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ABSTRACT We report that TiSi, nanonet exhibits considerable activities in the reversible lithiation and
delithiation processes, although bulk-sized titanium silicide is known to be inactive when used as an electrode
material for lithium ion batteries. The detailed mechanism of this unique process was studied using
electrochemical techniques including the electrochemical impedance spectroscopy (EIS) method. By systematic
characterizations of the Nyquist plots and comparisons with the microstructure examinations, we identified the
main reason for the activities as the layered crystal structure that is found stable only in TiSi, nanonets. The layer
structure is characterized by the existence of a Si-only layer, which exhibits reactivity when exposed to lithium
ions. Control studies where TiSi, nanowires and TiSi,/Si heteronanostructures were involved, respectively, were
performed. Similar to bulk TiSi,, TiSi, nanowires show limited reactivity in lithium ion insertion and deinsertion;
the EIS characteristics of TiSi,/Si heteronanostructures, on the other hand, are distinctly different from those of
TiSi; nanonets. The result supports our proposed TiSi, nanonet lithiation mechanism. This discovery highlights the
uniqueness of nanoscale materials and will likely broaden the spectrum of electrode material choices for
electrochemical energy storage.
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odern technological develop-

ments create a daunting demand

for portable electrical energy
storage devices with ever higher energy
density and power density. As a relatively
recent invention, Li ion battery stands out
among the available approaches to meet-
ing this demand for its lightweight, long
lifetime, and good cycleability. Despite
enormous efforts, the progress of Li ion bat-
tery research has lagged behind signifi-
cantly when compared with many other ar-
eas such as personal electronics, thanks to
the rapid growth of the demand, and has
become a weak link in the technological de-
velopments. One key hurdle in advancing
Li ion battery performance is the limited
availability of materials.' The magnitude of
difficulties in finding a suitable candidate
may be appreciated by examining what
constitutes an “ideal” anode electrode. The
chosen material needs to meet a number of
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intrinsic property requirements simulta-
neously, including being low density to be
lightweight; possessing the right chemical
reactivity to permit reversible Li ion inser-
tion and extraction for good cycleability; the
Li ion insertion and extraction reactions are
desired to occur at low potentials compared
with the reactions taking place at the cath-
ode to afford high cell potentials; the reac-
tions also need to proceed in a controllable
fashion so that no unmanageble heat is
generated.? The complexity of these re-
quirements greatly limits our choices of
candidates when selecting electrode
materials.

To meet this challenge, considerable at-
tention has been paid to studying novel
morphologies of existing compounds, par-
ticularly those in the nanoscale.®> "2 For ex-
ample, phase transitions permitted only by
nanoscale materials have been demon-
strated to be beneficial for high power
density."*'* The high surface area of nano-
materials has also been identified to lead to
electrode capacities significantly higher
than what is “theoretically” possible for bulk
materials.'> These new phenomena associ-
ated with the small dimensions of nano-
materials compel us to expand the efforts
of studying nanostructures as potential
electrode materials for Li ion batteries. In
line with these observations, we report high
reactivities in nanoscale metal silicides, Ti-
Si; nanonets, although the bulk counterpart
of this composition has been deemed inac-
tive when exposed to similar electrolyte
systems.

We are drawn to study metal silicides be-
cause of their high electrical conductivities,
which has been exploited to complement C
or Si to boost their performance as elec-
trode materials.®'®~ 23 Similarly, when TiSi,
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nanonets, a unique two-dimensional nano-
structure discovered by us,>*** are inter-
faced with Si nanoparticles, the resulting ma-
terials show significantly improved
cycleability and power density.?® While low
dimensional metal silicides with morpholo-
gies similar to TiSi; nanonets (albeit simpler,
e.g., nanowires) have been widely studied for
electronic applications, studies of these ma-
terials for electrochemical energy storage
have not been encountered. The under-
whelming interest may be in part due to
the previously reported low activities of their
bulk crystals."” Our results presented here re-
veal that the properties of TiSi, nanonets dif-
fer from bulk TiSi, drastically. The layered
crystal structure of C49, which is only stable
in the nanonet form, is the primary reason
for the activities.>* With the detailed mecha-
nism of the lithiation process unraveled, the
results are likely to stimulate interest in low
dimensional metal silicide nanostructures
and discover new properties that are benefi-
cial to the rapidly developing energy materi-
als research field.

RESULTS AND DISCUSSIONS

The reactivity of TiSi, nanonets with Li
ions (Li*) is evidenced by the peaks be-
tween 0 and 0.09 V in the EPS data (Figure
1a). This conclusion is also supported by the
charge/discharge characteristics as shown
in Figure 1b. Although various metal silicides

have been studied in the past, they mostly act as the in-
active component in the composites because their re-
activity with Li* has been found to be too low to be ex-
ploited with a few exceptions including Mg,Si and
NiSi,."” With this background information in mind, we
were surprised by the observed lithiation peaks in the
EPS data and the unequivocal evidence of the high
charge capacity (>600 mAh/g) and discharge capacity
(>500 mAh/q). Furthermore, the material survives re-
peated charge/discharge treatments for at least 30
cycles with the capacity maintained above 500 mAh/g.
During the first four cycles, the discharge capacity in-
creased rapidly from 334 mAh/g (1st cycle, with a 30%
Coulombic efficiency) to 512 mAh/g (5th cycle, Coulom-
bic efficiency of 75%); afterward, the discharge capac-
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Figure 1. The unusual reactivity of TiSi, nanonets. (a) The shaded peaks in the EPS data
(for clarity, only the portion that corresponds to charge is shown) are due to the lithia-
tion processes. For comparison, the EPS data of TiSi,/Si heteronanostructures are also
shown (labeled w/Si coating). (b) The charge/discharge behaviors (data from the 15tand
4t charge/discharge cycles as shown in panel ¢) confirm the reactivity of TiSi, nanonets
and provide a quantitative measure of the capacity, which is substantial considering
that bulk TiSi, is inactive (charge rate: 1000 mA/g, equvalent to C/2 if we assume all Si at-
oms in TiSi, participate in the lithiation process). (c) The reactivity is maintained for at
least 30 cycles with negligible capacity fading. (d) Much lower charge/discharge capac-
ity is measured when TiSi, nanowires are tested. TiSi, nanowires have similar sizes to but
have different crystal structures from TiSi, nanonets.

(0.1—0.5 V), this result is significant in itself. Neverthe-
less, we emphasize that the focus of this report is on un-
derstanding the mechanism of the lithiation and delithi-
ation processes.

The unusual crystal structure of TiSi; nanonet plays
an important role in this unexpected phenomenon.
Our previous study reveals that two-dimensional TiSi,
nanonets assume a crystal structure known as C49, an
unstable phase for bulk TiSi,.?* This structure is charac-
terized by an orthorhombic unit cell where a Si-only
layer appears every few atomic layers of mixed Ti and
Si (the adjacent Si-only layers are separated by approxi-
mately 10.32 A).?” Indeed, this Si-only layer covers the
surface of TiSi, and acts as the driving force for the for-
mation of the nanonet morphology. Owing to its well-

ity steadily increased to 600 mAh/g (21st cycle) with a known reactivity with Li*, the Si layers serve as the host
relatively stable Coulombic efficiency of ~85% (Figure ~ for the Li" insertion. A competing explanation may be
1¢). We note that these values do not represent the best ~ found in the small sizes, which has been predicted to in-
performance that can be achieved on TiSi, nanonets be- ~ duce lithiation for materials that show no reactivity at

cause the experimental parameters for the charge/ bulk sizes.? This possibility is ruled out because TiSi,
discharge characterizations are not yet optimized. Al- nanowires of C54 crystal structure (a stable phase
though lower than Si and several transition metal shared by bulk TiSi, crystals) exhibit low charge or dis-
oxides, this value is higher than commercially used charge capacity (<100 mAh/g), Figure 1d. Nonetheless,
graphite. Combined with the low reaction potentials since the existence of the stable C49 is only observed
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Figure 2. Nyquist plots of TiSi, nanonets under different charge conditions: (a) 1, (b)
0.3—0.09, (c) 0.07—0 V. For clarity, the data are plotted as lines in panels b and c.
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V) and after lithiation (e.g., at 0 V). In a simi-
lar fashion, the EIS characterizations aimed
at understanding the delithiation processes
were carried before and after the delithia-
tion. EIS studies of TiSi,/Si heteronanostruc-
tures were conducted following the same
principle. The availability of the EPS data
was the key enabling factor to permit us to
choose the potentials in a meaningful way.
As a powerful electrochemical tech-
nique, EIS provides critical information on
the electrodes, the electrolyte and the elec-

trode/electrolyte interface under steady-
state conditions and has been widely
utilized.”®*3° To understand the unique
lithiation process of the TiSi, nanonets, we
chose to create the Nyquist plots under dif-
ferent applied potentials, 1, 0.3, 0.15, 0.09,
0.07, 0.04, and 0 V for the charge cycle and
0.4 and 1V for the discharge cycle. The data
are presented in Figure 2 and Figure 3. Sev-
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in TiSi; nanonets, the reactivity is unique to the nano-
scale sizes.

Although the reactivity originates from the exist-
ence of Siin TiSi; nanonets, the property is distinctly dif-
ferent from crystalline Si. The peak positions (0—0.09
V), for instance, are more negative than what is ex-
pected from Si. As a comparison, the EPS data of TiSi,
nanonets with intential Si coating are plotted in Figure
1a. The lithiation peak position (approximately 0.13 V)
agrees with literature reports on Si of other forms (bulk
crystal, thin films, or nanowires). This difference indi-
cates that the detailed lithiation process of TiSi, nano-
nets is unique and deserves more attention. Using the
EPS data as a guideline, we next compare the results of
the EIS studies of TiSi, at different charge/discharge po-
tentials. The potentials at which the EIS measurements
were performed were chosen to allow us to examine Ti-
Si, before (e.g., at 1 and 0.3 V), during (e.g., at 0.15—0.04
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Figure 3. The Nyquist plots of TiSi, nanonets at different stages of the
discharge process: (a) 0.4 and (b) 1 V. Note the differences of the scales
in these two plots. The semicircle due to the reactions during the
charge process persists, as is evidenced in panel b.
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eral features of this group of data are worth
emphasizing: (i) The evolution of the semi-
circle arcs is obvious. The semicircle in the
high frequency range carries information
on the characteristics of the solid electro-
lyte interface (SEI).2%3* It appears shortly after the equi-
librium of the system is established. (ii) At 0.09 V, the
semicircle associated with the SEl is fully developed,
and a new semicircle toward the lower frequency re-
gion starts to take form. Important to the understand-
ing of this newly formed semicircle is that the lithiation
peaks in the EPS data emerge below 0.09 V (Figure 1a).
We therefore suggest that the appearance of this semi-
circle is associated with the solid-state reactions due to
the lithiation process. (iii) The second semicircle is fully
developed when the TiSi, nanonets are fully charged (at
0 V). (iv) The real part of the impedance at the high fre-
quency end is consistent, approximately 20 () for all ap-
plied potentials. This value quantifies the series resis-
tance of the system, including the resistance of the
electrolyte and that of the contact. (v) Upon discharge,
the second semicircle (due to the lithiation process) per-
sists while the first one (associated with the SEI) disap-
pears. The origin of this seemingly paradoxical feature
will be discussed later in this article. (vi) Lastly, upon dis-
charge the impedance returns to a level similar to the
initial state.

On the basis of this observation, we postulate the
following TiSi, nanonet lithiation mechanism. When a
relatively high potential is applied to the TiSi; nano-
nets (e.g., >0.3 V), no lithiation takes place; the poten-
tial drop mainly occurs in the solution and at the SElI,
which is characterized by low impedance at high fre-
quencies and high impedance at low frequencies (i.e.,
capacitive features).?®3* As the applied potentials are
decreased to the point where the lithiation process
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starts to occur (<0.09 V), a second interface in addi-
tion to the SEl takes form, which corresponds to the ap-
pearance of the second semicircle. The origin of this
second interface comes from the reaction between Li*
and TiSi,, which enriches Si to the surface because there
are no known chemical reactions between Ti and Li*.
During the delithiation process, this interface persists
because the enriched Si on the surface of TiSi, remains.
This hypothesis is supported by the microstructure
studies. Figure 4 shows a TiSi, nanonet before the lithi-
ation, after the lithiation, and after the delithiation. We
see that the lithiation process produces a layer of amor-
phous coating on the surface of TiSi,, which contains
significantly higher concentration of Si than that of Ti
(Si:Ti ~ 50:1) as identified by EDX characterizations. Ow-
ing to the instrumentation limitation, we could not
quantify the amount of Li in this amorphous layer. The
crystalline nature of the TiSi,, where the Si:Ti ratio is
maintained at 2:1, is preserved. This finding is impor-
tant because the existence of a charge transporter is es-
sential to the high power density and the good cy-

Figure 4. TEM data of TiSi, nanonets before lithiation (a) and after lithiation (b), and after delithiation (c).

cleability. The result suggests that the lithiation process
proceeds by selective enrichment of Si on the surface
of TiSi,. The second semicircle in the Nyquist plot to-
ward the end of the charge process can be attributed
to the interface between this amorphous layer and crys-
talline TiSi,. We suggest that the excess Ti as a result of
the Si extraction from TiSi, dissolves in the electrolyte
solution. Occasionally we observed crystallites of Ti in
the amorphous layer, but this observation is not consis-
tent, probably due to the instability of the Ti crystal-
lites. After delithiation, this amorphous layer maintains
its form. This observation is consistent with the fact that
the semicircle that appeared during the lithiation pro-
cess persists after delithiation. It supports our hypoth-
esis that the second semicircle may be ascribed to the
interface between the enriched Si and TiSi,.

SEM characterizations reveal information consistent
with the TEM data. When the applied potentials are
high (>0.15 V), the TiSi, nanonets appear intact, and
the branches are distinguishable. Starting at 0.09 V, a
layer of coating becomes obvious on the surface of the

Figure 5. SEM data of TiSi, nanonets at different stages of the lithiation (a—d) and the delithiation processes (e and f). Scale

bars in all figures: 1 pm.
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Figure 6. The Nyquist plots of TiSi,/Si heteronanostructures at differ-
ent stages of charge/discharge.

nanonets, which intensifies as the potential is further
dropped until the charge process is complete (at 0 V).
Upon delithiation, the coating persists and the network
characteristic of TiSi, is no longer distinguishable. Un-
der SEM, the branches appear to melt together, and
each nanonet looks like a flake.

Although the lithiation process of TiSi, takes place
by reactions between Si and Li*, the characteristics are
different from that of Si of other forms. To demonstrate
this difference, we next examine the EIS data of TiSi,
nanonets with intentional Si coating (i.e., TiSi,/Si hetero-
nanostructures), Figure 6. While the general trend
agrees with that in Figure 2, only one semicircle is ob-
served in the Nyquist plots for the TiSi,/Si heteronano-
structures, suggesting that the capacitive impedance of

(a)

120F B Measured
100 ——— Calculated
80
g ool TiSi,/Si
N 40
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the TiSi,/Si interface in the heteronanostructure is insig-
nficant. This finding is consistent with our previous ob-
servations®® and underlines the advantage of having
the TiSi, nanonet in the heteronanostructure design:
charges transfer from Si to TiSi, without significant re-
sistance to allow for high power density. The fact that
the second semicircle only appears in the data meas-
ured on TiSi; nanonet samples indicates that the inter-
face between the TiSi, and the enriched Si is defective,
more so than the interface between the TiSi, and the
deposited Si. The result exemplifies the importance of
obtaining a high-quality interface when making hetero-
nanostructures. Nonetheless, it is worth noting that to
preserve TiSi, when testing the heteronanostructures
we limited the charge potentials to be above 0.09 V.
When the charge potentials were pushed below this
limit, reactions between Li* and TiSi, nanonets
dominated.

Quantitative information on the TiSi, nanonet lithia-
tion processes may be extracted from the Nyquist plots
by fitting the data using the equivalent electrical cir-
cuits (EEC) method.?® To perform this function, we used
the EECs as shown in Figure 7, where CPE stands for
constant phase elements. The usage of CPE rather than
capacitors accounts for the imperfections of the Helmo-
holtz double layer due to, for example, the nanoscopic
nature of the electrode surfaces. In calculating the
Nyquist plot for the TiSi,/Si heteronanostructures, we
employed two R//Q elements. R,//Q; is used to simu-
late the SEI and the charge transfer process;>%-3%33:33
and Ry//Qq is used to simulate the diffusion process.
The calculated Nyquist plot overlaps with the meas-
ured one well, with an error of 1.12 X 10~* (which is
the x? value between the fitting and the experimental
data as generated by the simulation software, Zsim-
pwin). On the basis of the EEC and the excellent agree-
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Figure 7. Understanding the Nyquist plot using equivalent electrical circuits for (a) TiSi,/Si heteronanostructures and (b) Ti-
Si, nanonets. (Top panels) The equivalent electrical circuit; (bottom panels) the comparison of the measured data and the cal-
culated data (at 0.09 V for TiSi,/Si and 0 V for TiSi;nanonets, respectively). The meanings of the labels are discussed in the

main text.
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ment between the calculated data and the measured
data, we understand that the semicircle in the Nyquist
plot can be ascribed to the processes at the SEl and the
charge transfer. The increase of the impedance at the
low frequency end following a nearly linear relation is
due to the diffusion of Li* in the electrolyte. This under-
standing is consistent with the literature reports on
other forms of Si and agrees well with our hypothesis
as discussed earlier.

To fit the Nyquist plot of the TiSi, nanonet, we intro-
duced an additional R//Q element (R,//Q-) to account
for the processes taking place at the interface of TiSi,
and the enriched Si. With this element added, we
achieved an excellent agreement between the calcu-
lated data and the measured data (error: 9.59 X 107%);
without this additional element, no sensible simulation
was obtained. The result implies that the enriched Si dif-
fers from the deposited Si. We suggest that the differ-
ence orginates from the chemical reactions that disso-
ciate Ti and Si in TiSi,. More research is needed to fully
understand the nature of this reaction.

The calculations also enabled us to obtain the quan-
titative values of the various resistive elements (e.g., R
and R,). Consider the data of the TiSi, nanonets. At dif-
ferent charge potentials, R, remains relatively constant,
approximately 30 (). As discussed above, R, represents

EXPERIMENTAL SECTION

Following the protocols detailed in our previous reports,
we carried out the synthesis of TiSi; nanonets in a chemical va-
por deposition (CVD) system. Briefly, a Ti foil (Sigma, 0.127 mm
thick, purity: 99.7%) was used as the receiving substrate. The re-
action chamber was heated to 675 °C. Then 50 sccm (standard
cubic centimeter per minute) SiH, (10% in He, Voltaix), 100 sccm
H,, and 2.5 sccm TiCl, were delivered into the reaction chamber
in tandem (Pyoa: 5 Torr). The reaction lasted 15 min, after which
SiH, and TiCl, were stopped and the temperature was decreased
to room temperature while H, flow was maintained to avoid oxi-
dizing the resulting nanostructures. The system was pumped to
its base pressure (<0.4 Torr) during the cooling process. The den-
sity of the resulting TiSi, nanonets was approximately 0.2 mg/
cm?. For comparison purposes, we also fabricated TiSi, nano-
wires and TiSi,/Si heteronanostructures. The nanowire synthesis
was similar to that of the nanonets except for the ratio of SiH, to
TiCly; the details are reported elsewhere.?® For the heteronano-
structure synthesis, the temperature was brought to 650 °C
after the growth of TiSi; nanonets; 80 sccm SiH, (10% in He)
and 100 sccm H, were flowed at 15 Torr for 12 min to produce
Si nanoparticles on the surface of TiSi, nanonets.

After growth, the sample was transferred to an Ar-filled
glovebox (oxygen level < 2 ppm). Li ribbons were used as the
counter and the reference electrodes, respectively. Separated by
a polypropylene membrane (25 um thick, Celgard 2500), the
three electrodes (TiSi, or TiSi,/Si on Ti foil and two Li ribbons)
were rolled together and then immersed in the electrolyte (1.0
M LiPFg in 1:1 wt/wt ethylene carbonate and diethyl carbonate,
Novolyte Technologies). Afterward, the device was placed in a
sealed box within the glovebox to minimize the influences due
to environmental fluctuations. The electrochemical measure-
ments were conducted on a CHI 600C instrument.

The electrochemical potential spectroscopy (EPS) data
were obtained by applying a series of potentials at 10 mV in-
tervals to the working electrode.?” At each step after the cur-
rent decayed to 200 mA/g, the charges (Q) were calculated

24,25
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the resistance between the TiSi, and the enriched Si;
once the interface is formed, its resistance is indepen-
dent of the applied potentials. By contrast, Ry increases
from 24 () at 0.3 V to 47 () at 0.09 V charge potentials
because of the SEI formation and its continued growth.
This result further supports our hypothesis of the lithia-
tion mechanism of the TiSi, nanonets.

CONCLUSIONS

New materials and new chemistry hold great prom-
ise for breakthroughs in the quest for high-density por-
table electrical power that can be stored and released
at a fast rate. Finding new compounds or new forms of
existing compounds are equally important parallel ap-
proaches that are actively pursued. For the latter, we
have shown that TiSi, nanonets, a unique morphology
that stabilizes C49 TiSi,, exhibit unusually high activity
compared with bulk titanium silicides. A specific capac-
ity greater than 500 mAh/g is measured, and the ma-
terial shows no obvious fading after 30 charge/dis-
charge cycles. Through systematic electrochemical
studies, we identified that the lithiation and the delithi-
ation processes are enabled by the existence of Si-only
atomic layers in TiSi, nanonets. The result highlights the
exciting prospect of discovering new phenomenon in
novel morphologies of existing materials.

by integrating current over time. The electrochemical imped-
ance spectroscopy (EIS) measurements were conducted at
different charge/discharge states of TiSi, nanonets, TiSi,
nanowires, and TiSi,/Si heteronanostructures, respectively.
The charge/discharge rate was set at 100 mA/g. The cell was
allowed to reach equilibrium for 2 h before the impedance
measurements. The frequency was varied between 50 kHz
and 0.1 Hz, and the AC amplitude was 10 mV. All simulations
were performed using ZsimpWin.

The samples before and after the lithiation and delithiation
processes were imaged using a transmission electron micro-
scope (TEM, model JEOL 2010F) and a scanning electron micro-
scope (SEM, model JSM 6340). The TEM was operated at an ac-
celaration voltage of 200 keV, and the SEM was working at 5 keV.
Elemental analysis was conducted using an energy dispersive
spectroscopy (EDS) attachment to the TEM.
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