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ith significant advantages such as

long cycle lifetimes and relatively

high specific capacities, the
lithium-ion battery is a prevailing energy
storage technology. Its development has
benefited from the discovery of key new
electrode materials, including graphite and
LiCO; acting as an anode and a cathode,
respectively.! These materials often exhibit
a layered structure, which allows for Li™
insertion and extraction with minimal influ-
ence on the host structure, thereby en-
abling long cycle lifetimes.” The measured
specific capacities of these materials, how-
ever, are limited by their chemical nature
and now fail to meet the ever-growing
needs. In comparison, high-capacity mate-
rials lacking a layered structure, such as
Si,*™7 Si-alloys,®~'° sn,'"'? and Sn0,,'>'*
suffer from short cycle lifetimes due to
structural degradations caused by Li* inser-
tion and extraction. Finding new layered
materials with high specific capacities
should therefore be important in the devel-
opment of lithium-ion battery technology.
Herein we report that the TiSi, nanonet is
such a material, with the combined benefits
of a high specific capacity and a long cycle
lifetime owing to the high content of Si and
a layered crystal structure.

The key uniqueness of the TiSi, nanonet
lies in its C49 crystal structure. As shown in
Figure 1, the structure consists of flat Si-only
layers separated by polyhedrons of Ti and Si.
Since Si is known to alloy with Li, it is
conceivable that the layered C49 structure
can serve as an anode material. However,
bulk C49 TiSi, has been demonstrated as
metastable, transforming to a C54 structure
upon heating.'® The latter structure is still of
orthorhombic symmetry but lacks the Si-
only layers. As such, TiSi, has not demon-
strated an appreciable capacity.'® Previ-
ously, we discovered that the nanonet form
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The discovery of new materials has played an important role in battery technology
development. Among the newly discovered materials, those with layered structures are
often of particular interest because many have been found to permit highly repeatable ionic
insertion and extraction. Examples include graphite and LiCo0, as anode and cathode
materials, respectively. Here we report (49 titanium disilicide (TiSi,) as a new layered anode
material, within which lithium ions can react with the Si-only layers. This result is enabled by
the strategy of coating a thin (<5 nm) layer of oxide on the surface of TiSi,. This coating helped
us rule out the possibility that the measured capacity is due to surface reactions. It also
stabilizes TiSi, to allow for the direct observation of TiSi, in its lithiated and delithiated states.
In addition, this stabilization significantly improved the charge and discharge performance of
TiSi,. The confirmation that the lithium-ion storage capacity of TiSi, is a result of its layered
structure is expected to have major fundamental and practical implications.

KEYWORDS: silicide - layered structures - lithium-ion battery - energy storage -
electrode materials

of C49 TiSi, is stable up to 900 °C."” While

the exact cause of the stabilization remains

unknown, this new material serves as a

platform to test the lithiation and delithia-

tion properties of C49 TiSi,. However, due to

the reactions between Li™ and Si, we have

observed significant structural degradation

of TiSi, leading to a loss of Ti into the ™Address correspondence to
electrolyte and the formation of amorphous dunweiwang@be.edu.

Si on the nanonet surfaces.'® In addition to  geceived for review June 20, 2012
the aforementioned reaction preventing us  and accepted August 23, 2012.
from o.btalnlng Ior)g cycle Ilfetlmes,. it was Published online August 23, 2012
also difficult to discern whether Li* was 10.1021/nn302734j
incorporated into the body of TiSiy; a com-

peting explanation of the observed capacity = ©2012 American Chemical Society
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Figure 1. Schematic illustration of the C49 TiSi, crystal
structure. (a) Side view of the unit cell along the [001]
direction. (b) Perspective view of a polyhedron representa-
tion of the structure, in which the Si-only layer is shown as
discrete atoms. (c) C49 TiSi, is stabilized by the nanonet
morphology (left panel). The oxide coating is depicted as a
green overlayer. The cartoons on the right show how Li*
incorporated into the Si-only layers.

would be that it comes from surface reactions. Addres-
sing these issues should help us understand the de-
tailed lithation mechanism. By forming a thin oxide
coating on the surface of TiSi, nanonets, we solved the
stability issue and were able to determine that Li™
reacts with Si in the body of TiSi,. Specific capacities
close to 800 mA h g~ ' were measured (705 mAhg ™" at
the 200th cycle), and more than 80% of the original
capacity was retained after 500 cycles of repeated
lithiation and delithiation. Nevertheless, it is important
to note that the results reported here are fundamen-
tally different from our previous reports where we used
TiSi, nanonets as a charge collector to improve the
performance of Si nanoparticles,'>?° as the present
article focuses on understanding the intrinsic proper-
ties of TiSi,.

RESULTS AND DISCUSSIONS

The TiSi, nanonets were obtained via the reaction
between TiCl, and SiH; in a Hy-rich environment. A
moderate growth temperature of 675 °C and a short
growth time of 12 min yield a dense deposition; the
average areal density of the synthesis was approxi-
mately 100 ug cm 2. The oxide overlayer was formed
by exposing as-synthesized TiSi, nanonets to ambient
air at 350 °C and allowing them to cool to room
temperature naturally. A TEM micrograph in the inset
of Figure 2 demonstrates that a 4 nm oxide coating,
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amorphous in nature, was obtained. Other oxidation
conditions, including different temperatures, dura-
tions, or a combination of the two, were also studied,
and it was found that the reported conditions pro-
duced the best results. As will be discussed in more
detail later, oxide coatings achieved via other methods
such as atomic layer deposition serve the purpose of
stabilizing TiSi, almost as well.

The resulting materials were tested using a two-
electrode coin cell for charge/discharge characteriza-
tions or a three-electrode electrochemical cell for
impedance studies. The typical charge/discharge be-
haviors are plotted in Figure 3a, b. A significant portion
of the electrons that passed through the electrode
during the first cycle were consumed in irreversible
reactions, as evidenced by the disparity between the
charge (lithiation; capacity: 3045 mA h g”) and dis-
charge (delithiation; capacity: 943 mA h g~ ') curves.
Similar behaviors have been frequently observed in
other systems, although the exact nature of the irre-
versible processes remains unclear at this stage.?’ The
disparity between charge and discharge curves disap-
peared after the first five cycles. Figure 3b shows the
stability of oxide-coated TiSi, between the sixth and
ninth cycles at a rate of 2000 mA g~ ', where the charge
and discharge curves from each cycle overlap. Consis-
tent with the plots, the calculated Coulombic efficien-
cies were greater than 98%. Note that due to the
limited data sampling capability at the relatively fast
charge/discharge rate of 2000 mA g~ ' exhibited by the
battery analyzer (BTS-5 V1 mA, Neware, China) utilized
in the cycling tests, the reported Coulombic efficien-
cies may be systematically underestimated.

The stability of oxide-stabilized TiSi, nanonets can
be better observed in the capacity versus cycle plots
(Figure 3c), where the charge/discharge tests were
extended to 500 cycles. For this group of data, the first
five cycles were carried out at a rate of 200 mA g™ ; this
rate was increased by 10-fold for subsequent cycles. To
avoid crowding the plots, we only show one data point
every five cycles. The capacity decreased from 744 mA
h g™ (at the 26th cycle) to 606 mA h g~ (at the 500th
cycle), corresponding to an overall capacity decay of
18.8%, or 0.04% per cycle. Again we note that the
calculated Coulombic efficiency of greater than 98%
was lower than the expected 99.96%, presumably due
to system errors intrinsic to our instrumentation.

The rate performance of TiSi, is noteworthy. For a
measured capacity of 744 mA h g ' at a rate of
2000 mA g™, a charge or discharge process takes ca.
22 min. This rate performance is enabled by the good
electrical conductivity of TiSi,, ca. 10° S cm™". Because
TiSi, nanonets were directly grown on conductive
charge collectors, no binders were added to the sys-
tem. The gaps between the beams of the TiSi, nano-
nets, typically larger than 50 nm, are expected to
enable fast electrolyte diffusion as well. If we define
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Figure 2. Microstructures of oxide-coated TiSi, nanonets. (a) Scanning electron micrograph showing the high purity of the
nanonets. (b) Low-magnification transmission electron micrograph (TEM) revealing the two-dimensional connectivity of a
nanonet. Inset: The oxide layer is clearly visible in the magnified view. (c) High-resolution TEM viewed along the {020} plane.
The experimental data (left) match the simulated data (right), confirming the layered structure of C49 TiSi,.
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Figure 3. Electrochemical properties of oxide-stabilized TiSi, nanonets. (a) Charge/discharge characteristics of the first cycle.
Rate: 200 mA g '; potential range: 1.5 to 0.01 V. (b) Charge/discharge curves from cycles 6 to 9 overlapping each other.
Rate: 2000 mA g~ '; potential range: 1.0 to 0.01 V. (c) Retention of charge capacity and Coulombic efficiency at a rate of
2000 mA g~ . Potential range: 1.0 t00.01 V. (d) Rate-dependent specific capacities. 1C is equivalent to 1029 mA g~ . Potential

range: 1.0 to 0.01 V.

1C as 1029 mA g, Figure 3d plots how the capacity
changed as the charge rates were varied between 0.3C
and 6C. At 6C (6174 mA g~ ), the measured capacity was
574mAh g™, corresponding to 74% of the value at 0.3C.
Remarkably, more than 99.9% of the initial capacity was
recovered when the cell was again measured at 1C.

The 1C value of 1029 mA g~ ' was obtained by using
the schematic structure shown in Figure 1c and assum-
ing that only the Si layer contributes to the capacity.
We also assumed each Si atom can host 4 Li™, leading
to a lithiated formula of Li,TiSi, and, hence, a specific
capacity of 1029 mA h g~'. Of course, this coarse
approximation lacks a theoretical basis and, as such,
should be used only as a general reference. Notwith-
standing the primitive estimation, this value is close to
the measured specific capacities of 943 mA h g ' ata
charge rate of 200 mA g~ ".

We reiterate that the oxide coating on TiSi, is
indispensable to the performance of the TiSi, anode.

ZHOU ET AL.

The capacity of TiSi, without the addition of an inten-
tional oxide layer faded at a rate more than double that
of an oxide-coated sample (Supporting Information,
Figure S1 and Figure S2). The effect of an oxide coating
has been discussed by other authors as well.?*~%’
Some believe an oxide overlayer, when sufficiently
thin, is permeable to ions (Li*) but blocks electrons.
The oxide layer in essence acts as a desired so-
lid—electrolyte interface (SEI) or serves to facilitate
SEI formation.?? Others have proposed that oxides,
SiO, in particular, may participate in the charge/dis-
charge processes by reacting with Li* to form Li,O and
Si0,, where x < 2.2273° |n order to understand the
nature of the improved performance imparted by an
oxide coating, we carried out electrochemical impe-
dance spectroscopy (EIS) measurements. The data for
oxide-stabilized TiSi, in fully lithiated and delithiated
forms are shown in Figure 4, and they should be com-
pared to our previous work where EIS measurements of
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Figure 4. Electrochemical impedance spectra (in the form of
Nyquist plots) of oxide-stabilized TiSi, nanonets. The sam-
ple was first fully lithiated to 0.01 V at 100 mA g ', and the
system was permitted to reach equilibrium for 2 h before
impedance data were taken. The frequency was varied
between 50 kHz and 1 Hz, with an ac amplitude of 10 mV.
Then the sample was discharged to 1V at 100 mA g~ ', and
impedance data were collected under the same conditions.

oxide-free TiSi, were reported.'® A fundamental differ-
ence is observed in the impedance after delithiation.
For TiSi, without oxide, a drastic increase of impedance
typically accompanied the delithation process; this
changeis attributed to changes in the SEl layer induced
by lithiation and delithiation reactions.?'*' Such an
impedance change was largely absent in the oxide-
stabilized TiSi, (Figure 4). This result implies that the
oxide overlayer indeed alters the nature of the SEl layer.
Additionally, the oxide coating acts as a mechanical
screen to prevent the exfoliation of layered TiSi, during
lithiation,>>*"3? which would otherwise lead to an
eventual mechanical breakdown of the electrode ma-
terial. Taken as a whole, the improved SEl and the
mechanical protection conferred by an oxide coating
enable significantly enhanced cyclability of TiSi,. In
addition, by fitting the lithiated data, the charge
transfer resistance was found to be only ca. 100 Q,
indicating the good charge conduction of the oxide-
coated TiSi;, (Supporting Information, Figure S3). While
it is clear that adding an oxide layer to the system is
beneficial to the stability of the anode, it is not clear
whether the conferred stability is solely due to proper-
ties of the oxide or due to the possible modification of
the SEl layer. Therefore, we do not intend to downplay
the important role of the SEl layer.

Next we present evidence to support that Li " indeed
inserts into the Si-only layer in TiSi,. Because there is no
known reaction between Ti and Li, it is safe to conclude
that the observed capacity results from reactions
between Si and Li". Comparing the lattice spacing of
the TiSi, {020} planes before and after lithiation, we
observed an increase from 0.667 to 0.675 nm, corre-
sponding to a 1.2% change, and no measurable differ-
ence was observed along other crystal planes
(Supporting Information, Figure S5). This small but
non-negligible change indicates the insertion of Li*
into the {020} planes, where Si-only layers reside. This
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Figure 5. High-resolution TEM images of TiSi, before (a) and
after (b) lithiation. (c and d) Electron energy loss spectro-
scopy of a TiSi, nanonet before (c) and after (d) lithiation.

hypothesis is supported by the electron energy loss
spectroscopy result, which confirms the existence of Li
ions in the lithiated sample (Figure 5d). In contrast, no
Li signal was detected from the as-grown sample
(Figure 5¢). Benefitting from the small volume change
upon Li" insertion and extraction, the layered-struc-
ture TiSi, exhibits better cycling stability than other Si-
based alloys. In addition, the nanonet morphology and
crystalline nature are well preserved after 100 cycles
(Supporting Information, Figure S4).

Ideally, powder X-ray diffraction (XRD) patterns ta-
ken before lithiation and at various stages of charge
and discharge would be useful in the task of elucidat-
ing the lithiation mechanism of TiSi,. However, in this
situation, specific limitations preclude the use of pow-
der XRD data. On the basis of the observed d-spacing
change presented in Figure 5, the shift in the (020) peak
position would be 0.16° this shift is based on the
calculated values of 13.27° and 13.11° 2@ (CuKa). In
addition to the small peak shift, the (020) peak is not
present is XRD diffraction patterns collected from as-
grown TiSi, nanonets.>® The broadening of the diffrac-
tion peak due to the small size of the nets would also
complicate matters. Finally, the (060) peak could pos-
sibly be used, but it is partially eclipsed by the presence
of the (131) peak.®

CONCLUSION

As the performance of electrochemical devices is
intimately connected to the properties of their com-
ponents, particularly those of the electrodes, the dis-
covery of new compounds or new mechanisms is of
great value to the advancement of energy storage
technology. It is within this context that we believe
our results are significant. The TiSi, nanonets, which are
of the C49 crystal structure, represent a rare example of
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a layered, nongraphite anode compound. This study
was enabled by our strategy to stabilize layered TiSi,
nanonets using an easy-to-implement oxide coating.
The stabilized material survives up to 500 cycles of
lithiation and delithation, making practical applica-
tions as electrodes for lithium-ion batteries possible.

EXPERIMENTAL SECTION

TiSi, Synthesis. TiSi, nanonets were synthesized by chemical
vapor deposition. Briefly, 50 sccm (standard cubic centimeters
per minute) SiH, (10% in He), 2.5 sccm TiCl, (Sigma-Aldrich,
98%), and 100 sccm H; (Airgas) were delivered into a heated
reactor in tandem. By keeping the reactor at 675 °C and 5 Torr
for 12 min, we collected highly dense TiSi, nanonets on a piece
of Pt-coated Ti foil (Sigma). The supplies of precursors were then
cut off, and the reactor was cooled to room temperature with H,
protection. The sample was then immediately transferred into
an Ar-filled glovebox (O, < 2 ppm; Vacuum Atmosphere Co.) for
coin-cell or electrochemical cell fabrications.

TiSi,/Si0, Synthesis. The TiSi, nanonets with SiO, coatings
were produced in the same fashion as those above, except that
the reactor was opened to air at an elevated temperature
(350 °C). A layer of SiO, was thermally formed during the
cooling process.

TiSi,/Al,0; Synthesis. After growth, the TiSi, nanonets were
transferred into the atomic layer deposition chamber immedi-
ately. Trimethylaluminum (TMA) (Sigma) and water were kept at
room temperature and used as the Al and O precursors,
respectively. The chamber was maintained at 200 °C during
growth. The pulse time and purge time were 15 ms and 10 s for
both TMA and water, respectively.

Coin Cell Fabrication. The as-synthesized samples were cutinto
0.5 x 0.5 cm? pieces and assembled into CR2032-type coin cells
with Li foils (Sigma-Aldrich; 0.38 mm) in a glovebox by a hydraulic
crimping machine (MTI). LiPFg (1.0 M) in 1:1 wt/wt ethylene
carbonate and diethyl carbonate (Novolyte Technologies) was
used as electrolyte. Two CR2500 membranes (Celgard) were
employed as a separator between the two electrodes.

Electrochemical Tests. After assembly, the coin cells were kept
in a home-built box at a constant temperature of 30 °C. The
cycling stability was characterized by a 16-channel battery
analyzer (Neware, China; current range: 1 uA—1A).

The electrochemical impedance measurements were con-
ducted using a CHI 600C potentiostat/galvanostat in an electro-
chemical cell. Two Li foils were used as both counter and
reference electrodes, respectively. After fully lithiating or de-
lithiating the materials at a slow charging/discharging rate
(100 mA g”), we allowed the electrochemical cell to equilibrate
for 2 h before collecting impedance data. The frequency was set
between 50 kHz and 0.1 Hz, with 10 mV ac amplitude. All
simulations were performed using ZsimpWin.

Structure Characterization. To obtain the structural information
of the nanonets after testing, coin cells were opened in a
glovebox and the tested electrodes were soaked in dimethox-
yethane (Sigma; anhydrous; 99.5%) for 24 h to remove any
electrolyte. The solvent was refreshed every 4 h. The morphol-
ogy was characterized by a scanning electron microscope (SEM,
model JSM 6340) and a transmission electron microscope (TEM,
model JEOL 2010 F).

Electron Energy Loss Spectroscopy (EELS). EELS measurements
were conducted for both unlithiated and lithiated samples.
The measurements were conducted on a JEM-2010F TEM
equipped with a parallel detection EELS spectrometer.
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The stabilization also allowed us to perform detailed
structural studies to confirm that Li ions are indeed
reversibly inserted and extracted from the Si-only layer
in TiSi, nanonets. This simple structure opens a door-
way to significantly improved energy storage devices
in terms of cyclability and power rate.

Supporting Information Available: Comparison of cycling
performances of TiSi, with and without SiO, overlayer; cycling
performance of TiSi, nanonets with 1 nm Al,Oj3; electrochemical
impedance spectroscopy measurement; morphology of TiSi,/
SiO, after 100 cycles; TEM of fully lithiated TiSi,; SEM images of
as-grown and lithiated TiSi,/SiO, nanonets; oxide coating thick-
ness and uniformity; method for the determination of the
quantity of nanonets on a sample; high-resolution TEM image
of the TiSi,/SiO, interface. This material is available free of
charge via the Internet at http://pubs.acs.org.
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