IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Subeutectic Growth of Single-Crystal Silicon Nanowires Grown on
and Wrapped with Graphene Nanosheets: High-Performance Anode

Material for Lithium-lon Battery

Fathy M Hassan,” Abdel Rahman Elsayed,T Victor Chabot,” Rasim Batmaz,’ Xingcheng Xiao,**

and Zhongwei Chen*"

TDepartment of Chemical Engineering, University of Waterloo, Ontario, Canada N2L3G1
*Chemical Sciences and Materials Systems, General Motors Global Research and Development Center, Warren, Michigan 48090,

United States

© Supporting Information

ABSTRACT: A novel one-pot synthesis for the subeutectic growth of (111)
oriented Si nanowires on an in situ formed nickel nanoparticle catalyst
prepared from an inexpensive nickel nitrate precursor is developed.
Additionally, anchoring the nickel nanoparticles to a simultaneously reduced
graphene oxide support created synergy between the individual components of
the c-SINW-G composite, which greatly improved the reversible charge
capacity and it is retention at high current density when applied as an anode for
a Li-ion battery. The c-SINW-G electrodes for Li-ion battery achieved excellent
high-rate performance, producing a stable reversible capacity of 550 mAh g T e e w w e w % w
after 100 cycles at 6.8 A g”' (78% of that at 0.1 A g~ '). Thus, with further
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development this process creates an important building block for a new wave
of low-cost silicon nanowire materials and a promising avenue for high rate Li-ion batteries.
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B INTRODUCTION

The development of lithium-ion batteries (LIB) based on new
high-performance materials is critical to meet the demands of
an expanding array of mobile consumer and military electronics
that incorporate this technology. Advances in the energy
storage capabilities of LIBs are also integral to the future of
electric transportation and grid scale energy storage required to
facilitate the integration of intermittent renewable energy
sources into the grid. Specifically, alternative electrode
technologies are needed to overcome the maximum theoretical
capacity (372 mAh g™') of graphite anode materials and their
poor capacity retention at high current density." ™~ Silicon (Si)
has emerged as a strong candidate for the future of commercial
LIB anode designs because of its high theoretical storage
capacity in comparison to graphite (4200 mAh g™'), natural
abundance, low cost, and low discharge potential of 0—0.4 V vs
Li/Li*/ ™!

Unfortunately, the commercial application of silicon-based
anodes faces several challenges that arise due to its low intrinsic
electrical conductivity (1 X 107> S cm™), along with extreme
volume expansion (400%) that occur during the alloying
process with lithium (Liy,Si). These volume expansions
inevitably lead to pulverization of the electrolyte and/or rapidly
degrading electrical connectivity of the electrode, especially
when using electrodes with high mass loadings."*™"’
Furthermore, the intense lattice strain and surface stress can
prevent stabilization of the solid electrolyte interphase layer
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(SEI), leading to low columbic efficiency. In efforts to
overcome these challenges, various conductive-carbon compo-
site materials have been utilized to encapsulate the silicon
materials, thereby enhancing their performance retention after
many cycles.lg_27 Additionally, tailored nanostructures, such as
Si nanowires (SiNWs), nanotubes or nanoporous structures
have been used to achieve better durability through a
combination of increased strain tolerance, shorter diffusion
distances and enhanced charge transport.**~>’

In this regard, there is an evolving array of methods used for
both the bottom-up and top-down growth of SiNWs that have
been successfully demonstrated on planar Si surfaces.>®*
However, the commonly utilized bottom-up method for SINWs
growth is the vapor—liquid—solid (VLS) catalytic growth
mechanism, using gold (Au) nanoparticles that are chosen for
their relatively low eutectic point.**™** In addition to the
aligned vertical growth SiNWs being demonstrated on Si(111)
wafers using the VLS approach, SINWs have also been grown
on other substrates, such as Al,03.**** Practical safety risks of
the commonly used SiH, gas precursors and the high cost of Au
are, however, a major drawback to these methods. Additionally,
the production capabilities are also limited due to the
requirement of using well-defined 2D planar surfaces as the
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Figure 1. SEM images of (a) Ni nanoparticles formed on graphene after thermal shock reduction of the nickel nitrate and GO mixture and (b) the
resulting SiNWs grown on the intermediate in a. (c) TEM image of the c-SiNW-G composite, (d) increased magnification TEM image representing
the SINWs within the c-SINW-G composite, (e) HRTEM and a corresponding FFT diffraction pattern shown in the inset for the SINW, and (f) the

TEM image for SINWs grown without graphene support.

growth substrate. To address this, it is recognized that new
methods, which employ inexpensive catalyst metals and are
applicable to bulk production of SiNWs, must be developed in
order to capitalize on the highly promising application potential
of these materials.****~*’ Recent investigations toward this goal
include the growth of SiNWs on Au-coated AL,O; particles,*
and in work concurrent to our own, the VLS growth of SiNWs
from Au nanoparticles on the surface of reduced graphene
oxide (rGO).*

Herein we present a scalable method for the bottom-up
processing of carbon-coated SINWs on graphene (c-SINW-G)
using an inexpensive nickel nanoparticle (NiNP) catalyst. This
procedure involves a sophisticated one-pot atmospheric
pressure chemical vapor deposition (APCVD) synthesis,
which incorporates several novel techniques. First, a uniform
distribution of NiNPs on the surface of graphene was achieved
by thermally shocking a mixture of nickel nitrate and graphene
oxide, resulting in rapid decomposition of the nickel nitrate
precursor and simultaneous in situ reduction of the graphene
oxide. Second, the SINWs were grown on the NiNP catalysts by
applying a unique variation to the silicide-assisted vapor—
solid—solid (VSS) mechanism.>**™*® The seed particles
remained in the solid phase because of the subeutectic
temperature of 900 °C,* well below the 993 °C eutectic
temperature required for the Ni—Si system to undergo a VLS
growth mechanism.*® Furthermore, by exchanging the SiCl,
precursor after SINWs growth with toluene, we illustrate a
core—shell SINW/C structure can be obtained. In addition to
the elimination of expensive Au catalysts using this method, the
ability to grow SiNWs anchored on graphene using SiCl,, along
with the introduction of a controlled carbon coating by the
injection of toluene represents a significant step toward the
future development of practical high performance materials for
LIBs. By growing SiNWs directly on graphene, a direct path is
provided for electrical conductivity. Furthermore, by decorating
the graphene sheets with well-dispersed NiNPs, it provides a

template for growing individual SiNWs that are not
agglomerated together.

B EXPERIMENTAL METHODS

Synthesis of SINW-G. Prior to growing SiNWs on graphene and
the fabrication of well-dispersed NiNPs, graphene oxide (GO) was
synthesized by a modified Hummer’s method.* In a typical
experiment, 150 mg of GO was dispersed in deionized water followed
by dropwise addition of 300 yL of 0.1 M nickel nitrate hexahydrate
(Ni(NO;),.6H,0). The mixture was sonicated for 30 min and then
left to dry at 60 °C under magnetic stirring. The GO-nickel nitrate
mixture was then transferred to a quartz tube inside a furnace and
rapidly pushed into the hot zone at 700 °C and held under argon
atmosphere for 1 h. The temperature was then increased to 900 °C
and H, gas was purged for 30 min at 500 sccm before injecting 300 L
of SiCl, into the quartz tube. After the SiCl, was completely depleted
and the SINW-G grown, toluene was injected (typically SO L) as a
source of the carbon coating, before cooling the furnace down. The
process generated approximately 30 mg of c-SINW-G powder
containing 48 wt % SINW.

Electrode Fabrication. Battery electrodes were fabricated by
mixing the active c-SINW-G material (70 wt %) with polyacrilonitrile
(PAN, 30 wt %) and casting the slurry on a copper foil current
collector. No further carbon additives were used. The electrodes were
then heat treated at 550 °C for 2 h in Argon atmosphere to enhance
the three-dimensional conductivity of the composite electrode by
partially pyrolyzing the polyacrylontirile binder. The initial starting
thickness of the electrodes were about 15 gm. The electrode remained
intact and well-attached to the current collector after heat treatment.
Figure S1 (in the Supporting Information) shows a digital image of the
electrode before and after the heat treatment process.

Electrochemical Performance. Coin cells were assembled in an
argon-filled glovebox using the treated electrodes versus metallic
lithium and using 1 M LiPF6 in 30 wt % ethylene carbonate (EC), 60
wt % dimethyl carbonate (DMC), and 10 wt % fluorinated ethylene
carbonate (FEC). Galvanostatic cycling was initially performed
between 0.01—2 V at 100 mA g~' (C/20) for S cycles. After initial
cycling the current rate was varied: one cell remained at 100 mA g™
current for 100 cycles, and another cell was cycled at incremental rates
0f 0.1,0.5,1,2, 4, and 10 A g”" to determine the rate capability of the
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Figure 2. (a) HAADF-STEM (high-angle annular dark-field) of ¢-SINW-G, (b) EDX mapping of Si for the area marked in a, (c) EDX mapping of
carbon, (d) overlapping projection for the Si, C and Ni spectra measured in c-SINW-G, (e) HAADF-STEM of SiNWs grown without graphene, and

(f) the EDX mapping for Si in e.

materials. As a reference material, graphene was tested under the same
conditions and electrode preparation. Cyclic voltammetry (CV) was
also performed, utilizing a 0.01—2 V range. In all measurements, the
total mass of the electrode, including the mass of the silicon and the
mass of the graphene, was considered when carrying out capacity
calculations.

Characterization. Morphology of the electrode surfaces before
and after treatment were characterized by scanning electron
microscopy (SEM) using a LEO FESEM 1530 and transmission
electron microscopy (TEM) using a JEOL 2010F TEM/STEM field
emission microscope equipped with a large solid angle for high X-ray
throughput, scanning, scanning-transmission and a Gatan imaging
filter (GIF) for energy filtered imaging. Raman scattering spectra were
recorded on a Bruker Sentterra system (532 nm laser). Thermal
gravimetric analysis (TGA) (TA Instruments Q500, USA) was used to
determine the mass ratio of graphene to SINW. TGA testing was
performed in air with a temperature range of 25 to 900 °C and a ramp
rate of 10 °C min~'. XRD analysis was conducted using
monochromatic Cu K X-rays (0.154 nm wavelength) and an Inel
XRG 3000 diffractometer.

B RESULTS AND DISCUSSION

To verify the production of uniformly distributed NiNPs as a
catalyst for SINW growth, we removed the samples from the
furnace after the initial thermal shock to decompose and reduce
the NiN/GO mixture.The SEM image in Figure la illustrates
that small, approximately 10—20 nm NiNPs uniformly
distributed across the entire surface of graphene were formed
from the decomposition of the crystallized salt clusters. In
Figure 1b, ¢, after injecting the SiCl, and later toluene,
wormlike nanowires coated with carbon could be clearly
observed by both SEM and TEM, respectively, lying flat along
the basal plane of graphene. High-angle annular dark field
(HAADF-STEM) imaging of the materials, which is very
sensitive to atomic number, is shown in Figure 2a. This imaging
technique creates an obvious variation in contrast which was
used to probe the elemental distribution of the materials and to
verify that the NiNPs do indeed catalyze and anchor the
nanowire growth. Further, to prove the Si nanowire
composition was not mistaken for carbon nanostructures
formed during toluene injection, we additionally performed
EDX mapping. The result shown in Figure 2a—d clearly depicts
the presence of SINWs anchored to the NINP catalyst.

Furthermore, the blanketed carbon in Figure 2¢ and amorphous
region at the SiNWs edge in Figure 1d indicate successful
coating of a very thin carbon layer on the SiNWs, in addition to
the underlying graphene support.

High-resolution TEM imaging and the corresponding FFT
spectrum for the SINW-G composites (Figure 1d, e) reveal that
the SINWs exhibits a single crystalline structure with 0.31 nm
lattice spacing. This indicates that growth is oriented along the
(111) crystal plane. In agreement with a previous fundamental
investigation, the rapid heat treatment of the Si source and the
resulting (111) crystal orientation suggests the formation
mechanism involves generation of an intermediate NiSi phase,
which promotes (111) crystal growth.***” Using an inexpensive
Ni catalyst to control the axial orientation in the (111)
direction also suggests an increased percentage of (110) facets,
which offer increased lithium ion diffusion into the core of the
SiNWs,>® which promotes high-rate capabilities. The formation
of a thin 2 nm layer of amorphous carbon on the surface of the
SiNWs is also confirmed by high-resolution TEM (Figure 1d).
The carbon coating is intended to provide additional electronic
conductivity, protect against surface oxidation of the narrow
SiNWs and partially restrict expansion due to lithiation.

To validate the proposed VSS growth mechanism on NiNPs,
it is important to eliminate any concern that graphene may
assist in the catalysis.”>> This would further help to verify the
versatility of this inexpensive preparation method. To
accomplish this, SINWs were also produced without the
addition of graphene oxide, by growing SiNWs using SiCl,
precursor directly on bulk NiNPs after thermal decomposition
of the nickel nitrate. This is illustrated by the characteristic
TEM image shown in Figure 1f and the EDX mapping shown
in Figure 2e, f. Bulk preparation of pure SiNWs grown by this
methodology could be applied in the future toward various
applications, without the need to anchor the NiNPs on a
specific support material.

The structure of the c-SINW-G composites was further
investigated by XRD and Raman spectroscopy (Figure 3). As
expected, the XRD (Figure 3a) patterns are consistent with a
reference database pattern for the Si phase. No further residual
peaks were observed in the c-SiNW-G composites that might
correspond to residual nickel silicide or SiO,. It was also
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Figure 3. (a) XRD patterns for the as-synthesized c-SINW-G (top)
and the reference XRD spectrum measured for SiNP (bottom). (b)
Raman spectroscopy for c-SiNW-G. (c) TGA result for c-SINW-G.

expected that for rGO, a broad low intensity peak at ~25°,
which represents a shift to the interplanar spacing interactions
of graphite (002) might be observed. The absence of this peak
suggests that the strong signal of the SiNWs and their presence
in between the rGO sheets may suppress the weak graphitic
interaction after GO reduction. However, three characteristic
peaks observed in the Raman spectrum provided in Figure 3b
confirm the presence of rGO after completing the one-pot
synthesis. The first peak verifies the lattice vibration of

crystalline Si (520 cm™"), whereas the other two highlight the
presence of reduced graphene oxide within the composite. The
absence of Si—O—Si vibration and stretching peaks below 1000
cm™' suggests minimal oxidation to the surface of the carbon-
coated SiNWs during or after grow‘ch.37'53’54 Furthermore, the
strong D (~1350 cm™') and G (~1580 cm™) band peaks
respectively signify a variety of planar defects and the
restoration of sp’ binding within the graphitic lattice,
respectively.*>*® Figure 3c demonstrates the TGA profile for
the c-SINW-G electrode material after annealing. As the
temperature increases, a significant mass loss is observed
from ca. 610 to 720 °C due to the carbon content being burned
away. Following this, a mass increase is observed at higher
temperature, which can be ascribed to the oxidation of silicon
to silicon oxide. As a result, the Si wt % in the c-SINW-G is
about 48%.

To demonstrate the potential application of the SiNWs
prepared using the inexpensive nickel catalyst, we conducted a
series of investigations to determine the electrochemical
performance in LIBs. The c-SINW-G was dispersed as the
active material in a slurry and deposited on a copper current
collector before partially carbonizing the PAN binder. The
anodes were then assembled into coin cells with a lithium
counter electrode and underwent galvanostatic charge—
discharge (CD) cycling, cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS).

Figure 4a illustrates the CD voltage profile for the c-SINW-G
anodes cycled between 0.01 and 2 V @ 0.1 A g'. A large
plateau in the first discharge cycle corresponds to the expected
behavior of crystalline Si. Beyond the first cycle, the observed
changes in the voltage profile are attributed to amorphization of
the initially crystalline SINW structure. This is supplemented by
the added irreversible first cycle capacity loss of graphene (see
inset in Figure S2 in the Supporting Information).”’~>* The
first cycle discharge capacity is 2200 mAh g™" with a Coulombic
efficiency of 64%. The second cycle has a capacity of 1416 mAh
g~!, followed by a gradual decrease to only 931 mAh g™ at the
30th cycle. However, as depicted by the cycle rate test in Figure
4c, at higher current densities up to 10 A g”' the c-SINW-G
composite was remarkably still able to deliver reversible
capacity of 400 mAh g~', providing sufficient electron and
ion transport to support the partial lithiation reaction. Even
after 70 additional cycles at 2 A g~', the c-SINW-G composite
remained highly stable (730 mAh g™'). The charge—discharge
profile in Figure 4d, taken from the last cycle of each rate
investigated, reveals minimal variation in the shape or voltage of
the plateau region below 2 A g™', although at higher current
density the development of slightly increased slope and
overpotential is observed. When further compared to pure
graphene or pure SINW active materials in the electrodes, there
was a strong synergistic effect present for the c-SiNW-G. This
synergy greatly improved capacity retention at high charge/
discharge rates (~3.5X improvement at 2 A ¢! and ~10X at
10 A g!). To fully illustrate the rapid transport capabilities of
the c-SINW-G composite, a newly assembled cell underwent
three conditioning cycles at 100 mA g~* before directly cycling
at a high current density of 6.8 A g™'. As shown in Figure 4e,
after 100 cycles, a stabilized capacity of 550 mAh g~ was
achieved. Figure 4b compares the cycle performance, at 0.1 A/
g, for c-SiNW-G, with the noncarbon coated SINW-G, and
graphene. The figure shows that introduction of a thin carbon
layer to SiNW-G significantly improves the cycle stability.
Through heat-treatment of polyacrylonitrile (PAN), its
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Figure 4. (a) Voltage profile for a coin cell containing c-SINW-G cycled at 0.1 A g/, (b) comparison of the cycle capability of SINW-G with and
without carbon coating using PAN, and c-SiNW-G using NaCMC, to that of pure graphene at 0.1 A g™', (c) rate capability of SINW-G compared to
the nonsupported SiNWs, and graphene, (d) comparison of the voltage profile of SINW-G at various currents, and (e) is the cycle capability of
SiNW-G at 6.8 A/g. (N.B. All capacities are based on the mass of silicon and graphene.)

structural changes that include reconstruction of the conjugate
pi bonding leads to enhanced conductivity.® This is the reason
that PAN was selected as an ideal binder in this work. To show
this effect, we fabricated a cell using sodium salt of carboxy
methyl cellulose (NaCMC) as a binder under the same
conditions, although with elimination of the heat treatment
step. This sample is labeled as c-SINW-G-CMC, and its cycle
performance shown in Figure 4b demonstrates that its
performance gradually decreases in comparison to the sample
with PAN.

Electrochemical cycling of ¢-SiNW-G by CV in Figure Sa
illustrates a first cycle peak starting at 0.15 V corresponding to
the cathodic lithiation of crystalline Si to form Li,Si. The anodic
peaks at 0.32 and 0.51 V correspond to the delithiation of Li,Si
back to Si. Subsequent cycles show an additional cathodic peak
appearing at 0.20 V which becomes broader and stronger with

13761

each of the initial cycles. Together with the increasing strength
of the anodic peaks at 0.32 and 0.51 V, these observations relate
to a gradual activation of the SiNWs materials and a
degradation of Si crystallinity with the alloying/dealloying
mechanism. The impedance spectra (Figure Sb) for the
lithium-ion cells were modeled using the equivalent circuit
provided in Figure Sb (inset). In this circuit, R1 represents the
contact resistance (or the electrode series resistance), R2 and
R3 are the charge transfer resistances, CPE1 and CPE2 are the
capacitances, and W is the Warburg diffusion resistance. A table
of these calculated values is provided in Table S1 in the
Supporting Information. The general trend is that the
graphene-based lithium-ion cell has relatively lower contact
resistance values, which likely arise because of the high
conductivity of graphene. The carbon-coated SiNWs on
graphene showed a synergistic enhancement of the perform-
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Figure S. (a) Cyclic voltammogram for a coin cell fabricated using c-
SiNW-G; (b) EIS for coin cells fabricated using c-SINW-G, SiNWs,
and graphene.

ance represented by the lowest charge transfer resistance. This
may be attributed to the enhanced conductivity provided by the
carbon coating throughout the entire 3D structure.

After cycling at high current density, the SINW-G anodes
were extracted from their assembly and rinsed to remove the
electrolyte. This was done to image the structural retention of
SiNWs and to investigate amorphization of the (111) crystal
plane after cycling. As previously mentioned, crystallinity along
the axis of the wire would promote diffusion and would support
the excellent capacity retention and cycle durability at high
current density. A fundamental study that monitored in situ
lithiation/delithiation of SiINWs, noted stress occurs primarily
at the Si—Si bond between the (111) planes during cycling,
potentially leaving the crystal plane partial intact along the
optimally oriented (111) nanowires.””>° As depicted by TEM
microscopy in Figures 6a and 6b, there was a general retention
of SiNWs morphology, despite significant fragmentation and
swelling of the SiNWs. However, after the amorphization of Si
and degradation during cyclingg, HRTEM imaging and the
corresponding FFT of the SINW-G composites in Figure 6¢
clearly shows no visible retention of crystallinity in the (111)
plane. EDX mapping in Figure 6d—f confirms the entangled
SiNWs within the body of the carbon composite. Further, the
oxygen presence corresponds to the formation of SEI and
residual electrolyte that was not removed after rinsing the
electrodes.

In summary, we have developed a simple, one-pot synthesis
methodology capable of growing bulk SiNWs on a low-cost
NiNPs catalyst. Furthermore, we illustrated the potential for
these NiNPs to be simultaneously anchored to three-dimen-
sional support materials, enabling a large range of future
application areas for this method of (111) SiINWs growth. After
growing the carbon-coated c-SINW-G composite, we were able
to show its excellent durability and retention of capacity at high
current density (100th cycle: S50 mAh ¢! @ 6.8 A g7') an
anode in a LIB cell. Ultimately, this process creates an
important building block for a new wave of low-cost, high-rate,
silicon nanowire materials.

B ASSOCIATED CONTENT

© Supporting Information

Optical image of the electrode before and after annealing, cycle
performance of ¢-SiNW-G in comparison with graphene for

Figure 6. (a) TEM image for SiINW-G electrode material after 100 cycles. (b) HAADF-STEM, (c) HRTEM, and (d—f) EDX mapping for the
elements silicon, carbon and oxygen, respectively, in SINW-G after cycling.
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100 cycles, and EIS modeling data. This material is available
free of charge via the Internet at http://pubs.acs.org.
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HAADEF-STEM, high-angle annular dark field scanning
transmission electron micrograph

NiNPs, nickel nanoparticles
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SiNWs, silicon nanowires
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