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Abstract

Tin carbon nanofibers were prepared by electrospinning and carbonization as flexible and independent supercapacitor materials.
Sn/CNFs, Sn/SnO/CNFs, and SnO,/CNFs were prepared by different carbonization processes. The specific capacitances at
0.5Ag " were 761.39 F g ', 71229 F g ', and 589.78 F g ', respectively. The composite nanofibers were characterized by
SEM, XPS, TEM, XRD, and Raman spectroscopy. It was found that tin nanoparticles were well dispersed in carbon nanofibers
and no aggregated crystalline phase was formed. These results showed that Sn/CNFs was superior to Sn/SnO/CNFs and SnO,/
CNFs in electrochemical performance of supercapacitors. In addition, a very stable cycle stability had been achieved. Even after
10,000 charge-discharge cycles, Sn/CNFs still maintain excellent specific capacitance of up to 114% of its initial performance.
Moreover, Sn/CNFs//CNFs was assembled as a flexible all-solid-state asymmetric supercapacitor (ASC) with the energy density

of 57.18 Wh kg ' at a power density of 374.97 W kg ..
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Introduction

Continuing growth in fossil energy consumption causes great
environmental challenges and stimulates clean, sustainable
energy research [1, 2]. Supercapacitors (SCs), as a new sort
of energy storage device, provided the most promising meth-
od to store electricity on account of their unique merits of fast
power release and long-term stability [3, 4]. According to
energy storage mechanism, SCs are divided into two primary
types. The first one depends upon the electrochemical double-
layer capacitance (EDLC), where the energy storage and de-
livery are carried out by electrode-electrolyte interface [5].
Although this type of SCs has a high power density and splen-
did cycling stability, the low energy density is limited by
double-layer superficial area. The other depends on invertible
Faradaic reaction on the electrode materials, which is called
pseudocapacitors. According to the report, the redox-active
materials could offer a specific capacitance that exceeds 10
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times that of carbon-based EDLC [6]. Therefore, the study of
pseudocapacitors is very promising.

However, the performance of pseudocapacitors depends
closely on the physicochemical properties of their electrode
materials [7]. Hence, the main direction of the study has paid
close attention in exploring alternative pseudocapacitance
electrode materials. SnO,, as a N-type semiconductor, which
possesses a wide energy gap (Eg=3.62 ¢V, at 300 K), is
nontoxic, inexpensive, and widely available [8]. In addition,
SnOy is a very attractive candidate for efficient electrochem-
ical energy storage system because of its characteristic phys-
icochemical properties, such as cycling stability [9], whereas
the usability of SnOj is limited due to its low electrical con-
ductivity [10]. In addition, the aggregation of SnO, nanopar-
ticles and large volume expansion, which brings about me-
chanical breakdown and poor electric contact between the
collector and electrode, also restrict the cycle stability and
cause big capacity fading [11-13]. There are two strategies
to solve the above problems: (i) control the particle size of
SnOy, including fabricating nano-sized SnOy [14-17] and
(if) dope SnOy into the carbon material to form SnO,-carbon
composites. Nanomaterials are ideal candidates as electrode
materials owing to them providing favorable electronic trans-
mission capability and high surface to volume ratio [18]. By
reducing the SnO, particle size to atomic level, all tin in the
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SCs might become electrochemically active, thereby signifi-
cantly improving specific capacitance. In another regard, ac-
tive carbon including graphene, carbon nanofibers (CNFs),
and carbon nanotubes (CNTs) show higher electrical conduc-
tivities, but the inherent shortcoming is their low storage ca-
pacity and the poor traits of low specific capacitance [19-22].
Furthermore, carbon-based materials do not merely provide
an effective buffer to reduce the volume change of SnO, but
as a conductive phase, carbon-based materials make up for the
low conductivity of SnO,. Therefore, it is an effective strategy
to combine SnO, with carbon materials so that they can play a
synergistic role [23, 24].

Recent studies showed that nickel foam, nickel foil, and
carbon cloth were used as collector to enhance the whole
electroconductivity [25]. Moreover, because conductive addi-
tives and binder are employed on a current collector, achiev-
ing the portable equipment with light quality and small vol-
ume is difficult. On the other part, the unreactiveness binders
attached to the electrode will lead to the decay of electron
conductivity [26-30]. Accordingly, it is considered that the
development without adhesive self-supported electrodes in
electrochemical energy devices is extremely required.

In addition, valence state has been proved to be an impor-
tant factor affecting the electrochemical performance of
supercapacitors. For instance, Zhao et al. reported that verti-
cally aligned MnO, nanosheets coupled with carbon nano-
sheet composite electrode were applied in supercapacitors, in
which the specific capacitance of MnO/CNS and MnO,/CNS
at 0.5 A g ' were 180.2 F g " and 339 F g' [31]. Very re-
cently, Kumar et al. reported the single-step solvothermally
synthesized CeO, nanoparticales applied in supercapacitors,
in which the specific capacitances of CeO,@20h (29% Ce’*,
71% Ce**) and CeO,@10h (15% Ce**, 85% Ce**) at
0.25 A g were 143 F g ' and 90 F g ™' [32]. Furthermore,
the Ki group reported that the specific capacitance values of
electrodes containing Cu’*/Cu'* and the specific capacitance
of Cu'*/Cu* are 22.8 F g ' and 24.3 F g, respectively [33].
Moreover, Huang et al. reported the effect of vanadium in
different valence states on specific capacitance and confirmed
that V,05/CFs (606 F gfl) is better than that of V,05/CFs
(460 F g ") and VO,-V,0s/CFs (476 F g ') at 0.5 A g ' when
applied in supercapacitor [34]. It is worth noting that tin also
has multiple oxidation states (Sno, SnO, SnO,), but the effects
of different valences of tin applied in supercapacitors have
been rarely reported.

Herein, the electrospinning and carbonization method
was used to prepare the different proportions of SnCl,/
PAN, and study its effect on the properties of
supercapacitors. Under the optimal proportion, by chang-
ing different carbonization conditions to obtain different
valence states of tin, they were Sn/CNFs, Sn/SnO/CNFs,
and SnO,/CNFs, respectively. In this work, we hope that
the reversible reaction of SnO,/CNFs electrode can be
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optimized during charging and discharging by adjusting
the different doping amounts and valence states of tin, so
as to enhance the performance of supercapacitors [35].

Experimental section
Materials

Polyacrylonitrile (PAN, Mw =80, 000) was supplied by
KunshanHongyu Plastics Co., Ltd. N, N-Dimethyformamide
(DMF, AR, 99.5%) was furnished by Tianjin Fuyu Fine
Chemical Co., Ltd. Tin (Il) chloride dehydrate (SnCl,-2H,0,
GR, 98%) was purchased from Tianjin Ruejinte Chemical
Co., Ltd. Potassium hydroxide (KOH, GR, 99.5%) was from
Sinopharm Chemical Reagent Co., Ltd. All agentia applied
were of analytical grade and used directly without any
depuration.

Synthesis of different ratios of tin-embedded carbon
nanofibers

The synthetic process for preparing different ratios of SnOj-
embedded carbon nanofibers is described as follows. 7.5 wt%
PAN was dissolved in DMF, which was constantly stirred for
24 h at room temperature. And SnCl,-2H,0 was dissolved in
this PAN/DMF solution; the mixture was stirred for 24 h at
25 °C to form a well-distributed solution. Afterwards, the
well-distributed mixing solution was named SnCl,/PAN solu-
tion. The solution was kept in a spinning nozzle with the
distance between the needle and collector of 20 cm and the
working pressure in the electrospinning system of 15 kV. In an
effort to identify an optimized composition, different amounts
of SnCl,-2H,0 were dissolved into the PAN solution. The
molar ratio of acrylonitrile (AN) to SnCl,-2H,0 was 10, 20,
30, 40, and 50, respectively. Then, the film was stabilized at
220 °C for 2 h at air atmosphere and carbonized at 500 °C for
2 h in a nitrogen atmosphere in a tube furnace. And the sam-
ples were labeled SnO,/CNFs (10), SnO,/CNFs (20), SnO,/
CNFs (30), SnO,/CNFs (40), and SnO,/CNFs (50),
respectively.

Synthesis of different valence states of tin-embedded
carbon nanofibers (Sn0O,-CNFs, Sn/SnO/CNFs,
and Sn/CNFs) (Scheme 1)

Preparation of SnO,-CNFs: SnCl,/PAN films were heated 2 h
at 220 °C in air atmosphere; the heating rate began at room
temperature of 5 °C/min in a tube furnace to increase the
stability of PAN [36] and further annealed at 500 °C for 2 h
in N,.
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Preparation of Sn/SnO/CNFs: SnCl,/PAN films were heated
2 h at 220 °C; the heating rate began at room temperature of
5 °C/min and further annealed at 600 °C for 3 h. The whole
process was performed under N».

Preparation of Sn/CNFs: SnCl,/PAN films were heated 2 h at
220 °C; the heating rate began at room temperature of
5 °C/min and further annealed at 700 °C for 3 h. The whole
process was performed under N».

Characterization

The microstructure of the SnO,/CNFs was investigated by scan-
ning electron microscopy (SEM, Pro, Phenom, Netherlands), and
transmission electron microscope (TEM, F20 S-TWIN, Tecnai).
The valence states of tin were investigated by X-ray photoelectron
spectroscopy (XPS, Escalab 250xi, Thermo Fisher Scientific
USA). X-ray diffraction (XRD, SmartLab 9 KW, Japan) was used
to study the crystalline structures of the mats over a range of 26
angles from 10° to 80° at a scanning rate of 10°%min. Raman
spectra (InVia Microscope Raman, Renishaw, England) was re-
corded with an argon laser (A = 532 nm) excitation source. The tin
content was measured by the inductively coupled plasma-optical
emission spectroscopy (ICP-OES 730, Agilent, USA)
instrument. The specific surface area of the samples
were measured with a Micrometritcs ASAP 2020 analyzer.

Electrochemical measurement

For the three-electrode electrochemical tests, the electrochem-
ical performance of SnO,/CNFs was detected by cyclic volt-
ammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS) in a three-
electrode system in 4 mol/L KOH at room temperature. Pt
mesh and Hg/HgO electrode were used for the counter elec-
trode and the reference electrode, individually. In this process,
SnO,/CNFs (0.7 rng/cmz), which were placed in the middle of
two nickel foams at the pressure of 10 MPa on the table press
for about 60 s, were used for the working electrode without
conductive additive or binder. The specific capacitance (C,
F/g) in the three-electrode collocation can be calculated in
accordance with the following equality:

c- IxAr (1)
m x AV

where 7 (A) is the discharge current, Af (s) is the discharge
time, m (g) is the mass of the electrode, and AV (V) is the
potential charge during the discharge time after IR drop. The
whole electrochemical performance was achieved by using
CHI660E electrochemical work-station (Chenhua, Shanghai).

For the two-electrode electrochemical tests, an asymmetric
supercapacitor was successfully assembled employing the Sn/

CNFs composite as the positive electrode and carbon nanofi-
bers-700 °C (CNFs-700) as the negative electrode. The posi-
tive and negative materials were placed in the middle of the
foam nickel and pressed at 10 MPa for about 60 s to form a
sandwich structure to obtain positive and negative electrodes.
Before assembling, the electrodes were immersed in KOH
electrolyte overnight. According to the charge balance mech-
anism, the mass of active materials on positive and negative
electrodes was calculated by formula (2). Specific capacitance
(C), energy density (E), and power density (P) are calculated
according to the following formulas (3)—(5):

my C_x AV_

my _ kil 2
m-— C+ X AV+ ( )
I X At
T M x AV (3)
1
E:3CAV2 (4)
E
_= 5
A (5)

in which m./m_ (mg) represents the mass of the positive and
negative electrodes respectively, C,/C_ (F g ') and 24V (V) rep-
resents the specific capacitance and potential windows of the
two electrodes. M (mg) is the total mass of the two electrodes.
In addition, 47 (s), £ (Wh kgfl) and P (W kgﬁl) represent dis-
charge time, energy density, and power density, respectively.

Results and discussion

Effect of SnCl,/PAN ratio on supercapacitor
performance

To explore the optimal ratio of SnCl, to PAN, the electrochemical
properties of SnO,/CNFs (10), SnO,/CNFs (20), SnO,/CNFs
(30), SnO,/CNFs (40), and SnO,/CNFs (50) were investigated
using cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), and electrochemical impedance spectroscopy (EIS). The
films possess good mechanical strength and flexibility, while the
carbon-rich properties of nanofibers ensure high conductivity.
Accordingly, the films enable to be directly used as electrode
materials for supercapacitors without any conductive additive
or binder. The CV curves of different proportions at the scan rate
of 70 mv s ' with the potential window of 0-0.65 V (Fig. 1), and
SnO,/CNFs (40) exhibited the largest induced current among all
samples. The CV curves have evident redox peaks, which
attested that the capacitance behavior was mainly Faraday
pseudocapacitance produced by reversible redox reaction.
Moreover, the GCD curves of SnO,/CNFs in the potential range
of 0-0.53 V at current density of 0.5 A g™ are shown in Fig. 2.
SnO,/CNFs present distinct plateau region, which expresses that
the samples have good activity of redox reaction. According to
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Fig. 1 CV curves of SnO,/CNFs (10), SnO,/CNFs (20), SnO,/CNFs
(30), SnO,/CNFs (40), and SnO,/CNFs (50) at a scan rate of 70 mV s !

the calculation and drawing of specific capacitance in Fig. 3, the
composite electrode SnO,/CNFs (40) delivered the highest spe-
cific capacitance of 589.78 F g ' at 0.5 A g . The corresponding
specific capacitances were 506.70, 514.77, 520.81, and
532.47 F g for the SnO,/CNFs (10), SnO,/CNFs (20), SnO,/
CNFs (30), and SnO,/CNFs (50), respectively. As the current
density increases from 0.5 to 5 A g ', during the oxidation-
reduction transition of tin oxide, the specific capacitance de-
creases gradually due to proton dissipation and the significant
reduction of ionic conductivity in the electrolyte. To further eval-
uate the properties of the samples, Fig. 4a and b show the results
of their resistance tests. The electrode resistance of SnO,/CNFs
(40) (0.454 Q) is lower than SnO,/CNFs (10) (0.484 ), SnO,/
CNFs (20) (0.486 €2), SnO,/CNFs (30) (0.487 €2), and SnO,/
CNFs (50) (0.489 2). Comprehensive electrochemical tests
show that the optimal molar ratio between PAN and tin is 40/1.

0.6

— 1:10

Potential / V

0.0

0 100 200 300 400 500 600
Time /s

Fig. 2 Charge and discharge curves of SnO,/CNFs (10), SnO,/CNFs
(20), SnO,/CNFs (30), SnO,/CNFs (40), and SnO,/CNFs (50) at a cur-
rent density of 0.5 A g
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Fig. 3 Specific capacitance of SnO,/CNFs (10), SnO,/CNFs (20), SnO,/
CNFs (30), SnO,/CNFs (40), and SnO,/CNFs (50) at different current
densities

Effect of Sn valence states on the performance
of supercapacitors

At different carbonization temperatures, the valence state of
tin changes significantly. Herein, the effects of Sn°, Sn?*, and
Sn** on the relative capacitance were further investigated. The
morphology characterization of composite nanofibers was es-
timated by scanning electron microscopy (SEM). The SEM
images of synthesized fibers are shown in Fig. 5, in which the
surface of the fibers are very smooth and no tin atoms particles
accumulate on the surface of the fibers. The result indicates
the tin atoms particles are embedded in the fibers. The aggre-
gation of tin-related crystalline phase was not obviously ob-
served, which further reveals that the tin employed in this
study is well dispersed within the nanofibers. And the diame-
ters range from 303 to 168 nm. During the carbonization pro-
cess, the diameter of the fiber shrinks but still maintains its
original appearance. It is speculated that the second step high-
temperature carbonization process brings about the complete
decomposition of PAN. Furthermore, the composite carbon
fibers have high flexibility even under high-temperature
annealing.

In order to better understand the surface composition of the
composite nanofibers, especially the valence state of tin in the
different carbonization processes, XPS was employed. The
XPS survey spectra in Fig. 6a reveals the sample with carbon-
ization temperature of 500 °C, which consist of carbon, oxy-
gen, nitrogen, and tin atoms. The peaks at 286, 398, 495, and
530.5 eV are attributed to C 1s, N 1s, Sn 3ds,, and O s,
separately. The C Is spectrum is segmented into four peaks
(Fig. 6a-C). The peaks at 284.4 eV, 285.4 eV, 286.3 eV, and
288.9 eVare assigned to C—C, C-N, C-0, and C=0 [37]. The
N 1s spectrum is divided into two peaks (Fig. 6a-N); the peaks
at 399.7 eV and 397.9 eV are attributed to the pyrrolic N and
pyridinic N, respectively. The O 1s spectra (Fig. 6a-O) can be
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Fig. 4 (a) Nyquist plots of SnO,/CNFs (10), SnO,/CNFs (20), SnO,/CNFs (30), SnO,/CNFs (40), and SnO,/CNFs (50), (b) magnified version of

the Nyquist plotsz

assigned of Sn—-O (530.4 ¢V), C=0 (531.4 ¢V), OH"
(532.1 eV), C-0 (533.6 eV), and H,O (532.5 V) [38]. The
high-resolution Sn spectrum in Fig. 6a shows Sn 3ds,, and Sn
3ds,, peaks; the peak-to-peak separation energy is 8.5 eV, in-
dicating that the tin in the compound was in the Sn** oxidation
state [8]. Accordingly, the sample is labeled SnO,/CNFs.
What’s more, the sample with carbonization temperature of
600 °C, the Sn 3d peak is fitted by two peaks (Fig. 6b-Sn),
corresponding to metallic Sn (485.3, 493.7 eV) and Sn**
(486.3, 494.8 eV), indicating that the tin in the compound
was the existence of Sn>* mixed with metallic Sn. The sample
is labeled Sn/SnO/CNFs. In addition, in the sample with car-
bonization temperature of 700 °C, Sn 3ds/, and Sn 3d;/, peaks
at 485.3 eV and 493.7 eV (Fig. 6¢-Sn), which proved that
metallic Sn exists in the carbonization temperature of
700 °C. The sample is labeled Sn/CNFs.

Sn/CNF's was also characterized by TEM and HR-TEM to
acquire further information related to the microstructure of
nanofibers. The diameter of Sn/CNFs is around 150 nm after
calcining at high temperature (Fig. 7a). Figure 7 b and ¢ are

representative HR-TEM images of single nanofibers.
However, the TEM inspection did not observe the metallic
Sn lattice even after increasing higher magnifications.
Through observation, tin element was found to be well dis-
persed in the carbon nanofibers, free from the formation of an
aggregated crystalline phase, sustaining the amorphous nature
of the composite consistent with the results from the XRD.
Figure 8 shows the consequence of elementary substance
mapping, which distinctly indicates the presence of C, N,
and Sn well-distributed along the CNFs. The uniform distri-
bution of elements enhances the conduct of electrode mate-
rials with ions. The tin content in Sn/CNFs composite was
determined by ICP-OES. The result showed the amount of
tin was 8.06 wt%.

In order to inspect the phase composition, the Sn/CNFs
was measured by XRD, which was shown in Fig. 9. The broad
peak at 25° and 43° corresponds to the (002) and (100) dif-
fraction planes of graphite, respectively, and reveals the exis-
tence of carbon. No peaks are observed for different phases of
tin (Sn, SnO, SnO,, etc.). The XRD results further confirm the
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Scheme 1 Schematic illustration
of the fabrication steps for
different valence states of

amorphous tin based on carbon ]E
L

nanofibers

~

Sn0,/CNFs
C
o
600 °C
—> Sn/SnO/CNFs

Sn/CNFs

4

amorphous metallic tin, which agrees well with the TEM im-
ages. These results illustrate amorphous tin in the sample.
Amorphous metallic tin has better capacitive properties. This

Fig.5 SEM images of samples with different carbonization temperatures
of (a-b) 500 °C, (b—d) 600 °C, (c—f) 700 °C
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is because, in an amorphous metallic tin composite, in atomic
specifications, tin is bonded to the carbon skeleton by a cova-
lent bond, which promotes the conduction and contact of
metals with electrons and electrolyte ions, so that the samples
have excellent electrochemical property.

In order to investigate the vibration performance of the
SnO,/CNFs samples carbonized at sundry conditions, the
characterization of Raman spectrum has been employed and
Fig. 10 shows the Raman spectrum of Sn/CNFs, Sn/SnO/
CNFs, and SnO,/CNFs. The peaks at 1590 and 1357 cm !
are attributed to the intra-plane vibration pattern of Raman
active E,, and intra-plane respiratory vibration pattern of
Raman inactive A, respectively, known as G (graphite)
and D (disordered) bonds. The existence of these bands indi-
cates that the organic substances in the films experienced
decomposed and converted into solid carbon after the calcina-
tion process. The results of Raman spectroscopy are according
to those of XRD results. In addition, no adsorption bands
corresponding to the Sn phases were observed within the
spectral range. The absence of absorption band reveals that
there is no Sn aggregate in the films. The relative intensity
proportion of the D-to-G-bands is the R value, which reveals
the degree of graphitization and alignment of the graphitic
plane. Lower R value corresponds to higher amount of sp?
(graphite) clusters [39]. In this work, Sn/CNFs, Sn/SnO/
CNFs, and SnO,/CNFs have R values of 1.47, 1.27, and
1.15, respectively. From these ratios, it can be seen that the
graphitization process of metallic tin with different valence
states has no prominent change. However, with the increase
of metallic tin, it shows a slightly lower degree of graphitiza-
tion, indicating that the degree of graphitization of carbon is
inhibited by metallic tin.

The nitrogen adsorption/desorption isotherm of the sample
Sn0O,/CNFs, Sn/SnO/CNFs, and Sn/CNFs are shown in
Table. 1. By comparison, the specific surface area of the Sn/
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Fig. 6 XPS spectrum of (a) SnO,/CNFs, (b) Sn/SnO/CNFs, (¢) Sn/CNFs

CNFs composite is 24.65 m” g ', which is higher than that of
Sn/SnO/CNFs (23.62 m? g ') and SnO,/CNFs (20.27 m? g ).
These pores provide a low resistance channel for ion exchange
between electrodes and electrolytes and Improve the electro-
chemical performance [40].

The TGA of SnO,/CNFs, Sn/SnO/CNFs, and Sn/CNFs was
offered, as shown in Fig. 11. The thermogravimetric test pro-
cedure is basically consistent with the carbonization procedure
and atmosphere for preparing Sn with different valences. In
Fig. 11A, during the first step (50-220 °C), 7.22% of the weight
loss in the first stage is attributed to the evaporation of water
adsorbed on the surface. When keeping at 220 °C for 1 h, the
weight has remained almost unchanged. After N, filling, PAN
was completely decomposed (24.43%) from 220 to 500 °C.
Finally, the residuals of Sn and carbon are about 68.35%. The
second carbonization process is carried out in N, atmosphere
(Fig. 11B), during the first step from about 50 to 220 °C, 4.44%
is attributed to the release of water, when keeping 1 h at 220 °C,
the weight has remained almost unchanged. The second loss
step is attributed to the complete decomposition of PAN
(17.65%), and the final 1.99% weight loss is due to the

a-N Pyridinic N 398 eV

Pyrrolic N 399.8 eV

Intensity / a.u.

406 404 402 400 398 3%
Binding Energy / eV

a-Sn =85V — =

Intensity / a.u.

505 500 495 490 485 480
Binding Energy / eV

reduction of Sn by carbon. The carbonization of Sn/CNFs
was carried out in N, atmosphere (Fig. 11C). The weight loss
in the first stage is attributed to evaporation of water (9.34%)
and no significant change in the sample weight for 1 h at
220 °C. The second weight loss is due to the complete decom-
position of PAN (19.85%). The weight loss ascribed to carbon
reduction is 7.33%, and the final residual Sn and C are 60.66%.
The process of Sn reduction by carbon can be observed in the
figures, which explain the formation of metallic Sn.

The electrochemical performance of SnO,/CNFs, Sn/SnO/
CNFs, and Sn/CNFs were estimated via cyclic voltammetry
(CV) and galvanostatic charge-discharge measurement
(GCD). Figure 12 shows the cyclic voltammetric (CV) curves
of the samples at the scan rate of 70 mv/s with typical
oxidation-reduction peaks in a potential window of 0—
0.65 V. The peaks in the CV curves reveal the existence of
the Faradaic reaction in the tin-containing composite. Among
all samples, Sn/CNFs has brought out the largest current re-
sponse along with the maximum integral area of the CV
curves, revealing the maximum pseudocapacitance [41]. The
CV curve of Ni foam was also recorded. The image shows a
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Fig. 6 (continued)

very weak peak, indicating that the effect of Ni foam can be
neglected.

The capacitance characteristics were further tested using
galvanostatic charge-discharge (GCD) measurements
(Fig. 13). Every last GCD curve has electric voltage platform
that fully conforms to the typical redox peak in CV curves in
the voltage window of 0—0.53 V, and the current density was
immobilizationed at 0.5 A g'. Discharge time of composite
materials with Sn/CNFs was longer than other samples at the
equal current density and active material quality. The samples
deliver capacitances of 589.78 F ¢!, 712.29 F g', and
761.39 F g_1 for SnO,/CNFs, Sn/SnO/CNFs, and Sn/CNFs,
respectively. It can be seen from the capacitance data that, as
the tin valence state increases, the specific capacitance value
gradually decreases. In conclusion, the Sn/CNFs has a higher
capacitance value than that of the others. In addition, after
reading many related literatures [42, 43], we proposed a pos-
sible energy storage mechanism of Sn/CNFs:

Sne>Sn(OH) > (6)
Sn(OH),> —Sn0, + 2H,0 + 20H" (7)
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Figure 14 a—e show the CV curves of three different
types of electrode materials at different scanning rates
from 2 to 70 mV s~'. For SnO,/CNFs, Sn/SnO/CNFs,
and Sn/CNFs, it can be distinctly seen that the peak
current intensity increase with the square root of scan-
ning rate, while the oxidation peaks and reduction peaks
move to more positive and negative values, respectively.
These results indicate that the diffusion resistance raises
with the increase of scanning speed. Figure 14 b—f give
the charge-discharge behavior of the three electrodes
between 0.0 and 0.53 V at different current densities
(from 0.5 to 5 A g !). In the meantime, these represen-
tative voltage plateaus are in well agreement with the
peaks observed in CV curves. At the current density of
5 A g!, the capacitance of the Sn/C sample still keeps
559.51 F g '. Obviously, the as-obtained Sn/C sample
has a potential application value as the electrode mate-
rial for supercapacitors.

The rate performance, which straightly relies on the
capacitance reduction observed in GCD measurements,
is shown in Fig. 15. When the current density is
0.5 A g ', the specific capacitance of Sn/CNFs is
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Fig. 6 (continued)

calculated as 761.39 F g ', which is greater than those
of Sn/SnO/CNFs and SnO,/CNFs (712.29 F g_l,
589.78 F gfl). Simultaneously, it should be noted that,
at a high current density of 5 A g !, the specific capac-
itance of Sn/CNFs is 579.51 F g !, which is 76.11% of
that at 0.5 A g '. For SnO,/CNFs and Sn/SnO/CNFs,
the corresponding values are only 429.38 and
528.12 F g ' at 5 A g ', and the capacitance retentions

are 74.14% and 72.80%, respectively, indicating that the
Sn/CNFs exhibits good rate capability.

To further support for this electrochemical behavior,
three samples are tested by electrochemical impedance
spectroscopy (EIS) in the frequency range of 100 to
0.01 KHz. Figure 16a and b display the Nyquist plot
of the SnO,/CNFs, Sn/SnO/CNFs, and Sn/CNFs com-
posite materials at open circuit potential. The series

Fig. 7 (aand b) TEM and (c) HR-TEM images of the Sn/CNFs

@ Springer



4884

lonics (2019) 25:4875-4890

Fig. 8 Elemental mapping
images of Sn/CNFs

resistance (R,) of SnO,/CNFs, Sn/SnO/CNFs, and Sn/
CNFs is 0.45, 0.42, and 0.38 €, respectively.
Resistance mainly comes from bulk solution, electrode
resistance, and ion diffusion resistance [44]. It is ob-
served that there is no semicircle in the high frequency
range of impedance indicating that the charge transfer
resistance is small. This can be explained by the uni-
form distribution of tin on nanofibers, which increases
the conductivity of the electrodes and reduces the intrin-
sic resistance of the nanofibers [37]. Therefore, the elec-
trochemical performance of Sn/CNFs is better than that
of SnO,/CNFs and Sn/SnO/CNFs.

The long-term cycling property is a significant argu-
ment for evaluating the performance of supercapacitors
and electrodes. Accordingly, SnO,/CNFs, Sn/SnO/CNFs,
and Sn/CNFs circulate 10,000 times at the current den-
sity of 5 A g ! as shown in Fig. 17. In this case, the

(002)

Intensity / a.u.

(100)

10 20 30 40 50 60
2-Theta / degree

Fig. 9 XRD spectra of Sw/CNFs
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final specific retentions of SnO,/CNFs, Sn/SnO/CNFs,
and Sn/CNFs were about 106.46%, 112.43%, and
114.05%. It is noteworthy that the capacitance of Sn/
CNFs electrodes continues to increase in the initial cycle,
which may be due to the fact that only part of the ma-
terial is active in the initial cycle. In the subsequent
cycle, the electrolyte (OH ) gradually penetrates into
the surface-constrained nanomaterials, pushing the capac-
itance and conductivity to a higher level and keeping the
capacitance and peak current basically unchanged. In this
process, due to the insertion and layering of ions in the
cycle, the electrode material will be fully activated and
the electrolyte will be completely immersed in the elec-
trode surface, which is conducive to the electrochemical
intercalation/delamination of ions and makes the redox
reaction of the whole surface simpler. Up to 4800 cycles,
the capacitance of Sn/CNFs electrode achieved the

D-band
G-band

5

«

z

g Sn0,/CNFs

= Sn/SnO/CNFs

Sn/CNFs
1000 1200 1400 1600 1800 2000

Raman Shift / cm™!
Fig. 10 Raman spectra of SnO,/CNFs, Sn/SnO/CNFs, and Sn/CNFs
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Table. 1 Specific surface area of the SnO,/CNFs, Sn/SnO/CNFs, and 150 ——  SnO/CNFs
Sn/CNFs ——  Sn/SnO/CNFs
~ 1009 gyionFs
Samples SnO,/CNFs Sn/SnO/CNFs Sn/CNFs %D Ni foam
Sper (m/g) 20.27 23.62 24.65 3. 50
‘2
=
2 0 -
=
2
maximal value and the capacitance conservation rate is 5 -504
123%. The capacitance diminished in the last several ©
cycles could be attributed to the mild structure degrada- -100 1
tion induced by the repetition of ion intercalation/
3 M —150 T T T T T T T T
deintercalation [45]. 01 00 01 02 03 04 05 06 07

In order to further prove the practical application po-
tential of Sn/CNFs nanomaterials, an asymmetric
supercapacitor was assembled with Sn/CNFs as positive
electrode and CNFs-700 as negative electrode. The two
electrodes have different voltage windows for CNFs (—
0.9-0 V) and Sn/CNFs (0-0.65 V), so the voltage of
Sn/CNFs//CNFs asymmetric supercapacitor can reach
1.5 V (Fig. 18a), widening the voltage window of single
electrode. It is observed from the figure that, when the
scanning rate increases from 2 to 50 mv sl the CV
curve of Sn/CNFs//CNFs does not have a large deforma-
tion, which proves that the two-electrode system has good

Potential (VS. Hg/HgO) / V

Fig. 12 CV curves of SnO,/CNFs, Sn/SnO/CNFs, Sn/CNFs, and Nickel
foam at a scan rate of 70 mV s *

reversibility. The electrochemical performance of asymmet-
ric supercapacitors at different current densities is further
evaluated by GCD, as shown in Fig. 18b. The specific
capacitance of Sn-CNFs/CNFs was calculated according
to the total mass of the positive and negative electrode
materials. When the current densities are 0.5, 0.8, 1, 2,

a b
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a SnO ,/CNFs Sn/SnO/CNFs
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Fig. 11 TGA thermograms of SnO,/CNFs (a), Sn/SnO/CNFs (b), and Sn/CNFs (¢); TG curve of samples (a) and present temperature program (b)
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Fig. 13 Charge and discharge curves of SnO,/CNFs, Sn/SnO/CNFs, Sn/

Fig. 15 Specific capacitance of SnO,/CNFs, Sn/SnO/CNFs, Sn/CNFs at
CNFs at a current density of 0.5 A g '

different current densities
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Fig. 16 (a) Nyquist plots of SnO,/CNFs, Sn/SnO/CNFs, Sn/CNFs, (b) magnified version of the Nyquist plots
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Fig. 17 Cycling performances of the SnO,/CNFs, Sn/SnO/CNFs, and
Sn/CNFs at a current density of 5 A g

and 3 A g ', the specific capacitances of asymmetric
supercapacitors are 182.9, 155.7, 143.9, 101.2, and
100.8 F g, respectively. From the results, it can be seen
that the specific capacitance decreases with the increase of
current density, which is caused by the decrease of utili-
zation ratio of active materials and the limitation of ion
diffusion/migration. It is well known that, under the pre-
mise of high power density, high energy density is an
important parameter of a good supercapacitor. Figure 18
d shows the Ragone plot of energy and power density at
different current densities and compares them with litera-
tures. When the power density changes from 3748.8—
3749 W kg !, the energy density varies from 25.9 to
57.2 Wh kg™'. Recent reports, such as 11.2 Wh kg’
and 923.1 W kgf1 for the PC/KOH/CusSn,S4/ZnS
supercapacitor [46], 23 Wh kg ' and 90 W kg™ ' for the
Co,Sn0, nanocubes [47], and 36 Wh kg~ ' and
1440 W kg ' for the Sn-Gr electrode materials [48]. All
these excellent results demonstrate the promising potential
of the Sn-CNFs//CNFs for supercapacitor applications.
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Fig. 18 (a) CV curves at different scan rates of the Sn/CNFs//CNFs
asymmetric supercapacitor. (b) Charge and discharge curves of Sn/
CNFs//CNFs asymmetric supercapacitor at the current density of 0.5—
5 A g . (c) Effects of the current density on the specific capacitance of

Conclusions

In summary, we systematically investigated the optimum sta-
tus of Sn-embedded carbon nanofibers applied to electrode
materials of supercapacitors, including the optimum ratio of
SnCl, to PAN and the optimum valence state of tin. When the
molar ratio of AN/SnCl, is 40/1, the optimized specific capac-
itance of SnO,/CNFs (40) is 589.78 F g' at 0.5 A g™ ".
Afterwards, Sn/CNFs, Sn/SnO/CNFs, and SnO,/CNFs were
prepared by different carbonization processes at the optimum
ratio. The specific capacitance at 0.5 A g ' is 761.39 F g,
71229F g ', and 587.78 F g, respectively. In addition, Sn/C
nanofibers remained stable after 10,000 cycles and maintained
114% of their initial properties. To further estimate the Sn/C
electrode for practical application, the Sn/C as the positive
electrode and CNFs-700 as negative electrode were assembled
into the asymmetric supercapacitor (ASC). The resulting Sn-
CNFs//CNFs device represented maximum energy density of
57.18 Whkg ' at the power density of 375 W kg . Therefore,
this study not only provides a strategy for the synthesis of tin-
embedded composites with different valence states of carbon

@ Springer
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CNFs//CNFs asymmetric supercapacitor and some other hybrid materials
reported in the literatures

nanofibers but also shows that Sn/CNFs is a potential elec-
trode material for supercapacitors.
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