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ABSTRACT The integration of organic and inorganic building blocks into novel nanohybrids is an important

tool to exploit innovative materials with desirable functionalities. For this purpose, carbon nanotube—

nanoparticle nanoarchitectures are intensively studied. We report here an efficient noncovalent chemical route

to density-controllably and uniformly assemble single-walled carbon nanotubes with CdS nanoparticles. The

methodology not only promises the resulting hybrids will be solution-processable but also endows the hybrids

with distinct optoelectronic properties including tunable photoresponse mediated by amine molecules. On the

basis of these merits, reliable thin-film photoswitches and light-driven chemical sensors are demonstrated, which

highlights the potential of tailored hybrids in the development of new tunable optoelectronic devices and sensors.
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arbon nanotubes (CNTs) and espe-

cially single-walled carbon nano-

tubes (SWNTs) are promising build-
ing blocks for potential applications in
many fields such as nanoelectronic and op-
toelectronic devices due to their unique
structure-dependent physical, chemical,
and mechanical properties.’? To extend
and optimize applications of the CNTs in
these fields, it is highly desirable to incorpo-
rate different functional molecules and to
create new hybrid architectures.>~° Among
these, functionalization of CNTs with a vari-
ety of inorganic nanoparticles or quantum
dots has been demonstrated to have the
potential to provide unique properties lead-
ing to advanced catalytic systems, highly ef-
ficient fuel cells, and very sensitive photo/
chemical sensors.''* One can also
envision new approaches to managing
charge, energy on the molecular or nano-
scale, for example, by chemical tailoring of
these nanoparticle—nanotube hybrid
interfaces.

Recently, versatile tunable photosens-

ing systems were developed based on the
CNT hybrid materials. For instance, Griiner
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et al.> modified a SWNT with pyrenecyclo-
dextrin and demonstrated tunable photo-
sensors for sensing a luminescent ruthe-
nium complex. Guo et al."®* combined
titanium dioxide quantum dots with car-
bon nanotubes to make mirror photo-
switches that function in opposite ways
when the negative or positive gate fields
are applied. These studies utilize the high
specific surface areas and inherent ultrasen-
sitivity of SWNTs to the environment and
are the basis for new types of optoelec-
tronic devices and sensors. While using an
individual tube as a functional element thus
yields devices that have properties differ-
ent from tube to tube, macroscale thin-film
ensembles of CNT'> and CNT-based hybrid
composites are becoming the subject of in-
creasing interest in exploiting large-area,
low-cost, and flexible electronic and opto-
electronic devices.

In order to efficiently synthesize the
CNT-based nanohybrids with different
nanoparticles, it is necessary to activate the
graphitic surface of the nanotubes that tend
to be chemically inert'® and introduce ac-
tive binding sites for anchoring either the
nanoparticles’ precursors or the as-
synthesized nanoparticles. Up to now, be-
sides complex physical deposition, different
scalable chemical strategies have been de-
vised as reported elsewhere,’”” ~?? including
chemical oxidation at defect sites of CNTs,
polymer wrapping of CNTs, and noncova-
lent modification of CNTs with pyrene de-
rivatives by m stacking. Most efforts, yet,
were separately devoted to either control
of nanoparticle loading density or disper-
sity on the nanotubes or solution process-
ability of the hybrids for scalable thin-film
application. Herein, we present a simple
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noncovalent chemical approach (Figure 1) for density-
controllably and uniformly assembling the SWNTs with
semiconductor nanoparticles (CdS nanoparticles, as a
model, in this work), as well as efficiently solubilizing
the resulting hybrid materials (CdS—SWNT). Most im-
portantly, the assembly methodology endows tailored
hybrids with extraordinary optoelectronic characteris-
tics including tunable photoresponse mediated by
amine molecules.

RESULTS AND DISCUSSION

Efficient assembly of the CdS nanoparticles onto
the SWNTs can be indicated in a set of typical TEM im-
ages (Figure 2). The hybrid morphology is significantly
different from that of the SWNTs with a clean surface
(Figure 2a). As exhibited in Figure 2b,c, the elongated
(8 nm, average longitudinal size) nanoparticles with
spatially isolated features uniformly decorate the sur-
faces of individual SWNT and/or small SWNT bundles.
Furthermore, these elongated CdS nanoparticles are
mostly aligned on the nanotubes, though exceptions
are also observed. The corresponding selected area
electron diffraction (SAED) pattern (inset of Figure 2¢)
taken from the hybrids validates the presence of cubic
CdS of the zinc blende structure.?® As a control experi-
ment, we employed the pristine SWNTs as a support. As
shown in Figure S1 in Supporting Information, large ag-
gregates of CdS nanoparticles are randomly dispersed
among the nanotubes, which implies oleylamine mol-
ecules introduced by noncovalent interaction?® play an
important role in uniformly anchoring the CdS nanopar-
ticles onto the nanotubes. Without oleylamine func-
tionalization, the CdS nanoparticles cannot be attached
onto the pristine SWNTs due to the absence of active in-
teracting points and intrinsic inertness of the nano-
tube surface. In contrast, as reported earlier for a simi-
lar system,** the introduced amine groups in the
f-SWNTSs can be employed as active binding points for
anchoring the CdS nanoparticles, thus resulting in the
uniform attachment of CdS nanoparticles. As for the
nanoparticle alignment, similar assembly behavior has
been reported for the Au nanorod—CNT system.?® In
that case, Au nanorods with different aspect ratios were
well-aligned on the nanotubes due to the intrinsic
properties of the Au nanorods themselves. In contrast
to that, in our case, we assume the organized amine
functionalities along the nanotubes play another role:
a directing effect on the alignment of CdS nanoparti-
cles, although the detailed mechanism is still not clear.
After anchoring the nanoparticles, it is possible that the
rearrangement of the anchored nanoparticles occurs
relative to the orientation of the f-SWNTs. The scenario
of alignment of the nanoparticles with the nanotubes
favors the presence of more interacting points, thus in-
ducing stronger interaction between amine functional-
ities and the CdS, as well as the formation of the stable
hybrid architecture during the sonication process. It
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Figure 1. lllustration of noncovalent assembly of the CdS—SWNT hy-
brids with controllable nanoparticle density and dispersity.

should be noted that, in this article, we mostly focus
on the hybrids with 85.7 wt % content of CdS nanopar-
ticles (unless otherwise stated). By simply adjusting the
ratio of oleylamine-functionalized SWNTs (f-SWNTs) and
CdS nanoparticles, furthermore, different loading densi-
ties of the nanoparticles on the nanotubes can be con-
trollably obtained (Figure 2d—f and also see Supporting
Information Figure S2). As content of the nanoparticles
increases, more CdS nanoparticles are attached onto
the f-SWNTs and no free CdS aggregates can be found
within the monitored TEM area even if the content of
the nanoparticles increases up to 90.9 wt %. These re-
sults indicate effectiveness of this controllable assem-
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Figure 2. Characterization of the CdS—SWNT hybrids with
controlled density and dispersity. TEM images of (a) the
SWNTSs and (b,c) the CdS—SWNT hybrids with 85.7 wt %
CdS nanoparticle content. Inset in (c): corresponding SAED

pattern. (d—f) TEM images of different composition hybrids

containing 50, 83.3, and 90.9 wt % CdS nanoparticle content,

respectively.
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Figure 3. Solution properties of the CdS—SWNT hybrids. (a) Raman spectra of the SWNTs before and after assembling with

CdS nanoparticles. Inset shows enlarged view of corresponding RBM region. The spectra were vertically offset for clarity. (b)
Photos of (from left to right) the SWNTs in toluene, the f-SWNTs in toluene, and CdS—SWNT hybrids in toluene and THF af-
ter 2 days, showing good solubility of the hybrids in these solvents. (c) UV—vis absorption spectra of the hybrids dissolved in
chloroform at room temperature and with concentrations of 10 to 100 pg/mL marked by an arrow. Inset: an absorption spec-
trum for the SWNTSs. (d) Absorption intensities at wavelengths of 475 and 600 nm as a function of the solution concentrations.

bly route for constructing tailored nanoparticle—
nanotube hybrids.

Raman spectra for the SWNTs and the hybrids are
exhibited in Figure 3a. Both spectra show an intense
peak at ca. 1588 cm™' (G mode), a small disordered-
induced peak at ca. 1337 cm™' (D mode), and character-
istic peaks of the SWNTs in the radial breathing mode
(RBM) spectral region (230—340 cm™"). Compared with
that for the SWNTSs, the relative intensity of the D peak
to G peak for the hybrids has no noticeable change,
which suggests the presented route described here is
a desirable nondestructive approach for hybridizing the
SWNTSs while preserving their electronic structures. A
covalent attachment would lead to a drastic increase
of D peak intensities.?® Furthermore, two discernible
peaks marked with asterisks are also observed at ca. 300
and 600 cm ™! for the hybrids (inset of Figure 3a), which
are respectively attributed to the longitudinal optical
phonon mode (1-LO) and its overtone (2-LO) of the CdS
nanoparticles®” assembled onto the nanotubes. Lower
intensity ratio of 2-LO to 1-LO as a result of weak
electron—phonon interaction at this particle size fur-
ther verifies that assembled CdS nanoparticles are of a
cubic structure. While the pristine SWNTs cannot be dis-
persed in toluene after sonication, the f-SWNTs are
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able to be well-dispersed after the same sonication pro-
cess. Yet competitive van der Waals interaction be-
tween nanotubes makes dispersed f-SWNTs unstable.
After assembling the nanoparticles, the hybrids can be
well-solubilized in common organic solvents such as
toluene, tetrahydrofuran (THF), and chloroform, as dis-
played in Figure 3b. It is possible that the assembled
CdS nanoparticles spatially prevent functionalized/dis-
persed nanotubes from aggregating again and play im-
portant roles in solubilizing the hybrids. Moreover, the
annealed hybrids (without oleylamine molecules) are
not soluble in common organic solvents. These results
indicate that the enhanced stability of the hybrids in
common organic solvents should be attributed to the
combined effects of both spatial blocking function of
the nanoparticles and dispersing ability of the oley-
lamine molecule itself. Furthermore, chloroform solu-
tions of the hybrids were prepared in different concen-
trations, and their UV—vis absorption spectra were
investigated (Figure 3c). While their absorption spectra
are similar to that for SWNTs grown by other chemical
vapor deposition (CVD) process®® and different from
that for HiPco SWNTs,?® an additional broad peak at ca.
475 nm could be assigned to characteristic optical tran-
sition of the attached CdS nanoparticles with an aver-
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Figure 4. Photoresponses of the hybrid film-based devices. (a) Reversible change of /I—V curves of the hybrid film bridging
two Ag electrodes upon exposure to white illumination. Upper inset: a typical SEM image of the hybrid film integrated into

a SiO, substrate. Lower inset: schematic of the hybrid-based

thin-film photosensing device. (b) Reproducible current change

with time in responding to illumination of hybrid films transferred onto a PET substrate. The curves were measured when
the PET film was in a planar (blue curve) or bent (orange curve) state. (c) Model showing light-driven chemical-sensing pro-

cess where analyte (e.g., oleylamine in this work) was added

to or removed from the system. Note: e~ and h* represent elec-

tron and hole, respectively; hv is the energy of absorbed photon. (d) Current change with time upon exposure to chopped il-
lumination of the hybrids when amine molecules were added (black), removed (blue), and added again (red). (b,d) Bias

voltage was applied at 1 and 2 V, respectively.

age size of ~8 nm,?® which fits well with the above
TEM data. Most notably, the absorption spectra are de-
pendent on the solution concentrations in a linear fash-
ion (Figure 3d), resembling that resulting from
Lambert—Beer law, which further implies the hybrids
are able to be well-dissolved. The soluble character of
the hybrids in a variety of common solvents enables the
possibility to easily process (e.g., vacuum filtration for
this work) these nanotube-based hybrids into macro-
scale thin films as demonstrated later. Further, photolu-
minescence spectra (not shown) of the hybrids indi-
cate that the emission of the CdS nanoparticles is totally
quenched when they are assembled onto the nano-
tubes, which is consistent with that reported by Kamat
et al.*® suggesting the occurrence of electron transfer
from CdS quantum dots (donor) to nanotubes (accep-
tor) in our hybrids upon exposure to light.

To further exploit optoelectronic properties of our
hybrid system, semitransparent hybrid thin films (with
different thickness of 0.1—1 pwm) were made by vacuum
filtration techniques using either mixed cellulose ester
or alumina filter membranes, conformally transferred
onto different substrates, and integrated into desirable
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optoelectronic devices (lower inset of Figure 4a). Up-
per inset of Figure 4a shows a SEM image of the hy-
brid film integrated onto a SiO, substrate, where the
morphology of the hybrid film is reasonably uniform.
We investigated photoresponse of prepared hybrid film
within a standard two-terminal device structure. Typi-
cal current—voltage (/—V) curves with and without light
illumination (20 s, 100 mW/cm?) are shown in Figure
4a. Both curves are of a linear feature, which should be
attributed to ohmic contact between the hybrid film
and metal electrodes (Al). Notably, the current increases
by over 40% when light is turned on and decreases
when light is turned off. It is also found that this cur-
rent increase under illumination occurs for all hybrid
films with different thickness, and they exhibit repeat-
able switching characteristics for many cycles. We also
transferred the hybrid films onto flexible poly(ethylene
terephthalate) (PET) membrane substrates and inte-
grated them into similar sensing devices. A time pro-
file of the current under chopped illumination at a bias
voltage of 1V is shown in Figure 4b. The current repro-
ducibly responds to the turning on and off of illumina-
tion in the planar geometry, which shows that the
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above-observed current change is independent of the
nature of supporting substrates. After photoresponse
properties of the hybrid film were tested in planar ge-
ometry, the PET substrate was bent outward into a half
circle with a diameter of 0.5 cm, and the device was
tested in the bending state. The highly reproducible on/
off switching properties are again achieved, and no sig-
nificant change under the same illumination level is ob-
served in both states. Without regard to absolute
current values, in fact, the changing values of the cur-
rent are even increased a little bit in the bending state.
Moreover, the reproducible photoswitching processes
are repeatable for many bending cycles. These results
imply that tailored hybrid materials are also potential
building blocks for flexible optoelectronic sensors and
devices.

Surprisingly, these phenomena of current increase
upon illumination are remarkably distinct from those re-
ported before for similar systems (e.g., CdSe—SWNT
composites).?'32 To clarify the photosensing behavior,
comparative experiments were performed based on the
SWNTs and the f-SWNTs under the same experimental
conditions. We observe no discernable change in the
conductivity for these two types of samples (see Sup-
porting Information Figure S3). We also fabricated hy-
brid thin-film devices with their contact junctions cov-
ered by an opaque insulating layer (epoxy). These
contact-junction-protected devices exhibit the same
photoswitching effect as that shown in Figure 4a,b (see
Supporting Information Figure S4). As a result, these
control experiments suggest that the assembled CdS
nanoparticles in the hybrids are mainly responsible for
the current increase. Generally, the SWNTSs are hole-
transport material; electron transfer from the quantum
dots to the nanotubes under illumination results in
electron—hole recombination within the nanotubes
and thus a reduction of carrier concentration and also
a decrease of the current (right panel of Figure 4c). Ac-
cording to previous reports,>® amine functionalities are
capable of n-doping the nanotubes and responsible for
n-type SWNT field-effect transistors. In contrast to the
SWNTSs, therefore, it is very likely that the introduced
oleylamine molecules induce opening of the SWNT
n-channel, hence making the electron a major carrier
in our hybrid system. During illumination, excitons are
generated in the CdS nanoparticles. While the holes
would remain in the CdS nanoparticles and be mostly
withdrawn via reactions with the environment, the pro-
cess of electron transfer from the CdS nanoparticles to
the f-SWNTSs causes enhanced n-type conducting prop-
erties of the nanotubes and thus an increase of the hy-
brid conductivity (left panel of Figure 4c). Besides the
enhanced n-type conducting properties under illumina-
tion, the observed behavior can also be partly attrib-
uted to a gate effect. Following the electron transfer
process, the remaining positive charges in the CdS
nanoparticles could also have an electrostatic influ-
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ence on the nanotubes. Positive charges can drive the
n-type nanotubes into the on-state, and the current
flow is further increased. While the enhanced n-type
conducting properties can pave a way for design and
optimization of SWNT-based hybrid optoelectronic de-
vices, these findings also imply a strong electronic cou-
pling between the SWNTs and the CdS nanoparticles,
as is expected from photoluminescence quenching
phenomena in our hybrid system.

The above-proposed mechanism substantially forms
the basis of new light-driven chemical sensors (e.g., for
sensing amine molecules), as illustrated in Figure 4c. By
adding amine molecules, the current increase under il-
lumination can be observed due to the enhanced
n-type conducting properties and the gate effect; after
removing amine molecules, the major carrier in the
nanotubes is the hole due to environmental doping
(mostly by oxygen), and subsequent charge transfer un-
der illumination induces electron—hole recombina-
tion, thus resulting in current decrease. The possibility
and reversibility of the conceived chemical sensors are
pioneeringly demonstrated in Figure 4d. While the cur-
rent of assembled hybrids with oleylamine (black curve)
reproducibly increases upon repeatedly chopped illu-
mination, the annealed hybrid films without oleylamine
(blue curve) show a current decrease under illumina-
tion in a manner similar to those reported
previously.'? The variance in resistances (30 and 13.5
kQ), respectively) for assembled and annealed samples
under without illumination may be related to scattering
potentials induced by oleylamine and mostly attrib-
uted to modification of tube—tube contacts by oleyl-
amine molecules in the former. After dipping the an-
nealed devices into the ethanol solution of 0.5 %o (v/v)
oleylamine, the photosensing behavior can be revers-
ibly recovered to the original state. That is, the current
again increases with turning on the illumination (red
curve). Thus, our devices hold two distinct and revers-
ible photosensing behaviors for adding and removing
analyte—relative increase and decease of the hybrid
conductivity under illumination, respectively. Although
the sensitivity and selectivity of these sensors need to
be further addressed, it is remarkable that tuning the
optoelectronic properties can be realized by chemical
tailoring of the hybrid interfaces.

CONCLUSION

In conclusion, a simple and efficient noncovalent
chemical approach is developed for elaborately hybrid-
izing the nanotubes with the nanoparticles. The meth-
odology not only enables density and dispersity-
controllable assembly of the CdS nanoparticles onto
the SWNT surfaces but also makes hybrid materials
solution-processable. The assembly method can be eas-
ily adapted to controllably produce various
nanoparticle—nanotube hybrid materials. Further-
more, on the basis of extraordinary n-type enhanced
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conducting characteristics of the resulting hybrids un-
der illumination, reliable thin-film photoswitches are
obtained on both rigid and flexible substrates. The pos-
sibility of light-driven chemical sensors incorporating
the hybrids is also demonstrated, which might repre-
sent a novel prototype of futuristic sensing mechanism
in a complex environment. These results also highlight
the importance of interface chemical engineering in un-
derstanding and manipulation of the charge transfer
process between the nanoparticles and the nanotubes.

MATERIALS AND METHODS

The SWNTs grown by CVD were provided by Prof. Kaili Jiang
at Tsinghua University, China. CdS nanoparticles were synthe-
sized using a procedure similar to that reported previously.>*

Preparation of the (dS—SWNT Hybrids. The hybrids were prepared
via a simple and efficient noncovalent functionalization route.
Briefly, a certain quantity of the SWNTs was mildly sonicated in
10 mL of toluene solution containing 0.1% (v/v) oleylamine
(Fluka) for 1 h under a nitrogen atmosphere. Then, this mixture
was stirred overnight. Subsequently, the oleylamine-
functionalized SWNTs (f-SWNTs) were isolated from the solution
by centrifugation and washed with ethanol. As-prepared
f-SWNTs with a desirable content as text indicated were again
dispersed in 10 mL of toluene. Then, the THF solution (20 pL) of
CdS nanoparticles with a certain concentration was added to the
above suspension. The mixture was mildly sonicated at room
temperature for 1.5 h. The resulting hybrids (CdS—SWNT) were
precipitated by introducing a small quantity of methanol. The
hybrids prepared are highly soluble in common organic solvents.

Fabrication and Measurements of Photosensing Devices. A series of
thin films of the hybrids were obtained using vacuum filtration
techniques similar to those demonstrated elsewhere®*3¢ and
then transferred to desirable substrates followed by removal of
filtration membrane using proper solvents. Here, the film dimen-
sion is dependent on the solution volume and is limited to the di-
ameter of the filtration paper. Then, silver (Ag) paint contacts
are made on the cut films with dimensions of 1 X 1 or 0.5 X 0.5
cm?, and dc transport between electrodes of the devices was car-
ried out using a standard two-probe technique and was moni-
tored by Keithley 4200 with or without white illumination (inten-
sity = 100 mW/cm?). All measurements were carried out in air
at room temperature.

Characterizaiton. Samples were characterized by a LEO 912
Omega (Zeiss) transmission electron microscope (TEM) at an ac-
celerating voltage of 100 kV and a Hitachi S-800 field emission
scanning electron microscope (SEM). Raman spectra were re-
corded using an ALMEGA laser Raman system (Thermo Nicolet)
with an excitation wavelength of 532 nm. UV —vis absorption
spectra were obtained using a computer-controlled Simadzu UV-
2401PC spectrophotometer.
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