 4. (a) XPS general spectra and high-resolution spectra for (b) Zn 2p and (c) Sn 3d regions of Sn/SnOx/ZnO-1@CNFs and SnOx/ZnO-1/3@CNFs. The high resolution (d) C 1s and (e)
N 1s spectrum of Sn/SnOx/ZnO-1@CNFs. Note that the scatter plots and solid lines indicate the experimental data and fitted results for (d) and (e), respectively. (f) TGA curves of Sn/
SnOx@N-CNFs, Sn/SnOx/ZnO-1@N-CNFs and ZnO@N-CNFs, respectively.
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Besides, EDS test demonstrates that the mass fractions of Sn, O and
Zn elements are 37.86%, 28.68% and 20.27%, respectively. As a
consequence, the content of SnOx and ZnO encapsulated in N-CNFs
can be clearly obtained, which is about 41 wt% in total with a molar
ratio of 7:6.

The electrochemical performance of the Sn coated SnOx/
ZnO@N-CNF composites as anode materials for lithium-ion batte-
ries is evaluated in half-cells. Cyclic voltammetry (CV) was first
used to establish the reversibility of electrode material at a sweep
rate of 0.3 mV/s from 0.01 to 3.0 V vs. Li/Liþ. The first five cycles of
the CV curves of Sn/SnOx@N-CNFs, Sn/SnOx/ZnO-1@N-CNFs, SnOx/
ZnO-1/3@N-CNFs and ZnO@N-CNFs are illustrated in Fig. 5aed,
respectively. For cathodic (lithium insertion) scan, during the first
cycle, all of the composite electrodes arise an irreversible reduction
peak at 0.80, 0.52, 0.78 and 0.84 V, respectively, which could be
explained by the formation of the solid electrolyte interface (SEI)
layer on the surface of the active materials [48]. At the second to the
fifth cycle, there is a visible peak at around 0.61 V for the three
samples containing Sn. It can be ascribed to the reduction of SnOx

into the elementary substance Sn and the formation of Li2O
amorphous matrix meanwhile (SnOxþ2xLiþþ2xe� /Sn þ xLi2O)
[49]. Also, the peaks at 0.34 V in the CV curves of these three
samples are corresponding to the formation of LixSn alloys
(Sn þ xLiþþxe�4LixSn, x �4.4) [50]. For ZnO@N-CNFs, there are
two cathodic peaks in the first scan at 0.84 V and 0.3 V, which can
be associated with the growth of SEI layer and the reduction of ZnO
into Zn (ZnOþ2Liþþ2e�4Zn þ Li2O). A sharp peak below 0.2 V
appears in all the four curves because the line-scan elemental



Fig. 5. CV curves of (a) Sn/SnOx@N-CNFs, (b) Sn/SnOx/ZnO-1@N-CNFs, (c) ZnO@N-CNFs and (d) SnOx/ZnO-1/3@N-CNF electrode at a scan rate of 0.3 mV/s in the range of 0.01e3.0 V
vs. Li/Liþ.
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mapping was carried out on a single nanofiber. As for anodic
(lithium deintercalation) scan, three obvious oxidation peaks at
0.64, 0.77 and 0.81 V can be observed in the first sweep of Sn/
SnOx@N-CNFs and Sn/SnOx/ZnO-1@N-CNFs, which may be linked
with the multiple de-alloying reaction of LixSn for Li ion extraction.
While, for SnOx/ZnO-1/3@N-CNFs and ZnO@CNFs, the LixSn
oxidation peaks vanish away, but broad weak peaks between 0.5 V
and 0.8 V can be found. It is basically in accord with the multistep
delithiation process of LixZn (Zn þ xLiþþxe�4LixZn, x�1) [51].
Another broad peak at 1.3 V could be related to the formation of
ZnO with the reaction between Zn and Li2O. Additionally, the
morphological features of the CV curves in the subsequent cycles
are similar, demonstrating that the electrochemical reactions in the
composite electrodes are greatly reversible. Comparing the CV
curves of the four composites, it can be found that the curves of the
Sn/SnOx/ZnO-1@N-CNF and SnOx/ZnO-1/3@N-CNF samples
combine the trait of the curves of the composite with single metal
element. Indeed, the cyclic voltammetry characteristics of the Sn/
SnOx/ZnO-1@N-CNFs are more similar to the Sn/SnOx@N-CNFs,
while those of the SnOx/ZnO-1/3@N-CNFs resemble the properties
of ZnO@N-CNFs more. More importantly, the CV curves of Sn/SnOx/
ZnO-1@N-CNFs and SnOx/ZnO-1/3@N-CNFs display excellent
coincidence, indicating the prominent cycling stability of the cells.
The voltage-capacity curves of the half-cells with Sn/SnOx/ZnO-
1@N-CNFs and SnOx/ZnO-1/3@N-CNFs as anode materials were
investigated by galvanostatic charge-discharge measurements in
the voltage range of 0.01e3.0 V versus Liþ/Li at different current
densities.

Fig. 6a and b shows the first five voltage-capacity curves of Sn/
SnO/ZnO-1@N-CNFs and SnOx/ZnO-1/3@N-CNFs at a current den-
sity of 0.1 A/g. The visible steps in the first discharge curves of the
two samples at around 0.80 and 0.30 V are related to the formation
of SEI layer and LixSn alloys. From the enlarged view of Fig. 6a at
voltage range from 0.5 to 1.0 V, three distinctive steps at 0.64, 0.77
and 0.81 V of the charge curve can be readily observed, corre-
sponding to multiple de-alloying reaction of LixSn. Besides, the
results of the second to the fifth cycle of the two samples are also
coincident with the CV results. Furthermore, the Sn/SnOx/ZnO-
1@N-CNF electrode shows a higher initial discharge capacity of
1131 mAh/g and a higher initial coulombic efficiency of 73.2% than
SnOx/ZnO-1/3@N-CNF electrode (998.6 mAh/g, 70.1%). The irre-
versible capacity loss was caused by the formation of the SEI film on
the surface of electrodes and the irreversible reduction reaction of
SnOx. Despite the initial capacity loss, the great overlap of the
charge-discharge curve after the initial cycle demonstrates the
excellent reversibility of Sn/SnOx/ZnO@N-CNF electrode.

For the purpose of evaluating the rate performance and cycle
stability of the Sn coated SnOx/ZnO@N-CNF composite anode
electrode, the galvanostatic charge/discharge measurements in the
range of 0.01e3.0 V are shown in Fig. 6c and d and Fig. 7. Fig. 6c and
d illustrate the charge-discharge curves of Sn/SnOx/ZnO-1@N-CNF
electrode at different current density and at a current density of 0.5
A/g for different cycle numbers. There is no distinct hysteresis
growth in charge-discharge plateaus even at a high current density
of 5 A/g, which is demonstrated in Fig. 6c. It certifies that the per-
formance of electronic/ionic transmission of the electrodes is
remarkable. And, what is even more important, the initial
coulombic efficiency of the Sn/SnOx/ZnO-1@CNF electrode is over
70%, which is higher than most previous reports in Sn-based or
TMO materials as anode materials of LIBs. That can be attributed to
the Sn particles attached to the surface of the N-CNFs. Since the
close contact between Sn particles and Li2O can promote high



Fig. 6. The GDC profiles of (a) Sn/SnOx/ZnO-1@N-CNFs and (b) SnOx/ZnO-1/3@N-CNFs for the first five cycles at 0.1 A/g. (c) The GDC profiles of Sn/SnOx/ZnO-1@N-CNFs at the
increasing discharge current density from 0.1 to 5.0 A/g. (d) The GDC profiles of Sn/SnOx/ZnO-1@N-CNFs for the 2nd, 10th, 20th, 50th, 100th and 200th cycles at 0.5 A/g.
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utility of Li2O and thus reversible formation of SnOx, thereby
increasing the coulombic efficiency and reversible specific capacity.
Also, it increases to 94.1% at the tenth cycle and maintain over 99%
after 20 cycles. The 10th to 200th charge-discharge curves show
quite good superposition. Especially, the 100th and 200th curves
overlap completely, which reveals the favorable cycle stability. It
can be clearly seen from the Fig. 7b that the capacity of Sn/SnOx/
ZnO-1@N-CNFs is extremely steady after ten cycles, which have the
weakest capacity fading among the five samples. A discharge ca-
pacity of 588.7 mAh/g is retained after 100 cycles at 0.5A/g, which is
the highest and a little higher than SnOx/ZnO-1/3@N-CNFs and
ZnO@N-CNFs (527.8, 514.4 mAh/g), yet quite higher than that of Sn/
SnOx@N-CNFs and Sn/SnOx/ZnO-3@N-CNFs (336.1, 366.9 mAh/g).
The rate performance of the five electrodes was measured in
0.01e3.0 V (vs. Liþ/Li) at different current densities from 0.1 A/g to 5
A/g and then back to 0.1 A/g, as plotted in Fig. 7a. The specific
reversible capacities of Sn/SnOx/ZnO-1@N-CNF electrode could be
obtained as 744.0, 665.9, 588.4, 515.5, 452.7 and 356.8 mAh/g at 0.1,
0.2, 0.5, 1, 2 and 5 A/g, respectively. It can be seen that the specific
capacities of Sn/SnOx/ZnO-1@N-CNF, SnOx/ZnO-1/3@N-CNF and
ZnO@N-CNF electrodes are evidently higher than the other two,
which can be attributed to the rate performance advantage of ZnO.
Particularly, at the current density of 5 A/g, the specific capacities of
the five samples show a significant step distribution, and the Sn/
SnOx/ZnO-1@N-CNF electrode has the highest specific capacity. It
demonstrates that the Sn/SnOx/ZnO-1@N-CNFs have the best rate
performance as the anode materials of lithium ion batteries. From
Fig. 7b, it is obvious that the Sn/SnOx/ZnO-1@N-CNF electrode takes
on the highest and steadiest capacity at 0.5 A/g. The reason is that
the Sn/SnOx/ZnO-1@N-CNFs have the thinnest nanofibers and the
evident composite valence of tin element in SnOx. In addition, the
curves of the SnOx/ZnO-1/3@N-CNF electrode and ZnO@N-CNF
electrode are similar, while the former is steadier. Similarly, the
curve of the Sn/SnOx/ZnO-3@N-CNF electrode resembles the curve
of the Sn/SnOx@N-CNF, while the latter has a more distinct
downtrend. They shows significant declines in specific capacity in
the first 20 cycles, since many Sn grains attached to the surface of
the nanofibers which have large volume expansion during the cycle
process. As a consequence, combining the Sn-based materials and
TMO as anode materials can effectively enhance the electro-
chemical performance of the lithium batteries, and the Sn/SnOx/
ZnO-1@N-CNFs have the most excellent rate performance and the
highest capacity retention.

To further investigate the stability of the Sn/SnOx/ZnO-1@N-CNF
electrode, a long-term cycling performance test was conducted at a
high current density of 2 A/g, as shown in Fig. 7c. Interestingly, the
curves of the five samples are quite different in the first 800 cycle,
while they are approaching the coincidence after 800 cycle. In the
first 150 cycles, a slight drop in specific capacity can be observed in
all the five samples, which could be attributed to the fluctuation of
the SEI film and the decomposition of the electrolyte. The capacity
of the Sn/SnOx@N-CNF electrode declined markedly for the large
volume expansion of the Sn particles on the surface of the N-CNFs.
The Sn/SnOx/ZnO-1@N-CNFs, SnOx/ZnO-1/3@N-CNFs and ZnO@N-
CNFs possess a higher discharge capacity of about 500 mAh/g on
average than the other two. In the range of 150e300 cycles, there is
a capacity reactivation phenomenon in the SnOx/ZnO-1/3@N-CNF
and ZnO@N-CNF electrode, and the curves show obvious uptrend.
This capacity fading-reactivation phenomenon can be commonly
find in nanostructuredmetal oxide electrodes [13]. After 300 cycles,
the capacities of the two samples decrease gradually but keep
higher than the others till the 800th cycles. From the 150th cycle to



Fig. 7. (a) Rate performance and coulombic efficiency of the five composites electrodes at various current densities. Cycling performance and coulombic efficiency of the as-
prepared samples cycled at (b) 0.5 A/g for 100 cycles and (c) 2 A/g for 2000 cycles, at 0.1 A/g for the first five cycles.
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the 800th cycle, the curve of the Sn/SnOx/ZnO-1@N-CNFs keeps
going down, which is not expected. However, it cannot change the
fact that the Sn/SnOx/ZnO-1@N-CNFs possess the best compre-
hensive performance as anode for lithium ion batteries. In this
range, the capacities of the Sn/SnOx@N-CNF electrode and Sn/SnOx/
ZnO-1@N-CNF electrode maintain rising steadily, which might
because the newly formed Sn particles from the decomposition of
SnOx as well as the original Sn particles have a high activity. The
reversible capacity of all the samples stabilizes at around 300 mAh/
g after 2000 cycles. It is because the two samples with a low initial
capacity maintained a slowly increasing capacity after 150 cycles,
while the capacities of the samples with a high initial capacity
began to decay after 300 cycles. As a result, the capacities reach a
consistent level after 2000 cycles, which can be attributed to the
unified microstructural system of the five composites. The Sn/
SnOx@N-CNFs and Sn/SnOx/ZnO-3@N-CNF electrode shows a
slowly increasing in the long-term cycling, which may be practi-
cally applicable for LIBs in some cases.

The CV analysis at various scan rates from 0.1 to 1 mV/s was
conducted to further clarify the energy storage kinetics of the Sn/
SnOx/ZnO-1@N-CNF electrode and the SnOx/ZnO-1/3@N-CNFs
electrode, as shown in Fig. 8a, c. It is believed that pseudocapaci-
tance may predominate the charge transfer during charge-
discharge in view of the great rate performance and fast lithium
ion diffusion. The dominant mechanism between the capacitive
contribution and diffusion-controlled contribution can be sepa-
rated according to the power-law relationship:
i ¼ k1n1=2þk2n ¼ anb, where i and n are the current and sweep rate,
respectively, a and b are constants, k1n1=2 is the diffusion-controlled
contribution and k2n is the capacitive contribution [52]. Notably, b
value approaches 0.5 for a diffusion-controlled lithium storage
process while it is near 1.0 for a surface capacitance dominated
process [41]. Aiming at obtaining the b value, log(n)-log(i) plots for
Sn/SnOx/ZnO-1@N-CNFs and SnOx/ZnO-1/3@CNF electrode are
exhibited in Fig. 8b and d, respectively. The cathodic and anodic
peak b values of Sn/SnOx/ZnO-1@N-CNFs and SnOx/ZnO-1/3@CNF
electrode are fitted to be 0.81/0.79 and 0.785/0.79, confirming that
the performance of lithium storage presents a capacitive-dominant
behavior, and the charge transfer is rapid. Additionally, the capac-
itive contribution in lithium storage process can be evaluated by
calculating the portion of k2n. For Sn/SnOx/ZnO-1@N-CNF electrode,
the pseudocapacitive contribution consist 86.46% of the whole
charge-discharge process at a scan rate of 1.0 mV/s (Fig. 9a).
Furthermore, the proportion of capacitive contribution increases
gradually as the sweep rate increase from0.2 to 1.0mV/s, which can
be observed in the histogram (Fig. 9b). All the capacitive contri-
butions account for more than 70%, resulting in fast lithium ion
diffusion, which is in agreement with the results of electrochemical
impedance spectroscopy (EIS). As shown in Fig. 9c, the fitting EIS
spectra contain a semicircle in the high-medium frequency region
and an oblique line in the low frequency region, which is assigned
to the charge transfer resistance (Rct) at the electrode interface and
the Warburg impedance (Zw) related to diffusion process of lithium
ions, respectively [53]. The equivalent circuit being used is a classic
one displayed in Fig. 9d. It’s evident that the fitting curve of the Sn/
SnOx/ZnO-1@N-CNF electrode has a much smaller diameter of the
semicircle than the other materials. To evaluate the abilities of the
charge transfer, the Rct value of the four electrodes is given by the
column chart in Fig. 9f, where the Rct of Sn/SnOx/ZnO-1@N-CNFs
(22.7 U) is much lower than that of others (over 90 U). It is a further
proof of the high electrical conductivity of Sn/SnOx/ZnO-1@N-CNFs,
which benefits the rate performance. And it is because the Sn grains



Fig. 8. CV curves at various rates from 0.1 to 1 mV/s of (a) Sn/SnOx/ZnO-1@N-CNFs and (c) SnOx/ZnO-1/3@N-CNFs, respectively. The fitted specific anodic/cathodic peak current for
determining the b value of (b) Sn/SnOx/ZnO-1@N-CNFs and (d) SnOx/ZnO-1/3@N-CNFs, respectively.
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with high electronic conductivity on the surface of the nanofibers
contribute to the electrical conductivity.

Consequently, the above results demonstrate that the Sn/SnOx/
ZnO@N-CNFs possess good rate performance, excellent cycle sta-
bility, as well as considerable initial coulombic efficiency and great
electrical conductivity. The electrochemical performance of the
composites with different ratios of Sn and Zn is quite different,
which can be interpreted as the Sn and Zn interact with each other
and make different contributions to the N-CNFs. A reasonable
lithiation/delithiation reaction mechanism of the Sn/SnOx/ZnO@N-
CNFs was proposed as shown in Fig. 10. As known to all, both Sn-
based materials, such as Sn and SnOx, and TMO materials, such as
ZnO, suffer from the severe volume expansion and particle aggre-
gation during the lithiation/delithiation reaction. However, in our
work, the SnOx and ZnO particles are in nanoscale and encapsulated
in the 1D nanofiber structure, so they can sustainably contribute to
the capacity due to the great confinement effect of the N-CNFs. As a
result, the long-life stability and excellent rate performance of the
Sn/SnOx/ZnO@N-CNF electrode are ensured. Additionally, the
incorporation of ZnO can improve the performance of Sn and SnOx

by the reversibly electrochemical reaction of ZnO to Zn. During the
discharge (lithiation) process, the generated amorphous Li2O from
the decomposition of ZnO and SnOx as well as the Zn nanoparticles
can prevent the Sn nanoparticles from agglomerating and keep
them at the nanoscale size [54]. Also, the reaction can facilitate the
reversible formation of the SnOx, which can enhance the coulombic
efficiency and reversible specific capacity [55]. And the close con-
tact between Sn particles and Li2O can also promote high utility of
Li2O and thus reversible formation of SnOx. Although the Sn grains
on the surface of the nanofibers may be slightly agglomerated after
a long cycle, the general performance of Sn/SnOx/ZnO-1@N-CNFs as
anode material of LIBs will not be severely affected due to the small
amount. On the contrary, it shows better performance due to the
excellent conductivity of metallic Sn. Besides, the highly conductive
N-CNFs could promote the charge transport by shorten the diffu-
sion path during electrochemical reactions, thereby benefiting for
the electrochemical performance.
4. Conclusion

A facile method with electrospinning technique and subsequent
thermal treatment was adopted to synthesize a novel Sn particles
coated SnOx/ZnO and N-doped carbon nanofiber (Sn/SnOx/ZnO@N-
CNF) composite. It is highly reversible and has long-life lithium
storage boosted by pseudocapacitance behavior, which combine
the advantages of high theoretical capacity of SnOx, high lithium ion
diffusion coefficient of ZnO and stable cycle performance and great
electronic conductivity of N-CNFs. Among the composites with
different Sn/Zn ratio, the Sn/SnOx/ZnO-1@N-CNFs deliver a high
reversible capacity of 588.7 mAh/g after 100 cycles, high initial
specific capacity of 1131 mAh/g and quite high initial coulombic
efficiency of 73.2% at the current density of 0.5 A/g. Also, the Sn/
SnOx/ZnO@N-CNF composites exhibit great rate performance and
cycle stability at high current density. The extremely comprehen-
sive electrochemistry performance, simple material fabrication
method and enhanced pseudocapacitive lithium storage of the Sn
particles coated SnOx/ZnO and N-doped carbon nanofiber com-
posites could make them prospective candidates as anode mate-
rials for LIBs.



Fig. 9. (a) Capacitive (red) and diffusion-controlled (purple) contributions of Sn/SnOx/ZnO-1@N-CNFs at 1 mV/s. (b) Normalized contribution ratio of capacitive contribution at
various rates. (c) The electrochemical impedance spectra (plot) and the fitting curves (line) of the as-prepared samples. (d) The equivalent circuit used in EIS. (f) The Rct value of the
samples. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. The lithiation/delithiation reaction mechanism diagrams of the Sn/SnOx/ZnO@N-CNFs.
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