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ABSTRACT: Silicon is a promising candidate to replace the dominantly used
carbon as the anode material for lithium ion batteries (LIBs). Si has the highest
theoretical capacity (4200 mA-h/g) and is one of the most abundant elements.
Unfortunately, Si has the issues of huge volume variation upon dis/charge
cycling and low conductivity, leading to poor cycling and rate performances.
Designing special nanostructures and improving conductivity and integration
of Si electrodes could dramatically enhance their performance. Here, we
introduce a novel strategy to integrate the core—shell nanorod arrays of Ti@Si
on Ti foil with good conductivity as an additive-free electrode. The Ti core
functions as a stable metallic support for the Si shell and dramatically reduces
the diffusion length. The as-prepared core—shell nanorod arrays of Ti@Si on
Ti foil, without any postsynthesis treatment, as electrodes demonstrated
reversible capacity of 1125 mA-h/g over at least 30 cycles with highly
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improved Coulombic efficiency.
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B INTRODUCTION

Lithium-ion batteries (LIBs) are dominantly used in mobile
electronics and are playing an increasing role in electric
vehicles. Another emerging market for LIBs will be energy
storage for renewable but intermittent energy, such as
sustainable solar and wind energy.1 To meet the increasing
demand for high-energy LIBs, next-generation LIBs with
dramatically improved electrochemical performance must be
developed. The electrochemical performance of LIBs is
determined by the electrode materials selected. Taking the
anode for example, carbon-based anodes are exclusively used in
LIBs and the theoretical capacity is about 372 mA-h/g (based
on LiCg). However, the performance of carbon anodes is
almost saturated after two decades of research and development
since Sony first commercialized LIBs. Therefore, it is crucial to
develop carbon-alternative anodes with high capacity for next-
generation LIBs.

Silicon is one of the most desirable carbon-alternative anode
candidates. Silicon has the highest theoretical specific capacity
(4200 mA-h/g based on Li,,Si) among all anode materials for
LIBs." Unfortunately, Si has poor cyclability due to the
pulverization caused by huge volume change (400%) upon
the insertion—extraction of lithium ions.>® Another issue with
Si, a semiconductor, is that its conductivity is poor.* The low
conductivity negatively impacts electron transport, leading to
poor utilization of the active materials, much lower capacity
than its theoretical value, and low battery charging rates.

We tried to address the issues associated with silicon anodes
for LIBs by designing a unique structure with Ti@Si core—shell
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coaxial nanorod arrays on a current collector for LIBs. A facile
procedure was developed to synthesize the coaxial nanorod
arrays. The porous silicon shells supported by metallic Ti cores
could accommodate volumetric variation. Meanwhile, the
metallic Ti cores could enhance the conductivity of the Si
shells. The schematic of the procedure involved and changes in
compositions are illustrated in Figure 1.

We used TiO, nanorod arrays grown on titanium foils
prepared by a hydrothermal method as the template and
precursor. Next, the TiO,@SiO, core—shell coaxial nanorod
arrays were obtained by coating the TiO, nanorod arrays with
silica by a sol—gel method. Subsequently, both the silica shells
and TiO, cores were reduced to Si shells and metallic Ti cores,
respectively, by magnesiothermic reduction. The MgO by-
product could be removed by HCI etching easily. The as-
prepared Ti@Si core—shell nanorod arrays formed on metallic
titanium foils could be used for battery assembly without any
additional treatment. It should be highlighted that the
reduction of TiO, to metallic Ti cores is highly beneficial
from the perspective of enhanced conductivity.”® The as-
prepared, not-optimized Ti@Si core—shell nanorod arrays
demonstrated impressive electrochemical performance in
reversible lithium storage. Our preliminary results show that a
highly reversible capacity of 1125 mA-h/g over 30 cycles at
testing current of 200 mA/g could be achieved.
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Figure 1. Schematic to illustrate the changes in structures and compositions at different stages of synthesis.
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Figure 2. Schematic to illustrate the advantages of Ti@Si core—shell coaxial nanorod (left) as compared with solid Si nanorod (right) in facilitating

both ion and electron transfer.

B EXPERIMENTAL SECTION

Preparation of TiO, Nanorod Arrays on Metallic Ti Substrate
as Precursor. The preparation follows a modified procedure.”
Typically, a piece of Ti foil (0.5 X 0.5 cm?) was put into an aqueous
NaOH solution (0.25 M) inside a Teflon-lined autoclave. The reactor
was heated to 220 °C, maintained at the set temperature for 24 h, and
then cooled down to room temperature naturally. The treated foil was
then immersed in a dilute HCI solution (0.6 M) for 1 h to exchange
the Na ions with protons, rinsed with a copious amount of water, and
dried under ambient conditions. The samples were then heated at 600
°C for 2 h inside a furnace in air.

Fabrication of SiO,@TiO, Core—Shell Coaxial Nanorod
Arrays on Ti Substrate. Typically, the previously prepared TiO,
nanorod arrays on Ti foils were put into 2-propanol (30 mL) inside a
round-bottom flask. Under stirring, 4 mL of deionized water was
added, followed by 3 g of tetraethyl orthosilicate (TEOS) and further
stirred. Then, 1 mL of saturated ammonia solution was added
consecutively in portions with a pipet. The mixed solution was further
stirred for 6 h. The SiO,-coated TiO, nanorod arrays were washed by
water and ethanol repeatedly and then dried at 300 °C for 2 h in air.

Fabrication of Ti@Si Core—Shell Coaxial Nanorod Arrays on
Ti Substrate. The previously prepared TiO,@SiO, core—shell coaxial
nanorod arrays on Ti foils were put inside a crucible and 50 mg of Mg
powder was spread beneath and on top of two pieces of the treated
foils, and an additional 50 mg of Mg powder was put near the foils’
upper stream in the same crucible. The excess amount of Mg powder
was used to achieve complete reduction of SiO,. The crucible was then
inserted into a tube furnace and temperature was ramped from room
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temperature to 650 °C in 1 h and maintained at the set temperature
for 4 h under the protection of argon flowing at a rate of 100 sccm.
The foils were soaked in a copious amount of 0.5 M HCI solution to
remove extra Mg and MgO and then dried in a vacuum oven. Note
that no HF was used here as we assumed that no significant amount of
SiO, remained, and HF could etch off metallic Ti according to Ti +
6HF = [TiF¢]*~ + 2H" + 2H,1.

Material Characterization and Electrochemical Analysis. X-
ray diffraction (XRD) analysis of the samples was carried out on a
XRD instrument (Rigaku with Cu Ko radiation. 4 = 1.540 56 A). The
morphology and microstructures of the as-prepared samples were
characterized by field emission scanning electron microscopy
(FESEM; JEOL 7600 coupled with energy-dispersive X-ray spectros-
copy, EDX), with accelerating voltage of 15 kV and transmission
electron microscopy (TEM; JEOL 2010 coupled with EDX under
accelerating voltage of 200 kV). Raman spectra were collected on a
Jobin-Yvon Horiba Triax 550 Raman spectrometer. An argon-ion laser
(514.5 nm) was used as an excitation source. The as-prepared Ti@Si
core—shell coaxial nanorod arrays as ready electrodes were assembled
into 2032 coin cells. The assembly was carried out inside an argon-
filled glovebox with the Ti@Si core—shell coaxial nanorod arrays on Ti
foil as the working electrode, metallic lithium foil as the counter and
reference electrode, 1 M solution of LiPF in a 50:50 (v/v) mixture of
ethylene carbonate (EC) and diethyl carbonate (DEC) as the
electrolyte, and polypropylene/polyethylene/polypropylene (PP/PE/
PP) trilayer membranes (Celgard 2320) as the separator. Electro-
chemical performance was evaluated by cyclic voltammetry (CV) on
an electrochemical workstation (CHI 660D) at a scan rate of 0.1 mV/
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Figure 3. (a) XRD patterns and (b) Raman spectra of different nanorod samples obtained at each stage of preparation. Sample I is the TiO,@SiO,
nanorod arrays after silica coating of TiO, nanorod arrays; sample II is the Ti/MgO@Si/MgO nanorod arrays after magnesiothermic readuction
treatment of I; sample IIT is the Ti@Si nanorod arrays after HCI treatment to remove MgO of sample II. The orange color Raman spectrum is from a

typical Si wafer.

s. The coin cells were charged and discharged galvanostatically at room
temperature in the voltage window 0.01—2 V at a current of 200 mA/g
on a MTI BST8-WA battery tester.

Bl RESULTS AND DISCUSSION

The advantages of this structure of Ti@Si core—shell coaxial
nanorods as compared to bare Si nanorods are illustrated in
Figure 2. The obvious benefit of metallic core is that the axial
resistance observed in solid Si nanorod could be dramatically
reduced. The charges released/acquired on electrochemical
reactions of dealloying/alloying for Li,Si could be transferred to
the Ti foil current collectors easily via the metallic Ti nanorod
core, in contrast to the solid semiconductor Si nanorod. The
incorporation of metallic Ti core could dramatically reduce the
Li diffusion distances from the radius of the solid Si nanorod to
just the thickness of the shell of the core—shell Ti@Si nanorod.
Additionally, the longitudinal direction charge transfer of the
semiconductor solid Si nanorod with length of a few
micrometers is avoided in the case of coaxial nanorod with
metallic core. The distance of charge transfer is reduced to
thickness of the shell in the case of Ti@Si core—shell coaxial
nanorods. Besides, the contact surface of Si with Ti increases,
which could improve the connection between active materials
and the collector, if one treats the Li-inactive metallic Ti
nanorods as part of the current collector or 3-D nanostructured
current collector.

The feasibility of our designed procedure was demonstrated
by thorough characterization of the intermediate and final
products outlined in Figure 1. The changes in chemical
composition for products obtained from different stage of
treatment were characterized by X-ray diffraction (XRD)
(Figure 3a). The chemical composition of the hydrothermally
obtained anatase TiO, nanorod arrays has been well-
documented and was not further characterized here.® Upon
coating with silica, only anatase-phase TiO, (JCPDS 21-1272)
of the nanorod arrays and metallic Ti (JCPDS 44-1294) of the
Ti foil were detected, the same as those without SiO, coating.
This observation suggested that the process of silica coating has
not changed the chemical composition of the precursor TiO,
nanorod arrays on Ti foil. The silica shell is amorphous. After
Mg reduction, peaks associated with MgO (JCPDS 45-0946)
appeared. The O in MgO must come from the SiO, and TiO,,
as the reactions occurred under the protection of inert argon.
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Given the excess of Mg in the reactor and low melting point of
Mg, the Mg vapor could penetrate inside the space between
nanorod arrays to completely reduce all the nanoarrays, from
the base to the tips. Magnesiothermic reduction to prepare
silicon from silica is highly effective and can preserve the
nanoscale morphology of the silica precursor.”~"> At the same
time, TiO, was converted to metallic Ti via the magnesiother-
mic reduction. The magnesiothermic reduction of TiO,
nanorod into metallic Ti nanorods has not been reported
before, although the process has been explored for the
metallur?cal production of bulk metallic Ti with low oxygen
content.'® The melting points for Mg, Si, and Ti are 650, 1414,
and 1668 °C, respectively. Therefore, under our experimental
conditions of 650 °C, the freshly converted Si and Ti would still
be in solid state, and the 1-D feature of nanoarrays before
reduction could be preserved. The possible chemical reactions
involved are as follows:

For SiO, shell: 2Mg + SiO, — 2MgO + Si

For TiO, core: 2Mg + TiO, — 2MgO + Ti

The MgO could be easily etched off by use of a dilute HCI
solution. The XRD pattern shows dramatically reduced peaks
associated with MgO after washing with HCI solution. The Si
peaks are observed, and the weak peaks of Si could be assigned
to diffraction from (111), (220), and (311) planes. The broad
and weak XRD peaks associated with Si suggest that the coated
silicon might be polycrystalline and amorphous silicon. The
weak XRD peaks of Si phase at the presence of other dominant
phase (e.g, mesocarbon microbeads, MCMB) have been
observed before.'”

The successful magnesiothermic reactions were further
confirmed by Raman spectroscopy (Figure 3b). Similarly,
samples from different stage of preparation were analyzed.
Sample I is the TiO,@SiO, nanorod arrays. The Raman peaks
at 399, 516, and 640 cm™" are typically associated with anatase
TiO,."**° Specifically, they are assigned to the Raman-active
modes of anatase TiO, with B}, A, and E, peaks, respectively.
These Raman peaks are associated with symmetric bending
vibration, antisymmetric bending vibration, and symmetric
stretching vibration, respectively, of O—Ti—O in anatase
TiO,."* ™ After magnesiothermic reduction, all the Raman
peaks associated with anatase TiO, disappeared, suggesting
TiO, has been converted to metallic Ti, in agreement with
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XRD analysis. The emergence of the Si Raman peaks after
magnesiothermic reduction was clearly evidenced. The
strongest peak at ~519 cm™, which is almost same as that
from a typical Si wafer, could be associated with the Si—Si
stretching mode in crystalline Si.*"** The broad small peak
around 950 cm™!, typically associated with Si—Si stretching
mode in amorphous Si,** suggests the presence of amorphous
Si as well. The Raman peaks associated with embedded MgO
nanoparticles could be too weak or were suppressed by the
dominant Raman peaks of $i>*">® The absence of MgO peaks
is expected, as MgO has no measurable Raman modes between
200 and 900 cm™' with the presence of other Raman-active
materials and MgO can even be used as a Raman substrate with
low background.”” We also did control experiments to
magnesiothermically reduce bare TiO, nanoarrays on titanium
foil into metallic Ti nanorod arrays without the presence of
SiO, coating (Figures S1 and S2 in Supporting Information).
The metallic Ti nanorod arrays formed on metallic foils
obtained from the control experiments could be used as 3-D
current collector as well (Figure S6b in Supporting
Information). The control experiments clearly show that (1)
TiO, nanorod arrays could be magnesiothermically reduced to
metallic Ti (evidenced by Raman with the disappearance of
anatase TiO, peaks) and the morphology of the rodlike arrays
was preserved, and (2) the Raman peak of Si in the Ti@Si
nanorod arrays was from the Mg-reduced SiO, coating. In other
words, the Raman analysis double-confirmed that the
magnesiothermic reduction of both SiO, and TiO, was
completed for the TiO,@SiO, nanorod arrays. After HCI
treatment, MgO was removed and the Si peaks were still
observed as expected. After MgO attached was removed, the
Raman peaks of Si associated with the second-order optical
phonon modes 2TO (300 cm™') and second-order transverse
acoustic phonon mode 2TA (945 cm™) further confirm the
successful reduction of SiO, into Si*** The slight shift in
position tower to smaller wavenumber of the first-order
transverse optical phonon mode TO at 514 cm™ after MgO
removal could be attributed to the decreasing size of
nanocrystallites and nanoporosity of the Si nanoshells after
etching.30 The absence of Raman signal of metallic Ti>' 3% in
contrast to that of XRD with notable Ti peaks, helps to easily
identify the chemical compositions of samples obtained at
different stages of synthesis. Therefore, on the basis of XRD
and Raman analysis, we can confidently say that the outlined
chemical changes as designed in Figure 1 were successfully
achieved.

The structures of the intermediate products collected at each
stage of synthesis were thoroughly characterized by FESEM
(Figure 4). TiO, nanorod arrays could completely cover the Ti
foil (Figure 4a,b). The length of nanorods is about 3 ym and
the diameter is around 100 nm. The nanorods are not vertically
attached on the Ti foil substrate, which could be attributed to
the rough surface of the Ti foil used. Additionally, needlelike
nanorods are observed. The mechanism of formation of TiO,
nanorod arrays could be attributed to the topotactic trans-
formation from the precursor Na, Ti,05-H,0.%** Subsequent
ion exchange could replace Na" with HY, and a simple heat
treatment could convert it to TiO, nanorods. The structure and
arrangement allow each nanorod to be exposed to silica for
effective coating. All the TiO, nanorod arrays were coated with
silica, forming a uniform and smooth external surface (Figure
4c). The application of hydrolysis of TEOS to coat
nanostructures with SiO, has been widely demonstrated for
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Figure 4. FESEM images of the series of nanorod arrays obtained at
different stages of synthesis. (a) Top view of TiO, nanorod arrays
grown on Ti foil after hydrothermal reaction. (b) Side view of sample
a. (c) Top view of TiO,@SiO, coaxial nanorod arrays after silica
coating. (d) Ti/MgO@Si/MgO nanorod arrays after magnesiothermic
reactions. (e) Top view of Ti@Si coaxial nanorod arrays on Ti foil
after etching off MgO by HCL (f) Side view of sample e.

various systems, such as Au@SiO, and Fe;O,@SiO, for
diagnostic and therapeutic techniques, CdS@SiO, for photo-
catalytic applications, and CNT@SiO,.***¢

Magnesiothermic reduction was carried out to simulta-
neously reduce both SiO, and TiO, into Si and Ti, respectively.
The surface of the nanorods is highly rough after
magnesiothermic reactions, which could be attributed to the
attack of Mg and the formation of MgO on the nanorods. After
etching by acid, MgO was almost removed. The surface of the
nanorods is slightly smoother as compared to those with MgO
nanoparticles. Additionally, one can note that there are defects/
holes on the Ti@Si nanorods. The voids/defects could be
attributed to the etching and removal of MgO on the nanorods
generated from the replacement reactions between Mg with
SiO, and TiO,. Top- and side-view FESEM images (Figure
4e,f) suggest that the overall morphology of the Ti@Si nanorod
arrays is still the same as the precursor TiO, nanorod arrays
(Figure 4a,b). Low-magnification overall view shows that the
nanorod arrays are distributed over the Ti substrates (Figure SS
in Supporting Information). Optical image showing the typical
yellow to brown color of Si nanomaterials distributed on the
substrate further confirms it (Figure S6 in Supporting
Information).

TEM is employed to directly observe the morphology and to
prove the existence of the core—shell structure (Figure S). It
can give a clear view of core—shell structures due to the
differences in contrast for different compositions. Figure Sa
clearly shows that the light-contrast silica layer was uniformly
and firmly coated on the TiO, nanorod templates. There are
some silica spheres as minor byproducts attached on the silica
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Figure 5. TEM images of the samples prepared after each step. (a) after silica coating of TiO, nanorods with SiO,. (b) Ti/MgO@Si/MgO after Mg
reduction. (c) Ti@Si after 0.5 M HCI treatment for 24 h (inset: SAED patterns of Si coating). (d) EDS results of panel c.

shells observed as well. After being reduced by Mg powders, a
rough and porous structure of coating is observed (Figure Sb).
Note that an excess amount of Mg powder was used and the
roughness could be from the formation of MgO (Figure S3 in
Supporting Information). The even contrast of the nanorods
suggests that the MgO might be evenly distributed in the
nanorods. Additional EDS analysis and elemental mapping also
show the presence and distribution of Mg and other elements
(Si, Ti, O) involved after magnesiothermic reactions (Figure S4
in Supporting Information). After treatment with 0.5 M HCl
solution to remove MgO, the morphology of coating changed
(Figure Sc), where the difference between Si and Ti is easily
distinguishable. The selected-area electron diffraction (SAED)
patterns (inset of Figure Sc) further confirm the formation of
both Si and Ti. The diffraction from the lattice planes (220),
(400), and (420) of Si and (101) of Ti could be indexed.
We also used electrochemical analysis to provide comple-
mentary characterization, in addition to XRD and Raman
discussed previously, to identify the formed Si phase from
reduced SiO, and the reduced TiO, phase into metallic Ti by
magnesiothermic reduction. Cyclic voltammograms (CV) of
Ti@Si nanorod arrays on Ti foil as the electrode were obtained
and analyzed (Figure 6). The broad cathode peak at ~0.21 V
could be attributed to the formation of amorphous LiSi
phase.*”*® Two anodic peaks, located at ~0.34 and ~0.49 V,
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Figure 6. Cyclic voltammetry of Ti@Si nanorod arrays as electrode
assembled into a standard half-cell and tested at ramp rate of 0.1 mV/s
for three cycles.

correspond to the extraction of lithium ions from Li,Si in the
Ti@Si nanorod array electrode. The peaks and shape of the CV
curve are consistent with the results reported previously in the
literature for Si electrodes.®™*' To be noted here, the
characteristic peaks of TiO, at 1.65 and 2.15 V with the
Ti*"/Ti*" redox couple during lithium insertion and extraction
were not observed, which indirectly suggests that TiO, in the
nanorods is reduced by Mg to lithium-inactive metallic Ti
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Figure 7. Electrochemical performance of Ti@Si nanorod arrays. (a) First three cycles of charge—discharge profiles tested at a current rate of 200

mA/g. (b) Capacity vs cycling number plot of Ti@Si nanorod arrays.

nanorods.*” The CV could be considered as an electrochemical
characterization tool, supplementary to those physical charac-
terization tools.

Figure 7 shows the electrochemical performance of the Ti@
Si nanorods cycled between 0.01 and 2 V at a galvanostatic
current density of 200 mA/g. The profiles of the first three
cycles are presented in Figure 7a. The first charge and discharge
capacities of the electrode are 2540 and 1937 mA-h/g,
respectively (Coulombic efficiency 76.3%). The first cycle
Coulombic efficiency of 76.3% is much higher than those
reported in the literature: the first cycle Coulombic efficiency is
typically in the range 37—72%.''**™* This irreversible
capacity is attributed to the formation of the solid electrolyte
interphase layer (SEI) during the first discharge process.”® As
the cycling progressed, the ions transportation would be partly
affected by the SEI layer. As the result, the reversible capacity
decreased gradually, possibly due to the electrode disintegra-
tion." A capacity of 1125 mA-h/g was retained after 30 cycles.
Coulombic efficiency of ~95% during the cycling could be
maintained, indicating reasonably good stability for silicon in
our Ti@Si electrodes. The improved electrochemical perform-
ance is mainly ascribed to its special 3D architecture. The
porous Si coating clings strongly to the metallic Ti nanorods,
leading to improved electrode conductivity and structural
stability. Additionally, the unique 1D core—shell structure has
space to accommodate the large volume change in charge—
discharge process. As one can notice, the capacity fading is still
significant for our not-optimized samples. There are a few
approaches to explore in order to further address the capacity
fading of Si, such as (1) to coat the external Si surface with a
protective layers, for example, carbon; (2) to stabilize the SEI
on Si surface by introducing electrolyte additives, for example,
fluoroethylene carbonate; or (3) to decorate the Si surface with
highly conductive materials, for example, Ag nanoparticles. Our
ongoing effort is to optimize the conditions and further
improve the performance using the same Ti@Si nanorod

design.

B CONCLUSIONS

We have introduced a facile procedure to fabricate the unique
core—shell Ti@Si nanorod arrays on Ti foils as integrated
electrodes without any postsynthesis treatment for LIBs and
achieved improved performances. The strategy could be further
expanded to prepare other 3-D structured Si-based electrodes
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(e.g, CNT@Si nanoarrays) for batteries. We demonstrated the
feasibility of using the magnesiothermically synthesized Si@Ti
nanorods as a promising silicon anode material. The Ti@Si
nanorod arrays on Ti foils with metallic and conductive Ti
cores could deliver a decent capacity of 1125 mA-h/g for at
least 30 cycles. We also demonstrated that it would be possible
to prepare metallic Ti nanorod arrays by magnesiothermic
reaction, which may find other applications (e.g, 3-D current
collectors).The strategy outlined in this paper could be
employed for the preparation of other coaxial core—shell 1-D
nanomaterials. Our ongoing efforts are to optimize the
magnesiothermic reduction process and to explore the general
application of this approach.

B ASSOCIATED CONTENT

© Supporting Information

Six figures showing FESEM images and Raman spectra of bare
Ti nanorod arrays derived from magnesiothermically reduced
TiO, nanoarrays on titanium foils and additional character-
ization and minor structures observed of the intermediate
component of Ti/MgO@Si/MgO and coaxial Ti@Si nanorod
arrays. This material is available free of charge via the Internet
at http://pubs.acs.org.
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