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ABSTRACT A conductive and photocatalytic nanocomposite thin film comprising multiwalled carbon nanotubes (MWCNTSs) and TiO,
nanoparticles is fabricated based on layer-by-layer (LbL) assembly in a nonpolar solvent, toluene. An amphiphilic surfactant, aerosol
OT (AOT), is used to impart opposite surface charge onto MWCNTs and TiO, in toluene. Our fabrication technique enables the
incorporation of unoxidized MWCNTSs into the nanocomposite thin films, and at the same time, provides a versatile method of
fabricating conformal thin films over a large area. The physicochemical properties of MWCNT/TiO, nanocomposite thin films, including
composition and photocatalytic activity, can be varied by changing the concentration of AOT during assembly. The electrical properties
of the nanocomposite film, specifically its sheet resistance and conductivity, can also be tuned through changing the assembly
conditions. In addition, we demonstrate that the incorporation of MWCNTSs within our films leads to a significant enhancement of the
photocatalytic activity of TiO,. The conductivity and enhanced photocatalytic activity of MWCNT/TiO, thin films make them promising
for the generation of highly efficient dye-sensitized solar cells (DSSCs).
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INTRODUCTION
hotocatalytic materials convert solar energy to chemi-

cal energy, making them useful for the decontamina-

tion of organics (1, 2) and biological pathogens (3, 4).
Titanium dioxide (TiO,) is one of several semiconductors
with desirable photocatalytic properties which generates
electron—hole pairs upon activation by ultraviolet (UV) light.
These electron—hole pairs, in turn, create active species such
as surface-associated OH radicals, photogenerated OH radi-
cals, and superoxides (O, - ), which participate in subsequent
chemical reactions leading to the degradation of organic
contaminants (5).

The utility of TiO, as a photocatalyst, however, is often
limited by therecombination of photogenerated electron—hole
pairs (5). Suppression of electron—hole recombination is
thought to be imperative for improving the photocatalytic
activity of TiO; (5). One proposed method of achieving this
task is by creating nanocomposites of TiO, and carbon
nanotubes (CNTs). The unique characteristics of CNTs, such
as their electron-accepting capability and conductivity, make
them ideal for sequestering photogenerated electrons (6).
These properties of CNTs could hinder electron—hole re-
combination, thus leading to the enhancement of TiO,
photocatalytic activity. In addition, the suppression of
electron—hole recombination in TiO, has been utilized to
improve the efficiency of dye-sensitized solar cells (7) and
photoelectrochemical solar cells (8).

* Corresponding author. E-mail: daeyeon@seas.upenn.edu.
Received for review May 27, 2010 and accepted August 9, 2010

* Department of Chemical and Biomolecular Engineering, University of Pennsyl-
vania

* Department of Bioengineering, University of Pennsylvania
DOI: 10.1021/am1004656
2010 American Chemical Society

IEDAPPLIED MATERIALS

XINTERFACES

2646

VOL. 2 « NO. 9 ¢ 2646-2652 ¢ 2010

CNT—TiO, nanocomposites have been prepared through
a number of different techniques. These include hydrother-
mal treatment (7, 9), sol—gel coating of CNTs (10, 11),
hydrolysis (12), electrodeposition (13), and electrospinning
(14). A major drawback to many of these methods is that
they typically depend on the oxidation of CNTs to prepare
CNT/TiO, nanocomposites. Although the fabrication process
can be readily facilitated using oxidation, such treatment
typically involves the use of highly corrosive chemicals and
drastically changes the electronic properties of CNTs by
disrupting their conjugated structure. Such changes, in turn,
degrade the efficacy of CNTs as electron acceptors and
carriers (15, 16). In addition, the aforementioned methods
of fabricating CNT/TiO, nanocomposites have been mostly
used for the generation of bulk nanocomposites and do not
provide a straightforward method for creating conformal
thin films and coatings with precisely controlled composition
and properties. The generation of CNT/TiO, thin films would
enhance the utility of these nanocomposites in various
applications.

One versatile method of fabricating nanocomposite thin
films is layer-by-layer (LbL) assembly, which involves se-
quential deposition of oppositely charged species on a
substrate (17). Previous reports have demonstrated that
photocatalytic thin films composed of TiO, nanoparticles
and charged polymers can be generated by LbL assembly
(18—22). Incorporation of CNTs into TiO, thin films using
LbL assembly could further enhance their photocatalytic
activity. However, LbL nanocomposite thin films composed
of CNTs have been generally prepared using oxidized CNTs
paired with an oppositely charged polymer in aqueous
solutions (23—25). Although high temperature hydrogen
treatment can be used to reduce the oxidized bonds in CNTs,
the complete recovery of the pristine properties of CNTSs is
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difficult (26). While unoxidized CNTs have been incorporated
into LbL films from aqueous solutions using anionic surfac-
tants (27), aromatic surfactants (28, 29) and copolymers
(30), such approaches typically require the utilization of
newly synthesized molecules for the stabilization of CNTs.

In this report, we demonstrate that conductive and pho-
tocatalytic MWCNT/TiO, nanocomposite thin films can be
generated based on LbL assembly. We fabricate LbL thin
films comprising unoxidized MWCNTs and TiO, nanopar-
ticles in a novel fashion. This is achieved by imparting
surface charge onto MWCNTs and TiO, in a nonpolar
medium, followed by the LbL assembly of each charged
species. Our LbL approach enables the incorporation of
unoxidized MWCNTs into thin films without the need for
their oxidation through harsh chemical treatments. The
objective of this paper is to demonstrate that the growth
behavior and electrical properties of MWCNT/TIiO, thin films
can be controlled by varying the assembly parameters, and
that the presence of MWCNTSs enhances the photocatalytic
activity of TiO, nanoparticles.

EXPERIMENTAL SECTION

Electrophoretic Mobility Measurements. MWCNT and TiO,
particle suspensions in toluene containing AOT (AOT/toluene)
were made by first preparing 0.1 wt % of particles in pure
toluene (Fisher). 200, 100, 20, 10, 2, and 1 mM AOT (Sigma-
Aldrich) in toluene were also prepared in separate vials. The 0.1
wt % TiO, powder (Degussa P25) and MWCNTs (Cheap Tubes
Inc.) in pure toluene was sonicated for 1 h then mixed with an
equal volume (3 mL) of AOT/toluene solutions to obtain 0.05
wt % particles in 100, 50, 10, 5, 1, and 0.5 mM AOT/toluene.
Particle suspensions in AOT/toluene were sonicated for an
additional hour. TiO, suspensions were allowed to sediment
overnight and MWCNTSs were filtered through a 5 um PTFE filter
before being used for electrophoretic mobility measurements.
Electrophoretic mobility measurements were made with a
Beckman Coulter Delsa NanoC at a field voltage of 85.2 V/cm.

Layer-by-Layer Assembly of MWCNTs and TiO,. AOT/
toluene solutions (60 mL) were prepared by making a 400 mM
AOT stock solution followed by dilution to 200, 100, 20, and
10 mM solutions. TiO, (0.1 wt %) and MWCNTSs (60 mL) were
prepared in pure toluene and sonicated for 1 h. An equal volume
(30 mL) of AOT/toluene solutions and 0.1 wt % particle suspen-
sion in pure toluene were mixed together and sonicated for 1 h
to yield 0.05 wt % TiO, and MWCNTs in 200, 100, 50, 10, and
5 mM AOT/toluene. LbL assembly of MWCNTs and TiO, was
performed on glass slides (Fisherbrand) cleaned by sonication
in NaOH (1 M) for 20 min followed by rinsing in deionized (D.I.)
water (18.2 MQ cm) and drying with compressed air. The
cleaned glass slides were exposed to the prepared solutions in
the following order: 0.05 wt % MWCNTSs in AOT/toluene, AOT/
toluene rinse, toluene, and toluene followed by 0.05 wt % TiO,
in AOT/toluene, AOT/toluene rinse, toluene, and toluene. The
concentration of AOT in the AOT/toluene rinse baths was kept
at the same concentration as in particle suspensions. A Stra-
toSequencer VI (NanoStrata Inc.) was programmed to expose
slides in particle suspensions for 10 min, followed by 2, 1, and
1 min in rinse baths.

MWCNT/TiO, Film Characterization. Absorbance measure-
ments on films were made using a Cary 5000 (Varian Inc.) UV-
Vis-NIR spectrophotometer. The absorbance at 500 nm was
used for all data analysis. SEM images were taken with an FEI
600 Quanta FEG ESEM at 5 kV. Sheet resistance measurements
were taken with a four-point probe station comprising a Cascade
Microtech C4S 4-Point probe head, HP power supply unit and
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Keithley 2000 multimeters. Voltage and current measurements
were taken at 10 random locations on each MWCNT/TiO, film.
These values were subsequently used to calculate the sheet
resistance. Thickness measurements were made with a Zygo
NewView 6K series optical profilometer. To get an averaged film
thickness, height profiles along a line segment were integrated
and normalized with the length of the profile. Film thickness
and sheet resistance measurements were used to calculate film
conductivities. TGA measurements were taken with a TA Instru-
ments SDT Q600. Samples for TGA were prepared by scraping
off 60-bilayer films into a platinum TGA pan. The temperature
was ramped from room temperature to 110 at 10 °C/min then
held for 20 min to remove residual moisture. Following this,
the temperature was increased to 1000 °C at a ramp rate of 10
°C/min and in air. Surface coverage was determined by analyz-
ing SEM images using image analysis software Image]. The
image threshold was adjusted until all MWCNT/TiO, domains
were covered. From this, the surface coverage was calculated
as the ratio between the area of MWCNT/TiO, domains and the
total image area.

Photocatalytic Activity of MWCNT/TiO, Films. Photocataly-
sis experiments were performed by using 5 mg/L Procion Red
MX-50 dye (Sigma-Aldrich) in D.I. water as the model organic
contaminant. The glass slides on which MWCNT/TiO, films were
prepared were cut to make use of only the regions with
assembled films. For consistency, the same film areas were
used for each set of experiments. The slides were placed in a
plastic Petri dish containing dye solution (7 mL). The Petri dish
was covered with a quartz slide to minimize evaporation. A UV
lamp (UVP Inc.) was placed 6.7 cm above the Petri dish followed
by insulation of the setup from external light. Longwave UV (365
nm, 6 W) was used for all experiments. 500 uL of dye sample
was collected every 30 min for UV—vis analysis. For this
analysis, the absorbance at the peak (538 nm) was monitored
to determine the concentration change of the dye solution.
Single component TiO, films were formed by calcining MWCNT/
TiO, films at 600 °C for 1 h. The same procedure described
above was used to probe the photocatalytic activity of single
component TiO, films. X-ray diffraction (XRD) analysis was
performed using a Rigaku GeigerFlex D/Max-B powder diffrac-
tometer equipped with a Cu Ko source. The fate of AOT after
photocatalysis was probed by using FTIR spectroscopy. 30-
bilayer MWCNT/TiO; films from 100 mM AOT suspensions were
deposited on two CaF, FTIR windows (Thorlabs Inc.). Each
sample was placed in a plastic Petri dish containing D.I. water.
While the first film was kept in the dark for 5 h, the second was
irradiated with 365 nm UV for the same period. A Nicolet 8700
FTIR spectrometer (Thermo Scientific) was used for data
acquisition.

RESULTS AND DISCUSSION

Charging of MWCNT and TiO, in Toluene. Par-
ticles in nonpolar solvents tend to be colloidally unstable
when no electrostatic or steric repulsion exists between
them (31). To suspend multiwalled carbon nanotubes
(MWCNTSs) and TiO, nanoparticles by electrostatic repulsion
in a low permittivity solvent, toluene (¢ = 2.3), a charge
inducing agent, aerosol OT (AOT), was used. In nonpolar
solvents, it is believed that AOT molecules form reverse
micelles, a small fraction of which undergo spontaneous
disproportionation to from oppositely charged micelles
(32, 33). Although TiO, and MWCNTSs could not be dispersed
in pure toluene, TiO, became well dispersed throughout our
AOT concentration range (0.5—100 mM) and MWCNTs
became well-dispersed in solutions with AOT concentration
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FIGURE 1. Electrophoretic mobility of dispersed (a) TiO, and (b)
MWCNTs as a function of [AOT] present in toluene solution. Error
bars represent standard deviations of three measurements. TiO,
nanoparticles acquire a positive charge, whereas MWCNTs become
negatively charged in AOT/toluene.
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of 5 mM and greater (see Figure Sla,b in the Supporting
Information).

To observe the change in surface charge of TiO, and
MWCNTSs in toluene with varying concentrations of AOT
([AOT]), electrophoretic mobility measurements were taken
as shown in panels a and b in Figure 1, respectively. The
electrophoretic mobility of both TiO, and MWCNTSs is seen
to depend on [AOT]. Interestingly, TiO, particles acquired
positive charge, whereas MWCNTs became negatively
charged in AOT/toluene solutions. Our recent study also
showed that while a carbon-based material (carbon black)
became negatively charged, an oxide (alumina) became
positively charged in AOT/toluene solutions (34). Although
the exact mechanism of particle charging via AOT is not
clearly understood (33, 35), it has been proposed that the
different charging behavior of particles can be attributed to
the difference in their surface polarity (36) or to the differ-
ence in the relative acidity of the surfactant and functional
groups on the particle surface (37, 38). Panels a and b in
Figure 1 show that the magnitude of the electrophoretic
mobility of TiO, and MWCNTSs increases with [AOT] and
have maximum magnitude between 10—50 mM AOT. We
believe that, as the concentration of AOT increases beyond
a peak value, AOT counterions overcrowd and screen the
surface leading to a decrease in the surface charge (39). To

2648 IEDAPPLIED MATERIALS

XINTERFACES

VOL. 2 « NO. 9 ¢ 2646-2652 ¢ 2010

a 5BL 10BL 15BL 20BL 25BL 30BL

mmm

T T T T T T
b = 5mM
e 10mM
4 50 mM <
+ 100 mM
—_ < 200mM -
5 10f < 2l
& . a
o <
o [
5 S
38 o05f i . .
<< * A L
n
'l .
<
n
00 1 1 1 1 1 1
0 5 10 15 20 25 30 35

Number of bilayers

FIGURE 2. (a) Picture of MWCNT/TiO, films assembled on glass slides
with 50 mM AOT in MWCNT and TiO, solutions. The blue text on
glass slide represents the number of bilayers (e.g., 5BL = 5 bilayers).
(b) Absorbance (measured at 500 nm) of MWCNT/TiO, films on glass
slides as a function of the number of bilayers. Absorbance measure-
ments were taken for 5 mM H, 10 mM ¢, 50 mM A, 100 mM ¢, and
200 mM (left-facing triangle) MWCNT/TiO, films.

the best of our knowledge, this is the first report on stabiliz-
ing unoxidized CNTs in a nonpolar medium based on
electrostatic repulsion. This new approach will be useful for
processing CNTs for the generation of nanocomposites as
well as for studying the solution properties of electrostatically
stabilized CNTs (40, 41).

Layer-by-Layer (LbL) Deposition of Charged
MWCNT and TiO, in Toluene. LbL assembly of
MWCNTs and TiO, suspended in a wide range of AOT
concentration was performed on glass slides to generate
MWCNT/TiO, nanocomposite thin films. These nanocom-
posite films became darker with increasing number of
deposited bilayers as shown in Figure 2a. UV—vis absor-
bance measurements (Figure 2b) also show that the absor-
bance of the films increases with the number of bilayers. The
increase in absorbance as a function of deposited bilayers
is linear for each assembly condition, indicating that the
incorporation of MWCNTSs within the film is linear. Such
linear growth is often observed for LbL assembly of op-
positely charged materials in aqueous solutions (42). The
slope of the absorbance as a function of deposited bilayers
is also seen to vary with the concentration of AOT in solution.
This dependence indicates that changing the concentration
of AOT is a convenient method of controlling film growth
and composition during LbL assembly in nonpolar media, a
direct analogy to controlling the pH and/or ionic strength of
aqueous solutions (17).

The morphology of MWCNT/TiO, nanocomposite films
was investigated using scanning electron microscopy (Figure
3). These images reveal that the surface coverage of MWCNT/
TiO; films increases with the number of deposited bilayers.
For 5- and 10-bilayer films (Figure 3a,b), MWCNT and TiO,
particles are seen to cluster into isolated domains on the
surface. These isolated clusters of TiO, and MWCNTSs con-

Tettey et al. www.acsami.org



4 10 ym

% o >

<5

~ :

FIGURE 3. SEM images comparing the morphology of MWCNT/TiO, films for (a) 5, (b) 10, and (c, d) 30 bilayers. MWCNT/TiO, films were

generated using particles suspended in 50 mM AOT/toluene solutions.

tinue to grow laterally until, a contiguous film is formed as
seen in Figure 3c. Because the Debye length of charged
species in AOT/toluene solutions is very large due to the low
dielectric constant of the solution (43), the long-range elec-
trostatic repulsion between particles with the same charge
likely plays a significant role in the formation of particle
domains on the surface. Similar transitions in film morphol-
ogy have been observed for LbL assembly of oppositely
charged nanomaterials in aqueous media (17) as well as in
our recent study of LbL assembly of oppositely charged
carbon black and alumina in toluene (34).

Images c and d in Figure 3 illustrate the porous nature of
our MWCNT/TIO;, films. High film porosities are particularly
advantageous for catalysis applications. Previous studies
based on the LbL assembly of oppositely charged nanopar-
ticles have also shown that porous structures are useful for
controlling the wetting and optical properties of surfaces
(44, 45). A high magnification image of a 30-bilayer film
(Figure 3d) shows that MWCNTs are homogeneously dis-
persed in the film, maximizing the contact area between
MWCNTs and TiO,. Homogeneous dispersion of MWCNTSs
within the film is important for forming a continuous net-
work for electron transport and for preventing the recom-
bination of photogenerated electron—hole pairs.

Film Composition. UV—vis absorbance measure-
ments show that the absorbance of our nanocomposite films
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Table 1. Composition of MWCNT/TiO, Films
Assembled with Different [AOT]

[AOT] (mM) AOT (%) MWCNT (%) TiO, (%)
50 6.0 12.1 81.9
100 7.4 13.1 79.5
200 7.5 13.8 78.7

depends on [AOT], suggesting that the composition of the
films is changing. To confirm this observation, the mass
fractions of AOT, MWCNTSs, and TiO, in films assembled
from solutions with varying [AOT] were quantified by using
thermogravimetric analysis (TGA). The composition of films
obtained from TGA thermograms are summarized in Table
1. The results show that the [AOT] affects the composition
of films fabricated from different assembly conditions. The
increase in mass fraction of MWCNTs due to changing
assembly conditions, albeit small, suggests that the [AOT]
can be used to tune film composition.

Conductivity of MWCNT/TiO, Films. CNT/TiO,
nanocomposites have shown great promise for their applica-
tion in photocatalysis and photovoltaics. This is primarily
because the conjugated structure of CNTs enables them to
act as excellent carriers through which electrons can trans-
port efficiently. This property is especially attractive for
generating working electrodes for dye-sensitized solar cells
(DSSCs) because the continuous pathway for electron trans-
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200 mM AOT suspensions. (b) Conductivity of 30-bilayer MWCNT/

TiO, films as a function of [AOT]. Error bars indicate standard
deviations for 10 measurements.

port ensures an efficient collection of photogenerated elec-
trons produced by TiO, nanoparticles (7). In addition to this
application, conductive films could have useful roles for
applications such as capacitors and batteries (46, 47).

We studied the effect of MWCNTSs on the conductivity of
our nanocomposite films by taking sheet resistance mea-
surements as a function of the number of deposited bilayers
as shown in Figure 4. The observed decrease in sheet
resistance (Figure 4a) with increasing number of deposited
bilayers indicates that the MWCNT/TiO, films become more
conductive. We attribute this increase in conductivity to an
increase in MWCNTs in the films and, more importantly, to
the increased percolation of MWCNTs within the nanocom-
posite film as more bilayers are deposited. As the isolated
domains of TiO, and MWCNTs on the substrate begin to
merge, they form contiguous films as seen in morphological
transitions in Figure 3.

The results from thermogravimetric analysis (TGA) of the
MWCNT/TiO, composite films (Table 1) show that AOT is
incorporated within the nanocomposite films during LbL
assembly. It is likely that AOT forms thin layers on MWCNTs
and TiO,, which could influence the conductivity of the
nanocomposite thin film. Although AOT is an insulator, the
nanocomposite films are, nevertheless, conductive. Other
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FIGURE 5. Surface coverage of 20-bilayer MWCNT/TiO, films as a
function of concentration of AOT.

studies that generate LbL composite films containing CNTs
have shown that the films are conductive despite the pres-
ence of insulating organic materials (27). It also has been
reported that the conductivity in nanocomposites does not
necessarily require uninterrupted electrical contact between
MWCNTs, but rather needs sporadic ohmic connections
between MWCNTs (30). Electron transport from TiO, to
MWCNTSs could occur based on a similar mechanism. Inter-
estingly, our attempts to selectively remove AOT via thermal
treatment at 400 °C under inert conditions led to a negligible
change in the conductivity of MWCNT/TiO, nanocomposite
thin films.

The effect of assembly conditions (i.e., the concentration
of AOT) on the conductivity of MWCNT/TiO, films is il-
lustrated by conductivity values for 30-bilayer films as shown
in Figure 4b. Here, the conductivity of the LbL films increases
with the [AOT]. We believe the observed trend is a result of
an increase in MWCNT loading in the films as the [AOT] is
increased. This hypothesis is supported by the fact that as
the concentration of AOT is increased, UV—vis and TGA
measurements show a corresponding increase in MWCNTSs
within the film.

Figure 4b also shows that the conductivity of 30-bilayer
MWCNT/TiO; films lies in two distinct groups. The conduc-
tivity of 5, 10, and 50 mM samples are comparable, but
smaller than 100 and 200 mM samples. The higher conduc-
tivity of 100 and 200 mM films is ascribed to the dense
network of MWCNTSs within these films. SEM images of 20-
bilayer MWCNT/TiO, nanocomposite films assembled at
different AOT concentrations highlight the differences in film
morphology for a fixed number of bilayers. While films
assembled with 5, 10, and 50 mM AOT solutions are seen
to have nonuniform surface coverage (Figure S2a—c in the
Supporting Information), those generated in 100 and 200
mM AOT solutions form a homogeneous network of MWCNT/
TiO, nanocomposite (see Figure S2d,e in the Supporting
Information). The surface coverage of 20-bilayer films,
quantified as seen in Figure 5, confirms that the surface
coverage of films indeed lie in two distinct groups. 100 mM
and 200 mM samples are seen to have comparable surface
coverage, which are larger than the surface coverage of 5,
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10, and 50 mM samples. This result clearly indicates that
by changing the assembly condition, it is possible to control
the physical properties of MWCNT/TiO, nanocomposite thin
films.

Enhanced Photocatalytic Activity of MWCNT/
TiO, Films. As previously mentioned, the excellent elec-
tron accepting properties of CNTs could aid in suppressing
the recombination of photogenerated electron—hole pairs.
Furthermore, CNTs within nanocomposites increase the
specific area available for adsorption of pollutants (6). As a
result of these effects, CNT/TiO, nanocomposite structures
are expected to have enhanced photocatalytic activity com-
pared to single-component TiO, structures (6). We study the
enhancement effect of MWCNTs by comparing the photo-
catalytic activity of 30-bilayer TiO, thin films assembled from
50 mM AOT suspension with and without MWCNTSs. Single-
component TiO, thin films were prepared by removing
MWCNTs from the MWCNT/TiO, nanocomposite films
through high temperature calcination at 600 °C for 1 h. The
characterization of calcined films using UV—vis spectroscopy
and scanning electron microscopy showed that MWCNTs
were completely removed (see Figures S3 and S4 in the
Supporting Information). In addition, the calcination of TiO,
nanoparticles at 600 °C for 1 h showed little influence on
the crystal structure and size of TiO, nanoparticles (see
Figure S5 in the Supporting Information for X-ray diffraction
of TiO,). By removing MWCNTSs via calcination, we can
directly assess the effect of MWCNTs on the photocatalytic
activity of TiO, nanoparticle thin films (48).

The decomposition of a model contaminant (an organic
dye, Porcion Red) by MWCNT/TiO, nanocomposite thin
films under UV irradiation was monitored using UV—vis
spectroscopy. The photodegradation results shown in Figure
6 clearly show that the incorporation of unoxidized MWCNTs
enhances the photocatalytic activity of TiO, nanoparticle thin
films. The kinetic analysis of dye decomposition under UV
irradiation using a Langmuir—Hinshelwood model (49) in-
dicates that the incorporation of MWCNTs leads to an
approximately 2-fold increase in the pseudofirst order rate
constant. It is possible that the residual AOT could adversely
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Table 2. Rate Constants of Photocatalytic Reactions
Using 25-Bilayer MWCNT/TiO, Films Assembled with
Different [AOT]

[AOT] (MmM) k(™
5 0.42
50 0.52
100 0.53
200 0.58

influence the photocatalytic activity of as-assembled MWCNT/
TiO, films. Selective removal of AOT via thermal treatment
at 400 °C under Ny, however, led to a slight decrease in the
rate constant compared to as-assembled MWCNT/TIO; films.
This result could be due to a small loss of MWCNTs during
the thermal treatment. We note that residual AOT in MWCNT/
TiO, films undergoes degradation during photocatalysis as
evidenced by Fourier transform infrared spectroscopy (FTIR)
results (see Figure S6 in the Supporting Information).

The effect of assembly conditions on the photocatalytic
activity of MWCNT/TiO, nanocomposite thin films was also
investigated. The photocatalytic rate constants for 25-bilayer
MWCNT/TiO, nanocomposite thin films fabricated at differ-
ent assembly conditions are summarized in Table 2. The
results show that, in general, the photocatalytic activity of
the nanocomposite films increases with [AOT], which indi-
cates that a positive correlation exists between the composi-
tion, conductivity and photocatalytic activity of these nano-
composite thin films. Our results again illustrate that the
properties of MWCNT/TiO, nanocomposite thin films as-
sembled in nonpolar media can be tuned by varying the
assembly condition (i.e., the concentration of AOT).

CONCLUSION AND OUTLOOK
In conclusion, we have demonstrated that conductive and

photocatalytic MWCNT/TiO, nanocomposite thin films can
be created by using LbL assembly in a nonpolar solvent. LbL
assembly in toluene was achieved in a novel way by using a
charge-inducing agent, AOT, to impart a negative surface
charge on MWCNTs and a positive surface charge on TiO,.
Although our experimental results suggest that electrostatic
interactions could play a key role in the adsorption of
MWCNTs and TiO, during LbL, the relative significance of
electrostatic interactions compared to other attractive forces
such as van der Waals and depletion interactions (50) has
not been established yet; this aspect warrants further study
(51).

One advantage of our new approach in the generation of
MWCNT/TiO, nanocomposites is that oxidation of MWCNTSs is
not necessary, thus preserving the efficacy of MWCNTSs as an
electron transporter. The incorporation of MWCNTSs in these
thin films significantly enhanced the photocatalytic activity of
TiO, while the physicochemical properties of MWCNT/TiO,
could also be varied by controlling the assembly condition. In
addition to decontamination of water, MWCNT/TiO, nanocom-
posite thin films have great potential for the photolysis of water
for hydrogen generation (52). Work is presently underway to
fabricate dye-sensitized solar cells (8) using our LbL approach
in nonpolar solvents.
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