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Abstract 

 

Despite remarkable progress, lithium ion batteries still need higher energy density and better cycle 

life for consumer electronics, electric drive vehicles and large-scale renewable energy storage 

applications. Silicon has recently been explored as a promising anode material for high energy 

batteries; however, attaining long cycle life remains a significant challenge due to materials 

pulverization during cycling and an unstable solid-electrolyte interphase. Here, we report 

double-walled silicon nanotube electrodes that can cycle over 6000 times while retaining more than 

85% of the initial capacity. This excellent performance is due to the unique double-walled 

structure in which the outer silicon oxide wall confines the inner silicon wall to expand only inward 

during lithiation, resulting in a stable solid-electrolyte interphase. This structural concept is 

general and could be extended to other battery materials that undergo large volume changes. 

 

Among all the rechargeable battery technologies, lithium-ion batteries (LIBs) offer superior 

performance, and are the main power source for portable electronics. LIBs are also the most promising 

power source for electric vehicles and are projected to be enablers of smart grids based on renewable 

energy technologies (1-3). For many of these applications, energy density and cycle life stand out as 

two important technical parameters which need significant improvements. For example, in 2010 the 

U.S. Department of Energy has put forth a goal to create a LIB with double the energy density of 

current batteries and a cycle life of 5000 cycles with 80% capacity retention for electric vehicles, in 

comparison, the typical high energy batteries used in portable electronics only have a cycle life of 

500-1000 cycles (4). Increasing energy density in LIBs requires developing electrode materials with 

higher charge capacity or higher voltage (5). Improving cycle life involves stabilizing two critical 

components of battery electrodes: the active electrode materials and their interface with the electrolyte 

– the so-called “solid-electrolyte interphase” (SEI). 
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Recently, silicon (Si) has emerged as one of the most promising electrode materials for 

next-generation high energy LIBs. It offers a suitable low voltage for an anode and a high theoretical 

specific capacity of ~4,200 mAh/g based on the formation of the Li4.4Si alloy, which is 10 times higher 

than that of conventional carbon anodes (~372 mAh/g corresponding to the formation of LiC6) (6-11). 

However, Si expands volumetrically by up to 400% upon full lithium insertion (lithiation) to form the 

Li4.4Si alloy, and it can contract significantly upon lithium extraction (delithiation) (6, 11), creating two 

critical challenges associated with silicon-based anode materials: degradation of the mechanical 

integrity of Si electrodes and the stability of SEI. 

The stress induced by the large volume changes causes cracking and pulverization of Si anodes, 

which leads to loss of electrical contact and eventual capacity fading. This was considered to be the 

main reason for the rapid capacity loss in early studies of Si anodes (6-11). Recently, there have been 

successes in addressing these materials stability issues by designing nanostructured materials, including 

nanowires, nanotubes, nanoporous films and Si nanoparticle/carbon composites (12-21). The strain in 

nanostructures can be easily relaxed without mechanical fracture due to their small size and 

surrounding free space. This nanostructuring strategy has greatly increased the cycle life of silicon 

anodes up to a few hundred cycles with 80% capacity retention (18, 19); however, it is still far from the 

desired cycle life of thousands of cycles. 

The SEI stability at the interface between Si and the liquid electrolyte is another critical factor in 

obtaining long cycle life; it is a very challenging issue and has not been effectively addressed for 

materials with large volume changes, as shown in the schematic in Fig. 1. Electrolyte decomposition 

occurs due to the low potential of the anode and forms a passivating SEI layer on the electrode surface 

during battery charging. The SEI layer is an electronic insulator but a lithium ion conductor; this results 

in the SEI eventually terminating growth at a certain thickness (22, 23). Even though Si nanostructures 

have largely overcome mechanical fracture issues, their interface with the electrolyte is not static due to 

repetitive volume expansion and contraction (6, 8, 21, 24). As schematically shown in Fig. 1 A and B, 
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both solid and hollow Si structures expand out towards the electrolyte upon lithiation and contract 

during delithiation. The SEI formed in the lithiated expanded state can be broken as the nanostructure 

shrinks during delithiation. This re-exposes the fresh Si surface to the electrolyte and the SEI forms 

again, resulting in thicker and thicker SEI upon charge/discharge cycling. This results in battery 

performance degradation through: a) the consumption of electrolyte and of lithium ions during 

continuous SEI formation, b) the electrically insulating nature of the SEI weakening electrical contact 

between the current collector and anode material, c) the long lithium diffusion distance through the 

thick SEI and d) electrode material degradation caused by mechanical stress from the thick SEI The 

formation of a stable SEI is critical for realizing long cycle life in Si anodes, which also holds in 

general for other battery electrode materials that undergo large volume changes. 

Here we design a novel double-walled Si nanotube (DWSiNT) anode, in which the inner wall is 

active Si material and the outer wall is a confining material that allows lithium ions to pass through (see 

the cross-sectional view in Fig. 1C). In this design, the electrolyte only contacts the outer surface and 

cannot enter the inner hollow space. During lithiation, lithium ions penetrate through the outer wall and 

react with the inner Si wall. The outer wall is mechanically rigid, so the inner Si wall expands inward 

into the hollow space. This inward expansion is possible because silicon is considerably softened upon 

significant lithium insertion (25). During delithiation, the inner surface of the Si wall shrinks back. 

Overall, the interface with electrolyte is mechanically constrained and remains static during both 

lithiation and delithiation. Only the inner surface moves back and forth, and it does not contact the 

electrolyte (Fig. 1C). The DWSiNT structure provides two attractive points as an anode material: first, 

the static outer surface allows for the development of a stable SEI; second, the inner space allows for 

free volume expansion of Si without mechanical breaking. We note that our proposed working 

mechanisms are substantially different from previous Si nanotube studies (15, 19, 21), in which no 

static interface between silicon and the electrolyte have been designed. 

To experimentally realize the DWSiNTs, we have developed a templating method, as schematically 
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shown in Fig. 2A. Polymer nanofibers (green) were first produced by electrospinning, a well-known 

technique for making continuous ultralong nanofibers at low-cost and large quantity (26, 27). The 

polymer nanofiber networks were then annealed in inert gas at 500 
o
C to form carbon nanofiber mats 

(black in Fig. 2A and Fig. S1). Using a SiH4 chemical vapor deposition (CVD) method, a thin layer (~ 

30 nm) of silicon (blue Fig. 2A) was coated onto the carbon nanofibers at 490 
o
C (Fig. S2). The 

samples were then heated in air at 500 
o
C for 2 hrs. Oxygen gas can diffuse through the broken ends of 

the nanofibers, and the carbon cores were oxidized into carbon dioxide gas and removed completely. 

Fig. 2B shows a scanning electron microscopy (SEM) image of the synthesized materials 

demonstrating that smooth and uniform hollow tubes were fabricated with full removal of their inner 

cores. The low magnification SEM image in Fig. 2C indicates that the synthesized tubes were 

continuous over long distances (28). This morphology can be attributed to two primary reasons: the 

extremely high aspect ratio of the template electrospun nanofiber template and the conformal coating of 

silicon in the CVD process. The continuous tube structures is vital for preventing electrolyte from 

wetting the interior and thus protect the tubes from SEI interior growth, as will be discussed later. 

Another advantage of this continuous network of nanotubes is to provide mechanical and electrical 

interconnects along the whole network, thus making it possible to directly use free-standing nanotube 

mats as battery anodes without any conducting additives or binders. A transmission electron 

microscopy (TEM) image of synthesized tubes (Fig. 2D) shows that both the inside and outside 

surfaces are smooth and the wall thickness is 30 nm. The selected area electron diffraction (SAED) 

pattern shows diffuse scattering (insert of Fig. 2D), suggesting that the synthesized nanotubes are 

amorphous. 

It is important to notice that the outside surface of the tubes, which were heated in air at 500 
o
C 

during the carbon-removal process, has been naturally oxidized, forming a thin, external coating of 

silicon oxide. During the oxidation of the existing carbon core, there is very little oxidation of the inner 

surface of the Si tubes since the carbon core is a sacrificial material which consumes oxygen first. 
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Therefore, we expect that the proposed DWSiNT structure can be formed, where the outer wall is SiO2 

and the inner wall is Si. To confirm this, Auger electron spectroscopy sputter depth profiling was 

performed to assess the elemental distribution along the cross section of DWSiNTs (Fig. 2E). During 

the initial sputtering both Si and O are present, corresponding to the outer SiO2 wall of the nanotubes. 

Working through the inner silicon wall from t=1-3min, little O intensity is observed. From t=4-5min, 

the sputtering has bored through the first Si wall and has started on the Si wall on the other side, 

working outwards. The thickness of the outer SiO2 wall was determined to be ~10 nm and the inner Si 

wall is ~20 nm, which is consistent with the TEM study (Figure S3). The results of the Auger electron 

spectroscopy depth profiling clearly show that our proposed DWSiNTs are successfully synthesized. 

We hypothesize that the outer SiO2 wall can serve as a mechanical constraining layer to hold the 

external surface of the DWSiNTs static while forcing the Si expansion inwards into the hollow core. 

SiO2 has also been known to allow lithium ions to penetrate through it so that the lithiation process can 

take place (12, 29). To understand the mechanical constraining effects of the outer oxide wall, we have 

conducted finite element simulations to model the stress evolution and deformation behavior during 

lithiation. In the model, the amorphous Si wall is the active material that reacts with the lithium ions. 

Lithium can also react with SiO2, although its reaction is not reversible and its products, such as lithium 

silicates and oxides, are mechanically strong materials. For simplicity, only the mechanical properties 

of SiO2 are taken into account, and the reaction between Li ions and the oxide is ignored in the model. 

Fig. 2 F, G and Fig. S6 show the hoop stress evolution during lithiation in Si nanotubes (SiNTs) with 

and without the outer oxide constraining layer. In SiNTs without the oxide wall, the outer region is in 

compression and the inner region is in tension during lithiation (Fig. 2F, fig. S6A). In this case, the 

main source of stress generation is the volumetric strain gradient. However, the addition of the oxide 

layer causes a strong compressive stress due to the constraining effect from the outer oxide layer. 

Therefore, stresses mainly result from the amount of volumetric strain itself, not from its gradient (Fig. 

2G, fig. S6B). This different mechanism for stress generation is revealed by the fact that the maximum 
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stress occurs at a very early stage in SiNTs, while DWSiNTs show maximum stress at 12.5% of the 

fully lithiated state (Fig. S6). As a result, the oxide-free SiNTs expand outward during lithiation, while 

the oxide wall of DWSiNTs forces the Si to only expand inward (See Movie S1, S2. The details of the 

simulations are given in the supplementary information section). This mechanical constraining effect 

was confirmed experimentally by tracking a single nanotube before and after lithiation by TEM 

observation (see SOM for experimental details). As shown in Fig. 2 H and I, a DWSiNT with inner 

diameter (ID) of 209±2 nm and outer diameter (OD) of 294±2 nm before lithiation has ID of 156±4 nm 

and OD of 293±3 nm after full lithiation. Thus, only inward expansion in DWSiNTs was observed after 

full lithiation of silicon. We have confirmed this general observation through TEM experiments of 

more individual DWSiNTs (Table S1). 

The mechanical constraining effect in DWSiNTs affords a very exciting opportunity to control the 

SEI. To demonstrate this experimentally, we have prepared battery cells in which three different types 

of Si nanostructured electrodes are paired with lithium foil in half cells: 1) solid silicon nanowires (Fig. 

3A); 2) hollow silicon nanotubes without the SiO2 clamping layer (Fig. 3D) and 3) hollow DWSiNTs 

with the silicon oxide clamping layer (Fig. 3G). These Si electrodes were subjected to multiple deep 

battery charge/discharge cycles (1 V - 0.01 V) and then extracted for observation with SEM (200 cycles 

for Si nanowire and single-walled Si nanotube without the clamping layer, 2000 cycles for DWSiNTs). 

After 200 cycles, both the Si nanowires and Si nanotubes without the clamping layer were buried under 

SEI layers, indicating that the SEI had grown very thick (Fig. 3 B and E). However, the SEI in 

DWSiNTs is very different. Even after many more cycles (2000), the DWSiNTs only have a very thin 

SEI layer and individual DWSiNTs with SEI coating can be clearly resolved (Fig. 3H). The statistical 

analysis shows that the outer diameters of DWSiNTs only increase slightly after cycling (Fig. 3J), and 

the SEI layer thickness is calculated to be only ~110 nm. This thickness is similar to the thickness of 

SEI formed on an excellent carbon anode. To confirm that the electrolyte does not wet the inside of 
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DWSiNTs and cause SEI formation there, we have used focused ion beam to cut open the DWSiNTs 

after cycling. Fig. S5 shows SEM images of cycled DWSiNTs after cutting and clearly confirms that 

there is no SEI formation inside the hollow space of DWSiNTs. In addition, the experimental results on 

solid nanowires and hollow tubes with and without constraining oxide layers confirm our suggested 

SEI breaking/reconstruction mechanism (Fig. 1A-C). 

The Si material stability is also important for battery cycling, and we compared the Si morphology 

changes for these three types of nanostructures. We have previously developed an acid etching method 

to remove the SEI without damaging the Si electrode materials (see SOM for details) (29). Upon SEI 

removal using this method, the nanowires and nanotubes without the oxide layer can be seen to have 

very rough and highly porous surfaces (Fig. 3 C and F, respectively), indicating significant material 

displacement and morphological changes (29). However, after removing the SEI from the DWSiNTs, 

they still appear smooth, continuous and uniform, similar to those before cycling (Fig. 3I). This further 

suggests that the Si material is stable and the outer surface undergoes very little change during cycling 

and is static. The controlled thin SEI growth on DWSiNTs can be beneficial for the cell impedance in 

batteries. In silicon-based anode systems, the fast SEI growth can easily result in an increase in the 

impedance in electrodes and a decrease in capacity with cycling (30, 31). Figure 3K shows the cell 

impedance of DWSiNTs before and after cycling 1000 and 2000 times. No obvious impedance increase 

was detected, indicating no significant growth of SEI during cycling.  

The stable materials and SEI of DWSiNTs should afford excellent cycle life in batteries. The 

battery performance of the DWSiNT anodes was evaluated using deep charge/discharge cycles from 

1V to 0.01V (Fig. 4 A to E). As shown in Fig. 4A, the specific reversible lithium extraction capacity of 

the DWSiNTs reached 1,780 mAh/g at a rate of C/5 (1C=2A/g), which is four times higher than that 

of graphitic anodes. The gravimetric capacity of silicon alone is estimated to be very high, ~2970 

mAh/g. The cycling performance of three different types of Si electrodes with different SEI formation 

behavior is compared using C/5 deep charge/discharge cycling (Fig. 3): 1) hollow DWSiNTs with the 
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SiO2 clamping layer (Black), 2) hollow silicon nanotubes without the SiO2 constraining layer (Blue) 

and 3) solid silicon nanowires (Red). Under the deep charge/discharge, fast capacity fading for anodes 

made from silicon nanowires and nanotubes without the constraining oxide can be observed in Fig. 

4A. For DWSiNT samples, no capacity decay was detected after 300 cycles, capacity retention after 

500 cycles was 94%, and 76% of the initial discharge capacity remained after 900 cycles. Note that it 

takes more than one year to complete 900 cycles at the C/5 rate (Fig. 4A), and the fading here might 

have resulted from electrolyte leakage of the battery over such a long time. To obtain ultralong cycling 

results within a reasonable time period, faster charge and discharge tests were also carried out. 

Significantly, the DWSiNT anode cycled at 10C rate retains 93 % of its initial capacity after 4000 

cycles, and 88% after 6000 cycles (Fig. 4B). The voltage profiles of the different cycles are shown in 

Fig. 4C. The lithiation potential shows a sloping profile between 0.1-0.01 V, consistent with the 

behavior of amorphous Si (13, 14). No obvious change in charge/discharge profile can be found after 

6000 cycles for the DWSiNT anode, indicating superior and stable cycling performance. This 

extremely long cycle life, which already exceeds the DOE requirements for HEV and EV battery 

systems, can be attributed to the stable SEI and materials in the DWSiNTs. Coulombic efficiency (CE) 

is another important concern for silicon as anode material. The stability of the SEI layer helps to 

achieve high CE of >99.5% after the first cycle. The CE of the first cycle is 76 % since the 

constraining SiO2 layer and the initial SEI formation consume some electrolyte, although this can be 

improved by pre-lithiation in our future studies. In addition, the thin and stable SEI and the nanoscale 

thickness of the walls in DWSiNTs can also enable outstanding high power rate capability. At fast 

charge/discharge rates between 1 C and 20 C, high and stable capacities between 2000 mAh/g to 900 

mAh/g in the DWSiNTs were demonstrated (Fig. 4D and E). Clearly even at very high C rates, Li ions 

can rapidly pass through the thin SEI layer and constraining oxide to reach the silicon active material 

even at very high C rates. 

 In summary, we have designed a DWSiNT structure to successfully address the Si material and SEI 
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stability issues, and we have demonstrated its use as a high performance anode with long cycle life 

(6000 cycles with 88% capacity retention), high specific charge capacity (~2970 mAh/g at C/5, ~1000 

mAh/g at 12C) and fast charging/discharging rates (up to 20C). These performance parameters can 

enable the next generation of high performance batteries for portable electronics, electric vehicles and 

grid-scale applications. This successful materials design for silicon-based anodes could also be 

extended to other high capacity anode and cathode materials systems that undergo large volume 

expansion. 
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Fig. 1. Schematic of SEI formation on Si surfaces. (A) A solid Si nanowire expands upon lithiation. A 

thin layer of SEI forms in this lithiated and expanded state. During delithiation, the silicon structures 

shrink, and the SEI can break down into separate pieces, exposing fresh Si surface to the electrolyte. In 

later cycles, new SEI continue to form on newly exposed Si surfaces, and this finally results in a very 

thick SEI on the outside of the silicon nanowires. (B) Similarly, a thick SEI grows outside the Si 

nanotube without a mechanical constraining layer, which also has a varying and unstable interface with 

electrolyte. (C) Designing a mechanical constraining layer on the hollow Si nanotubes can prevent Si 

from expanding outside towards the electrolyte during lithiation; as a result, a thin and stable SEI can 

be built. 
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Fig. 2. (A) Schematic of the fabrication process of DWSiNTs. Polymer nanofibers (green) were first 

made by electrospinning. The polymer fibers were then carbonized and coated with Si (blue) by a CVD 

method. By heating the sample in air at 500 C, the inner carbon templates (black) were selectively 

removed, leaving continuous Si tubes with a SiO2 mechanical constraining layer (red). (B) and (C) 

SEM images of synthesized DWSiNTs at high and low magnification. (D) TEM image of DWSiNTs, 

showing the uniform hollow structure with smooth tube walls. (E) Auger depth profiling of DWSiNTs, 

showing the double layer structure with the oxide shell on the outside. (F) and (G) Theoretical 
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modeling of hoop stress distribution before and after lithiation in single-walled Si nanotubes without 

surface coating (F) and DWSiNTs (G). Left column: Initial geometry of nanotubes. Right column: 

Hoop stress distribution through the wall of the nanotubes in the lithiated state. The unit of stress is 

MPa. (H) and (I) TEM images of an individual DWSiNT before and after lithiation, respectively. They 

show the tube wall expanded towards the inside, while the outside diameter of the tube remains 

constant.  

 

 

 

 

 

 
Fig. 3. (A)-(I) SEM images of different Si nanostructures before and after cycling. (A), (D) and (G): 

SEM images of Si nanowires, Si nanotubes and DWSiNTs, respectively. (B) and (E): SEM images of 

Si nanowires and Si nanotubes after 200 cycles; a thick SEI layer covering the nanostuructures can be 

seen. (H) DWSiNTs after 2000 cycles. The tubes are coated with a uniform SEI layer. (J) Statistical 

analysis of DWSiNTs before and after 2000 cycles. The average diameter of the initial tubes and the 

cycled tubes is 400 nm and 620 nm, indicating an average SEI thickness of 110 nm. (C) (F) and (I) 

SEM images of nanowires, nanotubes and DWSiNTs after cycling for 200, 200 and 2000 times, 

respectively. In these images, the SEI was selectively removed through chemical etching. (K) 

Impedance measurements of DWSiNTs after different numbers of cycles. 
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Fig. 4. Electrochemical characteristics of DWSiNTs tested between 1V and 0.01V. (A) Capacity 

retention of different Si nanostructures. All the samples were cycled at the same charge/discharge rate 

of C/5. The calendar life and delithiation capacity of DWSiNTs can also be seen in this figure. (B) 

Lithiation/delithiation capacity and Coulombic efficiency of DWSiNTs cycled at 12C for 6000 cycles. 

There is no significant capacity fading after 6000 cycles. (C) Voltage profiles were plotted for the 1
st
, 

1000
th

, 2000
th

, 3000
th

 and 6000
th

 cycles. (D) and (E): Galvanostatic charge/discharge profiles (D) and 

capacity (E) of DWSiNTs cycled at various rates from 1C to 20C. All electrochemical measurements 

(A)-(E) were carried out at room temperature in two-electrode 2032 coin-type half-cells. Capacity is 

calculated based on the weight of silicon. (32) 
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