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Efficient Generation of Photocurrents by Using
CdS/Carbon Nanotube Assemblies on
Electrodes™*

Laila Sheeney-Haj-Ichia, Bernhard Basnar, and
Itamar Willner*

The organization of functional semiconductor nanoparticles
(NPs) on surfaces, and specifically electrodes, attracts sub-
stantial research efforts.!! Semiconductor NP architectures on
surfaces have been used to assemble photoelectrochemical
cells,”¥ to tailor light-emitting diodes,™ to fabricate electro-
chromic devices,”! and to organize sensor systems.*” The
photochemical excitation of semiconductor NPs to form an
electron-hole pair is the primary event for the photocurrent
generation. However, the transfer of conduction-band elec-
trons to the electrode (or the supply of electrons from the
electrode to the valence-band holes)—the processes that lead
to the photocurrents—are hampered by the competing
electron-hole recombination process, which degrades the
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photogenerated species and prohibits the generation of the
photocurrent. To enhance the photocurrent, the retardation
of the recombination of the electron—hole species is essential.
Different approaches to maximize charge separation in
semiconductor NP architectures have been suggested. These
include the use of molecular electron-relay semiconductor NP
structures, in which the electron—hole is spatially separated by
trapping the electrons in the relay units.®”! Conductive
polymer films, which contact CdS nanoparticles with electro-
des, act as efficient electron-transport matrices that retard the
recombination reactions.'”) Hybrid composite semiconductor
nanoclusters!'!! or hybrid metal/semiconductor NP systems!'?
were used for the enhanced generation of photocurrent.
There the coupling of the two semiconductors CdS and SnO,
resulted in improved photoelectrochemical properties of the
hybrid material which were attributed to improved charge
separation. The transfer of the CdS conduction-band elec-
trons to the SnO, conduction band resulted in the separation
of the electron-hole pair onto two different semiconductor
particles. Similarly, the enhanced photocurrents™? and photo-
catalytic properties!® of metal/semiconductor composite
nanostructures were attributed to the spatial separation of
the electron-hole pair in the two nanoparticles.

Carbon nanotubes are an attractive material for applica-
tion in electronic or sensor devices.' Carbon nanotubes
(CNTs) are formed by the folding of graphite sheets, and the
formation of conductive or semiconductive CNTs depends on
the folding angle of the graphite sheets."”! Conductive CNTs
usually reveal high values of conductivity.'¥! Different
electronic applications of CNTs have been reported in
recent years which include the organization of memory
devices!'! or transistors."® Also, CNTs have been used as
active sensing elements!"™! and as building blocks of biosen-
sors.”” Numerous methods to functionalize the edges or ends
of CNTs with chemical groups that enable the binding of the
CNTs to other units or surfaces have been developed.*"*!
The organization of assemblies of CNT and semiconductor
NP on electrodes might provide a new structure for improved
photoelectrochemistry. To our knowledge, only one study has
been reported on the assembly of a CNT/ZnO NP hybrid
system,® but no function or photoelectrochemical properties
of the system were addressed. Here we report the assembly of
CdS NP/CNT hybrid systems on electrode surfaces. The
system reveals efficient photoelectrochemical functions.

Fullerenes were previously employed as a carbon-based
nanomaterial for photoelectrochemical applications.” The
Cq nanostructure exhibits electron-acceptor properties. Its
reversible redox activity was studied in detail,**! and different
photoelectrochemical studies have used Cg, as an electron
acceptor for mediated electron transport and the generation
of photocurrents. For example, photoexcited polyphenylene-
vinylene polymers were used as electron donors for Cg), and
the resulting composites resulted in the effective formation of
photocurrents.® In stark contrast to Cg, CNTs do not display
reversible electrochemistry and do not exhibit electron-
acceptor features. The documented high conductivity of
CNTs (1.0 x 10°-3.0 x 10° Sm~)!'! renders them conductive
nanowires rather than charge traps. Thus, the enhanced
photocurrents in the present system originate from improved
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electron transport through the conductive wires in contrast to
the mediated electron transfer in the Cg, systems.

Scheme 1 depicts the method to assemble the CdS/CNT
monolayer on a Au electrode. The CNTs were purified and
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Scheme 1. The assembly of the CdS NP/CNT system on a Au elec-
trode, and the photoinduced charge transport in the system. TEOA=
triethanolamine, ht =hole.

“cut” by using a mixture of concentrated sulfuric and nitric
acids (3:1, 98 % and 70 %, respectively) to yield CNTs with an
average length of ~10-100 nm as determined by TEM
experiments. This procedure introduces carboxylic acid
functionalities at the ends of the CNTs as well as some
carboxylic acid units at the CNT sidewalls. The Au electrode
was functionalized with a primary monolayer of cysteamine to
which the CNTs were then coupled. The CdS NPs (5 nm,
protected a capping monolayer of cysteamine and 2-thio-
ethanesulfonic acid) were then coupled to the ends of the
CNTs.

Microgravimetric quartz crystal microbalance (QCM)
analyses allowed the surface coverage of the components to
be characterized. The modification of the surface with the
CNTs is controlled by the duration of the coupling process.
Figure 1 shows the frequency changes (Af) that occurred upon
modification of the cysteamine monolayer-functionalized Au
surface with the CNTs that were cut for a period of 4 h in acid
solution. After ~4h of coupling, the frequency change
reaches a constant value that translates to a weight coverage
of x~3.14x107° gem™ (Af= —575 Hz). The CNT-functional-
ized surface was then modified with the CdS NPs. The
absorbance spectrum of the CdS NPs revealed a shoulder at
~400 nm which is consistent with the size of the NPs. The
CdS NPs were then coupled to the CNTs associated with the
electrode in the presence of 1-ethyl-3-(3-dimethyaminopro-
pyl)carbodiimide (EDC). The microgravimetric analysis of
the coupling of the CdS NPs to the CNTs assembled on a Au/
quartz crystal (2 h of coupling) indicated a frequency change
of —270 Hz that corresponds to a surface coverage of ~4.7 x

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chemie

79


http://www.angewandte.org

Communications

8o

100 1
Qe

T -100 t
-200 t

Af/ Hz
-300 *

-400 T

-500

. . . ®
0 5 10 15 20
t/h —

-600

Figure 1. Time-dependent frequency changes (Af) of a cysteamine-
functionalized Au/quartz crystal upon the coupling of CNTs that had
undergone oxidative digestion for 4 h. The coupling was performed
with dicyclohexylcarbodiimide (0.01 M) in DMF in the presence of the
CNT (5 mgmL™). Frequencies were recorded in air.

10" particlescm ™2 Further evidence for the coupling of the
CdS NPs to the surface was obtained from X-ray photo-
electron spectroscopic (XPS) measurements. After the mod-
ification of the CNT interface with the CdS NPs for 2 h, the
electrons characteristic of Cd(3d), C(1s), and Au(4f) at 404,
283.8, and 82.65 eV, respectively, were observed in a ratio of
4.1:48.9:21.0%. After 4 h of modification, the coverage of the
CdS NPs increased as seen by the ratio of the intensities
4.3:50.1:15.9% for the Cd(3d), C(1s), and Au(4f) electrons,
respectively.

The assembly of the CdS NPs and CNTs on the surface
was also characterized by AFM. Figure 2 a shows the image of
the CNTs that were covalently linked to a Au surface during a
modification time of 10 minutes (CNTs generated by acidic
digestion for 4 h were used in this experiment). Vertically
aligned (standing) CNTs are observed with a maximum
height of ~20nm. By allowing longer durations for the
modification step, high-density coverage of the surface by the
CNTs was observed. Figure 2b shows the AFM image of the
surface after the covalent attachment of the CdS NPs. Higher
objects (=~25nm) are observed which suggests that the
semiconductor NPs are linked to the ends of the CNTs (it is
impossible to exclude the binding of the CdS NPs to the
sidewalls of the CNTSs). Figure 2 c shows the AFM image of a
surface modified with CdS NPs which was obtained after
coupling to the CNT-modified Au surface during 4 h. From
the surface area of the electrode and the size of the CdS NPs, a
random and densely packed monolayer of NPs was observed
with a surface coverage of ~4.5x 10" particlescm™2 The
microgravimetric analyses of the surface revealed a surface
coverage of =24.7x 10" particlescm ™2 This value, taken
together with the AFM image, suggests that a densely
packed monolayer of the semiconductor NPs is associated
with the electrode. The AFM images of the CNTs that were
linked to the surface during short modification periods
(Figure 2a and b) show heights of 10 to 30 nm, whereas the
TEM image reveals a substantially higher dispersity of 10 to
100 nm. This may originate from the relatively low concen-
tration of longer CNTs in the mixture and the lower reactivity
of the longer CNTs in the coupling process. In fact, similar
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Figure 2. AFM images of the cysteamine-functionalized Au surface
upon a) the coupling of CNTs (reaction time: 10 min; oxidative diges-
tion: 4 h), b) after the subsequent coupling of the modified CdS NPs
(reaction time:2 h), and c) after the coupling of the CNTs (oxidative
digestion: 4 h) to the surface (reaction time: 4 h) and the subsequent
binding of the CdS NPs (reaction time: 2 h).

AFM results were previously reported for CNT-modified
surfaces that employed CNT prepared by an analogous
procedure to the present study.”!!

The photoelectrochemical properties of the CdS NP/CNT-
functionalized electrodes, which were generated from CNTs
that were digested in the acidic solution for 4h, were
examined. The photocurrent generated by the functionalized
electrode in the presence of triethanolamine as a sacrificial
electron donor was examined in an electrolytic aqueous
phosphate buffer solution (0.1Mm, pH 10). The resulting photo-
current action spectrum is depicted in Figure 3, curve (a). The
photocurrent spectrum follows the profile of the absorption
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bridged CdS NP-functionalized electrodes. Unfortunately, we

30 were unable to determine the lengths of the CNTs obtained

25 upon the acidic digestion process owing to a broad dispersity.
Thus, we assume that prolongation of the digestion time leads

T 20 to a decrease in the length of the CNTs (without actual
quantification of the length of the bridging units). Figure 3

HUA 45 450 500 shows the photocurrents generated by the CdS NP/CNT-
Alnm —> functionalized electrodes, which consist of CNTs that were

1.0 acid-digested for different lengths of time, as bridging units.

The photocurrent action spectra follow the profile of the

03 absorbance spectrum of the CdS NPs (see Figure 3, Inset)

0.0 ‘ . which implies that the photocurrent originates from the

350 400 450 500 excitation of the semiconductor NPs. The photocurrents

Alnm —— obtained reveal that the photocurrent is enhanced as the

Figure 3. Photocurrent action spectra observed with Au electrodes digestion time of the CNTs is increased (shorter linking

modified with CdS NP/CNT systems, in which the CNTs were allowed
to undergo oxidative digestion during a) 4 h, b) 6 h, c) 8 h, or d) 10 h.
In all of the experiments, the resulting CNT interfaces were treated

CNTs). Table 1 summarizes the surface coverage, the photo-
current intensities at 4 =390 nm, and the photon-to-electron
quantum efficiencies of the CdS NPs in the systems with the

with the CdS NPs during 2 h. Photocurrent spectra were recorded in
phosphate buffer solution (0.1 m, pH 10) that contained triethanola-
mine (0.02m). Inset: Absorbance spectrum of the CdS nanoparticles
(5 nm) capped with cysteamine/2-thioethanesulfonic acid (1:10).

different CNTs. The quantum efficiencies increase as the
digestion time increases (shorter CNTs), and for CNTs
digested for 4, 6, 8, and 10 h, the quantum yields correspond

spectrum of the CdS NPs which indicates
that it originates from the excitation of the

Table 1: Microgravimetric quartz-crystal-microbalance analyses of the CdS/CNT systems assembled on
Au/quartz crystals and the respective surface coverage values.

semiconductor NPs. No photocurrent is  gygiemi Af[Hz] SWCNT Am[gem™Y Af[Hz] CdS NP Particles [cm?]
generated in the absence of triethanola- . =
mine. In a control experiment, no photo- > =7 314107 —270 4.66x10

' b d p . ’d . P f b —520 2.83x10°¢ -310 5.34x10"
current was observed upon irra iationof a  _ _450 2.45% 10 _238 412x107
CNT-functionalized electrode that lacked 4 320 1.74%10 287 4.96%10"
the CdS NPs in the presence of triethanol-  CdS monolayer® —294 5.07x10"

amine. This result indicates that the photo-

> [a] The different systems comprise CNTs that were subjected to oxidative digestions during a) 4 h,
current originates from the CdS NPs and

b) 6 h, c) 8 h, or d) 10 h. [b] The surface loading of a CdS NP system directly coupled to the electrode is

that the CNTs are not photoactive in the
process. The generated photocurrent is,
however, impressively high, I(d3) =
0.83 pA, for the CNT/CdS NP monolayer. From the intensity
of the light absorbed by the sample, we estimate that the
quantum efficiency for the photon-to-electron conversion is
25%.

In a further control experiment, a monolayer of CdS NPs
was assembled on a Au electrode by the covalent coupling of
the NPs to an electrode functionalized with a monolayer of
cysteic acid. The microgravimetric characterization of the
assembly of the monolayer on a Au/quartz crystal indicated a
surface coverage of 5.1x 10" particlescm 2. Although the
surface coverage of the NPs in the monolayer assembly is very
similar to that observed in the CdS NPs/CNT system, the
photocurrent generated by the system that lacks the CNT
connectors is substantially lower, I(439,) =0.05 pA, and the
photon-to-electron quantum efficiency is ~1.5%. Thus, we
conclude that the CNTs which bridge the CdS NPs to the
electrode play a major role in the enhanced generation of
photocurrents.

We further examined the effect of the lengths of the CNTs
on the resulting photocurrent. It is established that the longer
time intervals of acidic digestion of the CNTs yields shorter
tubes. Accordingly, we digested the CNTs for different
lengths of time and used the resulting CNTs to assemble the
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provided for comparison.

to 25, 39, 51, and 70 %. From the data in Table 1 we see that
the surface coverages of the CdS NPs in the different systems
are comparable.

The results clearly demonstrate the very efficient gener-
ation of photocurrents in the CNT-bridged CdS NP assem-
blies. Although we have no firm explanation for the enhanced
photocurrents, we speculate and suggest a possible origin for
these observations on the basis of the known properties of
CNTs. The photocurrent originates from the photoexcitation
of the semiconductor NPs which yields an electron-hole pair.
The injection of the conduction-band electrons into the
electrode yields the photocurrent, whereas the electron donor
(in solution) provides the electrons to the valence-band holes
to thus complete the photocurrent generation cycle (see
Scheme 1). The electron-hole recombination is a competing
process to the electron-injection mechanism, and thus the
photocurrent efficiency is low. The CNT connectors which
bridge the CdS NPs to the electrode may then facilitate the
photocurrent generation by trapping the conduction-band
electrons, a process that results in charge separation and
retardation of the recombination process. That is, the
conductive CNT wires provide efficient paths for the trans-
port of the conduction-band electrons to the electrode. This
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explanation, based on the conductance of the CNT connector
is, however, contradicted by the observation of a dependence
on the length of the CNT. Whereas charge-transport rates in
ideal CNTs should be almost length-independent, the CNTs
employed in the present study are far-from-ideal wrapped
graphite sheets. The oxidative acidic digestion of the CNTs
not only shortens the CNTs, but it introduces defects into the
sidewalls, which consist of phenolic, ketone, or carboxylic acid
functionalities. These units disrupt the conjugation within the
graphite sheets and act as local defect sites for charge
transport.

The effect of defects in CNTs on the charge-transport
properties has been considered theoretically by using a “back-
scattering” model.?”! According to this model, as the electron
reaches a defect site, it is back-scattered to find an alternative
conjugated path to be transported along the CNT. As the
number of defects in the CNT increases with its length, charge
transport along the CNT will be dominated by its length. That
is, the charge injection of the conduction-band electrons to
the CNTs, leads to charge separation by entrapment of the
electrons in the CNT wire. The chemically generated local
defects in the CNTs affect, however, the efficiency of the
charge separation. As the CNTs are longer, more defects exist
in the connecting wires and thus the back-scattering process
retards the conductance of the trapped electrons to the
electrode. The trapped electrons in the CNTs can then
recombine with the valence-band holes to result in lower
quantum yields for the photon-to-electron conversion process
as the CNTs become longer.

An alternative mechanism for the observed enhanced
photocurrent in the system is based on the semiconductive
properties of the CNTs. The band-gap structure of CNTs has
been studied,” and interparticle-CNT electron transfer
could lead to charge separation and enhanced photocurrents.
The low population of semiconductive CNTs in the carbon
nanotube mixture, and particularly the enhanced photo-
currents observed with shorter CNTs, probably exclude any
function of the semiconductive CNTs in the enhanced
generation of photocurrents. For shorter CNTs, larger band
gaps are formed which would perturb the interparticle-CNT
electron-transfer process. Thus, if semiconductive CNTs
participate in the generation of photocurrents, one would
anticipate to observe lower yields of photocurrents for shorter
CNTs, in contrast to the experimental observations.

In conclusion, the present study has demonstrated unpre-
cedented high quantum yields for the generation of photo-
currents by using semiconductor nanoparticles/carbon nano-
tubes as a hybrid system. The results suggest that the length of
the CNTs plays a major role in the formation of photocurrents
and probably the defects in the CNT affect the extent of
charge separation that follows the photoexcitation of the CdS
NPs. More experiments which employ CNTs of low length
dispersity are underway to further characterize the system.

Experimental Section

Single-walled CNTs (SWCNTSs; Carbolex, Sigma) were purified by
heating the as-received nanotubes in nitric acid (3 ) at reflux for 48 h.
The resulting CNTs were isolated by centrifugation and rinsed with
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NaOH solution (1 mm) until pH 7.0. The purified long SWCNTs were
then chemically shortened by oxidation in a mixture (3:1) of
concentrated sulfuric acid (98 %) and nitric acid (70 % ): the samples
were sonicated in an ice/water bath during 4, 6, 8, or 10 h. The
solutions containing the SWCNTs were centrifuged, then the samples
were washed with NaOH solution (1 mwm) until pH 7.0, and the CNTs
were then dissolved in DMF (N,N-dimethylformamide). This proce-
dure yielded shortened SWCNTSs with terminal carboxylate groups.

Cysteamine-protected CdS nanoparticles were prepared accord-
ing to a reported procedure.'””! The surface of a Au electrode was
modified with a monolayer of a mixture of 2-thioethanol and
cystamine (3:1 ratio), and the shortened SWCNTSs were covalently
linked to the amino groups of the cysteamine monolayer-functional-
ized Au surface in the presence of dicyclohexylcarbodiimide (DCC;
1x107*m) in DMF (2-thioethanol was incorporated in the mixed
monolayer to prevent nonspecific adsorption of the SWCNTs onto
the electrode surface and also to prevent the coupling of the SWCNTs
through their sidewalls to the surface). The modified electrodes were
treated with a solution of cysteamine-stabilized CdS nanoparticles
(1mgmL™", 2mL) in HEPES buffer, which included 1-ethyl-3-(3-
dimethyaminopropyl)carbodiimide (EDC), for 2 h. The assembly of
the CdS monolayer on the Au surface was prepared according to the
published procedure.'?!

Microgravimetric QCM measurements were performed with a
QCM analyzer (Fluke) by using Au/quartz crystals (AT-cut, 10 MHz).
Photoelectrochemical experiments were performed with a home-built
photoelectrochemical system that includes a 300W Xe lamp (Oriel,
model 5258), a monochromator (Oriel, model 74000, 2-nm resolu-
tion), and a chopper (Oriel, model 76994). XPS analyses were
performed with a Kratos AXIS-HS spectrometer equipped with a
monochromatic Alg, source. Usually scans were run at 45 or 75 W. All
data acquisitions were performed in a hybrid mode by using
electrostatic and magnetic lenses and detection pass energies of 40—
80 eV. AFM images were recorded in the tapping mode in air with a
Smena B instrument (NT-MDT, Russia), with a 30-pum scanner, NCS-
16 cantilevers (resonance frequency 180 KHz), a scan rate of 1.5-
2.5Hz, and a cantilever oscillation amplitude of the order of 20-
40 nm.
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