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ABSTRACT: In this study, we prepared electrochemically
active films of poly(3-hexylthiophene) grafted single-walled
carbon nanotubes (SWNT-g-P3HT) by using a modified
vacuum-assisted deposition approach, in which a SWNT-g-
P3HT composite layer of various thicknesses was deposited on
the top of a thin SWNT layer. Measurement of the optical and
electrical properties of the SWNT-g-P3HT composite films
demonstrated that the thickness of the SWNT-g-P3HT
composite films was controllable. The data of transmission
electron microscope observation and Raman spectroscopy
indicated that the covalent grafting of P3HT onto the surfaces
of SWNTs resulted in intimate and stable connectivity between the two components in the SWNT-g-P3HT composite.
Capitalizing on these unique features, we successfully developed a new class of electrochemical sensors that used the SWNT-g-
P3HT composite films deposited on an indium−tin oxide substrate as an electrochemical electrode for detection of metal ions.
Significantly, such a SWNT-g-P3HT composite electrode showed advantages in selective, quantitative, and more sensitive
detection of Ag+ ions.
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■ INTRODUCTION

Thin films of single-walled carbon nanotubes (SWNTs) have
attracted enormous attention among scientists due to their
widespread applications in areas such as transparent electro-
des,1,2 thin film transistors (TFTs),3−5 and biological and
chemical sensors.6−8 For the films of these applications, they
are commonly prepared by spray coating,7,9 vacuum-assisted
deposition,10 stamping and printing methods.5,6 The perform-
ance of the films is strongly dependent on the material
properties such as purity, metallity, dispersibility, and doping
state. For example, the use of SWNT films that comprise of
semiconductor-enriched SWNTs presents a highly promising
approach for preparation of high performance TFTs,11−13 while
metallic-enriched SWNT samples give rise to higher con-
ductivity of the corresponding SWNT films.14−16 Acid
treatment of the SWNT films, which enhances the contacts
between the SWNTs by removing the surfactant from their
surfaces,17 and transition metal doping,18 which introduces
doping effects and ohmic contacts between the semiconductor-
and metallic-SWNT networks, also improve the electrical
conductivity of the transparent conductive SWNT films.
Surface functionalization of SWNTs with conjugated

polymers represents an important approach for improving the
proccessability of SWNTs, which also incorporates the
attributes of the two components such as conducting properties

and optical properties into the resultant composites. Non-
covalent strategy can effectively reserve the conjugated surfaces
of SWNTs, whereas the interfaces between SWNTs and
conjugated polymers may not be sufficiently intimated for
efficient charge transfer for optoelectronic applications.19 In
fact, the noncovalent interactions between SWNTs and
conjugated polymers also depend on the main-chain structure
of the conjugated polymers.20−22 Recently, conjugated block
copolymers have been demonstrated to be efficient to solubilize
SWNTs, where the conjugated fragment provides efficient
interface interactions with SWNTs and the nonconjugated
fragment facilitates the dispersion of the composite in organic
solvents.23−25 On the other hand, covalently grafting
conjugated polymers onto the surfaces of SWNTs leads to
more intimated and stabilized connectivity between the two
components, resulting in strong electronic interactions.26 Our
previous results indicated that the structural defects on the
surfaces of SWNTs interfere with the electron transfer
properties in the SWNT/poly(3-hexylthiophene) (P3HT)
hybrid materials.27 In addition, the incorporation of SWNTs
into P3HT provides optimized morphology of the SWNT/
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P3HT composite films and enhanced crystallinity of the P3HT
component in the composite films, as well as a continuous
pathway for dissociated charge carriers, thereby leading to
enhanced solar cell performance.28

The thin films of SWNT/conjugated polymer composites,
including both noncovalently and covalently hybridized types,
show widespread applications in polymer photovoltaics,26,28

sensors,29,30 organic TFTs,19,24,31 photo- or electroresponsive
devices,32−34 and polymer electroluminescence devices.25 Such
composite films usually share one feature: the conjugated
polymers account for the dominated component in the
composite films. Various methodologies such as spin coat-
ing,24,25,33 layer-by-layer assembly,32,35,36 and electropolymeri-
zation37,38 have been developed for preparing large-sized
SWNT/conjugated polymer composite films that contain a
dominated component of conjugated polymers. A small
amount of SWNTs in the conjugated polymer matrix can
significantly enhance the performance of the resultant devices.
On the other hand, in order to emphasize the feature of carbon
nanotubes such as electrical conductivity, it is required to
prepare SWNT/conjugated polymer composite films in which
SWNTs are a dominated component and the connectivity
between the two components is intimate and stable. However,
preparation of such large-sized SWNT/conjugated polymer
composite films has still rarely reported.
In this work, we covalently grafted P3HT onto the surfaces

of SWNTs (SWNT-g-P3HT) and prepared SWNT-g-P3HT
composite films by using a modified vacuum-assisted deposition
approach, where a thin SWNT film was used as a supporting
layer and the SWNT-g-P3HT composite layer of various
thicknesses was deposited on the top of the SWNT layer. The
morphology, structure, and electrical properties of the films
were studied. Significantly, the SWNT-g-P3HT composite films
prepared on an indium−tin oxide (ITO) substrate demonstrate
application as an electrochemical electrode for selective
detection of Ag+ ions.

■ EXPERIMENTAL SECTION
Materials. The SWNTs used in this study were prepared by the

hydrogen arc discharge method,39 and purified by dry oxidization at
300 °C for 60 min in a flow of dry air (0.1 SLM) and washing in 12 M
HCl solution.40 All the inorganic salts (extra purity grade) were
purchased from Sinopharm Chemical Co. Ltd.
Synthesis of P3HT. Amino-terminated P3HT (P3HT-NH2) was

polymerized through the Grignard metathesis (GRIM) reaction,41

which is a universal method for synthesis of conjugated polymers with
narrow molecular weight distribution and high regularity. The amine
groups were incorporated into the polymer chains by ending the
polymerization using a proper Grignard reagent (see Figure S1,
Supporting Information). The number-averaged molecular weight of
the P3HT-NH2 was ca. 3200, as determined by gel permeation
chromatography using a polystyrene standard.
Synthesis of SWNT-g-P3HT Composite. To graft P3HT onto

the surfaces of SWNTs, the purified SWNTs were first oxidized by
using nitric acid to produce carboxyl groups. In a typical reaction,
purified SWNTs (150 mg) were dispersed in a 3 M HNO3 solution
(150 mL) with the aid of sonication for 2 h, followed by refluxing at
120 °C for 48 h. After that, the reaction solution was again sonicated
for 1 h and refluxed for 48 h. Finally, the oxidized SWNTs was
obtained by vacuum filtration, redispersing in 1 M HCl solution (30
mL), washing with deionized (DI) water, and drying in a vacuum oven
at 60 °C overnight.
P3HT was grafted on the surfaces of SWNTs by amidation reaction.

Briefly, the oxidized SWNTs (30 mg) were dispersed in DMF (10
mL) under sonication for 3 h. After addition of SOCl2 (30 mL), the

reaction mixture was refluxed at 70 °C for 24 h. The acyl chloride
activated SWNTs (SWNTs-COCl) were obtained by centrifuging and
washed by cycles of dispersing the SWNTs-COCl in anhydrous
tetrahydrofuran (THF) and centrifuging. To carry out the amidation
reaction, the SWNTs-COCl suspension in anhydrous THF (30 mL)
was added into a P3HT-NH2 solution in anhydrous THF (P3HT-NH2
200 mg, THF 50 mL), followed by droplet addition of triethylamine
(3 mL) at 0 °C. The reaction was allowed to carry out at room
temperature for 9 h and 50 °C for 48 h. Finally, the SWNT-g-P3HT
composite was obtained by centrifuging, and the ungrafted P3HT was
removed by cycles of redispersing the product in THF and
centrifuging.

Preparation of SWNT-g-P3HT Composite Films. SWNT-g-
P3HT composite films were prepared by using the vacuum filtration
method.42,43 To obtain SWNT-g-P3HT composite films with high
strength, the vacuum filtration method was modified: a thin layer of
SWNTs was first deposited on the surface of a anodic aluminum oxide
(AAO) membrane, and then the SWNT-g-P3HT composite layer of
various thicknesses was deposited on the top of the SWNT layer. AAO
membranes with 47 mm diameter and 0.1 μm pores were used.

A SWNT suspension was prepared by dispersing the purified
SWNTs (9 mg) in a sodium dodecyl sulfonate (SDS) aqueous
solution (30 mL, 3 mg·mL−1) by sonication for 10 h. The SWNT
suspension was subjected to centrifuge at 10 000 rpm for 10 min to
remove the bundled SWNTs, and the supernatant was collected for
preparing the supporting SWNT layer. The concentration of the
SWNT suspension was determined to be 31 mg·L−1 by comparing its
extinction coefficient with the reported value.44 The SWNT-g-P3HT
composite was dispersed in THF. The concentration of the composite
suspension was calibrated by using UV−visible spectra: the
concentration was adjusted to obtain a same absorbance value at
710 nm as that of the SWNTs suspension. The absorbance value at
710 nm was used because P3HT does not show any absorption at this
wavelength so that the two suspensions had the same concentration of
SWNTs.

The SWNT-g-P3HT composite films on AAO membranes were
dried in a 60 °C oven overnight. After that, the AAO membranes were
put on the surface of a NaOH solution (3 M) to dissolve the AAO,
leading to deposition of the SWNT-g-P3HT composite films on the
surfaces of the NaOH solution. After the NaOH solution was
thoroughly exchanged with DI water, the SWNT-g-P3HT composite
films were deposited on substrates such as ITO, glass, and quartz.
Finally, the SWNT-g-P3HT composite films were dried in a 60 °C
oven overnight.

Characterization. Fourier transform infrared spectroscopy (FT-
IR) spectra were recorded on an Excalibur 3100 spectrometer with a
resolution of 0.2 cm−1 using KBr pellets. Raman spectra were collected
on a Renishaw inVia-Reflex confocal Raman microscope with an
excitation wavelength of 532 nm. UV−visible spectra of the films were
recorded with on a Cary 5000 UV−vis-NIR spectrometer. Photo-
luminescence (PL) spectra were collected on a Hitachi F-4600
spectrophotometer. Thermogravimetric analysis (TGA) was per-
formed with a Q50 TGA at a scanning rate of 5 °C·min−1 under
the protection of N2. Transmission electron microscopy (TEM)
observations were performed on a JEOL JEM-2100 TEM operated at
200 kV. TEM samples were prepared by dropping the SWNT
suspension in SDS solution or the SWNT-g-P3HT composite
suspension in THF on 400-mesh Cu grids with supporting carbon
films. Scanning electron microscopy (SEM) observations were
performed on a Hitachi S4300 field emission scanning electron
microscope operated at an acceleration voltage of 10 kV. Sheet
resistance of the films was obtained from the slope of the I−V curves
obtained on Keithley 4200-SCS, as the areas between the two
electrodes were squares. Electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) curves were collected on a
Zennium 40088 electrochemical workstation. The SWNT films and
the SWNT-g-P3HT composite films used for electrochemical
detection were prepared on ITO substrate and they had a size of ca.
1 cm2. In the electrochemical characterization, KNO3 (0.2 M) was
used as a supporting electrolyte.
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■ RESULTS AND DISCUSSION

Scheme 1 represents the procedure of grafting P3HT on the
surfaces of SWNTs, which includes generation of carboxyl acid
groups on the surfaces of SWNTs through HNO3 oxidation
and the amidation reaction of the carboxyl groups with the
amine groups of the P3HT-NH2. The product of each reaction
was confirmed by using FT-IR spectroscopy (Figure S2,
Supporting Information). As proved in a previous study,26

the SWNT-g-P3HT composite showed enhanced dispersibility
in common solvents such as chloroform, THF, chlorobenzene,
and dichlorobenzene.
The thermal stability and composition of the SWNT-g-

P3HT composite were evaluated by using TGA (Figure 1a).
Purified SWNTs are extremely stable, as there is no obvious
mass loss up to 900 °C. P3HT shows an obvious mass loss
from 300 to 500 °C. As expected, the SWNT-g-P3HT
composite exhibits the combined features of P3HT and
SWNTs. One can see a mass loss from 300 to 500 °C,
corresponding to the thermal degradation of P3HT, which is
followed by a thermal stable period up to 900 °C. The
differential TGA curves provide more details about the thermal
degradation for each component in the composite (Figure S3,
Supporting Information). Collectively, the grafting content of
P3HT on the surfaces of SWNTs was calculated to be ca. 7.2%
in the composite, i.e., ca. 3400 C atoms of SWNTs correspond
to one P3HT chain. Furthermore, the grafted P3HT on the
surfaces of SWNTs was also confirmed by using TEM. The
bundles of purified SWNTs have relatively clear surfaces even
at a high magnification (Figure 1b), whereas P3HT bumps can
be seen attaching on the surfaces of the bundles of the SWNT-
g-P3HT composite (Figure 1c). Because the SWNT-g-P3HT
composite was repeatedly washed with THF during purifica-
tion, the P3HT bumps must be covalently attached on the
surfaces of SWNTs.
The interface interactions between SWNTs and P3HT in the

SWNT-g-P3HT composite were further characterized by using
Raman spectroscopy (Figure 2). Purified SWNTs yield a
Raman spectrum that contains a sharp G band peak at 1583
cm−1 and a weak D band peak at ca. 1350 cm−1. The D band
indicates the existence of structural defects on the surfaces of

SWNTs. Upon treatment in HNO3, the oxidized SWNTs show
an enhanced D band and a high-frequency shifted G band (at
1602 cm−1) due to the oxidized surfaces. P3HT exhibits a
Raman spectrum containing a strong sharp peak at 1445 cm−1

and a weak sharp peak at 1379 cm−1, which are contributed to
the C−C skeletal stretching vibration and the CC skeletal
stretching vibration.45,46 As expected, the Raman spectrum of
the SWNT-g-P3HT composite exhibits the information on
both SWNTs and P3HT. In addition to that, the G band of
SWNT component shifts to a low-frequency position (at 1580
cm−1) compared to that of purified SWNTs and oxidized
SWNTs. This phenomenon could be interpreted as electron
transfer between P3HT and SWNTs.46 The tail on the left side
of the peak at 1379 cm−1 is ascribed to the overlapping of
P3HT’s Raman band (corresponding to the CC skeletal
stretching vibration) and SWNTs’ D band.46 As a result, the
Raman data demonstrate intimate interactions between
SWNTs and P3HT in the SWNT-g-P3HT composite.
The vacuum-assisted deposition technique is a widely used

method for preparing thin films of carbon materials such
carbon nanotubes and graphene.10,42,43 The prepared SWNT
films are extremely robust because of the strong intermolecular
interactions between the nanotubes. Our experience has proved
that the SWNT films can be endurable to ultrasonication. In
this research, we tried to prepare SWNT-g-P3HT composite
films by directly depositing the SWNT-g-P3HT composite
through vacuum filtration. However, the composite films were
likely to break in the process of transferring them onto a
substrate. This might be due to the P3HT grafted on the
surfaces of SWNTs, which weakens the intermolecular
interactions between SWNTs. To solve this problem, we
used a very thin layer of SWNTs to support the SWNT-g-
P3HT composite layer. Because we use the electrochemical
properties of the SWNT-g-P3HT composite films as discussed
below, the film configuration with a very thin SWNT layer
buried inside the films and the SWNT-g-P3HT composite
making the outer layer of the films will not handicap the
application of the SWNT-g-P3HT composite.
A thin SWNT film was first prepared by using 0.4 mL of the

purified SWNT suspension (31 mg·L−1 in a SDS aqueous

Scheme 1. Reaction Route for Synthesizing the SWNT-g-P3HT Composite
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solution). The SWNT film yields an optical absorption
spectrum containing a peak at ca. 260 nm corresponding to
the π-plasmon of SWNTs (curve 1 in Figure 3).47 In the
wavelength range of visible light, no resolved absorption peaks
of SWNTs are detected because the SWNTs form bundles in
the film. Upon deposition of a SWNT-g-P3HT composite layer
on the top of the SWNT layer, an abroad peak is observed at ca.
530 nm, which corresponds to the optical absorption of P3HT
(curves 2−7 in Figure 3). The absorption peak of P3HT is
weak because of the low content of P3HT in the SWNT-g-
P3HT composite (Figure 1a). The inset shows that the
absorbance of the SWNT-g-P3HT composite films at 710 nm
increases linearly with increasing the volume of the SWNT-g-

P3HT composite suspension. This result indicates that
composite films of various thicknesses can be prepared by
using different volumes of the SWNT-g-P3HT composite
suspension.32,35 The absorbance at 710 nm is used for
evaluating the thickness of the films because the absorbance
at this wavelength is solely ascribed to SWNTs.
Because the SWNT-g-P3HT composite films will be used as

an electrochemical electrode, their electrical conductivity is an
important parameter. Figure 4 summarizes the sheet resistance
of the SWNT film and the SWNT-g-P3HT composite films.
The SWNT film has a transparency of 89% (point 1 in Figure
4), which is on the conductive side of the percolation
threshold.48 Thus, such a SWNT layer is capable of supporting
the SWNT-g-P3HT composite layer. Upon deposition of a
SWNT-g-P3HT composite layer (0.3 mL of the SWNT-g-
P3HT composite suspension), the sheet resistance of the
composite film is increased (point 2 in Figure 4). This is due to
the fact that the sheet resistance of the SWNT-g-P3HT
composite layer is higher than that of the SWNT layer because

Figure 1. (a) TGA curves of purified SWNTs, P3HT, and the SWNT-
g-P3HT composite, (b, c) TEM images of (b) oxidized SWNTs and
(c) the SWNT-g-P3HT composite.

Figure 2. Raman spectra of purified SWNTs, oxidized SWNTs, P3HT,
and the SWNT-g-P3HT composite.

Figure 3. UV−visible spectra of (1) a SWNT film prepared with 0.4
mL of the SWNT suspension (31 mg·L−1 in a SDS aqueous solution),
and (2−7) the SWNT-g-P3HT composite films prepared by
depositing various volumes of the SWNT-g-P3HT composite
suspension (0.3, 0.6, 0.9, 1.2, 1.5, and 1.8 mL) on the top of the
SWNT layer. The inset shows the change of the absorbance at 710 nm
of the SWNT-g-P3HT composite films as a function of the volume of
the composite suspension used.
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of two factors: (1) the deteriorated conductivity of the SWNTs
because of the altered electronic properties during the covalent
grafting, (2) the isolating effect of the P3HT attached on the
surfaces of SWNTs. When the volume of the SWNT-g-P3HT
composite suspension (0.6 mL) is increased, the sheet
resistance of the resultant film is decreased because the
SWNT-g-P3HT composite forms a continuous network in its
own layer (point 3 in Figure 4). When the volume of the
SWNT-g-P3HT composite suspension is further increased, the
sheet resistance of the corresponding films is gradually
increased because the isolating effect of the P3HT grafted
(points 4, 5, 6, and 7 in Figure 4). These experiments were
repeated and the results were reproducible, indicating that the
observed changing tendency of the sheet resistance of the
SWNT-g-P3HT composite films is reliable. Because we use the
SWNT-g-P3HT composite films as an electrochemical
electrode as discussed below, it is important to choose a film
that has relatively lower sheet resistance.
To further investigate the SWNT-g-P3HT composite films,

SEM was used to observe their morphologies. Figure 5 displays

SEM images of the SWNT film and the SWNT-g-P3HT
composite film prepared by using 0.4 mL of the purified
SWNTs suspension and 0.6 mL of the SWNT-g-P3HT
composite suspension. In the SEM image of the SWNT film
(Figure 5a), one can see clear SWNT bundles. In contrast, in
the SEM image of the SWNT-g-P3HT composite film (Figure
5b), the SWNT bundles are concealed by grafted P3HT. Such a

morphology feature confirms the explanation of the change of
sheet resistance of the SWNT-g-P3HT composite films.
Because the SWNT-g-P3HT composite films are used as an

electrochemical electrode, the films that have low sheet
resistance are preferred. Thus, the SWNT-g-P3HT composite
films prepared with 0.6 mL of SWNT-g-P3HT composite
suspension were used for electrochemical detection of metal
ions (point 3 in Figure 4). For electrochemical detection, glass
carbon electrodes are commonly used.29,30 However, the
applications of glass carbon electrodes are handicapped by
their high price and small size of the electrode tip. In contrast,
our SWNT-g-P3HT composite electrodes are easily prepared
and have a large size up to square centimeters. A large area of
the electrode can significantly enhance the detection limitation.
Figure 6a shows the CV curves of a bare ITO electrode, the

SWNT electrode, and the SWNT-g-P3HT composite electrode
in the presence of Ag+ ions (AgNO3, 1 mg·L−1 in aqueous
solution). To avoid electrochemical degradation of P3HT,49 a
potential window from −0.25 to +0.6 V was chosen, where the
oxidative/reductive peaks of P3HT did not appear (Figure S4,
Supporting Information). The bare ITO electrode produces an
oxidative peak at 0.34 V and a reductive peak at 0.07 V, which
correspond to the oxidation/reduction process of Ag/Ag+

species. For the SWNT electrode, the CV curve has three

Figure 4. Relationship between the sheet resistance and the
transparency at 710 nm of the SWNT-g-P3HT composite films.

Figure 5. SEM images of (a) the SWNT film and (b) the SWNT-g-
P3HT composite film prepared with 0.4 mL of the purified SWNT
suspension and 0.6 mL of the SWNT-g-P3HT composite suspension.

Figure 6. (a) CV curves of bare ITO electrode, the SWNT electrode,
and the SWNT-g-P3HT composite electrode in the presence of Ag+

ions (AgNO3, 1 mg·L−1 in aqueous solution), and (b) EIS curves of
ITO electrode, the SWNT electrode, and the SWNT-g-P3HT
composite electrode in the absence of Ag+ ions, and the EIS curve
of the SWNT-g-P3HT composite electrode in the presence of Ag+

ions (AgNO3, 1 mg·L−1 in aqueous solution).
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features. First, both the oxidative peak and the reductive peak
become stronger, indicating that the redox reactions of Ag/Ag+

are more likely to take place on the surfaces of SWNTs. This
might be due to the fact that the Ag/Ag+ species show more
preferential interactions with SWNTs than with ITO. Second,
the oxidative peak divides into two peaks that locate at 0.31 and
0.36 V. The dual-peak feature might be due to different local
structures of the SWNT surfaces: π-conjugated structure and
local defect structure. Third, the CV curve appears a wider loop
than the CV curve of the ITO electrode. This finding can be
ascribed to the capacitive characteristic of SWNTs.50,51

Significantly, the SWNT-g-P3HT composite electrode gen-
erates a CV curve that has the widest loop and the strongest
oxidative/reductive peaks among the three electrodes. The
further widened loop of the CV curve could be attributed to the
combined capacitive characteristic of SWNTs and P3HT.52

And the enhanced electrochemical response of Ag/Ag+ species
to the SWNT-g-P3HT electrode can be interpreted as
complexation interactions of Ag/Ag+ species with the sulfur
atoms in P3HT,49,53 as pristine P3HT shows electrochemical
response in detection of Ag+ ions.54 And as a result, the dual-
peak feature is not as resolved as that of the SWNT electrode.
In addition, for the CV curves of both the SWNT electrode and
the SWNT-g-P3HT electrode, the left side is wider than the
right side. This is due to the influence of the supporting
electrolyte (KNO3). In a control experiment, a SWNT/P3HT
composite film was also prepared by casting P3HT on the
surface of a SWNT film (Figure S5, Supporting Information).
The oxidative/reductive peaks of the Ag/Ag+ species by using
the SWNT/P3HT composite electrode are weaker than by
using the SWNT-g-P3HT composite electrode. This might be
due to the fact that the interfacial interaction between SWNTs
and P3HT in the SWNT/P3HT composite is not as intimate as
in the SWNT-g-P3HT composite.
To further investigate the electrochemical characteristic of

these different electrodes, EIS measurement was performed
(Figure 6b). An ITO electrode shows a linear relationship
between Z″ and Z′ in the complex plane, whereas the SWNT
electrode and the SWNT-g-P3HT composite electrode display
semicircles of the Z″ vs Z′ complex-plane plots. These results
also indicate that the SWNT electrode and the SWNT-g-P3HT
composite electrode have capacitive feature. The diameter of
the semicircle for the SWNT electrode is smaller than that for
the SWNT-g-P3HT electrode, indicating that the interface
resistance (RF) between the electrochemical electrode and the
supporting electrolyte is smaller for the SWNT electrode than
for the SWNT-g-P3HT composite electrode. The RF can be
obtained through fitting the experimental data by following the
model shown in the inset of Figure 6b. As a result, the RF values
were obtained to be 10.1 and 23.8 kohm·cm2 for the SWNT
electrode and for the SWNT-g-P3HT composite electrode,
respectively. The enlarged RF for the SWNT-g-P3HT
composite electrode might be due to the isolating effect of
the P3HT grafted on the surface of SWNTs (Figures 1c and
5b). On the other hand, the diameter of the semicircle for the
SWNT-g-P3HT composite electrode becomes smaller upon
addition of Ag+ ions into the testing solution: the RF was
obtained to be 21.7 kohm·cm2. The decreased RF could be
ascribed to the complexation interactions between Ag/Ag+

species and the sulfur atoms in P3HT. Thus, the EIS curves
of the different electrodes provide interface information
between the electrode, electrolyte, and Ag+ ions, which explains

the enhanced electrochemical detection of Ag+ ions by using
the SWNT-g-P3HT composite electrode.
Quantitative detection is essential for detection technique.

Figure 7a shows the CV curves of the SWNT-g-P3HT

composite electrode in the presence of various concentrations
of Ag+ ions: From 0.1 to 1 mg·L−1 of AgNO3 in aqueous
solution. It is seen that the intensities of both the oxidative peak
and the reductive peak increase with increasing the
concentration of Ag+ ions. In this process, the low-potential
oxidative peak becomes indistinct and the high-potential

Figure 7. (a) CV curves of the SWNT-g-P3HT composite electrode at
various concentrations of Ag+ ions (AgNO3, from 0.1 to 1 mg·L−1 in
aqueous solution), (b) intensity changes of the oxidative peaks at the
low-potential (solid square) and at the high-potential (solid dot) as a
function of the concentration of Ag+ ions, and (c) intensity change of
the reductive peak as a function of the concentration of Ag+ ions.
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oxidative peak appears dominated. The current values of the
oxidative/reductive peaks were plotted as a function of the
concentration of AgNO3. The electrochemical current of the
oxidative peaks increases with increasing the concentration of
Ag+ ions (Figure 7b). On the other hand, the electrochemical
current of the reduction peak increases linearly as a function of
the concentration of Ag+ ions (Figure 7c). These results
indicate that the SWNT-g-P3HT composite electrode can be
used for quantitative detection of Ag+ ions. Notably, because
the area of the SWNT-g-P3HT composite electrode is large up
to square centimeters, it has a larger interface with the
electrolyte than the traditional glassy carbon electrode. Thus,
the detection limitation of Ag+ ions can be as low as 0.1 mg·L−1

for AgNO3 (Figure S6, Supporting Information), which is lower
than the values of previous reports.54

Selective detection is another essential factor for detection
technique. In this work, we tried most commonly used
transition metal ions, including Cr3+ (Cr(NO3)3·9H2O, E

θ =
−0.74 V), Fe2+ (FeCl2·4H2O, E

θ = −0.44 V), Fe3+ (Fe(NO3)3·
9H2O, E

θ = −0.04 V), Co2+ (Co(NO3)2·6H2O, E
θ = −0.28 V),

Ni2+ (Ni(NO3)2·6H2O, Eθ = −0.25 V), Cu2+ (Cu(NO3)2·
3H2O, E

θ = +0.34 V), Zn2+ (Zn(NO3)2·6H2O, E
θ = −0.7618

V), Pb2+ (Pb(NO3)2, E
θ = −0.13 V), Ag+ (AgNO3, E

θ =
+0.7996 V), Cd2+ (Cd(NO3)2·4H2O, E

θ = −0.4 V), and Hg2+

(Hg(NO3)2·H2O, E
θ = +0.85 V) (in the brackets are displayed

the salts used for tests and the standard electrode potentials of
the corresponding metal ions relative to the standard hydrogen
electrode). According to the standard electrode potentials of
these ions, one can expect that only Ag/Ag+ and Hg/Hg2+

species show oxidative/reductive peaks in the scanned potential
window (from −0.25 to +0.6 V). Such speculation has been
confirmed by experimental data. An oxidative peak appeared at
ca. 0.41 V in the CV curves of a Hg(NO3)2·H2O aqueous
solution (1 mg·L−1) (Figure S7, Supporting Information),
whereas no oxidative/reductive peaks were detected for the
other metal ions in the potential window from −0.25 to +0.6 V
(not shown). It is seen that the SWNT-g-P3HT composite
electrode does not generate stronger oxidative/reductive peaks
than the SWNT electrode. This might be due to the fact that
the synergic effect of electrocatalytic properties from SWNTs
and P3HT is not optimized at the component ratio for the
SWNT-g-P3HT composite. Furthermore, the potential value of
the oxidation peak of Hg2+ ions is higher than that of Ag+ ions:
0.41 V for the former and 0.31 and 0.34 V for the latter.
Therefore, Ag+ and Hg2+ ions can be differentiated by using the
SWNT-g-P3HT composite electrode in this electrochemical
detection. In addition, because this detection technique
depends on the standard electrode potentials of the metal
ions and the preferential interactions of the metal ions with the
electrode material, the SWNT-g-P3HT composite electrode
shows a marked advantage in selective detection.

■ CONCLUSIONS
A SWNT-g-P3HT composite was prepared through covalently
grafting P3HT on the surfaces of SWNTs. TEM observation
and Raman spectra of the composite indicated intimate
interactions between SWNTs and P3HT in the composite.
The SWNT-g-P3HT composite films were prepared by using a
modified vacuum-assisted deposition approach, in which the
SWNT-g-P3HT composite was deposited on the top of a
SWNT layer. The optical and electrical properties of the
SWNT-g-P3HT composite films could be controlled by
changing the volumes of the SWNT-g-P3HT composite

suspension used. Due to complexation interactions of Ag+

ions with the sulfur atoms in P3HT, the SWNT-g-P3HT
composite films prepared on an ITO substrate showed selective
and quantitative detection of Ag+ ions among commonly used
transition metal ions. Finally, the SWNT-g-P3HT composite
films show advantages in simple and large-sized preparation; as
a result, the SWNT-g-P3HT composite electrode exhibited
enhanced limitation for electrochemical detection of Ag+ ions.
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