Silicon Nanotube Battery Anodes
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ABSTRACT

We present Si nanotubes prepared by reductive decomposition of a silicon precursor in an alumina template and etching. These nanotubes
show impressive results, which shows very high reversible charge capacity of 3247 mA h/g with Coulombic efficiency of 89%, and also
demonstrate superior capacity retention even at 5C rate (=15 A/g). Furthermore, the capacity in a Li-ion full cell consisting of a cathode of
LiCoO, and anode of Si nanotubes demonstrates a 10 times higher capacity than commercially available graphite even after 200 cycles.

The specific energy storage capacity and the charge/discharge
rate of lithium ion batteries are critical for their use in electric
vehicles (EVs) and to store energy produced by intermittent
sources such as solar cells and wind.! Despite significant
gains in rate capability and safety through the use of new
materials,>* increasing specific energy capacity remains a
challenge. Replacing graphitic carbon with Si as the anode
material can result in an increase in anode capacity by a
factor of 10 and can considerably increase the energy
capacity of the total battery. However, a rapid loss of the
reversible capacity upon cycling, which is associated with
the large volume expansion of Si, is a challenge.* Recent
studies on Si nanowires> and nanoporous Si’ show great
promise in overcoming this issue.

When reacting with Li, Si is known to incorporate 4.4 Li
atoms per Si atom. In Li-ion batteries, this results in the
extremely high specific capacity of 4200 mA h/g, which is
10 times higher than the capacity of graphitic carbon (372
mA h/g).%? However, the 300% volume change upon lithium
insertion commonly causes pulverization and thus a loss of
electrical contact between Si and the current collector.
Previous studies on improving the capacity of Si-based
materials have been focused on nanoparticle composites and
carbon prepared by ball-milling and thermal reduction.'*~7
Despite these efforts, these electrodes still suffer from rapid
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capacity fading. Recently, Si nanowires>® and 3D porous Si
particles'® have been demonstrated to exhibit good cycling
performance as anode materials since both types of structures
provide empty space to accommodate Si volume changes
and allow for facile strain relaxation without mechanical
fracture upon lithium insertion. However, these materials
exhibited increased polarization at higher current rates and
some degree of capacity fading over many cycles, which
could possibly be due to the limited surface area accessible
to the electrolyte and the continuous growth of solid
electrolyte interphase (SEI) at the interface between the
silicon and electrolyte. For instance, hollow nestlike silicon
nanospheres showed the first discharge capacity (lithium
dealloy) of 3052 mA h/g at a rate of 2000 mA/g, but its
Coulombic efficiency and capacity retention ratio after 50
cycles were 73% and <25% (~1000 mA h/g), respectively.'*

Here, we fabricate novel Si nanotube structures and
demonstrate their superior cycling performance for the first
time. The nanotube electrodes have ultrahigh reversible
charge capacities of ~3200 mA h/g and have outstanding
capacity retention of 89% after 200 cycles at a rate of 1C in
practical Li-ion cells.

In this work, we used Si nanotubes (Figure 1) to increase
the surface area accessible to the electrolyte, which allows
the Li ions to intercalate at the interior and exterior of the
nanotubes. In addition, we deposited a carbon coating on
the surface of the nanotubes, which stabilizes the Si—electrolyte
interface and promotes stable SEI formation for long cycle
life. To synthesize carbon-coated Si nanotubes, a method
involving chemical deposition within porous alumina mem-
brane templates was employed. (See Supporting Information



Figure 1. Schematic diagram of Li-ion pathway in Si nanotubes.
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Figure 2. (a, b, and ¢) FE-SEM images of Si nanotubes: (b) top
view and (c) side view. (d, e, and f) TEM images of Si nanotubes:
(e) edge of the outer wall and (f) inner surface of nanotube wall.
The inserted figure in (f) is a selected area diffraction pattern of
(f). Arrows in image d indicate the tubewalls.

for detailed synthesis procedures.)

Figure 2 shows scanning electron microscopy (SEM)
(Figure 2a—c) and transmission electron microscopy (TEM)
(Figure 2d) images of the Si nanotubes after the removal of
the alumina template by treatment with NaOH (also see
Figure S1 in Supporting Information). The carbon coating
protects the Si nanotubes from being etched away by NaOH.
The assemblies of uniform Si nanotubes with outer diameters
of ~200—250 nm were recovered, and their wall thickness
was measured to be ~40 nm as indicated by arrows. After
ultrasonication, the Si nanotube bundles were separated (see
Figure S2 in Supporting Information). The side view of the
bundle of nanotubes in Figure 2a shows a tube length of
~40 yum and the top-view SEM image in Figure 2b shows
the open ends of the nanotubes. Figure 2e shows a high-
resolution TEM (HRTEM) image of the surface of the outer
wall of a nanotube, which indicates that the outermost layer
is covered with nanometer thick amorphous carbon, although
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Figure 3. Raman spectra of Si nanotubes and Si wafer reference.
The insert is a FT-IR spectrum of Si nanotubes.

weak lattice fringes with a d spacing of 1.93 A can also be
observed, corresponding to the Si(220) plane. Figure 2f is
an HRTEM image of the inner surface of a nanotube wall,
and selected area diffraction pattern and lattice fringe images
confirm the dominant presence of a crystalline Si phase
although we cannot rule out possible presence of minor
amorphous Si phase. The X-ray diffraction (XRD) pattern
of the Si nanotubes shows the presence of the diamond cubic
Si phase (Figure S3 in Supporting Information) and crystallite
size was estimated to ~10 nm.

Figure 3 shows the Raman spectrum of the Si nanotubes.
The sharp peak at ~516 cm™! is related to the Si—Si
stretching mode, which is identical to that of the reference
Si wafer. A small peak at ~957 cm™! is due to the stretching
mode of amorphous Si—Si, which is also observed in the Si
wafer. The two other peaks at ~1360 and ~1580 cm ™! are
assigned to the D band (disordered band) and G band
(graphene band) of carbon, respectively.!® These peaks
confirm the carbon coating on the surface of the Si nanotubes;
the carbon is deposited by the high-temperature decomposi-
tion of the organic precursors used for the synthesis of the
Si nanotubes. The dimensional ratio of the D and G bands
of the samples can be estimated to be 1.4. This value is much
smaller than the values previously reported for carbon-coated
Si nanoparticles?® and SnyoSio; nanoparticles,?! which have
a ratio larger than 2. We do not observe a peak in the range
of 1000—1100 cm™! for SiO, using FT-IR spectrometry
(Figure 3 inset), suggesting that there is little SiO, on the Si
nanotube surface. Therefore, the prepared Si nanotubes can
be considered to be at least as pure as the detection limit
(100 ppm) of FT-IR. Overall, these results indicate that the
Si nanotubes are coated with a very thin layer of amorphous
carbon.

Parts a and b of Figure 4 show electrochemical rate
capability and cycle life performance of the Si nanotubes in
coin-type half cells. The first discharge and charge capacities
of the Si nanotubes are 3648 and 3247 mA h/g at the 0.2C
rate, respectively, which demonstrates an excellent Coulom-
bic efficiency of 89%. The high value of the Coulombic
efficiency of the first cycle is believed to be due to the thin
carbon layer, which minimizes the direct contact between
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Figure 4. (a and b) Rate capability and voltage profiles of the Si nanotubes in coin-type half cells (vs lithium metal) between O and 1.5 V.
Cells for (a) used a fixed 1C rate during all the discharge cycles and were tested with increasing rates from 0.2C to 5C (=15 A/g) during
the charge cycles. Cells for (b) were cycled at a rate of 1C between 0 and 1.5 V and voltage profiles were plotted after the 2nd, 40th, and
80th cycles. (c and d) Rate capability and cycle life performance of the Si nanotubes in pouch-type Li-ion cells (cathode was LiCoO,)
between 2.75 and 4.3 V to 200 cycles. Rate was increased from 0.2C to 5C with the same rates during charge and discharge (1C = 3 A/g).

C rate for the cycle test in (d) was 1C.

Figure 5. (a) SEM image of cycled Si nanotubes (Si nanotubes were extracted from the Li-ion cell after 200 cycles). (b) TEM image of
(a). (c, d, and e) HREM images of dotted red circles in (b). Blue circles indicate the nanocrystalline domains.

the Si and electrolyte and promotes the formation of a stable
SEI layer on the inner and outer surface of the Si nanotubes.
It has been reported that bare Si particles undergoing Li
alloying and dealloying reactions are continually exposed
to the electrolyte due to the recurrent generation of new active
surfaces that were previously passivated by stable surface
films, accelerating capacity fade.?>?* Coating methods de-
crease the capacity fade of these particles. For instance, an
AIPO, coating on SnO, bulk particles was shown to diminish
the repetitive formation of electrode/electrolyte interfaces.?
In the present work, the charge capacity of Si nanotubes at
a 5C rate is 2878 mA h/g, representing a higher value than
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all previous studies at such a fast rate. Rate capability and
cycle life to 200 cycles were also tested by using a Li-ion
full cell consisting of a LiCoO,-based cathode and a
Si-nanotube-based anode (Figure 4, parts ¢ and d). Excitingly,
the initial capacity at rates of both 3C and 5C is above 3000
mA h/g, and capacity retention after 200 cycles is 89% at a
rate of 1C. These results are quite comparable to a cell made
with commercial graphite.

In order to determine whether the Si nanotube morphology
is changed after 200 cycles, the cells were disassembled and
the anode was further characterized. Figure 5a shows an SEM
image of the electrode after 200 cycles; its original morphol-
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ogy is apparently retained. Panels c, d, and e of Figure 5
show HRTEM images of different portions of the single
nanotube shown in Figure 5b. These images show that the
amorphous phase of Si is dominant, which agrees with
previous observations of structural changes in Si after
reaction with Li.?** In general, amorphization occurs when
a thermodynamically preferred crystalline intermediate com-
pound is unable to nucleate and an amorphous phase that is
metastable yet lower in free energy than the pure reactants
forms instead.?® In addition to the amorphous phase, panels
c—e of Figure 5 also show the presence of crystalline Si
regions less than 5 nm in thickness surrounded by the
amorphous matrix. The possible retention or formation of
Si nanocrystals has previously been observed in Si anodes
after 80 cycles.!® In this previous work, the XRD pattern of
the Si electrode (after charging to 1.5 V) suggested that the
Si was fully amorphous, while the HRTEM revealed the
presence of Si nanocrystals with sizes smaller than 5 nm. In
nanomaterials, the energy barrier for nucleation should be
smaller because a large fraction of the Si atoms is in high
energy states at the highly metastable surfaces.?’” Due to its
highly disordered nature, the amorphous Si matrix has many
defects, which could act as preferred nucleation sites for the
formation of Si nanoclusters after long-term cycling.

In addition to these structural changes, Figure 5a shows
that the morphology of the nanotubes did not change after
cycling. The initial pore wall thickness of the Si nanotubes
is ~40 nm, and no pulverization occurred even though the
thickness expanded to ~300 nm. This result supports
previous findings that show increased fracture toughness of
lithiated silicon nanoparticles with sizes smaller than 20 nm?
and improved mechanical properties in nanowires with
diameters less than 100 nm.?° This effect could be because
the surface area to volume ratio increases dramatically when
size decreases to the nanometer range, and any dislocations
may be quickly drawn to the surface.?®?

In conclusion, Si nanotubes were prepared by reductive
decomposition of a silicon precursor in the alumina template
and etching. These nanotubes showed impressive results,
which had very high reversible charge capacity of 3247 mA
h/g with Coulombic efficiency of 89% and also demonstrated
superior capacity retention even at a 5C rate (=15A/g).
Furthermore, the capacity in Li-ion full cell consisting of
cathode LiCoO, and anode Si nanotube demonstrated 10
times higher capacity than commercially available graphite
even after 200 cycles.
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