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B
eing able to design, synthesize, and
understand electrode materials with
desired chemical, electronic, ionic,

and physical properties plays a critical role
in the development of advanced energy
conversion and storage technologies, such
as solar cells, rechargeable batteries, and
supercapacitors. We consider the Li ion
battery as an example. Despite its many
advantages over other competing energy
storage technologies, there is plenty of
room for improvements in terms of power
rate, cycle lifetime, and safety.1�5 Among
various considerations, that concerning
power rate is worth particular research at-
tention because solutions to this problem
will involve the creation of materials with
both high ionic and high electronic conduc-
tivity, a fundamental challenge in materials
science.6 Achieving high power rate is also
of great practical implications, as it will
greatly broaden where and how Li ion
batteries can be used. Indeed, a great deal
of research has been attracted to solving
this challenge, including efforts to discover
new compounds, new crystal structures, or
both.1,7 Because the properties of materials
are intimately connected to the designs at
the nanoscale, considerable attention has
been paid to using nanostructures as Li ion
battery electrodes.4,8 For instance, nano-
particles,9 nanowires,10 and three-dimen-
sional (3D) complex nanostructures5 have
been widely reported to exhibit new and
improved performance on this front.
More recently, approaches to usingmulti-

ple nanoscale components to form hetero-
nanostructures have been proposed and
reported by others and us.11�18 In a hetero-
nanostructure, nanowires,13 nanotubes,14

nanonets,17graphene,18or3Dnanostructures19

serve as structural support and charge
transporter. On them are active material
coatings, in the form of thin films or nano-
particles. With the fine features of the active
materials at the nanoscale, the total time
required for ionic diffusion is short; with
the overall morphology at the micrometer
scale, electronic charge transport is fast. As
such this strategy allows for the measure-
ment of combined large capacity, high
power rate, and long cycle lifetime that
cannot be measured on single-component
materials and therefore has great potential
to dramatically advance Li ion battery re-
search. To materialize these potentials, we
need a detailed understanding of how the
performance of the resulting heteronanos-
tructures depends on the fine features. This
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ABSTRACT The performance of advanced energy conversion and storage devices, such as solar

cells, supercapacitors, and lithium (Li) ion batteries, is intimately connected to the electrode design

at the nanoscale. To enable significant developments in these research fields, we need detailed

information about how the properties of the electrode materials depend on their dimensions and

morphologies. This information is currently unavailable, as previous studies have mostly focused on

understanding one type of morphology at a time. Here, we report a systematic study to compare the

performance of nanostructures enabled by two platforms, one-dimensional nanowires and two-

dimensional nanonets. The nanowires and nanonets shared the same composition (titanium

disilicide) and similar sizes. Within the framework of Li ion battery applications, they exhibited

different stabilities upon lithiation and delithiation (at a rate of 6 A/g), the nanonets-based

nanostructures maintaining 90% and the nanowires-based ones 80% of their initial stable capacities

after 100 cycles of repeated charge and discharge. The superior stability of the nanonets was

ascribed to the two-dimensional connectivity, which afforded better structural stability than

nanowires. Information generated by this study should contribute to the design of electrode

materials and thereby enable broader applications of complex nanostructures for energy conversion

and storage.
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requires systematic studies to compare the properties
of heteronanostructures of similar compositions and
comparable sizes but different morphologies. Due to
the diversity of materials studied, however, little has
been done to this end. In this article, we take the
initiative to compare Si-based anode materials that
involve two-dimensional (2D) and one-dimensional
(1D) TiSi2 nanostructures and show that the morphol-
ogy indeed influences the properties of the hetero-
nanostructures to a measurable extent.
Our study is enabled by the unique TiSi2 system,

where we can produce either 2D nanonets or 1D
nanowires of the same composition and similar sizes
by adjusting the synthesis chemistry.20�23 They both
can be interfaced with Si to act as structural supports,
which will solve the poor stability issue, and charge
transporters, which will meet the low conductivity
challenge of Si. Although of similar sizes to 1D nano-
wires, the fine structures of the 2D nanonets are
interconnected, providing a suitable platform to study
how the complexity of the morphology influences the
electrode materials' properties. Our results show that
when the TiSi2 is protected from reactions with Liþ, the
nanonets exhibit better stability than the nanowires
do. The difference is attributed to themulticonnectivity
of the nanonets, which reduces failures due to the
mechanical breakdown of individual TiSi2 beams.

RESULTS AND DISCUSSION

Design Considerations. The basis for our study is illu-
strated schematically in Figure 1. The design has two
parts: TiSi2 nanowires or nanonets and Si nanoparticles.
Our previous study reveals that having Si in the
particulate form (Figure 1a, c) is advantageous because
the space between adjacent particles allows for vo-
lume expansion and reduction during lithiation
(charge) and delithiation (discharge) of Si, respectively,
thereby minimizing stress buildup during the pro-
cesses.17 Under idealized operating conditions, the
TiSi2 support remains intact during repeated charge
and discharge processes, and the eventual degrada-
tion of Si would be the main failing mechanism.
In practice, however, a number of processes can
cause failures of the TiSi2 nanowires and nanonets,
consequently the failures of the electrode materials.
The present study concerns one of these failing me-
chanisms, themechanical breakdown of the nanowires
and nanonets (Figure 1b, d). Factors that can contri-
bute to this mechanism include lithiation-induced
stress on the surfaces, unwanted chemical reactions
of TiSi2 with the electrolyte, and overheating, among
others. The advantage of the nanonets-based design is
obvious when such breakdown happens. In the case of
nanowires, due to the loss of electrical contact with the
current collector, the portion of the heteronanostruc-
ture beyond the cracking point will become inacces-
sible, as shown in Figure 1b, reducing the overall

capacity. In the case of nanonets, such breakdown will
have relatively limited influence on the overall capacity
since the portions beyond the breaking point can still
be connected to the current collector through other
routes, as shown in Figure 1d. The overall capacity will
fade at a comparatively slower pace than that of the
nanowires-based nanostructures.

Structural Characterizations. The synthesis of TiSi2 nan-
onets/Si heteronanostructures has been reported
previously by us.17 That of TiSi2 nanowires/Si nano-
structures is a new development, as our previous study
concernedonly theTiSi2 nanowireswithout intentional Si
deposition.22 The parameters to deposit Si nanoparti-
cles onto nanowires and nanonets were the same as
detailed in the Experimental Section. The resulting
nanostructures were characterized by a scanning electron
microscope (SEM) anda transmissionelectronmicroscope
(TEM). As can be seen in Figure 2, the fine features of the
nanowires (Figure 2a, b) and the nanonets (Figure 2c, d)
wereof comparable sizes (diameters∼15�20nm; lengths
∼1�5 μm). The as-deposited Si nanoparticles were uni-
form and approximately 20�30 nm in diameter. Elemen-
tal analysis by energy dispersive spectroscopy (EDS)
showed that the overall Si content (including that from
TiSi2) accounted for ca. 90% (wt %).

Comparison of Stabilities upon Repeated Charge/Discharge.
To study the stabilities of TiSi2 nanonets/Si and TiSi2
nanowires/Si nanostructures, we assembled coin cells
with the as-made materials as anodes. Li foils were

Figure 1. Schematic comparison of the nanowires- and
nanonets-based systems. The basis for the designs is iden-
tical, i.e., to formSi nanoparticles on the nanowires (a) or the
nanonets (c). In both cases, the nanowires or the nanonets
serve as structural supports and charge transporters. The
ionic and electronic pathways are illustratedby red andblue
arrows, respectively. The difference is manifested when a
mechanical breakdown occurs. (b) The portions of the
nanowire beyond the breaking point will be inaccessible
because of the loss of electrical contact. (d) Owing to the
existence of other charge transport pathways within the
nanonets, the breakdown of a single beamwill have limited
impact on the overall capacity.
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chosen as the cathode electrode for the ease in
accurately measuring the anode potentials relative to
the Li/Liþ standard. These coin cells were then con-
nected to a battery analyzer (more details in the
Experimental Section), which passed a constant cur-
rent through the cells and recorded the anode poten-
tials as a function of time. The specific capacity was
calculated by normalizing the number of charges
(in units of mAh) against the total mass of the anode
(in units of g). The mass of both TiSi2 and Si was taken
into account for the capacity calculations.

TiSi2 Nanonets/Si Nanostructures. As shown in Fig-
ure 3a, the capacity increased from 2670 mAh/g to
2700 mAh/g during the first 5 cycles when tested
within the potential window of 0.09�2 V (all potentials
used in this article are relative to Liþ/Li unless noted).
The Coulombic efficiency (CE) was 70% for the first
cycle, which increased to 95.5% for the second cycle

and then to 97.5% for the fifth cycle. We found it was
important to carry out the first few cycles at a relatively
slow rate (0.6 A/g, 0.2C, with 1C = 3000 mA/g).
Otherwise, more rapid capacity fade and poorer per-
formance than what is reported here would be mea-
sured. It has been suggested that during the first few
cycles, together with other irreversible processes, the
solid-electrolyte-interface (SEI) layer forms.24 Never-
theless, we note that more research is needed to fully
understand what role these initial lithiation/delithia-
tion processes play. For the next five cycles, the
operating potential window was further narrowed to
within 0.15�2 Vbecause our previous study shows that
TiSi2 nanonets react with Liþ at approximately 0.09 V,
and prolonged reactions at this potential will cause
failures of the nanonets.22 More on this point will be
discussed later in this article. At a rate of 2.4 A/g (0.8C),
the capacity changed from 1807 (6th cycle) to 1740

Figure 2. Structural characterizations of TiSi2 nanowires- and nanonets-based heteronanostructures. (a and b) SEM and
TEM micrographs of the nanowires-based nanostructures. (c and d) SEM and TEM micrographs of the nanonets-based
nanostructures. Insets in (b) and (d) are selected area electron diffraction patterns, where the diffraction spots due to
crystalline Si are characteristic of polycrystallinematerials (highlighted by gray rings) because the data were collected on
multiple Si particles.
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(10th cycle) mAh/g. In the meantime, the CE increased
from 98.3% to 98.9%, suggesting that the lithiation/
delithiation becomes more reversible after the initial
charge/discharge. Afterward, the rate was changed to
6 A/g (2C). A trend of slightly increasing capacity with
more charge/discharge cycles was observed until the
31st cycle, where a peak value of 1540 mAh/g was
observed. Similar phenomena of capacity increase
during the initial lithiation/delithiation processes have
been reported before,13 and the reason was attributed
to gradually more complete lithiation of Si.25 Signifi-
cantly, 1310 mAh/g was measured after 100 cycles of
test, corresponding to 90% capacity retention from the
11th cycle. The CE varied between 97.9% and 99.3%,
suggesting there were still irreversible processes to
contribute to the capacity loss.

TiSi2 Nanowires/Si Nanostructures. Compared with
the nanonets-based nanostructures, the nanowires-
based one showed at least two distinct characteristics.
First, despite the similarities of sizes and amount of Si
loading as evidenced by the structural studies, the
initial and stable capacity of the nanowire system
was lower. For example, the peak specific capacity
measured at 6 A/g rate was 1335 mAh/g, 13% lower
than that of the nanonets-based nanostructures. At the
present stage, we do not fully understand the origin of
this difference but suggest that the 2D nature and the
unique surface properties of the nanonets may be
important factors. Second, the capacity fade from the
11th cycle to the 100th one was more obvious, from
1263 to 1008 mAh/g, ∼20%.

Comparison of Stabilities under Different Operating Condi-
tions. Our previous research has shown that TiSi2 na-
nowires and nanonets react with Liþ differently, the
nanonets exhibiting appreciable lithiation at 0.09 V and
the nanowires displaying no significant reactions
down to 0.05 V.22 With this information in mind, we
next sought to examine how the operating potential
windows influence the stability of the corresponding

nanostructures. As can be seen in Figure 4 and similar
to that in Figure 3, the nanonets-based samples
showed higher capacities than the nanowire-based
ones. Different from that in Figure 3, however, the
capacities of the nanonets-based samples decreased
more rapidly when measured at 0.05�2 V (from 2279
mAh/g at 31st cycle to 1449mAh/g at 100th cycle) and
0.09�2 V (from 1949mAh/g at 31st cycle to 1276mAh/
g at 100th cycle). An important reason for the more
rapid capacity fadewas themore complete lithiation of
Si within these potential windows than that at 0.15�2
V. As such, the fading mechanism specific to Si-related
reactions plays an important role here. Although sec-
ondary, the reactions between the nanonets and Liþ at
or below 0.09 V should also contribute to the relatively
more rapid capacity fade for the nanonets-based
materials.22

Structural Studies after Repeated Charge/Discharge. To
understand the stability differences between the na-
nowires- and nanonets-based nanostructures, we ex-
amined their morphologies after 100 cycles of tests;
representative SEMmicrographs are shown in Figure 5.
These data are to be compared with those in Figure 2.
Characteristic to the Si lithiation and delithiation pro-
cesses, the crystalline and particulate Si coating was
transformed into amorphous, accompanied by ob-
vious volume expansion. However, there were also
nanowires whose Si coating's transformation was
less profound, such as those circled by ellipses in
Figure 5a, b. It is conceivable that these nanowires
did not undergo the same number of lithiation and
delithiation processes as their neighboring ones did
probably because they were separated from the cur-
rent collector after the initial reactions. Indeed, both
ends of these nanowires were visible within the view-
ing field. Nanowires like these would not contribute to
the overall capacity and thus lead to capacity fade as
shown in Figures 3 and 4. From Figure 5a, we can also
find a considerable number of other nanowires where

Figure 3. Cycling stability comparison of the nanonets- (a) and nanowires-based heteronanostructures (b). For clarity, only
delithiation capacity is shown. The potential window for the first 5 cycles was 0.09�2 V, and that for the following tests was
0.15�2 V. The rates at which the performance was measured are labeled in the plots.
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both ends are visible (highlighted by arrows), indicating
that they were separated from the current collector and
therefore would not contribute to the overall capacity
should the sample be cycled further. Few such segments
were found in Figure 2a, supporting that as-grown
nanowires are connected to the current collector, a
feature desired for Li ionbattery applications. In contrast,
uniform volume expansion of Si coating was observed
on nanonets-based samples, and few broken nanonets
were observed, Figure 5d, e. Although more detailed

studies would be needed to fully understand in which
mechanism the lithiation/delithiation of Si influences the
stability of the TiSi2/Si systems, we emphasize that the
reactions between Liþ and the TiSi2-based nanostruc-
tures are mainly limited to those with Si coatings. This
point has been previously discussed by us17,22 and is
further supported by Figure 5c, f, where the TiSi2 core
remains unchanged after repeated charge/discharge.

Comparison of Performance at Different Charge/Discharge
Rates. As discussed at the beginning of this article, one

Figure 4. Stability comparison of the nanonets- and nanowires-based nanostructures. The cutoff potentials were 0.05 V
(a) and 0.09 V (b). Note that the cutoff potential for data shown in Figure 3 was 0.15 V.

Figure 5. SEMmicrographs of TiSi2 nanowires- (a and b) and nanonets-based nanostructures (d and e) after 100 cycles of
repeated lithiation/delithiation processes. (c and f) TEM micrographs of the same samples as in (a) and (d), respectively. The
diffraction patterns (insets in c and f) indicate Si has turned amorphous during the lithiation/delithiation processes. The
diffraction spots in the inset of (f) are from C49 TiSi2.
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key advantage of the heteronanostructure design is
that it may enable high capacity and high power on
one material at the same time. To examine this poten-
tial, we compared the nanowires- and nanonets-based
nanostructures at different charge/discharge rates. As
can be seen in Figure 6, the general trend was that
lower capacity was measured at higher rates. For
instance, a capacity of >2000 mAh/g was measured
on the nanonets-based nanostructures at 0.6 A/g
(0.2C); the same sample showed a capacity of ca. 800
mAh/g when measured at 15 A/g (5C). Once the rate
was reduced to 3 and 0.6 A/g, the capacity increased to
1602 and 1798 mAh/g, respectively, corresponding to
75% and 85% of its original values. This trend is
consistent with other literature reports of Si-based
anodematerials.10,14 Slow Liþ diffusionwithin Si, which
results in incomplete lithiation/delithiation at high
rates, is an important reason for this observation.

Although following the same general trend, the
nanowires-based nanostructures exhibited notice-
ably poorer rate performance because the capacity
dropped more quickly as the charge rate was in-
creased, from ca. 1900 mAh/g at 0.6 A/g to ca. 530
mAh/g at 15 A/g. It increased further to 1518 mAh/g
when measured again at 0.6 A/g, corresponding to
77% of its original capacity. We note the differences
between nanowires- and nanonets-based materials in
their performance under different rates are quasi-
quantitative and as such are not sufficient for us to
draw meaningful conclusions. This result nonetheless
proves that the heteronanostructure design may

indeed enable the measurement of high power rate
because it can be charged at rates up to 15 A/g.
Previously, similarly high capacities have been mea-
sured on thin films albeit at much lower rates (∼2000
mAh/g on 100 nm Si thin film at C/4).24 The loading of
active materials in the heteronanostructure design can
be significantly higher than that in thin films owing to
the surface roughening effect. The rate performance
achieved here is comparable to the reported values of
1387 mAh/g at 14 A/g for Si hollow nanosphere by
Cui et al.26 or 900 mAh/g at 2.5C for Si and carbon
nanotube combinations by Kumta et al.14

CONCLUSIONS

In summary, we carried out a systematic study to
compare how TiSi2 nanowires- and nanonets-based Si
nanostructures perform as anode electrode materials for
Li ion batteries. Grown by similar chemistries and sharing
comparable sizes, the TiSi2 system offered us a unique
platform to focus on how themorphology influences the
properties without being confounded by factors such as
composition or dimensions. Our results showed that 2D
nanonets exhibited better capacity retention than 1D
nanowires when measured between 0.15 and 2 V. The
reason was ascribed to better structural integrity of the
nanonets. We suggest that because complex nanostruc-
tures bridge length scales from angstroms to micro-
meters, a range highly relevant to processes funda-
mentally important to energy conversion and storage
applications, they have great potentials as electrode
materials to significantly advance research in this field.

EXPERIMENTAL SECTION

Synthesis of TiSi2/Si Heteronanostructure. TiSi2 nanonets were
synthesized using a chemical vapor deposition method as re-
ported by us previously.20,23 Briefly, a Ti foil (Sigma, 0.127 mm
thick, purity: 99.7%) coated with 100 nm W as the current
collector was placed in a home-built reaction chamber that

was heated to 675 �C, and SiH4 (10% in He, Voltaix; 50 sccm,
standard cubic centimeter per minute), TiCl4 (98%, Sigma-
Aldrich; 2 sccm), and H2 (Industrial grade, Airgas; 100 sccm)
flew past the surface of the Ti foil at 5 Torr. A typical growth
duration was 15 min. Afterward, SiH4 and TiCl4 were stopped,
and the temperature was decreased to 650 �C, after which SiH4

Figure 6. Comparison of nanonets- (a) and nanowires-based (b) materials at different charge/discharge rates. Because the
Coulombic efficiencieswere calculatedby dividing the discharge capacitywith the charge capacity, and these values changed
dramatically when the rate was altered, we see noticeable changes of these values where the rates were varied.
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(80 sccm) was introduced again for Si coating. The reaction
was carried out at 15 Torr for 12 min. This process produced a
particulate Si coating on the TiSi2 nanowire or nanonet
surfaces.

Material Characterizations. The samples before and after lithia-
tion and delithiation processes were imaged using a transmis-
sion electron microscope (JEOL 2010F) and a scanning electron
microscope (JEOL 6340F). The TEM was operated at an accel-
eration voltage of 200 kV, and the SEM was working at 10 kV.
Elemental analysis was conducted using an energy dispersive
spectroscopy attachment to the TEM.

Coin Cell Fabrication. After growth, the samples were trans-
ferred into an Ar-filled glovebox (oxygen level <1 ppm). The
TiSi2/Si electrodes were assembled into coin cells (CR2032-type)
with Li foils as the counter electrodes, 1 M LiPF6 in ethylene
carbonate and diethyl carbonate (1:1, Novolyte Technologies)
as the electrolyte, and two layers of polypropylene separator
(25 μm, Celgard2500).

Electrochemical Measurements. The coin cells were character-
ized by an eight-channel battery analyzer with a battery test
system (Shenzhen Neware, China) at 30 �C.
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