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Nanotubular structured Si-based multicomponent 

anodes for high-performance lithium-ion batteries 

with controllable pore size via coaxial electro-

spinning 

Jaegeon Ryu, Sinho Choi, Taesoo Bok, and Soojin Park
*

We demonstrate a simple but straightforward process for synthesis of nanotube-type Si-based 

multicomponents by combining a coaxial electrospinning technique and subsequent metallothermic 

reduction reaction. Si-based multicomponent anodes consisting of Si, alumina and titanium silicide 

show several advantages for high-performance lithium-ion batteries. Alumina and titanium silicide, 

which have high mechanical properties, act as an effective buffer layer for the large volume change 

of Si, resulting in outstanding volume suppression behavior (volume expansion of only 14%). 

Moreover, electrically conductive titanium silicide layers located at the inner and outer layers of a 

Si nanotube exhibit a high initial coulombic efficiency of 88.5% and extraordinary rate capability. 

Nanotubular structured Si-based multicomponents with mechanically and electrically improved 

components can be used as a promising alternative to conventional graphite anode materials. This 

synthetic route can be extended to other high capacity lithium-ion battery anode materials.
 

Introduction 

Silicon (Si) has attracted much attention as one of the promising 

anode materials for next-generation lithium-ion batteries (LIBs) 

owing to its natural abundance and high theoretical specific capacity 

(3578 mA h g-1, Li3.75Si, at room temperature).1 However, its cycling 

performance is unsatisfactory for practical use in LIBs because its 

huge volume expansion (>300%) upon repeated cycles results in 

severe pulverization, loss of electric contact, and dramatic capacity 

fading.2, 3 Also, poor intrinsic properties of Si such as the low 

electronic conductivity (~10-3 S cm-1) and slow lithium diffusion 

(diffusion coefficient 10-14 ~ 10-13 cm2 s-1) have impeded utilization 

of its full capacity and application to high power and energy density 

tools.4-10  

To solve these critical problems, nanostructured Si, including 

nanoparticles,11, 12 thin films,13-16 nanowires,17, 18 and hollow 

structures (e.g., hollow spheres and nanotubes),19-26 has been 

developed. Among these options, one-dimensional (1D) 

nanostructured Si-based materials have shown excellent 

electrochemical properties in LIBs for several reasons. First of all, 

they can accommodate the enormous volume expansion of Si and 

reduce the lithium ion diffusion pathway, due to their small axial 

dimension. Furthermore, they show improved electron transfer 

through the axis. This high lithium ion and electron transport kinetic 

can mediate the poor intrinsic conductivity of Si-based materials, 

leading to suitable applications in electronic devices requiring high 

power density.  

Along with a growing need for 1D material, a great diversity of 

synthetic methods has been contrived. Top-down approach from 

chemical etching of Si wafers,27, 28 chemical vapor deposition 

growth,29-31 and electrospinning32-34 are representative examples for 

synthesizing 1D Si-based materials. As repeatedly shown in the 

literature, polymeric and/or inorganic 1D nanofibers can be simply 

drawn out by means of the electrospinning process. Recently, Yoo et 

al. demonstrated synthesis of Si nanotubes by combining electrospun 

polyacrylonitrile nanofiber with silica coating and subsequent 

magnesiothermic reduction.35 They used well-known method for 

preparing Si via magnesiothermic reduction of silicon dioxides. 

During the reduction, tremendous amount of heat was generated to 

cause structural disruption. That is why as-prepared Si nanotubes 

showed crushed and shrunken tubes. Unlike the magnesiothermic 

reduction, aluminothermic reduction using aluminium reductant, 

delivers less amount of heat. In view of the large-scale production, 

since batch size is directly proportionated to thermodynamically 

generated heat, aluminothermic reduction is a suitable process to 

increase the batch size. As another approach, Park et al. reported Si 

nanotube lithium-ion battery anodes with greatly enhanced 

electrochemical performances.21 However, their process, combining 

an anodic aluminum oxide template with chemical reduction of 

organic Si precursor, was very expensive, low yield (<5%), and 

complicated multi-step process. Along with above technique, there 

are various methods for preparing a tubular structure, in particular 

SiO2 nanotubes. Most of fabrications are based on template-assisted 
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or surfactant-aided preparation methods. Using different templates or 

surfactants such as metal oxides, metals, metal salts, carbon 

nanofibers, and organic surfactants, high purity and macro-/nano-

dimensional SiO2 nanotubes can be fabricated.36-41 Furthermore, 

atomic layer deposition (ALD) can easily yield exceptionally 

conformal and uniform SiO2 nanotubes by extent of atomic-level. 

Among them, one of the effective methods to prepare the tubular 

structure is coaxial electrospinning using dual nozzles with 

following advantages; (i) it is specialized to synthesize core/shell 

and hollow tubular organic and/or inorganic fibers in one-pot 

process,42-48 (ii) it has the controllability on the wall and core size of 

nanotubes by simply tuning the flow rates and also we can easily add 

other metal oxide precursors to make hybrid materials in the 

preparation of electrospinning solution, and (iii) electrospinning 

technique can produce long-dimensional fibers with a high product 

yield for further processing. For these reasons, coaxial 

electrospinning method is one of the effective tools to synthesize 

tubular metal oxide and/or hybrid metal oxides. To the best of our 

knowledge, direct fabrication of Si-based nanotubes by the coaxial 

electrospinning method has not yet been reported. 

In addition to nanostructuring of Si, numerous coating materials, 

including carbon materials,49-54 metal,55 metal oxide,56 and metal 

silicide,57, 58 have been introduced on the surface of Si-based 

materials. Most surface treatments have focused on either increasing 

mechanical property for Si anodes with a large volume change or 

enhancing electrical conductivity. Recently, Park et al. demonstrated 

that a metal silicide coating can significantly enhance both 

mechanical and electrical properties of micrometer-sized Si 

particles.57 The metal silicide-coated Si anodes showed remarkably 

improved cycling stability and high rate capabilities. Those 

enhancements were attributed to increased electrical conductivity, 

good mechanical property, and a stable solid-electrolyte-interface 

formation.57, 58 Furthermore, Memarzadeh et al. reported ALD 

method on Si nanotube prepared by sacrificial template. They also 

showed the effect of various coating materials (e.g., TiO2, TiN, and 

Al2O3) on the electrochemical properties of Si nanotubes.59 By ALD, 

coating level can be precisely controlled, thus it has been 

implemented to thin-film LIBs and also has great advantages for 

coating on the surface of irregularly nanostructured materials.60 

Among strategies mentioned above, a hybridized approach, 

combining structural and interfacial effects, is one of the effective 

methods to make high-performance Si battery anodes. However, 

nanotubular Si-based materials with both structural integrity and 

interfacial effect have not been described in other reports. 

Herein, we demonstrate a one-pot synthetic route for nanotubular 

Si-based multicomponents utilizing two different well-known 

processes, coaxial electrospinning and subsequent aluminothermic 

reduction reaction. Coaxial electrospinning enables us to make a 

nanotubular structure of Si-containing materials, while the 

aluminothermic reaction can successfully convert silica to Si and 

form multicomponents including Si, alumina, and titanium silicide. 

The nanotubular Si-based multicomponent anodes show 

significantly improved electrochemical performances including 

increased initial coulombic efficiency (88.5%), cycling stability 

(~75% after 280 cycles), high rate capability (a specific capacity of 

650 mAh g-1 at 5 C  rate), and extremely suppressed volume 

expansion (~14% after 100 cycles) compared to bare Si nanotubes. 

Experimental 

Coaxial electrospinning process. For the core solution, heavy 

mineral oil was used (Aldrich). For the sheath solution, poly (vinyl 

pyrrolidone) (PVP, average Mw ~ 1300K, Aldrich) and tetraethyl 

orthosilicate (TEOS, Aldrich) were mixed together in ethanol 

solvent for enough time to form a transparent solution. In a typical 

process, the solutions were prepared by mixing 2.36 g of PVP, 3.0 g 

TEOS, 0.5 g Pluronic P123 (average Mn ~ 5,800, Aldrich), and 10 g 

absolute Ethanol, and then heated up to 80 ℃ , simultaneously 

adding 0.1 g of 0.1 M HCl. It was injected to the outer syringe pump 

(NE - 1000, New Era Pump Systems) channel, and heavy mineral oil 

was added to the core syringe pump channel, connected to a metallic 

needle. These two types of solutions were fed at a certain constant 

rate. The optimized feeding rate of polymer solution was set at 0.9 

mL/h. In addition, the oil rate was varied from 0.5 to 5 μL min-1. 

Aluminum foil was placed 10 cm away from the needle to serve as a 

collector. All experiments were conducted at an accelerating voltage 

of 20 – 23 kV at room temperature in air. As-spun 

oil@polymer/SiO2 fibers were peeled off from the collector, 

followed by natural drying at room temperature overnight for 

complete hydrolysis of TEOS. After drying, the collected fibers were 

immersed in n-hexane solution (Aldrich) for 24 hours to extract oil. 

Furthermore, pure SiO2 nanotubes were obtained by calcination of 

polymer/SiO2 nanotubes at 250 oC (5℃min-1 rise) for 1 h (for 

stabilization) and 600 oC for 3 h (calcination of polymer and residual 

oil). In the TiO2 coating system, 2 g of as-prepared SiO2 nanotubes 

and 0.6 g hydroxypropylcelluose (average Mw ~ 100K, Aldrich) 

were well-dispersed in 100ml absolute ethanol for 30 min. Then, a 

certain amount of titanium butoxide (TB, Aldrich) was added to the 

above solution and it was further stirred for 2 h. With loading 1mL 

of DI water, TiO2 was well coated on the in/out surface of the SiO2 

nanotubes. Finally, by heating these fibers up to 600 oC for 3 h, TiO2 

coated SiO2 nanotubes can be obtained (Fig. S1 and Fig. S2b) 

Aluminothermic reduction of SiO2-based nanotubes. 1 g of TiO2 

coated SiO2 nanotubes were mixed with 0.6 g of Al powder (3 – 5 

μm) in ethanol so that the powders were uniformly mixed together. 

After completely drying out the solvent, the mixture was put on an 

alumina boat and placed in a tube furnace, heated up to 900 oC for 6 

h under Ar atmosphere. Then, the product was leached out with 

concentrated H3PO4 and 0.5 M HF for eliminating undesirable 

materials such as an excess amount of Al2O3 and SiO2. The 

fabricating condition for non-coated Silicon nanotubes is equivalent 

to the above experimental procedure except for the TiO2 coating 

process. The carbon coating process was conducted by thermal 

deposition of toluene vapor at 900 oC for 8 min  

Characterizations. Morphology of tubular Si nanotubes and 

different coating layers were characterized by scanning electron 

microscope (Verios 460, FEI) at an accelerating voltage of 10 kV, 

transmission electron microscopy (TEM, JEM-2100) at an 

acceleration voltage of 120kV, and high – resolution transmission 

electron microscopy (HR-TEM, JEM-2100F). TEM (JEM-2100) 
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was also used to investigate tube structures before and after cycling. 

A carbon coating layer on Si nanotube was characterized by Raman 

spectrometry (Alpha 300s, WITec GmbH) operating with a laser 

excitation wavelength of 532 nm and elemental analysis. X-ray 

diffraction (D8 ADVANCE, Bruker) was used to investigate tubular 

typed silicon nanotubes with titanium silicide coating layers. 

Electrochemical test. The battery performance was measured by 

galvanostatic cycling (WonATech WBCS 3000 battery measurement 

system) of coin cells with the fabricated titanium silicide coated 

silicon nanotubes along with carbon coated and non-coated silicon 

nanotubes as the working electrode and lithium foil as the reference / 

counter electrode. The working electrodes were prepared using a 

conventional slurry method with a series of silicon nanotubes, super 

P, 1:1 mixture of poly (acrylic acid) (PAA, weigh average molecular 

weight ~100K, Aldrich), and sodium carboxymethyl cellulose 

(CMC, 4 wt% in H2O, Aldrich) as a binder with a mass ratio of 

7:1.5:1.5. The mass loading of active materials, except binder and 

conducting agent, was ~ 1.59 mg cm-2 and ~ 2.45 mAh cm-2. The 

potential windows for all cycled cells were between 0.01 and 1.2 V 

versus Li/Li+. The electrolyte comprised 1.3M LiPF6 in 3:7 v/v 

ethylene carbonate / diethyl carbonate with 10 wt% fluorinated 

ethylene carbonate additives to improve the cycling stability. 

Polyethylene film (Celgard 2400) was used as a separator. These 

were all carefully assembled in an Ar-filled glove box. After cycling, 

each cell was opened in the glove box and washed with dimethyl 

carbonate to remove residual electrolyte and any other impurities. 

Then it was dried at room temperature. EIS measurement was 

carried out between 10000 – 0.1 Hz with an amplitude of 10 mV at a 

fully-delithiated state (~ 1.2V). 

Results and discussion 

Synthesis of nanotubular Si-based multicomponents 

The typical set up for coaxial electrospinning is illustrated in Fig. 

1a. Two types of liquids were fed into a metallic dual nozzle with 

two channels connected to a spinneret. For the inner core part, heavy 

mineral oil was fed at a rate ranging from 0.5 to 5 μL min-1. For the 

outer sheath part, we prepared a polymer solution containing 

poly(vinyl pyrrolidone) (PVP) and tetraethoxysilane as a silica 

source in absolute ethanol. Under a moderate electric field of 20-23 

kV, core@shell (oil@polymer/SiO2) nanofibers were drawn out. 

After oil extraction by n-hexane and subsequent calcination, pure 

SiO2 nanotubes were successfully produced (ESI, Fig. S1 and S2a). 

Next, titania (TiO2) was uniformly coated on the inner and outer 

surface of the SiO2 nanotubes by means of co-precipitation (ESI, 

Fig. S1 and S2b). Then, TiO2-coated SiO2 nanotubes were 

chemically reduced via aluminothermic reduction reaction. Finally, 

we synthesized nanotubular Si-based multicomponents consisting of 

Si/Al2O3 and titanium silicide coating layers (Fig. 1b). The final 

product, titanium silicide-coated Si-based multicomponents, was 

firstly confirmed by X-ray diffraction (XRD) analysis (Fig. 1c). The 

XRD patterns showed the presence of Si (85.1 wt%), Al2O3 (9.5 

wt%), and two types of titanium silicide (Ti5Si3/TiSi2, 5.4 wt%) in 

the Si-based multicomponents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 (a) Schematic illustration of setup for coaxial electrospinning. 

The end-spinneret has separate paths for oil (inner) and 

polymer/inorganic solution (outer). (b) Experimental process for 

fabricating titanium silicide-coated Si-based multicomponent 

nanotubes. (c) XRD pattern of nanotubular Si-based 

multicomponents consisting of Si, Al2O3, and TixSiy. SEM images 

showing (d) SiO2 precursor-containing PVP nanotubes, (e) pure SiO2 

nanotubes, (f) TiO2-coated SiO2 nanotubes, and (g) nanotubular 

TixSiy-coated Si-based multicomponent. 

Figure 1d-1g show low-magnified and high-magnified (Inset) 

scanning electron microscopy (SEM) images of samples obtained 

from each process described in the schematic illustration (Fig. 1b). 

The detailed mechanism of the coaxial electrospinning process will 

be discussed later. With high stability, heavy mineral oil was stuck 

in the core part of tubes, which shows clear phase separation from 

the shell part containing PVP and silica source (Inset of Fig. 1d). 

Pure SiO2 nanotubes were produced with smooth surfaces and 

dense shells after oil extraction and calcination process in air (Fig. 

1e). Then, the TiO2 coating process was simply carried out by the 

co-precipitation method with the help of pre-coated polysaccharide 

(hydroxyl propyl cellulose, HPC). Firstly, numerous hydroxyl 

groups of HPC were strongly anchored to the surface of a SiO2 

nanotube. Secondly, a titanium precursor, titanium butoxide, was 

incorporated into the HPC covered sites in the SiO2 nanotube and 

subsequent addition of deionized water led to the formation of TiO2-

coated SiO2 nanotubes. When the obtained samples were thermally 

treated in air, the HPC polymer was completely removed while 

crystalline TiO2-coated SiO2 nanotubes were obtained (Fig. 1f and 

ESI, Fig. S1 and S2b). Crystalline phase of TiO2 was matched with 

anatase after thermal annealing (ESI, Fig. S1). This will be 

converted to rutile phase during the metallothermic reduction. 

However, regardless of TiO2 phase, complete conversion of 

crystalline TiO2 to titanium silicide during the metallothermic 

reduction was observed. It should be noted that the TiO2 layers were 
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distributed not only on the outer surface of the nanotubes, but also 

on the surface of the inner wall. As a final step, we employed 

metallothermic reduction which can be readily applied to a reduction 

of metal oxides. Based on the principles of the Ellingham diagram, 

various metal reductants (e.g., Mg, Al, Ca, etc.) are available.61-65 

Most metallothermic reductions are exothermic reactions which 

bring explosive thermal shock to the overall system. Accordingly, 

they have been suitable for manufacturing metal nanoparticles 

utilizing tremendous amounts of heat.66, 67 In contrast, 

nanostructured metal oxides such as nanotubes, nanowires, and 

hollow spheres are easily damaged by thermal shock. When we 

carried out magnesiothermic reduction of SiO2 nanotubes prepared 

in this study, all tubular structures totally collapsed due to the 

tremendous exothermic heat (ESI, Fig. S3). That is why we 

employed Al reductant which exhibits much lower exothermic heat 

compared to Mg.68-70 At the same time, Al2O3 by-products formed 

by the aluminothermic reaction can act as a buffer layer for the 

structural integrity of Si-based anode materials (Equation 1). For 

these reasons, aluminothermic reduction of TiO2-coated SiO2 

nanotubes is an effective strategy to make nanotubular Si-based 

materials. Another important point is that Al can reduce both SiO2 

and TiO2 to Si and Ti, respectively, and titanium silicides can be 

formed at the interface between Ti (TiO2) and Si. As described in the 

following equations, reduced Ti and Si can make titanium silicide 

with a form of TiSi2 (Equation 2). Furthermore, from Equation 3 and 

Equation 4, titanium silicide with different composition also can be 

formed. The XRD pattern of Fig. 1c shows that two types of 

titanium silicide were successfully formed on the Si surface. It was 

coated on the inner and outer surface of Si nanotube walls as shown 

in the line scan profile and energy dispersive X-ray spectroscopy 

(EDS) mapping (Fig. 2f and 2g).  

3SiO2 + 4Al → 3Si + 2Al2O3  (1) 

Ti + 2Si → TiSi2  (2) 

TiO2 + 4Si → TiSi2 + 2SiO ↑ (>900 oC)  (3) 

yTiSi2 + (2x-y)Ti → 2TixSiy  (4) 71-73 

 

 

 

 

 

 

 

Fig. 2 TEM images of four types of nanotubes of (a) SiO2, (b) Si, (c) 

Si taken from rectangular box seen in (b), (d) SiO2@TiO2, (e) 

Si@TixSiy, (f) line-scan  graph of Si@TixSiy, and (g) EDS mapping 

images of Si@TixSiy. 

After the aluminothermic reaction, a large amount of Al2O3 was 

contained in the nanotubular Si-based multicomponents. An excess 

amount of electrochemically inactive Al2O3 should be avoided. 

However, it is known that extremely stable Al2O3 phase (corundum) 

can be only etched by concentrated phosphoric acid or harsh mixture 

of acids at elevated temperature. In case of phosphoric acid, it can 

eliminate metal silicides as well as Al2O3. Thus, proper etching 

condition should be used to preserve the tubular structure and to 

selectively remove Al2O3. If we etched Al2O3 completely from the 

Si-based multicomponents (e.g., at 150 oC for more than 2 h), 

tubular structure was fatally damaged, leading to eventual collapse to 

form almost nanoparticle (ESI, Fig. S4a-4d). Their electrochemical 

performance showed a fast capacity decaying results, due to a lack of 

structural integrity, while TixSiy-coated Si nanotube (without Al2O3 

layer) exhibited significantly improved cycling performance (ESI, 

Fig. S4e and S4f). Through an optimized leaching process  (at 150 

oC for 90 min) in concentrated phosphoric acid, 4-5 wt% of Al2O3 

was left over in the Si-based materials to increase structural integrity 

of the final multicomponent anodes during battery operation. Finally, 

nanotubular structured TixSiy-coated Si/Al2O3 multicomponents 

were successfully synthesized as shown in Fig. 1c and Fig. 2e-2g. 

Additionally, we also prepared Si-based nanotubes without titanium 

silicide coating layers. Even in the absence of TiO2 coating layers, 

SiO2 nanotubes (Fig. 2a) were successfully converted to Si 

nanotubes via the aluminothermic reduction process without a 

significant morphology change (Fig. 2b and ESI, Fig. S5).  A high-

magnified TEM image of as-synthesized Si nanotubes shows lattice 

fringes of 0.312 nm that are consistent with the typical d-spacing 

value of Si (111) plane (Fig. 2c). 

Initially, bare Si/Al2O3 nanotubes were simply fabricated via 

aluminothermic reduction of SiO2 nanotubes. Fig. 2a shows a TEM 

image of pristine SiO2 nanotubes which have a highly smooth 

surface with nanotubular structure. After chemical reduction of the 

SiO2 nanotubes, as-synthesized Si/Al2O3 nanotubes kept the original 

nanotubular shape, but made the diameter smaller due to removal of 

oxygen during the aluminothermic reduction (Fig. 2b). When TiO2 

layers were coated on the surface of the inner and outer walls of 

SiO2 nanotubes, nanotubular TiO2-coated SiO2 (SiO2@TiO2) was 

successfully obtained without destroying the original morphology of 

the SiO2 nanotubes (Fig. 2d). Subsequent aluminothermic reduction 

of the SiO2@TiO2 sample led to the formation of tubular shaped 

TixSiy-coated porous Si/Al2O3 (Si@TixSiy) (Fig. 2e). As shown in 

line scan profiles of Fig. 2f and EDS mapping of Fig. 2g, Al2O3, by-

products formed by aluminothermic reduction and Ti (in the form of 

TixSiy) were uniformly distributed over the entire tubular structure. 

In addition, we prepared also carbon-coated Si nanotubes simply by 

thermal deposition of toluene at 900 oC for 8 min that is optimized 

conditions. Amount of carbon coating layers was characterized by 

the elemental analysis (~9 wt%) and Raman spectroscopy. Raman 

spectrum of carbon-coated Si nanotubes exhibited the ratio of 

disordered (D) band and graphene (G) band (D/G ratio) is 2.08, 

demonstrating that amorphous carbon layers were coated on the 

surface of Si-based nanotubes (ESI, Fig. S6). 

Tuning of dimension of SiO2 nanotubes 
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The dimension of SiO2 nanotubes is easily tunable by controlling 

the coaxial electrospinning process. The coaxial electrospinning 

process is composed of two steps: (i) stabilization between two 

different liquids and (ii) pulling out continuous stretching fibers 

under an electric field. The first step is the crucial part to determine 

whether or not the whole electrospinning process could work. Two 

different solutions are joined together at the end of a dual nozzle. If 

they cannot form a stable interface, they get mixed up so that no 

tubular shape fibers will be obtained. In our case, the solvent for the 

polymer solution is ethanol, which can disentangle the heavy oil into 

itself. Regulating this instability can be done by tuning the pumping 

rate of both oil and polymer solution. In particular, this system was 

strongly dependent on oil rate. If the oil rate exceeds a certain level, 

clear separation of core and sheath cannot be formed. To form 

continuous hollow fibers, the feeding rate of oil requires at least 0.5 

μL min-1. Below this rate (e.g., 0.01 μL min-1), no pore was formed 

(ESI, Fig. S7a). Conversely, when coaxial spinning was carried out 

at the upper limit of the feeding rate (10 μL min-1), spinnability 

dramatically decreased, indicating that 1D structure was hardly 

observed and most of the fibers were merged together (ESI, Fig. S7c 

and 7d). Through an optimization process, we could get the 

appropriate feeding rate of 0.5-5 μL min-1. All of the following 

experiments were carried out with a feeding rate of 1 μL min-1 at 

applied bias of 23 kV. Initially, we applied 10 kV of voltage at early 

stage of electrospinning. But, in low voltage range from 10 kV to 20 

kV, the polymeric fibers cannot be formed continuously. At these 

voltage ranges, electrospinning jet was converted to spray-like jet. 

Above 20 kV, we can obtain continuous polymeric fibers, which did 

not show any dependency on applied voltage over the lower limit of 

20 kV to 25 kV (maximum load for potentiostat).  
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Fig. 3 SEM images of SiO2 tubes fabricated from different feeding 

rates of heavy oil at a fixed feeding rate (0.9 mL h-1) of polymer 

solution. The oil feeding rates are (a) 5, (b) 3, (c) 1, and (d) 0.5 μL 

min-1, respectively. (e) Plots of pore size and shell thickness 

variation as a function of oil feeding rate. 

Also, the voltage close to maximum load was avoided for safety 

issue. That is why we selected 23 kV of voltage as optimum load. 

The second step is how well the polymer sheath solution undergoes a 

strong electric field forming continuous fibers. Under applied 

voltage ranges of 20-25 kV, charged molecules are subject to rapid 

stretching between capillary and collector. This can cause powerful 

viscous force tangential to the feeding direction. Accordingly, the 

sheath solution has force to pull the core out so that oil can be 

located in the core position with high stability. 

When we varied the feeding rate of heavy oil from 0.5 to 5 μL min-

1 at a fixed feeding rate (0.9 mL h-1) of polymer solution, it was 

shown that the total diameter of tubes did not change significantly. 

As the oil feeding rate was increased, total diameter of tubes is 

slightly increased. This is because faster feeding rate engages 

instability on overall tubular formation. As a result, dimension of 

tubes are increased for holding internal pressure. The higher the oil 

feeding rate was used, the larger pores and the thinner shells are 

formed (Fig. 3). We added error bars based on the results obtained 

from reproducibility test. In addition, it is also important to extract 

the heavy mineral oil from the core part, because remaining oil can 

act as impurities during the metallothermic reaction. In fact, the 

length scale of fibers obtained by electrospinning could be 

approximately hundreds of micrometer to a few millimeter. After 

soaking as-spun fibers in n-hexane for 1 day, when we observed the 

middle part of broken long fibers, complete holes were not made, 

indicating the existence of residual oil (ESI, Fig. S7b). That is why 

intensive heat treatment was required to completely remove all the 

residual oils and polymers at 600 oC for 3h at air. Eventually, at a 

fixed feeding rate of 0.9 mL h-1 of sheath solution, we concluded that 

oil feeding rate of 1 μL min-1 under applied voltage of 23 kV (at 10 

cm tip to collector distance), were optimum condition for 

electrospinning. All the following electrochemical tests were 

conducted with Si-based nanotubes fabricated by optimum 

conditions. 

Electrochemical performances of nanotubular Si-based anodes 

 

 

 

 

 

 

 

 

 

Figure. 4 (a) Galvanostatic charge/discharge profiles of different Si-

based nanotubes at 0.05C. (b) Cycling performances and coulombic 

efficiency of nanotube electrodes at 0.2 C (1st-5th cycles) and at 0.5 

C (6th-285th cycles). (c) Rate capability of TixSiy-coated Si nanotube 

electrode (discharge/charge rates are the same). (d) Electrochemical 

impedance spectra of carbon-coated and TixSiy-coated Si nanotubes 

after 1st and 50th cycles. 

Up to now, the surfaces of Si-based anodes and cathode materials 

with poor electrical conductivity have been modified to improve 

their electrochemical performance. In general, the surface coating 

process requires cumbersome steps and thermal treatment at elevated 
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temperature which might cause a negative effect on active materials. 

In contrast, titanium silicide coating can be easily achieved during 

the synthetic process of Si-based anode materials, in which the 

conversion of SiO2 to Si and titanium silicide coating proceeds 

simultaneously without an additional heat treatment step. In addition 

to the simple process, titanium silicide coating layers with high 

mechanical and electrical conductivity would increase the 

electrochemical properties of Si-based electrodes 

We investigated the electrochemical properties of Si nanotubes, 

carbon-coated Si nanotubes, and TixSiy-coated Si nanotube 

electrodes in a coin-type half-cell (2016R type). The first cycle 

galvanostatic voltage profiles are shown in Fig. 4a in the cut-off 

voltage range of 0.01-1.2 V at a rate of 0.05 C. The first discharge 

(lithiation) and charge (delithiation) capacity of bare Si nanotubes 

without any coating layers are 1,488 mAh g-1 and 1,230 mAh g-1, 

respectively, corresponding to a coulombic efficiency of 82.6% (Fig. 

4a). Carbon-coated Si nanotubes shows a first discharge capacity of 

1570 mAh g-1 with a higher coulombic efficiency of 86.3%. This 

enhancement is attributed to a decrease of surface resistance at an 

early stage of discharge. And, TixSiy-coated Si nanotubes exhibit a 

first discharge capacity of 1741 mAh g-1 with the highest coulombic 

efficiency of 88.5%. This extraordinary improvement results from 

characteristics of TixSiy layers which provide high electrical 

conductivity and form a stable solid-electrolyte-interface (SEI) 

layer.52 Considered the cycling stability of Si-based anode materials, 

electrical conductivity, stable SEI formation, and mechanical 

strength during cycling should be appropriately combined together. 

From this point of view, TixSiy-coated Si nanotubes have both 

advantages and exhibit superior cycling stability (capacity retention 

of ~75% after 280 cycles at the same discharge/charge of 0.5 C rate) 

(Fig. 4b). In contrast, bare Si nanotubes and carbon-coated Si 

nanotubes show capacity retention of only 2% and 43% after 280 

cycles, respectively (Fig. 4b).  

Without any protective layers on Si nanotube surface, tubular-type 

will be easily collapsed. It demonstrated that only structural effect 

was not enough to redeem the disadvantages of Si, such as a large 

volume expansion, low lithium ion conductivity, and continuous SEI 

formation derived from active material exposure. In contrast, when 

thin carbon layers were coated on the surface of Si nanotubes, it 

showed better cycling stability by enhancing electrical conductivity 

of Si and acting as a protective layer for a serious side reaction 

between electrolyte and active material. Nonetheless, the carbon-

coated Si nanotubes continuously reacted with electrolyte, leading to 

the formation of a continuous SEI layer. After 150 cycles, it was 

stabilized at charge capacity of ~380 mAh g-1. On the other hand, 

TixSiy-coated Si nanotubes showed outstanding electrochemical 

properties in long-term cycling test. The excellent electrochemical 

properties of TixSiy-coated Si nanotubes can be explained as follows: 

(i) good mechanical properties of TixSiy and Al2O3 maintain 

structural integrity of Si nanotubes, (ii) both TixSiy and Al2O3 

coating layers induce the formation of highly stable SEI layers on 

the Si surface,50,52 and (iii) nanotubular Si structure and mesopores 

formed by reduction of SiO2 significantly improve accessibility of 

lithium ions and liquid electrolytes. Moreover, when tubular-type Si 

electrodes were cycled at different C-rate ranging from 0.2 C to 10 C 

(with the same discharge/charge rate), it is noteworthy that the 

TixSiy-coated Si nanotubes showed an excellent rate capability (483 

mAh g-1, specific capacity of 36.9 % even at 10 C, compared to 0.5 

C rate) as shown in Fig. 4c. In contrast, bare and carbon-coated Si 

nanotubes showed poor rate capabilities of 4.5% and 8.3% in the 

same experimental condition, respectively (EIS, Fig. S8a and 8b). 

The TixSiy-coated Si nanotubes exhibited the electrochemical 

properties in both rate capability and cycle retention.  

Along with the optimized tubes, we also investigated the 

electrochemical performances of Si-based nanotubes with thin (100-

200 nm) and thick (600-700 nm) shell layers. Thin tubes showed 

almost similar cycling stability to the optimized case, while thick 

tubes exhibited relatively fast capacity fading (EIS, Fig. S9). As the 

shell size get thicker, its tubular structure is collapsed to form 

seriously aggregated structure without any tubes or pores during the 

metallothermic reduction process. This result leads to the retardation 

of lithium ion transport and finally a fast capacity loss. In addition, 

TixSiy-coated Si nanotubes without Al2O3 shows higher discharge 

capacity (1860 mAh g-1 ), but low charge capacity (1497 mAh g-1 ), 

which corresponds to a coulombic efficiency of 80.5%. Slightly 

increased discharge capacity is attributed to removal of 

electrochemically inactive Al2O3 layer. However, good mechanical 

property of Al2O3 cannot be used for structural integrity during the 

cycling process. The resulting Si nanotube electrode showed worse 

cycling property than Si nanotubes with Al2O3 layer (ESI, Fig. S4e 

and 4f).  

 

Characterization of nanotubular Si-based anodes 

In order to gain better understanding of the enhanced cycling 

stability and rate capability of TixSiy-coated Si nanotubes compared 

to bare Si nanotubes and carbon coated Si nanotubes, 

electrochemical impedance spectroscopy (EIS) measurements were 

carried out at different cycling points (1st and 50th cycles). Fig. 4d 

presents a typical curve of Nyquist plot ranging from 100 KHz to 0.1 

Hz with an amplitude of 10 mV. Also we added an equivalent circuit 

model (inset of Fig. 4d). Rs represents the electrolyte resistance 

which corresponds to the intercept of the semicircle in a higher 

frequency range, while RSEI represents SEI layer resistance. Rct and 

Cdl are the charge transfer resistance and related double layer 

capacitor in the middle frequency region, respectively. As shown in 

spectra, filled symbol shows a clear difference in semicircle size. 

Smaller sized semicircle at high frequencies was observed for TixSiy-

coated Si nanotube electrodes after 1st and 50th, indicating lower 

charge transfer resistance. At 1st cycle, the TixSiy-coated Si 

nanotubes only showed one semicircle at high frequency region, 

while carbon-coated Si nanotubes had double circles, which are 

attributed to a thick and uniform carbon coating layer on Si 

nanotubes. After 50th cycling, both electrodes exhibited a big 

semicircle (evidence for a formation of SEI layer) in high-middle 

frequency region. From the fitting for resistance of SEI formation, 

TixSiy coated Si nanotubes showed much lower values, implying that 

much more uniform and thinner SEI layers are formed on top of the 

electrode surface. Also, charge transfer resistance of the TixSiy-

coated Si nanotubes (10.53 Ω) is significantly reduced compared to 

the carbon-coated electrode (29.26 Ω), demonstrating the effect of 

electrically and mechanically beneficial TixSiy layers on the 

electrochemical properties of Si-based multicomponents.  
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In addition, to use them as practical LIB anodes, it is critical to 

investigate how much the electrodes experience volume expansion. 

Fig. 5 displays cross-sectional SEM images of three types of Si 

nanotube electrodes before cycles and after 100 cycles at a 0.5 C 

rate. The theoretical volume expansion of Si is >300% when Si takes 

3.5 lithium ions at room temperature. In conventional Si 

nanoparticles or other Si-based nanostructures, it cannot bear a large 

volume expansion occurring during fully lithiation process, resulting 

in crack on the surface of Si materials or deformation of the original 

Si structure. Thus, even delicately fabricated Si nanostructures 

cannot recover their original shapes. Accordingly, direct exposure of 

Si materials to electrolytes through the cracks produces continuous 

SEI formation on the surface of Si particles. In this perspective, 

titanium silicide on the Si nanotubes can promote surface 

stabilization, which, in turn, induces stable, uniform, and conformal 

SEI formation on the surface of Si nanotubes. As a result, SEI 

formed at early stage of cycles is well-sustained during the repeated 

cycles. In addition, structural integrity of nanotubular structured Si 

by titanium silicide and alumina can suppress real expansion of Si 

nanotubes. These are indirectly demonstrated through SEM 

(thickness change of electrode) and TEM (volume expansion of Si-

based materials) analyses. Firstly, three electrodes showed greatly 

suppressed volume expansion, which is attributed to porous structure 

and existed void space in electrodes. Even bare Si nanotubes 

exhibited volume expansion of 55.5% after 100 cycles (Fig. 5a), 

while the carbon-coated Si nanotube electrode showed a reduced 

volume expansion of 30% (Fig. 5b). Surprisingly, TixSiy-coated Si 

nanotubes exhibited a volume expansion of only 15% (Fig. 5d), 

suggesting that the tubular structure and surface stabilization by 

titanium silicide contribute to a remarkable suppression of volume 

expansion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Cross-sectional SEM images of electrodes fabricated from 

three types of Si nanotubes: (a-b) bare Si, (c-d) carbon coated Si, and 

(e-f) TixSiy-coated Si before cycling (a, c, e) and after 100 cycles (b, 

d, f). 

In addition, we conducted TEM analysis on microscopic structural 

change of multicomponent Si nanotube anodes after 100 cycles at 

0.5 C rate (EIS, Fig. S10). Without any help of surface coating layers, 

bare Si nanotubes cannot endure the large volume expansion during 

the repeated cycles. Tubular structure was almost collapsed and its 

surface was covered with thick SEI layers from direct exposure of Si 

surface to electrolyte (EIS, Fig. S10a-c). Thus, tubes cannot be 

recovered to original structure. In case of carbon coated one, tubular 

structure was well maintained. However, shell thickness of tubes 

was increased to 700-800 nm (corresponding to total diameter of 2.2 

μm) compared to initial thickness of 500-600 nm (total diameter of 

1.6 μm), corresponding to a volume expansion of 38-40% (EIS, Fig. 

S10d and S10e). Uniformed coated carbon layers on the Si tubes 

cannot be helpful for recovering the structure and formation of stable 

SEI. High magnification TEM image of this outer shell shows the 

existence of thick SEI layers (EIS, Fig. S10f). Interestingly, TixSiy-

coated Si nanotubes evenly expanded to radial direction with a 

volume expansion of ~15%, corresponding to diameter of 550-650 

nm (Fig. S10g and 10h). Any types of crack or bursting tubes were 

not observed. This outmost shell was quite smooth and covered with 

10 nm thick uniform SEI layers (EIS, Fig. S10i). These results are 

consistent with change of electrode thickness as shown in Fig. 5. 

TixSiy and Al2O3 layers provided excellent structural integrity and 

interfacial stability to the Si-based anodes. As a result, we may solve 

a chronic problem: the low volumetric energy density which arises 

from highly expanded Si during cycling of Si-based anode materials 

and continuous capacity fading from side reactions of Si with 

electrolyte. Most Si-based anodes (except for nanostructured 

materials such as nanoparticles, nanowires, and nanotubes) exhibit 

dramatic capacity fading (<50% of initial capacity) during early 

stage of cycles, which is originated from structural collapse during 

lithiation and failure in structure recovery (ESI, Table S1). However, 

our Si-based multicomponents show structural stability and also 

greatly stable rate capability at the same high charge-discharge rate. 

In particular, even though other Si nanotubes or Si nanowires show 

high capacity at early stage, our Si-based multicomponents deliver 

much stable cycling retention and rate capability considering current 

density and loading mass. 

Conclusion 

We have successfully integrated the coaxial electrospinning method 

and aluminothermic reduction process for the first time. Coaxial 

electrospinning enabled us to produce nanotubular structured silica 

materials with tunable thickness and diameter, while aluminothermic 

reaction led to the formation of Si-based multicomponents consisting 

of Si and Al2O3. In particular, when titania coating layers were 

introduced to silica nanotubes, titanium silicides with good 

mechanical and high electrical properties were simultaneously 

formed on the Si-based multicomponents during the aluminothermic 

reaction. When electrochemical performances of the resulting anodes 

were evaluated, superior results are obtained. Synergistic coupling of 

tubular structure, structural integrity, and interfacial stability from 

titanium silicide and alumina resulted in remarkably enhanced 
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electrochemical properties of Si-based multicomponent electrodes 

including a stable cycling property (765 mAh g-1 after 280 cycles at 

0.5C), superior high rate capability (483 mAh g-1 at 10C/10C), and 

significantly reduced volume change (electrode expansion of 14%). 

Furthermore, it was demonstrated that stable, thinner, and uniform 

SEI layers were formed on the Si electrode surface to suppress 

structural collapse, comparing with other types of tubes from the 

TEM analysis of cycled electrodes. This synthetic strategy can be 

extended to other anode and cathode materials which require 

electrical conductivity, easy access of electrolyte and lithium ions, 

and structural integrity. 
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