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Abstract: Carbon nanotubes (CNTs)-based composites have attracted significant research interest in recent
years, owing to their important applications in various technological fields. In this investigation, we describe
a general approach to make CNTs-based nanocomposites via self-assembly. The method allows one to
prepare binary composites as well as complex systems such as ternary or even quaternary composites
where nanoparticles of active phases (e.g., metals and metal oxides) are used as primary building blocks.
Six different kinds of binary, ternary, and quaternary nanocomposites, TiO2/CNTs, Co3O4/CNTs, Au/CNTs,
Au/TiO2/CNTs, TiO2/Co3O4/CNTs, and Co/CoO/Co3O4/CNTs, have been reported herein in order to draw
common features for various assembly schemes. To understand the interconnectivity between the active
phases and CNTs, we have devised a range of experiments and examined the resultant samples with
many instrumental techniques. On the basis of this work, we demonstrate that highly complex inorganic-
organic nanohybrids with good controls in particle shape, size, and distribution can be fabricated from
presynthesized nanobuilding units. Concerning their workability, we further show that self-assembled TiO2/
CNTs are sufficiently robust and the electrochemical performance of TiO2 is significantly enhanced when
it is used as a cathode material in Li-battery application.

Introduction

As an emerging class of materials, carbon nanotubes (CNTs)-
based nanocomposites have attracted significant research at-
tention in recent years owing to their potential applications in
catalysis, chemical sensors, hydrogen storage, and power
storage, etc.1-4 These nanocomposites are commonly prepared
by adding a secondary phase (i.e., functional components) to
the external surfaces of either single-walled or multiwalled
CNTs.1-4 Structurally, the resultant composites have a phasic
(or compositional) variation across the radial direction and a
constant concentric arrangement of each participating component
alongtheaxialdirection,resemblinganelectriccableconfiguration.1-4

There have been numerous ways of fabricating this type of
nanocomposites. For example, the conventional impregnation
method, sol-gel technique, chemical vapor deposition, elec-
trochemical reduction, and solution growth, including micro-
emulsion technique, have been employed into the preparation,
especially for introducing active inorganic components such as
noble metals, transition metals, and their oxides and sulfides,
Au, Ag, Pt, Rh, Pd, TiO2, SiO2, Co3O4, Fe2O3, ZnO, ZnS, and

CdS.5-27 To enhance interfacial adhesion between an added
component and CNTs, surface treatments such as ultrasonication
and acid-assisted oxidation have been applied from which new
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surface functional groups, or additional covalent and/or non-
covalent interconnectivity to the secondary phases, may be
generated.28

Regarding the preparation of the above inorganic-organic
hybrid nanocomposites, two basic methods can be further
divided. The first one, such as impregnation and sol-gel
processes,5,11,16-18,20,23 requires additional thermal treatments,
through which a secondary phase can be formed on the surfaces
of CNTs. Owing to the thermal processes, nonetheless, size
control and distribution of the surface component become a
major difficulty to circumvent if uniform nanocomposites are
desired. The second one, such as vapor deposition and solution
growth,2,9,12,22,24-26 depends on a good separation of nucleation
and growth steps on the surfaces of CNTs. Because of complex
interfacial reactions involved and more demanding process
conditions imposed, the same technical challenge in particulate
monodispersivity and nucleation site distribution persists in the
second method. To explore general techniques for this class of
nanocomposites, presynthesized nanoparticles of active com-
ponents (largely of noble metals) have been loaded directly
onto CNTs in recent years. This newer method takes advantage
of rapid development of nanomaterials synthesis, as monodis-
perse inorganic nanoparticles can be prepared routinely nowa-
days into various colloidal forms. By treating both nanoparticles
and CNTs as primary building blocks, several binary nanocom-
posites have been fabricated with the self-assembly approach
very recently.6-8,19,27

Apart from the binary nanocomposites, from a fundamental
viewpoint, it would be highly desirable to develop some general
methodologies to make CNTs-based nanocomposites via self-
assembly, which will allow us to prepare binary composites as
well as complex systems such as ternary or even quaternary
composites using the same architectural concepts. In this article,
as summarized in Figure 1, we will present a systematic
investigation on self-assemblies of presynthesized metal/metal
oxide nanobuilding blocks on CNTs. In particular, six material
combinations, TiO2/CNTs, Co3O4/CNTs, Au/CNTs, Au/TiO2/
CNTs, TiO2/Co3O4/CNTs, and Co/CoO/Co3O4/CNTs, have been
prepared in this work in order to draw common features of the

various assembly schemes (Figure 1). The interconnectivity
between the overlayers and CNTs has also been studied with
different analytical techniques. Our investigation shows that self-
assembly indeed can be a general approach to make highly
complex inorganic-organic nanohybrids with good controls in
particle shape, size, concentration, and distribution. Using the
prepared TiO2/CNTs nanocomposite as a model system, fur-
thermore, we demonstrate that the assembled material is
sufficiently robust and its electrochemical performance is
significantly improved when used as a cathode material in Li-
battery application.

Experimental Section

Synthesis of TiO2 Suspension.The suspension of monodisperse
TiO2 nanoparticles was prepared according to a reported process with
some modifications.29 Briefly, 0.1 mL of tert-butylamine was added
to 10.0 mL of deionized water. At the same time, 0.11 g of Ti-n-
propoxide (98%, Alfa Aesar) and 6.0 mL of oleic acid (OA, CH3(CH2)7-
CHdCH(CH2)7COOH, 90-95%, Alfa Aesar) were added to 10.0 mL
of toluene. The above two solutions were then mixed and transferred
to a Teflon-lined stainless steel autoclave. Hydrothermal synthesis was
conducted at 180°C for 6 h in anelectric oven. After the reaction, the
organic phase (toluene) was separated from the aqueous phase and
added with 10 mL of methanol as a flocculant in order to sedimentate
TiO2 product. Followed by two cycles of centrifugation and decantation,
OA-capped TiO2 nanoparticles were redispersed into 4 mL of toluene
in a glass sample vial ready for use. This suspension showed a clear
light yellow color which was stable for a storage time of more than 2
months at room temperature.

Preparation of TiO2 Powder. In order to obtain the TiO2 powder
for XPS study, much more methanol was used to remove the OA
capping on TiO2 nanoparticles in the above TiO2 suspension. In detail,
25 mL of methanol was used each time and a total of five times of
centrifugation and decantation was applied. After that, the white sample
was dried at 60°C overnight for XPS analysis. The OA capping had
been partially removed from TiO2 nanoparticles because this product
could not be redispersed into toluene, i.e., agglomeration of TiO2

nanoparticles had taken place when the TiO2 powder was prepared.
Synthesis of Co3O4 Nanoparticles. Freestanding discrete Co3O4

nanoparticles (dried powder, in a cubic form) were obtained by refluxing
a Co(NO3)2 precursor solution at 95°C for 72 h with Tween-85 as a
surfactant, as had been detailed in our previous investigation.30 The
Co3O4 nanoparticles were precipitated by adding ethanol as a flocculant
and washed with copious ethanol for several times. Unlike the above
TiO2 powder, dried Co3O4 nanocubes did not coalesce together and
they could be redispersed easily in ethanol solvent again.

Oxidation of CNTs in Nitric Acid. An amount of 50 mg of as-
received multiwalled CNTs (from Aldrich) were treated in 100 mL of
6 M nitric acid (HNO3) for 3-15 h under ultrasonic conditions (in an
ultrasonic water bath; Elma, Elmasonic S10, 30 W, 50/60 Hz).

Preparation of TiO2/CNTs Nanocomposites.An amount of 0.01-
0.11 g of the as-received CNTs or HNO3-treated CNTs was first
dispersed in 4-60 mL of toluene in the above-mentioned ultrasonic
water bath for 0.5-2 h. Afterward, 1-8 mL of the TiO2 suspension
(in toluene) was added, and the mixture was continuously sonicated
for another 0.5-1 h. The same TiO2/CNTs nanocomposites were also
assembled under mechanical stirring condition for a longer process time
of 12 h without assistance of sonication. The resultant TiO2/CNTs
product was washed thoroughly with toluene and ethanol solvents and
dried in an electric oven at 60°C for several hours.

Preparation of Co3O4/CNTs Nanocomposites.An amount of 0.5-
10.0 mg of CNTs (as received from Aldrich without any acid treatment)
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Figure 1. Schematic illustration of the self-assembly schemes for prepara-
tion of nanocomposites: (1) carbon nanotubes (CNTs, primary support),
(2) a second phase of nanoparticles (in pink) are anchored onto CNTs, (3)
a third phase of nanoparticles (in purple) are attached to the surface of the
second phase nanoparticles, and (4) a third phase of nanoparticles (in blue)
are also landed onto the CNTs. Further addition of phases can also be carried
out with the same assembling strategy.
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was added with 2-20 mL of ethanol and 0-20 mL of 0.1 M maleic
acid (cis-butenedioic acid (HO2CCHdCHCO2H), dissolved in ethanol).
After sonicating the above mixture for 15 min, 5-100 mg of Co3O4

powder was added, and the mixture was continuously stirred overnight
in most cases. Short assembling times of 20 min to 4 h were also
adopted in this study. Before drying, the as-prepared Co3O4/CNTs
product was washed with ethanol for three times.

Preparation of Au/CNTs Nanocomposites.The Au nanoparticle
suspension used herein was prepared according to a two-phase protocol
reported in the literature.31 Briefly, 0.19 g of tetraoctyl-ammonium
bromide (TOAB) was first dissolved in 7.0 mL of toluene, which was
then mixed with 4 mL of 0.01 M chloroauric acid (HAuCl4) aqueous
solution with vigorous stirring. Afterward, 1.0 mL of 0.22 M 1-dode-
canethiol (C12H25SH, in toluene) was added. Under the same stirring
condition, 3.0 mL of 0.1 M NaBH4 was added to commence chemical
reactions.32 About 1.0 mL of 0.22 M 3-mercaptopropionic acid (MPA,
HS(CH2)2COOH in toluene; as a molecular linker) was added to 5 mg
of HNO3-treated CNTs (15 h), followed by adding 0.5 mL of the Au
nanoparticle suspension. The system was sonicated in the ultrasonic
water bath for 10 min and kept still for another 3 h. The prepared Au/
CNTs samples were washed with acetone for three times prior drying.

Preparation of Au/TiO 2/CNTs Nanocomposites.(i) Photoassisted
method: About 5.0 mg of TiO2/CNTs powder was added with 0.04
mL of 0.01 M HAuCl4 (pH 7, using a 1.0 M NaOH solution to adjust)
and 4 mL of deionized water. After the aforementioned ultrasonic
treatment for 5 min, it was irradiated with a UV mercury high-pressure
vapor lamp (light intensity at 365.5 nm) 213 W/m2; HPR 125 W) for
4 min. The product was washed with deionized water for several times.
In other experiments, 1.0 mL of 0.05 wt % polyvinylpyrrolidone (PVP)
was also added to the above precursor system to control the morphology
of Au nanocrystals. This mixture was sonicated for 10 min and then
irradiated under the same UV light for 5-30 min. The products received
the same treatments afterward. (ii) Molecular linker method: To prepare
self-assembled Au/TiO2/CNTs, about 5 mg of TiO2/CNTs powder was
dispersed to 0.5 mL of 0.44 M MPA (in toluene; as a molecular linker)
with the same ultrasonic treatment. After that, 0.5 mL of the as-prepared
Au nanoparticle suspension (in toluene; refer to the preparation of Au/
CNTs above) was added under the sonicating condition. The resultant
Au/TiO2/CNTs was washed with toluene and ethanol for several times.

Preparation of TiO2/Co3O4/CNTs Nanocomposites.About 5 mg
of the Co3O4/CNTs dried powder was redispersed in 3 mL of toluene
using the above ultrasonic treatment. A volume of 1 mL of this
suspension was added with 0.2 mL of the as-prepared TiO2 suspension
(in toluene), and the mixture was sonicated for another 30 min. Finally,
the sample was washed with toluene and ethanol, respectively, for
several times.

Preparation of Unsupported TiO2/Co3O4 Nanocomposites.Large
Co3O4 nanocubes with edge length of 30-50 nm were prepared
according to an earlier report.33 In the present work, 10 mg of the
prepared Co3O4 nanocubes were dispersed to 1 mL of toluene under
the same ultrasonic conditions. To this mixture, 2 mL of maleic acid
solution (0.1 M, in ethanol) and 2 drops of the TiO2 nanoparticle
suspension (in toluene) were added. The product composite was
sonicated for another 30 min and washed with toluene for three times.

Preparation of Co/CoO/Co3O4/CNTs Nanocomposites.About 50
mg of Co3O4/CNTs sample was purged with Ar gas inside a quartz
tube reactor at a flow rate of 70 mL/min to 500°C (the heating rate
was 10°C/min). A stream of pure hydrogen was then introduced at a
rate of 50 mL/min, and the sample was held at 500°C for 2 h. The
composite samples (Co/CoO/Co3O4/CNTs) were collected when the
furnace temperature was decreased to room temperature.

Materials Characterization. The crystallographic information of
the as-prepared samples was investigated using powder X-ray diffraction
(XRD, Shimadzu X-ray diffractometer, model 6000, Cu KR radiation
λ ) 1.5406 Å) at a scanning rate of 2° min-1. Field emission scanning
electron microscopy (FESEM, JSM-6700F) was employed to examine
the morphologies of the nanocomposites prepared. Structural and
compositional investigation with transmission electron microscopy and
X-ray energy dispersive spectroscopy (TEM and HRTEM) was carried
out on a JEM-2010 and a JEM-2010F with an electron kinetic energy
of 200 kV.34 Compositional investigation for the samples was carried
out with X-ray photoelectron spectroscopy (XPS; AXIS-HSi, Kratos
Analytical) and energy dispersive X-ray spectroscopy (EDX, JEM-2010/
EDX).35 The content of CNTs in the nanocomposite samples was
determined using a thermogravimetric method (TGA, TA instrument
TGA 2050). About 10 mg of the dried samples was heated with an air
flow of 100 mL‚min-1 and at a heating rate of 10°C‚min-1 from room
temperature to 800°C.

Results and Discussion

Experimental details on all reported samples in this work can
be found in Supporting Information (SI-1). Figure 2 shows some
representative microscopic images of the TiO2/CNTs nanocom-
posites and their starting building blocks. The as-prepared
anatase TiO2 nanoparticles used in this material system have a
narrow size distribution of 3-4 nm. In comparison to the as-
received sample (Figure 2b), the CNTs surface becomes rougher
and coarser after loaded with TiO2 nanoparticles, as shown in
the panoramic views of these samples (e.g., Figure 2c). With
the present method, the metal oxide nanoparticles can be
dispersed evenly. Detailed distributions of TiO2 and Co3O4

nanoparticles on CNTs are examined in Figures 2-4. Due to
their monodisperse cubic shape (4-5 nm in size) and more
bulky capping molecules for hydrophobic interactions, in
particular, the Co3O4 nanoparticles seem to exhibit more ordered
alignment than the TiO2 nanoparticles which are less faceted.
At a low surface content, as detailed in Figure 3a, a monolayer
or submonolayer of discrete oxide nanoparticles can be as-
sembled. This observation suggests that the attractive interaction
between the nanoparticles and CNTs support is stronger than
the van der Waals interactions among the headgroups of organic
capping of the metal oxides. An XPS investigation on this aspect
will be presented in a later part of this work.

XRD investigations for the above two composite systems are
reported in Figure 5. Although the (101) diffraction of the metal
oxide phase overlaps a little with the (002) of CNTs, it is
affirmed that the TiO2 nanoparticles still maintain their pristine
phase after connecting to the CNTs; all diffraction peaks can
be indexed to tetragonal anatase TiO2 (space group:I41/amd;
a0 ) 3.79 Å andc0 ) 9.51 Å; JCPDS file no. 21-1272).36

Similarly, the XRD pattern of Co3O4/CNTs nanocomposite
shows three strong peaks of spinel phase, confirming that the
Co3O4 is still in its original structure (space group:Fd3m, lattice
constanta0 ) 0.81 nm; JCPDS file no. 43-1003).37-39 Diffrac-
tion peaks from the CNTs support cannot be detected in this
latter case, because of a small quantity of CNTs used in this
case and an overwhelming diffraction signal from the Co3O4

phase.
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The sonochemical oxidation of CNTs to generate surface
functional groups in strong acidic solutions (e.g., H2SO4 and
HNO3) has been recently investigated.13,28 It has been shown
that surface roughness and thus surface functional groups (such
as carboxylate anions, etc.) are increased with this sonochemical
treatment, whereas no measurable changes in diameters and
lengths can be found.13,28 In our present work, however, we
found no major difference in the products when the as-received
(raw) or the acid-treated CNTs (Supporting Information SI-2)
was used. This finding indicates that our raw CNTs have
contained sufficient active sites and functional groups for self-
assembly of inorganic phases. For this reason, unless otherwise
specified, only the as-received CNTs were used in this work
(see the Experimental Section). Nonetheless, the ultrasonic
process we adopted might cause certain alternation of wall
structures to the as-received CNTs.13,28In Figure 3, for instance,
although the oxide particles are highly crystalline the graphene
layers of sonicated CNTs apparently become less continuous
in the product nanocomposite; this observation also accounts
for the weak (or undetectable) intensity of the CNTs phase in
our XRD patterns (Figure 5). The attained self-assemblies can
be attributed to at least three types of interactions. First, ionic
interactions between the metal oxide and CNTs may play a
significant role. For instance, carboxylate groups on the CNTs
will provide bonding to the TiO2 and Co3O4 nanoparticles,30,40

as revealed by our XPS investigation that will be discussed
shortly. In the case of TiO2/CNTs, the combination of two
assembling phases can be described as a partial replacement of
carboxylate ends of OA of TiO2 nanoparticles with the car-
boxylate groups of CNTs, that is, the carboxylate anions of
CNTs now bind directly to the TiO2, noting that relatively simple
chemical reagents were selected in this assembling process.
Although sonication would shorten the assembling time to a

range of 0.5-1 h, the same self-assembly could also be carried
out under simple mechanical stirring without sonication. This
process was also adopted in our preparation of TiO2/CNTs
nanocomposites (Supporting Information SI-3), and it was taken
as a major preparative method for Co3O4/CNTs system, because
sonication could cause some agglomeration of Co3O4 nanocubes
owing to a stronger hydrophobic interaction among their bulky
surfactant capping, i.e., alkylated oleate groups [in the ionic
form of CH3(CH2)7CHdCHCH2CR2(CH2)5COO-, where R
represents for CH2CHdCHCH2 (CH2)6CH3],30,40 compared to
the simple oleate groups of OA on the TiO2. Under stirring
condition, however, the self-assembly of Co3O4 onto CNTs tends
to be slower. For example, appreciable combination of the Co3O4

to CNTs only took place after 2-4 h of stirring. Second,
hydrophobic interactions between headgroups of organic capping
and graphene layers of CNTs may account for another type of
binding capacity in composite construction,2,6,7,27 noting that
there are abundant straight/branched aliphatic hydrocarbon
chains on the oxide surfaces to provide this noncovalent linkage,
though it may not be as strong. And third, hydrogen bonding
among the carboxylic, hydroxyl, and/or ether functional groups
in both metal oxide and CNTs phases may also be partially
responsible for the observed interconnectivity.2,6 It should be
mentioned that the above integrative forces between the over
layer nanoparticles and CNTs are rather effective, as all our
samples reported herein had undergone extensive washing and
sonication treatments.

To identify key bonding factors, we found that using maleic
acid (see the Experimental Section), which has two carboxyl
groups in each end of the molecule, did not cause distinguishable
changes among the assembled Co3O4/CNTs products, as com-
pared in Figure 4. If it is present, maleic acid will interact with
existing hydrogen bonding between the oxide and CNTs and
lead to either interruption or detachment of the two phases(40) Yao, K. X.; Zeng, H. C.J. Phys. Chem. B 2006, 110, 14736-14743.

Figure 2. (a) As-synthesized TiO2 nanoparticles (TEM image), (b) raw CNTs (FESEM image), (c) as-prepared TiO2/CNTs nanocomposite (FESEM image),
and (d and e) detailed views on the TiO2/CNTs nanocomposite (TEM images).
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considering its richness in carboxyl groups. We now understand
that hydrogen bonding may not be a predominant cause for the
observed biphasic assemblies. According to our XPS study,
which will be discussed in detail shortly, it is suggested that
the attachment of the Co3O4 to CNTs substrate also depends
on a replacement of the alkylated oleate groups of the Co3O4

nanocubes with carboxylate groups of the CNTs. The self-
assembled Co3O4/CNTs nanocomposites are also expected to
be stable. To confirm this, we have treated these samples in

sonicating environment and found they remained largely intact
after the treatment.

On the basis of the above binary nanocomposites, additional
components of metal oxides or metals can be further introduced
one at a time. In general, three basic methods, self-assembly,
crystal growth, and chemical conversion, can be readily
employed to add a third or a fourth chemical component to the
existing binary basis. In this way, the present approach also
allows us to fabricate even more complex ternary or quaternary
composites (schemes 3 and 4, Figure 1). To elucidate methodic
generality, we have also prepared three different ternary/
quaternary nanocomposites, i.e., Au/TiO2/CNTs, TiO2/Co3O4/
CNTs, and Co/CoO/Co3O4/CNTs; the related synthetic processes
of these composites can be found in the Experimental Section.

Figure 6, parts a and b, shows the Au/TiO2/CNTs prepared
with a photoassisted growth of Au on a premade TiO2/CNTs
(Supporting Information SI-4a). As expected for this conven-
tional process, the grown Au nanoparticles are polydisperse and
randomly distributed. With assistance of PVP, nonetheless,
shapes of Au nanocrystals can be further controlled for this
composite under similar reaction conditions (Supporting Infor-

Figure 3. HRTEM images of the as-prepared TiO2/CNTs nanocomposite:
(a) overall structure, (b) defective wall structure, and (c) crystalline TiO2

nanoparticles on CNTs. Anatase TiO2 particles are circled in (b) and (c).

Figure 4. (a) Large view on as-prepared Co3O4/CNTs nanocomposite
(FESEM image), (b and c) detailed views (TEM images) on as-prepared
Co3O4/CNTs nanocomposites, and (d) the Co3O4/CNTs nanocomposite
synthesized without using maleic acid (TEM image).
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mation SI-4b), but the particles are quite large. But if we adopt
a self-assembly approach, i.e., introduced presynthesized mono-
disperse Au nanoparticles to the TiO2 with assistance of MPA
linker, much more uniform Au/TiO2/CNTs can be obtained
(Figure 6c and Supporting Information SI-4c). In accordance
to scheme 3 of Figure 1, however, the Au nanoparticles in both
cases were grown or attached more favorably on the TiO2

surface than onto the CNTs. In the photoassisted metal growth,
for example, an electron-hole pair is first created within TiO2
upon the UV light irradiation, which provides nucleation sites
for reductive deposition of Au nanoparticle, as discussed in our
previous investigation.32 In the latter case, on the other hand,
the carboxylate moiety of MPA is expected to chelate onto
Lewis sites of the TiO2 surface,30,32 rather than to the CNTs.
To further verify this scheme of Au attachment, we have also
fabricated simple binary composites of Au/CNTs. Our result
shows that it is indeed more difficult to add the Au nanoparticles
directly onto CNTs (i.e., scheme 4; Supporting Information SI-
5). In the preparation of TiO2/Co3O4/CNTs (Figure 6d), we
found that TiO2 nanoparticles can deposit on Co3O4 as well as
CNTs surfaces (Supporting Information SI-6); the net result thus
corresponds to a mixed state of schemes 3 and 4, Figure 1. The
additional interconnectivity between TiO2 and Co3O4 nanopar-
ticles, though it may be weaker, can be attributed to a
hydrophobic interaction among the surfactant capping molecules.
To explore this point further, Figure 7 examines an unsupported

TiO2/Co3O4 nanocomposite fabricated from large Co3O4

nanocubes and small TiO2 nanoparticles (see the Experimental
Section and Supporting Information SI-7). Since they have two
carboxylate groups, maleic acid molecules in this case work as
a bidentate linker to bring the two oxide phases together, noting
that there is no organic capping in these large as-prepared Co3O4

nanocubes. Using the Co3O4/CNTs precursors, on the other
hand, we have also prepared metal/oxides/CNTs composites,
Co/CoO/Co3O4/CNTs using a gaseous reduction route (Sup-
porting Information SI-8). It has been found that the CNTs-
supported Co3O4 nanocubes can be converted to metallic cobalt
in the atmosphere of hydrogen. In particular, intermediate oxide
phase CoO can also be present in this reductive reaction, giving
the quaternary composite system (Supporting Information
SI-8).

The content of organic phase CNTs in the prepared nano-
composites can be determined facilely with the TGA technique
via oxidative decomposition. Figure 8 shows some representative
TGA and DrTGA curves of the TiO2/CNTs and Co3O4/CNTs
nanocomposites, together with those of the as-received CNTs
for reference (Figure 8a). For the TiO2/CNTs sample, the first
weight loss in a broad temperature range of 220-380 °C is
due to the oxidative decomposition of the organic capping (OA)
on the TiO2 nanoparticles surface. The CNTs are decomposed
at about 460-680 °C, which shows a small shift to lower
temperatures with respect to those of the pristine CNTs; the
shift observed can be thus attributed to a weak catalytic effect
of the TiO2 nanoparticles (Figure 8, part b vs part a). For the
Co3O4/CNTs, the first two peaks at 148 and 204°C can be both
ascribed to the decomposition of organic capping (i.e., alkylated
oleate ions). But compared with the TiO2/CNTs, the CNTs of
the Co3O4/CNTs decompose in a much lower temperature range
of 270-430 °C. This can be attributed to the catalytic role of
Co3O4 nanoparticles to oxidation of carbon materials.33 The two
examples shown here represent the highest loadings attainable
in this work for the two metal oxide phases on the CNTs
support, i.e., about∼43 wt % for TiO2 and∼61 wt % for Co3O4,
respectively. In the same way, other nanocomposites with metal
oxide contents (practically starting from∼0 wt %) lower than
the above maxima values can be tailor-made by selecting ratios
of assembled components, i.e., oxide/CNTs ratio, etc., and
assembling time used. In general, a greater oxide/CNTs ratio
and a longer process time will give a higher content of oxide
phase in the resultant nanocomposites.

In order to shed light on the chemical nature of interconnec-
tion between the oxide phase and CNTs, we also carried out
XPS investigations for both TiO2/CNTs and Co3O4/CNTs
systems. In Figure 9, spectra of all studied elements were
referenced to the C 1s peak (binding energy BE) 284.6 eV)
arising from adventitious carbon,32,35 sp2-hybridized carbon of
the CNTs, and/or the aliphatic hydrocarbon chains of the
surfactant OA.30,41The other two small peaks of the dried TiO2

powder are positioned at 286.1 and 288.7 eV, respectively. The
peak at 286.1 eV can be assigned to hydroxyl carbon (C-OH),42

and the peak at 288.7 eV can be assigned to carboxyl carbon
(OdC-O).42 Besides the main peak at 284.6 eV, both TiO2/
CNTs nanocomposites and raw CNTs have a peak at 285.5 eV

(41) Lee, K. Y.; Kim, M.; Hahn, J.; Suh, J. S.; Lee, I.; Kim, K.; Han, S. W.
Langmuir2006, 22, 1817-1821.

(42) Kovtyukhova, N. I.; Mallouk, T. E.; Pan, L.; Dickey, E. C.J. Am. Chem.
Soc. 2003, 125, 9761-9769.

Figure 5. XRD patterns of (a) as-prepared TiO2/CNTs nanocomposite and
as-received CNTs and (b) as-prepared Co3O4/CNTs nanocomposite (using
an aluminum sample holder).
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which can be attributed to defect-containing sp2-hybridized
carbon.41 This peak (285.5 eV) becomes more pronounced in
the TiO2/CNTs, as the CNTs in this composite have undergone
sonication processes. In comparison to raw CNTs, the additional
peak at 286.4 eV is assigned to the oxidized species C-O on
the nanotube surface, which is expectable because there are more
defective sp2-hybridized carbons and the CNTs become more
prone to oxidation. Consistent with this observation, the defect-
containing sp2-hybridized carbon also increases in the Co3O4/
CNTs composites when they undergo sonication treatment, on
the basis of an XPS analysis for C 1s spectra (Supporting
Information SI-9).

The TiO2 powder after washing and drying shows an
irreversible aggregation of the TiO2 nanoparticles, and this
sample gives two characteristic peaks of Ti 2p at 458.5 and
464.1 eV that well correspond to the normal BEs of TiO2.36

Because of partial removal of their surface OA molecules during
the washing, which caused an aggregative growth, the dried
TiO2 powder could not be redispersed back to a colloidal
suspension. In contrast, TiO2 nanoparticles could prevent this
type of particle coalescence, if they were loaded on CNTs
directly from their as-prepared suspensions. In this sample, Ti
2p BEs are shifted to 459.5 and 465.1 eV, respectively. The

observed BE shifts are primarily due to the difference in oxide
particle size, dispersion states, ligand effect, and electronic
interaction between the surface oxide and CNTs substrate,41,43-47

which will be further addressed in their O 1s spectra below.
On the other hand, there is no observable shift for the Co 2p
peaks in the Co3O4/CNTs, compared to the dried Co3O4

nanocubes (Supporting Information SI-9). This is because the
organic capping on Co3O4 nanocubes is more difficult to remove
and there is no major change in their nanoparticulate state in
either case.

The O 1s spectrum of the dried TiO2 powder is deconvoluted
into four peaks, and they can be assigned to lattice oxygen in
anatase TiO2 (529.8 eV), surface Ti-OH or O-CdO (531.6
eV), C-O-H and/or C-O-C group (532.4 eV), and adsorbed
H2O molecules (533.4 eV), respectively.32 These carbon-
oxygen species indicate the presence of OA molecules on this
TiO2 even after the particulate coalescence. Although they can
be attributed to the same oxygen species, the positions of the

(43) Kim, Y. T.; Mitani, T. J. Catal.2006, 238, 394-401.
(44) Cheung, T. T. P.Surf. Sci.1984, 140, 151-164.
(45) Wertheim, G. K.; DiCenzo, S. B.; Youngquist, S. E.Phys. ReV. Lett. 1983,

51, 2310-2313.
(46) Eberhardt, W.; Fayet, P.; Cox, D. M.; Fu, Z.; Kaldor, A.; Sherwood, R.;

Sondericker, D.Phys. ReV. Lett. 1990, 64, 780-783.
(47) Mason, M. G.Phys. ReV. B 1983, 27, 784-762.

Figure 6. Ternary nanocomposites (TEM images): (a and b) a large view and a detailed view on the Au/TiO2/CNTs nanocomposites prepared by the
photoassisted method, (c) a detailed view on the Au/TiO2/CNTs prepared by the self-assembly method, and (d) a detailed view on the TiO2/Co3O4/CNTs
nanocomposite prepared by the self-assembly method.
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O 1s peaks from the TiO2/CNTs composites are nevertheless
different from those of the dried TiO2 powder. Similar to their
Ti 2p spectra, O 1s peaks from the TiO2/CNTs composites are
also shifted toward higher BEs. For example, the lattice oxygen
in anatase TiO2 is now about 0.6 eV higher than that in the
dried TiO2 phase. The positive shifts in BEs are consistent with
the similar trend observed in the Ti 2p spectra which has been
ascribed to the monodisperse nature of TiO2 nanoparticles in
the TiO2/CNTs and the stronger electronic interaction (i.e.,
charge transfer from the surface TiO2 to CNTs), noting that all
the BEs discussed herein are referred to the sp2-hybridized
carbon of CNTs at 284.6 eV and the actual negative BE shifts
of CNTs cannot be noted explicitly. In this agreement, similar
positive BE shifts are also observed in the TiO2/CNTs assembled
with mechanical stirring (Supporting Information SI-3 and SI-
10). On the other hand, the as-received CNTs also have three
O 1s peaks positioned at 531.1 (carbonyl,-CdO), 532.4
(carboxyl, C-OH), and 533.6 eV (H2O molecules), respectively,
which are due to a certain degree of oxidization on the pristine
CNTs surface.48,49 It has been found that the O 1s peaks will
shift toward higher BEs with ultrasonic treatment in acid. On
the basis of our HRTEM observation, we also see that the CNTs
become more defective in our ultrasonic dispersion. In this
regard, therefore, the O 1s peaks at 531.9-531.1, 532.8-532.4,

and 533.8-533.4 eV in the three samples can be assigned to
very similar surface oxygen species, although their chemical
environments are varied.50-52

Due to the similarity between the two capping compounds
(the OA and alkylated oleate groups) used, the surface informa-
tion of C 1s and O 1s for the Co3O4 nanocubes is essentially
similar to that reported in Figure 9, except they do not exhibit
pronounced BE shifts. Detailed surface analyses for the dried
Co3O4 nanocubes, the Co3O4/CNTs, and the sonicated Co3O4/
CNTs nanocomposites can be found in the Supporting Informa-
tion (SI-9). Therefore, it can be deduced that the electronic
interaction between the Co3O4 nanocubes and CNTs substrate
is not strong in this binary system.

As a final note of this report, to test the applicability of the
above self-assembled nanocomposites in real working environ-

(48) Ebbesen, T. W.; Hiura, H.; Bisher, M. E.; Treacy, M. M. J.; Shreeve-Keyer,
J. L.; Haushalter, R. C.AdV. Mater. 1996, 8, 155-157.

(49) Yu, R.; Chen, L.; Liu, Q.; Lin, J.; Tan, K. L.; Ng, S. C.; Chan, H. S. O.;
Xu, G. Q.; Hor, T. S. A.Chem. Mater.1998, 10, 718-722.

(50) Hiura, H.; Ebbesen, T. W.; Tanigaki, K.AdV. Mater. 1995, 7, 275-276.
(51) Kwon, J. Y.; Kim, H. D.J. Appl. Polym. Sci.2005, 96, 595-604.
(52) Chen, L.; Zhang, B. L.; Qu, M. Z.; Yu, Z. L.Powder Technol.2005, 154,

70-72.

Figure 7. Unsupported TiO2/Co3O4 nanocomposite (TEM images): (a)
overall morphology and (b) a detailed view on the surface regions. The
TiO2 nanoparticles on the surface are in the size range of 3-4 nm, while
Co3O4 nanocubes (edge length at 30-50 nm) act as core templates in this
core-shell nanostructure.

Figure 8. TGA and DrTGA curves of (a) as-received CNTs, (b) as-prepared
TiO2/CNTs nanocomposite, and (c) as-prepared Co3O4/CNTs nanocom-
posite.
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ments, we selected the TiO2/CNTs system as a model case for
Li-battery application.53-71 Our electrochemical testing results
show that the reversible capacity of this cathode material can

maintain at about 225 mA h g-1, which is about 17% higher
than a reported capacity of hydrogen titanate nanowires (191.8
mA h g-1),69 about 32% higher than that of nanosized rutile
TiO2 (∼170 mA h g-1),62 and about 50% higher than that of
anatase TiO2 (∼150 mA h g-1).60 Details on the experimental
procedure and related discussion of this application study can
be obtained from the Supporting Information (SI-11).

Conclusions

In summary, we have devised a step-by-step self-assembly
approach for preparation of binary, ternary and quaternary
CNTs-based nanocomposites using presynthesized nanoparticles
as primary building units. In particular, six material combina-
tions, TiO2/CNTs, Co3O4/CNTs, Au/CNTs, Au/TiO2/CNTs,
TiO2/Co3O4/CNTs, and Co/CoO/Co3O4/CNTs, have been pre-
pared under either sonication or simple mechanical stirring
condition. Through materials characterization and a series of
designed experiments, interactions and interconnectivity between
the overlayers and CNTs can be better understood. We have
demonstrated that good controls in particle shape, size, and
distribution for these highly complex inorganic-organic nano-
composites and nanohybrids can be further attained. For
example, the content of overlayer components can be easily
controlled by predetermining ratios of assembled components
(i.e., overlayer/CNTs ratios) and assembling time. In general, a
greater ratio of overlayer/CNTs and a longer processing time
will lead to a higher loading of the surface phase(s). Concerning
their actual applications, furthermore, we have illustrated that
self-assembled TiO2/CNTs is sufficiently robust and the elec-
trochemical performance of TiO2 phase is significantly enhanced
when the composite is used as a potential cathode material in
Li-battery application. In view of its process simplicity (e.g.,
room-temperature assembling process, etc.), the present self-
assembly approach shows a good potential for large-scale
synthesis. In principle, even more complex nanocomposites,
including quaternary and other higher ordered derivatives, of
metals and metal oxides with CNTs should also be attainable
using the general findings reported in this work.
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Figure 9. XPS spectra of C 1s, O 1s, and Ti 2p: (A) dried TiO2 powder,
(B) the TiO2/CNTs nanocomposite, and (C) as-received CNTs.
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