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odern technology driven society

relies largely on vehicles for

transportation and the use of
high technology devices. This high technol-
ogy base combined with automation and
the impending need to protect the environ-
ment from the large volume of greenhouse
gas and other toxic emissions known to be
ecologically hazardous has placed stringent
demands on the need to have high perfor-
mance consumer and portable electronic
devices. The portable nature of these de-
vices makes it even more necessary to have
rechargeable batteries that can provide
higher energy densities and longer cycle
life prolonging the use of battery operated
devices before recharging the batteries.
Lithium-ion batteries since the commercial-
ization of the first generation batteries by
Sony in 1991 have emerged on the fore-
front of rechargeable batteries. Despite two
decades of intense research, the search for
high performance rechargeable lithium ion
systems exhibiting higher energy density
and longer service life to power an increas-
ing diverse range of complex, fast perform-
ing, multifunctional electronic devices still
continues.! In recent years, silicon has at-
tracted considerable attention as a potential
Li-ion battery anode material to replace the
current graphite anode due to its high capac-
ity (specific capacity of 4200 mAhg ™~ corre-
sponding to the Li,,Sis, the maximum lithium
containing alloy phase in the Li—Si system).
Furthermore, the large abundance of silica
mineral deposits worldwide makes silicon an
ideal choice element from both the cost and
the elemental reserves point of view.* How-
ever, the commercial application of the sili-
con anode in current lithium-ion batteries is
hindered by the rapid capacity decay during
cycling because of the enormous volume
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ABSTRACT Lithium-ion batteries have witnessed meteoric advancement the last two decades. The anode
area has seen unprecedented research activity on Si and Sn, the two anode alternatives to currently used carbon
following the initial seminal work by Fuji on tin oxide nanocomposites. Recent reports on silicon nanowires, porous
Si, and amorphous Si coatings on graphite nanofibers (GNF) have been very encouraging. High capacity and long
cycle life anodes are still, however, elusive and much needed to meet the ever increasing energy storage demands
of modern society. Herein, we report for the first time the synthesis of novel 1D heterostructures comprising
vertically aligned multiwall CNTs (VACNTS) containing nanoscale amorphous/nanocrystalline Si droplets deposited
directly on VACNTs with clearly defined spacing using a simple two-step liquid injection CVD process. A hallmark
of these single reactor derived heterostructures is an interfacial amorphous carbon layer anchoring the nanoscale
Si clusters directly to the VACNTs. The defined spacing of nanoscale Si combined with their tethered CNT
architecture allow for the silicon to undergo reversible electrochemical alloying and dealloying with Li with
minimal loss of contact with the underlying CNTs. The novel heterostructures thus exhibit impressive reversible
stable capacities ~2050 mAh/g with very good rate capability and an acceptable first cycle irreversible loss ~20%
comparable to graphitic anodes indicating their promise as high capacity Li-ion anodes. Although warranting
further research, particularly with regard to long-term cycling, it can be envisaged that optimization of this simple
approach could lead to reversible high capacity next generation Li-ion anodes.
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changes associated with the various phase
transitions known to occur during the lithium
alloying and dealloying processes resulting
in decrepitation of the particles comprising
the electrode finally leading to electrode
failure.2*~8 Several strategies have been ex-
plored in recent years to overcome this
problem;>® prime examples include reducing
the particle size,'®'? fabrication of silicon
containing composites,’>~'® and the genera-
tion of thin films of elemental silicon.!”'®
However, despite all of these advances, the
systems studied exhibit only limited improve-
ment in capacity and capacity retention.
There is still a critical need for identifying
methods to generate Si-based anodes exhib-
iting its intrinsic high energy density with
good capacity retention, and reversibility.
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Figure 1. Schematic diagram showing the fabrication of silicon/carbon nanotube hybrid nanostructures using a liquid in-
jection CVD to grow the initial vertically aligned CNTs followed by the subsequent deposition of silicon.

The burgeoning rise of nanotechnology has had a
significant impact on various technologies including
energy storage. In this regard, one-dimensional (1D)
nanostructures have been of great interest for various
applications due to their fascinating structure and
unique properties.' An approach using 1D nanomate-
rials as lithium ion battery electrodes has been demon-
strated with promising electrochemical properties for
a number of systems such as C0304,2° 23 Sn0,,%*?
TiO,,% Fe,05,% Ge,?® nanowires, and LiMn,0, nano-
rods.? In line with these recent reports, Cui et al. have
recently developed silicon nanowire arrays, which have
shown improved performance as lithium ion battery an-
ode due to improved kinetics of lithium ion transport
and facile strain relaxation.>® However, these 1D nano-
materials are still prone to Coulombic efficiency limita-
tions and efficient voltage independent cyclability not
withstanding questions related to the large scale man-
ufacturability and cost effectiveness of the process.
They have also more recently reported deposition of
silicon on commercially obtained carbon nanofibers
(CNFs) exhibiting capacities in the range of ~2000
mAhg~'3' However, a characteristic aspect of this ap-
proach is the fact that the silicon is deposited on car-
bon fibers that are initially coated onto the metal sub-
strate, which in their case is stainless steel. The
approach is indeed promising although the method
could preferably allow for one-sided surface coverage
of the carbon nanofibers due to the line of sight ap-
proach afforded by the initial surface coating of the car-
bon nanofibers. A feasible option would be the exploi-
tation of the innovative materials chemistry route to
design nanoscale hybrid structures with well-controlled
size, crystallinity, and chemical composition to address
all of the above different challenges. Recent develop-
ment of coaxial nanowires/nanotubes have exhibited
encouraging results, in which the 1D nanowire compos-
ite system has capitalized the specific electrochemical
and physicochemical properties of the different compo-
nents to exploit multiple functionalities brought about
by axially or radially modulated compositions.3?3°

Herein, we present for the first time a template-free,
simple overarching generic design and fabrication of
hybrid silicon/carbon nanotubes nanoscale hetero-
structures similar to the core—shell concept, in which
the carbon nanotubes (CNTs) function as the core to af-

\K) VOL. 4 = NO.4 = WANG AND KUMTA

ford the mechanical strength and conductivity, while
the silicon acts as the encompassing shell that can be
tailored to form nanoclusters or thin layer coatings to
deliver high capacity. Exploiting the combined merits of
the mechanical and electrical properties of CNTs and
the nanoscale attributes of nanostructured silicon
would serve to address the challenging problem of de-
crepitation of the silicon electrode known to occur dur-
ing cycling, while at the same time providing the de-
sired high reversible capacity. This simple architecture
can be easily extended to different active material sys-
tems, such as metal oxides, nitrides, and elemental met-
als of Sn and Ge. Cui and co-workers, as mentioned
above, reported the crystalline—amorphous core—shell
silicon nanowires in which the silicon core acts as a me-
chanical support and conducting pathway, while amor-
phous shells react with lithium.® Their recent report dis-
cussed above utilizes CNFs as the support matrix for
enduring the expansion stresses of silicon.3' Compared
with crystalline silicon and carbon nanofibers, CNTs,
however, are a better choice of core materials due to
their superior mechanical strength® and outstanding
kinetic transport of both electrons® and lithium ions.>®
Additionally, the unique nanoscale tubular morphology
apart from their high aspect ratio, structural flexibility,
and attractive tortuosity make them suitable to function
as a nanoscale network to preserve the active particles
in contact despite the phase-related pulverization of
silicon.*%#! The multiple facets of the unparallel proper-
ties of CNTs warrant a careful engineering of CNT-based
1D nanomaterials coupled with various forms of silicon
to maximize their combined application as lithium ion
battery anode materials.

RESULTS AND DISCUSSION

A simple two-step chemical vapor deposition (CVD)
has been employed to prepare the hybrid silicon/car-
bon nanotubes (see Experimental Section for details)
through a unified template-free approach shown in the
schematic (Figure 1). The multiwalled carbon nano-
tubes (MWNTSs) were first synthesized on bare quartz
microscope slides using a liquid injection based CVD re-
actor,*? in which xylene (CgH,o) serves as the hydrocar-
bon source and iron from the decomposition of fer-
rocene (Fe(CsHs),) acting as a catalyst favoring the
growth of MWNTSs. The system is subsequently pumped
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Figure 2. (a) SEM image of the aligned pristine carbon nanotubes prior to silicon deposition. (b) A low-magnification SEM
image showing multiple clusters of carbon nanotubes covered with silicon nanoclusters. (c) TEM image of a single carbon
nanotube covered with multiple silicon nanoclusters with spacing in between each other. (d) HR-TEM image showing differ-
ent directions of the lattice fringes within a single silicon nanoparticle (white lines indicate the different lattice orienta-

tions).

down to deposit silicon onto MWNTSs by a flow of SiH,
gas. The hybrid silicon/carbon nanotubes are scraped
off from the quartz slides to prepare the electrode for
electrochemical evaluation. The Si/C ratio is determined
by weighing the substrate before each deposition and
is further controlled by the duration of reactions for
MWNTs growth followed by silicon deposition, respec-
tively. This provides the ability to tune the electro-
chemical properties of the hybrid silicon/carbon nano-
tubes. Under the experimental conditions used, the
MWNT arrays grow perpendicular to the quartz sub-
strates with an average growth rate ~25 pm/h esti-
mated from SEM images. Figure S1 in the Supporting In-
formation shows the silicon deposition rate.

One of the rationales for the design of Si/carbon
nanotube hybrid nanostructure is the unique ability to
grow aligned MWNTSs covered with Si nanoclusters de-
posited directly on the CNTs as shown in Figure 1. Ad-
ditionally, the growth conditions can be adjusted to
grow the Si nanoclusters of various sizes on the CNT
with each droplet separated from the other. The gen-
eration of Si droplets with defined spacing between
each droplet is necessary to prevent the agglomera-
tion of the silicon particles, particularly during cycling
which would lead to particle growth ultimately result-
ing in the inability to curtail the mechanical stresses in-
duced during cycling without pulverization. Figure 2b
and c are the scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of the
hybrid silicon/carbon nanotubes nanostructures, which
distinctly show the silicon nanoclusters attached to the
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individual carbon nanotubes at defined spacing be-
tween each other. As a comparison, the SEM image of
the pristine aligned carbon nanotubes prior to silicon
deposition is also shown in Figure 2a. The vertical align-
ment of the Si/CNTs hybrid nanostructure in Figure 2b
is similar to that of CNTs shown in Figure 2a, which sug-
gests that the overall configuration of the CNT forests
remains intact after silicon deposition. The average tube
diameter of the MWNTs is in the range of 40—50 nm.
Larger and thinner tubes were also observed in the mix.
It is clear that the carbon nanotube surface provide
the desired sites for silicon particle to nucleate hetero-
geneously and grow during the subsequent SiH, de-
composition step. Figure 2d is a high-resolution TEM
(HR-TEM) image showing the different orientation of
lattice fringes within a single silicon nanoparticle.
Figure 3a is a HR-TEM image showing a crystalline
silicon nanocluster ~40 nm in diameter size adhered
to a single carbon nanotube. It is evident from Figure
3a that a distinct interfacial layer is formed between the
carbon nanotube and the silicon nanoparticle. The
composition of the interfacial layer has been studied
by conducting electron energy-loss spectroscopy (EELS)
measurements on carbon nanotube, silicon nanoparti-
cle, and the interface. EELS spectra collected at the car-
bon nanotube shown in Figure 3b demonstrate two
peaks, one at 298 eV and the other at 325 eV, both of
which are attributed to the energy loss peaks of
m-bonds and o-bonds of carbon.** On the other hand,
at the center of the silicon nanoparticle, the EELS spec-
tra collected matches well with that of L, ; edge for pure
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Figure 3. (a) HR-TEM image of a silicon nanoparticle that is grafted on the carbon nanotube. EELS spectra collected at (b)

carbon nanotube, (c) interface, and (d) silicon nanoparticle.

silicon, which start at ~100 eV, followed by a broad-
ened region.** It is also evident from Figure 3c that the
EELS spectra acquired from the interfacial region be-
tween the silicon nanoparticle and carbon nanotube
corresponds to that of amorphous carbon.** Apart from
this amorphous carbon peak, there are no other peaks
detected from the spot on the interface in Figure 3c.
Furthermore, it should be noted that there is no peak
at 103 eV characteristic of SiC eliminating its existence
at the interface.* These results clearly indicate the pres-
ence of an amorphous carbon interlayer serving to
tether the Si droplets to the underlying CNT. The an-
choring of the Si nanoclusters to the underlying CNTs
by the amorphous carbon interface layer will be a key
factor contributing to maintaining the Si clusters in con-
tact with the CNTs during electrochemical cycling dis-
cussed below.

The formation of the amorphous carbon interfacial
layer is believed to be initiated at the beginning of the
silicon deposition, in which the SiH, gas adsorbs onto
the carbon nanotubes surface prior to its decomposi-
tion. Due to the high affinity between hydrogen and
carbon atoms, it is likely that an initial condition favor-
able to the creation of a hydrogen—carbon surface be-
tween the carbon atoms on the carbon nanotube and
the hydrogen atoms corresponding to the SiH, gas is
created. The attachment of the SiH, gas droplet on to
the CNT could very well act as a bridge to connect the
carbon and silicon atoms during the subsequent de-
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composition process, eventually resulting in the forma-
tion of the solid silicon nanoparticle. Due to the strong
affinity of silicon and carbon to hydrogen, it is likely that
intermediate complex moieties of -[Si—H - - - C], type
species are formed. Because the growth temperature
is very much below the thermodynamic temperature fa-
vorable for the formation of SiC, it is likely that the car-
bon separates out from the silicon—hydrogen—carbon
complex to form the observed amorphous carbon inter-
face layer. More detailed studies of the growth condi-
tions would be needed to be conducted to validate the
above hypothesis and ascertain the exact mechanism
of formation of the amorphous carbon layer.

Although the exact mechanism of formation of the
amorphous carbon interface is unclear at present, the
formation of the interfacial bonding between carbon
nanotube and the silicon nanoparticle appears to be a
key factor contributing to the much improved electro-
chemical performance of the system by containing the
active silicon particles to remain in contact during the
lithium alloying and dealloying steps. On the other
hand, the underlying carbon nanotube is expected to
provide a facile pathway for the transportation of both
electrons and lithium ions to/from the neighboring sili-
con nanoclusters acting as the lithium alloying and
dealloying sites. The excellent electron and ion transfer
kinetics associated with carbon nanotubes also contrib-
utes to the superior electrochemical performance of
the system by lowering the internal resistance for both
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Figure 4. X-ray diffraction patterns of pristine CNTs and hybrid silicon/CNT nanostructures.

electrons and lithium ions to facilitate the dealloying re-
action over the small surface area of silicon particles.®

X-ray diffraction (XRD) patterns of pristine CNTs and
hybrid silicon/CNT nanostructures are shown in Figure
4. The presence of the nanocrystalline silicon character-
istic peaks corresponding to the (111), (220) diffraction
planes are observed. This is in good agreement with the
HR-TEM image shown in Figure 2d, in which different
orientations are identified by the differently oriented
fringe patterns seen in a single silicon nanoparticle with
a size of ~40 nm in diameter attached to the carbon
nanotube. A peak at 26.4° attributed to the (002) plane
of hexagonal graphite structure indicates the presence
of CNTs. The existence of iron which is used to catalyze
and seed the growth of CNTs from the decomposition
of ferrocene is also confirmed by the Fe peak of (110)
and (200), which is encapsulated inside the core chan-
nel of carbon nanotubes. The amount of iron present in
the CNTs has been determined to be ~5.5% in weight
by thermogravimetric analysis (TGA). The details are
provided in the Supporting Information.

Following the generation of the CNTs and the depo-
sition of silicon over the CNTs, the silicon/CNT nano-
structures are scrapped off from the quartz substrate
by a razor blade to mix the Si/CNT heterostructures with
binder and carbon additives to prepare the electrodes
for electrochemical cycling tests. The silicon/CNT film
breaks into small pieces with the Si/CNT hybrid hetero-
structures lying flat on the Cu current collector follow-
ing preparation of the electrode (SEM image of the elec-
trode is supplied in the Supporting Information, Figure
S3). Figure 5a shows the voltage profiles generated by
the hybrid silicon/CNTs nanostructures anode after 1,
10, and 30 cycles. From the voltage profile, it can be
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seen that the electrochemical lithiation and delithiation
of the nanocrystalline silicon nanoparticles attached to
the CNT surface is consistent with previous reports on sili-
con anodes,*® in which a long flat plateau during the first
discharge is observed. The onset of the silicon lithiation
potential plateau at ~120 mV is indicative of the presence
of crystalline silicon,* which confirms the presence of crys-
talline silicon evidenced in the HR-TEM images shown in
Figure 2. Unlike the staging mechanism observed in
graphite, there is no well-defined redox potential for
lithium insertion/extraction with the CNTs. In Figure 53,
there is also no other potential plateau resolved other
than the one corresponding to silicon.

The variation of specific gravimetric capacity with
cycle number of the hybrid silicon/CNT nanostructures
anode is shown in Figure 5b. The first discharge and
charge capacities are 2552 and 2049 mAg ', respec-
tively (all of the capacity values are calculated on the
basis of silicon + CNT mass), with an initial Coulombic
efficiency of 80.3%, corresponding to an irreversible ca-
pacity loss of 19.7%. In the subsequent cycle, the Cou-
lombic efficiency however soon reaches 99% and re-
mains relatively stable. An increase in both discharge
and charge capacity is observed from the second cycle
onward due to the activation of more silicon atoms ac-
tively reacting with lithium.*” The composite anode re-
mains stable during subsequent cycling exhibiting a
fade rate of ~0.15%/cycle for the subsequent 25 cycles.
Cycling data of the Si/CNTs nanostructures anode up
to 100 cycles (supplied in Supporting Information) how-
ever indicate a rapid fade in capacity from 25 to 50
cycles (~1.3% fade per cycle between 25 and 50 cycles)
when the capacity drops to ~1250 mAh/g, which then
gradually stabilizes to ~1000 mAh/g (~0.4% capacity
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Figure 5. (a) Voltage profiles for hybrid silicon/CNT nanostructures anode after 1, 10, and 25 cycles. (b) Curve of discharge/charge
capacity and Coulombic efficiency of the cell over 25 cycles. (c, d) Plots of differential capacity with cell potential of hybrid silicon/
CNT nanostructures anode: (c) after 1st and 2nd cycle, (d) after 2nd, 10th, and 25th cycle. (All cells except the rate capability
test are cycled at a current rate of 100 mAg™" in the potential window of 0.02—1.2 V.)

fade rate from 50 to 100 cycles). The specific capacity
of the Si/CNTs nanostructures anode remains ~1000
mAh/g at the end of the 100th cycle. At ~C/10 rate, re-
tention of ~1000 mAh/g indicates the promising na-
ture of these vertically grown Si/CNT hybrid hetero-
structures. The reasons contributing to this drop in
capacity is at present unknown but could relate to a
number of factors such as: (1) weakening of the Si—CNT
interface leading to detachment of the Si droplets from
the CNT; (2) weakening of the solid electrolyte inter-
face (SEI) layer leading to kinetic barriers for Li* trans-
port; and (3) fragmentation of the Si droplets attached
to the CNT following 25 cycles. Further detailed investi-
gation into the causes contributing to the capacity
fade during prolonged cycles after 25 cylces is war-
ranted, which is currently under way. Nevertheless, the
Si/CNTs hybrid anode demonstrate a capacity ~1000
mAh/g even after 100 cycles at C/10 rate, which is ~4-
fold higher than the practical capacity achieved with
graphite. The rate capability of the hybrid silicon/CNT
nanocomposite was also analyzed. Figure 6 shows the
charge and discharge curves observed at C/10, C/4,
C/2,1.3C, and 2.5C rates, demonstrating good cyclabil-
ity. Even at a current rate of 2.5C, the capacity remained
~1000 mAhg ™', which is almost three times higher
than the practical capacity obtained from graphite. This
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excellent electrochemical performance of hybrid sili-
con/CNTs nanostructures as lithium-ion battery anode
is thus attributed to its unique structure to prevent the
agglomeration of silicon nanoparticles, the facile strain
relaxation afforded by the CNTs and the formation of
the interfacial amorphous carbon bond layer between
the CNTs and silicon ensuring good contact of the sili-
con to CNT. Furthermore, the superior electrical and
mechanical properties of CNTs, the desired kinetic
transport response of lithium ions and electrons as
well as the mechanical strength of the CNT help to an-
chor the active silicon atoms helping to achieve the su-
perior performance that is not achievable using the tra-
ditional hitherto approaches reported in the literature.
The irreversible capacity usually originates from the
formation of SEI layers due to the redox reaction of Li*
with the electrolyte solvent molecules. The SEI forma-
tion has been correlated with the surface area of the
carbon anode and it is reasonable to believe that simi-
lar mechanisms would apply to the CNTs in the present
case.*® The specific surface area of the pristine CNTs
and the Si-CNTs composite were measured using the
Brunauer—Emmett—Teller method, which is shown in
Figure 7. The initial specific surface area of the pristine
MWCNTs is ~240 m? g~ . A significant reduction in the
specific surface area is observed after the deposition of
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silicon. In addition, the specific surface area
exhibits a linear relationship with increasing

silicon content of the composite in general as 20004  #= f\ —®— Discharge Capacity
] : : § g

shown in the inset of the Figure 7. Thus, it
should be noted that due to the near com-
plete coverage of the CNT area by silicon nan-
oclusters, the irreversible loss observed in
this study is much lower than the irreversible
losses in the range of 50% reported in our pre-
vious research,*! in which single wall CNTs
(SWCNTs) of high surface area are physically
mixed with silicon and graphite powder with-
out the presence of any interfacial layer be-
tween the CNTs and the silicon particles. The
high surface area CNTs thus exposed to the
Li* in the electrolyte results in first cycle irre-
versible losses of ~50%. Another potential
contribution to the irreversible loss is the for-
mation of SiO, on the surface of the silicon
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nanoclusters. However, the reduction plateau  Figure 6. Specific capacity of hybrid silicon/CNT nanostructures anode cycled at

of SiO is not observed in the voltage profile.
More research is warranted to identify the rea-
sons contributing to the reduced irreversible loss. Nev-
ertheless, the observed irreversible loss of ~20% in the
present heterostructures is thus comparable to those
seen in graphitic anodes, adding to the potential prom-
ise of these novel heterostuctures as alternative anodes.
The plot of differential capacity with cell potential
for the hybrid silicon/CNTs nanostructures is shown in
Figure 5c,d. Upon close examination of the first dis-
charge, a main peak is observed at 0.060 V with an on-
set potential of ~0.12 V during the first discharge cor-
responding to the long flat plateau in the first discharge
voltage profile, which is widely considered by several
researchers due to the formation of metastable Li—Si
based amorphous phase (a-Li,Si) by a solid state amor-
phization reaction, wherein the formation of crystalline
intermetallic phases is denied due to the sluggish
kinetics.#>7394° When cycled at an extremely slow rate
of /100, Li and Dahn reported the formation of Li;sSi,
phase at ~60 mV during first discharge.> However, simi-
lar to Moni and Kumta’s recent report,* this phase for-
mation is not observed in this research, possibly due to
the fact that the electrode was cycled at a moderate
current rate (~C/10), which may likely bypass the for-
mation of Li;sSi4 phase. On the other hand, unlike the
cycling behavior of the crystalline silicon during first
charge, in which a sharp peak usually observed at
~0.45 V, indicating the formation of amorphous Si by
the dealloying reaction, the differential capacity plot of
the first charge (Figure 5c) shows not only a broad
hump at ~0.45 V, but also an additional broad peak
with a peak potential at ~0.3 V. A similar dQ/dV curve
is usually observed for amorphous silicon thin films as
well as for bulk amorphous silicon arising from the sec-
ond charge onward.”* From a recent report of Datta
et al.,* it is suggested that the peak at ~0.3 V is due to
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different discharge and charge rates.

the dealloying of Li ions from the P—IIl phase (Li-24
atom %Si(Lis 17Si)) to P—II (Li-30 atom %Si(LiSis3)) phase
transition, and the 0.45 V peak corresponding to the
transformation from P—Il to P—I phase (Li-50 atom
%Si(LiSi)). The fact that the two broad peaks are ob-
served in the first charge suggests that the possibility
of the presence of amorphous silicon in the present
findings cannot be ruled out.

The differential capacity plots of the second and
subsequent 10th and 25th cycle discharge and charge
reactions of the hybrid Si/CNTs nanocomposite anode
are shown in Figure 5c,d. Two peaks at ~0.23 and
~0.08 V appear during discharge in the subsequent
2nd, 10th, and 25th cycles, suggesting the process of
dealloying from the P—I phase to form the P—Il phase
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Figure 7. Specific surface area plotted against silicon content. The inset is a
magnified view of the region where the silicon content ranges from 40—75
wt %.
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and the subsequent transition from the P—Il phase to
form the P—IIl phase.* In addition, similar to the first
discharge reaction, a peak at potential ~0.045 V is also
observed during the second discharge due to the lithi-
ation of crystalline silicon to form amorphous silicon
suggesting a presence of crystalline and amorphous sili-
con in agreement to the XRD and HRTEM data dis-
cussed above. In Figure 5d, the magnitude of the peaks
in the 10th cycle is the highest, which again as dis-
cussed before is due to the progressive activation of
silicon.

CONCLUSIONS

In summary, a unique hybrid silicon/CNT 1D
nanostructure involving silicon nanoclusters deco-
rating the surface of the CNTs tethered to the CNTs
via the formation of an interfacial amorphous carbon
phase bonding is synthesized through a simple two-

EXPERIMENTAL SECTION

Materials Synthesis. A two-stage CVD reactor comprising of lig-
uid and gas injectors is employed for preparing MWNTSs on bare
quartz microscopy slides inside a quartz tube. Approximately
6.5 mol % of ferrocene was dissolved in xylene to obtain a feed
solution with ~0.75 at. % Fe/C ratio, and is injected continuously
into the two-stage tubular quartz reactor, comprising a pre-
heater maintained at 200 and 750 °C for reactor, respectively.
Ferrocene sublimes at ~190 °C and xylene has a boiling temper-
ature of ~140 °C. The liquid exiting the capillary tube is immedi-
ately volatilized and swept into the reaction chamber by a flow
of 200—1000 sccm of a mixture of ultrahigh purity argon (UHP-
Ar) with 10% pure hydrogen. After the reaction, the preheater
and the furnace were allowed to cool down in flowing argon.

Silicon deposition is performed in the same CVD furnace,
where the pregrown CNTs with quartz slide is loaded at the cen-
ter of hot zone. The reactor is pumped down to vacuum, purged
with UHP-Ar gas then heated to desired temperatures. The depo-
sition is carried out for different periods of time at temperatures
ranging from 450 to 750 °C with a mixed flow of 20 sccm SiH,
and a protective argon gas. The mass of the CNTs and silicon is
accurately determined by measuring the mass of the substrate
each time before and after the CNTs growth and silicon deposi-
tion using an analytical balance (Mettler Toledo AB135, 0.01 mg).
The as-synthesized silicon/CNTs are then scraped off from the
quartz substrate for characterization and electrochemical test.

Materials Characterization. The silicon/CNTs nanomaterial pow-
ders were characterized by X-ray diffraction (XRD) using Philips
XPERT PRO system with Cu Ka (A = 0.15406 nm) radiation to
identify the phases present. SEM (Philips XL30 operating at 20
kV) was employed to investigate the microstructure of the as-
synthesized nanomaterials. TEM and HRTEM are performed on
Joel 2000EX and the FEI Tecnai F20 field emission transmission
electron microscope equipped with an electron EELS system to
observe the morphology, structure and particle size of the as-
prepared nanomaterials. For TEM analysis, the silicon/CNTs nano-
material powders were dispersed on 3.05 mm diameter copper
grids (electron microscopy science) containing a holey carbon
film in methanol by sonication followed by drying in a desicca-
tor overnight. TGA of pristine CNTs was conducted using
NETZSCH STA 409PC LUXX thermal analysis instrument. The
heating rate was set at 10 K/min, which was conducted in dry
air gas flow.

Electrochemical Test. The hybrid silicon/CNT nanomaterial elec-
trodes were fabricated on copper substrate of approximately 10
mm diameter to evaluate the electrochemical characteristics pri-
marily involving constant current cycling tests. A total of 50 wt %
of the active powder, 10 wt % acetylene carbon black, and 40
& )\ VOL. 4 = NO.4 = WANG AND KUMTA

-/

step CVD process. In this process, the carbon nano-
tubes are first synthesized vertically aligned on a
quartz plate with defined spacing in between each
other, which allows the silane gas to contact all the
exposed surfaces of each individual carbon nano-
tube within the forest, resulting in a homogeneous
deposition of silicon nanoclusters on the carbon
nanotube surface. The CNT functions as a flexible
mechanical support for strain release offering an ef-
ficient conducing channel, while the nanoclustered
silicon provides the high capacity. It is demonstrated
that the hybrid silicon/CNTs exhibit high reversible
capacity of ~2000 mAhg ™" with very little fade in ca-
pacity of ~0.15% per cycle over 25 cycles. The pro-
posed approach affords a very facile strategy for the
fabrication of next generation anodes exhibiting
high energy density and cycle life.

wt % of sodium carboxymethyl cellulose binder dissolved in
deionized water were mixed to produce a slurry that was then
coated onto a copper foil and dried overnight at 383 Kiin a
vacuum oven prior to assembling the customized test cell. A
2016 coin cell design was utilized for the electrochemical tests
employing a lithium foil as the counter electrode and 1 M LiPFg
in ethylene carbonate/dimethyl carbonate (2:1) as the electro-
lyte. All the batteries tested in this study were cycled from 0.02
to 1.2 V employing a constant current density of 100 mAg~' and
a minute rest period between the charge/discharge cycles us-
ing a potentiostat (Arbin electrochemical instrument).
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