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a b s t r a c t   

Carbon group materials, such as Si, SiO2, Sn and SnO2, with high theoretical capacity as anodes for lithium 
ion batteries (LIBs), suffer from the poor cycling stability resulting from the huge volume variation. To 
overcome the defects, a novel composite of hydrothermally synthesized ultrafine SnOx nanoparticles and 
SiO2@one-dimensional (1D) N-doped carbon nanofibers (SnOx/SiO2@N-CNF) is fabricated by electrospin-
ning technique. Benefiting from the unique structure design that the SnOx and SiO2 nanoparticles are firmly 
encapsulated in the N-doped carbon nanofibers (N-CNFs), the SnOx/SiO2@N-CNF electrode exhibits not only 
excellent rate performance (434 mAh/g at 2 A/g), but also remarkable long-term cycling performance 
(754 mAh/g at 1 A/g after 1000 cycles) as the anode of LIBs. The N-CNFs can efficiently prevent the volume 
expansion and the direct contact with electrolyte of SnOx and SiO2, as well as shorten the diffusion path of 
lithium ions to improve the electrical conductivity. Interestingly, owing to the synergistic effect of SnOx and 
SiO2, the diffusion-controlled redox reaction dominates the charge transfer during charge-discharge pro-
cess. As a consequence, the SnOx/SiO2@N-CNF could be a promising anode material with the extraordinary 
long-term cycling performance at high current densities, and provide a novel alternative anode material for 
LIBs quick-acting charging technology. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

With the booming development of the portable electronic 
equipment and electric vehicle industry and the surge in demand of 
people, the lithium-ion battery quick-acting charging technology is 
in urgent demand of breakthroughs. Despite showing advantages 
such as high security, long lifespan, high operating voltage, high 
energy density and improved environmental protection, the low 
theoretical capacity of 372 mAh/g seriously hinders the further de-
velopment of the commercial graphite anode. [1–4,5,6]. Therefore, it 
is one of the easiest feasible ways to seek for an appropriate elec-
trode material with high specific capacity and long cyclic lifespan to 

substitute the conventional anode. Among all the candidate anode 
materials, carbon group materials, such as Si, SiO2, Sn and SnO2, with 
high theoretical reversible capacity, safe working potential, natural 
abundance, and nontoxicity, have promoted extensive efforts to 
design functional electrodes with nanoscale engineering for their 
practical application [7–10–13]. However, their extensive application 
is frustrated by the poor reversibility and cycling durability due to 
the tremendous volume variation ( ~ 100%−300%, graphite is only 
10%) during the charging/discharging processes [14–17]. Therefore, 
further research and exploration should be invested in the synthesis 
of novel structural carbon group anode materials for LIBs. 

To solve these problems, tremendous efforts have been made to 
promote the electrochemical properties of these carbon group ma-
terials. One promising approach is to synthesize nanocomposites 
with carbonaceous matrix, which could moderate the diffusion-in-
duced strains and accommodate the volume variation caused by the 
lithiation/delithiation reaction [18–21]. Among all the carbonaceous 
matrix with different framework, one-dimensional (1D) archi-
tectures such as carbon nanotubes (CNTs) and carbon nanofibers 
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(CNFs), with large surface area, enhanced carrier collection cap-
ability, short diffusion distance, and strong tolerance for pressure 
changes, have been regarded as one of the most prospective carbo-
naceous materials [22,23]. For advanced anode materials of LIBs, 
CNFs demonstrably show considerable application prospects on ac-
count of their unique electronic characteristics [24,25]. Electro-
spinning is a straightforward and versatile technique for producing 
CNFs, which shows advantages of simplicity, renewability, high-ef-
ficiency, and high production [26,27]. Also, electrospinning can 
readily prepare multicomponent fibers by dissolving suitable in-
organic/organic salt in the polymer precursor [28,29]. Accordingly, it 
can be used to produce an effective, controllable nanocomposites of 
carbon group materials and CNFs, resulting in high energy density, 
excellent rate capability, and superior cycling stability. 

There have been many reports that successfully synthesized the 
composites of a carbon group material, such as Si, SiOx and SnOx, and 
a carbonaceous matrix, especially graphene, which present con-
siderable performance as anode materials of LIBs [30–33]. For in-
stance, Xu et al. encapsulated SiO2 nanoparticles into conductive 
graphene bubble film by a self-assembly process in solution, which 
presents remarkable cycling stability and rate performance on li-
thium storage [30]. Gao et al. designed a 3D layered composite of 
SnO2 quantum dots and graphene framework via hydrothermal re-
action, exhibiting high reversible capacity, superior rate perfor-
mance and cycling stability [31]. Our previous work has reported a 
novel sandwich-architecture composite of Si-doped SnO2 nanorods 
and reduced graphene oxide with carbon sealing, which displays 
outstanding rate performance, unprecedented reversible capacity, 
durable cyclic stability and excellent electrical conductivity [32]. 
However, the long-term cycles at high current densities cannot 
maintain since the graphene nanoarray with high surface energy can 
ineluctably lead to agglomeration of the Si or Sn nanoparticles. That 
can be attributed to the conversion-alloying reaction, where SiOx/ 
SnOx first takes part in the redox reactions, and produces a homo-
geneous mixture of Si/Sn, Li2O and Li silicates at nanoscale, and then 
the as-formed Si or Sn continues to participate in the alloying re-
action with Li+ [34]. In addition, in these works, the electron trans-
port path cannot be shorten by simply modifying the electrode 
surface. As a consequence, compositing the carbon group materials 
with CNFs could be a more effective and feasible approach to con-
struct advanced anode materials for LIBs. 

Herein, a novel composite of hydrothermally synthesized ultra-
fine SnOx nanoparticles and SiO2 @one-dimensional (1D) N-doped 
carbon nanofibers (SnOx/SiO2 @N-CNF) was fabricated by electro-
spinning technique and subsequent annealing treatment. Since the 
SnOx and SiO2 with unstable structure during cycling were firmly 
encapsulated in the N-doped carbon nanofibers (N-CNFs), the 
structural stability of the composite could be significantly improved. 
The N-CNFs can not only prevent the volume expansion and the 
direct contact with electrolyte of SnOx and SiO2, but also improve 
electrical conductivity by shorten the carrier transport path. As a 
consequence, the SnOx/SiO2 @N-CNF exhibits extraordinary rate 
performance, remarkable long-term cycle performance at high cur-
rent densities and high electrical conductivity as anode material of 
LIBs. Additionally, the capacitive mechanism for energy storage of 
the composite that the diffusion-controlled redox reaction dom-
inates the charge transfer during charge-discharge process was also 
studied in this work. 

2. Experimental section 

2.1. Material preparation 

Firstly, ultrafine SnO2 nanoparticles were synthesized through a 
one-step hydrothermal process. Typically, SnCl4 ⋅ 5 H2O (0.5 mmol) 
was dissolved in 50 mL deionized water under magnetic stirring. 

Next, 10 mL urea solution (2.5 M) was slowly added to the SnCl4 

solution. After stirring for 30 min, the colorless clear solution was 
transferred into a 100 mL Teflon-lined stainless steel autoclave and 
hydrothermally treated at 200 ∘C for 24 h. After cooling down to the 
room temperature, the white precipitation was washed by cen-
trifugation with deionized water and ethanol for three times, re-
spectively. Finally, the SnO2 nanoparticles was obtained after 
vacuum drying at 60 ∘C for 12 h. 

The SnOx/SiO2 @N-CNF was prepared via electrospinning process 
and subsequent two-step annealing treatment. Firstly, the precursor 
solution for electrospinning was prepared by evenly dispersing SnO2 

nanoparticles in N,N-dimethylformamide (DMF) solution of poly-
acrylonitrile (PAN) and polyvinylpyrrolidone (PVP). In a typical 
procedure, 0.1 g SnO2 was first dispersed in 5 mL DMF under ul-
trasound for 2 h to obtain a uniform dispersion. Then, 0.2 g PAN and 
0.2 g PVP was dissolved in dispersion under vigorously magnetic 
stirring at 60 ∘C for 6 h. Next, 1 mL tetraethyl orthosilicate (TEOS) 
was added to the solution and stirring at 80 ∘C for 1 h until com-
pletely dissolved. The precursor solution was finally gained after 
stirring for about 6 h at the room temperature. The precursor solu-
tion was transferred into a plastic syringe with a 21-gauge injection 
needle for the electrospinning process. The procedure was carried 
out under the flow rate of 10 μL/min at the voltage of 15 kV. The fiber 
products were collected with a receiver covered with aluminum foil 
under sustaining rotation, which was placed 15 cm away from the 
tip of the syringe. Before annealing, the nanofiber membrane were 
then dried at a suitable temperature in vacuum over night to vola-
tilize the solvent. Finally, the SnOx/SiO2 @N-CNF was obtained after 
two step annealing process. It was first stabilized in air at 280 ∘C for 
6 h with a heating rate of 2 ∘C/min, and then carbonized in argon at 
700 ∘C for 2 h with a heating rate of 3 ∘C/min. In addition, SiO2 @N- 
CNF and SnOx@N-CNF samples were also prepared for comparison 
via the same method without adding SnO2 and TEOS, respectively. 

2.2. Material characterization 

JEOL-JSM-6700 F was used to obtain scanning electron micro-
scopy (SEM) images. And the transmission electron microscopy 
(TEM) were carried out by a FEI Tecnai G2 F20 instrument. The 
crystalline structure of the samples was analyzed through X-ray 
diffractometer (XRD) on a high Bruker D8 Advance diffractometer 
with Cu-Kα radiation (λ = 1.5418 Å) between a scanning range of 10∘- 
80∘. Raman spectra was measured with a 532 nm Ar-ion laser using a 
Jobin-Yvon LabRAM HR Evolution spectrometer. A RBD upgraded 
PHI-5000 C ESCA system (Perkin-Elmer) with Mg-Kα radiation 
(hν=1253.6 eV) was used to gain X-ray photoelectron spectroscopy 
(XPS). In addition, TA Instruments 2000 was employed to perform 
thermogravimetric analysis (TGA) and differential scanning calori-
metry (DSC). The measurement was conducted in the temperature 
range from 30 ∘C to 900 ∘C with the heating rate of 10 ∘C/min in air. 

2.3. Electrochemical measurements 

The electrochemical performance was characterized via assem-
bling coin-type 2025 cells within 0.01–3 V (vs. Li+/Li) in a glove box 
with Ar filled. A homogeneous N-methyl-2-pyrrolidone (NMP) slurry 
consisting of 80 wt% active materials, 10 wt% acetylene black, and 
10 wt% polyvinylidene fluoride (PVDF) binder was firstly prepared by 
stirring for 3 h. Then the working electrodes were fabricated by 
pasting the above slurry onto the Cu foil before drying in vacuum 
overnight. The active materials in the electrodes had the mass 
loading of around 0.6–1.0 mg/cm2. The half-batteries were as-
sembled with metallic lithium as counter electrode, polypropylene 
film (celgard 2400 USA) as separator and a solution of LiPF6 (1 M) in 
1:1:1 in volume ratio of ethylene carbonate, dimethyl carbonate, and 
ethyl methyl carbonate as electrolyte. A Land CT 3001A battery tester 
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was employed to implement the galvanostatic discharge-charge 
measurements in a voltage window of 0.01–3 V (vs. Li/Li+). Both 
electrochemical impedance spectroscopy (EIS) analysis and cyclic 
voltammetry (CV) test were carried out on a CHI-660E electro-
chemical workstation. 

3. Results and discussion 

Fig. 1 exhibits the schematic illustration for the fabrication of the 
SnOx/SiO2 @N-CNF, which combines electrospinning and the hy-
drothermal synthesis technology. Firstly, the ultrafine SnO2 nano-
particles were synthesized via a one-step hydrothermal reaction at 
200 ∘C for 24 h on the basis of our previous report [32]. The elec-
trospinning process was conducted using a precursor solution pre-
pared by dispersing ultrafine SnO2 and dissolving PVP, PAN and TEOS 
in DMF. Since the partical size of the SnO2 nanoparticles was quite 
small (20–50 nm), they can be uniformly dispersed in DMF under 
ultrasound with little hindrance. PAN and PVP with a mass ratio of 
1:1 served as the carbon precursor and provided N-doping also. To 
obtain the SnOx/SiO2 @N-CNF composite, the collected electrospun 
fibers were first stabilized in air at 280 ∘C, while TEOS decomposed 
into silica nanoparticles. Then the composite was calcined at 700 ∘C 
in Ar for carbonization, accompanied with the reduction of SnO2 to 
SnOx. During the carbonization process, the N-CNFs were formed 
and served as encapsulating matrix to encapsulate SiO2 and SnOx 

nanoparticles, which can restrain the volume variation and block the 
direct contact with electrolyte of the nanoparticles. 

The microstructure of the prepared composites were investigated 
by SEM and TEM. The SEM and TEM images of SnO2 nanoparticles is 
displayed in Fig. 2a and e, respectively, where the particles are in the 
shape of rice-granular with a length of 5–10 nm. Fig. 2b-e expose the 
nanofibrous structures of the SiO2 @N-CNFs, SnOx@N-CNFs and 
SnOx/SiO2 @N-CNFs, respectively. The 1D nanofibers construction 
could prominently shorten the diffusion distance of Li+, and conse-
quently enhance the electrochemical performance [35,36]. The dia-
meters of the fibers with a smooth surface are all in the range of 
100–200 nm. Compared with Fig. 2d, the SiO2 @N-CNF and SnOx@N- 
CNF in Fig. 2b and c both exhibit the phenomenon of fiber adhesion. 
It is because that the silica can enhance the mechanical stiffness of 
the SnOx@N-CNF [37]. Besides, it can be also found from Fig. 2f that 
the surface of the fibers is smooth and there are no distinct particles 
on the surface. For the purpose of further revealing the inner na-
nostructures of the SnOx/SiO2 @N-CNF nanocomposite, TEM and 
high-resolution transmission electron microscopy (HRTEM) 

characterization have been carried out. The results are shown in  
Fig. 3a-d and Fig. S2. From Fig. 3a and b, it can be inferred that the 
bright areas with a shape of rice-granular are ultrafine SnOx nano-
particles with a length of 20–50 nm. Whereas the SiO2 nanoparticles 
cannot be distinguished in the images, since they are in amorphous 
states. Fig. 3c and d show the HRTEM of the region circled in Fig. 3a 
and the SAED of SnOx/SiO2 @N-CNF, repectively, which further prove 
the speculation. The lattice distance of 0.279 nm in Fig. 3c accords 
with the (101) planes of metallic tin, and the corresponding SAED 
image is also displayed in the inset. To investigate into the dis-
tribution of the SnOx and SiO2 nanoparticles thoroughly, the HAADF 
elemental mapping results are provided in Fig. 3e-j. It can be in-
dicated that all the C, N, O, Sn and Si are distributed homogeneously, 
which suggest the uniform distribution of SnOx and SiO2 nano-
particles within the N-doped carbon nanofibers. 

The specific composition and crystal structure of the products 
were initially investigated via X-ray diffraction (XRD) analysis 
(Fig. 4a). For hydrothermal SnO2 nanoparticles, the three typical 
diffraction peaks located at 2θ = 26.7∘, 33.9∘ and 51.7∘ are in good 
agreement with the (110), (101) and (211) crystal faces of tetragonal 
rutile SnO2 (JCPDS No. 41–1445), respectively. Other visible peaks 
are also matched with the diffraction planes. As for SnOx@N-CNF and 
SnOx/SiO2@N-CNF, the strong diffraction peaks at the 2θ values of 
30.6∘, 31.9∘, 43.8∘, 44.9∘, 62.4∘ and 64.6∘, can be assigned to the (200), 
(101), (220), (111), (112) and (321) planes of metallic Sn with cubic 
phase (JCPDS# 65–2631), respectively. However, the peaks that ac-
cord with SnO2 are quite weak. It could demonstrate that the rutile- 
type SnO2 crystals were successfully prepared after hydrothermal 
reaction. However, during the calcination process, some of the SnO2 

nanoparticles were reduced to metal tin, and the others were con-
verted into amorphous tin oxide. The broad peaks at 2θ = 20–30∘ of 
SiO2@N-CNF and SnOx/SiO2 @N-CNF are consistent with SiO2 

(JCPDS# 13–0026), confirming the existence of SiO2 nanoparticles. In 
addition, further structural characteristics of the four samples were 
performed using Raman spectroscopy under 532 nm laser excitation. 
As shown in Fig. 4b, four obvious peaks at 478, 576, 630 and 
771 cm−1 could be found in the spectral curve of SnO2 nanoparticles, 
which are corresponding to A2g, As, A1g and B2g modes of SnO2, re-
spectively [9,38]. However, they almost disappeared in the spectral 
curves of SnOx@N-CNF and SnOx/SiO2 @N-CNF, which are consistent 
with the HRTEM and XRD results. Also, several weak silica char-
acteristic peaks in 300–900 cm−1 could be observed in the spectral 
curves of SiO2 @N-CNF and SnOx/SiO2@N-CNF [39]. Fig. 4c indicates 
that all the composites with N-doped carbon nanofibers deliver two 

Fig. 1. The graphical synthesis procedure of SnOx/SiO2 @N-CNF.  
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Fig. 2. High-magnification SEM images of (a) SnO2, (b) SiO2@N-CNF, (c) SnOx@N-CNF and (d) SnOx/SiO2@N-CNF, respectively. TEM image of (f) SnO2 (e) SnOx/SiO2@N-CNF.  

Fig. 3. (a)-(b) TEM and (c)-(d) HRTEM images of SnOx/SiO2@N-CNF. (e) STEM image of SnOx/SiO2@N-CNF composite and the corresponding elemental mapping images of (f) C, (g) 
N, (h) O, (i) Sn, and (j) Si, respectively. 
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peaks at 1348 and 1589 cm−1, according with D band (k-point 
phonon of A1g symmetry) and G band (E2g phonon of C sp2 atoms) of 
carbon, respectively [40,41]. The ratio of the intensities of D band 
and G band (ID/IG) is usually regarded as a coefficient of the disorder 
degree of sp2 domains [41]. The calculated ID/IG value of SnOx/SiO2 @ 
N-CNF is 1.07, which is equal to that of SiO2 @N-CNF. It demonstrates 
that the SnOx has almost no effect on the ID/IG value. However, the 
value is lower than the calculated ID/IG value of SnOx@N-CNF (1.17), 
which indicates the SiO2 can reduce the ID/IG value of the compo-
sites. Therefore, it can be inferred that the SiO2 can increase the 
partial graphitization, and thereby reducing the introduced defects 
in carbon nanofibers [7]. The quite high ID/IG values of the three 
composites indicate their low degree of graphitization and high 
degree of disorder. It has been proved that the disordered electrode 
materials have high Li+ diffusion, so all of the three electrodes have 
enhanced diffusion of the lithium ions during charging and dis-
charging process [42]. Besides, the contents of C were measured by 
the thermogravimetric analysis, the results of which are shown in  
Fig. 4d. The mass decrement in 30–100 ∘C could be ascribed to the 
evaporation of water, while the weight loss in 335–650 ∘C is regarded 
as carbon burning off. For SnOx@N-CNF and SnOx/SiO2 @N-CNF, the 
weight change in 100–335 ∘C could be attributed to the redox re-
action of SnOx. Thus, the N-CNF accounts for 79.1 wt%, 52.7 wt% and 
48.1 wt% of SiO2 @N-CNF, SnOx@N-CNF and SnOx/SiO2 @N-CNF, re-
spectively. 

X-ray photoelectron spectroscopy (XPS) was employed to study 
the element constituent and valence state of the SnOx/SiO2@N-CNF. 
As shown in Fig. S3a, the typical peaks at 103.1, 284.8, 399.1, 486.9, 
495.4 and 532.4 eV in the overall spectrum are in accordance with Si 
2p, C 1s, N 1s, Sn 3d5∕2, Sn 3d3∕2 and O 1s, respectively. The high- 
solution Sn 3d spectrum (Fig. S3b) shows four fitting peaks at 495.7/ 
487.3 eV and 495.1/486.6 eV, corresponding to Sn 3d3∕2/Sn 3d1∕2 of 
Sn4+ and Sn, respectively [43,44]. The results provide further evi-
dence of the SnOx nanoparticles. By calculating the areas of the Sn4+ 

and Sn peaks, the atomic ratio of Sn4+ and Sn in SnOx/SiO2 @N-CNF 

can be estimated as 1.27. The deconvoluted O 1s spectrum (Fig. S3c) 
was fitted into peaks located at 532.7, 532.1 and 531.1 eV, which are 
related to the C-O, Si-O and Sn-O bonds, respectively [45,46]. Fig. S3d 
displays the Si 2p spectrum, where a well-proportioned fitting peaks 
at 103.1 eV can be assigned to Si4+ [47]. Therefore, consistent with 
the XRD and Raman results, it has been further confirmed that the Si 
element exists in the composite with the form of silica. The atomic 
ratio of the elements in SnOx/SiO2 @N-CNF were also investigated via 
XPS analysis. The major elements C, N, O, Si and Sn are in the atomic 
ratio of 51.1: 7.2: 30.2: 9.2: 2.3, corresponding to the weight ratio of 
35.6: 5.8: 27.9: 14.9: 15.8 wt%, which is roughly in agreement with 
the results of Energy dispersive X-ray analysis (EDX) and thermo-
gravimetric analysis (TGA). 

Galvanostatic discharge/charge (GDC) tests in half-cells were 
firstly performed to estimate the electrochemical performance of the 
composites as anode materials of LIBs. To reveal the intrinsic elec-
trochemical property of the SnOx/SiO2@N-CNF, the rate reversible 
capacity and cycling performance of the electrodes were measured 
in a potential window of 0.01–3.0 V (vs. Li+/Li). As shown in Fig. 5a, 
the rate capacities of the four electrodes were examined under 
various current densities between 0.1 A /g and 5 A/g. The SnOx/SiO2@ 
N-CNF electrode delivers a specific capacity of 957, 846, 707, 552, 
434 and 303 mAh/g at 0.1, 0.2, 0.5, 1, 2 and 5 A/g, respectively, which 
presents a remarkable advantage, as compared with other three 
samples. Additionally, it can obtain back to 824 mAh/g at 0.1 A/g and 
752 mAh/g at 0.2 A/g after 30 cycles and 40 cycles, respectively, 
showing excellent reversibility. Furthermore, the SnOx/SiO2@N-CNF 
electrode delivers an ultrahigh initial specific capacity of 1435 mAh/ 
g at 0.1 A/g in discharge process, which is almost reached the the-
oretical capacity value of SnO2 or SiO2. The corresponding discharge- 
charge curves are illustrated in Fig. 5c, where no apparent hysteresis 
growth could be observed in the discharge-charge plateaus even at 
high current densities. This confirms the outstanding transmission 
capacity of electron/ion in the SnOx/SiO2@N-CNF electrode. The 
lower capacity of SiO2@N-CNF electrode can be ascribed to the quite 

Fig. 4. (a) XRD patterns and (b)-(c) Raman spectra of the as-prepared SnO2, SnOx@N-CNF, SiO2@N-CNF and SnOx/SiO2@N-CNF, respectively. d) TGA curves of SnOx@N-CNF, SiO2@ 
NCNF and SnOx/SiO2@N-CNF. 
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high content of carbon and the severe fiber adhesion, which can 
greatly reduce the surface area, and thereby reducing the lithium 
storage capacity. Besides, the rate capacity of the SnOx@N-CNF 
electrode has the same trend with the SnOx/SiO2@N-CNF electrode, 
while the specific capacity is much lower. The electrode of pure 
hydrothermal SnO2 nanoparticles with a highest initial capacity 
exhibits poor rate performance and reversibility. These results de-
monstrate that the synergistic effect of the SnOx and SiO2, as well as 
the special feature of N-CNF contribute to the improvement of rate 
performance. Besides, to explore the effect of the annealing tem-
perature to the electrochemical performance of the SnOx/SiO2 @N- 
CNF electrode, a compared sample with an annealing temperature of 
600 ∘C in Ar was prepared and named SnOx/SiO2@N-CNF-600. The 
comparison of the rate performance with the product SnOx/SiO2 @N- 
CNF (SnOx/SiO2@N-CNF-700) electrode is exhibited in Fig. S4, in-
dicating that the reversible capacity and rate performance cannot be 
obviously improved at the annealing temperature of 600 ∘C. 

Aiming at analyzing the cyclic stabilities during continually 
charge/discharge process of the SnOx/SiO2@N-CNF as anode material 
of LIBs, the galvanostatic cycling results at 0.5 A/g and 1 A/g in the 

voltage of 0.01–3.0 V (vs. Li+/Li) are presented in Fig. 5b and e, re-
spectively. As shown in Fig. 5b, a capacity reduction emerges in the 
first 40 cycles for all the four samples, owing to the undulation of the 
solid electrolyte interface (SEI) layer and the thermal decomposition 
of electrolyte. The specific capacities of the electrodes with N-CNF 
maintain steady within a certain range due to the stable internal 
structure. Also, they show slight increase because the unique 1D 
structure of the N-CNFs can shorten the Li+ diffusion path, and the 
distance would be further shortened with the cycling process [26]. 
Without the cladding of N-CNF, agglomeration of particles and side 
reactions with electrolyte occurs on the pure SnO2 electrode, re-
sulting in capacity decaying [36]. With the capsulation of N-CNF and 
synergistic effect of SiO2 and SnOx, the specific capacity of the SnOx/ 
SiO2@N-CNF electrode remains 750 mAh/g after 500 cycles at 0.5 A/g 
and 754 mAh/g 1 A/g (Fig. 5e) after 1000 cycles, which is much 
higher than other samples and most reported carbon group based 
materials. Note that the increase of the capacity between 800 and 
1000 cycles may be due to the increase of the temperature in the test 
room. Moreover, the initial coulombic efficiency of the SnOx/SiO2 @ 
N-CNF electrode is 70.7% at 0.1 A/g and 65.8% at 0.5 A/g, which 

Fig. 5. Rate performance of the four composite electrodes at different current densities. (b) Cycling performance of the as-prepared samples at 0.5 A/g. The GDC profiles of the 
SnOx/SiO2@NCNF electrode (c) at the increasing discharge current density from 0.1 to 5.0 A/g and (d) for the 1st, 10th, 100th, 200th and 500th cycles at 0.5 A/g. (e) Cycling 
performance of the SnOx/SiO2@N-CNF electrode at 1 A/g, at 0.1 A/g for the first five cycles. The insets are the SEM images of the cycled SnOx/SiO2@N-CNF electrode after 1000 
cycles at 1 A/g. 
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increases to 96.9% after one cycle and then maintains over 99% at 1 
A/g after the first five cycles at 0.1 A/g. The corresponding discharge- 
charge curves at the current density of 0.5 A/g are displayed in  
Fig. 5d. The charge curves of the first and tenth cycles exhibit the 
similar shape with capacity decline, while the 100 th to 500 th 
charge-discharge curves present great doublication, further proving 
the outstanding cycling stability of SnOx/SiO2@N-CNF as anode of 
LIBs. The SEM images of the four cycled electrodes after 500 cycles at 
0.5 A/g are shown in Fig. S7. It can be seen from Fig. S7a that the 
SnO2 electrode shows severe particle aggregation. There are many 
ultrafine grains on the surface of the fibers for the cycled SiO2@N- 
CNF electrode, which could be the products of the side reaction 
during cycling process. The SnOx@N-CNF and SnOx/SiO2@N-CNF 
electrodes show great structure stability even after 500 cycles, as 
shown in Fig. S7c and d, respectively. The 1D fibrous structure is 
clearly visible especially for the cycled SnOx/SiO2@N-CNF electrode, 
which could further confirm the enhanced structure stability of 
SnOx/SiO2@N-CNF after repeated lithium insertion-extraction pro-
cess. Also, the cycling stability of the SnOx/SiO2@N-CNF electrode is 
better than SnOx/SiO2@N-CNF-600 at 0.5 A/g as shown in Fig. S5. It 
demonstrates that the annealing temperature of 700 ∘C is pre-
requisite to gain a more stable structure of SnOx/SiO2@N-CNF. Be-
sides, the SEM images of the cycled SnOx/SiO2@N-CNF electrode 
after 1000 cycles at 1 A/g were displayed in Fig. 5e. As shown in the 
insets, the SnOx/SiO2@N-CNF electrode could maintain the perfect 
1D fibrous structure even after repeating 1000 lithium insertion- 
extraction process. 

To explore the inherent reaction mechanism of the lithiation/ 
delithiation process for SnOx/SiO2 @N-CNF electrode, cyclic voltam-
metry (CV) test was performed at a potential of 0.01–3.0 V vs. Li/Li+.  
Fig. 6a exhibits the first five cycles of the CV curves of SnOx/SiO2 @N- 
CNF electrode. The 1–5 cyclic CV curves and the corresponding the 
GDC profiles are displayed in Fig. 6a and b, respectively. In the initial 
lithium insertion (cathodic) scan, two reduction peaks at 0.58 and 
0.88 V could be observed, which are related to the irreversible re-
actions between the electrode and electrolyte and the reduction of 

SnO2 (SnO2 +4Li++ 4e− → Sn+2Li2O) and SiO2 (2SiO2 +4Li++4e− → 2Si 
+Li4SiO4) [45,47]. The small peaks at 0.10, 0.28 and 0.39 V are cor-
responding to the multistep formation reaction of Li4.4Sn alloys (Sn 
+xLi++xe− ↔ LixSn, x ≤ 4.4) [48]. In the 2–5 cycles, the peaks at 0.58 
and 0.88 V disappeared due to the irreversible formation of the SEI 
film on the surface of the anode materials. Also, the three peaks in 
0.1–0.4 V still exist, but become weaker. The weak and broad peak at 
0.78 V can also be linked with the conversion of SnO2 to Sn/Li2O, 
while the position shifts under the impact of the SEI film. The po-
sitions of the reduction peaks of SiO2 are almost coincide with SnO2, 
so they cannot be distinguished in the curves. As for lithium dein-
tercalation (anodic) scan, four evident oxidation peaks corre-
sponding to the reduction peaks can be found in the CV curves, 
revealing the excellent reversibility of the SnOx/SiO2 @N-CNF elec-
trode. The small peaks at 0.67, 0.76 and 0.82 V can be linked to the 
stepwise de-alloying reaction of LixSn for Li+ acquisition. The strong 
broad peak at 1.19 V in the first sweep, which then shifts to around 
1.35 V in the second to fifth cycles, corresponds with the oxidation of 
Sn (Sn+2Li2O → SnO2 +4Li++4e−). Besides, the weak broad peak at 
around 0.5 V correspond to the delithiation process of Si (LixSi → Si 
+ xLi++ xe−) [8]. Additionally, the CV curves in the 2–5 cycles are in 
highly accordance, which indicates the reversible of the electro-
chemical reactions in the SnOx/SiO2 @N-CNF electrodes. As shown in  
Fig. 6b, the electrochemical reactions found in CV curves are in great 
agreement with the plateaus in Fig. 5d. Besides, the 1st to 5th dis-
charge-charge profiles also show excellent superposition, which can 
be a further proof of the reversibility and stability of the SnOx/SiO2 @ 
N-CNF electrode. 

The capacitive mechanism and reaction kinetics for energy sto-
rage of the SnOx/SiO2@N-CNF electrode were further analyzed to 
gain thorough insights into the high specific capacity. As previously 
reported, there are two mechanisms of lithium storage in different 
electrode materials. One is diffusion-controlled process, which in-
corporates the contribution of the intercalation, conversion and al-
loying of Li ions. The other is capacitive-controlled process, which 
includes pseudocapacitive contribution from redox reactions on the 

Fig. 6. (a) CV curves at a scan rate of 0.5 mV/s in the range of 0.01-3.0 V vs. Li/Li+, (b) the GDC profiles of SnOx/SiO2@N-CNF electrode for the first five cycles, (c) CV curves at 
various rates from 0.1-1 mV/s and (d) the fitted specific anodic/cathodic peak current for determining the b value of SnOx/SiO2@N-CNF electrode, respectively. 
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surface of the active materials and the contribution of electrical 
double-layer. The CV curves at different sweeping rates from 0.1 to 
1 mV/s are displayed in Fig. 6c, from which the energy storage ki-
netics of the SnOx/SiO2@N-CNF electrode could be analyzed more in- 
depth. As is reported, the charge storage and the current response at 
fixed potentials can be described as the power-law relationship: 

= + =i k k a b
1

1 2
2 (1) 

Here, i is the current at the fixed potential, ν is the scan rate, a and b 
are appropriate parameters, and k1ν1∕2 and k2ν represent the diffu-
sion-controlled and the surface capacitive contribution of the cur-
rent, respectively [49]. As a result, the value of a and b can be easily 
calculated by fitting the functional relation curve of log(ν) and log(i) 
according to the above relationship. It is commonly recognized that 
the charge transfer process is dominated by the diffusion of Li ions 
when the value of b approaches 0.5, and dominated by the surface 
capacitance when it is near 1.0 [50]. The fitting results of the log(ν)- 
log(i) plot is exhibited in Fig. 6d to gain the b value. The values of b 
corresponding to the currents of the cathodic reduction peak at 
~ 0.1 V and the anodic oxidation peak of Sn to SnO2 in ~ 1.2–1.8 V are 
calculated to be 0.53 and 0.46, respectively. This result demonstrates 
that the process of energy conversion by lithium storage is a diffu-
sion-controlled redox reaction process, which is relatively rare in 
previous studies. 

Since the lithium storage mechanism of the SnOx/SiO2@N-CNF 
electrode is diffusion-dominant, it is of vital importance to further 
inquire into the lithium ion diffusion process and electrochemical 
conductivity. Hence, electrochemical impedance spectroscopy (EIS) 
analysis was conducted using the initial cell and the cell after 50 and 
500 GDC cycles at 0.5 A/g, respectively. As shown in Fig. 7a, two 
semicircles and a diagonal can be observed in the Nyquist plots of all 
the three cells, where the suppressive semicircle in the high fre-
quency region is related to the diffusion resistance of Li+ through the 
SEI layer (Rf), the semicircle in the intermediate frequency region 

corresponds to the charge transfer resistance (Rct) on the interface of 
electrode and electrolyte, and the diagonal in the low frequency 
region is associated with the Warburg impedance (Zw) [49]. The plot 
of the cell after 50 cycles is quite similar to the initial cell, which 
further demonstrates the cyclic stability of the SnOx/SiO2 @N-CNF 
electrode. As we know, the Zw in the low frequency region is closely 
related to the diffusion process of lithium ions. The value of the 
resistance (Z ) in this range can be expressed as: 

= + +Z R Rct el
1 2 (2) 

where Rel represents the electrolyte resistance, ω is the angular 
frequency, and σ is the Warburg factor related to the lithium ion 
diffusion coefficient, respectively [45]. Fig. 7b shows the plots and 
the fitting curves of Z -ω−1∕2 of the three cells, from which the value 
of σ can be obtained as 165.2, 363.5 and 71.0 Ω s−1∕2, respectively. 
Therefore, the diffusion coefficient (D) of the lithium ions can be 
obtained in the light of the following equation: 

=D
R T

A n F C2

2 2

2 4 4 2 2 (3) 

where R, T and F are three constant: universal gas constant 
(8.314 J mol−1 K−1), absolute temperature (298.15 K) and Faraday 
constant (96486 C/mol), respectively. Also, the parameter n corre-
sponds to the number of the transferred charge during redox pro-
cess, A is the total area of the tested electrode surface (cm2) and C is 
the molar concentration of lithium ions (mol/cm3) [51]. As a result, 
the Li+ diffusion coefficient of the cell after 500 cycles was calculated 
as 5.50 × 10−12 cm2/s, which is much higher than the cell after 50 
cycles (2.10 × 10−13 cm2/s) and a little higher than the initial cell 
(1.02 × 10−12 cm2/s). It indicates that the diffusion of the lithium ions 
was becoming weaker during the first several cycles due to the ob-
struction of the SEI layer. Nevertheless, with the continuous charging 
and discharging, the diffusion of lithium ions is gradually ac-
celerated. This can be attributed to the slow formation of a uniform 

Fig. 7. (a) The electrochemical impedance spectra (symbol) and the fitting curves (line) and (b) the relationship plots between Z’ and ω−1∕2 in the low frequency range of the SnOx/ 
SiO2@N-CNF electrode for initial, after 50 and 500 cycles. The insert figure is an enlargement of the circled part. (c) The equivalent circuit used in EIS. (d) The fitted value of Rct and 
Rf . 

L. Ao, S. Du, J. Yang et al. Journal of Alloys and Compounds 897 (2022) 162703 

8 



Li2O matrix during the charge-discharge process. It has been re-
ported that the aggregation of the LixSn particles could be prevented 
by the Li2O matrix, which leads to shorter diffusion path of lithium 
ions [52]. Because of the synergistic effect of SiO2 and SnOx, the 
formation of the lithium oxide in the SnOx/SiO2 @N-CNF electrode is 
partially reversible, leading to a slow formation of the uniform Li2O 
matrix, and thereby improving the lithium ion diffusion [45]. Fig. 7c 
displays the equivalent circuit used in Fig. 7a to fit, where Re is the 
source resistance that results in the intercept on the Z axis in the 
high frequency region. Fig. 7d precisely presents the fitted values of 
Rf and Rct for the three cells, demonstrating that the transfer re-
sistance of the Li+ through the SEI layer was increasing continually 
with the cycling process. Nevertheless, the charge transfer resistance 
increased after 50 cycles and decreased after 500 cycles, which could 
also be attributed to the formation of the uniform Li2O matrix. The 
Li2O matrix can prevent the LixSn particles from aggregation, and 
thereby providing large surface area for redox reaction, so the charge 
transfer could be promoted. To further prove that it is caused by the 
synergistic effect of SiO2 and SnOx, the EIS spectra and the fitted Rct 

and Rf value of the SnOx@N-CNF electrode for initial, after 50 and 
500 cycles are shown in Fig. S6. The value of the fitted Rct for SnOx@ 
N-CNF decreased continually with the cycling process and there is 
no trend of first increasing and then decreasing. That may be due to 
the formation of ultrafine nanocrystals during the cycling process, 
instead of forming a uniform Li2O matrix. Therefore, this can also be 
a side evidence of synergistic effect between SiO2 and SnOx. 

Inspired by the above intriguing electrochemical performance 
analysis, further long-term cycle performance were tested at higher 
current density of 2 A/g and 5 A/g, as shown in Fig. 8. Unsurprisingly, 
both the two capacity curves of the SnOx/SiO2@N-CNF electrode for 
long-term cycling remain remarkably steady. The specific capacity of 
SnOx/SiO2@N-CNF maintained around 480 mAh/g at 2 A/g after 1800 
cycles of charge and discharge with 82.8% capacity retention. What’s 
more, it could also maintain around 300 mAh/g even after 3000 
cycles at a ultrahigh current density of 5 A/g with 81.1% capacity 
retention. Although the capacity was slowly decreasing after char-
ging and discharging for 3000 cycles, it remained above 200 mAh/g 
after 5000 cycles. These results further prove that the SnOx/SiO2@N- 
CNF composite with a unique structure, that the ultrafine SnOx and 
SiO2 nanoparticles are encapsulated in the N-CNFs, shows remark-
able advantage in cycling stability. Besides, the columbic efficiency 
was remain above 99.5% throughout the cycling process at the both 

current densities. At these current density, the charging process is 
extremely fast, which is at most only 14 min at 2 A/g and 4 min at 5 
A/g. Hence, the SnOx/SiO2@N-CNF composite could be employed in 
the lithium-ion battery quick-acting charging technology. Further-
more, the long-term cycle performance of the SnOx/SiO2@N-CNF 
electrode is in excess of most anode materials based on carbon group 
owing to the synergistic effect of SnOx, SiO2 and N-CNFs [53,54].  
Table 1 lists the comparison of the cycling stability of the SnOx/SiO2 

@N-CNF electrode in this work and that of the reported relevant 
anode materials recently. It indicates that both the specific capacities 
and the cycling numbers of the SnOx/SiO2@N-CNF electrode in this 
work are superior at the current densities of 1, 2 and 5 A/g, re-
spectively. Therefore, the SnOx/SiO2@N-CNF composite with durable 
lifespan at high current densities could be an excellent candidate 
material for the anode of LIBs, especially for quick-acting charging 
technology. 

Consequently, the composite of hydrothermal ultrafine SnOx 

nanoparticles and electrospinning SiO2@N-CNF delivers enhanced 
rate and cyclic performance compared to SnO2, SiO2@N-CNF and 
SnOx@N-CNF, which could provide a new design strategy of the 
anode materials for the lithium-ion battery quick-acting charging 

Fig. 8. Long-term cycling performance of the SnOx/SiO2@N-CNF electrode (a) at 2 A/g for 1800 cycles and (b) 5 A/g for 5000 cycles, 0.1 A/g for the first five cycles.  

Table 1 
The cycling performance comparison of the SnOx/SiO2 @N-CNF electrode and pre-
viously reported carbon group based anode materials.       

Materials Rate Capacity Cycles Ref.  
(A/g) (mAh/g) (times)   

Si/SiOx@CNF  3  470  1000 [7] 
SiO2-TiO2@C  1  700  600 [8] 
SnO2/Sn-rGO  1.6  512  400 [9] 
SnO2@OMC  5  321  1000 [10] 
c-SnO2@3D-CNT  1  452  500 [14] 
SiOx@G  1  661  1000 [30] 
SnO2 QDs@GF  5  320  1000 [31] 
SnO2/Sn-rGO  1.6  170  970 [34] 
C@SnO2-rGO-SnO2  1  703  1200 [40] 
TiO2-Sn@CNF  0.2  643  1100 [43] 
SnSe/SnOx@CNF  1  345  1000 [46] 
W-SnO2@GO  1  720  2000 [48] 
h-SnO2/N-rGO  1  652  200 [53] 
C/SnO2/Sn  1  504  1000 [54] 
SnOx/SiO2@N-CNF  1  754  1000 This work   

2  480  1800    
5  300  3000  
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technology. On the basis of the above results and discussion, the 
remarkable performance of lithium storage can be attributed to the 
synergy effect of the ultrafine SnOx and SiO2 nanoparticles and the 
N-CNFs in the following aspects: (1) The unique 1D structure that 
the N-CNFs wrapped the ultrafine SnOx and SiO2 nanoparticles can 
efficiently block the direct contact of the SnOx and SiO2 with elec-
trolyte, thereby reducing the secondary reaction and prevent the 
particle aggregation. Also, the SnOx and SiO2 nanoparticles were 
encapsulate in the N-CNFs, so the volume variations could be con-
fined during lithiation/delithiation process. Therefore, the cycling 
stability was significantly improved due to the especially stable 
structure. (2) The specific capacity was improved by the SnOx and 
SiO2 with inherent high theoretical capacity owing to the contribu-
tion of conversion-alloying reaction. (3) The 1D structural N-CNFs 
could shorten the diffusion path of the lithium ions, indeed accel-
erating the Li+ diffusion. Thus, the rate performance and the elec-
trical conductivity were remarkably improved. (4) Last but not least, 
the synergistic effect of SnOx and SiO2 promoted the formation of the 
partially reversible lithium oxide, forming a uniform Li2O matrix 
gradually, and thereby improving the lithium ion diffusion. As a 
result, the SnOx/SiO2@N-CNF electrode delivered a diffusion-con-
trolled capacitive mechanism. 

4. Conclusion 

In conclusion, a novel composite of hydrothermally synthesized 
ultrafine SnOx nanoparticles and SiO2@N-CNF was fabricated via 
electrospinning technique and subsequent annealing treatment. The 
SnOx and SiO2 nanoparticles were firmly encapsulated in the N-CNFs 
forming a especially stable structure. The N-CNFs can not only pre-
vent the volume expansion and the direct contact with electrolyte of 
SnOx and SiO2, but also improve electrical conductivity by shorten 
the carrier transport path. Moreover, the synergistic effect of SnOx 

and SiO2 could improve the lithium ion diffusion of the SnOx/SiO2@ 
N-CNF electrode, resulting in a diffusion-controlled capacitive me-
chanism. As a consequence, the SnOx/SiO2@N-CNF delivers extra-
ordinary rate performance, remarkable long-term cycling 
performance at high current density and high electrical conductivity 
as the anode material of LIBs. This work could provide a new design 
strategy of the anode materials for the lithium-ion battery quick- 
acting charging technology. 
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