LETTERS
PUBLISHED ONLINE: 25 MARCH 2012 | DOI: 10.1038/NNANO.2012.35

Stable cycling of double-walled silicon nanotube
battery anodes through solid–electrolyte
interphase control
Hui Wu1‡, Gerentt Chan2‡, Jang Wook Choi1†, Ill Ryu1, Yan Yao1, Matthew T. McDowell1,
Seok Woo Lee1, Ariel Jackson1, Yuan Yang1, Liangbing Hu1 and Yi Cui1,3 *
Although the performance of lithium ion-batteries continues to
improve, their energy density and cycle life remain insufﬁcient
for applications in consumer electronics, transport and largescale renewable energy storage1–5. Silicon has a large charge
storage capacity and this makes it an attractive anode material,
but pulverization during cycling and an unstable solid–electrolyte interphase has limited the cycle life of silicon anodes to
hundreds of cycles6–11. Here, we show that anodes consisting
of an active silicon nanotube surrounded by an ion-permeable
silicon oxide shell can cycle over 6,000 times in half cells
while retaining more than 85% of their initial capacity. The
outer surface of the silicon nanotube is prevented from expansion by the oxide shell, and the expanding inner surface is not
exposed to the electrolyte, resulting in a stable solid–electrolyte interphase. Batteries containing these double-walled
silicon nanotube anodes exhibit charge capacities approximately eight times larger than conventional carbon anodes
and charging rates of up to 20C (a rate of 1C corresponds to
complete charge or discharge in one hour).
Increasing the energy density of lithium-ion batteries requires
the development of electrode materials with higher charge capacity
or electrode materials with higher voltage1–5, while improving the
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).
Recently, silicon has emerged as one of the most promising
high-energy electrode materials, because it offers an appropriate
low voltage for an anode and a high theoretical speciﬁc capacity
of 4,200 mAh g21, which is ten times higher than that of conventional carbon anodes7–13. However, silicon expands volumetrically
by up to 400% on full lithium insertion (lithiation), and it can contract signiﬁcantly on lithium extraction (delithiation)6,11, creating
two critical challenges: minimizing the degradation of the mechanical integrity of the silicon electrodes and maintaining the stability of
the SEI.
Stress induced by large changes in the volume of silicon anodes
causes cracking and pulverization, and in early studies of such
anodes6–11, this was considered to be the main reason for their
rapid capacity loss. Recently, Verbrugge and co-workers suggested
that the tendency for fracture and decrepitation could be reduced
or avoided by reducing the material size to the nanometre
range14–17. Indeed, the strain in such silicon nanostructures can be
relaxed easily, without mechanical fracture, because of their small
size and the available surrounding free space. Consistent with this

theory, there has been some success in addressing material stability
issues by designing nanostructured silicon materials including
nanowires, nanotubes, nanoporous ﬁlms and silicon nanoparticle/
carbon composites18–26. This nanostructuring strategy has greatly
increased the cycle life of silicon anodes to up to a few hundred
cycles with 80% capacity retention24,25, although this is still far
from the desired cycle life of thousands of cycles.
SEI stability at the interface between the silicon and the liquid
electrolyte is another critical factor in achieving a long cycle life.
This is very challenging, and has not been effectively addressed
for materials undergoing 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, so the growth of
the SEI layer eventually terminates at a certain thickness27,28. Even
though mechanical fracture issues are largely overcome by using
silicon nanostructures, their interface with the electrolyte is not
static due to their repetitive volume expansion and contraction6,8,12,26. As is schematically shown in Fig. 1a,b, both the solid
and hollow silicon structures expand out towards the electrolyte
upon lithiation, then 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 silicon
surface to the electrolyte and the SEI forms again, resulting in the
SEI becoming thicker with each charge/discharge cycle. This
results in a degradation in battery performance through (i) the consumption of electrolyte and lithium ions during continuous SEI formation; (ii) the electrically insulating nature of the SEI weakening
the electrical contact between the current collector and anode
material; (iii) the long lithium diffusion distance through the
thick SEI; and (iv) electrode material degradation caused by mechanical stress from the thick SEI. The formation of a stable SEI is
critical for realizing a long cycle life in silicon anodes; this also
holds generally for other electrode materials subject to large
volume changes.
Here we design a novel double-walled Si–SiOx nanotube
(DWSiNT) anode, in which the inner wall is active silicon and
the outer wall is conﬁning SiOx , which 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 silicon wall. The
outer wall is mechanically rigid, so the inner silicon wall expands
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Figure 1 | Schematic of SEI formation on silicon surfaces. a, A solid silicon 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 silicon surface to the
electrolyte. In later cycles, new SEI continues to form on the newly exposed silicon surfaces, and this ﬁnally results in a very thick SEI layer on the outside of
the silicon nanowires. b, Similarly, a thick SEI grows outside the silicon nanotube without a mechanical constraining layer, which also has a varying and
unstable interface with the electrolyte. c, Designing a mechanical constraining layer on the hollow silicon nanotubes can prevent silicon from expanding
outside towards the electrolyte during lithiation. As a result, a thin and stable SEI can be built.

inward into the hollow space. This inward expansion is possible
because silicon is considerably softened on signiﬁcant lithium
insertion. During delithiation, the inner surface of the silicon wall
shrinks back. Overall, the interface with the 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. The DWSiNT structure provides
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Figure 2 | Fabrication and characterization of DWSiNTs. a, Schematic of
the fabrication process for DWSiNTs. Polymer nanoﬁbres (green) were ﬁrst
made by electrospinning. The polymer ﬁbres were then carbonized and
coated with silicon (blue) using a CVD method. By heating the sample in air
at 500 8C, the inner carbon templates (black) were selectively removed,
leaving continuous silicon tubes with a SiOx mechanical constraining layer
(red). b,c, SEM images of synthesized DWSiNTs at high and low
magniﬁcation, respectively. d, TEM image of DWSiNTs, showing the uniform
hollow structure with smooth tube walls.

two attractive features as an anode material: (i) the static outer
surface allows for the development of a stable SEI; (ii) the inner
space allows for free volume expansion of the silicon without
mechanical breaking (Fig. 1c).
We developed an electrospun nanoﬁbre templating method to
experimentally realize the DWSiNTs (schematically shown in
Fig. 2a). A detailed explanation of the synthetic procedures is given
in the Methods. Figure 2b presents a scanning electron microscope
(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
shows that the synthesized tubes were continuous over long
distances. This continuous tube structure is vital for preventing the
electrolyte from wetting the interior, thus protecting the tubes from
undergoing SEI interior growth (discussed later). Another advantage
of this continuous network of nanotubes is to provide mechanical
and electrical interconnects throughout the entire network, thus
making it possible to use free-standing nanotube mats directly as
battery anodes, without any conducting additives or binders.
A transmission electron microscope (TEM) image of the synthesized
tubes (Fig. 2d) shows that both the inside and outside surfaces are
smooth and the wall thickness is 30 nm. A selected area electron
diffraction (SAED) pattern shows diffuse scattering (Fig. 2d, inset),
suggesting that the synthesized nanotubes are amorphous.
It is important to note that the outside surfaces of the tubes, which
were heated in air at 500 8C during the carbon-removal process, have
been oxidized naturally, forming a thin, external coating of silicon
oxide. During oxidation of the existing carbon core, there is very
little oxidation of the inner surface of the silicon tubes because the
carbon core is a sacriﬁcial material and consumes oxygen ﬁrst.
Therefore, we expect that the proposed DWSiNT structure can be
formed with the outer wall comprising SiOx and the inner wall
silicon. To conﬁrm this, Auger electron spectroscopy sputter depth
proﬁling was performed to assess the elemental distribution along
the cross-section of the DWSiNTs (Supplementary Fig. S3).
Both our mechanical simulation and our ex situ TEM study conﬁrmed that oxide-free silicon nanotubes expand outwards during
lithiation, whereas the oxide wall of DWSiNTs forces the silicon
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Figure 3 | SEI formation on silicon electrodes with different nanostructures. a–i, SEM images of different silicon nanostructures before and after cycling.
SEM images of initial silicon nanowires (a), silicon nanotubes (d) and DWSiNTs (g), respectively. SEM images of silicon nanowires (b) and silicon nanotubes
(e) after 200 cycles; a thick SEI layer can be seen covering the nanostructures. DWSiNTs after 2,000 cycles (h), showing the tubes coated with a uniform
thin SEI layer. SEM images of nanowires (c), nanotubes (f) and DWSiNTs (i) after cycling 200, 200 and 2,000 times, respectively. In these images, the SEI
was selectively removed by chemical etching. j, Statistical analysis of DWSiNT diameters before and after 2,000 cycles. The average diameters of the initial
tubes and cycled tubes are 400 nm and 620 nm, indicating an average SEI thickness of 110 nm. k, Impedance measurements for DWSiNTs after different
numbers of cycles.

to expand inwards only (Supplementary Figs S5–S8, Table S1 and
discussion). This mechanical constraining effect in DWSiNTs provides a very exciting ability to control the SEI. To demonstrate this
experimentally, we prepared battery cells in which three different
types of silicon nanostructured electrodes were paired with
lithium foil in half cells: (i) solid silicon nanowires (Fig. 3a); (ii)
hollow silicon nanotubes without the SiOx clamping layer
(Fig. 3d) and (iii) hollow DWSiNTs with the SiOx clamping
layer (Fig. 3g). These silicon electrodes were subjected to deep
cycling (1 V–0.01 V) and then extracted for observation with
SEM (200 cycles for the silicon nanowires and single-walled
312

silicon nanotubes without the clamping layer, and 2,000 cycles
for DWSiNTs). After 200 cycles, both the silicon nanowires and
silicon nanotubes without the clamping layer can be seen to be
buried under SEI layers, showing that the SEI has grown very
thick (Fig. 3b,e). However, the situation for the DWSiNTs is
very different. Even after many more cycles (2,000), the
DWSiNTs only have a very thin SEI layer and individual
DWSiNTs (with an SEI coating) can be clearly resolved
(Fig. 3h). A statistical analysis shows that the outer diameters of
the DWSiNTs increase only slightly after cycling (Fig. 3j), and
the SEI layer thickness is calculated to be only 110 nm. This
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Figure 4 | Electrochemical characteristics of DWSiNTs tested between 1 V and 0.01 V. a, Capacity retention of different silicon nanostructures. All 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 CE of DWSiNTs cycled at 12C for 6,000 cycles. There is no signiﬁcant capacity fading after 6,000 cycles. c, Voltage
proﬁles plotted for the 1st, 1,000th, 2,000th, 3,000th and 6,000th cycles. d,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. All the speciﬁc capacities of DWSiNTs are reported based on the total weight of Si–SiOx.

thickness is similar to the thickness of SEI formed on an excellent
carbon anode. It is important to note that due to the continuous
structure of the tubes, the electrolyte does not wet the inside of
the tubes even if there is a capillary force present, which can be
conﬁrmed by direct observation of a DWSiNT after immersing
in electrolyte and drying (Supplementary Fig. S9). Also, the lack
of electrolyte wetting inside the tubes does not allow for SEI formation there. To demonstrate this, we used a focused ion beam
to slice open the DWSiNTs after cycling. Supplementary
Fig. S10 presents SEM images of cycled DWSiNTs after slicing;
these images clearly show that there is no SEI formation inside
the hollow space of the DWSiNTs.

Silicon material stability is also important for battery cycling, so
we compared changes in silicon morphology for these three types of
nanostructures. We previously developed an acid etching method to
remove the SEI without damaging the silicon electrode materials29.
On SEI removal using this technique, the nanowires and nanotubes
without the oxide layer could be seen to have very rough and highly
porous surfaces (Fig. 3c,f, respectively), indicating signiﬁcant
material displacement and morphological changes29. However,
after removing the SEI from the DWSiNTs, they still appear
smooth, continuous and uniform (Fig. 3i), similar to those before
cycling. This further suggests that the silicon material is stable,
with the outer surface undergoing very little change during
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cycling and remaining static. The controlled thin SEI growth on
DWSiNTs can be beneﬁcial for the cell impedance in batteries.
Rapid SEI growth can easily result in an increase in the impedance
in electrodes, as well as a decrease in capacity with cycling30,31. To
further conﬁrm this controlled SEI growth on DWSiNTs, we performed cell impedance tests of the DWSiNTs electrode before
cycling and after 1,000 and 2,000 cycles. As shown in Fig. 3k, no
obvious impedance increase was detected, indicating no signiﬁcant
growth of SEI during cycling.
The stable materials and SEI of DWSiNTs should afford an
excellent cycle life under deep charge/discharge cycling (Fig. 4).
The speciﬁc capacity values reported in Fig. 4 are calculated on
the basis of the total weight of Si–SiOx , in which silicon comprises
60% of the total DWSiNT mass (see Methods for weight determination). The speciﬁc reversible lithium extraction capacity of the
DWSiNTs reached 1,780 mAh g21 at a rate of C/5 (current
density 0.4 A g21, Fig. 4a). The volumetric capacity of the tube electrode can be up to 2 Ah cm23. The gravimetric capacity of silicon
alone is estimated to be very high, at 2,791 mAh g21. The cycling
performance of three different types of silicon electrodes with different SEI formation behaviour is compared in Fig. 4a for C/5 deep
charge/discharge cycling. Under such a deep charge/discharge
from 1 V to 0.01 V, fast capacity fading for anodes made from
silicon nanowires (red) and nanotubes without the constraining
oxide (blue) can be observed. For DWSiNT samples (black), 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, and the fading here might
have resulted from electrolyte leakage in the battery over such a
long time. The initial increase of DWSiNT capacity in Fig. 4a is
due to the slight increase in room temperature from winter to
spring during cycling. 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 a rate of 10C
retains 93% of its initial capacity after 4,000 cycles and 88% after
6,000 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 and 0.01 V, consistent with the behaviour of amorphous
silicon19,20. No obvious change in charge/discharge proﬁle can be
found after 6,000 cycles for the DWSiNT anode, indicating superior
and stable cycling performance. This extremely long cycle life can be
attributed to the stable SEI and materials in the DWSiNTs.
Coulombic efﬁciency (CE) is another important concern for
silicon. For 5,000 cycles of operation in a full cell, the CE for a
silicon half cell must exceed 99.994%. For our electrode, the CE of
the ﬁrst cycle was 76%, because the constraining SiOx layer and
initial SEI formation consume some lithium, although this could
be improved by pre-lithiation in future studies. The stability of the
SEI layer helps to achieve a high CE after the ﬁrst cycle (Fig. 4b).
The average CE of the DWSiNTs electrode for cycles from the
2nd to 6,000th is 99.938%, which is much higher than for silicon
nanoparticles and nanowires32, but still lower than required
(.99.994% for 5,000 cycles in a full cell). This CE can probably
be improved by surface treatments and electrolyte modiﬁcations13,32.
The thin tube side wall is important for maintaining a high stability
of the electrochemical properties due to the limited clamping force
of the surface oxide layer. DWSiNTs with thicker silicon side walls
will lose the constraining effect, and therefore have lower cycling
stabilities (Supplementary Fig. S11). In addition, the thin and
stable SEI and the nanoscale thickness of the walls in DWSiNTs
can also enable outstanding high power rate capability. Between
1C and 20C, for the silicon alone, high and stable capacities
between 1,880 mAh g21 and 850 mAh g21 were demonstrated
in the DWSiNTs (equivalent to between 1,200 and 540 mAh g21
based on total DWSiNT weight). Clearly, lithium ions can rapidly
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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 silicon material and SEI stability issues, and we
have demonstrated its use as a high-performance anode with
long cycle life (6,000 cycles with 88% capacity retention),
high speciﬁc charge capacity (2,971/1,780 mAh g21 at C/5,
940/600 mAh g21 at 12C; capacity based on silicon/totalDWSiNT weight, respectively) and fast charge/discharge rates (up
to 20C). These performance parameters can be applied to 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.

Methods
We used a templating method to synthesize the DWSiNTs, as schematically shown
in Fig. 2a. Polymer nanoﬁbres were ﬁrst produced by electrospinning, a well-known
technique for making continuous ultralong nanoﬁbres at low cost and in large
quantities33,34. Electrospinning solution was made by adding 1.0 g of
polyacrylonitrile (PAN) to 9.0 g of dimethyl formamide (both from Sigma-Alrich)
and stirred at 70 8C for 1 h. We used a commercial high-voltage source (Gamma
High Voltage Research, model ES-30P-5W) for electrospinning. A voltage of 15 kV
was applied to the solution to start the spinning process, and the electrospun ﬁbres
were collected in a random mat of approximately 10 cm × 10 cm. A large quantity of
PAN nanoﬁbres could be produced within several minutes of processing time.
The polymer ﬁbres were pre-carbonized by heating in air at a rate of 1 8C min21
to 280 8C and held for 5 h. The sample was then placed in a tube furnace and
carbonized by heating in argon (g) at a rate of 10 8C min21 and held at 500 8C for
0.5 h (Supplementary Fig. S1). Using a SiH4 chemical vapour deposition (CVD)
method, a thin layer (30 nm) of silicon was coated onto the carbon nanoﬁbres at
490 8C (Supplementary Fig. S2). The free-standing carbon nanoﬁbres coated with
silicon were then heated in air at 500 8C for 2 h. Oxygen gas could diffuse through
the broken ends of the nanoﬁbres, and the carbon cores were oxidized into carbon
dioxide gas and removed completely. A SiOx layer outside the silicon nanotubes
formed during this oxidation process. The weight ratio between silicon and SiOx was
determined by measuring the weight loss in the DWSiNTs after removing the SiOx
layer by washing in HF.
The electrochemical properties were evaluated by galvanostatic cycling of coin
cells with the interconnected hollow silicon nanotube networks as the working
electrode and lithium foil as the counter/reference electrode. The testing electrode
was made by laminating a freestanding silicon nanotube mat on copper foil; the
mass loading was 0.02–0.1 mg cm22 and no binders or conducting carbon were
used. The electrolyte for all tests was 1 M LiPF6 in ethylene carbonate/diethyl
carbonate (1:1 v/v, Ferro Corporation), and separators from Asahi Kasei were used.
All cells were cycled between 0.01 and 1 V.
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