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Abstract 

The advancements in wearable electronic devices make it urgent to develop high-

performance flexible lithium-ion batteries (LIBs) with excellent mechanical and 

electrochemical properties. Herein, we design a new 3D hierarchical hybrid sandwich flexible 

structure by anchoring SnO2 nanosheets (SnO2-NSs) on flexible carbon cloth and coating 

with thin amorphous carbon (AC) layer (CF@SnO2-NS@AC). The carbon cloth substrate 

works as the backbone and the current collector, while the thin AC layer provides extra 

support during the electrode expansion. The new architecture can be utilised as a binder-free 

electrode and presents extraordinary mechanical flexibility and outstanding electrical stability 

under external stresses. The new electrode can deliver a specific capacity as high as 968.6 

mAh g
-1

 after 100 cycles at 85 mA g
-1

, which also shows remarkable rate capability and an 

excellent high current cycling stability. The outstanding electrochemical performance 

combined with the high mechanical flexibility and invariable electrical conductivity 

during/after different bending cycles make the new structure a promising oxide anode for 

flexible batteries. With the possibility of using a similar approach to design flexible cathode, 

the present work opens the door to empower the next-generation wearable devices and smart 

clothes with a robust and reliable battery. 

 

Graphical Abstract 
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An ultra-flexible anode for lithium-ion batteries was developed using a novel 3D hierarchical 

sandwich structure. The novel anode used conductive textile as the backbone and the current 

collector and two-dimensional SnO2 as the active materials. The electrode exhibits excellent 

mechanical flexibility and outstanding electrical stability under external stresses, in addition to the 

enhanced electrochemical performance. This electrode is a strong candidate to empower the next-

generation wearable devices. 

 

 

Keywords: Wearable devices; Flexible lithium-ion batteries; Tin dioxide; 3D hierarchical 

structure; Nanosheet; Textile anode. 
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1. Introduction 

The rapid growth in wearable devices demands a new generation of energy storage devices 

that can fulfil the future design requirements.[1-5] Examples of these devices include 

wearable displays, military garment devices, sensors, high-performance sportswear, new 

mobile communication devices, and possibly even new classes of wearable computers.[6-9] 

To empower the new wearable devices, the energy storage system must have reasonable 

mechanical flexibility in addition to high energy and power density, good operational safety, 

long cycling life and the low cost.[2, 10, 11] Lithium-ion batteries (LIBs) are one of the most 

promising candidates to empower wearable devices because of the long cycle lifespan, high 

energy density, and high working voltage.[12-16] However, there are many challenges 

related to designing flexible LIBs suitable for wearable electronics. The electrodes of the 

conventional LIBs, typically made of brittle material powders such as graphite or oxides 

which are then coated on Cu or Al foil, which make them rigid and can easily delaminate, or 

crack, upon being subjected to mechanical strain.[17-20] 

Many approaches have been explored to design fully flexible LIBs electrodes. One typical 

approach is improving the adhesion between the active materials and the metallic current 

collector by adding fluorine-based polymer binder.[21-23] However, the improvement in the 

mechanical stability comes at the expense of the energy density. The addition of insulating 

binder increases the electrochemical impedance, forms a thin adhesion between the active 

layers and the current collector substrate, which weakens the cohesion among the 

composition of the electrode components.[23-25] The binder also has a negative effect on the 

volumetric capacity since it introduces electrochemically inert materials into the overall 

volume of the electrode.[26, 27] Another approach for improving the flexibility of the LIBs 

electrodes is by reinforcing them with conductive 1D or 2D materials.[28-30] Additives such 

as carbon nanotubes[8], cellulose nanofibers[31], graphene[32], and microfiber[33] have 
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been reported to enhance the mechanical stability of the electrodes under strain. However, it 

is still a challenge to meet the flexibility requirements of many wearable electronics with the 

simple physical mixing due to the poor contact between the active materials and the 

reinforcing materials.[26, 33] In addition, the reinforcing agents are usually electrochemically 

passive, which reduces the volumetric capacitance.[16, 33, 34] Growing the active materials 

directly on a flexible network provides a strong interaction and leads to robust electrodes 

without scarifying the energy density.[29, 33, 35] These flexible substrates include both 

conductive and nonconductive materials, such as metal mesh, carbon cloth, free-standing 

films of carbon materials, and the insulating polyethylene terephthalate films.[34-41] 

Despite the several attempts, there is still a huge gap between the reported technologies 

and the targeted specification, particularly regarding flexibility and electrochemical stability. 

Also, engineering high-performance flexible energy storage devices through a cost-effective 

and scalable method remains a challenge. Another important challenge that is shared between 

flexible and nonflexible LIBs is the limited specific capacity of the conventional graphite 

anode (372 mAh g
-1

).[42, 43] Transition metal oxides have attracted much attention and are 

rendered as the promising anodes for the next-generation LIBs due to their high theoretical 

capacity, abundance and low-cost.[44-47] Amongst them, tin dioxide (SnO2) has a theoretical 

specific capacity of 781 mAh g
-1

 as a result of the reversible alloying/dealloying process 

between Sn and Li.[48-52] However, the poor electric conductivity of SnO2 limits the rate 

capability and the cycle life of the electrodes.[53, 54] Also, the drastic volume change during 

the alloying/dealloying cycles causes serious structural disintegration problems within the 

anode and subsequently a quick capacity fading.[55, 56] Moreover, transition metal oxides 

are more mechanically rigid than graphite and are difficult to be used directly for the highly 

flexible LIBs.[16, 57, 58] One effective route to address the challenges of the poor cycle life 

and capacity fading is by reducing the dimensions of the SnO2 particles to accommodate the 
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volumetric changes. Recently, electrodes based on SnO2 nanoparticles[59, 60], nanowires[61, 

62], nanosheets[63, 64], nanotubes[65, 66], porous nanoflakes[67, 68], or hollow 

nanostructure[69, 70] have been tested. Arranging the nanomaterials into 3D architectures 

has also been investigated.[71, 72] In addition, electrodes based on core-shell structures[73, 

74], 3D hierarchical porous architectures[75, 76], and sandwich structures[77, 78], associated 

with good mechanical stability, large surface area, and numerous active sites receive wide 

exploitation in supercapacitors and batteries.[79-81] However, most of these new 3D 

structural tin dioxide materials are not suitable for flexible devices either because they have 

poor electrical conductivity, or because they require expensive methods for preparation. It is, 

therefore, necessary to develop new flexible oxide electrodes that can meet the energy and 

the mechanical flexibility requirements by combining both the flexible design approaches and 

3D hierarchical architectures into one-electrode configurations.  

In this work, we demonstrate a novel 3D hierarchical hybrid sandwich flexible structure, 

which was developed by coating thin amorphous carbon (AC) layer on a free-standing 

ultrathin SnO2 nanosheets (SnO2-NSs) film anchored on carbon fiber (CF) textile substrate 

(Fig. 1a). The three-layered structure, designated as CF@SnO2-NS@AC, was used to 

fabricate the electrodes without the addition of any binder. The new structure presents 

multiple advantages as a flexible anode for LIBs, as shown in Fig. 1b. First, the SnO2 

nanosheets are chemically bonded to the conductive carbon cloth offering a robust adhesion 

between the active materials and the substrate. Second, the free-standing ultrathin SnO2 

nanosheets are interlinked to form a 3D self-supported network, which enhances the 

structural stability and also facilitates the electrolyte diffusion within the electrode. The 

porosity of the active materials helps accommodate the volumetric changes during the 

alloying/dealloying process. In addition, the amorphous carbon layer coating provides extra 

structural protection and also prevents the agglomeration of the active materials during the 
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electrochemical reactions. Moreover, the unique sandwiched flexible structure and superior 

chemical reinforcement can ensure the flexibility, strength, and dimensional stability of the 

electrodes during repeated extreme deformation caused by bending, folding, rolling or 

twisting. The 3D hierarchical CF@SnO2-NS@AC flexible architectures show a high 

discharge specific capacity of about 968.5 mAh g
-1

 after 100 cycles at a current density of 85 

mA g
-1

, which is about 96% reversible discharge capacity retention of the 10
th

 cycles. The 

electrode has an excellent rate capability judged by the stable discharge capacity of about 

656.2 mAh g
-1

 cycled at a current density as high as 1500 mA g
-1

. In addition, the CF@SnO2-

NS@AC composite also presents a high discharge capacity of 471.2 mAh g
-1

 after 1500 

cycles at a high current density of 900 mA g
-1

.  

 

Fig. 1. Schematic illustration for the structural features (a, b) of the 3D hierarchical 

CF@SnO2-NS@AC sandwich structure on the wearable carbon cloth, digital photographs (c) 

of the as-prepared products and the photos (d) of the flexible CF@SnO2-NS@AC electrode 

during the folding (I), the rolling (II), and twisting (III) tests. 
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2. Results and discussion 

The multi-step growth processes for the 3D hierarchical CF@SnO2-NS@AC and 

CF@SnO2-NP@AC flexible electrodes are illustrated in Fig. 2a and Fig. S1. The wearable 

carbon cloth, composed of CF yarn, was chosen as the substrate material because of its well-

known flexibility and conductivity. Firstly, the SnO2-NSs and SnO2-NPs were grown on the 

surface of the CF to yield the hierarchical CF@SnO2-NS and CF@SnO2-NP structures by a 

hydrothermal method followed by a heat treatment step in the air. In the second step, both 

CF@SnO2-NS and CF@SnO2-NP were coated with a layer of AC through another 

hydrothermal and a subsequent annealing process. 

The digital photographs of the carbon cloth, the resultant 3D self-supported CF@SnO2-NS 

structure, and the sandwiched CF@SnO2-NS@AC flexible composites are shown in Fig. 1c. 

The color of the carbon cloth became darker after the hydrothermal and annealing treatment, 

which implies that the SnO2-NS layer and AC layer were successfully coated on the CF 

substrate. The optical image in Fig. 1d(I-III) display the excellent flexibility and the well-

woven structure of the CF@SnO2-NS@AC electrodes. No apparent changes were observed 

on the CF@SnO2-NS@AC electrode during the bending, twisting, folding, crumpling or the 

rolling tests. Furthermore, the mechanical adhesion between the active materials and the 

current collector was determined by the standard tape test. No visible particles or flake 

delamination could be observed on the tape. The electrode was also subjected to test under a 

stream of water, and no apparent contamination was observed in the water stream, which 

proved the strong adhesion between the electrode components NS@AC. 

We have investigated the morphology of the new electrodes using the field emission 

scanning electron microscopy (FESEM), the transmission electron microscopy (TEM), and 

the high-resolution TEM (HRTEM). The corresponding images are shown in Fig. 2b-h. The 

structure of the carbon cloth is presented in Fig. S2, which shows that the CFs have smooth 
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surfaces and an average diameter of about 9 μm. Fig. S3a-c shows the morphology of the 

CF@SnO2-NS structure after the hydrothermal reaction, which indicates that the SnO2-NSs 

are successfully grown and uniformly distributed on the CF substrate without any 

aggregations. The SnO2-NSs are interlinked to form a self-supported sponge-like architecture 

that is anchored on the conductive CF. Heating the sample in the air did not cause any 

structural damage as can be seen in Fig. 2b, c. However, the HRTEM image after the first 

heat treatment (Fig. 2d) shows distinguished lines for the atomic in-plan arrangements, 

suggesting that the SnO2-NSs are of good crystallinity. The marked interplanar distance of 

the horizontal lines is about 0.343 nm, corresponding to the (110) crystal planes of the SnO2-

NSs, while the interplanar distance of around 0.268 nm for the vertical lines belongs to the 

(101) crystal planes, confirming that the SnO2 nanostructures grow predominantly along the 

(101) crystal planes direction. The selected-area electron diffraction (SAED) pattern (Fig. S4) 

shows intermittent diffraction rings and bright diffraction points, further confirming the 

crystallinity of the SnO2-NSs after heat treatment. The EDS analysis (Fig. S5) reveals that the 

self-supported composites are mainly composed of C, Sn, and O elements. In order to 

confirm the 2D nature of the SnO2-NSs, we have isolated the SnO2 flakes from the 

composites, using sonication. Strong and prolonged sonication was needed to peel off the 

flakes and to break the strong bond with the CF. The TEM images of the isolated SnO2 

products indicate a plate-like structure (Fig. S6a, b). The average size of the isolated flakes is 

about 50 nm, which is almost one quarter of that of the as-synthesized flakes. The massive 

reduction of the size during the sonication signifies the excessive energy required to break the 

bond between CF and SnO2-NSs. By comparing the HRTEM and the SEM images, the 

thickness of the SnO2-NSs is calculated to be about 4-6 nm. 
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Fig. 2. (a) Formation scheme of the 3D hierarchical flexible composites CF@SnO2-NS@AC. 

(b, c) FSEEM and (d) HRTEM images of the CF@SnO2-NS composite after thermal treated 

at 500 °C for 3h in the air. (e, f) FESEM, (g) HRTEM images, and (h) EDS mapping of the 

CF@SnO2-NS@AC sample. The inset images show the high-resolution SEM morphologies 

of CF@SnO2-NS (b, c) and CF@SnO2-NS@AC (e, f), respectively. 

The final step in preparing the multilayer electrode was to coat the CF@SnO2-NS with a 

thin layer of AC via a facile hydrothermal method followed by annealing at 500 °C in an Ar 

atmosphere. The FESEM images of the composite after coating (Fig. 2e, f and Fig. S7) shows 

no change in the morphology of the SnO2-NSs on both of the two sides of the products. The 
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inset images of Fig. 2b, e show that the carbon cloths have kept their woven structure and 

therefore the hierarchical structure of the electrode has also been maintained. The EDS 

elemental mappings (Fig. 2h) confirmed that all the elements detected prior to the AC coating 

were still homogeneously distributed across the electrode. The diameter of the CF increased 

by about 0.5 μm after being coated with SnO2-NSs, and the change after AC coating was 

negligible. The TEM and HRTEM images in Fig. 2g and Fig. S6c, d reveal the core-shell 

structure of the SnO2-NS@AC with the thickness of the AC layer about 2-4 nm. The 

interplanar lines of the SnO2 are hardly visible in the HRTEM image (Fig. 2g) due to the full 

coverage with the amorphous AC layer. The interplanar distance on the top left corner is 

about 0.328 nm, which represents the (110) crystal plane spacing of the SnO2-NSs. The 

marked interplanar distance in the central area exhibiting the microstructure of SnO2 from the 

side is measured to be about 0.236 nm, which corresponds to the (200) planes. X-ray 

diffraction (XRD) was also used to further investigate the crystallographic structure and the 

phase purity of the CF@SnO2-NS@AC electrode. The XRD pattern of the final electrode 

materials is illustrated in Fig. 3a. The broad peak at 26° and the implicit peak at 44° are 

features of amorphous carbon of the carbon cloth substrates and the coated AC layer. All 

other diffraction peaks can be indexed to the tetragonal SnO2 crystalline structures (Pdf No. 

88-287), which strongly confirms the high purity of CF@SnO2-NS@AC. The crystallinity of 

the carbon substrate and the AC layer was further investigated with Raman spectroscopy. 

Overall, there are two first-order Raman bands; namely, the D band centred at ∼ 1350 cm
−1

 

and the G band at ∼ 1590 cm
−1

.[82] The intensity ratio between the D and G bands ID/IG has 

been widely used as a semi-quantitative method to determine the structural order or the 

crystallite size of the carbon materials.[83] It is clear from Fig. 3b that the ratio ID/IG 

decreases after coating the CF with both SnO2-NSs and AC due to the amorphous nature of 
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the AC layer.[84-86] Also, the position of the G band has shifted to the left and the separation 

between the two bands has almost vanished after the AC coating.[87, 88] 

To further gain insights into the growth mechanism of the SnO2-NSs on the carbon cloth 

substrate, the hydrothermal process products at different reaction time were studied by 

FESEM (Fig. S8). At the first stage of the process, SnO2 nanoparticles grow slowly on the 

surface defects of CF and result in a rougher surface compared with the pure CF (Fig. S8a). 

Then these SnO2 nanoparticles serve as a nucleus for the further growth, and some tiny SnO2-

NSs begin to form in a direction perpendicular to the CF surface. The SnO2-NSs fully cover 

the substrates within the first few hours of the process (Fig. S8b). The tiny SnO2-NSs then 

gradually grow in size until the integrated SnO2-NSs porous layer is formed (Fig. S8c). As 

the reaction continues, some new SnO2-NSs grow on the top of the SnO2-NSs layer. The 

SnO2-NSs are interconnected at the edges and corners, which finally lead to the honeycomb-

like porous structure (Fig. S8d). Increasing the reaction time for more than 12 hours causes 

the unwanted aggregation of SnO2-NS to form solid clusters. These clusters are not connected 

directly to the conductive substrate and are poorly connected to the older SnO2-NSs. As a 

result, many of these late-formed clusters are readily removed by water during the washing 

step. However, all grown SnO2-NSs at different treatment times have almost the same 

thickness. Therefore, we select 12 hours to be the optimal time for the hydrothermal process. 

The growth mechanism is schematically illustrated in Fig. S8e. By the way, the ratios of raw 

materials including stannous chloride and glucose were optimized as shown in Fig. S9 and 

Fig. S10. The phase purity and morphology of the CF@SnO2-NP@AC composite were also 

investigated in Fig. S11 and Fig. S12. 

The adhesion between the active materials and the current collector plays a crucial role in 

the life of the electrode and its ability to resist mechanical damage. One important aim of the 

present work is to create a chemical bond between the active materials (SnO2-NSs) and the 
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carbon cloth substrate that serves as the current collector. Therefore, we have conducted XPS 

analysis to investigate the type of bonding between the different components of the 

CF@SnO2-NS@AC electrode. The results of the XPS analysis are shown in Fig. 3d-f and Fig. 

S13. The survey spectrum in Fig. S13 indicated the presence of the typical signals of 

elements Sn (3s, 3p, 3d, 4s, 4p, 4d), O (1s), and C (1s), in agreement with the EDS analysis. 

The high-resolution C 1s spectrum can be split into three distinguished peaks corresponding 

to the C=C bond and some other different oxygen-containing functional groups such as C-O 

and C=O bonds (Fig. 3d).[89] The symmetric XPS peaks centred at 487.3 and 495.7 eV can 

be ascribed to Sn-O 3d5/2 and Sn-O 3d3/2 bonding of SnO2 respectively (Fig. 3e).[56, 89] 

Furthermore, the O 1s spectrum in Fig. 3f consists of three peaks at 531.4, 532.4, and 533.4 

eV attributing to the O-Sn bond, Sn-O-C bond, and the O 1s in O2, confirming that the SnO2-

NSs is chemically bonded to CF and AC. The mass fraction of SnO2-NSs in the as-prepared 

samples was determined by the thermogravimetric analysis (TGA, Fig. S14). Both 

composites showed significant mass loss between 650 and 850 °C owing to the combustion 

of CF and AC. The SnO2-NSs loading on the CF is estimated to be about 20%, which gives a 

surface loading of 3.2 mg/cm
2
 as stated in the Experiment Section (see ESI). 

As the electrochemical performance of electrodes depends on the specific surface area of 

the CF@SnO2-NS@AC, it was evaluated by N2 adsorption/desorption isotherms (the resulted 

isotherm measured at 70 K is illustrated in Fig. S15). As shown in Fig. 3c, the specific 

surface area of the carbon cloth substrate was estimated to be 7.86 m
2
/g, increased to 17.86 

m
2
/g and 20.95 m

2
/g after being coated with SnO2-NSs and AC, respectively. In contrast, the 

BET specific surfaces (Fig. S16) of the CF@SnO2-NP (7.88 m
2
/g) and CF@SnO2-NP@AC 

(17.42 m
2
/g) are much lower than that of the SnO2-NSs-based samples, which is in excellent 

agreement with the SEM images in Fig. S12. Consequently, all the characterization results 

indicate that the CF@SnO2-NS@AC composites feature a 3D sandwich hierarchical porosity 
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structure with a high surface area, which allows for stable structural integrity, fast ion 

transport and electron transfer rates without any additives for high-performance LIBs 

applications. 

 

Fig. 3. XRD (a), Raman spectra (b), and BET specific surface area (c), XPS high-resolution 

spectra of C 1s (d), Sn 3d (e), and O 1s (f) of the as-prepared CF@SnO2-NS@AC sample. 

We have first examined the electric stability of the CF@SnO2-NS@AC at different 

bending and folding degrees (Fig. 4a and Fig. S17). Fig. 4b shows the recorded current-

potential (I-V) curves of the electrode after different repeated bending cycles, of which each 

cycle is shown in Fig. S16. It can be seen that the CF@SnO2-NS@AC presents a superior 

electrical conductivity and there is no apparent performance change in the electrochemical 

response after 200 bending cycles, indicating excellent electric stability for the 3D 

hierarchical structure. Furthermore, the current response upon applying a constant voltage 

shows negligible changes at different bending angles. Fig. 4c shows that the current is stable 

at about 17.3 mA during all the bending stages of the first cycle. After 200 repeated bending 

cycles, the value of current is 16.8 mA, and no apparent changes can be observed under 

bending. The SEM images (Fig. S18) also confirm that the CF@SnO2-NS@AC electrodes 
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can maintain superior structural integrity even after 200 bending cycles and ultrasonic 

treatment for 15 mins and after the twisting test shown in Fig. 1d. 

 

Fig. 4. (a) Illustration of bending the prepared CF@SnO2-NS@AC flexible composites at 

different angles in one cycle according to the 3-point bending test setup, (b) current-potential 

curves of the as-prepared CF@SnO2-NS@AC flexible composites after different repeated 

bending cycles, (c) current-time curves of the composite samples at various bending angles of 

the 1
st
 and 200

th
 cycles, and the inset images show the corresponding bending angles for 

measurement, photographs (d) of the tensile strength test on the carbon cloth at stages I and II, 

and the stress-strain curves (e) of CF@SnO2-NS@AC and carbon cloth substrate. 

Moreover, the dynamic mechanical analysis in different directions (Fig. 4d) was examined 

by the tensile strength testing. The stress-strain curve in Fig. 4e shows that the mechanical 

properties of the CF@SnO2-NS@AC composites display insignificant variations in various 

directions arising possibly from their braided structure. A more considerable tensile strength 

at Stage I is maintained about 18.6 MPa with an excellent elongation of 19.7%, and a smaller 

tensile strength at Stage II is about 11.5 MPa with 36.8% strain, which indicates an excellent 

strength and elastic deformation capability. The values of both tensile strengths and 

elongations in all directions are much larger than those of the carbon cloth (Fig. 4f), due to 
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the contribution of both SnO2-NSs and AC layers (Fig. S19). The mechanical strength of the 

CF@SnO2-NS@AC composite is superior to that reported in the literature for any published 

flexible binder-free electrodes (Table S2 in the ESI). These results further demonstrate the 

excellent mechanical flexibility and the outstanding electrical and electrochemical stability of 

the as-prepared 3D hierarchical CF@SnO2-NS@AC electrodes.  

Motivated by the outstanding mechanical and electrical properties of the CF@SnO2-

NS@AC composite, we have investigated its electrochemical performances as a binder-free 

electrode (anode) for LIBs. The CV curves were recorded in a voltage range of 0.01-3V at a 

constant scanning rate of 0.5 mV s
−1

 (Fig. 5a). Three reduction peaks can be detected in the 

initial cathodic sweep. The weak cathodic peak located at 1.68 V may be assigned to the 1
st
 

cycle irreversible decomposition of SnO2 to metallic Sn (equation 1) and the formation of the 

solid electrolyte interphase (SEI) according to equation 2, which disappears in the following 

cycles to be replaced at a lower potential of 1.22 V.[19, 90-93] The peak at 0.77 V may be 

attributed to the reduction reaction of Sn and Li
+
 (equation 3) for lower values of x, and the 

peak at around 0.02 V can be ascribed to the continuation of the multi-step alloying process 

and the formation of various LixSn compounds at higher values of x (equation 3).[93-97] As 

described in equation 4, the participation of the CF and low crystallinity AC is also indicated 

especially from the cathodic peak of 0.02V.[74, 98] For large parts of the C, both the Sn and 

the C cathodic peaks will overlap especially for the higher values of x in equation 3.[53] The 

peak corresponding to the formation of the SEI disappears in the following cycles and the Sn 

multi-step alloying peak shifts toward higher potential.[99-101] Another peak appears in the 

cathodic scan at ~1.2 V starting from the second cycles, which may suggest that the reduction 

of SnO2 is taking place at lower overpotentials offering some reversibility as shown in the 

anodic peak at 1.25 V.[95, 102, 103] 

SnO2 + 4Li
+
 + 4e

-
 → Sn + 2Li2O                                                   Eq. (1) 
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Li
+
 + e

-
 + electrolyte → SEI films                                                  Eq. (2) 

Sn + xLi
+
 + xe

-
 → LixSn (0<x<4.4)                                                   Eq. (3) 

C + xLi
+
 + xe

-
 → LixC                                                             Eq. (4) 

The anodic scan shows almost similar behaviour for the first and the subsequent cycles. The 

peaks at 0.29 and 0.51 V can be assigned to the dealloying process of LixSn, intermetallic 

compounds at the lower end overlapping with any C deintercalation.[94, 95, 104, 105] The 

broad peak at about 1.25 V might represent the partially reversible oxidation of Sn into 

SnOx.[103, 106-108] All the reduction and oxidation peaks are almost in the same position 

for all the subsequent cycles, revealing the excellent electrochemical reversibility of the 3D 

hierarchical CF@SnO2-NS@AC electrode.  

Fig. 5b presents the galvanostatic charge-discharge (GCD) curve of the flexible 

CF@SnO2-NS@AC sample at a constant current density of 50 mA g
-1

. The initial discharge 

and charge specific capacities are calculated to be 1253 and 1076 mAh g
-1

, respectively. The 

initial Coulombic efficiency (CE) is 85.9%. The initial irreversible capacity loss may be 

attributed to the irreversible oxidation of lithium to form SEI film on the electrode 

surface.[80, 109] However, most conversion reactions in the CF@SnO2-NS@AC structure 

may be more reversible than other SnO2-based electrodes, which also can be verified by the 

CV (Fig. 5a) and GCD (Fig. 5b) curves. This may stem from the unique sandwich 

CF@SnO2-NS@AC structure and the synergy of the outside AC layer, [95] which finally 

leads to a high initial CE value of 85.9%. Similar to CV results, the discharge curve has 

plateaus between 0.1-1 V and the charge has plateaus between 0.1-1.6 V associated with the 

alloying/dealloying process of LixSn.[110, 111] The discharge and charge capacities in the 

second cycle decrease to 1073 and 1066 mAh g
-1

, respectively, which corresponds to a CE of 

99.3%. The obtained capacity is higher than the theoretical capacity of SnO2 (781 mAh g
−1

), 

suggesting a possible contribution to the capacity from the CF substrate and the p partially 
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reversible redox reaction involving Li2O.[101, 112] After the first cycle, both the charge and 

discharge curves show no visible changes, indicating the excellent reversibility of the 

CF@SnO2-NS@AC electrode. 

 

Fig. 5. Electrochemical performance of the as-prepared 3D hierarchical CF@SnO2-NS@AC 

composite directly used as anode with pure Li foil: (a) CV curves at a scan rare of mV s
−1

 

from 0.01 to 3 V, (b) GDC voltage profiles for the first three cycles at a current density of 50 

mA g
-1

, (c) cycling performance in comparison to CF@SnO2-NP@AC and carbon cloth at a 

current density of 85 mA g
-1

 and the corresponding CE of CF@SnO2-NS@AC, (d) rate cycle 

performance at different current density, (e) long-term cycling performance at 900 mA g
-1

 for 

1500 cycles. 
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The cycling behaviour of the CF@SnO2-NS@AC electrode was further investigated at 

different current densities and compared with that of the controlled sample CF@SnO2-

NP@AC. Fig. 5c presents the cycling capacities of both electrodes as well as that of the 

carbon cloth substrate at the current density of 85 mA g
-1

 (the current density in the first five 

cycles is 50 mA g
-1

 to achieve a more stable activation process). The CF@SnO2-NS@AC 

electrode shows the highest specific capacity and the best cycle stability of all the tested 

materials. The capacity of the CF@SnO2-NP@AC electrode dropped from 1270 mAh g
-1

 to 

336 mAh g
-1

 after only 50 cycles. This significant capacity fading can be attributed to the 

dense structure of the electrode, which could not tolerate the volume expansion during the 

alloying/dealloying cycles (Fig. S20, Fig. 6a). The carbon cloth substrate displays poor 

cyclability, with the capacity dropping to less than 30 mAh g
-1

 after 50 cycles. In contrast, the 

CF@SnO2-NS@AC electrode can still maintain high and stable discharge and charge 

capacities of 968.5 and 968.6 mAh g
-1

 after 100 cycles at 85 mA g
-1

, which are about 96% 

capacity retention to those after the initial 10 cycles (Fig. S21). It is worthy of note that the 

CE of the flexible CF@SnO2-NS@AC composites remains almost 100% after the first cycle 

and keeps unchanged in the following cycles, suggesting remarkable energy conversation 

efficiency. In comparison, the CF@SnO2-NP@AC electrode shows a much lower CE of 

74.8%, in the first cycle as presented in Fig. 5c. The rate capabilities of the CF@SnO2-

NS@AC were evaluated by recording the GCD at different current densities ranging from 50 

to 1500 mA g
-1

, as shown in Fig. 5d. Although the specific capacities decrease with the 

increasing current densities, the free-standing CF@SnO2-NS@AC composite anode still 

presents a superior reversible capacity and prominent energy conversation efficiency. When 

the current densities increase to 1500 mA g
-1

, the CF@SnO2-NS@AC electrode can still 

deliver the discharge capacity of 656.2 mAh g
-1

 with a CE of about 100%. When the current 

density returns to 600 mA g
-1

, the discharge capacity of as high as 820.1 mA h g
-1

 is 
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recovered quickly. These results reveal the outstanding rate capability of the flexible 

CF@SnO2-NS@AC composites. Moreover, the flexible CF@SnO2-NS@AC electrode also 

presents a good high current cycling stability (471.2 mAh g
-1

) with almost 100% CE after 

1500 cycles at 900 mA g
-1

 (Fig. 5e). Although the CF@SnO2-NP@AC electrode exhibits a 

similar rate cycling performance as the CF@SnO2-NS@AC structure (Fig. S22), its long-

term cycling stability is poor. The CF@SnO2-NP@AC electrodes which could maintain a 

specific capacity of 235.1 mAh g
-1

 after 1000 cycles at 900 mA g
-1

 (Fig. S23). Such a high 

capacity, excellent cycling stability and rate capability are also not reported in the literature 

for SnO2-based composites anode materials (Table S3 in the ESI). 

The remarkable overall electrochemical performance of the CF@SnO2-NS@AC flexible 

electrode can be attributed to several factors. First, the ultrathin 2D SnO2-NSs uniformly 

interconnect together to form a 3D porous sponge-like structure with numerous open voids 

and large specific surface area, which could increase the available electrode-electrolyte 

contact interface, shorten the diffusion channels for Li
+
 ions, and facilitate the electrolyte 

access to the electrode interior.[106, 113] Second, the free-standing SnO2-NSs interlinked 

structure could tolerate the huge volume change arising from the repeated alloying/dealloying 

process.[36, 114] Third, the AC coating also provides a unique protection for maintaining the 

structural integrity of the electrode materials during the discharge/charge cycles, as shown in 

Fig. 6b. The SEM images after different cycles indicate that the 3D porous sponge-like 

structure could retain their original morphology covered with a gel-like SEI film (Fig. 6c-e 

and Fig. S24).[65] Finally, the highly conductive CF and AC layers are tightly connected 

with SnO2-NSs through chemical bonds, forming an efficiently conductive network for 

electron and ion transport. The Nyquist curves of the electrochemical impedance 

spectroscopy (EIS) show that contact and charge transfer resistances of both CF@SnO2-

NS@AC and CF@SnO2-NP@AC composites are remarkably low, due to the similar 
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semicircle diameter to those of conductive carbon cloth electrode in the high-frequency 

region (Fig. 6f, Fig. S25, and Table S4). The diameter of the semicircle in the EIS spectra of 

CF@SnO2-NS@AC reduced significantly after the 5
th

 and 100
th

 cycles as shown in Fig. 6g, 

suggesting the reduction in the charge transfer resistance (Table S4). The improvement of the 

overall conductivity of the electrode after several cycles could be attributed to the enhanced 

inter-structure contact and improved electronic transfer between carbon and LixSn.[115] 

Furthermore, the AC coating layer can prevent the agglomeration of SnO2-NSs and the 

following intermediate products, which can improve the reversibility of the 

lithiation/delithiation reactions.[80, 106] With synergetic interaction between the tight growth 

on CF substrate and meritorious protection of AC coating, the flexible CF@SnO2-NS@AC 

composites could even keep the structure and electrochemical properties of electrode stable 

under cycles of external bending stress. Benefiting from the aforementioned advantages, the 

novel 3D hierarchical CF@SnO2-NS@AC flexible architectures exhibit an enhanced 

reversible electrochemical performance. 
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Fig. 6. Schematic illustrations for structural collapse mechanism (side cross-section view) of 

the electrodes CF@SnO2-NP@AC (a) and CF@SnO2-NS@AC (b) upon many cycles, 

FESEM images of the 3D hierarchical CF@SnO2-NS@AC composite electrode after 

discharge/charge process for (c) 2, (d) 5, and (e) 100 cycles at 85 mA g
-1

, (f) Nyquist plots of 

the carbon cloth and CF@SnO2-NS@AC electrode at the amplitude alternating current 

voltage of 0.5 mV, (g) the EIS spectra of CF@SnO2-NS@AC after various discharge/charge 

cycles. 

 

Conclusion 
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In conclusion, we reported a novel 3D hierarchical flexible architecture by coating thin AC 

layer on the free-standing ultrathin SnO2-NSs anchored on CF yarn in wearable carbon cloth 

substrate, via a simple hydrothermal process followed by carbon coating. The ultrathin SnO2-

NSs were vertically grown on the CF, homogenously interconnected together to form a free-

standing sponge-like porous structure, and finally protected by a thin AC layer outside. The 

as-prepared flexible CF@SnO2-NS@AC composite anode delivered an excellent mechanical 

strength and remarkable strain elongation in various directions, indicating electrochemical 

stability under external bending stress. After being used as a binder-free anode for LIBs, 

CF@SnO2-NS@AC presented excellent electrochemical performances at room temperature. 

Notably, the CF@SnO2-NS@AC electrode materials displayed a high reversible discharge 

specific capacity of 968.5 after 100 cycles at 85 mA g
-1

, which is about 96% capacity 

retention to those after the initial 10 cycles. An extraordinary rate capability was obtained. A 

long cycle life with a high capacity of 471.2 mAh g
-1

 and almost 100% CE after 1500 cycles 

at 900 mA g
-1

 was achieved. Overall, this unique 3D hierarchical structure based on the 

wearable carbon cloth substrate offers such advantages as the easy approach and large contact 

interface with liquid electrolyte contributing to shortened path and diffusion channels of Li
+
, 

free-standing interconnected structure for tolerating the considerable volume change, special 

protection for maintaining the structural integrity during discharge/charge process, tight 

chemical bonding between the SnO2-NSs and the CF (or AC) layer for highly electron and 

ion conductive network, flexible AC cover for preventing agglomeration, as well as excellent 

mechanical flexibility and electrical stability for the external strain accommodation. All these 

could make the 3D hierarchical structure a strong candidate with significant potential 

prospects for high-performance flexible LIBs. This designed strategy may also inspire 

opportunities for preparing oxide flexible anode materials with the 3D hierarchical sandwich 

structure for next-generation wearable electrode devices. 
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