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A B S T R A C T

Well-organized hybrid nanocables consisting of carbon nanotube (CNT) core and mesopor-

ous TiO2 sheath has been synthesized through a combined sol–gel and hydrothermal pro-

cess. By using hexadecylamine as a structure directing agent, mesoporous TiO2 with

thickness ranging from 40 to 70 nm was uniformly deposited on multi-walled CNTs. The

resultant one dimensional CNT core/mesoporous TiO2 sheath (CNT@mesoporous TiO2)

hybrid nanocables shows well-crystallized quality, porous feature and large surface area,

favoring its electrochemical performance. Compared with reference TiO2 without CNTs,

the CNT@mesoporous TiO2 hybrid nanocables shows largely enhanced rate performance,

which could be attributed to its unique structure as well as the improvement of electronic

conductivity by adding conductive CNTs.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

TiO2. has stimulated tremendous interests due to its wide

potential applications in various fields, such as photocataly-

sis, sensing, energy storage, solar cell, etc. [1–5]. For the appli-

cation in lithium ion battery (LIB), TiO2 has been viewed as

one promising alternative to traditional carbonaceous anodes

because of its low cost, abundance, stability and nontoxicity.

More importantly, TiO2 exhibits a relatively high lithium

insertion/extraction voltage, which helps to avoid the forma-

tion of solid-electrolyte interphase layers and lithium electro-

plating [6], leading to safer anodes with better cycling

performance compared with that of graphite. However, TiO2

also has an intrinsic drawback; it has poor lithium ionic and
electrical conductivity. Thus, coarse TiO2 often shows unsat-

isfactory rate performance [7,8].

Many efforts have been taken to overcome the above issue

[9–12]. Firstly, synthesizing nanosized TiO2 materials with

short path lengths for lithium ions can improve the low ionic

conductivity in some extent [13]. For example, TiO2 nanocrys-

tals, nanowires, and nanotubes have been prepared with

higher capacity and better capacity retention in comparison

with that of bulk TiO2 materials [14–16]. Nanostructured

TiO2 materials with porous structure may also yield addi-

tional advantages. Mesoporous TiO2 is a remarkable example

and offers important benefits: (1) nanosized TiO2 crystals as

well as mesopores provide short path lengths for fast lithium

ions transfer, enabling battery to use materials with improved
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ionic conductivity; (2) the large surface area facilitates the

access of the electrolyte within the whole electrode and

increases electrode/electrolyte contact area, resulting in

higher utilization of active materials. For these reasons, mes-

oporous TiO2 always exhibits excellent electrochemical per-

formance [17–21]. Secondly, to improve the electronic

conductivity of TiO2-based electrodes, conductive additives

including various metals, metal oxides and carbonaceous

materials have been integrated within TiO2 [22–24]. Among

them, carbon nanotube (CNT) with superior electrical con-

ductivity, large surface-to-volume ratio, and excellent

mechanical and chemical stability has attracted much atten-

tion [25,26]. Hybrid materials composed of CNT and nano-

sized electroactive materials are suitable for LIB [27–29].

Thus, it is expected that decorating mesoporous TiO2 onto

conductive CNTs substrate could improve the LIB perfor-

mance of TiO2 by combining the advantages of mesoporous

structure and enhanced electronic conductivity.

Various methods have been employed for the synthesis of

CNT/TiO2 composites, including mechanical mixing, chemi-

cal vapor deposition and electro-spinning approaches [30–

32]. However, these techniques are somehow complicated

and require specialized equipment. Sol–gel synthesis is the

most common and preferred method to fabricate the binary

composite, but the resultant composite always shows phase

separation between surface TiO2 and underneath CNT, lead-

ing to uncontrollable growth of TiO2 particles [33,34]. Recently,

only several works reported the uniform deposition of TiO2

layer on CNT can be achieved [35–41]. However, in the nano-

scale, the controllable growth of porous TiO2 building blocks

on CNT is still a challenge.

Herein, we have developed an effective method to coat

uniform mesoporous TiO2 onto CNT scaffold. The synthesis

process consists of a sol–gel method combined with a hydro-

thermal treatment and a short post-annealing procedure. The

uniform one dimensional (1D) CNT core/mesoporous TiO2

sheath (CNT@mesoporous TiO2) hybrid nanocables was char-

acterized by kinds of techniques and employed as an anode

material for LIBs. The results indicate that the hybrid nanoc-

ables exhibited excellent electrochemical performance in

terms of capacity, stability, and reversibility, even at high

charge/discharge rates.

2. Experiment

2.1. Materials

Hexadecylamine (HDA, P90%), tetrabutyl titanate (TBOT,

P97%), multi-walled CNTs (MWCNTs, 40–60 nm in diameter,

Shenzhen Nanotech Port Co. Ltd.), concentrated nitric acid

(HNO3, 65%) and absolute ethanol (P99.8%) were used in the

synthesis. CNTs were firstly refluxed in 6 M HNO3 solution

to remove impurities.

2.2. Synthesis of CNT@mesoporous TiO2 hybrid
nanocables

The CNT@mesoporous TiO2 hybrid nanocables were synthe-

sized according to a previous report with some modification
[42]. In a typical synthesis, the acid-treated CNTs (20 mg),

500 lL of deionized (DI) water and 0.6 g of HDA were ultrason-

ically dispersed in 50 mL of absolute ethanol for 4 h. Then

400 lL (400 mg) of TBOT was slowly added in the mixture

under vigorous magnetically stirring. After being further stir-

red for about 10 min, the mixture was kept static for 8 h at

room temperature. The black precipitate was then collected

by centrifugation, washed with absolute ethanol, and dried

at 60 �C. A hydrothermal process was used to crystallize the

amorphous TiO2. 0.8 g of the above dried powder was dis-

persed in a solution of 10 ml ethanol and 5 ml DI water. The

resultant mixture was sealed within a Teflon-lined autoclave

(20 ml) and heated at 180 �C for 12 h. The product was col-

lected by centrifugation and washed with ethanol and DI

water. Finally, the dried powder was calcined at 500 �C for

2 h under N2 to remove organic components. The reference

TiO2 powder was prepared by the similar procedure but with-

out the addition of CNT.

2.3. Characterization

The as-prepared samples were characterized by scanning

electron microscopy (SEM, Philips XL 30FEG) and transmission

electron microscopy (TEM, Philips CM 20 FEG TEM operated at

200 kV). The X-ray diffraction (XRD) patterns were recorded

using Philips X’Pert MRD X-ray diffractometer with Cu Ka

radiation. Thermal gravimetric analysis (TGA) was conducted

on a TA instrument (TGAQ50, TA USA) from room tempera-

ture to 700 �C at a heating rate of 10 �C/min under air atmo-

sphere. Raman measurement was obtained with a Renishaw

inVia Raman microscope with 514 nm wavelength. The spe-

cific surface area and pore size distribution of the samples

were determined by nitrogen adsorption–desorption iso-

therms at 77 K using a NOVA1200e Surface Area & Pore Size

Analyzer (Quantachrome Instruments). Prior to adsorption

experiments, the samples were degassed for 2 h at 100 �C.

The working electrodes were prepared by mixing 80 wt.%

active materials, 10 wt.% Super P and 10 wt.% poly(vinylidene

fluoride) binder dissolved in N-methylpyrrolidone solution.

The resultant slurry was then uniformly coated on a copper

foil current collector and dried overnight under vacuum.

The cells were assembled in an argon filled glove box using

a lithium metal foil as the counter-electrode and a Celgard

2400 microporous poly-propylene membrane as the separa-

tor. Galvanostatic electrochemical experiments were carried

out with a model BT 200 battery cycler (Arbin Instruments,

College Station, TX) at room temperature. The electrochemi-

cal tests were performed between 3–1 V vs. Li+/Li and C-rate

currents applied were calculated based on anatase TiO2 theo-

retical capacity of 168 mAh g�1.

3. Results and discussion

The schematic diagram of synthetic process of CNT@meso-

porous TiO2 hybrid nanocables is illustrated in Fig. 1 (top

panel). Firstly, CNTs were treated with concentrated nitric

acid to introduce some functional oxygenated groups (step

1). During the sol–gel process, amorphous TiO2 layer was uni-

formly deposited on CNTs by the hydrolysis of TBOT in the



Fig. 1 – Schematic diagram of the synthetic processes of (top panel) CNT@mesoporous TiO2 hybrid nanocables and (bottom

panel) reference TiO2 spheres without CNT. (A color version of this figure can be viewed online.)

Fig. 2 – (A) Typical XRD patterns and (B) Raman spectra of (a)

CNT@mesoporous TiO2 hybrid nanocables and (b) CNT.
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presence of HDA (step 2). Finally, the deposited amorphous

TiO2 was crystallized to form mesoporous-structured TiO2

via a hydrothermal treatment and heat-annealing (step 3).

Without CNT, a control experiment was also carried out fol-

lowed the same experiment procedure and TiO2 spheres were

obtained (bottom panel). This result strongly suggests that

CNTs play the role as templates in the synthesis of the hybrid

nanocables.

According to previous reports, the hydrolysis of organic

titanate could also produce porous TiO2 layer on CNTs, but

the experiment condition needed to be well controlled to

achieve proper hydrolysis rate and kinetics [40,41]. The devel-

oped strategy is different from the controlled hydrolysis

method. Herein, HDA as a structure directing agent is used

for the assembly of porous TiO2 on CNTs [42]. If there was

no HDA added during the hydrolysis, a composite of sepa-

rated CNT with seriously aggregated TiO2 particles were

formed (shown in Supporting information Figure S1). On the

basis of the above results, a possible formation process was

proposed: In the mixture, HDA was likely to adsorb on the sur-

face of CNTs by the interaction with the oxygenated groups.

During the sol–gel process, titanium species/oligomers was

continuously generated from the hydrolysis of TBOT and

assembled around the HDA to form porous structure deposit-

ing on CNTs. Therefore, there is less special requirement in

controlling the experiment condition in this new method.

The crystal structure of CNT@mesoporous TiO2 hybrid

nanocables was analyzed by using XRD and Raman spectros-

copy, yielding the results shown in Fig. 2. All the diffraction

peaks in the XRD pattern of the hybrid nanocables (Fig. 2A

curve a) can be perfectly assigned to anatase TiO2 (JCPDS card

No. 21-1272). No characteristic diffraction peak of CNT

appeared, indicating its low content in the hybrid and the

thick sheath on its surface. Fig. 2B shows the corresponding

Raman spectrum of CNT@mesoporous TiO2 hybrid nanoc-

ables and CNT. In curve a, four Raman modes with strong

intensities at 149, 391, 509, and 627 cm�1 are consistent with

the typical Raman features of anatase TiO2 phase [43]. Mean-

while, strong D band and G band are observed, verifying the

existence of CNTs in the hybrid, and their slight shift towards

low frequency may be caused by the interaction of TiO2 with
CNT. TGA was carried out to evaluate the weight ratio of the

hybrid. The weight loss at below 100 �C is mainly due to the

dehydration. The result indicates that the hybrid contains

82.5% TiO2, 15.5% CNT and 2% H2O (shown in Supporting

information Figure S2).



Fig. 3 – SEM images of (A) acid-treated CNTs, (B) amorphous TiO2 deposited on CNTs, (C) CNT@mesoporous TiO2 hybrid

nanocables, and (D) reference TiO2 spheres. The inset in (C) is the enlarged SEM image of CNT@mesoporous TiO2 hybrid

nanocables, and the scale bar is 200 nm.
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Fig. 3 displays the SEM images of CNT@mesoporous TiO2

hybrid nanocables. Fig. 3A presents the image of functional-

ized CNTs with an outer diameter of approximately 40–

70 nm (TEM image shown in Supporting information Fig-

ure S3). The aggregation of CNTs can be retarded by coating

them with amorphous TiO2, and the resultant composite is

shown in Fig. 3B. After the hydrothermal and heat treatment,

CNT@mesoporous TiO2 hybrid was produced. Fig. 3C shows

that the hybrid mainly consists of 1D nanostructures inter-

locking with each other. Neither assemblies of CNT-TiO2 with-

out CNT support nor bare CNT are found in the sample. The

1D nanostructures appear to have rough surfaces with an

average diameter of about 200 nm, whereas the acid-treated

CNTs have a smaller diameter. It indicates that the TiO2 layer

has been successfully coated on CNTs. Further evidence can

be found from the closer SEM image. A uniform coating layer

of numerous nanoparticles on the nanocable surface can be

clearly seen in the inset. Without CNT, TiO2 spheres com-

posed of nanoparticles are obtained, which is consistent with

the previous report [42]. Fig. 3D shows the diameter of the

spheres is 300–400 nm.

To further examine the architecture of CNT@mesoporous

TiO2 hybrid, TEM and HRTEM were performed. Fig. 4A reveals

that the hybrid is composed of 1D nanocables with diameter

ranging from 150 to 200 nm, which is significantly larger that

of acid-treated CNTs. Accordingly, the thickness of TiO2

sheath could be about 40–70 nm by estimation. As it shown

in Fig. 4B, the porous sheath with small pores comprising

numerous highly interconnected nanoparticles was covered

on the CNT backbone. It needs to point out that compared
with a dense TiO2 sheath, the porous ones can increase the

electrolyte/electrode contact area and perfectly facilitate the

transportation of lithium ions, which is critical for high-rate

LIB applications. Meanwhile, the underneath conductive

CNT would benefit the fast electron transfer. Fig. 4C shows a

TEM image of a broken nanocable. It reveals the core/sheath

structure of the hybrid nanocable. A uniform sheath with a

thickness of about 45 nm is coated on the surface of a CNT.

The nanoparticles are estimated to be about 6–14 nm. The

HRTEM image in Fig. 4D confirms the small nanoparticles

are nanocrystalline TiO2. The lattice fringes are clearly visible

with an interplanar spacing of 0.35 nm, which agrees well

with the d101 spacing of anatase TiO2.

The highly porous structure of as-synthesized CNT@mes-

oporous TiO2 hybrid nanocables is further confirmed by N2

adsorption/desorption measurements with the resultant iso-

therms shown in Fig. 5. The CNT@mesoporous TiO2 hybrid

nanocables and reference TiO2 exhibit a similar isotherm pat-

tern, which could be approximately categorized to type IV

with a H3 hysteresis loop, indicating the presence of a meso-

porous structure within the two samples. Based on the BET

analysis, the hybrid nanocables show a total specific surface

area of 110.9 m2 g�1, which is larger than that of TiO2 spheres

(90.5 m2 g�1). The Barrett–Joyner–Halenda (BJH) pore size dis-

tribution (inset) indicates that the pores within CNT@meso-

porous TiO2 nanocables and mesoporous TiO2 spheres have

a similar size of around 8 nm.

To evaluate the lithium storage capabilities of CNT@meso-

porous TiO2 hybrid nanocables, a series of chemical measure-

ments were carried out. Fig. 6A depicts the charge/discharge



Fig. 4 – TEM images (A–C) and HRTEM image (D) of CNT@mesoporous TiO2 hybrid nanocables.

Fig. 5 – Nitrogen isotherm adsorption–desorption curves of

(a) CNT@mesoporous TiO2 hybrid nanocables and (b)

reference TiO2 spheres. The inset is BJH pore size

distribution of (a) and (b).
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voltage profiles at a current rate of 0.1C. Two voltage plateaus

are observed at about 1.77 and 1.87 V during the discharge

and charge process, respectively, which is consistent with

that reported for anatase TiO2 [17]. The rate capability test

results are shown in Fig. 6B. The CNT@ mesoporous TiO2

nanocables electrode shows a specific capacity of 183 mAh

g�1 at 1C, which is higher than the theoretical value
(168 mAh g�1) of anatase TiO2 at 1C. To identify the capacity

contribution from CNTs, Li+ insertion/extraction behavior of

the CNTs was also studied (shown in Supporting information

Figure S4) in the voltage range of 1–3 V. For 12% CNT in the

hybrid, capacity contribution from CNTs can be estimated

to 0.6 mAh g�1, which is negligible. The same conclusion

has also been pointed out by other research previously

[44,45]. Considering the negligible capacity contribution of

CNT, we assume that such a high capacity of the hybrid

nanocables could be attributed to its unique structure and

nanoscale dimension of TiO2. Compared with the reference

TiO2 spheres, the CNT@mesoporous TiO2 hybrid nanocables

electrode exhibits a better rate performance at various rates

from 0.1C to 10C. For example, the hybrid nanocable electrode

delivers discharge capacity of 210 mAh g�1 at 0.5C, 137 mAh

g�1 at 5C, and 112 mAh g�1 at 10C, whereas the values for

TiO2 spheres are 162 mAh g�1, 98 mAh g�1, and 78 mAh g�1,

respectively. The striking contrast demonstrates the effi-

ciency of our protocol to improve the electrochemical perfor-

mance of TiO2 by incorporation of CNT within each

nanocable. Importantly, after the thirty cycles tested under

different current densities even up to 10C, a stable specific

capacity of the hybrid nanocables can recover its initial value,

indicating the high reversibility of lithium ion insertion/

extraction in the electrode. Fig. 6C shows the cycling perfor-

mance of CNT@mesoporous TiO2 hybrid nanocables at cur-

rent rates of 1C and 10C. It demonstrates a stable cycling

performance with reversible capacities of 183 mAh g�1 (1C)

and 112 mAh g�1 (10C) retained after 70 cycles. Obviously,

the excellent rate-performance of the hybrid nanocables is



Fig. 6 – Electrochemical measurements of samples. (A) First three charge–discharge voltage profiles of CNT@ mesoporous TiO2

hybrid nanocables at a current rate of 0.1 C. (B) Specific capacity performance of CNT@ mesoporous TiO2 hybrid nanocables

and reference TO2 spheres at different current rates from 0.1 C to 10 C. (C) Cycling performance of CNT@ mesoporous TiO2

hybrid nanocables at constant current rates of 1 C and 10 C. (D) Nyquist plots of CNT@ mesoporous TiO2 hybrid nanocables (a)

and reference TO2 spheres (b) obtained by applying a sine wave with amplitude of 5.0 mV over the frequency range from

100 kHz to 0.01 Hz, the equivalent electrical circuit and the fitted impedance parameters (X). (A color version of this figure can

be viewed online.)
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better than that of some reported TiO2-based nanomaterials,

such as anatase TiO2 nanoparticles/beads/nanowires, and

TiO2-graphene composite nanofibers [17,19,46,47].

Three reasons are suggested for the improved capacity and

rate performance of CNT@mesoporous TiO2 hybrid nanoc-

ables. Firstly, the mesoporous structure of TiO2 sheath with

larger surface area facilitates the fast penetration of lithium

ions and diffusion of electrolytes so that the specific capacity

and rate capability can be substantially improved. Another

reason is attributed to the increase in electronic conductivity.

Fig. 6D compares the Nyquist plots of electrodes of

CNT@mesoporous TiO2 hybrid nanocables and reference

TiO2 spheres, and the data have been analyzed by fitting to

an equivalent electrical circuit shown in Fig. 6D. This equiva-

lent circuit model contains Rs related to Li+ transport resis-

tance in the electrolyte, Rf and a capacitance (C)

corresponding to Li+ migration resistance through the multi-

layer surface films, Rct and a constant phase element (CPE)

related to the charge transfer resistance through the
electrode–electrolyte interface and a Warburg impedance

(W) associated with Li+ diffusion in TiO2 particles. The fitted

impedance parameters are listed in Fig. 6D. Due to the same

assembly components and condition, the Rs values for both

two samples are almost the same. However, the Rf and Rct val-

ues are different, especially the Rct value of the hybrid elec-

trode is much smaller than that of TiO2 spheres. This can be

attributed to the electronically conductive CNT core that

improves the high conductivity of the hybrid electrode. The

increased conductivity benefits the charge transfer, leading

to better high-rate performance. Moreover, CNT within each

nanocable can act as a mini-current collector, which is also

favorable for the fast electron transfer. Thirdly, the unique

structure of the hybrid nanocables has advantages in provid-

ing easier Li+ ions permission and transport pathway, thus

increase the rate capability. As revealed in Fig. 6B, even at

slow charge/discharge rates, the hybrid nanocables shows a

higher capacity than that of TiO2 spheres. The similar phe-

nomenon was also reported by other group [48]. Herein, we



Fig. 7 – (A) A schematic representation of the effective

diffusion length in TiO2 spheres electrode. The area marked

in brown shows the volume reacting with Li+ ions in the

charge/discharge period t in a diffusion-controlled process.

(B) A schematic representation of the reduced diffusion

length in CNT@mesoporous TiO2 hybrid nanocable. (A color

version of this figure can be viewed online.)
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contribute it to the special structure of the hybrid. Fig. 7

shows schematic presentation of the electrochemical reac-

tion path on hybrid nanocables and TiO2 spheres electrodes,

respectively. The diffusion rate for Li+ ions can be estimated

based on a diffusion equation relating to two-dimensional

Brownian motion, L = (pDt)1/2, where L is the diffusion dis-

tance, D is the diffusion coefficient, and t is time [49]. The

TiO2 spheres with larger size of 300–400 nm tend to lower

the kinetics of diffusion. As a result, polarization is increased

during the charge and discharge, which results in the poor

charge-rate and discharge-rate capability. In contrast, meso-

porous TiO2 sheath coated on CNTs with thickness of 40–

70 nm can be easily filled with electrolyte solution to provide

shorter Li+ ions transport pathways throughout the material,

increasing the utilization of TiO2 crystallites. Furthermore,

the higher surface area of the hybrids reduces the effective

specific current density, thus improve the rate capability. As

a result, the hybrid also demonstrated a significant improve-

ment in specific energy capacities at high charge/discharge

rates.

4. Conclusion

In summary, we have demonstrated an efficient fabrication of

CNT@mesoporous TiO2 hybrid nanocables. By using CNTs as

templates, mesoporous TiO2 composed of numerous densely

packed nanoparticles was deposited on its surface and the

thickness was estimated to be 40–70 nm. The prepared

CNT@mesoporous TiO2 nanocables with unique advantages

of porosity, 1D nanostructure, large surface area and higher

conductivity shows excellent cycling stability and rate perfor-

mance. In addition to its promising application for high-

power LIBs, the CNT@mesoporous TiO2 hybrid nanocables

are anticipated to have other applications including photoca-

talysis and dye-sensitized solar cells.
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