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A B S T R A C T   

Sodium-ion batteries (SIBs) are considered as a promising alternative to lithium-ion batteries in large-scale en-
ergy storage due to the abundant sodium resources and low cost. However, the practical applications are still 
hindered by several factors such as limited cycling life and low mass loading of the electrode. Herein, a uniform 
free-standing Sn-based (Sn@CFC) electrode was synthesized via a facile electrospinning method. The cross-link 
nitrogen-doped carbon fiber and ultrasmall metallic Sn nanoparticles together provide fast ions and electrons 
pathway, enabling a dominant pseudocapacitance contribution of 87.1% at a scan rate of 0.5 mV s− 1. The 
Sn@CFC electrode hence exhibits a high reversible area capacity of 1.68 mAh cm− 2 at 50 mA g− 1 and long cycle 
life of 1000 cycles at 200 mA g− 1 with more than 80% capacity retention. Moreover, the facile manufacturing 
technique yields the Sn@CFC electrode with an extremely high mass loading of 5.5 mg cm− 2 with very little 
sacrifice of electrochemical performances. This study provides a promising route to scalably fabricate electrodes 
with high area capacity and high energy density for advanced SIBs.   

1. Introduction 

To meet the ever-growing demands for portable electronics, electric 
vehicles (EVs) and large-scale energy storage, many secondary battery 
systems have been developed. State-of-the-art (SOA) lithium-ion batte-
ries (LIBs) attract the most attention and dominate the market due to 
their high energy density and long cycle life [1,2]. However, the fact that 
the scarcity and uneven geographical distribution of lithium resources 
makes LIBs quite expensive and limits their application in large-scale 
energy storage [3,4]. Alternatively, sodium-ion batteries (SIBs) are 
considered to replace LIBs in large-scale stationary energy storage sys-
tems, since the sodium is earth-abundant and cost-effective element 
[5–7]. It is noted that graphite anode materials, which are widely used in 
LIBs with a theoretical specific capacity of 372 mAh g− 1, low charge/ 
discharge plateau potential, and good cycling ability, fail in SIBs system 
[8–10]. This is because the radius of Na ions is larger than that of Li ions 
(0.102 nm vs 0.076 nm), which directly affects the mass transport and 
storage in the electrochemical process [11–14]. Hence, it is urgent to 
develop an abundant, stable, and highly conductive anode for SIBs to 

catch up the energy density of LIBs [15]. 
Among the anodes, metallic tin (Sn) is considered as a promising 

anode due to its high theoretical capacity of 847 mAh g− 1, as well as its 
low cost and environmental friendliness [16,17]. However, the metallic 
Sn electrode suffers a 420% expansion during the sodiation/desodiation 
processes, resulting in continuous pulverization of active materials and 
then the loss of electrical contact with the current collector [18–20]. 
That will lead to a fast capacity fading and prevent its practical appli-
cation in SIBs. To address those issues, many strategies have been 
developed, such as designing a core-shell structure [21,22], fabricating 
Sn-based alloy [23,24], and forming Sn/C composite [25–27]. More-
over, downsizing the Sn particles to the nanoscale has been demon-
strated to be an effective way to alleviate strain during the large volume 
changes and improve the cycling stability. The nano-size Sn materials 
can be further modified by coating with carbon materials, which act as a 
buffer layer to mitigate fracture during volume changes, enhance me-
chanical integrity, and improve electrical conductivity. For example, 
Chen’s group reported a Sn/C composite by aerosol spray pyrolysis, 
where the nano-sized Sn particles were finely embedded in spherical 
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carbon network, delivering a stable capacity during prolonged cycling 
up to 500 cycles [28]. Despite those successes, there are still some issues 
remaining, influencing further industrial applications. First, there is still 
a big challenge to employ conventional methods to fabricate nano-size 
Sn/C with high mass loading although it is significant for high gravi-
metric or volumetric energy density based on the whole cell. It is noted 
that the reported mass loading of common anode of SIBs in the SOA 
literature is smaller than 2 mg cm− 2 [26,29–31]. Second, Sn/C electrode 
fabricated by traditional roll-to-roll coating process easily delaminated 
from the current collector due to their weak adhesion [32,33]. More-
over, it is difficult for the electrolyte to diffuse into the electrode with a 
high mass, resulting in the considerable increase of the cell impedance 
and the loss of energy efficiency [33,34]. Therefore, it is desired to 
develop scalable manufacturing techniques to synthesize nano-size Sn/C 
without current collector by reducing manufacturing steps and costs, 
enabling applications for large scale energy storage systems. 

Herein, we report an advanced anode with nano-sized metallic Sn 
nanoparticles finely decorated on the carbon fiber cloth (Sn@CFC) by a 
scalable electrospinning method. This unique process produces Sn@CFC 
electrode with extremely high mass loading of 5.5 mg cm− 2 and ho-
mogeneous nanomorphology. The ultrasmall Sn particles can shorten 
the diffusion pathway of ions and electrons and can alleviated strain 
during sodiation/desodiation. Moreover, the carbon fibers with nitrogen 
doping not only provide the electrons and ions transfer path to 
dramatically enhance the conductivity, but also act as the buffer layer to 
keep the structure of metallic Sn particles stable during the volume 
variation. It is found that the Sn nanoparticles and carbon fiber together 
give rise to a dominant pseudocapacitance contribution of 87.1% at a 
scan rate of 0.5 mV s− 1, which can overcome slow diffusion-limited 
redox mechanism in active materials to lead to good electrochemical 
performance. As a result, the free-standing Sn@CFC anode shows a high 
reversible areal capacity of 1.68 mAh cm− 2 which is much larger or 
competitive compared with reported SOA nano-sized anode materials 
[13,14,35,36]. Meanwhile, it exhibits a long cycle life of 1000 cycles 
with more than 80% capacity retention. 

2. Experimental section 

2.1. Preparation of free-standing Sn@CFC 

Firstly, 474 mg tin (II) chloride (SnCl2, Sigma Aldrich) was dissolved 
into 5 mL N, N-dimethylformamide (DMF). Then, 265 mg sodium car-
bonate (Na2CO3, Sigma Aldrich) was added slowly to the solution fol-
lowed by stirring 1 h. After that, 300 mg polyacrylonitrile (PAN, Sigma 
Aldrich) was dispersed into the obtained light-yellow solution to form a 
homogeneous SnO/PAN mixture under vigorous stirring for 10 h. The 
mixture was stood still for another 1 h and the as-obtained supernatant 
was used as the precursor for electrospinning. The precursor solution 
was loaded into a 3 mL syringe pump with a flattop stainless-steel needle 
and spun at a rate of 0.5 mL h− 1. A voltage of 10 kV and a distance of 10 
cm between the needle and the aluminum substrate was applied for the 
electrospinning process. Then, the resultant fibers were further stabi-
lized in a tube furnace at 200 ◦C with a heating rate of 5 ◦C min− 1 in the 
air for 30 mins, fellow by annealing at 600 ◦C for 3 h with a heating rate 
of 5 ◦C min− 1 under Ar atmosphere. The product was washed three times 
by deionized water to remove the impurity of NaCl. After drying at 60 ◦C 
under vacuum overnight, the final desired Sn@CFC sample was ob-
tained. The pure CFC also prepared by the same process but without Sn 
nanoparticles. 

2.2. Structural characterization 

The XRD was conducted by a Rigaku SmartLab diffractometer and 
the Raman spectrum was carried out by LabRAM HR (HORIBA, 532 nm 
UV laser). TGA was performed with a Perkin Elmer DSC 6000 System 
instrument up to 800 ◦C at a heating rate of 10 ◦C min− 1 in air. The 

morphology characterization (SEM, TEM and EDS elemental mapping) 
were performed using scanning electron microscopy (FESEM, Hitachi, S- 
4700) and transmission electron microscopy (JEM-2100 LaB6, JEOL). 

2.3. Electrochemical measurements 

The Sn@CFC and CFC were cut into a 12 mm circular disc as the 
working electrodes without other treatment. The CR-2035 coin cells 
were assembled in an argon-filled glove box with sodium foil as the 
counter electrode, 1.0 M NaClO4 in EC: DMC (1:1 v/v) with 5% FEC as 
the electrolyte, and a polypropylene film (Celgard-2325) was used as a 
separator. The electrochemical properties of the Sn@CFC electrode were 
studied with a multichannel battery-testing system (Neware CT-4008, 
Shenzhen Neware Co., China). The charge/discharge galvanostatic 
cycling was evaluated from 2.0 V to 0.01 V. EIS was tested using a VSP 
(Bio-Logic SAS, France) electrochemical workstation at 25 ◦C with the 
frequency ranging from 1 MHz to 0.001 Hz and an AC signal of 10 mV in 
amplitude as the perturbation. Cyclic voltammogram was carried out 
using VSP (Bio-Logic SAS, France) electrochemical workstation, the 
voltage scanned at 0.1–1 mV s− 1 between 0.01 ~ 2.0 V. 

3. Results and discussion 

Fig. 1a schematically illustrates the synthesis processes of the 
Sn@CFC sample. Firstly, the homogenous yellow solution with well- 
dispersed amorphous SnO was prepared by adding NaCO3 and SnCl2 
in DMF according to the Eq. (1), while the by-product NaCl formed 
precipitation. After adding PAN and with the help of stirring, the 
mixture of SnO@PAN was electrospun to form a multi-layer fiber cloth. 
It was then calcined into Sn@CFC in the Ar atmosphere, with carbon-
izing PAN to carbon and reducing SnO to metallic Sn. The SnO material 
prepared in deionized water is discussed in the supporting information 
(Figs. S1–S3). 

Na2CO3(s)+ SnCl2(s)→SnO+NaCl(s)+CO2↑ (1) 

Fig. 1b–d shows the scanning electron microscopy (SEM) images of 
the as-prepared Sn@CFC sample. As shown in Fig. 1b, the Sn@CFC 
sample exhibits a 3D cross-linked structure and displays little difference 
with the SnO@PAN sample (Fig. S4). In addition, the Sn@CFC com-
posites are freestanding and flexible (inset of Fig. 1b), which can be 
directly used as an electrode material without a binder and a current 
collector. From Fig. 1c and d, the fiber in Sn@CFC sample has a uniform 
diameter around 300 nm, and the surface of Sn@CFC sample is rough 
with Sn nanoparticles successfully embedded in the carbon fiber matrix. 
The microstructure of the composite is further investigated by trans-
mission electron microscopy (TEM), as shown in Fig. 1e–h. From the 
Fig. 1e and f, the images further confirm the structure of Sn@CFC 
sample and agree with the SEM results that the diameter of fibers are 
almost the same and Sn nanoparticles can be observed both on the 
surface and inside of the fiber. The particle size of metallic Sn is around 
10 nm from the HRTEM image of Fig. 1g. The EDS elemental mapping is 
shown in Fig. 1h that the Sn and C element are overlapping very well, 
suggesting that Sn nanoparticles are evenly distributed in the carbon 
fibers. 

The phase of Sn@CFC composite was characterized by X-ray powder 
diffraction (XRD) measurement. As shown in Fig. 2a, all the intense and 
instinct peaks can be indexed into tetragonal phase of metallic Sn (β-Sn, 
JCPDS card no. 04-0673), and a weak broad peak between 20◦ to 30◦ is 
attributed to the amorphous carbon fiber. According to the Scherrer 
Formula calculation, the average particle size of metallic Sn is larger 
than that observed from the TEM image. This may be due to the excel-
lent crystallization character of metallic Sn that results in sharp peak, 
which was widely reported in other nano metallic materials [37,38]. No 
other peaks of impurities are detected in the XRD pattern, indicating that 
the final product is made by metallic Sn and amorphous carbon. The 
amorphous carbon was further confirmed and studied by Raman 
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spectra. Fig. 2b shows two peaks located at 1341 cm− 1 and 1590 cm− 1 in 
the Raman spectra, corresponding to D and G bands of amorphous 
carbon fiber, respectively. ID/IG, the intensity ratio of D band and G band 
that represented the defect quantity for the carbon fiber, was calculated 
as 1.49 [9,39]. The high ratio of ID/IG indicates a large number of defects 
in the structure, which are capable of improving the electrochemical 
performance by adsorbing more sodium ions to increase capacitive 
contribution [40,41]. To detect the weight content of Sn in the com-
posite, thermal gravimetric analysis (TGA) was performed under air 
from 25 ◦C to 800 ◦C. The TGA curve of Sn@CFC in Fig. 2c shows an 
upward trend and over 100% until 420 ◦C, which is attributed to the 
oxidation of metallic tin (Sn + O2 → SnO2). After that, the carbon fibers 

start to decompose to CO2 (C + O2 → CO2 (gas)), and the TGA curve 
displays a general trend of decrease [25,42]. According to the calcula-
tion, the content of Sn is 46.7 wt%. The chemical bonding situation of 
the Sn@CFC sample was analyzed by X-ray photoelectron spectroscopy 
(XPS). The survey XPS spectrum in Fig. S5 suggests the existence of Sn, 
C, N and O elements in the sample. The high-resolution C 1s spectrum 
(Fig. 2d) can be fitted into four peaks at 284.6, 285.2, 286.3 and 287.9 
eV originating from C––C, C–C, C––N and C–N, respectively, demon-
strating the successful doping of N atoms in the carbon fiber matrix [25]. 
The N-doping is also confirmed by the high-resolution N 1s spectrum 
(Fig. 2e), which shows the existence of pyridinic N (398.5 eV), pyrrolic N 
(399.1 eV) and graphitic N (400.2 eV) [43]. The nitrogen doping is 

Fig. 1. (a) Schematic illustration of the synthesis of the free-standing Sn@CFC electrode. (b–h) Morphology characterization of Sn@CFC: (a–c) SEM images, (d, e) 
TEM images, (f) high-resolution TEM image and (g) STEM image with corresponding EDS elemental mappings. 
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expected to improve the conductivity of carbon fiber to optimize its 
charge transfer kinetics, further providing a dominant pseudocapaci-
tance contribution [25,44]. As shown in Fig. S6, there is a pair of 
characteristic peaks in the high-resolution Sn 3d spectrum at 496.3 and 
487.8 eV from Sn 3d3/2 and Sn 3d5/2, respectively. The binding energy of 
Sn3d3/2 mainly ascribes to Sn4+, indicating that the surface of the Sn 
nanoparticles is oxidized due to the exposure in air. The metallic state of 
Sn was not detected because the XPS data carries only surface infor-
mation. The similar experimental phenomenon also has been observed 
in the findings of others [45,46]. 

The electrochemical properties of the freestanding Sn@CFC elec-
trode for SIBs were systematically studied. The cyclic voltammetry (CV) 
curves of the initial three cycles at 0.1 mV s− 1 are shown in Fig. 3a with a 
voltage range from 0.01 V to 2 V. In the first cathodic scan, there is a 
board peaks between 1.2 V and 0.6 V, which could be ascribed to the 
formation of the solid electrolyte interphase (SEI) layer at the electrode/ 
electrolyte interface [29,47]. During the subsequent cathodic process, a 
sharp redox peak below 0.5 V corresponds to the formation of the 
Na15Sn4 phase.  

4 Sn + 15Na+ + 15 e− ↔ Na15Sn4                                                    (2) 

By comparison, the anodic peak at 0.8 V is observed, suggesting the 
reversible desodiation reaction of Na15Sn4 phase to the metallic Sn 
[42,48].  

Na15Sn4 ↔ 4 Sn + 15Na+ + 15 e− (3) 

Both cathodic and anodic curves almost overlap in the following CV 
scans, indicating the high reversibility and good stability of the Sn@CFC 
electrode. Ex-situ XRD patterns of Sn@CFC at different charge-discharge 
states are used to further specify the electrochemical reactions. Fig. 3b 
shows the 1st discharge/charge voltage profile of the Sn@CFC electrode 
at a low current density of 20 mA g− 1. There is a small plateau around 
1.2 V on the discharge curve, which can be attributed to the formation of 
SEI film, with the agreement of CV curve above. The voltage of Sn@CFC 
electrode then rapidly drops to 0.5 V and enters into a long and flat 
voltage plateau to form the alloy Na15Sn4 phase. In the charge profile, 
two potential plateaus exhibited at 0.3 V, 0.8 V are the dealloying 
processes from the Na15Sn4 phase to metallic Sn. Ex-situ XRD patterns of 

Sn@CFC at different charge-discharge states are shown in Fig. 3c. When 
the Sn@CFC electrode is discharged to 0.5 V, a new phase of Na15Sn4 is 
observed, indicating the alloy reaction between the metallic Sn and Na+

occurs following Eq. (2). After fully discharged to 0.01 V, all peaks 
belong to the Na15Sn4 phase. When the electrode is charged back, the 
peaks of Sn reappear at 0.5 V, suggesting the dealloying process from 
Na15Sn4 to Sn based on Eq. (3). No alloy phase of Na15Sn4 can be 
detected after the electrode is charged to 1.5 V. 

Fig. 3d shows the electrochemical cycling performance of the 
Sn@CFC at a current density of 50 mA g− 1. To demonstrate the excellent 
structure-property correlation of our Sn@CFC anode. The free-standing 
CFC electrode was prepared as same as Sn@CFC without metallic Sn for 
comparison. The first discharge capacity of Sn@CFC electrode is 716 
mAh g− 1 with initial Coulombic Efficiency of 42.25%. However, after 
that, the CE rise quickly to 92% in the second cycle and top to about 
100% in the tenth cycle. The large capacity loss during the first cycle 
may be due to the formation of an irreversible SEI layer on the surface of 
the electrode. It should be mentioned that the low initial CE is very 
common on the free-standing electrode can be addressed by pre- 
sodiation in the practical application [49,50–52]. The Sn@CFC elec-
trode displays an excellent discharge capacity of 255 mAh g− 1 after 200 
cycles, with an excellent Coulombic efficiency of 99.94%. In particular, 
the capacity retention is 83.7% from 2nd to 200th cycle, indicating the 
superior cyclic stability of the Sn@CFC anode. As a comparison, the CFC 
electrode shows poor cycling performances with a very low capacity. 
The low capacity of CFC indicates that its contribution to the capacity of 
Sn@CFC electrode can be negligible. It is noted that the advanced 
Sn@CFC electrode fully makes use of the huge synergies of nanocrystal 
Sn particles and the cross-link carbon fiber, giving rise to the excellent 
electrochemical performances. Specifically, the nano-sized Sn particles 
can alleviate the strain driving from the large volume change and cross- 
link carbon fiber can act as a buffer layer to keep the structure stable. In 
addition, the carbon fiber prevents the direct contact between the 
metallic Sn particles and the electrolyte, reducing the repeated forma-
tion of SEI film during cycles. Fig. 3e shows the 1st, 2nd, 20th and 200th 
charge/discharge voltage profiles of the Sn@CFC electrode at 50 mA 
g− 1. the discharge/charge voltage plateaus of 2nd, 20th and 200th are 
nearly overlapped, revealing that the free-standing Sn@CFC anode has a 

Fig. 2. (a) XRD pattern, (b) Raman spectra and (c) TGA curve of Sn@CFC. XPS spectra of Sn@CFC, (d) C 1s and (e) N 1s.  
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stable and reversible electrochemical behavior. 
The cross-link carbon fiber also serves as a pathway to transport 

electrons and ions to increase the conductivity of the Sn@CFC electrode 
while nano-sized Sn can shorten the diffusion pathway of sodium ions, 
resulting in good rate capability as shown in Fig. 3f. The rate perfor-
mance of Sn@CFC was tested at various current densities from 50 mA 
g− 1 to 1000 mA g− 1. The Sn@CFC electrode provides a high discharge 
capacity of 310 mAh g− 1 at 50 mA g− 1, 246 mAh g− 1 at 200 mA g− 1, 170 
mAh g− 1 at 500 mA g− 1. Even at a very high current density of 1000 mA 
g− 1, the Sn@CFC anode can still deliver a capacity of more than 100 
mAh g− 1, holding the high potential for the fast-charging applications. 
Furthermore, a capacity of more than 300 mAh g− 1 can be retained 
when the current density drops back to 50 mA g− 1 after various current 
densities, indicating that the Sn@CFC anode has an excellent rate per-
formance and cycling stability. As mentioned in the introduction part, 
the SIBs are suitable for large-scale stationary energy storage applica-
tions. Hence, it is essential to develop electrodes with both high mass 
loading and excellent electrochemical performance, especially for a long 
lifetime to meet the requirement of maintenance-free or maintenance- 
little energy storage devices. The as-prepared Sn@CFC electrodes 
without current collector based on our scalable manufacturing tech-
nique can achieve both high mass loading and long cycle life. The long- 

life performance of the Sn@CFC electrode with high mass loading of 5.5 
mg cm− 2 is investigated at a high current density of 200 mA g− 1 for 1000 
cycles after the activation at a small current density of 50 mA g− 1 for the 
initial two cycles. As shown in Fig. 3g, after cycling up to 1000 cycles, 
the Sn@CFC electrode can deliver a high areal capacity of 1 mAh cm− 2 

and the capacity retention of the Sn@CFC electrode is more than 80% 
from 3rd to 1000th cycle, with an average loss over 1000 total cycles of 
only 0.02% per cycle, indicating excellent cycling stability. We also 
compare the electrochemical performances of our Sn@CFC composite 
with some other Sn-based anode materials for SIBs, exhibited in 
Table S1. It can be concluded from the table that the research on the high 
mass loading, which plays an important role in energy density and 
fabrication cost, is still limited and the areal capacity is inferior. Our 
novel Sn@CFC electrode shows superior cycling stability over 1000 
cycles with high mass loading of 5.5 mg cm− 2. 

Fig. 4a shows the structure revolution schematic of the free-standing 
Sn@CFC electrode. The free-standing Sn@CFC electrode with high mass 
loading can keep the structure stable after long cycle life, profiting from 
the cross-link 3D structure and ultrasmall Sn particles. First, the carbon 
fiber can act as the channels for both electrons’ and ions’ to greatly 
improve the conductivity of the electrode and diffusion speed of sodium 
ions. Hence, it can significantly reduce the polarization effects to make 

Fig. 3. Electrochemical properties of the Sn@CFC electrode. (a) Cyclic voltammetry curves at a scan rate of 0.1 mV s− 1 from 0.01 to 2 V. (b) Galvanostatic discharge/ 
charge profiles at the first cycle. (c) Ex-situ XRD patterns of Sn@CFC at different charge-discharge states. (d) Cycling performance at 50 mA g− 1. (e) Galvanostatic 
discharge/charge profiles of 1st, 2nd, 20th and 200th cycle at 50 mA g− 1. (f) Rate performance at various rates (50 mA g− 1–1000 mA g− 1). (g) Long-term cycling 
performance at 200 mA g− 1. 
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sure more active materials involving electrochemical process in a thick 
electrode. Second, the carbon fiber skeleton has a cross-link 3D structure 
that can form strong adhesion between the fibers to prevent the elec-
trode delamination, and the free-standing design can make electrolyte 
penetration through a thick electrode easily. Third, the ultrasmall par-
ticle can mitigate the strain generated from the alloying and dealloying 
processes and the carbon matrix can buffer the volume expansion, which 
in turn enable that the Sn particles embedded in carbon fiber do not 
crush and aggerate to ensure excellent cyclic performance. Hence, the 
Sn@CFC electrode prepared by the scalable electrospinning technique 
offers a promising route to synthesize high-mass-loading electrode for 
SIBs to satisfy the demand in large-scale stationary energy storage 
application. For better understanding the structure stability of Sn@CFC 
sample after long-life cycling, the electrode was taken out from the 
battery after 200 cycles at 200 mA g− 1 with the battery charged to 1.0 V 
and washed by the DMC solution to clear the electrolyte coating on the 
surface on the electrode. The photographs of the free-standing Sn@CFC 
electrode after 200 cycles are provided in Fig. S7. The electrode has an 
integrated structure without any crush compared to the electrode before 
the cycle, and it shows great flexibility. The XRD pattern of the Sn@CFC 
electrode over 200 long-life cycles has been provided in Fig. 4b. The 
phase of metallic Sn and alloy Na15Sn4 can still be observed in the XRD 
pattern after 200 cycles, indicating that the metallic Sn phase inside the 
carbon fiber is reversible during repeated sodiation/desodiation pro-
cesses. Moreover, the SEM images from Fig. 4c–e reveal that the struc-
ture of the Sn@CFC keeps almost the same compared with the images 
before cycle (Fig. 1b–d), demonstrating outstanding structure stability. 
Meanwhile, despite the expansion of the Sn after alloyed with sodium, 
there are no obvious crashing Sn particles in the electrode, indicating 
that the carbon as the buffer layer can significantly alleviate the strain 
driving from the volume change and prevent the pulverization of the 
metallic Sn phase. Moreover, a thin and smooth SEI layer, which can 
protect the Sn particles to contact with the electrolyte, is found on the 
surface of the composite. It can be attribute to the existence of the car-
bon layer, and widely reported in other papers [3,53]. To demonstrate 
the excellent structure-property correlation of our Sn@CFC anode, the 
commonly reported Sn@C are fabricated and characterized. The details 
and discussion are provided in supporting information (Figs. S8–S13). 

Electrochemical kinetic properties of the Sn@CFC electrode were 
further studied by testing CV at various scan rates from 0.1 mV s− 1 to 1 
mV s− 1 to clarify the contributions from capacitive and diffusion- 

controlled behaviors. Capacitive-controlled behavior is also known as 
pseudocapacitance, which is defined as a faradaic charge transfer on the 
surface or near-surface region, exhibiting capacitor-like properties to 
achieve ultrafast charge storage [54,55]. Pseudocapacitance can emerge 
when a battery material is engineered at the nanoscale with a large 
fraction of Na+ storage sites [56,57]. Fig. 5a shows the CV curves at 
different scan rates. The CV curves display a similar sharp while the 
peaks grow gradually with the increase of the scan rate. The relationship 
between the peak current (i) and the sweep rate (v) could be described 
by the power law as shown in Eq. (4), where a and b are adjustable 
values [58–60]. 

i = avb (4) 

When the b value is 0.5, it indicates the diffusion-controlled 
behavior, while the surface-controlled capacitive reaction dominates 
for the value of 1. As shown in Fig. 5b, the b values of cathodic peak and 
anodic peak are 0.68 and 0.78, respectively, according to the calculation 
by the slope of log (i) versus log (v) plots. The b values of both peak 
cathodic peak and anodic peak are between 0.5 and 1, indicating both 
diffusion-controlled behavior and capacitive reaction play important 
roles in contributing capacity. The ratio of capacitive contribution is 
expressed by the Eq. (5), in which k1v is the capacitive contribution and 
k2v1/2 is the contribution from diffusion-controlled processes (k1 and k2 
are variable constants) [58,59,61]. 

i = k1v+ k2v1/2 (5)  

i(V)/v1/2 = k1v1/2 + k2 (6) 

If both sides of Eq. (5) are divided by v1/2 then it becomes Eq. (6). By 
plotting the v1/2 vs i/ v1/2 at different scan rates at a fixed voltage, the 
specific value of k1 and k2 was determined from the slope. For example, 
Fig. 5c shows the CV curve and the capacitive contribution (shade area) 
at 0.5 mV s− 1, suggesting that the ratio of capacitive contribution is 
87.1%. In the Fig. 5d, the ratio capacitive contribution displays a rising 
trend with the increase of scan rate, from 60.7% at 0.1 mV s− 1 up to 
87.1% at 0.5 mV s− 1, indicating that the capacitive contribution plays an 
important role at high rate of the Sn@CFC electrode. Therefore, the 
Sn@CFC electrode shows a good rate performance and delivers a high 
area capacity at a high current density. 

Fig. 4. (a) Schematic illustration of the structure revolution of the free-standing Sn@CFC electrode. (b) XRD of Sn@CFC after 200 cycles (charge to 1.0 V), (c–e) SEM 
images of the Sn-CFC electrode after 200 cycles. 
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4. Conclusion 

In summary, we performed a facile and scalable electrospinning 
method for a high-mass-loading free-standing Sn-based anode that 
nanosized metallic Sn particles are uniformly embedded in the carbon 
fiber. The Sn@CFC electrodes deliver an ultra-long cycle life with high 
areal capacity and an improved rate capability due to the successful 
synergic effect of ultrasmall Sn nanoparticles and the N-doping 3D 
carbon fibers, which (1) the ultrafine Sn metallic particles significantly 
shorten the pathway of sodium ions and electrons; (2) the 3D crosslink 
carbon fiber act as buffer layer to mitigate the volume expansion and 
enhance the electronic conductivity. In addition, the kinetic analyses 
indicate that the capacitive reactions play an important role in 
contributing capacity, leading to a good rate performance and delivers a 
high area capacity at a high current density. This work not only provides 
a highly simple and scalable method to fabricate an anode material with 
high areal capacity and high energy density but also sheds lights for 
effective design and development of advanced anodes for SIBs in further 
practical applications. 
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