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We demonstrate the fabrication of core-shell SnOx/carbon nanoﬁber (CNF) composite mats via singlenozzle one-step electrospinning for use as ﬂexible freestanding electrodes in supercapacitors. The
freestanding and ﬂexible nature of the composites is essential for their use in lightweight, portable, and
foldable electronic devices and eliminates the need for a separate current collector. We fully characterized the structural and morphological properties of the SnOx/CNF mats and optimized the SnOx to CNF
precursor ratio. The optimized SnOx/CNF-based symmetric supercapacitor exhibited a capacitance of
289 F$g1 at a scan rate of 10 mV$s1. Moreover, it retained more than 88% of its initial capacitance after
5000 cycles, highlighting the long-term stability of supercapacitors based on these SnOx/CNF mats.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
Electrochemical energy storage devices are primarily of three
types: (1) rechargeable batteries; (2) electrochemical capacitors,
conventionally known as supercapacitors; and (3) supercapatteries
(hybrids of batteries and supercapacitors) [1]. Among these,
supercapacitors can be of great utility in portable electronics and
automotive applications owing to their high power density, short
charge/discharge time, and long cycling life [2,3]. Supercapacitors
based on carbon materials such as graphene, carbon nanoﬁbers
(CNFs), activated carbon, and carbon nanotubes are known as
electrical double layer capacitors (EDLCs). These EDLCs store energy
through the electrostatic adsorption of ions on the electrode surface alone [1,4]. The electrostatic adsorption of ions occurs at the
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electrolyte/electrode interface in the absence of chemical reactions
[5]. However, because the process is a physical one (involving only
the adsorption of ions and no chemical reaction), EDLCs exhibit
relatively low energy densities. Supercapacitors that employ electrosorption or redox reactions on the surface of the electrodes are
called pseudocapacitors. The redox reactions that occur in these
pseudocapacitors are reversible and involve multi-electron Faradaic charge transfer, resulting in higher speciﬁc capacitances and
energy densities than can be achieved in EDLCs [6]. Use of metal
oxides in pseudocapacitors allows exploitation of multi-electron
Faradaic processes to achieve high speciﬁc charge storage capacity.
Metal oxides such as RuO2 [7], V2O5 [8], MnO2 [9,10], SnOx
[11e13] and TiO2 [14] have been investigated extensively for use in
pseudocapacitors, and electrodes based on these materials have
been fabricated using various methods. Transition metal oxides can
store energy directly because of their extremely high pseudocapacitance (they undergo fast surface redox reactions because of the
electro-absorption and electro-desorption of ions with electron
transfer) [15,16]. Of these metal oxides, SnOx is nontoxic and
inexpensive and is a high-capacitance electrode material that can
operate in a broad negative-to-positive potential window. In
addition, SnOx has a low electron chemical potential, which results
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in fast redox reactions, making SnOx ideal for use as a supercapacitor electrode material [17]. However, the applicability of SnOx
as an electrode material is limited because of its low electrical
conductivity. On the other hand, while alternative supercapacitor
materials such as carbonized polymers, graphene and CNT show
higher electrical conductivities, they have a limited ability to store
charge. Thus, supercapacitors based on these materials cannot
match the high energy densities that can be achieved using metal
oxides [6,18].
The high energy density of SnOx and high electrical conductivity
of carbon are important factors to consider when selecting synergistic active materials for the electrodes of supercapacitors. The
combination of SnOx and carbon materials can exhibit a synergistic
effect, as demonstrated by earlier studies [19,20].
In general, nickel foil, a nickel foam, stainless steel, or carbon
cloth has been used as a current collector to improve the overall
electrode conductivity [21]. However, the inclusion of a current
collector upon which the active electrode material is deposited
increases the mass of the supercapacitor. In addition, the inclusion
of graphene or/and CNT would increase the overall production cost.
The use of CNF would eliminate the use of the current collector as
well as the graphene/CNT because CNF itself serves as a collector
and conductor. As a result, composites of SnOx and electronically
conductive CNFs produced via electrospinning are being explored
for producing lightweight, ﬂexible, and freestanding electrodes for
supercapacitors [22]. In addition, composites of CNFs and SnOx
exhibit a synergistic effect, resulting in the shortening of the
diffusion path for the ions from the electrolyte to the electrode as
well as an increase in the interfacial electron redox chemistry. Joshi
et al. fabricated a SnOx/CNF composite and studied its increased
conductivity as well as the buffering effect [23]. CNF composites
show a higher capacitance owing to the capacitive mechanism of
the very thin double layer and their high surface-to-volume ratio
[24,25]. However, SnOx/CNF composites exhibited low rate capability because the micropores of the CNFs restrict the diffusion of
ions at high scan rates and high current-density charge/discharge
rates [4]. The core-shell nanostructure considered here facilitates a
reduction in the ion diffusion length through the carbon shell.
Furthermore, the Faradaic reaction also improves by transporting
electrons through a continuous ﬁber, rather than a particle-toparticle structure. As a result, electrochemical properties are
enhanced [26,27].
Here, we demonstrate an aqueous electrolyte-based symmetric
supercapacitor based upon SnOx/CNF core-shell structured composites. However, our CNF composite has mixed phase of Sn (x ¼ 0),
SnO (x ¼ 1) and SnO2(x ¼ 2). Where, x reﬂects the oxidation state of
Sn, ranging from zero (for x ¼ 0) to 4þ (for x ¼ 2). Poly(methyl
methacrylate) (PMMA) was used as a sacriﬁcial polymer, as it decomposes at high temperatures to generate void space in the CNFs.
During carbonization, the PMMA was eliminated from the turbostratic CNFs and replaced by SnOx, producing the core(SnOx)shell(CNF) structure. Further, the fabricated composite materials
contain mesopores that allow rapid ion transport and ion adsorption/desorption at the electrode/electrolyte interface [4]. The
single-nozzle approach provides a remarkably simple route to
these core-shell structures. We produced the core-shell structures
in a one-step deposition, without added processing steps such as
etching, the use of a slurry, or impregnation with another material.
Only simple heating processes were required to remove the PMMA
and carbonize the polyacrylonitrile (PAN) in the electrospun ﬁbers
to yield the core-shell composites. In addition, the freestanding
nature of the composites and the fact that they are operated well
without a metallic current collector increase the speciﬁc capacitance of the overall device. This work is the ﬁrst example of the use
of core (SnOx)-shell (CNF) structures in a full supercapacitor.
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2. Experimental
2.1. Fabrication of SnOx/CNF composite
Freestanding NF (nanoﬁber) mats were synthesized using tin(II)
acetate (SnAc, Sn(CH3CO2)2; Sigma-Aldrich) as the metal source
and N,N-dimethylformamide (DMF; 99.8%; Sigma-Aldrich) as the
solvent, while polyacrylonitrile (PAN; Mw ¼ 150 kDa; SigmaAldrich) was used as the electrospinning polymer and PMMA
(Mw z 120,000 kDa; Sigma-Aldrich) as the sacriﬁcial polymer.
First, 7.6 wt% PAN and 0.4 wt% PMMA were dissolved in DMF, and
the mixture was stirred for 24 h at 60  C. Then, SnAc was added to
this PAN/PMMADMF solution in different proportions, and the
resulting mixtures were stirred again for 24 h at room temperature
to form homogeneous solutions. The total amounts of SnAc in the
different polymer solutions were 0, 0.5, 2, 4, and 6 wt%; the CNF
mats obtained using these solutions are labeled as SnO-0, SnO-1,
SnO-2, SnO-3, and SnO-4, respectively. However, we primarily
focused on samples SnO-1, SnO-2, and SnO-3, as sample SnO-4,
which corresponded to a SnAc concentration of 6 wt% exhibited a
capacitance lower than that of SnO-3. The setup used for electrospinning consisted of a syringe and a needle, a grounded collector,
and a high-voltage supply, as shown in Fig. 1a. The PAN/PMMA/
SnAc solutions were electrospun at room temperature on an
aluminum collector placed 15 cm away from the needle. The precursor SnAc solution was delivered from a syringe pump at a ﬂow
rate that ensured a stable Taylor cone was formed at the end of the
needle. The electrospun mats were stabilized by heat treatment in
air at 280  C; the temperature was ramped up from room temperature to 280  C at a rate of 5  C min1. Next, the stabilized mats
were annealed in a tube furnace in a ﬂow of Ar at 800  C for 2 h. This
annealing process, which involved heating from room temperature
at a rate of 3  C min1, was performed to carbonize the PAN NFs.
This process yielded ﬂexible and freestanding core-shell-structured
black SnOx/CNF mats, as shown in Fig. 1b. Electrospinning of PAN/
PMMA generally results in a tubular shape with PMMA at the core
[28,29], owing to the interfacial tension, viscosity, and elasticity of
the PAN/PMMA mixture [28]. However, during the carbonization
process, the PMMA was removed from the electrospun mats and
replaced by SnOx, generating the core-shell (SnOx/CNF) structure.
2.2. Characterization
The carbonized freestanding mats 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. A Raman
spectrometer (LabRam ARAMIS IR2, HORIBA JOBIN YVON system)
was used to analyze the carbon content and amount of carbon
defects in the mats. The chemical states of elements in the mats
were measured by X-ray photoelectron spectroscopy (XPS, Theta
Probe Base System, Thermo Fisher Scientiﬁc Co.). The surface
morphologies and elemental composition and distribution of the
fabricated mats were evaluated using a scanning electron microscope (SEM, S-5000, Hitachi, Ltd.) and a transmission electron
microscope (TEM, JEM 2100F, JEOL Inc.).
2.3. Electrochemical tests
Next, symmetric supercapacitors were prepared using two
SnOx/CNF ﬂexible electrodes of the same diameter (14 mm), which
were assembled in a coin-type cell (CR2032). A microporous
polyethylene ﬁlm (Celgard 3501; Celgard, South Korea) was used as
the separator between the two electrodes. The electrolyte used was
6 M KOH. All the electrochemical measurements were performed at
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Fig. 1. (a) Schematic of process for fabricating SnOx/CNF composites using electrospinning. (b) Photograph of ﬂexible SnOx/CNF composite. (c) LED test performed using two
symmetric supercapacitors.

room temperature (25  C) using a WBCS300 battery cycling system
(WonAtech, South Korea). Cyclic voltammetry (CV) measurements
were performed on the various cells at different scan rates (2, 5, 10,
20, 30, 50, and 100 mV$s1). In addition, galvanostatic charge/
discharge cycling was also carried out at 0.1, 0.2, 0.5, 1, 2, 3 and
5 A$g1. Fig. 1c shows the setup used for a light-emitting diode
(LED) glow test performed using supercapacitors based on composite sample SnO-3. For the LED test, two symmetric supercapacitors were arranged in series, with the dimensions of each
supercapacitor being 2.5  2.5 cm2. The high intensity of the LED
when turned on indicated qualitatively that SnO-3 showed good
energy and power densities.

3. Results and discussion
The X-ray diffraction patterns of the SnOx/CNF composite mats
obtained after annealing at 800  C are shown in Fig. 2a. Welldeﬁned peaks can be seen only in the case of the sample corresponding to a SnAc concentration of 4 wt%, indicating that the
crystallinity of SnOx was high only at higher SnAc concentrations.
Three different phases were present in the samples, as per an
analysis of the diffraction patterns. The weak peaks at 2q ¼ 26.7
and 55 correspond to the (110) and (220) planes of SnO2, respectively, while the peaks at 2q ¼ 29.2 and 44.8 belong to SnO. A
metallic Sn phase was also present, as conﬁrmed by the peaks at
30.52 , 32.03 , and 43.8 ; this phase was attributable to the
reduction of the Snþ4 ions to Snþ2 and Sn0 by the carbon layer
during the high-temperature treatment. The melting temperature
of Sn is far lower than the annealing temperature. Thus, any Sn
formed during annealing will be liquid and SnO may also be able to
sinter and diffuse into the ﬁber core. These results are consistent
with the standard JCPDS values (JCPDS Card Nos. 41-1445(SnO2),
06-0395(SnO), and 04-0673(Sn)). The broad peak at 20e25 corresponds to the graphitic carbon produced from PAN. In this case,
the peak near at 21 indicates the presence of low crystallinity or
disordered carbon. Further, in the case of the samples with a low
concentration of Sn, no peaks related to SnOx were observed.
Fig. 2b shows the Raman spectra of the SnOx/CNF composites.
The spectra were recorded using a 532 nm laser source for wavenumbers of 1000e2000 cm1. The characteristic carbon-related D

and G bands corresponding to disordering (i.e., defects) in carbon
and graphitic carbon (sp2-conjugated bonds), respectively, can be
observed for all the samples. The D band is observed at 1356, 1356,
and 1355 cm1 in the case of SnO-1, SnO-2, and SnO-3, respectively,
while the G band is observed at 1586, 1589, and 1590 cm1,
respectively. The intensity ratios of the D and G bands for SnO-1,
SnO-2, and SnO-3 were approximately 1.02, 1.0, and 1.12 respectively. This conﬁrmed that the carbon in the SnOx/CNF nanocomposites was in a relatively disordered form.
The chemical compositions of the surfaces of the SnOx/CNF
composite mats were determined through XPS. The XPS spectra
contain peaks related to Sn (Sn 3p, Sn 3d, and Sn 4d) and oxygen
(O 1s), which are attributable to SnOx. The C 1s peak is attributable
to the graphitization of the CNFs while the N 1s is due to nitrogen
from PAN (see Fig. 2c). The high resolution N1s spectrum is presented in Fig. S1. The atomic concentration of the elements
determined by XPS is C 1se74.2%, O 1se11.6%, N 1se10.9% and Sn
3de3.3%. The high-resolution Sn spectrum in Fig. 2d shows Sn
3d5/2 and Sn 3d3/2 peaks at 487.5 and 495.9 eV, respectively (the
peak-to-peak separation is 8.4 eV). The peak-to-peak separation
energy indicates that the oxidation state of Sn is 4þ. However, the
different phases of Sn as observed in the XRD patterns are
consistent with the three subpeaks seen in the deconvoluted Sn
3d5/2 peak. These can be assigned to the Sn0, Sn2þ, and Sn4þ states
(see inset of Fig. 2d). These results conﬁrmed the presence of
metallic Sn, SnO, and SnO2; the formation of Sn was attributable to
carbothermal reduction during the high-temperature calcination
process.
The morphologies of the SnOx/CNF composites were determined
using scanning electron microscopy; the images of the various
samples are shown in Fig. 3, each at two different magniﬁcations.
Both the surface roughness and the diameter of the ﬁbers in the
SnOx/CNF mats increased signiﬁcantly with increasing Sn content.
For the sample with a SnAc concentration of 4 wt%, a few quasispherical, bead-like SnOx particles can be seen embedded in the
NFs. The pores in the composite ﬁbers are also clearly visible (see
the inset image in Fig. 3f (second row)). These pores are attributable
to the removal of PMMA during the high-temperature carbonization process. Fig. S2 shows SEM images of the SnO-0 (only CNF) and
SnO-4 (SnOx/CNF with 6 wt% SnAc) samples.
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Fig. 2. (a) XRD patterns of various SnOx/CNF composite samples. (b) Raman spectra of various SnOx/CNF samples. (c) XPS survey spectrum of SnOx/CNF composite sample SnO-3. (d)
High-resolution Sn 3d spectrum of SnO-3 (inset shows deconvoluted Sn 3d5/2 spectrum).

Transmission electron microscopy images of sample SnO-3 are
shown in Fig. 4a. The images clearly show the core-shell structure,
with a core diameter of ~225 nm and shell thickness of ~45 nm.
Fig. 4b is a high-resolution TEM image showing a cross-sectional
view of a ﬁber, with a SnOx core conﬁned within a CNF shell. The
annealing temperature is far above the melting temperature of Sn,
nearing the melting temperature of SnO, but is far below the

melting point of SnO2. Thus, any Sn formed during annealing will
be liquid and SnO may be able to sinter and diffuse. However, SnO2
will be relatively immobile. This type of conversion to Sn and SnO
may facilitate the migration of Sn to the core of the ﬁber. Liquid Sn
has a very high surface energy, which would promote its movement
to the core of the ﬁber. Accordingly, we observed the distribution of
Sn in the core along with SnO, via HRTEM. Two sets of fringes with

Fig. 3. SEM images of (a,d) SnO-1, (b,e) SnO-2, and (c,f) SnO-3. Inset in (f) is a cross-sectional view of a ﬁber in sample SnO-3.
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Fig. 4. (a) TEM image of SnO-3, (b) HRTEM image of SnO-3 (inset shows the corresponding SAED pattern), and (c) EDS elemental maps for C, Sn, and O.

spacing of 0.19 and 0.26 nm can be observed; these correspond to
the (200) and (110) planes of SnO, respectively. In addition, lattice
fringes of 0.29 nm spacing, attributed to (200) planes of Sn, are
visible. The selected-area electron diffraction (SAED) pattern in the
inset of Fig. 4b shows the diffraction spots of SnO, which were
indexed to the (110) and (200) planes with interplanar spacing of
0.26 nm and 0.19 nm, respectively. Thus, HRTEM conﬁrms the
presence of SnO in the ﬁber core. The energy-dispersive X-ray
spectroscopy (EDS) maps shown in Fig. 4c conﬁrm that carbon
forms a shell, covering on the core, which consists of Sn and O. The
elemental mapping images in Fig. 4c shows that Sn is inside the
ﬁber core surrounded by SnO, which is manifested with the oxygen
content.
The supercapacitor potential window or range of potentials
between which the physical and chemical processes corresponding
to the phenomenon of pseudocapacitance occur is of critical
importance. In this study, we investigated the current-voltage
characteristics for a potential window ranging from 0.6 V to
0.6 V. Fig. 5aec shows the CV responses of symmetric supercapacitors based on samples SnO-1, SnO-2, and SnO-3. All three
supercapacitors exhibited near-ideal pseudocapacitance behavior
at different scan rates (10, 30, 50, and 100 mV$s1). The CV curve for
each sample was a quasi-rectangle and indicative of good charge
propagation within the electrodes [30]. The quasi-rectangular
shape can be attributed to the core-shell structure of the composites. The combined EDLC of CNFs and pseudo-capacitance of SnOx is
superior to the EDLC of CNFs alone. The enhanced conductivity
provided by the carbon-shell material maximizes the utilization of
the SnOx pseudo-capacitance.
The decomposition of PMMA during carbonization and the
presence of SnOx improve ionic conductivity [31]. In addition, the
high current observed at all the scan rates is associated with the
redox reactions. The negative current observed in the current
curves is due to the adsorption and/or absorption of Kþ cations and
the desorption of OH anions. On the other hand, the desorption of
the cations and the absorption/adsorption of the anions owing to
positive polarization is the reason for the positive current. That is to

say, the polarity of the current is primarily determined by the direction in which the voltage scan is performed. The area under the
CV curves increases with an increase in the scan rate, owing to the
increase in the current because of the redox reaction. The integrated area under the current curve was considered for measuring
the speciﬁc capacitance along with scan rate as described in Eq. (1).
Although the current and the integrated area increases with the
scan rate, the speciﬁc capacitance decreases. This decrease in the
speciﬁc capacitance at a high scan rate was due to the limited
interaction of electrolytic ions with the electrode surface. The
charge storage at the interface was less efﬁcient at higher scan rate.
Fig. 5aec shows that there was a signiﬁcant increase in the
capacitance and current outputs for the corresponding scan rates
for SnO-1, SnO-2, and SnO-3. Fig. 5aec also conﬁrms that a case of
SnO-3 is the optimal one for ensuring that the synergetic effect of
the CNFs and SnOx is strong. This synergetic effect results in
maximum speciﬁc capacitances of 398, 307, 289, 245, and 221 F$g1
in the case of the core-shell composite SnO-3 for scan rates of 2, 5,
10, 50, and 100 mV$s1 respectively. These values highlight the
good scan rate capability of sample SnO-3, with the sample
exhibiting a capacitance retention (fraction of the limiting capacitance at low scan rate) of ~56% at 100 mV$s1. The speciﬁc capacitance (C) was calculated using Eq. (1) [32,33]:

C¼

4
msV

ZVþ
iðVÞdV

(1)

V

where s is the scan rate (mV$s1), V is the capacitive potential range
(V), m is the total mass of both electrodes (g), iðVÞ is the voltagedependent output current (mA), and V and Vþ are the lower and
upper voltages of the capacitive potential range.
The results of a relative scan rate analysis performed on samples
SnO-0 to SnO-4 for 10 mV$s1 are shown in Fig. S3, while the
respective capacitances are shown in Fig. S4. The CV curves show
that the magnitude of the current for positive and negative polarities increases from SnO-0 to SnO-3. However, for SnO-4, the
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Fig. 5. CV curves for samples (a) SnO-1 (b) SnO-2, and (c) SnO-3. (d) Capacitances of SnOx/CNF electrodes measured at different scan rates [mV$s1].

magnitude of the current is smaller than that in the case of SnO-3.
Thus, the capacitance of SnO-4 was lower. This variation in the
capacitance with the SnAc concentration can be understood based
on Fig. S4, which shows that the capacitance increases
(119e289 F$g1) with an increase in the SnAc concentration from
0 to 4 wt%. However, for SnAc concentrations higher than 4 wt%, as
in the case of SnO-4, the capacitance decreases to 204 F$g1.
As shown in Fig. 5d, the capacitance decreases with increasing
scan rate. This behavior is normal for electrochemical systems.
Generally, two different mechanisms are involved in charge storage
in oxide materials. One is the intercalation/deintercalation of protons or alkali metal cations, which leads to the complete utilization
of the electrode material. This may be the reason why the speciﬁc
capacitance is higher at lower scan rates. The second mechanism is
related to the surface adsorption of ions at higher scan rates. Hence,
only the surface of the electrode material contributes to capacity at
high charge/discharge rates, which decreases the speciﬁc capacitance. At higher scan rates, the redox reaction is in incomplete, due
to reaction rate and ion transport limitations, but the formation of
the electrostatic double-layer is not affected.
Fig. 6a shows the galvanostatic discharge curves for SnO-3 for
different speciﬁc current densities (0.1, 0.5, 1, and 2 A$g1) in 6 M
KOH as the electrolyte. The discharge curves are almost linear,
exhibiting the characteristics of a supercapacitor. In addition, both
the pseudocapacitance from SnOx and EDLC from CNF enhance the
speciﬁc capacitance. The discharge time decreases with increasing

current density owing to the rapid absorption/adsorption of the
cations and desorption of the anions. The speciﬁc capacitance
values were calculated from the discharge time using Eq. (2)
[32,33]:

Cs ¼

4Itd
mðV  IRÞ

(2)

where Cs is the speciﬁc capacitance (F$g1), td is the discharge time
(s), I is the speciﬁc current (A), m is the mass of both electrodes (g),
V is the capacitive potential range (V), and IR is the measure of the
ohmic drop (V). In this study, we took it to be “0,” as no ohmic drop
was observed, as can be seen from Fig. 6a. The speciﬁc capacitance
values for SnO-1, SnO-2, and SnO-3 are shown in Fig. 6b. The
maximum speciﬁc capacitances for SnO-3 are 273 and 220 F$g1 for
speciﬁc current densities of 0.1 and 1 A$g1, respectively. The
highest capacitances for SnO-1, SnO-2, and SnO-3 were calculated
to be 212, 247, and 273 F$g1 respectively.
The long-term cycling performance is an important parameter
for assessing the performance of supercapacitors and electrodes.
Thus, the ﬁrst and last three galvanostatic charge/discharge curves
of SnO-3 corresponding to cycling for 5000 cycles at a current
density of 1 A$g1 are shown in Fig. 6c. The near-symmetric nature
of the triangular charge/discharge curves is indicative of the
capacitive behavior of the supercapacitor. Similarly, scan-ratedependent CV curves were also obtained for 5000 cycles.
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Fig. 6. Current-density-dependent (a) galvanostatic discharge proﬁles of SnO-3 for different speciﬁc current densities and (b) speciﬁc capacitances [F$g1] of various samples. (c)
Long-term cycling performance of SnO-3 at 1 A$g1 and (d) its CV curves at a scan rate of 10 mV$s1. Speciﬁc capacitance [F$g1] and capacity retention [%] of SnO-3 for over 5000
cycles (e) at a current density of 1 A$g1 and (f) scan rate of 10 mV$s1.

Representative curves are shown in Fig. 6d. It can be seen that the
curves are quasi-rectangular, with the area under the curves
decreasing slightly with the increase in the scan rate. The speciﬁc
capacitance as determined from the charge/discharge curves for a
current density of 1 A$g1 varies from 217 to 202 F$g1 over 5000
cycles, retaining ~86% of the capacitance observed in the ﬁrst cycle
(see Fig. 6e). Further, Fig. 6f shows the speciﬁc capacitance and
capacitance retention of SnO-3 over 5000 cycles for a scan rate of
10 mV$s1 over the potential range of 0.6 to 0.6 V. Its capacitance
decreased from 283 to 257 F$g1 over 5000 cycles, retaining 88% of
the initial capacitance. The long-term cycling stability of SnO-3 is
attributable to its low charge-transfer resistance (Rct) and solution

resistance (Rs). This was conﬁrmed by electrochemical impedance
spectroscopy, as described below. Compared to the speciﬁc capacitance values reported previously for supercapacitors based on
similar materials (see Table 1), the values obtained in the present
study are quite high, especially if one considers that an alkaline
aqueous electrolyte was used and no current collector was
required.
The electrochemical impedance spectra of SnO-0, 1, 2 and 3 are
shown in Fig. 7a, over a frequency range of 0.1e105 Hz. The Nyquist
plots show the frequency response of the electrode and electrolyte
in terms of the real (Z0 ) and imaginary (Z00 ) impedances. The Nyquist
plot, which was obtained using an open-circuit potential, contains a
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Table 1
Comparison of speciﬁc capacitances of electrodes of similar materials and those of the composites synthesized in the present study.
Materials

Method/Current collector

Capacitance
[F$g1]

Scan rate
[mV$s1]

Current density
[mA$g1]

Potential
window [V]

Electrolyte Ref.

SnO2/Carbon

Reactions under autogenic pressure at elevated
temperature/Glassy carbon
e/Glassy carbon
Electrospinning and Hydrothermal/Ni Foam
Microwave assisted/Carbon paper
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Warburg impedance region at low frequencies, indicating the rapid
diffusion of the electrolyte ions and good capacitive behavior [34].
In addition, the slope corresponding to the Warburg region is
higher than 45 , conﬁrming the high surface roughness of the
electrodes owing to the presence of pores [35]. Magniﬁed views of
the high-frequency region of the Nyquist plots are shown in Fig. 7b;
this part of the plot can be attributed to the intrinsic resistance of
the electrodes and the ionic resistance of the electrolyte. The
Nyquist plots were ﬁtted in accordance with Randle equivalent

circuit using ZSim software. The equivalent circuit is as shown in
Fig. S5, where Rs is solution resistance, Rct is charge transfer resistance, C is capacitance, W is Warburg impedance and CPE is constant phase element. The Rs for the SnO-0, 1, 2 and 3 (1.91, 0.58, 1.94
and 0.11 U respectively) are very small as demonstrated in Fig. 7a
and b. Furthermore, the corresponding Rct for the samples
mentioned earlier are 120.4, 2.97, 3.10 and 7.82 U respectively.
Although, SnO-0 exhibits a perfect semicircle, as shown in Fig. 7a,
the Rct is very large compared to that of SnO-3. The large impedance

Fig. 7. (a) Nyquist plots for SnO-0, 1, 2 and 3 for frequencies ranging from 0.1 Hz to 105 Hz, (b) magniﬁed version of the Nyquist plot, (c) Bode Plot of impedance modulus and phase
angle and (d) plot of power and energy density of SnO-3.
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of SnO-0 could be due to absence of oxide or pseudocapacitive
material. The partial semicircle observed in the high-to-medium
frequency region and the lower impedance (Rct) for SnO-1, SnO-2
and SnO-3 indicates better charge-transfer for the CNF composites
due to decreased ion-diffusion path [21,36]. The lower Rct of the
composite ﬁbers supports their improved electrochemical performance in comparison to that of SnO-0 as shown Fig. S3. The Rct of
SnO-1 and SnO-2 were observed to be slightly smaller than SnO-3,
and this could be due to lower oxide concentration; however, the
Warburg regime for SnO-3 still exhibits better diffusion characteristics. Additionally, the declined performance SnO-2 in the
Warburg regime at very low frequency could have been compensated by its lower Rct and due to better slope in the mediumfrequency range (see Fig. 7b), which supports its better performance in comparison to SnO-0 and SnO-1 [37]. The low solution
resistance and charge-transfer resistance can be attributed to the
fact that the composite is binder free.
The Bode plot of SnO-3, given in Fig. 7c, shows the dependence
of the electrochemical impedance modulus and phase angle on the
02
00 2
frequency. The impedance modulus is given by jZj ¼ ðZ þ Z Þ1=2.
The magnitude of the real and imaginary impedance jZj is low at
higher frequencies which is attributed to the low viscosity and high
conductivity of the electrolyte [38]. The phase angle changes with
the sinusoidal frequency when the instantaneous amplitude
changes. The change in the phase angle reﬂects the impedance shift
from the capacitive region (lower frequency) to the capacitiveresistive region (medium frequency), and ﬁnally to the resistive
region (higher frequency). The phase angle indicates that the regions [39] corresponding to the low, medium and high frequencies
are the capacitive, resistive-capacitive, and resistive regions,
respectively. Fig. 7c shows that the phase angle was 60 at low
frequencies and reﬂective of the contributions of the capacitance
from EDLC and the pseudocapacitance from SnOx. The relaxation
time constant, t0, was calculated to be 80 ms for a phase angle of
45 . This relaxation time is considered a ﬁgure of merit for supercapacitors. Fig. 7c shows that SnO-3 exhibited pure capacitive
behavior at frequencies lower than 15 Hz and that most of the
energy stored in the electrodes was accessible at these frequencies.
The Ragone chart of the energy and power density of SnO-3 for
varying current densities (0.1e5 A$g1) is shown in Fig. 7d. The
chart was plotted using the equations given by Liu et al. [40]. As can
be seen from the Ragone chart, the energy density is as high as
44 Wh$kg1 for a power density of 1.2 kW$kg1; these values are
higher than those for CNFs [41] as well as for a recently reported
freestanding SnO2/CNF composite [13,42] and are indicative of
rapid charging/discharging capability. Byun et al. [42] recently reported ﬂexible electrodes that can be used with various electrolytes, while Ge et al. [13] reported electrodes that can be bent
readily. However, in comparison to these electrodes, the ones
fabricated in the present study exhibited higher capacities as well
as higher energy and power densities.
4. Conclusions
Free-standing ﬂexible core-shell SnOx/CNF composite mats
were fabricated by a single-nozzle electrospinning process followed by annealing. The high electrical conductivity of the CNF
component allowed these to be used without a current collector.
The composite nanoﬁber electrodes were tested in supercapacitors,
and the SnOx content of the ﬁbers was optimized to achieve the
speciﬁc capacitance of up to 289 F$g1 at a scan rate of 10 mV$s1.
The supercapacitors maintained high speciﬁc capacitances after
cycling, retaining ~86% of their initial capacitance after 5000 cycles
at a current density of 1 A$g1. This exceptional stability during
long-term cycling is attributable to the core-shell structure of the

nanoﬁbers, as well as the synergistic effect of the conductive CNFs
and electrochemically active SnOx. The ability to produce highperformance supercapacitor electrode materials by such a simple
process may lead to enhanced commercial opportunities for
supercapacitors across a wide range of applications where high
power density is required.
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