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ABSTRACT: We report on the excellent electrochemical response of lithium ion
batteries that use a composite material comprised of mesoporous titanium dioxide
(MTO) spheres and multiwalled carbon nanotubes (MWCNTs) for the anode.
The composite structure was synthesized via a combined sol—gel and
solvothermal method, and the batteries exhibited unprecedented discharge
capacity, cycling stability, and reversibility when compared to those based on %,
commercially available TiO, nanopowders and mesoporous TiO, spheres. The
inclusion of the composite structure resulted in an improvement in electronic and
ionic conductivity, a larger surface area, and a colossal number of open channels in
the synthesized structure that allowed for lithium ion intercalation. We achieved a
Coulombic efficiency of nearly 100% and a discharge capacity as high as 316 mA h
g™ at a rate of C/S, which is 1.9 times higher than that which is practically
attainable with TiO,. Moreover, we observed a capacity loss of only 3.1% after 100
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cycles, which indicates that the synthesized structure has a highly stable nature.
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1. INTRODUCTION

A major challenge that limits the practical use of lithium (Li)
ion batteries in high-power electric vehicles and portable
electronic devices is that new materials with a high energy
density, long cycle life, and excellent rate capability should be
developed.'~* Materials based on titanium dioxide (TiO,) have
been recently proposed as promising alternatives to traditional
carbonaceous anodes due to their low cost, environmental
friendliness, improved safety, higher structural stability, and
high rate performance.s_7 TiO, has various rutile, anatase, and
brookite allotropes, and of these, anatase-phase TiO, has been
extensively studied because it can reversibly intake 0.5 Li ions
per formula unit through an electrochemical reaction path that
connects octahedral interstitial sites, following the equation
TiO, + xLi + xe~ = Li,TiO, and, thus, delivering a theoretical
capacity of 330 mA hg™'. However, strong repulsive forces
generally hinder Li ion insertion in TiO,, and hence, the
practically attainable capacity is only 168 mAhg™.*’ A
relatively high Li ion insertion/extraction potential (versus
Li*/Li) at 1.7 V for anatase TiO, does not overlap with the Li
electroplating potential and inhibits the common growth of Li
dendrites on the surface of the TiO, anode, ensuring a longer
cell life. Furthermore, a small change in volume (less than 4%)
during the Li insertion/extraction process leads to an enhanced
structural stability and a prolonged cycle life.® However,
technical obstacles impede the further development of anode
materials based on anatase TiO,, such as their relatively low
ionic and electronic conductivities and limited specific capacity.
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In recent years, nanostructured TiO, materials with a
reduced ion diffusion length have been proposed in order to
improve the low ionic conductivity, but such efforts have not
been successful so far.'’"'* Unfortunately, the methods that
have been attempted still suffer from technical issues, including
the aggregation of the nanopowders, poor electrical con-
ductivity, and low particle-packing density. Recently, micro-
meter-sized mesoporous materials, such as LiFePO, and TiO,,
have shown the potential to address the aforementioned
problems while still providing the advantages of the nanoma-
terials.">'*~'” Mesoporous materials are attractive hosts for Li
intercalation because they possess a large surface area that
provides more open channels for Li ion insertion/extraction.
Moreover, the thin walls of these mesoporous materials reduce
the diffusion length of the Li ion in the solid phase, and their
pores allow the electrolyte ions to flow smoothly. The optimal
morphology of these micrometer-sized materials is considered
to be spherical because microspheres provide a high packing
density due to better particle mobility, resulting in a more
compact electrode layer for use with conventional electrode
fabrication technology.'”'® The compact layer helps to attain
high volumetric energy and power density as well as uniform
electrode layers. In addition, the electronic conductivity of the
TiO,-based electrodes can be improved by synthesizing
composites that incorporate a conductive matrix,'*"** and
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Figure 1. (a) Schematic of the two-stage synthesis of the MTO/MWCNT composite. (b) Schematic of Li* insertion/desertion reaction and electron

transport process in the MTO/MWCNT composite.

among the various conductive materials that are available in the
fields of energy conversion and storage, carbon nanotubes
(CNTs) have been extensively investigated because they
possess a high electronic conductivity and high mechanical
strength.>*>%%7

Although numerous approaches have been proposed for
synthesizing TiO,/MWCNT composites, no report on the
synthesis of composites with a mesoporous structure composed
of anatase TiO, and MWCNTs suitable for a high performance
lithium-ion battery is available. Most reports thus far were
about as-grown TiO, on CNT, which is difficult for TiO, to
directly nucleate and grow on the surface of pristine CNTs,
thus leading to serious degradation of the pristine properties of
CNTs during the synthesis.”® > In addition, there were some
reports on the decorated TiO, on CNTs by inducing
aggregation of TiO, nanoparticles on the CNT surface®"**
and simple composites composed of TiO, nanoparticles and
CNTs without mesoporosity.””*" Such composites resulted in
low structural stability during charge/discharge processes, low
lithium storage capacity, and poor rate performance.

We propose a new approach that involves a facile synthetic
route to synthesize a mesoporous TiO, sphere/multiwalled
carbon nanotube (MTO/MWCNT) composite via a combined
sol—gel and solvothermal method. Long and tortuous CNTs
bridge the adjacent mesoporous TiO, spheres that not only
facilitate electron transfer but also inhibit the aggregation of the
spheres, resulting in a high contact area between the electrode
and electrolyte. Hence, the synthetic structure transports
electrolyte ions and electrons into the inner regions of the
electrode. Our proposed architecture provides highly reversible
capacities and exhibits a significant improvement in the cyclic
performance. We also demonstrate that the Li intercalation
capacity of the MTO/MWCNT composite at high charge—
discharge rates increases dramatically as compared to that of
mesoporous TiO, and to other TiO,/CNT composites.

2. EXPERIMENTS

2.1. Materials. Titanium(IV) isopropoxide (TTIP, 97%), valeric
acid (99%), absolute ethanol (99.9%), benzyl alcohol (BA, 99,5%),
and ammonium hydroxide (NH,OH, 28%) were purchased from
Sigma-Aldrich, Korea. MWCNTs (40 nm in diameter and several tens
of microns in length and acid functionalized in a water solution) were
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purchased from Nanokarbon Co., Korea. All chemicals were used as
received without further purification.

2.2. Synthesis. The MTO/MWCNT composites were synthesized
in two steps via a combined sol—gel and solvothermal method, as
shown in Figure 1a. First, the TiO, spheres were synthesized following
instructions from prior literature.*® A typical reaction was performed
where 0.4 mL of valeric acid was added into 20 mL of ethanol,
followed by the addition of 0.3 mL (1 mmol) of TTIP. The solution
was then stirred vigorously and was heated at 80 °C for 6 h under
reflux in the air. Next, hydrolysis and condensation were initiated by
adding 11 mL of a solution consisting of 1 mL of deionized (DI) water
and 10 mL of ethanol in order to cause the particles to gradually
precipitate, resulting in a turbid solution for 4 h. The precipitate was
recovered by centrifuging and decanting the liquid and was then
washed several times with ethanol and DI water.

In the second step, the washed TiO, spheres were dispersed in a 13
mL solution consisting of 3 mL of DI water and 10 mL of ethanol, and
then CNTs were added at a TiO, to CNTs weight ratio of 4:1 with 1
mL of NH,OH (28%, Aldrich). Then, 2 mL of benzyl alcohol (BA)
was added as a surfactant. The solution was vigorously stirred for 1 h,
sealed in a Teflon-lined autoclave, and placed in a furnace at 160 °C
for 16 h to remove the carbon species. The obtained material was
filtered, washed twice in ethanol, and dried in an oven at 90 °C
overnight, followed by annealing of as-synthesized TiO, spheres in an
argon atmosphere at 400 °C for 2 h to produce the MTO/MWCNT
composites. The mesoporous TiO, was synthesized in the same
manner as the composite structure, except that the carbon nanotubes
and the benzyl alcohol were not added.

2.3. Characterization. Physical Characterization. The crystal
structure and purity of the samples were studied via X-ray diffraction
(XRD, D8 FOCUS 2200 V, Bruker AXS) using Cu Ka radiation (4 =
1.5418 A) and Raman spectroscopy (Renishaw RM 1000—Invia). The
morphology of the samples was then examined using a field emission
scanning electron microscope (FE-SEM, JEOL JSM—7401F).
Measurements of the nitrogen adsorption—desorption isotherms of
the materials were carried out at 77 K using a Digisorb 2006
instrument (Micrometrics, Shimadzu) to estimate the surface area and
the pore size.

Electrochemical Characterization. The anodes of the lithium ion
batteries were prepared by using either a mixture of the active material
(MTO/MWCNT composite structure) with polyvinylidene difluoride
(PVDF) as a binder (weight ratio of 90:10) or active material
(approximately 30 nm anatase commercial TiO, or MTO), carbon
black, and PVDF at a weight ratio of 80:10:10. These ingredients were
added in an N-methyl-2-pyrrolidone solution to prepare the slurry that
was then coated onto a copper foil and dried overnight at 110 °C to
ensure solvent evaporation. 2032-type coin cells were assembled in an
argon-filled glovebox using LiPFq as an electrolyte and lithium foil as

DOI: 10.1021/am508158v
ACS Appl. Mater. Interfaces 2015, 7, 3676—3683


http://dx.doi.org/10.1021/am508158v

ACS Applied Materials & Interfaces

Research Article

the counter electrode. The electrolyte solution was composed of 1 M
LiPF dissolved in a mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) at a volume ratio of EC/DMC = 1:1. Cyclic
voltammograms (CVs) were carried out with three-electrode cells and
were recorded from 3.0 to 0 V at a scan rate of 0.1 mV s™' using a CHI
600 electrochemical station (CHI Inc.,, Austin, TX, USA). Charge—
discharge tests were performed using a battery tester (TOSCAT-
3000U, Toyo System, USA), and electrochemical impedance spec-
troscopy (EIS) measurements were performed with an open-circuit
voltage state of fresh cells using a CHI600 electrochemical workstation
(Shanghai Chenhua Instrument Ltd,, China). The frequency of the
EIS measurements ranged from 0.01 Hz to 100 kHz.

3. RESULTS AND DISCUSSION

Figure la shows a schematic of the two-stage synthesis process.
Titanium alkoxycarboxylate was first formed by adding valeric
acid to the TTIP solution. The small clusters were produced
through the hydrolysis and condensation of the alkoxycarbox-
ylate after the addition of water, leading to the formation of a
composite microsphere consisting of TiO, and carbon species.
In the next stage, a solvothermal reaction with NH,OH for 16 h
at 160 °C resulted in the removal of the carbon species,
resulting in TiO, based mesoporous microspheres. Benzyl
alcohol (BA) was used as the surfactant, and the phenyl ring of
the BA attached to the graphitic surfaces of the CNTSs via 7—7
stacking. Then, the hydroxyl groups of the BA interacted
directly with the precursors in the solvothermal process as
linkers,** leading to the formation of a mesoporous TiO,/
MWCNT composite structure.

The XRD spectra (Figure 2) reveal that after annealing in
argon at 400 °C, the TiO, spheres synthesized by this route
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Figure 2. XRD patterns of TiO, spheres, mesoporous TiO, spheres,
and MTO/MWCNT composite.

exhibited good crystallinity and typical anatase structures, as
indicated in the JCPDS card 21-1272. After the solvothermal

treatment with NH,OH, the as-prepared mesoporous TiO,
retained the same diffraction pattern as TiO,. Anatase peaks
also appeared in the composites together with the typical (002)
and (100) peaks of CNT, and these observations are consistent
with previous results.** No peaks resulting from the presence of
impurities were observed in the XRD patterns, indicating the
absence of competing phases of TiO,. The small characteristic
diffraction peaks of the CNTs were probably a result of the
small amount of CNTs in the composites.

Raman spectroscopy was also performed in order to
investigate the crystal structures of the TiO, and the MWCNTs
in the mesoporous composites. As shown in Figure 3, four
vibrational modes with strong intensities at 142 (Eg) , 396 (B lg))
517 (Alg), and 639 cm™ (Eg) were observed in the Raman
spectra of the TiO, spheres and of the mesoporous TiO,
spheres (Figure 3a), and these results are consistent with those
reported for anatase TiO, in the literature.”" These peaks also
appear in the MTO/MWCNT composite (Figure 3b),
although shifted toward higher frequencies, and such changes
can be reasonably attributed to the interaction between TiO,
and CNTs.*® Furthermore, two characteristic peaks appeared in
the composite spectrum at wavelengths of approximately 1353
and 1586 cm™!, which correspond to the disordered carbon (D
band) and graphitic carbon (G band) of the CNTs,
respectively. A higher G band/D band ratio clearly indicates
the absence of either amorphous carbon or impurities in the
MTO/MWCNT composites. The CNTs did not exhibit a
disordered structure after the solvothermal treatment used to
form a composite with the mesoporous TiO,. The content of
MWCNT in the composite was determined by thermogravi-
metric analysis in the air with a heating rate of 10 °C/min,
indicating an optimum content of 20 wt % MWCNT (see
Supporting Information Figure S1)

Figure 4 shows FE-SEM images that exhibit the morphol-
ogies of the TiO, spheres, mesoporous TiO, spheres, and
MTO/MWCNT composites. The FE-SEM images (Figures
4a,d) reveal that the TiO, spheres were almost spherical in
shape, with a typical diameter of 600 nm. Unlike the as-
synthesized TiO, spheres, which have an almost smooth surface
(Figure 4a), it is evident in Figure 4b and e that after treatment
with NH,OH through the solvothermal reaction, the micro-
spheres transformed into mesoporous structures with a rough
surface containing granular features of ~30 nm in diameter.
The inset of Figure 4e and TEM images in Figure S2 reveal that
the sub-micron-sized spheres were composed of a porous
network of nanoparticles with multiple contacts with
neighboring nanoparticles. Figure 4c and f clearly show that
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Figure 3. Raman spectra of (a) TiO, spheres, mesoporous TiO, spheres, and (b) MTO/MWCNT composites.
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Figure 4. FE-SEM images of (a, d) TiO, spheres, (b, e) mesoporous TiO, spheres, and (c, f) MTO/MWCNT composite.
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Figure S. (a) Nitrogen sorption isotherms for commercial TiO, nanopowders, mesoporous TiO, (MTO) spheres, and MTO/MWCNT. (b) The

pore size distributions for respective samples.

the MWCNTSs were dispersed uniformly between the
mesoporous TiO, spheres, and that the MWCNTSs acted as
bridge to effectively separate the spheres from one another,
leading to a porous architecture with a large specific surface
area. Moreover, the CNTs served as conducting wires,
connecting mesoporous TiO, spheres in order to form an
interconnected network that could further improve the
conductivity and stability of the composite and greatly enhance
the storage capacity of the lithium ion devices.

The specific surface area and the porosity of the prepared
samples were determined by using the Brunauer—Emmett—
Teller (BET) method to measure the nitrogen isothermal
adsorption—desorption. The samples were degassed at 200 °C
for 15 h before the gas sorption measurements. As shown in
Figure Sa, a type I isotherm was obtained, suggesting the TiO,
spheres had a microporous nature. The distinct hysteresis loops
for the mesoporous TiO, spheres (H1 loop) and MTO/
MWCNT composite samples (H, loop) can be attributed to a
type IV isotherm, which is associated with capillary
condensation in the mesoporous materials according to
classification of the International Union of Pure and Applied
Chemistry.>’

As shown in Table 1, the surface area of the TiO, spheres
increased from 42 to 121 m? g_l, and the pore volume
increased from 0.052 to 0.185 cm® g™! after the solvothermal
treatment with NH,OH, forming a mesoporous structure. After
introducing the CNTs, the resulting three-dimensional (3-D)
MTO/MWCNT composite exhibited a higher specific surface
area (144 m*> g™') and a larger pore volume (0.197 cm® g™')
due to the high packing density of the rigid MWCNTs
intertwined with the MTO spheres. These MWCNTs
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Table 1. BET Surface Area and Porosity of the Prepared
Materials

BET surface area pore volume pore size
sample (m’g™) (ecm’g™) (nm)
TiO, spheres 42 0.052 1-2
MTO spheres 121 0.185 29-35
MTO/ 144 0.197 17-25
MWCNT

effectively prevented the TiO, spheres from stacking and
uniformly filled the free space between the MTO spheres. The
pore-size distributions were plotted by using the Barrett—
Joyner—Halenda (BJH) method, as shown in Figure Sb. The
BJH equation indicated that the pore size of the MTO/
MWCNT composite was approximately 17—25 nm, which is
smaller than that of mesoporous TiO, spheres (29—3S nm).
The narrow distribution of the pore size is consistent with an
H1-type hysteresis loop, indicating that uniform mesoporous
TiO, spheres were obtained using this simple method. The
relatively large surface area provided by the MTO/MWCNT
composites increased the electrolyte/electrode contact area and
produced more channels for Li ion insertion/extraction,
resulting in a higher specific capacity.

The MTO/MWCNT composite material was evaluated for
use as an anode for LIBs by investigating its electrochemical
response, including its cyclic voltammogram behavior, galvano-
static charge/discharge measurements, and electrochemical
impedance spectroscopy (EIS). The results provided the key
parameters of the device performance, including the specific
capacity, charge transport properties, rate capability, and
stability.
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voltage profiles of the MTO/MWCNT composite at a current rate of C/S for the first five cycles. (c) Cyclic voltammograms at a scan rate of 0.1 mV
and (d) charge/discharge voltage profiles at a current rate of C/S for the TiO, spheres, mesoporous TiO, spheres, and MTO/MWCNT
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Figure 6a shows the cyclic voltammograms of the MTO/
MWCNT anode for the first five scans at a scan rate of 0.1 mV
~!. The anode exhibited well-defined redox peaks at
approximately 1.61 V (cathodic) and 2.03 V (anodic),
demonstrating an ideal electrochemical behavior resulting
from the Li" insertion/extraction into/out of the anatase
TiO,. Generally, anatase TiO, shows a pair of redox peaks in
the voltage range from 1.73 to 1.98 V.3® However, the redox
peaks for the MTO/MWCNT composite shifted slightly

S
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toward the cathode potential as compared to commercial
TiO, and mesoporous TiO, (Figure 6¢). This shift could be
attributed to the presence of the MWCNTSs and the
interconnection between the mesoporous TiO, and the
MWCNTs. It is worth noting that the CV curve showed a
slightly distorted rectangular shape, a typical characteristic of
charging/discharging behavior originating from the TiO, and
CNTs. Furthermore, these peaks showed almost no change in
the amplitude or the voltage during the subsequent cycles,
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indicating good stability and a high reversibility for the MTO/
MWCNT composite-based electrodes. In contrast, the changes
in the CV shape in the first cycle of the commercial TiO, and of
the mesoporous TiO, (see Supporting Information, Figure
S3a,b) might correspond to an irreversible loss in capacity. The
gradual increase in intensity for both the cathodic and the
anodic peaks suggests the presence of a possible activation
process and/or trapping of fewer Li* ions during the
subsequent cycles, which was confirmed by the corresponding
charge/discharge voltage profiles (see Supporting Information,
Figure S3c,d).

Figure 6b shows the charge/discharge voltage profiles of the
MTO/MWCNT composite at a current rate of C/S$ for the first
five cycles. Three distinct regions can be observed in the
voltage profiles of the composite during the discharge process.
Region A ranges from the open circuit voltage to 1.75 V and
shows a rapid voltage drop as a result of the homogeneous Li*
insertion into the bulk by a solid-solution insertion
mechanism.* The well-known two-phase plateau is observed
in region B at 1.75 V, where Li-rich and Li-poor phases coexist.
The plateaus are related to the phase transition between the
tetragonal and orthorhombic phases associated with the Li ion
insertion into anatase TiO,.*>® After the two-phase plateau,
region C (below 1.75 V) exhibits a descending behavior that
can be ascribed to the reversible surface/interface lithium
storage on the TiO, spheres and MWCNTSs.*® The shape and
magnitude of the first five charge/discharge cycles remained
almost the same due to the good stability of the composite
structure, which is in good agreement with the CV curves
shown in Figure 6a. The improvement in the stability may be
attributed to the intimate networking between the mesoporous
TiO, spheres via MWCNTS; hence Li* ions are easily diffused
into and out of the TiO, spheres without being trapped in the
anatase framework. Furthermore, the MTO/MWCNT compo-
sites showed extended plateaus when compared with
commercial TiO, and mesoporous TiO, spheres (Figure 6d).
The cyclic voltammetry measurements confirmed that the
MTO/MWCNT composite showed a larger redox current than
commercial TiO, or mesoporous TiO, spheres (Figure 6c).
These results indicate that the MTO/MWCNT composite
provides a better charge—discharge capacity.

The effectiveness of the unique structure of the MTO/
MWCNT composite toward improving the rate capacity was
demonstrated by comparing the rate performances of the
MTO/MWCNT composite, mesoporous TiO, spheres, and
commercial TiO, at current rates of C/S, C, SC, 10C, and 30C
(Figure 7a). The introduction of conductive MWCNTs into
MTO spheres formed a 3-D hierarchical structure, and the
MTO/MWCNT mesoporous structures exhibited the highest
rate capacity among the three samples. A discharge capacity as
high as 316 mA h g_1 was delivered at a rate of C/5, which is
higher than the best values that have been reported so far for
TiO,-based anode materials for LIBs, including mesoporous
TiO,(B) (230 mA h g™'),"” mesoporous anatase TiO, (280 mA
h g7),* TiO,—graphene—CNT nanocomposites (200 mA h
g™1),*" graphene-wrapped TiO, hollow structures (175 mA h
g™"),”® and graphene—TiO, nanosheets (210 mA h g™').*

At higher discharge/charge rates, the difference between the
capacities of the MTO/MWCNT-based cells and commercial
TiO, and MTO cells was more prominent due to the high
conductivity and high surface area offered by the novel hybrid
mesoporous structure of the MTO/MWCNT composites. The
capacity retention was found to be of approximately 270 mA h

3681

g_l, 222 mAh g_l, 180 mA h g_l, and 125mA h g_1 at current
rates of 1C, SC, 10C, and 30C, respectively. More importantly,
a stable capacity of 300 mA h g™' was obtained even when the
rate was reduced back to C/S, suggesting good structural
stability and high reversibility even after a high charge—
discharge rate. It is noteworthy that the capacity obtained by
the MTO/MWCNT composite at a rate of 30C (125 mA h
g™') was higher than that obtained at a rate of SC for
commercial TiO, (117 mA h g™') and 10C for the mesoporous
TiO, (119 mA h g™"). The higher capacity retention at higher
current rates clearly indicates a better rate capability for the
MTO/MWCNT composite. The improved electrochemical
properties are believed to be a result of the unique structure of
the composite; that is, the CNT interconnection and the
porous structure provide rapid transport of electrons and
lithium ions and also facilitates the exchange of electrons and
lithium ions at the mesoporous TiO,/electrolyte interface, as
shown in Figure 1b.

To investigate the electrochemical properties upon different
CNT contents in the composites, three different samples that
contain 10, 20, and 30 wt % MWCNT respectively (determined
by TGA data given in Supporting Information Figure S1) were
prepared and tested for charge/discharge voltage profiles (see
Figure S4 in the Supporting Information). The results
confirmed that with the optimum MWCNT content of 20 wt
%, we observed the best electrochemical performance. This
result can be explained in the following. First, with a lower
content of MWCNTS in composite, the connection between
mesoporous TiO, spheres becomes poorer, resulting in the
poor conductivity, and the contribution of MWCNTS to the
lithium ion storage capacity and the rate capacity becomes less
important as well. On the other hand, if the concentration of
MWCNTs is too high (ie, ~30 wt %), MWCNTSs are more
likely to aggregate and block the open channels for lithium
intercalation in mesoporous TiO, spheres, resulting in
deterioration of the battery performance. Moreover, to
investigate the role of MWCNTs in the composite, there is
another set of three samples: (i) MTO/MWCNT that contains
the optimum content of 20 wt % MWCNT, (ii) the MTO with
MWCNTs by physical mixing (MTO + MWCNT), and (iii)
the MTO with carbon black (MTO + C) of the same carbon
content with that of MTO/MWCNT composite; see Figure S5
in the Supporting Information). The result indicated that
MTO/MWCNT composites exhibited the best performance.

A good electrical conductivity and mesoporosity of a
structure is known to contribute to a high charge/discharge
rate performance.” Figure 7b shows the impedance plots for
commercial TiO,, mesoporous TiO, spheres, and MTO/
MWCNT composite electrodes after the first discharge—charge
cycle. According to a previous report,* semicircular discharge/
charge characteristics are related to the charge transfer through
the electrode/electrolyte interface, and the steep increase in the
line at a low frequency reflects the solid-state diffusion of the Li
ions in the bulk materials. Figure 7b clearly shows that the size
of the semicircle for the MTO/MWCNT composite was much
smaller than that of commercial TiO, or mesoporous TiO,
spheres. This implies that CNTs play an important role in
improving the conductivity of the composite, leading to an
improvement in the rate capability of the electrode.

The practical use of batteries depends on the electrochemical
stability, and thus, the stability and reproducibility of the
prepared electrodes is tested by observing the cyclic behaviors
of these different samples at a rate of 1C, as shown in Figure 7c.
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The discharge capacity of the MTO/MWCNT composite
during the first cycle was 269 mA h g™" at 1C, and we observed
a 3.1% decrease in capacity after 100 cycles. However, the
mesoporous TiO, and the commercial TiO, exhibited
corresponding values of 233 mA h g~' with a 6.5% loss and
179 mA h g~' with a 17.7% loss, respectively. Thus, the MTO/
MWCNT anode is far superior to conventional TiO, anodes,
which typically shows loss in the capacity greater than 20% after
1000 cycles. Since the loss in the capacity is mainly caused by
Li* ions trapped in the anatase framework,'®™"> our results
suggest that the MTO/MWCNT composite is an ideal
structure that can inhibit Li* ion trapping. Moreover, the
MTO/MWCNT composite anode is also superior to other
TiO,-based anodes, such as TiO,—graphene—CNT nano-
composites (capacity loss of 8.7%).*' The Coulombic efficiency
of the synthesized structures was found to be nearly 100% for
each cycle, indicating highly stable and reversible charge—
discharge behavior at 1C. Therefore, the corresponding
Coulombic efficiencies for the commercial TiO, and meso-
porous TiO, spheres were of 95% and 97%, respectively.

4. CONCLUSION

In summary, we have synthesized highly stable TiO,/MWCNT
hybrid mesoporous material for use as an anode with a high
specific capacity and superior rate capability. A simple two-step
method was used combining sol—gel and solvothermal
processes. The composite demonstrated excellent LIB perform-
ance with a discharge capacity as high as 316 mA h g™, as well
as an excellent reversibility and stability after 100 cycles. We
believe that the significant improvement in the LIB perform-
ance of the mesoporous TiO,/MWCNT based composite is a
result of the following features of the carefully designed
structure. First, the MWCNTSs served as conducting channels
that connected each of the mesoporous TiO, spheres to
efficiently transport electrons. Second, the mesoporous nature
of the composite offered more open channels for Li* ion
insertion/extraction while the thin walls of the mesoporous
TiO, reduced the Li ion diffusion length in the solid phase
while the pores allowed Li* ions to flow smoothly. Thus, the
CNT interconnections and the porous structure of composite
are expected to significantly improve battery performance.
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