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Abstract
Multi-walled carbon nanotube (MWCNT)/thionine/gold nanoparticle composites were prepared by binding gold nanoparticles to the
surfaces of thionine-coated carbon nanotubes. TEM images show gold nanoparticles distributed uniformly on nanotube walls and ends.
UV–Vis, Raman, FT-IR, and zeta potential measurements were used to examine the properties of the resulting products. The composites
demonstrate signiﬁcant electrocatalytic activity for oxygen reduction. Although only gold nanoparticles were investigated here, the
method could be easily extended to attach other metallic nanoparticles to the sidewalls of carbon nanotubes.
Ó 2007 Elsevier Ltd. All rights reserved.

1. Introduction
Carbon nanotubes (CNTs) can be considered ideal templates for formation of one-dimensional nanoparticle
assemblies due to their unique structural, mechanical, electronic and thermal properties. However, pristine CNTs
often exhibit poor solubility and tend to aggregate in aqueous environments [1], lack ﬂuorescence in the visible range
[2], or may be toxic [3]. A promising approach to overcoming these limitations is surface functionalization with groups
that confer desirable properties [4,5]. CNT/nanoparticle
hybrid materials, in which nanoparticles are attached to
CNT surfaces, have been reported to exhibit catalytic activity, enhanced electrical conductivity, and hydrogen-sensing
capability [6], suggesting broad potential application in
optoelectronics [7], molecular sensors [8] and heterogeneous
*
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catalysis. In particular, nanometal-CNT composites, e.g.,
single-walled-carbon-nanotube (SWCNT)-supported platinum [9] and multi-walled-carbon-nanotube (MWCNT)supported Pd, Rh, and Rh/Pd [10], have been prepared by
a variety of methods, including physical vapor deposition
[11], thermal decomposition [12], electroless deposition
[13], and polymer-assisted hybridization [14].
Certain properties of gold nanoparticles (e.g., quantized
charging/discharging [15,16], conductivity [17], and catalytic [18] and photocatalytic [19] activity) suggest that
gold-nanoparticle-functionalized MWCNTs may prove
applicable in future fabrication of nanodevices, enabling
further miniaturization of integrated circuits [20]. In this
work, Au nanoparticles were non-covalently attached to
MWCNTs in the presence of thionine (see Fig. 1). In solution, thionine in protonated form (Thi+) is shown to adsorb
to MWCNT walls via p–p stacking interaction. Upon subsequent addition of negatively charged gold nanoparticles,
electrostatic interaction with thionine serves to ‘‘glue’’ the
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dark product was dried at 60 °C in a vacuum oven overnight. Subsequently, MWCNTs (0.001 g) were dispersed in 1 ml water with sonication,
then mixed with 1 ml of thionine solution (2 mg/ml) and sonicated at
room temperature for at least 12 h. The purple color of thionine solution
disappeared and a black solution resulted, indicating thionine was dissolved completely into MWCNTs [22]. The MWCNT/thionine solutions
were stored until time of use.

2.4. Preparation of gold nanoparticles
Gold nanoparticles were prepared following Gao et al. [23]. Brieﬂy,
18.40 ml of distilled water, 0.50 ml of 0.001 M HAuCl4 Æ 3 H2O aqueous
solution, and 0.50 ml of 0.01 M trisodium citrate aqueous solution were
mixed. Then, 0.60 ml of 0.1 M NaBH4 aqueous solution was added (total
volume 20.00 ml) with vigorous stirring. The resulting solution turned
pink, indicating formation of gold nanoparticles. Gold-nanoparticle solutions were used within two hours of preparation.
Fig. 1. Proposed mechanism of thionine-mediated adsorption of gold
nanoparticles on MWCNTs.

gold onto the MWCNTs. The resulting MWCNT/thionine/
gold nanocomposites demonstrate signiﬁcant electrocatalytic potential for oxygen reduction.

2.5. Synthesis of MWCNT/thionine/Au composites
In a typical preparation, 0.2 ml of MWCNT/thionine was added dropwise into 20 ml of as-prepared gold colloid under vigorous agitation.
Immediately, the pink color faded; then changed slowly into gray, indicating formation of MWCNT/thionine/Au composites. After stirring for an
additional 8 h, a black precipitate was isolated by centrifugation. The
black precipitate was washed with distilled water several times and dried
under vacuum at 60 °C overnight.

2. Experimental
2.1. Reagents
Thionin acetate (85%) and HAuCl4 Æ 3H2O (99.999%) were purchased from Aldrich. Trisodium citrate (99.5%) and sodium borohydride
(NaBH4, 96%) were available from Beijing Chemical Reagents Company.
MWCNTs prepared by chemical vapor deposition (CVD) were purchased
from Shenzhen Nanotech Port Ltd. Co. (China). All solvents were of analytical grade. Ultrapure water from a Milli-Q plus system (Millipore Co.,
>18 MX cm) was used in all aqueous solutions and rinsing procedures.

2.2. Instruments and measurements
TEM images were obtained using a Hitachi H-8100 microscope at
200 kV. Chemical composition analysis was performed using a scanning
electron microscope (XL30 ESEM FEG; 20 kV) equipped with a Phoenix
energy dispersive X-ray (EDX) analyzer. Zeta potentials (eﬀective surface
charge) were measured by dynamic light scattering (Zetasizer 3000, Malvern Instruments, France). Normal Raman (NR) spectra were recorded
using a Renishaw 2000 system with an Argon ion laser (514.5 nm) and
CCD detector. FT-IR spectra were collected using a Bruker Tensor 27
Spectrometer in KBr pellet form. UV–Vis spectra were acquired with a
Cary 500 UV–Visible-NIR spectrometer (Varian). Cyclic voltammetry
(CV) scans were recorded using a CHI660 electrochemical workstation
(Chenhua, Shanghai) with a conventional three-electrode electrochemical
cell using a glass carbon (GC) electrode (3-mm diameter), KCl-saturated
silver-silver chloride (AgjAgCl) and a platinum wire as the working, reference and counter electrodes, respectively. All potentials reported here refer
to the AgjAgCl (sat. KCl) reference electrode.

2.3. Synthesis of MWCNT/thionine sample
Carbon nanotubes require surface activation before nanoclusters can
be attached. The pristine MWCNTs were puriﬁed and activated as follows, based on the method of Li and Grennberg [21]. The as-received
MWCNTs were treated with a 1:3 v/v mixture of HNO3 (65%) and
H2SO4 (98%) at 50 °C for 5 h with continuous ultrasonication (20 W).
The resulting solid was collected by ﬁltration and washed by resuspension
in water and ethanol successively, until the wash pH approached 6. The

3. Results and discussion
Fig. 1 illustrates the hypothesized mechanism of thionine-mediated adsorption of gold nanoparticles on
MWCNTs. Here, positively charged thionine molecules
enable negatively charged gold nanoparticles to bind to
the anionic MWCNT surfaces. In the remainder of this section, we discuss analytical results supporting this rationale.
Catalytic activity of gold is known to depend strongly
on the size and type of support [24]. Extremely small metal
particles (diameter <10 nm) are of tremendous interest due
to their unusual catalytic and optical properties [25]. Consequently, the obtained gold nanoparticles, with average
diameter 7 nm, were anticipated to provide catalytic
activity when attached to MWCNTs. Further, the gold
nanoparticles bear considerable negative charge from citrate incorporated during preparation [26], which should
aﬀord ready adsorption on the MWCNT–Thi+ surface.
TEM images of the expected MWCNT/thionine/Au composite (Fig. 2A) conﬁrmed that gold nanoparticles were
typically bound on MWCNT walls and ends with fairly
even distribution, although a few aggregates were
observed. And free nanoparticles could not be observed
in the background of TEM images, indicating their strong
interactions with MWCNTs. Fig. 2B shows a typical TEM
image of as-prepared gold nanoparticles, with average
diameter 7 nm. Comparison with Fig. 2A indicates that
the size distribution of gold nanoparticles did not change
signiﬁcantly upon binding to MWCNT/thionine. EDX
analysis of MWCNT/thionine/Au composites (Fig. 2C)
reveals an Au peak originating from gold nanoparticles
and N and S peaks attributable to adsorbed thionine. In
a control case absent thionine, however, the density of
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Fig. 2. TEM images of (A) MWCNT/thionine/Au, (B) as-prepared Au nanoparticles, and (D) MWCNT/Au composite without adsorbed thionine
interlinkers; (C) EDX spectrum of MWCNT/thionine/Au.
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trum (a) suggests that the dimerization equilibrium is not
signiﬁcantly disrupted when thionine is adsorbed on
MWCNTs. The observed red shift is evidence of strong
interaction between MWCNTs and thionine molecules
[22], which are small enough to penetrate into the interior
of the carbon nanotubes and bind there, as well as on the
outer walls. In addition, the NR spectra (Fig. 4) are substantially similar, indicating no signiﬁcant change in thionine native structure upon interaction with MWCNTs.
While it has been reported previously that carboxylate
groups on activated CNT surfaces can react with thionine
primary amine groups [29], FT-IR spectra of MWCNT/
thionine samples (Fig. 5b) do not exhibit amide C–N
stretching vibrations in the range of 1000–1500 cm1.
These observations indicate that covalent bonds have not
formed between MWCNTs and thionine [30], thus implying that strong interactions arise from pp stacking
between these conjugated frames.

Intensity / a.u.

Absorbance / a.u.

adsorbed gold nanoparticles along MWCNTs was lower
than on thionine-coated MWCNTs, as shown in Fig. 2D.
And most gold nanoparticles distributed on the background of TEM images. The control result qualitatively
supports the proposed mechanism of Thi+-mediated electrostatic adsorption of gold nanoparticles. These results
suggest that negatively-charged gold nanoparticles can also
be used to examine defects or charged sites on CNT walls
[27].
Prior to addition of gold nanoparticles, MWCNT/thionine samples were characterized by UV–Vis, NR and FTIR. Fig. 3 shows typical UV–Vis absorption spectra of
(a) MWCNT/thionine solution and (b) aqueous thionine
solution. In spectrum (b), the 599 nm main peak is characteristic of monomeric thionine, while the 560 nm shoulder
can be attributed to the H-type dimer aggregate [28]. Spec-
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Fig. 3. UV–Vis absorption spectra of: (a) MWCNT/thionine solution and
(b) aqueous thionine solution.
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Fig. 4. NR spectra of: (a) thionine and (b) MWCNT/thionine solution.
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Fig. 5. FT-IR spectra of: (a) thionine and (b) MWCNT/thionine solution.

Zeta potential measurement of surface charge is widely
used to monitor buildup of layered structures [31]. Fig. 6
shows experimental values of zeta potential measured from
aqueous solution of the various materials prepared in this
work. Gold nanoparticles (with citrate incorporated during
preparation) showed a zeta potential of near 20 mV. The
f value measured for MWCNTs was 15 ± 2 mV, ascribed
to surface carboxylic acid groups produced during chemical oxidation. Upon adsorption of thionine, however, the
f value of MWCNT/thionine increased to ca. +5 mV.
Finally, with gold nanoparticles adsorbed, the f potential
of MWCNT/thionine/Au decreased to 35 mV. In summary, these various characterization results support the
rationale shown in Fig. 1.
To assess electrocatalytic potential, nanocomposites were
applied to a glass carbon electrode which was then used for
to perform cyclic voltammetry measurements in a dioxygen
reducing system. In the presence of O2, a signiﬁcant catalytic
reduction current peak occurs at 0.34 V (Fig. 7, dashed
line), which shifts positively by 300 mV when compared to
that at the bare GC electrode (0.65 V) [32]. However, for
nitrogen-saturated and air-saturated reaction systems, current peaks are not readily discernable. As a comparison, a
small reduction peak current occurs at a negative potential
on the MWCNT-modiﬁed GC electrode. These results indicate that MWCNT/thionine/Au composites possess high
electrocatalytic activity for O2 reduction.
In a control case absent MWCNTs and thionine, where
the same amount of Au nanoparticles was applied to the
GC electrode, the observed oxygen-reduction current was
approximately 1.25% of that measured with MWCNT/

-0.4

Fig. 7. Cyclic voltammograms of O2 reduction at the GC electrode coated
with the MWCNT/thionine/Au composite. Supporting electrolyte: in N2
saturated (solid), air-saturated (dotted), and O2 saturated (dash) 0.5 M
H2SO4 solution. Scan rate: 0.05 V s1.

thionine/gold-nanoparticle composites, although the reduction occurred at almost the same potential. Moreover, without MWCNT/thionine, gold nanoparticles aggregated
completely after only a few hours, losing all electrocatalytic
activity for oxygen reduction. In comparison, after two
weeks incubation, the size distribution and electrocatalytic
activity of gold nanoparticles did not change signiﬁcantly
when bound to MWCNTs. These results deﬁnitely showed
a synergistic eﬀect between MWCNTs and gold nanoparticles, and MWCNTs are good substrates to maintain the size
distribution and good electrocatalytic activity of gold
nanoparticles.
4. Conclusions
In conclusion, we have synthesized MWCNT/thionine/
Au composites using thionine molecules as interlinkers.
p–p stacking interactions between MWCNTs and thionine,
and electrostatic interactions between thionine and Au
nanoparticles, resulted in the formation of MWCNT/thionine/Au composites. Most gold nanoparticles distributed
uniformly on the walls and ends of nanotubes. The composites showed signiﬁcantly enhanced stability and electrocatalytic activity for oxygen reduction, relative to a control case
containing only gold nanoparticles. Attachment of metal
nanoparticles onto CNTs could also serve potentially to
detect the presence of certain functional groups on the surfaces, and further to prove a successful derivatization. In
addition, the attached metallic nanoparticles may be useful
in identifying the locations of defects, grafting, or chemical
reaction sites on the tube wall. Although only gold nanoparticles were used in this study, similar method could be easily
extended to attach other metallic nanoparticles to sidewalls
of carbon nanotubes.
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