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Well-organized carbon nanotube (CNT)@TiO, core/porous-sheath coaxial nanocables are
synthesized by controlled hydrolysis of tetrabutyl titanate in the presence of CNTs, and investigated
with scanning electron microscopy, transmission electron microscopy, X-ray diffraction, and
electrochemical experiments. The CNT@TiO» coaxial nanocables show excellent rate capability
and cycling performance compared with both pure CNT and pure TiO, when used as anode materials
for lithium-ion batteries (LIBs). Both the specific capacity in the CNT core and that in the TiO,
sheath are much higher than that of the TiO,-free CNT and that of the CNT-free TiO, sample,
respectively. These results demonstrate that the coaxial cable morphology provides a clever solution
to the ionic-electronic wiring problem in LIBs as well as the synergism of the two cable wall materials.
On one hand, the CNT core provides sufficient electrons for the storage of Li in TiO, sheath. On the
other hand, the CNT itself can also store Li whereby this storage kinetics is, in turn, improved by the
presence of the nanoporous TiO, because the only very thin protection layer on TiO, (unlike free
CNT) enables rapid access of Li-ions from the liquid electrolyte. This fascinating symbiotic behavior
and the fact that the cable morphology leads to an efficient use of this symbiosis makes this solution
match the requirements of LIBs extremely well.

cost.'?” !> This means demanding too much of a single
component, and one has to search for clever composite
and morphological solutions. Here we present an efficient
and elegant solution that consists in preparing coaxial
nanocables based on carbon nanotubes enveloped by a
nanoporous TiO, sheath. While the carbon nanotubes
assist the storage in TiO, by providing electrons, the
nanoporous TiO, sheath assists the storage in the carbon
nanotubes by enabling rapid access of Li* from the liquid
electrolyte. As the roles of ions and electrons are very
different but complementing (compare acid—base activ-

Introduction

There is no doubt about the significance of Li-based
batteries for our future lives, yet there is also no doubt
about the necessity of finding better electrode mate-
rials.'~'" Materials are needed that fulfill the harsh
and often conflicting requirements to store high amounts
of lithium and to do so rapidly and reversibly, let alone
other decisive criteria such as low weight, low volume,
environmental benignity, and last but not least low
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ity with redox activity), the mutually beneficial role of the
two intimately connected components TiO, (providing
* for CNT) and CNT (providing electrons for TiO,)
finds a picturesque metaphor in the Chinese yin-
yang principle.'®!’
A key problem in Li-battery research is guarantee-
ing sufficiently rapid transport of both ions and
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Figure 1. Symbiotic coaxial nanocables. (a) Schematic illustration of symbiotic coaxial nanocables with electronically conducting core (e.g., CNTs) and
Li* providing nanoporous sheath (e.g., TiO»). (b) Corresponding schematic illustration of the effectively mixed conducting 3D networks formed by the

nanocables and carbon black.

electrons.'®™% Only a few exceptional materials (such as
Ag,S) provide fast ionic and electronic conduction even
at room temperature that is sufficient to enable rapid
chemical transport even in big crystals. Many more
materials, such as carbon, provide sufficient electronic
conductivity but lack of sufficient ion conductivity. Here
an appropriate solution is the preparation of nanoporous
carbon structures (or even better, hierarchically porous
carbon structures) in which then the ionic path is pro-
vided by the liquid electrolyte penetrating into the
pores.?® The diffusion length of the active material is
now determined by the distances between the pores. As it
is of nano size the diffusion time is—in spite of the low
intrinsic diffusion coefficients—negligible.>*’ In such
cases, the ion transfer through the solid electrolyte inter-
phase (SEI) is still a problem. After all, the necessary
mixed conduction (Li" and e™) is provided by the hetero-
geneous network. The same principle of “effectively
mixed conducting materials” can be extended to materials
in which now both electronic and ionic transport is
poor.?® It was shown that excellent properties can then
be attained by not only nanostructuring it but by provid-
ing metallization of the pores.'”?° To become commer-
cially viable, a cost-effective coating material is desired to
replace the expensive RuO, used in refs 19 and 20 for such
nanostructures. One contribution to solve the problem is
the use of a 3D current collector network of Cu nanorods,”
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which leads to much enhanced power performance but is
naturally not meant for achieving high energy demands
because of the limitation of the electrode thickness, which
is determined by the length of the Cu nanorods fabricated
by template-synthesis method. Carbon nanotube (CNT)
is one of the best materials choices in views of facile
fabrication and high electronic conductivity. CNT is also
a fine Li-storage host as well as a fast Li insertion—extrac-
tion host at a low voltage, which makes it an attractive
anode material for lithium-ion batteries.’® However, the
practical applications suffer from a high level of irrever-
sibility (low columbic efficiency) and poor cycle life
because of the pronounced surface reactions between
CNTs and electrolyte.

The basic point in our paper is the mutually beneficial,
i.e., symbiotic, role of the two intimately connected
phases CNT and TiO,. CNT is not just a metallizer for
the storage material TiO,, it efficiently stores Li as well. In
turn, for the storage of Li in CNT, the TiO, proves
helpful, too. It allows for a rapid access of ions to the
CNT. As a consequence, the storage properties (as shown
below) are superior to those of both individual constitu-
ents. To stress it again: The storage of TiO, is improved
by the contact with CNT and, even more remarkably, the
storage in CNT is improved by the presence of TiO,.
There are not very many morphological solutions one can
think of to realize this concept. One possibility could be
bilayers of carbon and titania immersed in the liquid
electrolyte. This is though a rather academic play of
thoughts. An optimum solution indeed is the nanocable
network presented here (see Figure 1). It is not only
elegant, its realization is facile and it offers excellent
properties. A very favorable point consists in the fact
that the tips of the cables are carbon-terminated (see
Figure 2c¢), enabling necessary electronic percolation.
To contact these tips, we admix carbon black on a micro-
meter scale, as shown in Figure 1b. In this way, two
effectively mixed conducting networks are established,
one on the nano, the other on the microscale.
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Figure 2. Morphology and structure. (a) SEM and (b) TEM images of TiO,-precursor coated CNTs. (c) SEM and (d, ¢) HRTEM images of CNT@TiO,
nanocables. (f) Nitrogen adsorption/desorption isotherms of CNT@TiO, nanocables, inset shows the pore size distribution plot which was calculated

according to the BJH formalism.

Experimental section

Synthesis of CNT@TiO, Coaxial Nanocables. All the re-
agents were of analytical grade purity and were used as received.
Multiwalled carbon nanotubes (MWCNTSs, Shenzhen Nano-
tech Port Co. Ltd.) were refluxed in 6 M HNOj solution to
remove any impurity and to oxidize the opened end of tubes,
thereby making them more dispersible in ethanol. In a typical
synthesis, twenty milligrams of the acid-treated CNTs were
ultrasonically dispersed in 60 mL of ethanol for 5 h. Then
400 uL tetrabutyl titanate was added and the mixture was
magnetically stirred for 30 min followed by the addition of
400 uL H,O. After being further stirred for 30 min, the mixture
was refluxed at 100 °C for 6 h. After the reaction, the suspension
and precipitate were separated by centrifugation, washed with
ethanol three times, and then dried at 80 °C. The as-prepared
TiO,-precursor coated CNTs were calcined at 400 °C under Ar
for 4 h to obtain crystalline CNT@TiO, coaxial nanocables.

Structure and Morphology Characterization. The products
were characterized by SEM (JEOL 6701F) and TEM (JEM
JEOL 2010). All SEM and TEM samples of active materials in
the lithiated/delithiated state were prepared in an argon-filled
glovebox, washed three times with dimethyl carbonate (DMC),
and sealed in an argon-filled jar before characterization. The
XRD patterns were obtained by a Rigaku D/max-2500 using
filtered Cu Ka radiation. The nitrogen adsorption and desorp-
tion isotherms at 77.3 K were obtained with a Nova 2000e
Surface Area-Pore Size Analyzer. TGA was carried out using a
Diamond TG-DTA Perkin-Elmer-SII instruments under air
from 310 to 1300 K.

Electrochemical Characterization. Electrochemical experi-
ments were performed using Swagelok-type cells assembled in
an argon-filled glovebox. For preparing working electrodes, a
mixture of CNT@TiO, nanocables, super-P acetylene black,

and poly(vinyl difluoride) (PVDF) at a weight ratio of 80:10:10
was pasted on a Cu foil. The loading mass of active materials is
about 10mgem 2. A glass fiber (GF/D) from Whatman was used
asa separator. Lithium foil was used as the counter electrode. The
electrolyte consisted of a solution of 1 M LiPF¢ in ethylene
carbonate (EC)/dimethyl carbonate (DMC)/diethyl carbonate
(DEC) (1:1:1, in wt %) obtained from Novolyte Technologies.
Galvanostatic cycling tests of the assembled cells were carried out
on an Arbin BT2000 system in the voltage range of 0.01— 3.0 V
and 1—3 V (vs Li*/Li) under different current densities.

Results and Discussion

Integrating CNTs into functional architectures and
composites has become an active research ficld because
of potential application fields such as catalysis, chemical
sensing, or energy research.’’*> However, controllable
self-assembly of nanoporous building blocks is still a
challenge. We developed a facile wet-chemical synthetic
route to deposit nanoporous TiO, onto CNTs. Well-
organized CNT@TiO, core/porous-sheath coaxial nano-
cables were successfully synthesized by controlled
hydrolysis of tetrabutyl titanate (TBT) in the presence
of CNTs. Though there are many publications concern-
ing oxide/CNT composites, most of them focus on the
preparation and the applications other than lithium
storage. Among them two very recent independent works
need to be mentioned in which similar morphologies have
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been obtained. One refers to TiO,/CNT cable structures
that were prepared for improving photocatalytic proper-
ties.>?> There, the TiO, sheath is dense and would not be
helpful in our context. The second one refers to MnO,/
CNT cable structures that are measured for Li battery
electrodes, also with a dense oxide sheath.*® Both papers
do not show a symbiotic effect toward fast lithium
storage, as explained in more detailed below.

Bearing in mind that the surface property of CNTs is the
key factor in controlling morphology, by acting on the
nucleation of deposits through certain interaction with
metal ions, we treated as-received CNTs with strong acid,
here 6 M HNOs, to create functional oxygenated groups
on their surfaces.*® The acid treatment does not change the
morphology and crystalline structure of multiwalled CNTs
(see the Supporting Information, Figure S1—4) but is
helpful for a better dispersion of CNTs in ethanol as well
as better interfacial adhesion between deposited sheath
and CNTs, and thus favors homogeneous TiO, deposition.
Another key point in controlling assembly of TiO; is the
proper hydrolysis kinetics of TBT. We found that this
could be achieved by simply adding some water into the
ethanol solution. In a typical synthesis, an optimized H,O
volume of 200 uL is added to 30 mL of ethanol solution
containing 10 mg of CNTs and 200 uL. of TBT for
depositing a uniform coating layer of TiO, precursor on
CNTs (see the Supporting Information, Table S1 and
Figure S5). A lesser amount of H>O resulted in thin and
irregular coating layers, whereas a greater amount led to
significant aggregation of CNTs. In addition, for a con-
tinuous growth of deposits (favorable coating layers of
TiO, precursor), a well-adjusted TBT to CNTs ratio is
crucial. Hereafter, we discuss only the samples prepared
from the optimized system (Sample O1 in the Supporting
Information, Table S1) with a weight ratio of 20:1 for TBT
to CNTs and a volume ratio of 1:150 for H,O to ethanol.

Figure 2a shows a typical scanning electron microscopy
(SEM) image of CNTs after the coating process. The
nanotubes in Figure 2a appear to have smooth surfaces
with an average diameter of ca. 150 nm, whereas the
initial CNTs have a small diameter ranging from 50 to
100 nm. It indicates that the precursor layer has success-
fully coated the CNTs. Further evidence can be found
from transmission electron microscopy (TEM) image, as
shown in Figure 2b, in which a uniform coating layer can
be clearly seen. The TiO, precursor coated nanotubes
were subsequently calcined under Ar atmosphere at
400 °C to prepare CNT @ TiO; core/sheath coaxial nano-
cables. The morphologies of the nanotubes are well
maintained after calcining, although the surfaces of the
nanotubes become slightly rough (Figure 2¢). The feature
of the core/sheath nanocable structure is revealed in the
broken tips of nanocables in the SEM image (Figure 2c,
indicated by arrows). Further evidence for the core/
sheath structure can be found from the high resolution

Chem. Mater., Vol. 22, No. 5, 2010 1911

transmission electron microscopy (HRTEM) image of a
broken nanocable shown in Figure 2d. A uniform sheath
with a thickness of about 25 nm can be clearly seen in the
image. The 0.34 nm spacing observed in the core of the
coaxial nanocable corresponds to the (002) crystalline
planes of the muliti-walled CNTs (inset in Figure 2d). Ina
HRTEM image taken from the edge of the nanocable
(Figure 2e), the lattice fringes are clearly visible with a
spacing of 0.35 nm, which is in good agreement with the
spacing of the (101) planes of anatase TiO», thus demon-
strating the presence of nanocrystalline TiO,. Figure S3d
in the Supporting Information shows the X-ray diffrac-
tion (XRD) pattern of the nanocables, in which all the
diffraction peaks appeared after coating are in good
agreement with anatase TiO, (space group /4/amd (No.
141)) with lattice constants ¢ = b = 3.7852 A and ¢ =
9.5139 A (JCPDS No.21—1272), thus confirming the
successful growth of the outer sheath of anatase TiO,.>
The corresponding Raman spectrum of the CNT@TiO,
coaxial nanocables shows five Raman modes with strong
intensities at 149, 199, 391, 509, and 627 cm ™! (see the
Supporting Information, Figure S4d), which are consis-
tent with the typical Raman features of anatase TiO,
phase and also confirm the anatase phase of the outer
sheath of TiO,.*® The HRTEM image in Figure 2e reveals
the highly nanoporous structure of the TiO, sheath.
Many nanopores in size ranging from 1 to 3 nm well
dispersed in the entire sheath layer are clearly observable
in the image. Not only is the pore structure three-dimen-
sionally interconnected but the sheath also exhibits a
three-dimensionally interconnected framework made up
of nanosized building blocks—anatase nanograins—with
an average size of about 5 nm. These nanopores are one
key for an easy access of Li* from the liquid electrolyte for
lithium storage in the CNT cores, the other is the small
thickness of the passivation layer as described below. It is
worth noting that the TiO, nanograins prefer to grow in a
coherent manner on the CNT surfaces with a preferred
(101) orientation along the (001) direction of CNTs
(Figure 2e). To further investigate the pore structure of
the sample, nitrogen isothermal adsorption technique
was used. Figure 2f shows adsorption/desorption iso-
therms that exhibit a hysteresis typical of a nanoporous
system. According to Brunauer—Emmett—Teller (BET)
analysis, a total specific surface area of 110 m* g ' is
obtained for the CNT@TiO, nanocables, which is much
larger than that of the acid-treated CNTs without coating
layers (70 m” g~ ") and that of the initial CNTs (61 m” g~ ).
This arises primarily from the formation of nanoporous
TiO, sheath. The Barrett—Joyner—Halenda (BJH) pore
size distribution (inset in Figure 2f) indicates that the
CNT@TiO; nanocables exhibit three types of pores with
different average diameters of 2.0, 3.8, and 24.5 nm. The
2.0 nm pores are resulting from the nanoporous TiO,
sheath, which is consistent with the above HRTEM
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Figure 3. Lithium-storage properties. The typical discharge—charge profiles of CNT(@TiO,, TiO,-free CNT, and CNT-free TiO, sample under current
densities of (a) 50 and (b) 3000 mA g~ ! between voltage limits of 1—3 and 0.01—3 V. The inset in (a) shows the corresponding differential capacity plots.
(c) Comparison of the rate performance of CNT@TiO,, TiO,-free CNT, and CNT-free TiO, sample between voltage limits of 0.01—3 V. The specific
storage capacities in CNT core and TiO, sheath are also shown. Shaded areas represent the capacity contribution from TiO, or CNT in the CNT@TiO,
nanocables. (d) Cycling performance of CNT@TiO, nanocables under a current density of 1000 mA g~ ' between voltage limits of 0.01—3 V. The inset

shows the corresponding Coulombic efficiency profiles.

observation, whereas the 3.8 nm pores should be attri-
buted to CNTs as confirmed by BJH results of both CNTs
and acid-treated CNTs (see the Supporting Information,
Figure S6). The large pores with sizes ranging from 10 to
90 nm are interspaced pores among nanotubes or nanoc-
ables in view of the existence in all of the three samples.
Thermogravimetric analysis (TGA) was used to deter-
mine the chemical composition of the final nanocables
(see the Supporting Information, Figure S7). The result
shows that the nanocomposites have a chemical composi-
tion of 72 wt % TiO, and 28 wt % CNTs.

Figure 3a displays the typical discharge/charge profiles
of the CNT@TiO, nanocables cycled under a current
density of 50 mA g~ ! between the voltage limits of 1—3 V
and 0.01—3 V vs Li*/Li, respectively. For comparison, the
TiO, sample, which was synthesized in a control experi-
ment in the absence of CNTs (see the Supporting Informa-
tion, Figures S8 and S9), and acid-treated CNTs were also
tested. Since the Li storage in CNT is mainly occurring
below 1 V (Figures 3a and 3b), and the reversible Li storage
in TiO, is usually reported between 1 and 3 V7% the

(37) Reiman, K. H.; Brace, K. M.; Gordon-Smith, T. J.; Nandhakumar,
1.; Attard, G. S.; Owen, J. R. Electrochem. Commun. 2006, 8, 517—
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J. D. Adv. Mater. 2007, 19, 3016-3020.

storage in CNT@TiO, can be approximately decomposed
into a storage into TiO, (occurring between 1 and 3 V) and
a storage into CNT (<1 V). Both of them show much
greater specific storage values. The reversible Li storage in
the mesoporous TiO, sheath of CNT@TiO, is up to
Lig6;TiO; (ie., 212 mA h g~ ! based on the mass of TiO,
in the composite). The value is much larger than that of
the CNTs-free sample (ca. 66 mA h g~ ') and well compar-
able with the best results obtained for nanostructured
TiO,'%33773% for which a good electronic wiring is a
necessary condition. The high lithium storage capability
should be ascribed to the improved kinetics of the TiO,
sheath benefiting from the high electronically conductive
core of CNT, which is confirmed by the much lower
polarization of the CNT@TiO, (ca. 120 mV) than that of
the CNTs free sample (ca. 220 mV) (inset in Figure 3a).

A total reversible capacity (per total mass) of about
406 mA h g~' in the voltage range of 0.01—3 V was
obtained for the CNT @ TiO» nanocables under a current
density of 50 mA g~ ', which is larger than that of the acid-
treated CNTs (ca. 367 mA h g~ ') at the same experimental
condition. An even more remarkable performance was
found when the samples were cycled using a higher
current density. For example, at a current density of as
much as 3000 mA g~ ' (Figure 3b), CNT@TiO5 can still
deliver a specific capacity of 244 mA h g~ ! between the
voltage limits of 0.01 and 3 V, whereas the CNTs without
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TiO, coating layers have only 74 mA h g~ !, and the CNT-
free TiO, nearly has no capacity under these conditions
(see the Supporting Information, Figures S10). The re-
sults clearly indicate that the sheer presence of the outside
TiO, sheath increases the lithium-storage capacity of
CNTs by a factor of 3.

Figure 3¢ compares the rate performances of acid-
treated CNTs before and after TiO, coating with the
CNT-free TiO,, whereby current densities of up to 5000
mA g~ ' have been employed. Excellent rate capability is
observed for the CNT@TiO, nanocomposite compared
with both pure CNT and pure TiO,. The specific capacity
of CNT@TiO, can still maintain about 90% (from 265
mA h g~ ' to 238 mA h g~ ') of its total capacity, whereas
the current density increases from 800 mA g™~ ' to 5000 mA
g~ !, whereas the value is only about 30% (from 201 mA h
¢ 'to 62 mA h g ") for the CNTs before TiO, coating,
and nearly no capacity (less than 5mA h g~ ') is observed
for the CNT-free TiO, under these current densities. We
are not aware of such a good performance for CNTs and
TiO,-based materials at these high rates in the literature.
The connection between total specific capacity (C, i.e.,
total capacity per total mass) and individual specific
storage capacities (partial capacity per partial mass) is
given by Ciowl = WTiO, éTiOZ + wentCenr with w being
the mass fraction. As Cenr iS larger than CTiOZa we
have to strive for a low mass fraction of TiO, with the
lower limit that the symbiotic function is not lost. In
principle, the capacity of CNT(@TiO, nanocomposite in
the voltage windows of 1—3 Vand 0.01—1 V can be roughly
decomposed into the storage capacities of TiO, sheath
(éTio,) and CNT core (CCNT), respectively. It was found
that both the specific capacity in the CNT core (calculated
on the basis of the only mass of CNT of the nanocomposite)
and that in the TiO, sheath (calculated based on the
only mass of TiO, of the nanocomposite) are much
higher than that of the TiO,-free CNT and that of the
CNT-free TiO, sample, respectively (Figure 3c). These
results demonstrate the synergism of the two cable wall
materials.

Another excellent property of the CNT(@TiO, nanoc-
ables is their excellent cycling performance. There is
nearly no specific capacity loss over 100 cycles at a current
density of 1000 mA g~ ' (Figure 3d). The stable cycling
properties imply that the chemical/mechanical robustness
of the nanocomposite, which will be discussed in detail
in the following. The Coulombic efficiency (calculated
from the charge capacity/discharge capacity) of the
CNT@TiO, composite is 94% in the first cycle under
1000 mA g~ ! and always stabilize at 99—100% after the
first cycle (see the inset in Figure 3d). The results also
imply that the novel coaxial nanocable of CNT@TiO,is a
robust structure and is very effective on improving the
cycling performance. It is worth noting that the
CNT@TiO, nanocomposite shows quite good contact
with carbon black to form a robust mixed-conducting 3D
networks on microscale level (see the Supporting
Information, Figure S11). To confirm the improved
electronic conductivity after introducing CNT into
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Figure 4. Characterization of surfaces. TEM images of bare CNTs in
(a) a fully lithiated state and (b) a fully delithiated state. (c¢) CNT@TiO,
nanocables in a fully lithiated state and (d) a fully delithiated state after 10
discharge/charge cycles under a current density of 3000 mA g~ .

TiO,, we measured the electronic conductivity of the
TiO, and the CNT@TiO, nanocomposite. It was found
that the overall electronic conductivity of the composite
(ca. 0.001 S/m) is enhanced by as much as 4 orders of
magnitude compared to that of the TiO, nanoparticles
(ca. 1 x 1077 S/m), demonstrating the improved electron
transport due to the CNT cores.

Although the beneficial effect of CNT with respect to
the Li storage in TiO; needs no further investigation, the
beneficial role of TiO, for the Li storage in CNT requires
a deeper understanding. For this purpose, the acid-trea-
ted CNTs before and after TiO, coating were investigated
by HRTEM after ten discharge/charge cycles under a
current density of 3000 mA g '. Figure 4 shows the
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HRTEM images of the CNTs and CNT@TiO, nano-
cables in both fully lithiated (discharge) and fully deli-
thiated (charge) states. The one-dimensional morphology
of the two materials remained unchanged during the
discharge/charge cycles in both states. For the bare
CNTs, the thickness of as-formed SEI layer is up to
20 nm in the fully lithiated state (Figure 4a), whereas it
is only 2 nm in the delithiated state (Figure 4a,b), indicat-
ing the unstable nature of the surface of CNTs toward SEI
layer formation. However, only a very tiny SEI layer (ca.
1 nm) was found on the surface of TiO,-coated CNTs in
both states. It is thermodynamically required that SEI
layers form at low voltage (generally below 0.8 V vs
Li*/Li) because of the electrolyte being reduced on the
surface of the anode materials, yet the structure, composi-
tion, and thickness depend on the surface where it forms.
Thick and unstable SEI layers not only consume active
materials and cause large irreversible capacity losses (i.e.,
low Coulombic efficiency) as well as poor cycle life, they
also hinder Li" transport and lead to low rate perfor-
mance of electrodes.”® Therefore, electrode materials
without SEI or with very thin SEI layers are highly desired.
(Note that for SEI the electronic and not the ionic con-
ductivity limits the growth, so that the very thin SEI layer
can be expected to be very easily crossed by ions.)’ The
very small thickness of the SEI is certainly also a key factor
that, together with the easy pore transport of Li* from the
electrolyte within the nanoporous sheath, guarantees
quick Li" access for lithium storage in the CNT cores.
The rate limiting step in the CNT@TiO, coaxial nano-
cables could be attributed to the lithium diffusion kinetics
in CNTs and/or TiO, walls based on the above discussion.
However, the reason for the tiny thickness of the SEI layer
is not clear, it may be consequence of the composite
structure, the large curvature of the pores, or the presence
of a very thin TiO, layer (separating the pore structure
from the CNT), which would be easily permeable by Li™.

Conclusions

In summary, our results demonstrate that very effec-
tive synergism could be introduced by using two-phase
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structures such as the coaxial nanocables reported here.
They can be used for designing superior electrode mate-
rials with improved performance in terms of power (rate),
energy, and cycling behavior. The cable morphology also
allows for a dense packing of electroactive materials. In
addition to the bifunctionality on the nanoscale, it can
easily form a micrometer-scale mixed-conducting net-
work with carbon black as well. In the specific case of
CNT@TiO, core/porous-sheath coaxial nanocable, on
one hand, the benefit of CNT for TiO, storage consists in
the electronic wiring principle (i.e., the CNT core provid-
ing sufficient ¢~ for the TiO, sheath). On the other hand,
the benefit of nanoporous TiO, for CNT is the almost
unperturbed Li* supply for the CNT core, most probably
because of the porosity and the small thickness of the
passivation layer. It is the synergism of the two parts that
leads to a high, fast and stable lithium storage material.
The strategy is simple, yet very effective; because of its
versatility, it may also be extended to other electrode
materials for future electrochemical energy storage
devices*® (LIBs, supercapacitors, or hybrid) combining
high-power and high-energy densities.
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