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Ultra-fine and uniform gold nanoparticles (AuNPs, 2nm) were selectively reduced on polyaniline
nanofibers (PANFs) without using protective agents. The water-dispersible PANFs, which acted as the
reductant, provided a high surface area to absorb and react with chloroaurate anions (AuCl,~). In-situ
UV-vis spectra indicated that the imine sites on PANFs formed complexes with AuCl,~. The AuNPs
were then selectively produced on these sites, resulting in a uniform distribution of AuNPs on PANFs
as evidenced by transmission electron microscopy. A possible mechanism for the formation of the
AuNPs-PANFs nanocomposite is proposed. The Fourier transform infrared spectroscopy and X-ray diffrac-
tion results indicate a strong interaction between AuNPs and PANFs. This strong interaction would
accelerate the redox reactions for both PANFs and AuNPs, and enhanced the anodic oxidation of H,0;.
The nanocomposite electrode of AuNPs-PANFs (3 g with 45 wt% AuNPs) on a glassy carbon electrode
(GCE) exhibited a fast response time (less than 3 s) and a high sensitivity (8.34 mAM~1) for H,0, sensing.
Our findings suggested that the obtained nanocomposite electrode may find interesting applications in

Keywords:

Au nanoparticles
Polyaniline nanofiber
Composite materials
H,0; sensing
Electrochemistry

biosensors.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Metal nanoparticle embedded nanoelectrodes have recently
attracted a lot of attention owing to their potential applications
in electrocatalysis and sensors [1-3]. In particular, gold nanopar-
ticles (AuNPs) have been widely used to fabricate electrochemical
and biological sensors due to their good conductivity, ease of self-
assembly through Au-S bond, excellent electrocatalytic ability and
biocompatibility [4]. To avoid aggregation and to increase the sur-
face area, AuNPs are generally dispersed in various materials, such
as metal oxide [2], carbon [5], and non-conductive [6] and conduct-
ing polymers (CPs) [6]. CPs are often used as host matrices because
they permit facile electronic charge flow through the polymer
matrix in the electrochemical processes [7]. CPs not only provide
low ohmic drops but also enhance the rate constant of the elec-
tron transfer process for some electroactive species. In addition,
the introduction of metal nanoparticles into CPs matrix can sig-
nificantly improve the electronic and chemical properties of CPs
[8]. Among CPs, polyaniline (PANI) is of special importance due to
its homogeneity, unique redox properties, good conductivity and
strong adherence to electrode surface.

* Corresponding author. Tel.: +886 6 2385487 fax: +886 6 2344496.
E-mail address: tcwen@mail.ncku.edu.tw (T.-C. Wen).

0254-0584/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2010.03.012

For the preparation of AuNPs-PANI nanocomposites, AuNPs are
usually fabricated and then incorporated into the PANI matrix dur-
ing [9] or after [10] polymerization process. AuNPs used for the
above process are usually prepared by reducing AuCl,~ in aqueous
solution. However, AuNPs aggregate due to ionic interactions [11],
so this process usually requires a protective agent to separate them.
Pure AuNPs-PANI nanocomposites have been prepared by the poly-
merization of aniline using AuCl,~ as an oxidant without protective
agents, but the aggregation of AuNPs could not be avoided [12].
Recently, AuNPs were generated on an electrodeposited-PANI film
which was in an emeraldine oxidation state [13]. In this case, AuNPs
tended to form on the surface of PANI film because AuCl;~ was
confined at the bare surface rather than in the bulk PANI matrix.
On the other hand, the preparation of nanosized Au in PANI via
the reduction of Au precursor by PANI in aqueous media has also
been reported [14]. However, the AuNPs had a relatively large
particle size and a broad size distribution, and they agglomer-
ated on the surface of PANI [14]. Therefore, in order to prepare
water-dispersible uniform AuNPs on PANI without using protective
agents, a facile and well-controlled technique needs to be devel-
oped.

Recently, water-dispersible and one-dimensional polyaniline
nanofibers (PANFs) have attracted a lot of research interest due to
their well-ordered polymer chain structure, which has a relatively
high aspect ratio and electronic conductivity as compared to these
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of PANI films. PANFs have been successfully used to design sensors
because their high surface area allows for the fast detection of target
molecules [7]. Since water-dispersible PANFs have a high surface
area, the diffusion problem of metal ions can be overcome, and thus
prevent the aggregation of AuNPs. In addition, PANFs provide ade-
quate sites for formation of ultra-fine and uniform AuNPs on PANFs
because imine nitrogen can form complexes with Au compounds.
In this work, a facile and well-controlled process is proposed
for the synthesis of ultra-fine and uniform AuNPs on PANFs. This
process does not require a protective agent but use the PANFs to
reduce AuCly~. The affinity between the protonated imine units

(= IJ\rlH—) of PANFs and AuCly~ allows ultra-fine (ca. 2nm) and
uniform AuNPs be selectively reduced on the surface of PANFs.
Furthermore, the strong interaction of surface-attached AuNPs
on PANFs (AuNPs-PANFs) results in excellent electrocatalytic
activity. Thus, an electrode fabricated using the proposed nanocom-
posite was found to be an excellent electrocatalyst for H,O,
sensing.

2. Experimental details
2.1. Chemicals

Analytical grade chloroform (Mallinckrodt Chemicals, 99.8%, 4443-10), ammo-
nium persulfate (J.T. Baker, 99.2%, 0762-01), hydrochloric acid (Aldrich, 37 wt%,
30721), and HAuCly (Alfa Aesar, 99.99%, 16961-25-4) were used as received. Aniline
(Riedel-de Haén, 99.5%, 15112) was distilled at a reduced pressure and stored at
low temperature in the dark prior to use. Aqueous solutions used in the study were
prepared using doubly distilled (18.3 MS2 cm) water obtained from a water filtration
system.

2.2. Characterization

The in-situ ultraviolet-visible (UV-vis) spectra were recorded on a UV-vis
spectrophotometer (Shimadzu UVPC-1501 Hyper UV-photodiode). The Fourier
transform infrared (FTIR) spectra were recorded with a KBr pellet on a Nicolet 550
spectrometer. All samples were dried in vacuum oven overnight before measure-
ment. An average of 64 scans with a resolution of 4cm~! was used to produce each
spectrum. The morphology was examined using a transmission electron microscope
(TEM JEOL model 1200-EX). The X-ray diffraction (XRD) patterns of AuNPs-PANFs
and PANFs were collected by exposing the samples to Siemens D5000 X-ray source
with CuKa (1.542 A)as a target in the diffraction angle (20) range of 15-90° ata scan
rate of 2° min~". Electrochemical analysis was performed using a PGSTAT20 elec-
trochemical analyzer (AUTOLAB, Eco. Chemie B.V., Netherlands). A platinum wire
and Ag/AgCl (in 3M KCl) were used as counter electrode and reference electrode,
respectively. A glassy carbon electrode (GCE, 3 mm in diameter) and an Au electrode
(AuE, 3 mm in diameter) were used as the working electrodes. A Luggin capillary,
whose tip was set at a distance of 1-2 mm from the surface of the working electrode,
was used to minimize the iR drop in the electrolytes.

2.3. Preparation of PANFs

PANFs were prepared using the interfacial polymerization as elegantly devel-
oped by Kaner group [15]. Typically, 30 mmol of aniline was dissolved in 100 mL of
chloroform and 7.5 mmol of ammonium persulfate was dissolved in 100 mL of 1M
HCI. The solutions were allowed then transferred to a beaker, generating an inter-
face between the two layers to react at room temperature for 24 h. The entire water
phase was homogeneously filled with dark-green polyaniline. The aqueous phase
was then collected and purified by dialysis (dialysis tubing, 8000 MW cut off). The
precipitated polymer fibers were rigorously washed with water and then dried in a
vacuum oven at room temperature for 24 h.

2.4. Preparation of AuNPs-PANFs

In the preparation of AuNPs-PANFs, PANFs were used to reduce AuCly~. AuNPs
were formed on PANFs by adding a HAuCl4 aqueous solution (0.1 mM) to an aqueous
solution of PANFs (the concentration of nitrogen sites was ca. 0.1 mM) at room tem-
perature. After mixing AuCl,~ into PANFs solution for 6 h, AuNPs-PANFs solution
was formed. The solution was further centrifuged to increase the concentration to
100 times that of the origin solution.

2.5. Fabrication of GCE/AuNPs—PANFs

Prior to the fabrication, a GCE was polished with 1.0, 0.3, and 0.05 pm alu-
mina slurries followed by rinsing with doubly distilled water, and then dried in
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Fig. 1. (a) In-situ UV-vis spectra as a function of time at (t1) 5, (t2) 30, (t3) 60,
(t4) 120, (t5) 300, and (t6) 900 s after mixing AuCls~ solution with PANFs aqueous
dispersion. The inset is a magnification of the region from 475 to 625 nm. Arrows
show trends in absorbance in the time intervals. (b) UV-vis spectra of (i) AuCly~
solution and (ii) PANFs aqueous dispersion.

air. GCE/AuNPs-PANFs and GCE/PANFs were fabricated by casting 3 pL of concen-
trated AuNPs—PANFs and PANFs aqueous dispersions on GCE, respectively. Then, the
solvent was allowed to evaporate at room temperature in air for 1h.

3. Results and discussion
3.1. In-situ UV-vis spectroscopy

In-situ UV-vis measurements were conducted after mixing
AuCly~ solution with PANFs aqueous dispersion. The resulting
spectra, for times of 5 (curve t1) to 900s (curve t6), are shown
in Fig. 1a. It is clear that there is an interaction and/or reaction
between AuCl,~ and PANFs. For convenience, the UV-vis spectra of
AuCl,~ solution and PANFs aqueous dispersion are shown in Fig. 1b.
There is an inherent peak of AuCl;~ at 210 nm with a shoulder at
275 nm. The characteristic peaks of PANFs at 320, 440, and 730 nm
correspond to w-7*, polaron-*, and localized polaron-m transi-
tions, respectively [16]. The polaron-m* and localized polaron-
transition peaks are associated with the protonated amine and
imine nitrogens on PANFs, respectively. The results indicate that
PANFs was in a doped state.

An examination of curve t1 in Fig. 1a and curvesiand ii in Fig. 1b
shows that the peaks of AuCl;~ and PANFs overlap and that the
spectra are dominated by AuCl,~. The inherent peak of AuCl,~ at
210 nm shifts to 225 nm and its shoulder at 275 nm shifts to 310 nm.
Meanwhile, localized plaron- transition peak of PANFs shifts from
730 to 565 nm. These shifts can be attributed to the oxidation state
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Fig. 2. FT-IR spectra of (i) PANFs and (ii) AuNPs—PANFs.

of PANFs changing from the emeraldine state to the fully oxidized
pernigraniline state during the reduction of AuCl4~ [17]. According
to the previous report, AuCl,~ can be absorbed on the protonated
nitrogen sites of PANFs to form a complex and AuCl;~ can obtain
electron from emeraldine base of PANFs to be reduced to Au(0).
Meanwhile, the PANFs change to pernigraniline base. Kinyanjui et
al. observed a red shift of the AuCl,~ peak after the polymerization
of aniline with AuCl,~ as the oxidant; however, the exact cause of
the shift is not clear [18]. As the time approaching 900 s, the peaks
at 225 and 310 nm shift back to the inherent positions and their
absorbances decrease with increasing time.

In the same time frame, the peak of PANFs shifts from 565 to
555nm and the absorbance increases with increasing time due
to the consumption of complexes to the formation of AuNPs by
extracting electrons from protonated nitrogen sites of PANFs sur-
face. Consequently, the state of PANFs shifts to a higher oxidation
state. From 900s to 6 h, the inherent peak of AuCl,~ at 210 nm did
not shift any more but the absorbance decreases. After 6 h, the solu-
tion turned a bit cloudy, indicating the formation of AuNPs-PANFs
because the original repulsion between AuCl,~ on the nanofibers
is weakened by the formation of AuNPs. However, the solution
became clear and, hence, the AuNPs-PANFs were redispersed, by
gentle agitation.

3.2. FT-IR spectra

Fig. 2 shows the FT-IR spectra of PANFs and AuNPs-PANFs.
The characteristic peaks at 1580 and 1510 cm~! correspond to the
C=C stretching of quinoid and benzenoid rings of PANFs, respec-
tively [9]. The presence of both peaks clearly shows that the
chemical structure of PANFs is composed of oxidized and reduced
units, corresponding to the quinoid ring/imine site and benzenoid
ring/amine site, respectively [19]. The ratio of oxidized/reduced
units was estimated using the intensity ratio of the quinoid to
benzenoid peaks. The ratios are 1.10 and 0.75 for AuNPs-PANFs
and PANFs, respectively. This indicates that AuNPs-PANFs have
the more oxidized units than do PANFs, corroborating the higher
oxidation state of PANFs upon the incorporation of AuNPs, as dis-
cussed above. Moreover, the C-N stretching shifts from the higher
wavenumber of 1305cm~"! for PANFs to the lower wavenumber
of 1290 cm~! for AuNPs-PANFs. The red shift is attributed to the
more delocalization of electrons at the nitrogen sites due to the
interactions between AuNPs and PANFs.

Intensity (a.u.)

20 (degrees)

Fig. 3. X-ray diffraction patterns of (i) PANFs and (ii) AuNPs—PANFs.

3.3. XRD patterns

Fig. 3 shows the XRD patterns of PANFs and AuNPs-PANFs.
The broad peaks at 26=21 and 25° correspond to the periodici-
ties parallel and perpendicular to the polymer structures of PANFs,
respectively [20]. In curve ii, four additional peaks at 38, 43, 65,
and 77° represent Bragg’s reflections from(111),(200),(220),and
(311) planes of Au crystals, respectively. A comparison of curves
i and ii shows that the peaks of AuNPs-PANFs at 21 and 25° are
broader and weaker, indicating that the crystallinity of PANFs is
significantly influenced by AuNPs.

3.4. TEM image and formation mechanism

Fig. 4 shows the TEM image of AuNPs-PANFs. Surprisingly, hun-
dreds of AuNPs are densely and uniformly decorated on the surface
of PANFs (ca. 30 nm in diameter), unlike in previously reported
cases where nanoparticles formed aggregates [14]. The diameter of
AuNPs ranges from 1.25 to 2.5 nm with an average value of ca. 2 nm
(see inset in Fig. 4). It should be noted that the uniform distribution
of AuNPs on PANFs was obtained without using protective agents.
Thus, we were eager to know the possible reason(s) why AuNPs
can be densely and uniformly decorated on the specific sites on the
surface of PANFs.

A possible formation mechanism of the excellent distribution is
proposed as shown in Scheme 1. The high surface area of dispersed
PANFs may play a key role in the formation of the uniform ultra-
fine AuNPs, exposing readily AuCl,~ to the surface of PANFs. Then,
AuCly~ are selectively adsorbed by the protonated imine sites on
the surface of PANFs due to the electrostatic effect and the strong

loneSepet!

AuCly” AuCl” AuCl

- AuCly
O A
\ \
~_ Formation of AuNPs \f~
aucty AN avay AUNP

(b)

Scheme 1. (a) Schematic structure of protonated or doped polyaniline (PANI) as
emeraldine salt. (b) Possible mechanism for the formation of nanocomposites of Au
nanoparticles (AuNPs) with polyaniline nanofibers (PANFs).
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affinity between imine sites and AuCly~ (Keq ~ 10'9), which leads
to further formation of the complexes [21]. The complexes serve
as the specific active sites for the formation of Au® nuclei due to
the electron transfer from the imine sites to AuCl,~, rendering
the simultaneous oxidation and reduction of PANFs and AuCl,~,
respectively [17]. Afterwards, AuCl,~ are further reduced on the
surface of Au® nuclei by autocatalytic surface reduction, leading to
the growth of Au® nuclei for the formation of a uniform and ultra-
fine AuNPs distribution. Moreover, the surface plasmon resonance
peak of AuNPs (520nm) was not observed in the AuNPs-PANFs
aqueous dispersion because it is sensitive to the surrounding envi-
ronment of AuNPs-PANFs, which reduce the oscillator strength and
weaken the surface plasmon absorbance [22]. Here, PANFs aqueous
dispersion creates a relatively homogeneous environment for the
reduction of AuCly~ and prevents the aggregation of AuNPs at an
early stage. This could explain why previous studies failed to show
a good distribution of AuNPs using PANI as a reductant [13,14,23].
However, some aggregated Au particles could also be found due
to Ostwald ripening as the molar ratios of AuCl,~/nitrogen sites
became higher than 1.0. Accordingly, all AuNPs-PANFs were pre-
pared with AuCl,~/nitrogen sites ratio fixed at 1.0 in the following
discussion.

3.5. Electroactivity

Fig. 5 shows cyclic voltammograms (CV) of glassy carbon
electrodes coated with polyaniline nanofibers (GCE/PANFs) and
with gold nanoparticles-polyaniline nanofiber nanocomposite
(GCE/AuNPs-PANFs) in 0.1 M phosphate buffer solution (PBS, pH
7.0). The electroactivity of PANFs was estimated by integrating
CV from O to 0.6V. The integrated charge areas were 0.6 and
2.7 uC for GCE/PANFs and GCE/AuNPs-PANFs, respectively. The
charge at the AuNPs-PANFs-modified electrode is 4.5 times greater
than that at the PANFs-modified one, suggesting that the surface-
attached AuNPs significantly increased the electroactivity of PANFs.
A possible reason for this is that the strong interaction between
AuNPs and PANFs accelerates the redox reaction of PANFs due to
more delocalization of PANFs after the incorporation with AuNPs.
Similarly, this strong interaction should also influence the elec-
trocatalytic activity of AuNPs. Therefore, a H,0, sensing study
was conducted to examine whether the electrocatalytic activity of

Current (pA)

T T T T T T T
00 01 02 03 04 05 06
E(V)

Fig. 5. Cyclic voltammograms of (i) AuNPs—-PANFs-modified glass carbon electrode
(GCE/AuNPs-PANFs) and (ii) PANFs-modified GCE (GCE/PANFs) in 0.1 M sodium
phosphate buffer solution (PBS, pH 7.0). Potential scan rate: 50 mVs~'.

AuNPs for H, 0, oxidation is increased by incorporating them onto
PANFs.

3.6. H,0; sensing via electrocatalytic oxidation

The electrocatalytic activity of AuNPs was examined in
the anodic oxidation of H,0, because its sensing is of great
interest in the biosensor, food, and pharmaceutical industries
[24,25]. The linear sweep voltammograms (SLV) of GCE/PANFs,
GCE/AuNPs-PANFs, and a plain gold electrode (AuE) in 5 mM H;0,
and 0.1 M PBS solution were investigated. As shown in Fig. 6,
only very weak anodic current was detected on GCE/PANFs in
the scanned potential range. In contrast, the anodic currents sig-
nificantly increase for both GCE/AuNPs-PANFs and Au electrodes.
GCE/AuNPs-PANFs (86 wA) shows 43 times the anodic current of
AuE (2 pA). The onset potential of GCE/AuNPs-PANFs (0.34V) is
0.13V, smaller than that of AuE (0.47 V). In fact, there is only 1.35 p.g
AuNPs in GCE/AuNPs-PANFs. GCE/AuNPs-PANFs (1.75cm?) was
estimated to have about 25 times the real surface area of AuE
(0.07 cm?) by the standard Fe(CN)g3~/4- redox method [10,26]. This
indicates that GCE/AuNPs-PANFs has more surface area than that

1.5 20
Diameter (nm)

Fig. 4. TEM image of AuNPs—PANFs shows that the AuNPs (dark dots) uniformly distributed on PANFs. The insets show a magnified view (upper right) and the particle size
of AuNPs (ranging from 1.25 to 2.5 nm; the average particles size was ca. 2 nm) (lower right).
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collector (GCE). Thus, the surface-attached AuNPs on PANFs act
like the nano-scaled Au electrodes with a large surface area and
excellent electrocatalytic activity for the oxidation of H,0,. The
detection limit of GCE/AuNPs-PANFs is about 3 wM based on
the criterion of a signal-to-noise ratio of 3. From these results,
we suggested that the nanocomposite structure is an excellent
matrix for electrocatalysis and enzyme immobilization, and thus
this AuNPs-PANFs-modified nanocomposite electrode may find
interesting applications in biosensors.

4. Conclusions

Ultra-fine and uniform AuNPs (2nm) were prepared using
PANFs as the reductant without addition of protective agents. The

396 C.-C. Hung et al. / Materials Chemistry and Physics 122 (2010) 392-396
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Fig. 6. Linear sweep voltammograms of (i) GCE/AuNPs-PANFs in 0.1 M PBS (pH 7.0)
before (---) and after (—) addition of 5mM H;0;. The inset shows linear sweep
voltammograms of (ii) GCE/PANFs and (iii) plain gold electrode as control (AuE) in
0.1 M PBS (pH 7.0) before (---) and after (—) addition of 5mM H,0,. Potential scan
rate: 50mvs-1.
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Fig. 7. Amperometric response of GCE/AuNPs-PANFs for consecutive addition of
10 uM of H;0; to 0.1 M PBS (pH 7.0) under stirring. Working potential: 0.6 V. The
inset shows a linear plot of current versus H,O, concentration.

of AuE for the electrocatalytic oxidation of H,0,. Moreover, it is
noticed that GCE/AuNPs-PANFs has 1.7 times the anodic current of
AuE based on the same surface area. This enhancement of anodic
current might be due to the strong interaction between AuNPs and
PANFs enhancing the electrocatalytic activity of AuNPs for H,0,
oxidation. Therefore, PANFs not only act as the conducting matrix
for electron transfer between AuNPs and electrode but also enhance
the electrocatalytic activity of AuNPs. Accordingly, the amperomet-
ric experiments for H, 0, sensing on this nanocomposite electrode
were performed and the results were discussed below.

Fig. 7 shows typical amperometric responses of
GCE/AuNPs-PANFs with the consecutive addition of 10 M
H,0,. As expected, GCE/AuNPs-PANFs has a lager amplified
response than does AuE. A linear response of H,0; sensing (inset)
was obtained in the range of 10 uM to 1 mM, with a slope of
8.34mAM~. This value is almost 45 times grater than that of AuE.
The anodic current rose sharply to a steady-state value when an
aliquot of H,0, was added to the buffer solution. The response
time for reaching a 95% maximum signal of GCE/AuNPs-PANFs
is less than 3s which is the same as that for AuE. This means
that the electrons produced from the oxidation of H,0, can
be effectively collected from the AuNPs-PANFs to the current

high surface area of PANFs exposes AuCl,~ to the imine sites on
PANFs to selectively reduce to uniform Au nanoparticles on the sur-
face of PANFs. The homogeneous distribution of AuNPs on PANFs
ensures a strong interaction between AuNPs and PANFs which
enhances the electroactivity of PANFs and the electrocatalytic activ-
ity of AuNPs for the oxidation of H,0,. A nanocomposite electrode
constructed from AuNPs-PANFs shows a fast response time (less
than 3s) and a high sensitivity (8.34mAM-') for H,0, sensing.
AuNPs-PANFs thus have a high surface area and excellent elec-
trocatalytic activity. The proposed preparation method could be
extended to other nanocomposites for various sensing and catalytic
applications.
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The Story of Graphene:
Relativistic Physics in a Nonrelativistic Material

Professor Mei-Yin Chou
Institute of Atomic and Molecular Sciences
Academia Sinica

The semiconductor industry and information revolution in the twentieth century
were built on the element of silicon. As first postulated by Gordon Moore of Intel,
Moore's Law holds that the number of transistors on a chip will double every two years.
We have benefited tremendously from these technology advances, and our lives have
been forever changed. With silicon device fabrication approaching its physical limits, the
search for the next generation of electronic materials has been one of the major
research topics in materials science. In the past few years, a new material named
graphene has attracted the attention of researchers in physics, chemistry, and
engineering. Graphene, a single atomic layer of carbon atoms arranged in a honeycomb
lattice (see below), is a unique two-dimensional system with a vanishing effective mass
for both the electrons and holes near the Fermi level. Many interesting physical
properties have been identified and investigated within the framework of “massless
relativistic fermions.” The 2010 Nobel Prize in Physics was awarded to Andre Geim and
Konstantin Novoselov for their experimental work on graphene. Many scientists believe
that graphene can serve as a new platform material that would allow the
semiconductor industry to continue its progress described by Moore's Law to produce
ever-smaller and faster electronic devices. In this talk, | will introduce the fundamental
properties of graphene and discuss the connection between relativistic physics and this
condensed matter system. | will also review the current effort of growing high-quality,
large-area samples, and various potential applications of graphene. Finally, | will discuss
the present challenges and future outlook for this intriguing material.
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Carbon atoms with sp® bonding forms a two-dimensional
honeycomb lattice in graphene.
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