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Abstract

Achieving high-stability, long span-life, and fast sodiation reaction kinetics in sodium ion battery
(SIB) can significantly promote its practical application. Here, we use freeze-drying and
carbonization to prepare a flexible N-doped silk wadding-derived carbon/SnO,@reduced
graphene oxide (N-SWC/SnO,@rGO) film as an ultra-stable anode for a half/full SIB. A
superior capacity of 572.2 mA h g'' at 0.1 A g'!' and long span-life over 1000 cycles are obtained
in the N-SWC/SnO,@rGO film anodes. Moreover, a super-stable capacity of 245.7 mA h g'! can
be secured in the assembled SIB full cell, outperforming the current studies. After the detailed
structural and performance characterization, we attribute these superior capacities to the
following unique structural characteristics: 1) SnO, nanoparticles (<100 nm) are attached to the
surface of SWC to provide more active sites for Na*; 2) rGO and SWC form a double-layer
conductive system, which can tremendously promote the transmission efficiency of electrons in
N-SWC/SnO,@rGO film, thereby greatly accelerating the reaction kinetics of SIB; 3) the N-
SWC/SnO,@rGO film contains a conductive network with voids, which can increase the contact
area between electrolyte solution and SnO, and in turn effectively shorten the transmission path
of Na*. This work provides a new perspective for the preparation of ultra-stable flexible SIB

anodes.

Keywords: Self-standing; Silk Wadding; Anode; Flexible; Film.



1 Introduction
Given the superior energy density and high energy conversion efficiency, Lithium-ion batteries
(LIBs) have become indispensable devices for electric vehicles, smart phones, and wearable
electronic devices [1]. However, the scarcity of Li makes LIBs unable to meet the ever-growing
needs of the energy storage markets [2, 3]. Sodium-ion battery (SIB) has been selected as an
alternative for replacing LIB due to the elemental abundance of sodium and low cost [4].
However, compared to Li*, Na* has a large radius of 1.02 A and may result in huge volume
change during insertion reaction, which seriously reduces the cycle stability and cycle-life of
SIBs [5, 6]. Therefore, it is a great significance to search an ultra-stability and long span-life
material for SIBs.

Currently, SIB cathodes have shown great progress [7], while the research on SIB anodes is
still in the early stage [7, 8]. A few SIB anode materials, such as carbonaceous materials [2],
alloy-based materials [5], molybdenum-based compounds [8], have been explored [9]. Among
them, Sn-based materials such as Sn, SnS,, SnO,, with the high theoretical specific capacity of
847mA hg! 1136 mA h g, and 1378 mA h g! respectively, which have shown a great
potential as competent and efficient anode materials for SIB [10]. However, intrinsic Sn-based
materials suffer ~520 % huge volume changes during the intercalation process of Na, which can
cause structure fractures and reduced span-life [11, 12]. Therefore, carbonaceous materials, such
as carbon nanotubes (CNTs), reduced graphene oxide (rGO), biomass carbon, expanded graphite
(EG), have been used to be compounded with Sn-based materials to form a composite as SIB
anodes [13, 14]. For example, Zhou and his co-workers report a core-shell structured carbon
nanotube (CNT)@SnO, composite as SIB anode, which has a high discharge capacity of 323 mA

h g1 after 100 cycles [15]. These carbonaceous materials in SIB anodes can effectively alleviate



the volume expansion of SIB anodes [16], and simultaneously increase the transmission rate of
electrons to accelerate the reaction kinetics of SIB anode and improve the cycle stability and
span-life of SIB [17]. Moreover, environment-friendly and low-cost biomass materials, such as
rice, crop straw and wood, have been used to be precursors for the fabrication of carbonaceous
materials [18-20]. For example, a binder-free SIB anode has been fabricated by Sn nanoparticles
loaded wood fiber (Sn@WF) prepared by electrodeposition. An stable cycled performance of
400 cycles and a specific capacity of ~150 mA h g-! were witnessed [21]. Comparing with other
biomass materials, silk wadding (SW) is easier to peel into thin sheets than cotton, and maintain
a good self-standing film after carbonized, while other biomass is mostly powder [22, 23].
Furthermore, SW has excellent liquid absorption ability, and can be easily attached to the fiber
surface by impregnation process. However, many challenges in the span-life and electrochemical
performance of SIB anodes exist in biomass carbon/Sn-based composite materials as SIB anodes
[20]. Particularly, the structural compound design of Sn-based materials and biomass carbon
materials still faces many challenges. Therefore, it is urgent to search a biomass carbon/Sn-based
anode with low cost, high-performance and long span-life for SIBs.

Here, we report a flexible N-doped silk wadding-derived carbon/SnO,@reduced graphene
oxide (N-SWC/SnO,@rGO) film as a binder-free SIB anode by using freeze-drying method and
carbonization process. In the fabricated film, ultra-small SnO, nanoparticles are attached to the
surface of SWC to provide more contact points for Na*, and rGO wrapped in the outer layer is
used to accommodate the volume change of SnO, particles. Moreover, rGO and SWC form a
double-layer electron transport layer, so that electrons can travel unimpeded in the whole film.
Consequently, N-SWC/SnO,@rGO film as a SIB half-cell anode possesses a long span-life with

a capacity of 488.2 mA h g! over 1000 cycles. Our assembled SIB full cell also exhibits a high



capacity of 245.7 mA h g'!. Our method can be used to prepare other biomass carbon/Sn-based
anodes.

2. Experimental

2.1. Specification of GO and Nas;V,(POy);.

GO (2.0 mg mL-") and Na3V,(PO,); were purchased from Sinopharm Chemical Reagent Co.,
Ltd.

2.2. Preparation of N-SWC/SnO,@rGO film.

Firstly, silk wadding (SW) films were pretreated and cleaned with ethanol, acetone, and
deionized water to remove surface impurities, and then dried at 25 °C. Secondly, 3.5 g
SnCl,-2H,0 was dispersed in 100 ml deionized water and stirred for 2 h. The dried SW films are
immersed in the solution and ultrasonically dispersed for 5 h to obtain SW with Sn?* (SW/Sn?").
Due to the strong physical adsorption capacity of SW, Sn?* are easily adsorbed on the surface of
SW. SW/Sn?" film was freeze-dried to maintain the structural integrity and further heated at

280 °C for 2 h, and then calcined to 800 °C at N, for 5 h to form N-SWC/SnQO, film. Finally, N-
SWC/SnO, films were added into GO dispersion with excess ascorbic acid for 1 h under
ultrasonic irradiation, and then dried in an oven at 90 °C to obtain N-SWC/SnO,@rGO film.

2.3. Characterization of samples

The crystal phase of the product is determined by a Cu Ko X-ray diffraction (XRD) equipment of
model D/max2200PC. X-ray photoelectron spectroscopy (XPS, AXIS SUPRA) was carried to
analyze the binding energy and bond energy of the compounds in the film. A Tecnai F20 S-
TWIN of Transmission electron microscopy (TEM) and a Verios 460 of scanning electron

microscopy (SEM) was used to further character the morphology of the film. A model Vario EL



of Element analyzer (EA) was used to further determine the accurate content of C and N
element.
2.4. Assembly and testing of SIB half cell and full cell
With SnO, carrying of about 0.3~1.5 mg cm2, self-standing SWC, N-SWC/SnO, and N-
SWC/SnO,@rGO film were directly as SIB anodes. The salt 1M NaPF4 was dissolved in
Ethylene carbonate (EC) and Dimethyl carbonate (DMC) to form an electrolyte solution and
EC:DMC has a volume ration of 1:1. Considering that N-SWC and rGO can also storage sodium
ions, the whole film was used as an active material to evaluate the electrochemical performance
of SIB. Ar-filled glove box was used to fabricate CR2032 SIB half cells at the moisture and
oxygen values of below 1 ppm. The cathode of Na metal and the anode of SWC, N-SWC/SnO,
and N-SWC/SnO,@rGO film were carried to assemble half cells. On a suitable potential of
0.01~3.0 V, a LAND-CT2011A test system was carried to record alloy and de-alloy of half cell
at 0.05~2 A g'!. A CHI618D electrochemical station with three-electrode cells was used for
Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS) testing at room
temperature. CV was measured within 0.01~3.0 V at 0.1 mv s-!. The EIS was performed with an
Alternating current (AC) voltage of 5 mV under the frequency range from 100 kHz to 10 mHz.
Na3V,(POy4); was used as a SIB cathode material for full cell. Its preparation and assembly
process were listed followings. Firstly, Na;V,(PO,)s, polyvinylidene fluoride (PVDF) and carbon
black were mixed into N, N-Dimethylformamide (DMF) at a mass ratio of 8:1:1 to fabricate the
slurry. After that, the coating equipment was used to coat the slurry on the Al foil, and then the
Al foil was dried at 60 °C for 24 hours. Finally, a Na3;V,(PO,); carrying of 0.5~1.5 mg cm™ of Al
foil was cut as SIB full cell cathodes. Na;V,(PO,); (cathode) and N-SWC/SnO,@rGO film

(anode) were coupled as CR2032 SIB full cells.



3. Results and discussion

Fig.1a illustrates the fabrication of N-SWC/SnO,@rGO flexible film. As an environmentally
friendly biomass material, SW film was firstly processed with ethanol, acetone, and deionized
water to remove impurities attached to the surface of the SW. Then, SW film was put into the
SnCl,*2H,0 aqueous solution and sonicated for 5 h to obtain SW/Sn?* film. It is noteworthy that
SW film has a strong liquid absorption capacity and Sn?* is easily adsorbed on the surface of SW
film. Next, SW/Sn?" film was freeze-dried and carbonized in N,, and N-SWC/SnO, (x = 0, 2)
film was obtained. Finally, under the action of ascorbic acid, N-SWC/SnO, film was added into
GO dispersion and self-standing at 90 °C for 1 h to form N-SWC/SnO,@rGO film. The used
renewable natural SW and our simple preparation process provide a low-cost method to fabricate
N-SWC/SnO,@rGO film. Fig. 1b-d are the schematical model and SEM images of SWC. As
can be seen, the surface of the carbon fiber (SWC) is very smooth without any attachments. After
the SWCs are immersed in SnCl,*2H,0 aqueous solution and carbonated treatment under N,
SnO; particles are formed on the surface of SWC, as shown in Fig. 1e-f. Due to the strong liquid
absorption capacity of SW, SnO, particles can be evenly distributed along the carbon fiber. rGO
was further used to wrap the outer layer to prevent the SnO, particles to falling off the fiber
surface during charging and discharging process, and their typical morphologies are shown in
Fig. 1h-j. These tightly packed rGO can simultaneously accommodate the volume change of
SnO; particles and accelerate the transmission efficiency of electrons in the outer layer of the

fiber, thereby increasing the cycle stability of the N-SWC/SnO,@rGO film.
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Fig. 1. (a) Illustration of the preparation process for N-SWC/SnO,@rGO film. Model of SWC
(b) and SEM images of SWC (c, d); Schematic diagram of N-SWC/SnO, (e) and SEM images of

N-SWC/SnOx (f, g); N-SWC/SnO,@rGO model (h) and SEM images of N-SWC/SnO,@rGO (i,

3

Energy dispersive X-ray spectroscopy (EDS) was used to analyze the content of each
element in N-SWC/SnO,(@rGO film and the results are shown in Fig. 2a. As can be seen, C, O,
Sn and N elements exist on the surface of single carbon fiber (green area in illustration). The
proportion of Sn, O, C and N elements in N-SWC/SnO,@rGO can be calculated to be ~13.99 %,
22.61 %, ~52.33 % and ~11.07 %, respectively. Under a temperature ramp of 10 °C min!,
thermal gravimetric analysis (TGA) was used to confirm the exact ratio of SnO, in the whole N-
SWC/SnO,@rGO film and the results are plotted in Fig. 2b. The chemically adsorbed water in
N-SWC/SnO,@rGO film is volatilized in 100~300 °C (AW,). An obvious mass loss occurs in
300 °C~600 °C (AW;) due to the combustion products of the SWC matrix and N source in the
airflow environment [24, 25]. According to TGA curve, the mass percentages of SnO, in N-
SWC/SnO,@rGO film can be calculated ~63.5 wt%, while carbon matrix and N source can be
calculated ~33.9 wt%. An elemental analyzer (EA) was used to further determine the accurate
content of C and N element in N-SWC/SnO,(@rGO film. The results showed that the proportion
of C and N element in the film was ~67.24 % and 8.47 % respectively. The crystal structure of
SWC, N-SWC/SnO, and N-SWC/SnO,@rGO film was determined by XRD. As depicted in Fig.
2¢, peaks of SWC are well indexed as C (JCPDS 46-0945), and no other diffraction peaks are
found, indicating that no impurities exist on the surface of SWC. N-SWC/SnO, and N-

SWC/SnO,@rGO film have similar XRD diffraction peaks, and all peaks can be indexed to Sn



(JCPDS 04-0673) and SnO, (JCPDS 72-1147) [26, 27]. Raman spectra of SWC, N-SWC/SnO,,
and N-SWC/SnO,@rGO film were measured to investigate the changes of N-doped carbon with
SnO,, and shown in Fig. 2d. Two strong peaks were observed at 1351 and 1589 cm!
corresponds to the disordered (D) and graphitic (G) bands of carbonaceous materials,
respectively [28-30]. The D peak reflects the defect induced and disordered structure of carbon,
while the G peak reflects the existence of SP2-hybridized graphite carbon structure [31, 32]. The
intensity ratio of ID:1G of N-SWC/SnO, (Ip:Ig= 0.88) is higher than that of SWC (Ip:15=0.74),
and this high ratio may result from the N-doped. The N-doped can also increase the electrical
conductivity of the carbon matrix and improve the performance of the material [33]. The
intensity ratio of ID:1G of N-SWC/SnO,@rGO film increased to 0.98, indicating that rGO could
further increase the defects in the carbon matrix. A large number of defects are conducive to the
rapid diffusion of Na*, which could maintain excellent electrochemical properties of N-
SWC/SnO,@rGO film. Noteworthy, N-SWC as biomass carbonaceous material can affect the
peaks of Sn and SnO; in the composite, which could make the XRD peaks is not sharp enough
[34, 35]. Fig. 2e-f shows the N, adsorption and desorption isotherm of N-SWC/SnO,@rGO film,
which shows a type-IV isotherm, demonstrating the existence of mesopores. The specific surface
area (Fig. 2e) and a pore volume (Fig. 2f) of N-SWC/SnO,@rGO film can be calculated from
the Brunauer-Emmett-Teller (BET) method. The results reveal a large specific surface area of
38.9 m? g'! and a pore volume of 0.15 cm? g-!, which can provide more Na' active sites for the
electrolyte solution. The four characteristic peaks of Sn 3d, O 1s, C 1s and N 1s are clearly
displayed in the surveyed XPS spectra of N-SWC/SnO,@rGO film, as shown in Fig. 2g. Peaks
at 487.7 eV and 496.1 eV belong to Sn 3ds,; and Sn 3d;/, in the Sn 3d XPS spectrum (Fig. 2h) of

N-SWC/SnO,@rGO film [36, 37]. Fig. 2i shows the O 1s XPS spectrum of the N-



SWC/SnO,@rGO film. From which, peaks at 531.9 eV, 533.2 eV, and 534.3 eV can be seen and
assigned to Sn-O, C=0, and C-O bond, respectively [38, 39]. The C 1s XPS spectrum of the N-
SWC/SnO,@rGO film (Fig. 2j) can be peak-fitted to three peaks, which are attributed C-C
(284.7 eV), C=N (286.6 ¢V), and C=0 (288.7 eV) bond [25, 40]. As can be detected in the N 1s
XPS spectrum of N-SWC/SnO,@rGO film (Fig. 2k), three peaks located at 384.4 eV, 399.3 eV,
and 402.1 eV are indexed to Pyridinic N, Pyrrolic N, and Graphitic N bond, respectively [24,
41]. The literature demonstrated that N-doped species in carbon fibers simultaneously improves

the storage capacity of sodium and accelerates the transport of ions and electrons [42, 43].
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Fig. 2. EDS profile (a) and TGA curves (b) of N-SWC/SnO,@rGO film; (c) XRD patterns of

SWC, N-SWC/SnO, and N-SWC/SnO,@rGO film; (d) Raman spectra of SWC, N-SWC/SnO,,



and N-SWC/SnO,@rGO film; N, adsorption/desorption isotherms (e) and the corresponding
pore size distribution curve (f) of the N-SWC/SnO,@rGO film; (g) The full survey XPS
spectrum of N-SWC/SnO,@rGO film and (h) Sn 34, (i) O 1s, (j) C Is and (k) N Ls spectrum of

N-SWC/SnO,@rGO film.

To further analyze the morphology and element mapping of the N-SWC/SnO,@rGO film,
SEM and TEM were carried. Fig. 3a and Fig. 3b are typical SEM and TEM images of the N-
SWC/SnO,@rGO film, which clearly show that the film has a three-dimensional (3D) carbon
fiber conductive network structure, which can be used as a fast transport channel for electrons in
the film. Moreover, the voids in N-SWC/SnO,@rGO film provide sufficient space for the
contact between SnO, particles and electrolyte. rGO as an electronic channel is wrapped in the
outermost layer, which can transport electrons throughout the whole film. rGO can also
accommodate the volume change of SnO, and prolong the cycle-life of N-SWC/SnO,@rGO
film. Fig. 3¢ is a bright-field TEM image of N-SWC/SnO,@rGO film. From which, the size of
SnO; particles can be seen to be ~80 nm. Further high-resolution TEM analyses at Spot 1 and
Spot 2 in Fig. 3¢ are carried and shown in Fig. 3d. The interlayer distance of the stripe in Spot 1
can be measured to be 0.280 nm, which can be indexed as (101) crystal of Sn (JCPDS:04-0673).
The fringe at Spot 2 is verified to be 0.334 nm, which can be assigned to the (110) plane of SnO,
(JCPDS: 72-1147). Fig. 3e is a selected area electron diffraction (SAED) pattern at this area.
From these polycrystalline rings, both Sn (JCPDS:04-0673) and SnO, (JCPDS: 72-1147) can be
indexed, which match with the XRD analysis, indicating the presence of Sn and SnO, in N-
SWC/SnO,@rGO film. Fig. 3f is a TEM image of a carbon faber in N-SWC/SnO,@rGO film

and its corresponding EDS elemental maps of C, Sn, O and N elements, the dispersive



spectroscopy (EDS) mappings are shown in Fig. 3g-j. Obviously, C, Sn, O and N elements are
distributed evenly. Fig. 3k shows an optical photograph of the film before and after
carbonization. Although the size of the film is significantly reduced after carbonization, its
structure can remain intact. Particularly, the film can return to its original state when bending at
different angles, showing excellent flexibility and self-standing. Such a self-standing film can be
directly used as SIB anodes, which avoids the interference of adhesive with poor conductivity on

SIB performance.
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Fig. 3. SEM (a) and TEM (b) images of N-SWC/SnO,@rGO film; (c, d) High magnification
TEM and high-resolution lattice fringe patterns of N-SWC/SnO,@rGO film; (e) Lattice
diffraction ring at one point of N-SWC/SnO,@rGO film; (f-j) Elemental mapping of N-
SWC/SnO,@rGO film in Fig. (f); (k) Optical photos of films before and after carbonization; (1)

Optical photos of flexible film bending in different degrees.

Cyclic behaviors of half cells were evaluated at SIB anodes by using the as-prepared SWC,
N-SWC/SnO, and N-SWC/SnO,@rGO film. Fig. 4a and b shows the first two cyclic
voltammograms (CV) of SWC and N-SWC/SnO,@rGO film in a suitable voltage range of
0.01~3.0 V at 0.1 mV s'!. Without SnO, attached to the surface, SWC has no obvious oxidation
and reduction peaks, as shown in Fig. 4a. During the cathodic scan of N-SWC/SnO,@rGO film
(Fig. 4b), a clear reduction peak at 0.50 V disappears in the next scan, representing the
conversion reaction of reduction from SnO, to Sn with the formation of Na,O, and the solid
electrolyte interface (SEI) is formed in this process [44. 45]. In the anodic scan with the de-
alloying process, three peaks at 0.23 V, 0.25V, 0.59 V, and 0.60 V are assigned to the
desodiation of Na,Sn,, [46, 47]. Fig. 4c shows the rate capability of SWC, N-SWC/SnO, and N-
SWC/SnO,@rGO film anodes in 0.05~2 A g'. The yield charge/discharge capacities of 646/737,
577.8/602.4, 484.0/465.8, 413.1/421.0, 380.7/384.7 and 322.5/342.5 mA h g can be maintained
at 0.05, 0.1,0.2,0.5, 1 and 2 A g'!, respectively. The capacity of 22.5/342.5 mA h g-!' can be still
observed at 2 A g, illustrating that N-SWC/SnO,(@rGO film maintains excellent structure
stability. As the current returns to 0.05 A g*!, the specific charge/discharge capacity of the N-
SWC/SnO,@rGO film restores to 609.4/619.4 mA h g'!, which shows better electrochemical

behavior than SWC and N-SWC/SnQ,. This result indicates that N-SWC/SnO,@rGO film can



withstand the impact of high current density and has strong structure stability. At any stage of
current density, the capacity of SWC and N-SWC/SnO; are all less than that of N-
SWC/SnO,@rGO film. rGO can effectively accommodate the volume change of SnO,
nanoparticles, avoids particle shedding, and maintain the integrity and stability of N-
SWC/SnO,@rGO film. Besides, the double-layer electron running channel formed by the
combination of SWC and rGO, which provides the rapid transmission of electrons in N-
SWC/SnO,@rGO film. Fig. 4d presents the cycling performances of rGO, SWC, N-SWC, N-
SWC/SnO,, and N-SWC/SnO,@rGO film at 0.1 A g! to cycle 100 cycles. The N-
SWC/SnO,@rGO film maintains a discharge capacity of 572.2 mA h g! after 100 cycles with
high Coulombic efficiency of ~99.8 %, which is significantly higher than rGO (22.7 mA h g!),
SWC (97.2 mA h g') N-SWC (115.1 mA h g'!') and N-SWC/SnO, (488.6 mA h g!). It should be
noted N-doped improves the conductivity of carbon matrix and the cycle stability of film [48].
Fig. 4e shows the discharge-charge voltage cycles of N-SWC/SnO,@rGO film. As can be seen,
N-SWC/SnO,@rGO film shows the Coulombic efficiency of 84.1 %, a charge capacity of 984.0
mA h g!, and discharge capacity of 1169.9 mA h g!. Notably, the discharge-charge curves
almost overlap from the 10 to 100 cycles, indicating that N-SWC/SnO,@rGO film has excellent
cycle stability. The Coulombic efficiency of N-SWC/SnO,@rGO film fluctuation range is ~99.1-
100.1% (Fig. 4f), which indicates that the N-SWC/SnO,@rGO film has a relatively stable and
high Coulombic efficiency. To further illustrate the cycle stability of SWC, N-SWC/SnO, and N-
SWC/SnO,@rGO film, SIB half cell was cycled at a high current of 1 A g! for 1000 cycles, as
plotted in Fig. 4g. The reversible capacity of N-SWC/SnO,@rGO film can still be maintained at
473.1 mA h g'!, and the Coulombic efficiency is up to 99.3%. For comparison, the reversible

capacity of N-SWC/SnO,@rGO is 195.9 mA h g! after 1000 cycles, and that of SWC is only



77.0 mA h g! after 724 cycles. It should be noted that due to the impact of high current density 1
A g1, some SnO, particles were separated from the carbon fiber surface, which could provide
more Na* active sites and resulting in the improvement of electrochemical performance. The
separated SnO, particles are easier to break, so the electrochemical performance shows a
downward trend in 250 to 350 cycles. At high current density, the activation system of N-
SWC/SnO,@rGO film will be more violent, and the subsequent side reactions are easier to
increase the capacity. Therefore, films with high current density may have higher sodium storage
capacity than those with low current density. However, after several subsequent cycles, the side

reactions will be reduced and the capacity of the film tends to be stable.
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SIB half cell was further coupled to test the internal resistivity of SWC, N-SWC/SnO, and
N-SWC/SnO,@rGO film, and the results are displayed in Fig. 5a. Obviously, the ohmic
resistance of N-SWC/SnO,@rGO film is smaller than that of SWC and N-SWC/SnQO,, indicating
that N-SWC/SnO,(@rGO film has a faster electron transport mechanism. This is mainly
attributed to the fact that carbon fiber conductive network and rGO provides an efficient electron
transmission channel for the whole N-SWC/SnO,@rGO film. Fig. 5b shows the Nyquist plots of
N-SWC/SnO,@rGO film before, after 100th, after 300th, and after 1000th cycles. As can be
seen, N-SWC/SnO,@rGO film has smaller impedance before cycles, and the impedance
increases gradually with increasing cycling numbers. The film has a similar radius of medium
and high frequency after 300th and 1000th cycles, indicating that the resistance change range of
the film after multiple cycles is small. This is mainly derived from the double-layer electron
running channel that greatly increases the transmission rate of electrons in N-SWC/SnO,@rGO
film. Electrochemical properties of N-SWC/SnO,@rGO film were compared with the reported
the same current density of 1 A g! (Fig. 5¢), our N-SWC/SnO,@rGO film shows higher specific
capacity, ultra-stable cyclability and longer span-life. Even after different current density cycles
(Fig. 5d), our N-SWC/SnO,@rGO film still has excellent cycling performance when compared

with the previous reports [24, 47, 49, 50, 57, 58].
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In order to deeply understand the electron/Na™ transport mechanism of N-SWC/SnO,@rGO
film, we schematically illustrated charge transports in Fig. 6a. The N-SWC/SnO,@rGO film is
composed of 3D carbon fiber network, and electrons can be effectively transported along the
carbon fiber in the whole film. SnO, nanoparticles are uniformly distributed on the surface of
SWC, which can not only avoid the excessive agglomeration of the nanoparticles, but also rely
on the carbon fiber for the rapid transmission of electrons between the particles. Meanwhile, N
doping can also effectively disperse the agglomeration of nanoparticles and accelerate the
electron transport between nanoparticles. Besides, the SWC network has enough voids to provide
sufficient contact for the alloying reaction of Na* in the electrolyte solution with SnO,
nanoparticles, thereby greatly accelerating the progress of the electrochemical reaction kinetics.
For a single fiber structure, rGO is wrapped as an electronic layer, which effectively
accommodate the volume change of SnO, nanoparticles, avoids particle shedding, and maintains
the integrity and stability of N-SWC/SnO,@rGO film. The double-layer electron running
channel formed by the combination of SWC and rGO, which provides conditions for the rapid
transmission of electrons in N-SWC/SnO,@rGO film. Fig. 6b shows the simulation diagram of
N-SWC/SnO,@rGO film during alloying reaction process. N-SnO, nanoparticles are located
between the double conductive electronic layer composed of SWC and rGO. Besides, N-doped
improves the conductivity of SnO, and increases the cycle stability of N-SWC/SnO,@rGO film.
In the charging process, Na* in the electrolyte is alloyed with N-SnO, to form N-
SWC/Na,Sn,@rGO, thereby destroying the original crystal structure of SnO,. It should be noted
that flexible rGO can effectively accommodate the volume change of SnO, and avoid crushing
and shedding. In the discharging process, Na* can be separated from N-SWC/Na,Sn,@rGO to

form N-SWC/SnO,@rGO and re-enter the electrolyte solution, and some undeleted Na* causes
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irreversible loss of capacity, resulting in low coulomb efficiency of SIB for the first cycling. The

prediction test of low current density can effectively improve the first coulomb efficiency of SIB.
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Fig. 6. (a) Electron and Na* transport mechanism of N-SWC/SnO,@rGO film; (b) Simulation

diagram of N-SWC/SnO,@rGO film in alloying process.

To further verify the advantages of the double electron transport layer of N-

SWC/SnO,@rGO film, SEM images of the pristine film (Fig. 7a), after 100 cycles (Fig. 7b),



after 300 cycles (Fig. 7¢) and after 1000 cycles (Fig. 7d) are compared. As can be seen, after
cycling with different circles at 1 A g, the skeleton of N-SWC/SnO,@rGO film can remain
intact, showing excellent cycle span-life. To observe the distribution of elements after cycling,
EDS mapping was tested on the N-SWC/SnO,@rGO film after 1000 cycles, as shown in Fig. 7e-
i. Obviously, C, Sn, O and N elements are still uniformly distributed on the surface of SWC,
indicating that the N-SWC/SnO,@rGO film has excellent cycle stability. As well, the uniform
distribution of Na element can not only prove the traces left by the charge and discharge process,

but also show that N-SWC/SnO,@rGO film has more contact sites for Na*, which can accelerate

the reaction kinetics of SIB.




Fig. 7. (a-d) SEM images of N-SWC/SnO,@rGO film before the cycle, after 100 cycles, after
300 cycles and after 100 cycles at 1 A g!; (e-i) The element mapping of N-SWC/SnO,@rGO

film after 1000 cycles.

As a potential cathode material, Na;V,(POy); has the characteristic of rapid Na* diffusion
and suitable potential platform, and can provide conditions for the marketization of SIB [59-61].
To further illustrate the practical value of our developed N-SWC/SnO,@rGO film, SIB full cell
is coupled by using Na;V,(PO,); cathode and N-SWC/SnO,@rGO film anode, as shown in Fig.
8a. Fig. 8b shows an optical photo of the assembled SIB full cell, which lights LED light,
proving the practicability of the SIB full cell. Fig. 8c shows the rate capability of SIB full cell in
the current range from 0.01 to 1 A g'!. A discharge capacity of 1028.3, 655.4, 458.8, 273.8,
192.1, and 150.1 mA h g! was obtained in SIB full cell at 0.01, 0.02, 0.05,0.1,0.5and 1 A g,
respectively. When the rate is restored to 0.1, 0.05, and 0.02 A g, the specific discharge
capacity of SIB full cell can return to 225.5, 327 and 443.7 mA h g!, respectively. This result
indicates that SIB full cell can withstand the impact of high current density and has strong
structure stability. Fig. 8d shows the electrochemical behavior of SIB full cell after 100 cycles at
0.1 A g!. The specific capacity of SIB full cell hardly fluctuated after the fifth cycles, showing
excellent cyclic behavior. A discharge capacity of 245.7 mA h g! still can be reserved in SIB full
cell after 100 cycles. As can be seen in Fig. 8e, the Coulombic efficiency of SIB full cell is as
high as ~98-101%, indicating that it has excellent cycle stability. The cyclic performance of SIB
full cell is compared with the previously reported SIB full cells at the same current 0.1 A g-!' [62-
66], as shown in Fig. 8f. Our assembled SIB full cell shows higher specific capacity and more

stable cyclic behavior.
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(d) SIB full cell cycle 100 cycles at 0.1 A g!; (e) Coulombic efficiency of SIB full cell; (f)
Comparison of the cyclic performance of our assembled SIB full cells with that reported

previously.

4. Conclusion

In this study, a flexible N-SWC/SnO,@rGO film was prepared by using freeze-drying and
carbonization and used as a self-standing SIB anode. N-SWC/SnO,@rGO film has a 3D carbon
fiber conductive network that can promote electron transport in electrochemical reactions and
shorten the distance of electron transfer. Moreover, rGO wrapped in the outer layer of the fiber

can simultaneously accommodate the volume change of SnO, nanoparticles to avoid the

Coulombic efficiency (%)



shedding of SnO, nanoparticles, and act as a channel for outer electron transport. Benefitting
from the unique structure, N-SWC/SnO,@rGO film as SIB half cell anode possesses a superior
reversible capacity of 572.2 mA h g' at 0.1 A g'! and prolong span-life over 1000 cycles. More
importantly, SIB full cell exhibits a capacity of 245.7 mA h g! over 100 cycles. This work not
only shows a great useful of our products in portable electronic devices, but also provides

inspiration for the preparation of Sn-based/biomass materials in SIB anodes with low-cost.

Acknowledgments

The authors acknowledge financial support from the National Natural Science Foundation of
China (Grant Nos.: 51464020; 52102109) and Australian Research Council. The authors
acknowledge the facilities and the scientific and technical assistance of the Australian Microscopy
& Microanalysis Research Facility at the Centre for Microscopy and Microanalysis, The

University of Queensland.



References

[1] R. Rojaee, R. Shahbazian-Yassar, Two-dimensional materials to address the lithium battery
challenges, ACS Nano 14 (2020) 2628-2658.

[2] Y. Zhong, X. Xu, P. Liu, R. Ran, S.P. Jiang, H. Wu, Z. Shao, A function-separated design of
electrode for realizing high-performance hybrid zinc battery, Adv. Energy Mater. 10 (2020)
2002992.

[3] H.S. Hirsh, Y. Li, D.H.S. Tan, M. Zhang, E. Zhao, Y.S. Meng, Sodium-ion batteries paving
the way for grid energy storage, Adv. Energy Mater. 10 (2020) 2001274.

[4] A. Mehmood, G. Ali, B. Koyutiirk, J. Pampel, K.Y. Chung, T.-P. Fellinger, Nanoporous
nitrogen doped carbons with enhanced capacity for sodium ion battery anodes, Energy Storage
Mater. 28 (2020) 101-111.

[5] H. Fatima, Y. Zhong, H. Wu, Z. Shao, Recent advances in functional oxides for high energy
density sodium-ion batteries, Mater. Rep. Energy 1 (2021) 100022.

[6] Y. Sun, Y. Yang, X.-L. Shi, G. Suo, H. Chen, M. Noman, X. Tao, Z.-G. Chen, Hierarchical
SnS,/Carbon nanotube@reduced graphene oxide composite as an anode for ultra-stable sodium-
ion batteries, Chem. Eng. J. Adv. 4 (2020) 100053.

[7] X. Yang, A.L. Rogach, Anodes and sodium-free cathodes in sodium ion batteries, Adv. Energy
Mater. 10 (2020) 2000288.

[8] M. Chen, Z. Wang, Y. Wang, Y. Li, Q. Chen, Sodium-ion storage mechanisms and design
strategies of molybdenum-based materials: A review, Appl. Mater. Today 23 (2021) 100985.

[9] G.K. Veerasubramani, M.S. Park, J.Y. Choi, D.W. Kim, Ultrasmall SnS quantum dots
anchored onto nitrogen-enriched carbon nanospheres as an advanced anode material for sodium-

ion batteries, ACS Appl. Mater. Interfaces 12 (2020) 7114-7124.



[10] W.T. Jing, C.C. Yang, Q. Jiang, Recent progress on metallic Sn- and Sb-based anodes for
sodium-ion batteries, J. Mater. Chem. A 8 (2020) 2913-2933.

[11] G.M. Tomboc, Y. Wang, H. Wang, J. Li, K. Lee, Sn-based metal oxides and sulfides anode
materials for Na ion battery, Energy Storage Mater. 39 (2021) 21-44.

[12] Y. Sun, Y. Yang, X.L. Shi, G. Suo, H. Chen, X. Hou, S. Lu, Z.G. Chen, Self-standing film
assembled using SnS-Sn/multiwalled carbon nanotubes encapsulated carbon fibers: A potential
large-scale production material for ultra-stable sodium-ion battery anodes, ACS Appl. Mater.
Interfaces 13 (2021) 28359-28368.

[13] Z. Chen, D. Yin, M. Zhang, Sandwich-like MoS,@SnO,@C with high capacity and stability
for sodium/potassium ion batteries, Small 14 (2018) 1703818.

[14] S. Wei, S. Chu, Q. Lu, W. Zhou, R. Cai, Z. Shao, Optimization of SnO, nanoparticles confined
in a carbon matrix towards applications as high-capacity anodes in sodium-ion batteries,
ChemistrySelect 3 (2018) 4015-4022.

[15] D. Zhou, X. Li, L.-Z. Fan, Y. Deng, Three-dimensional porous graphene-encapsulated
CNT@SnO, composite for high-performance lithium and sodium storage, Electrochim. Acta 230
(2017) 212-221.

[16] G. Wang, F. Yu, Y. Zhang, Y. Zhang, M. Zhu, G. Xu, M. Wu, H.-K. Liu, S.-X. Dou, C. Wu,
2D Sn/C freestanding frameworks as a robust nucleation layer for highly stable sodium metal
anodes with a high utilization, Nano Energy 79 (2021) 105457.

[17] Z. Kong, X. Liu, T. Wang, A. Fu, Y. Li, P. Guo, Y.-G. Guo, H. Li, X.S. Zhao, Three-
dimensional hollow spheres of porous SnO,/rGO composite as high-performance anode for
sodium ion batteries, Appl. Surf. Sci. 479 (2019) 198-208.

[18] X. Fu, W.H. Zhong, Biomaterials for high-energy lithium-based batteries: strategies,



challenges, and perspectives, Adv. Energy Mater. 9 (2019) 1901774.

[19] R. Mi, C. Chen, T. Keplinger, Y. Pei, S. He, D. Liu, J. Li, J. Dai, E. Hitz, B. Yang, I. Burgert,
L. Hu, Scalable aesthetic transparent wood for energy efficient buildings, Nat. Commun. 11 (2020)
3836.

[20] H.G. Wang, W. Li, D.P. Liu, X.L. Feng, J. Wang, X.Y. Yang, X.B. Zhang, Y. Zhu, Y. Zhang,
Flexible electrodes for sodium-ion batteries: recent progress and perspectives, Adv. Mater. 29
(2017) 1703012.

[21] H. Zhu, Z. Jia, Y. Chen, N. Weadock, J. Wan, O. Vaaland, X. Han, T. Li, L. Hu, Tin anode
for sodium-ion batteries using natural wood fiber as a mechanical buffer and electrolyte reservoir,
Nano Lett. 13 (2013) 3093-3100.

[22] Y. Sun, L. Wang, Y. Li, Y. Li, H.R. Lee, A. Pei, X. He, Y. Cui, Design of red phosphorus
nanostructured electrode for fast-charging lithium-ion batteries with high energy density, Joule 3
(2019) 1080-1093.

[23] D. Qin, Z. Liu, Y. Zhao, G. Xu, F. Zhang, X. Zhang, A sustainable route from corn stalks to
N, P-dual doping carbon sheets toward high performance sodium-ion batteries anode, Carbon 130
(2018) 664-671.

[24] Y.N. Sun, M. Goktas, L. Zhao, P. Adelhelm, B.H. Han, Ultrafine SnO, nanoparticles anchored
on N, P-doped porous carbon as anodes for high performance lithium-ion and sodium-ion batteries,
J. Colloid Interface Sci. 572 (2020) 122-132.

[25] Y. Ma, Q. Wang, L. Liu, S. Yao, W. Wu, Z. Wang, P. Lv, J. Zheng, K. Yu, W. Wei, K.K.
Ostrikov, Plasma-enabled ternary SnO,@Sn/nitrogen-doped graphene aerogel anode for
sodium-ion batteries, Chemelectrochem 7 (2020) 1358-1364.

[26] X. Wu, C. Qian, H. Wu, L. Xu, L. Bu, Y. Piao, G. Diao, M. Chen, Gestated uniform yolk-



shell Sn@N-doped hollow mesoporous carbon spheres with buffer space for boosting lithium
storage performance, Chem. Commun. (Camb) 56 (2020) 7629-7632.

[27] O. Namsar, T. Autthawong, V. Laokawee, R. Boonprachai, M. Haruta, H. Kurata, A. Yu, T.
Chairuangsri, T. Sarakonsri, Improved electrochemical performance of anode materials for high
energy density lithium-ion batteries through Sn(SnO,)-SiO,/graphene-based nanocomposites
prepared by a facile and low-cost approach, Sustain. Energ. Fuels 4 (2020) 4625-4636.

[28] C.-P. Wu, K.-X. Xie, J.-P. He, Q.-P. Wang, J.-M. Ma, S. Yang, Q.-H. Wang, SnO, quantum
dots modified N-doped carbon as high-performance anode for lithium ion batteries by enhanced
pseudocapacitance, Rare Met. 40 (2021) 48-56.

[29] L. Zhu, X.-X. Yang, Y.-H. Xiang, P. Kong, X.-W. Wu, Neurons-system-like structured
SnS,/CNTs composite for high-performance sodium-ion battery anode, Rare Met. 40 (2021) 1383-
1390.

[30] Y.-Z. Wu, S. Brahma, S.-C. Weng, C.-C. Chang, J.-L. Huang, Reduced graphene oxide
(RGO)-SnO, (x=0, 1, 2) nanocomposite as high performance anode material for lithium-ion
batteries. J. Alloys Compd. 818 (2020) 152889.

[31] J.B. Wu, M.L. Lin, X. Cong, H.N. Liu, P.H. Tan, Raman spectroscopy of graphene-based
materials and its applications in related devices, Chem. Soc. Rev. 47 (2018) 1822-1873.

[32] M. Yang, L. Liu, H. Yan, W. Zhang, D. Su, J. Wen, W. Liu, Y. Yuan, J. Liu, X. Wang, Porous
nitrogen-doped Sn/C film as free-standing anodes for lithium ion batteries, Appl. Surf. Sci. 551
(2021) 149246.

[33] L. Yang, B. Yang, X. Chen, H. Wang, J. Dang, X. Liu, Bimetallic alloy SbSn nanodots filled
in electrospun N-doped carbon fibers for high performance Na-ion battery anode. Electrochim.

Acta 389 (2021) 138246.



[34] L. Izanzar, M. Dahbi, M. Kiso, S. Doubaji, S. Komaba, I. Saadoune, Hard carbons issued from
date palm as efficient anode materials for sodium-ion batteries, Carbon 137 (2018) 165-173.

[35] C. Yang, J. Xiong, X. Ou, C.-F. Wu, X. Xiong, J.-H. Wang, K. Huang, M. Liu, A renewable
natural cotton derived and nitrogen/sulfur co-doped carbon as a high-performance sodium ion
battery anode, Mater. Today Energy 8 (2018) 37-44.

[36] H. Ying, S. Zhang, Z. Meng, Z. Sun, W.-Q. Han, Ultrasmall Sn nanodots embedded inside
N-doped carbon microcages as high-performance lithium and sodium ion battery anodes, J. Mater.
Chem. A 5 (2017) 8334-8342.

[37] C. Xia, F. Zhang, H. Liang, H.N. Alshareef, Layered SnS sodium ion battery anodes
synthesized near room temperature, Nano Res. 10 (2017) 4368-4377.

[38] H. Li, B. Zhang, X. Ou, L. Tang, C. Wang, L. Cao, C. Peng, J. Zhang, In-situ fabrication of
heterostructured SnO,@C/rGO composite with durable cycling life for improved lithium storage,
Ceram. Int. 45 (2019) 18743-18750.

[39] S. Gao, N. Wang, S. Li, D. Li, Z. Cui, G. Yue, J. Liu, X. Zhao, L. Jiang, Y. Zhao, A multi-
wall Sn/SnO,@carbon hollow nanofiber anode material for high-rate and long-life lithium-ion
batteries, Angew. Chem. Int. Edit. 59 (2020) 2465-2472.

[40] G. Suo, J. Zhang, D. Li, Q. Yu, M. He, L. Feng, X. Hou, Y. Yang, X. Ye, L. Zhang, W.A.
Wang, Flexible N doped carbon/bubble-like MoS, core/sheath framework: buffering volume
expansion for potassium ion batteries, J. Colloid Interface Sci. 566 (2020) 427-433.

[41] H. L1, B. Zhang, X. Wang, J. Zhang, T. An, Z. Ding, W. Yu, H. Tong, Heterostructured SnO,-
SnS,@C embedded in nitrogen-doped graphene as a robust anode material for lithium-ion batteries,
Front Chem. 7 (2019) 339.

[42] Y. Pan, X. Cheng, M. Gao, Y. Fu, J. Feng, L. Gong, H. Ahmed, H. Zhang, V.S. Battaglia,



Cagelike CoSe,@N-doped carbon aerogels with pseudocapacitive properties as advanced
materials for sodium-ion batteries with excellent rate performance and cyclic stability, ACS Appl.
Mater. Interfaces 12 (2019) 33621-33630.

[43] X. Huang, W. Zhang, C. Zhou, L. Yang, H. Wang, Q. Gao, M. Zhu, N-doped carbon
encapsulated CoMoO, nanorods as long-cycle life anode for sodium-ion batteries, J. Colloid
Interface Sci. 576 (2020) 176-185.

[44] W. Li, H. Li, F. Yang, Y. Rui, B. Tang, Facile preparation of four SnO,-C hybrids with
superior electrochemical performance for lithium-ion batteries, Electrochim. Acta 288 (2018) 20-
30.

[45] Z. Liu, S. Zhang, Z. Qiu, C. Huangfu, L. Wang, T. Wei, Z. Fan, Tin nanodots derived from
Sn?*/graphene quantum dot complex as pillars into graphene blocks for ultrafast and ultrastable
sodium-ion storage, Small 16 (2020) €2003557.

[46] W. Xie, L. Gu, F. Xia, B. Liu, X. Hou, Q. Wang, D. Liu, D. He, Fabrication of voids-involved
SnO,@C nanofibers electrodes with highly reversible Sn/SnO, conversion and much enhanced
coulombic efficiency for lithium-ion batteries, J. Power Sources. 327 (2016) 21-28.

[47] M. Wang, X. Wang, Z. Yao, W. Tang, X. Xia, C. Gu, J. Tu, SnO, nanoflake arrays coated
with polypyrrole on a carbon cloth as flexible anodes for sodium-ion batteries, ACS Appl. Mater.
Interfaces 11 (2019) 24198-24204.

[48] H. Lim, H. Kim, S.-O. Kim, W. Choi, Self-assembled N-doped MoS,/carbon spheres by
naturally occurring acid-catalyzed reaction for improved sodium-ion batteries, Chem. Eng. J. 387
(2020) 124144.

[49] T. Palaniselvam, M. Goktas, B. Anothumakkool, Y.N. Sun, R. Schmuch, L. Zhao, B.H. Han,

M. Winter, P. Adelhelm, Sodium storage and electrode dynamics of Tin-carbon composite



electrodes from bulk precursors for sodium-ion batteries, Adv. Funct. Mater. 29 (2019) 1900790.
[50] J. Zhong, X. Xiao, Y. Zhang, N. Zhang, M. Chen, X. Fan, L. Chen, Rational design of Sn-
Sb-S composite with yolk-shell hydrangea-like structure as advanced anode material for sodium-
ion batteries, J. Alloy. Compd. 793 (2019) 620-626.

[51] R. Chen, S. Li, J. Liu, Y. Li, F. Ma, J. Liang, X. Chen, Z. Miao, J. Han, T. Wang, Q. Li,
Hierarchical Cu doped SnSe nanoclusters as high-performance anode for sodium-ion batteries,
Electrochim. Acta 282 (2018) 973-980.

[52] Y. Wang, Y. Zhang, J. Shi, X. Kong, X. Cao, S. Liang, G. Cao, A. Pan, Tin sulfide
nanoparticles embedded in sulfur and nitrogen dual-doped mesoporous carbon fibers as high-
performance anodes with battery-capacitive sodium storage, Energy Storage Mater. 18 (2019) 366-
374.

[53] L. Yue, M. Jayapal, X. Cheng, T. Zhang, J. Chen, X. Ma, X. Dai, H. Lu, R. Guan, W. Zhang,
Highly dispersed ultra-small nano Sn-SnSb nanoparticles anchored on N-doped graphene sheets
as high performance anode for sodium ion batteries, Appl. Surf. Sci 512 (2020) 145686.

[54] J. Pan, S. Chen, D. Zhang, X. Xu, Y. Sun, F. Tian, P. Gao, J. Yang, SnP,0 covered carbon
nanosheets as a long-life and high-rate anode material for sodium-ion batteries, Adv. Funct. Mater.
28 (2018) 1804672.

[55] L. Ran, I. Gentle, T. Lin, B. Luo, N. Mo, M. Rana, M. Li, L. Wang, R. Knibbe, Sn,P;@porous
carbon nanofiber as a self-supported anode for sodium-ion batteries, J. Power Sources. 461 (2020)
228116.

[56] J. Ye, Z. Chen, Q. Liu, C. Xu, Tin sulphide nanoflowers anchored on three-dimensional
porous graphene networks as high-performance anode for sodium-ion batteries, J. Colloid

Interface Sci. 516 (2018) 1-8.



[57] F. He, Q. Xu, B. Zheng, J. Zhang, Z. Wu, Y. Zhong, Y. Chen, W. Xiang, B. Zhong, X. Guo,
Synthesis of hierarchical Sn/SnO nanosheets assembled by carbon-coated hollow nanospheres as
anode materials for lithium/sodium ion batteries, RSC Adv. 10 (2020) 6035-6042.

[58] X. Lu, F. Luo, Q. Xiong, H. Chi, H. Qin, Z. Ji, L. Tong, H. Pan, Sn-MOF derived bimodal-
distributed SnO, nanosphere as a high performance anode of sodium ion batteries with high
gravimetric and volumetric capacities, Mater. Res. Bull. 99 (2018) 45-51.

[59] S.K. Pal, R. Thirupathi, S. Chakrabarty, S. Omar, Improving the electrochemical performance
of Na;V,(POy); cathode in Na-ion batteries by Si-doping, ACS Appl. Energy Mater. 3 (2020)
12054-12065.

[60] J. Yang, D. Li, X. Wang, X. Zhang, J. Xu, J. Chen, Constructing micro-nano Na;V,(PO,);/C
architecture for practical high-loading electrode fabrication as superior-rate and ultralong-life
sodium ion battery cathode, Energy Storage Mater. 24 (2020) 694-699.

[61] Y. Sun, Y. Yang, X.L. Shi, G. Suo, S. Lu, Z.G. Chen, Self-standing and high-performance
B4C/Sn/acetylene black@reduced graphene oxide films as sodium-ion half/full battery anodes,
Appl. Mater. Today 24 (2021) 101137.

[62] Z. Sun, X. Wu, Z. Gu, P. Han, B. Zhao, D. Qu, L. Gao, Z. Liu, D. Han, L. Niu, Rationally
designed nitrogen-doped yolk-shell Fe;Seg/carbon nanoboxes with enhanced sodium storage in
half/full cells, Carbon 166 (2020) 175-182.

[63] H.-G. Wang, Q. Wu, Y. Wang, X. Wang, L. Wu, S. Song, H. Zhang, Molecular engineering
of monodisperse SnO, nanocrystals anchored on doped graphene with high-performance
lithium/sodium-storage properties in half/full cells, Adv. Energy Mater. 9 (2019) 1802993.

[64] X. Sun, L. Wang, C. Li, D. Wang, I. Sikandar, R. Man, F. Tian, Y. Qian, L. Xu, Dandelion-

like Bi,S;/rGO hierarchical microspheres as high-performance anodes for potassium-ion and



half/full sodium-ion batteries, Nano Res. (2021) 1-8.
[65] Y. Liu, L. Li, J. Zhu, T. Meng, L. Ma, H. Zhang, M. Xu, J. Jiang, C.M. Li, One-dimensional
integrated MnS(@carbon nanoreactors hybrid: an alternative anode for full-cell Li-ion and Na-ion

batteries, ACS Appl. Mater. Interfaces 10 (2018) 27911-27919.
[66] Z. Ali, M. Asif, T. Zhang, X. Huang, Y. Hou, General approach to produce nanostructured

binary transition metal selenides as high-performance sodium ion battery anodes, Small 15 (2019)

€1901995.

Highlights
® Silk wadding-derived carbon was used as a conductive substrate.

® A flexible self-standing film for cost-effective has been proposed.
® Constructed a double-layer conductive system in the film.

® 473.1 mA h g'! reversible capacity after 1000 cycles has been realized.
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