Lithium Ion Battery Peformance of
Silicon Nanowires with Carbon Skin
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ABSTRACT Silicon (Si) nanomaterials have emerged as a leading candidate for next
generation lithium-ion battery anodes. However, the low electrical conductivity of Si
requires the use of conductive additives in the anode film. Here we report a solution-
based synthesis of Si nanowires with a conductive carbon skin. Without any conductive
additive, the Si nanowire electrodes exhibited capacities of over 2000 mA h g™ for 100
cydes when cycled at (/10 and over 1200 mA h g~ when cyced more rapidly at 1
against Li metal. /n situ transmission electron microscopy (TEM) observation reveals that
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the carbon skin performs dual roles: it speeds lithiation of the Si nanowires significantly,
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while also constraining the final volume expansion. The present work sheds light on ways to optimize lithium battery performance by smartly tailoring the

nanostructure of composition of materials based on silicon and carbon.
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s the power demands of mobile

technologies continue to increase,

lithium (Li)-ion batteries are needed
with greater power and energy density.'
Silicon (Si) anodes offer an alternative to
commercial graphite with much greater
gravimetric and volumetric Li storage capac-
ity (Li;sSis, 3579 mAh g ', 8334AhL " vs
LiCs,372mAhg~",804Ah L™ ").>3Sianodes
could improve the charge capacity of exist-
ing Li-ion batteries by more than 30% and
could enable an order of magnitude im-
provement if paired with a next generation
cathode like sulfur.*> The main limitations
of Si in Li-ion batteries are the massive
volume changes that occur during cycling
and poor electrical conductivity.® Nanoscale
Si can mostly tolerate the volume changes,” *°
and Si nanowires are particularly compel-
ling anode materials because they provide
short Li diffusion paths due to their narrow
diameter (<100 nm) combined with long
(>1 um) continuous paths for electron trans-
port down their length."" =%

Silicon nanowires can be produced by
vapor—liquid—solid (VLS) growth on metal
substrates to obtain intimate electrical con-
tact with the current collector in the battery,
but only with very low mass loadings of less
than about 200 xg/cm? that cannot provide
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enough current for most needs.”~%° Mass
loadings greater than 1 mg/cm?, which are
more appropriate for most applications,
require relatively thick electrode layers.
These are usually obtained by doctor-blading
slurries with significant amounts of Si.
Because of the synthetic limitations of VLS,
many groups turn to commercially available
Si powder for slurry-based anodes, but
sufficient amounts of Si nanowires can be
obtained using solution-based syntheses,
like solution—liquid—solid (SLS) or supercritical
fluid—liquid—solid (SFLS) methods.5'82530-33
To achieve reasonable battery performance
in the relatively thick slurry-based Si anodes,
conductive carbon particles must be added
(usually ~10% by weight) to provide suffi-
cient electrical conductivity through the
layer. This lowers the capacity of the anode,
but more importantly, the carbon particles
can segregate in the electrode layer during
processing or as a result of mechanical
stresses during cycling, leading to unreli-
able performance3* Better electrical con-
tact can be achieved by encapsulating the
Si nanomaterials in carbon.?*3*>~*3 Carbon
encapsulation improves adhesion to the Si
material, thus improving electrode stability
and electrical conductivity through the film,
as well as providing additional mechanical
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support against the stresses that occur during volume
expansion and contraction.3*~” The carbon coating
can also create a protective barrier that prevents
unwanted side reactions between the Si surface and
the electrolyte to form a robust solid electrolyte inter-
phase (SEl) layer.*?~*°

Here, we report the performance of tin-seeded Si
nanowires with conformal carbon coatings in lithium
ion batteries. The nanowires are produced by SFLS
growth using phenylsilane and Sn(HMDS), as reac-
tants. Straight and crystalline Si nanowires are pro-
duced, with a polyphenylsilane shell that is then
pyrolyzed into a conformal conductive carbon coating.
The in situ seeding approach in which Sn(HMDS),
decomposes to Sn seed particles in the reactor
saves a processing step since metal seed particles do
not need to be made prior to the nanowire growth
reaction.”>*®~*8Sn is also a very suitable seed metal for
lithium ion battery applications as it is much lighter
than commonly used gold (Au) and actively partici-
pates in the lithiation reactions.?>*° Nanowire battery
performance was tested in half-cells and by in situ TEM
imaging of individual nanowires undergoing lithiation.
The in situ TEM experiments showed that the carbon
coating increases the rate of Si lithiation by nearly an
order of magnitude compared to bare Si nanowires
and restricts the nanowire volume expansion during
lithiation.

RESULTS AND DISCUSSION

Si Nanowires. Figure 1 shows SEM and TEM images
and XRD of the Si nanowire product obtained from
reactions carried out with various Si:Sn ratios, while
Figure 2 illustrates the reaction pathway that occurs
during nanowire growth. MPS decomposes by phenyl
redistribution to silane (SiH,) and higher order phe-
nylsilanes.® Sn(HMDS), decomposes to Sn, which
forms a eutectic with Si at relatively low temperature
(232 °C) and seeds crystalline nanowire growth from
Si generated from silane decomposition. The higher
order phenylsilane byproduct polymerizes at the nano-
wire surface to form a polyphenylsilane shell. As shown
in Figure 1, the morphology of the nanowire product is
highly sensitive to the Si:Sn ratio. At Si:Sn ratios above
32 (Figure 1e—h), the nanowires are heavily kinked and
covered in a thick polyphenylsilane shell. The nano-
wires made with Si:Sn ratios below 22 (Figure 1a—d)
are markedly straighter with significantly decreased
shell thickness. X-ray diffraction (XRD), Figure 1i,
shows that the nanowires are diamond cubic Si with
Sn present in the nanowires synthesized at higher Sn
loadings.

Compared to MPS reactions using Au nanocrystals
to seed Si nanowire growth, proportionally much more
Sn is needed to obtain straight and crystalline nano-
wires. For example, the typical Si:Au ratio used for SFLS
growth of Si nanowires with MPS is 666,' whereas the
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Figure 1. Si nanowires grown from different ratios of MPS
and Sn(HMDS),. The SEM and TEM images show that the
nanowires are made increasingly straight with less poly-
phenyisilane shell material by decreasing the Si:Sn molar
ratio: (aand b) 16, (cand d) 22, (e and f) 32, and (g and h) 64.
(i) XRD of the reaction products is compared to Si and
Sn reference patterns (JCPDS reference patterns: Si (black)
00—027—1402, tetragonal 5-Sn (red) 00—004—0673).

best Sn-seeded Si nanowires are made with Si:Sn ratios
of between 16 and 22. It appears that more Sn is
required in the reactions because a large amount of
Sn incorporates into the nanowires during growth,
which does not happen with Au.*®>2 Figure 3 shows
TEM and HAADF-STEM images, and EDS compositional
maps of Si and Sn, of nanowires synthesized with a Si:
Sn ratio of 22 before and after shell pyrolysis. The shell
is clearly visible before (Figure 3a) and after (Figure 3b)
pyrolysis, and carbon shell retains the thickness uni-
formity of the polyphenylsilane shell. EDS line scans
(Figures 3c—f) show significant quantities of Sn in the
nanowires. There is about 2.15 atom % Sn, which is well
above the solid solubility of 0.018 atom % at the
growth temperature of 490 °C.>3 The bright spots in
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Figure 2. Synthesis of Si nanowires with conformal carbon
coatings. Sn(HMDS), decomposes to Sn particles that seed
Si nanowire growth by the SFLS mechanism. Monophenyl-
silane decomposes via phenyl redistribution to produce
SiH4, which decomposes into atomic Si, and higher order
phenylsilane byproducts that lead to the polyphenylsilane
shell.>® After nanowire synthesis, the polyphenylsilane shell
is pyrolyzed to conductive carbon by heating to 900 °C
under forming gas.
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Figure 3. HRTEM, HAADF-STEM, and EDS line scans of the
Sn-seeded Si nanowires grown using a Si:Sn molar ratio of
22 (a, ¢, and e) before and (b, d, and f) after pyrolysis of the
polyphenylsilane shell by heating for 1 h at 900 °C under
forming gas. The bright spots correspond to pockets of Sn
that reside within the core of the nanowire, which remain
after pyrolysis.

the HAADF-STEM image in the Si nanowire correspond

to pockets of Sn encapsulated in the nanowire.
Electrochemical Testing. Si nanowires synthesized with

a Si:Sn mole ratio of 22 were tested in batteries vs Li
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Figure 4. Capacity of anodes made from Si nanowires and
PAA before pyrolysis (red up-triangles), after pyrolysis
(black down-triangles), and after pyrolysis but without
using any PAA binder (blue squares). Anodes were fabri-
cated without additional conductive carbon. Batteries were
cycled at (a) C/10 for 100 cycles, (b) 1C for 100 cycles, and (c)
various rates between C/20 and 2C for 10 cycles each vs Li
metal.

metal. These nanowires were relatively straight, crystal-
line and had a thin polyphenylsilane shell that could be
pyrolyzed to carbon. Figure 4 shows battery data for Si
anodes made by combining the nanowires with PAA
binder. Capacities are reported based on the weight
of the nanowires including the carbon shell. The
pyrolyzed nanowires exhibited high capacities, over
2000 mA h g, with nearly 96% Coulombic efficiency
when cycled at the slow rate of C/10 for 100 cycles. An
increased cycle rate led to decreased capacity, but
the nanowires still showed a stable capacity of about
1300 mA h g~' with greater than 98% Coulombic
efficiency when cycled at 1C. The battery capacity
dropped essentially to zero at the much faster cycle
rate of 2C. Nanowires that were not pyrolyzed exhib-
ited almost no capacity, with an initial capacity of about
300mA h g~ that faded to zero after about 20 cycles at
C/10. Pyrolyzed nanowires tested without PAA binder
also exhibited very limited capacity, of <500 mAh g™’
when cycled at C/10, and no measurable capacity
when cycled faster than C/2. Fabrication of Si nanowire
anodes without binder was also quite difficult as the
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Figure 5. (a) Voltage—capacity curves for pyrolyzed Si
nanowires cycled at various rates from C/20 to 1C. Profiles
correspond to the 2nd cycle for each of the rates tested in
Figure 4c. (b) Differential capacity plots for the 1st, 2nd,
10th, and 50th cycle of pyrolyzed Si nanowires cycled at C/10.

nanowires were poorly adhered to the Cu foil and
easily flaked off the substrate.

The voltage profiles of the pyrolyzed Si nanowire
with PAA anodes exhibited the typical characteristics
of Si undergoing relatively stable lithiation and deli-
thiation.'?">~182022 Figyre 5a shows the voltage pro-
files of the electrodes cycled at various rates and
Figure 5b shows the corresponding differential capac-
ity plots for the cycle rate of C/10. The first cycle
differential capacity plot shows one peak for the lithia-
tion at ~60 mV corresponding to the lithiation of c-Si
and three main delithiation peaks; the sharp peak at
~450 mV corresponds to the delithiation of c-Li,Si
while the two broad peaks at ~300 and ~500 mV
correspond to the delithiation of a-Li,5i.>'*%>8 There
is also a small peak at ~400 mV in the lithiation and
~600 mV in the delithiation indicative of Sn.>*>¢
During the second cycle, additional lithiation peaks
emerge at ~250 and ~100 mV corresponding to the
lithiation of a-Si. This is to be expected as bare Si does
not return to its crystalline state after the first cycle but
rather becomes amorphous.>” Throughout cycling, the
crystalline lithiation and delithiation peaks decrease in
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Figure 6. Time sequence of in situ lithiation of the pyrolyzed
Si nanowires. Red arrow indicates the lithiation front pro-
pagating along the nanowire (video provided in Supporting
Information).

intensity while the amorphous peaks grow stronger.
This indicates that the carbon coating initially prevents
the wire from fully converting to a-Li,Si and maintain-
ing regions with crystalline structure, but eventually
breaks down through repeated cycling.

In Situ TEM Imaging of Pyrolyzed Si Nanowires Undergoing
Lithiation. Coin cell battery tests provide a macroscopic,
averaged measure of nanowire performance as they
undergo lithiation and delithiation. To directly observe
the morphology changes of individual Si nanowires
with pyrolyzed carbon shells, in situ TEM experiments
were performed. Figure 6 shows a sequence of TEM
images of an Si nanowire with a pyrolyzed carbon shell
undergoing lithiation (video supplied as Supporting
Information). The nanowire is placed into contact with
Li,O-coated Li metal and a —3 V bias is applied to drive
the lithiation. The lithiation begins at the point of
contact between the nanowire and the Li,O surface
and travels quickly along the surface of the nanowire
converting the ¢-Si to a-Li,Si. During the first 10 min of
lithiation, the majority of lithium diffusion occurs axi-
ally down the surface of the nanowire, traveling at a
rate of almost 200 nm min~", which is approxima-
tely 50% faster than previously reported for bare Si
nanowires.®

Lithiation into the core of the nanowire does even-
tually take place and comes to completion after 30 min.
The lithiated nanowire exhibits two distinctly different
morphologies. The left side of the nanowire has begun
to curl, whereas the right side of the nanowire remains
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Figure 7. (a—c) HRTEM of a Si nanowire prior to in situ
lithiation highlighting areas of the nanowire where the shell
is (b) partially and (c) completely coating the nanowire
surface. (d) HRTEM of the Si nanowire after in situ lithiation
with selected area electron diffraction patterns of the (e)
partially coated and (f) uniformly coated sections of the
nanowire. In the partially coated section, the rings in the
SAED show that the nanowire is composed of amorphous
lithiated silicon with some spots indicative of Li oxide due to
reaction with the native oxide found on the uncovered
regions of the nanowire. In the uniformly coated section,
the spot pattern and the amorphous rings indicate a crystal-
line Si core remains after lithiation and no pattern is visible
for Li oxide.

relatively straight. The left side of the nanowire has
fully converted to an amorphous lithiated Si phase,
while the right side of the nanowires retains a thin
crystalline or partially lithiated region. Extending the
lithiation time had no effect on the morphology of this
region of the nanowire. Figure 7 shows HRTEM and
selected area electron diffraction (SAED) taken from
each region of the nanowire. The HRTEM images
revealed that the right side of the nanowire has a
complete and uniform carbon coating (Figure 7c),
while the carbon coating on the left section of the
nanowire is nonuniform and incomplete (Figure 7b).
The complete and uniform carbon shell prevents the Si
nanowire from expanding enough to fully lithiate.>
The SAED pattern taken from the right-hand side of the
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nanowire (Figure 7f) shows both patterns correspond-
ing to both ¢-Si and a-Li,Si, indicating that the core has
not been fully lithiated. The partial nonuniform carbon
coating, however, gives way to the stress created by
the expanding Si nanowire, and there is no sign of
remaining c-Si in the SAED pattern obtained from the
left region of the nanowire in Figure 7e. This kind of
self-limiting lithiation has not been previously ob-
served in in situ TEM experiments of carbon-coated Si
nanowires; however, previous experiments of carbon-
coated Si nanowires utilized an ionic liquid electrolyte
that may have modified the carbon coating, possibly
by creating pores and alleviating the stress.”® Based on
the shift from crystalline peaks to amorphous peaks in
the differential capacity plots, it is likely that after
repeated cycling the uniform coating begins to crack,
relieving the stress and allowing the core to fully
lithiate and become amorphous. The radial rate of
lithiation, as measured by the change in ¢-Si core
thickness over time, is also affected by the uniformity
of the coating with the average velocity being 62 nm h ™'
when the nanowire is completely coated and 400 nm h™"
when partially coated. It is worth noting that both of
these rates are faster than the previously reported rate
of 35 nm h™" for bare c-Si nanowires.>®

CONCLUSIONS

Sn(HMDS), was used for in situ Sn seeding of crystal-
line Si nanowires with a polyphenylsilane shell via SFLS
growth. The shell was pyrolyzed to a conductive car-
bon coating that eliminated the need for conductive
additives in the electrodes made using the nanowires.
HRTEM and STEM with EDS compositional mapping
also showed that high amounts of Sn were present in
the nanowires at greater than 2 atom %. In situ TEM
measurements showed that the rate of lithiation in
these nanowires was significantly faster than in typical
Si nanowires by nearly an order of magnitude. Lithium
ion battery electrodes made with Si nanowires coated
by pyrolyzed carbon shells exhibited high capacities of
over 2000 mA h g~ for 100 cycles when cycled slowly
at C/10 and over 1200 mA h g~' when cycled quickly
at 1C. Uniform and complete carbon coatings were
also found to prevent complete nanowire expansion
needed for full lithiation of the nanowire. On the basis
of the battery cycling tests, however, it appears that the
carbon shells probably begin to fail after many cycles,
leading to full lithiatation and amorphization of the
nanowires.

These battery and TEM results show that coatings on
Si nanowires can have a very significant impact on the
lithiation/delithiation behavior of the material. A cou-
ple of effects were observed. The first was the speeding
up of the lithiation rate in the nanowires, by nearly an
order of magnitude. The second was the mechanical
stress applied by the core that prevented full lithiation
of the Si material. It remains to be seen now what the
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optimum role of such conformal shells may be for Si
(and probably Ge too) anodes in lithium ion batteries.
The in situ TEM experiments presented here clearly

EXPERIMENTAL DETAILS

Materials. All reagents and solvents were used as received.
Chloroform (99.9%), ethanol (EtOH, 99.9%), toluene (anhydrous,
99.8%), bis(bis(trimethylsilyllamino)tin (Sn(HMDS),, 99.8%), poly-
(acrylic acid) (PAA, M, ~ 450000), 1-methyl-2-pyrrolidinone
(NMP, anhydrous 99.5%), lithium hexafluorophosphate (LiPF,
>99.99%), ethylene carbonate (EC, 99%), and diethyl carbonate
(DEC, =299%, anhydrous) were purchased from Sigma-Aldrich.
Monophenylsilane (MPS) was purchased from Gelest, Inc. Li
metal foil (1.5 mm 99.9%) was purchased from Alfa Aesar and
fluoroethylene carbonate (FEC, >98%) was purchased from TCl
America. Celgard 2400 membranes (25 um) were supplied by
Celgard and conductive carbon super C65 was provided by
TIMCAL. Coin cells (2032 stainless steel) and copper (Cu) foil
(9 um thick) were purchased from MTI Corporation.

Silicon Nanowire Synthesis and Carbon Shell Formation. Si nano-
wires were prepared by supercritical fluid—liquid—solid (SFLS)
growth using MPS and Sn seeds generated in situ in the reactor
from Sn(HMDS)z.25'31"'6'51 A titanium reactor is loaded with
toluene and heated and pressurized to 490 °C and 10.3 MPa.
A reactant solution with a Si:Sn mole ratio of 64 is prepared in an
argon-filled glovebox (<0.1 ppm O,) by combining 500 uL of
MPS and 24 uL of Sn(HMDS), in 30 mL of anhydrous toluene and
then loaded into an injection cylinder. Reactions were also
carried out using Si:Sn mole ratios of 32,22, and 16 by increasing
the amount of Sn(HMDS), to 48, 72, and 96 uL, respectively.
Reactant solutions are injected at a rate of 0.5 mL/min for 40 min
using a micrometer valve to maintain constant pressure in the
reactor. Immediately after finishing with the reactant injection,
the reactor is sealed and removed from the heating block to
cool overnight to room temperature. The crude reaction prod-
uct is extracted from the reactor with toluene. The reaction
product is precipitated by centrifugation at 8000 rpm for 5 min
and the supernatant is discarded. The nanowires are washed
three times by repeated dispersion in a 2:1:1 chloroform:
toluene:ethanol mixture, centrifugation, and decanting of the
supernatant. Multiple batches of purified nanowires, approxi-
mately 25 mg each, are then combined and dried on a rotary
evaporator. Approximately 100 mg of the combined nanowire
material is then loaded into a quartz tube furnace and purged
for 30 min with forming gas (93% N,/7% H,). The material is
then heated at 900 °C for 1 h under constant forming gas flow.

Characterization Methods. Scanning electron microscopy (SEM)
images were acquired with a Zeiss Supra 40 SEM with an in-lens
arrangement at 2 kV and 5 mm working distance. For imaging,
the nanowires were deposited on polished silicon wafers.
Transmission electron microscopy (TEM) images were digitally
acquired using a field emission JEOL 2010F TEM operated at
200 kV with nanowire samples deposited on 200 mesh lacey-carbon
copper TEM grids (Electron Microscopy Sciences). Energy-
dispersive X-ray spectroscopy (EDS) line scans were performed
with an Oxford Inca EDS detector on the JEOL 2010F TEM
operated in high angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) mode. X-ray diffrac-
tion (XRD) was performed using a Rigaku R-Axis Spider Diffract-
ometer and Image plate detector. Samples were prepared on a
0.5 mm nylon loop and scanned for 15 min at 1°/s sample
rotation under Cu Kot (A = 1.5418 A) radiation at 40 kV and 40 mA.

Electrochemical Testing. Si nanowire slurries were prepared by
combining 80 mg of Si nanowires with PAA (4:1 w/w Si:PAA) in
1.5 mL of NMP. The mixture was probe sonicated for 30 min.
Slurries were doctor-bladed (200 #um gap) onto Cu foil and dried
at 80 °C overnight under vacuum. Individual 11 mm diameter
circular electrodes were hole-punched from the coated Cu foil.
Typical mass loadings were 0.25—0.8 mg cm™2. Electrodes
tested without PAA binder were made using the same proce-
dure. Coin cells (2032 stainless steel) were assembled in an
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show that such shells can stabilize the nanowire
morphology, but also prevents full lithiation and can
eventually fail over the course of many cycles.

argon-filled glovebox (<0.1 ppm O,) using Li foil as the counter
electrode, 1.0 M LiPFg in 1:1 w/w EC:DEC with 5 wt % FEC as the
electrolyte solution, and Celgard 2400 membranes as the
separator. Coin cells were crimped and removed from the
glovebox for testing with an Arbin BT-2143 test unit cycling
between 2.0 and 0.01 V vs Li/Li*. Capacities are reported based
on the total weight of the anode material. It was calculated from
TEM images and the densities of Si and graphitic carbon that the
carbonaceous shell accounts for approximately 10% of the
weight of the nanowires and the PAA binder was assumed to
be electrochemically inactive resulting in an overall anode
capacity of C= 2617 mA h g™ for deriving cycle rates used in
testing.

In Situ TEM Imaging of Si Nanowire Lithiation. /n situ TEM imaging
was performed using a Titan 80—300 scanning/transmission
electron microscope (S/TEM) and a Nanofactory TEM holder.
The nanobattery consisting of Si nanowires drop cast on a
tungsten wire as the anode and lithium as the cathode was
assembled in an Ar-filled glovebox. The TEM holder was then
transferred from the glovebox to the microscope in a sealed
Ziploc plastic bag. The TEM nanobattery was exposed to air
briefly during loading into the microscope. Air exposure was
less than 5 s, during which time a thin Li,O layer forms on the Li
metal surface that serves as a solid state electrolyte for the
nanobattery. A —3 V bias was applied to lithiate the nanowires,
and delithiation was carried out by applying a 3 V bias.
The beam intensity was minimized using a beam current of
~1 mA cm ™2 to avoid beam effects.
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