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Abstract A facile route was introduced to generate uniform
raspberry-like gold@polyaniline (AuNP@PANI) particles
in the presence of sodium dodecylsulfate (SDS). The sur-
factant SDS played an important role in both generating a
uniform structure and stabilizing these particles. Upon addi-
tion of low-molecular weight organics, the regulation on the
gold architecture was realized from a compact to stretched
configuration owing to the change of surface tension and a
possible swell process. The catalytic activity of the raspberry-
like AuNP@PANI was investigated using the reduction
of 4-nitrophenol by NaBH, and electrocatalytic oxidation of
glucose as model reactions. It was found that the AuNP
@PANI particles with the most stretched architecture pre-
sented the highest catalytic activity owing to their largest
contact surface to the reactants.

Keywords gold@polyaniline - Raspberry-like structure -
Low-molecular weight organics - Catalytic activity

Introduction

Noble metal micro/nanostructures with specific morphology
have received considerable attention owing to their potential
applications in optics, catalysis, sensors, surface-enhanced
Raman scattering, and biology [1-5]. The formation of
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unique metal structures leads to the generation of novel
properties, especially when their size and shape are highly
controllable. Therefore, to construct a simple system for the
preparation of such metal structures has always been pursued.
Of great interest and significance, the raspberry-like metal
particles present high surface area and sufficient adsorption
sites, which render them excellent catalytic performance and
sensor ability [6—8]. Furthermore, introducing conducting
polymers into such metal systems is an exciting topic to
design functional architectures [9], where conducting poly-
mers may serve as electroactive linkers among the metal
particles [10]. To date, many strategies have been designed
for the generation of metal/conducting polymers micro/nano-
structures, including ligand exchange [11], self-assembly
[6, 7, 12—15], and seeded growth [16, 17]. Even so, a facile
route is still urgently required to achieve uniform and size-
tunable metal/conducting polymers structures.

Here, we report the synthesis of uniform raspberry-like
gold@polyaniline (AuNP@PANI) particles by a simple
method: mix the ingredients in right ratio at room temperature
followed by incubation for a period of time. In particular,
addition of low-molecular weight organics into the system
can effectively regulate on the morphology of the resulting
structures. Their catalytic property differs from each other
depending on the different architectures. In addition, owing
to the protection of the thin PANI layer, the catalysts keep
almost unchanged after recycled, making it promising to be
reused reasonably.

Experimental
Preparation of AuNP@PANI

To prepare the raspberry-like AUNP@PANI particles, aniline
(100 mM, 1 mL), sodium dodecylsulfate (SDS, 40 mM,
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1 mL), HAuCly (2.94 mM, 1 mL), and 1 mL of water were
mixed followed by shaking vigorously for 5 s and incubation
for 4 h at room temperature. The total volume of the reagents
was 4 mL, where [aniline]=25 mM, [SDS]=10 mM,
[HAuCl4]=0.74 mM. The addition of water was for the sake
of comparing with other experiments where ethanol or ace-
tone was used as additives. The color of the aniline/SDS
solution turned from wine red to brown upon addition of
HAuCly, and finally into dark green, revealing the realization
of a fast redox process between aniline and HAuCl,. The
product was purified by centrifugation at 8,000 rpm for
5 min to remove the excessive monomers or polymers. After
removal of the supernatant, the isolated particles were dis-
persed into diluted SDS (3.6 mM) solution for further
investigation.

In the case of addition of additives, the water in the above
system was replaced by 1 mL of ethanol or acetone under
otherwise the same conditions.

Catalytic reaction for degradation of 4-nitrophenol

The catalytic reactions for degradation of 4-nitrophenol
(4-NP) was conducted as follows: 400 pL of as-prepared
solution was concentrated to a total of 10 puL by centrifugation
at 8,000 rpm for 5 min. After removal of the supernatant, the
isolated AuUNP@PANI particles was immediately added to a
freshly prepared reaction mixture (3 mL) containing 4-NP
(0.15 mM) and NaBH, (5.5 mM). The optical property of
the reaction system was analyzed by using a UV—vis spec-
troscopy at every 5 min interval. As for the investigation on
the catalytic activity of the products from a system with
addition of ethanol or acetone, the same amount of reaction
mixture was extracted.

Electrocatalytic oxidation of glucose

A piece of indium-tin—oxide (ITO)-coated glass (1 x5 cm)
was firstly precleaned with acetone and immersed into a
solution of H,O,/NH5-H,O/H,O (1:1:5 v/v) for 30 min.
After that, the ITO glass was rinsed with de-ionized water
and dried at 40 °C. Of the as-prepared AuUNP@PANI solutions,
400 pL were centrifuged, dipped on the cleaned ITO glass
evenly, and dried in air to form thin films.

The electrocatalytic oxidation of glucose was performed
on a CHI 660D electrochemical workstation (CH Instru-
ments, Chenhua Co., Shanghai, China). A conventional
three-electrode cell was utilized with a saturated Ag/AgCl
electrode as the reference electrode, a platinum plate as the
counter electrode, and the AuNP@PANI-loaded ITO glass
as the working electrode. A potential scan in the range
of —0.4 to 1.1 V with a scan rate of 50 mV s ' was imple-
mented to explore the electrochemical behavior of glucose in
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stirred 0.1 M NaOH aqueous solutions containing 0.67 mM
glucose.

The estimation of the electrochemically active surface
area of the raspberry-like AuNP@PANI gold electrodes
were carried out using cyclic voltammetry and the Randles—
Sevcik equation for a reversible redox couple, which at 25 °C
is [18]

I, = (2.69 x 10°)n*2AD'?y'2C,,

where 1, is the peak current (4), n is the number of electrons
transferred, 4 is the electrode area (square centimeters), D is
the diffusion coefficient of the electroactive species (square
centimeters per second), v is the scan rate (volts per second),
and C,, is the bulk concentration of the same electroactive
species (mole per cubic centimeter). Here, we used 5 mM
K3Fe(CN)g in 0.1 M KCI aqueous solution for this purpose,
and K5Fe(CN)g has a diffusion coefficient of 1.0x 10> cm? s
at 25 °C. The scan rate kept at 50 mV s ' in the measurement.

Characterization

The morphology of the products was investigated by a high
resolution transmission electron microscopy (HRTEM,
JEOL-2100F) operated at 200 kV. In the typical sample,
(NH4)6Mo0,0,4 (3.4 mM) was used as the negative stain to
improve contrast for the transmission electron microscopy
(TEM) image of the core—shell structure. Ultraviolet—visible
(UV—vis) spectra were collected on a UV-2550 spectropho-
tometer. Raman spectrum was collected from the sample
solution (isolated AuNP@PANI dispersed in diluted
SDS solution) in a 4-mL glass vial on a PeakSecker
Pro spectrometer (Raman Systems Inc.) using a red
laser (A=785 nm) at 290 mW.

Results and discussion

Figure la shows the TEM image of the as-synthesized
AuNP@PANI particles. These particles appear raspberry-
like shape with an average diameter of 98+8 nm. A closer
detection demonstrates they are composed by many smaller
fiber-like gold nanoparticles (AuNPs, d,,=14+2 nm in
length, 8+2 nm in width; Fig. 1b). Besides, a thin layer of
polymer about 2 nm encapsulates these particles, which can
effectively prevent them from further aggregation [19, 20].
The UV-vis spectrum confirms the formation of AuNP and
PANI (Fig. lc). The peak at 556 nm originates from the
surface plasmon resonance of the gold particles and the peak
around 400 nm can be assigned to the polaron-t* of PANI
[21]. Figure 1d gives the Raman spectrum of the isolated
raspberry-like AuNP@PANI. The characteristic peaks at
1,599, 1,492, and 1,180 cm ! confirm the formation of PANI
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Fig. 1 a, b TEM images of
typical raspberry-like AuNP@-
PANI particles at low and high
magnification (negative stain
was used in b); ¢ UV-vis and d
Raman spectrum of the purified
raspberry-like AuNP@PANI
particles
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on the surface of gold [20]. The surfactant SDS plays an
important role in the overall synthesis. When the SDS con-
centration is decreased to 2 mM, a broad size distribution is
observed (Fig. 2a).

We believe the SDS molecules entrap into the PANI
structure and provide electronic repulsion on the surface of
the polymer shell [19, 20, 22]. When such repulsion is
deficient, aggregation inevitably occurs. This can be further
confirmed by another control experiment where no surfactant
is used. In this system, due to the high surface energy of the
AuNPs, only fiber-like gold aggregates with length up to
600 nm are observed (Fig. 2b).

Similar structured gold particles have been reported pre-
viously [12, 16]. In our system, we consider the redox
reaction between HAuCl, and aniline leads to the nucleation
of Au” and the formation of PANI simultaneously, followed
by a spontaneous assembly process. During the dynamic
growth, smaller AuNPs tend to aggregate owing to their
high surface activity. Meanwhile, PANI entrapped with
SDS covers the surface of gold aggregates to further decrease

Fig. 2 TEM image of
AuNP@PANI particles from a
water system a containing

2 mM SDS and b in the absence
of SDS
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the total surface energy. As a result, raspberry-like gold struc-
tures are achieved.

Addition of low-molecular weight organics, such as
ethanol and acetone can lead to an increase in the
particle size, as shown in Fig. 3. The mean diameter
of the obtained particles increases from 98 to 184 and
248 nm with addition of 1 mL of ethanol and acetone
instead of water, respectively (Fig. 3a and b). Moreover,
these particles present stretched configuration, indicating
a swell process may exist during the particle formation
process. To confirm this assumption, the as-synthesized
particles from the system without organics are centri-
fuged and incubated in ethanol overnight. As a result,
an increment of particle size is observed (from 98 to
135 nm, Fig. 3c). The post-swelling process did not
produce branches as stretching as those synthesized in
the later two systems. We consider once PANI was
formed, they cannot extend too much. Thus, a side
effect for the formation of highly stretched PANI may
originate from the good solubility of aniline/PANI in the

e
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Fig. 3 TEM images of
raspberry-like Au@PANI par-
ticles upon addition of 1 mL of
a ethanol and b acetone; ¢ TEM
image of the typical raspberry-
like Au@PANI particles after
incubation in ethanol overnight;
d TEM image of raspberry-like
Au@PANI particles upon addi-
tion of 0.2 mL of ethanol

mixed solvent, and the stretched PANI formed during
synthesis also occurred.

The surface tension should be another driving force to
make the expansion of the AuUNP@PANI particles. In water
media, owing to their high surface tension, the AuNPs prior
to form a close packing state to avoid large exposure to
water. Upon addition of ethanol, the interface energy between
the gold/PANI particles and the surrounding is greatly reduced
and the AuNPs have the tendency to relieve themselves from
the high strain and a more stretched assembly configuration is
thus obtained. In this sense, as the content of ethanol changed,
the size of the particles will alter accordingly. The average
diameter of the particles is 122 nm for addition of 0.2 mL of
ethanol and it increases to 184 nm for 1 mL of ethanol (Fig. 3a

and d). Furthermore, acetone can reduce the interface energy
in larger degree compared to that of ethanol. Consequently, a
larger particle with much more loose packing state is achieved
when acetone is introduced (Fig. 3b).

The raspberry-like structure may render the AuNP
@PANI particles with high catalytic activity. PANI plays
an important role in the catalytic, especially the electro-
catalytic process. On one hand, the existence of PANI
improves the dispersity and stability of AuNPs. On the other
hand, small-sized catalysts are able to provide high activity
for a special reaction; however, if they are separated by each
other, a redox reaction may be blocked with the oxidation
and reduction half reactions occurring individually. There-
fore, a good electrical connection between these small catalysts

Fig. 4 a A typical time-
dependent evolution of UV—vis
absorption spectra using the
raspberry-like AUNP@PANI
particles; b the relationship be-
tween —In (Cy/Cy) versus time
(#) in water and ethanol system,
and the slope of the linear fit
represents the rate constant (k);
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is of great importance [23, 24]. The raspberry-like AuNP
@PANI meets well with the above requirement, where the
smaller AuNPs are assembled with the linkage of PANI shell
(Fig. 1b). Furthermore, the PANI protects the AuNPs from
aggregation in the catalytic process (vide infra). Attention
should be paid that the PANI shell allows the penetration of
the reactants to contact with the AuNPs, consistent with
our previous reports on the formation of (Au@Ag)
@PPy [19] and (Au@Ag)@PANI [22] systems, where
the polymer monomer and Ag’ could reach the Au
seeds surface through the polymer shell.

After introducing ethanol and acetone, the morphology of
the products were altered, which may take great influence
on their catalytic activity. Comparing Fig. 3a and b with la,
one can see the compact “cores” of the particle in the typical
water system become smaller and more elongated branches
are formed, turning to a more stretched structure when
ethanol and acetone are involved. These allow the AuNPs
in the later two systems have greater chance to contact and
react with the reaction mixture.

In order to illustrate the results conveniently, we define
systems 1, 2, and 3 (abbreviated to S1, S2, and S3) as the
system with addition of 1 ml of water, ethanol, and acetone,
respectively.

To prove our assumption that the catalytic activity is
dependent on the morphology and structure of the particles,
we used the reduction of 4-NP to 4-aminophenol (4-AnP) by
NaBH, in aqueous media as a model reaction. Upon
addition of the raspberry-like AUNP@PANI particles, the ab-
sorption intensity of the 4-NP at 399 nm decreases quickly and
a new absorption band at 297 nm is gradually developed,
corresponding to the formation of the 4-AnP. The pure PANI
does not have catalytic activity on the reduction of 4-NP to 4-
AnP (Fig. S10), further confirming the penetration of the reac-
tants through the polymer shell to the Au surface. Figure 4a is a
typical time-dependent evolution of UV—vis absorption spectra
using the raspberry-like AUNP@PANI particles.

Using the sample obtained from S1, a complete degrada-
tion in 45 min was achieved (Fig. S11). Considering this
reaction a pseudo-first-order reaction (the concentration of
BH, greatly exceeds that of 4-NP), the rate constant (k) is
determined by the slope of the linear fit of —In (Cy/Cy) versus
time, where C/C, represents the ratio of 4-NP concentrations
at time 7 and 0 as calculated based on their corresponding
absorption intensity in the kinetic UV-Vis spectra (Fig. S12).
A kvalue 0f0.9976 min™ " is thus calculated. A larger value of
k (1.427 min") is obtained from S2 (Fig. 4b). The catalytic
activity of S2 is 43 % larger than that of the S1, confirming our
previous assumption.

As for the products from S3, they should display the
highest catalytic activity based on our previous discussion
and the conclusion above. However, by using these particles,
no significant changes of the peak intensity at 399 nm can be

detected in a certain period of time, that is, 4-NP is hardly
degraded. NaBH, as a widely used reductant can convert
ketones and aldehydes to alcohols. In S3, NaBH, react with
acetone to generate isopropyl alcohol, which takes negative
effects on the catalytic reaction. This also confirms the swell
process for the morphology changes with addition of
organics that acetone may exist in the final product to
keep a swollen structure.

We further studied the recycled behavior of the catalysts
using this reaction. The catalytic degradation effect (—InCy/
Cy) as a function of time on different cycle numbers is
presented in Fig. 4c. Based on the above result, the
corresponding rate constants are achieved (Fig. 4d). After
four cycles, the catalyst still kept its activity although a
decreasing effect was detected and we consider this should
be largely attributed to the centrifuge loosing. This good
performance should be related to the protection of the PANI
shell, which priors to maintain the well-defined gold struc-
tures and keep it from aggregation. From the TEM image of
the catalyst centrifuged after four cycles (Fig. S18), one can
see that the raspberry-like structure remains unchanged except
for a bit aggregation, which originates from the decreased
SDS concentration [19, 20]. In contrast, the normalized cata-
lytic activity of citrate-stabilized AuNPs is reduced to 21.97 %
after the first cycle.

In order to rule out the influence of acetone on the above
reduction process, we carried out the electrocatalytic oxida-
tion of glucose by using these particles from S1, S2 and S3.

Figure 5 shows the CV curves of the glucose oxidation
by using AuNP@PANI particles obtained from S1, S2 and
S3 as catalysts. Similar to the previous reports, in each
anodic current curve, there are two major oxidation peaks
except the position shift, which perhaps attributes to the
presence of PANI. In the positive scan of potential, the
peaks at ca. 0.1 and 0.7 V correspond to the oxidation of
glucose and the further oxidation of gluconolactone, respec-
tively [25, 26]. Comparing the three curves, we can see the

-
o
M

o

Current density / mA cm2
[=]

0.3 00 03 06 09 1.2
Potential / V
Fig. 5 Cyclic voltammograms for the oxidation of glucose (0.67 mM)

at AUNP@PANI from water system S1 (a), ethanol system S2 (b) and
acetone system S3 (c) electrodes in 0.1 M NaOH at 50 mV s '
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catalyst obtained from S1 generates a maximum anodic
current density of 2.03 mA cm > (at the peak potential of
0.61 V), whereas the catalysts from S2 and S3 yield a
current density of 4.11 (at the peak potential of 0.71 V)
and 5.71 mA cm ? (at the peak potential of 0.79 V), respec-
tively. This agrees well with our former discussion that the
AuNP@PANI particles from the system containing acetone
with a much more stretched structure present the highest
catalytic activity.

Conclusions

In summary, we provided a straightforward route to synthe-
size raspberry-like gold particles that were encapsulated and
protected by thin polyaniline layers. Addition of low-
molecular weight organics led to the facile regulation on
the architecture of the products. The catalytic activity of
these particles varied based on their corresponding morphol-
ogies and components. Such size-tunable particles with high
uniform morphology make them as promising materials for
optical crystals, catalysis, and electronic devices.
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