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ABSTRACT

ore-shell nanoparticle systems with their flexible and unique properties have been employed in various applications
Cespecially in catalytic conversion. However, the simple, low-cost, and novel strategies to prepare these nanosystems are
still limited and the efficient core-shell nanostructures are highly demanded. In this study, | propose the production of the
core-shell bimetallic nanosystem of gold and silver through a thin layer of polydopamine (PDOP). The PDOP layer as interp-
hase provided efficient performance as a reducing and stabilizing agent. The fabrication of the bimetallic core-shell system
was confirmed via electron microscope images and UV-vis absorption spectra. The catalytic activity tests, the reduction of
4-nitrophenol (4-NP) to 4-aminophenol (4-AP), of the nanostructures indicated that the emergence of the core-shell system
dramatically enhanced the progress of the reaction. It was also noticed that silver reduction time has a significant effect on
the catalytic performances of the proposed nanosystem. Total conversion of 4-NP to 4-AP was observed within only 20 min
for the case of 60 min of silver reduction time.
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ekirdek-kabuk nanopartikil sistemler esnek ve siradisi 6zellikleri ile basta katalitik dontstim olmak tzere farkh alanlarda

kullaniimaktadir. Fakat, bu nanosistemleri tretmek icin basit, dustk maliyetli ve yenilikci stratejiler sinirli sayida olup,
etkin cekirdek-kabuk nanoyapilar yliksek oranda talep gormektedir. Bu ¢alismada ince bir polidopamin (PDOP) tabakasi ile
olusturulan bimetalik altin ve giimus ¢ekirdek-kabuk nanosistemin Gretimini 6nermekteyim. PDOP tabakasi bir ara tabaka
olarakindirgeme ve stabilize ajan olarak etkin bir performans sunmustur. Bimetalik ¢cekirdek-kabuk sistemin tretimi elektron
mikroskop gorintuleri ve UV-vis absorpsiyon spektrasi ile dogrulanmistir. Nanoyapilarin katalitik aktivite testleri, 4-nitrofe-
noltin (4-NP) 4-aminofenole (4-AP) indirgenmesi, cekirdek-kabuk sisteminin tepkimenin ilerlemesini arttirdigi gosterilmistir.
Ayrica, gimis indirgeme stresinin 6nerilen nanosistemin katalitik performansi Gzerinde 6nemli etkiye sahip oldugu gozlen-
mistir. 60 dakika glimus indirgeme siresi igin 4-NP’nin 4-AP’ye tamamen donisiminin sadece 20 dakikada gergeklestigi
gorulmastar.
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INTRODUCTION

n recent years, due to the increase in better unders-

tanding in nanoparticle (NP) synthesis and properties,
their employment in various applications especially in
catalytic conversion has increased remarkably [1-3]. In
catalytic conversion, the activation energy is reduced
and thus the rate of the reaction is enhanced with an
increased yield of the desired products. Therefore, it is
highly desired to prepare robust NP systems with high
catalytic activity, stability, and different properties [4].

In the last two decades, core-shell nanoparticle systems
with their unique properties have been employed in sev-
eral applications including sensing, optoelectronic devices
and, catalytic conversion. In general, core-shell nanopar-
ticles considered as composite nanomaterials that contain
the same or different inner and outer layer material as
core and shell, respectively. [5]. Recently, core-shell nano-
structures have attracted remarkable interest due to their
versatile compositions and relevant extraordinary charac-
teristics. The combination of core and shell materials in dif-
ferent morphologies results in highly functional materials
with flexible properties [6]. By manipulating several para-
meters such as the material of core or shell, the morpho-
logy and thickness of each layer, the characteristics of the
core-shell nanosystems can be modified accordingly. With
these modifications, in comparison to the single core or
shell material, core-shell nanosystems represent distincti-
ve properties. Core-shell nanostructures with their extra-
ordinary properties can be employed in a various applica-
tions including optical devices, energy storage materials,
bioimaging systems, and catalytic processes [5-7].

In comparison to monometallic nanostructures, bimetallic
nanostructures usually exhibit unique catalytic properti-
es [6].
synergistic effect of multi-metals. Despite the progress in
the synthesis of bimetallic core-shell nanosystems, simp-
le, low-cost, and novel protocols are highly demanded to
produce efficient nanostructures. In this study, | propose
bimetallic core-shell nanoparticles of gold and silver as an
ideal catalytic system. For this, firstly citrate-stabilized gold
nanoparticles (AuNPs) were prepared and a thin layer of
bioinspired polydopamine (PDOP) was deposited onto the
nanoparticles via oxidative polymerization of dopamine.
Herein, PDOP has an essential role in the production of the
core-shell nanosystem. Having numerous imine, catechol,
and amine functional groups, the PDOP layer provides ext-
raordinary performance in the reduction of silver ions and
adsorption of the silver nanostructures as reduction agent

These phenomena are basically attributed to the

and stabilizer, respectively [8, 9]. Afterward, the PDOP mo-
dified AuNPs (AUNP@PDOP) were decorated with a thin
layer of silver nanoparticles (AgNPs) simply by immersing
them into AgNO, containing solution. The AgNPs coated
AuNP@PDOP (AuNP@PDOP@AgNP) bimetallic core-shell
nanosystem was tested as a catalytic system in the reduc-
tion of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP). In
our previous study, the core-shell nanosystem exhibited
unique performance as surface-enhanced Raman spect-
roscopy (SERS) platform [10]. In this study, | detected that
significant progress in the catalytic performance of na-
nostructure was attained with the emergence of a core-
shell system. It was also observed that the silver deposi-
tion time is the dominant parameter that determines the
catalytic activity of the proposed core-shell nanosystem.

Materials and Methods
Materials

All the materials were supplied from Sigma-Aldrich and
used directly without any further procedure.

Synthesis of NPs and characterization

In this study, | aimed to determine the catalytic activity
of different NP systems including citrate stabilized-AuNPs,
AuNP@PDOP, and the core-shell NP system of AuNP@
PDOP@AgNP for different silver reduction times. In this
respect, firstly, AuNPs were prepared through a well-
known citrate reduction method with some modifications
according to our earlier reports [11-13]. Briefly, 50 mL of
0.001 M chloroauric acid was heated to boiling point and
then 1.65 mL of 0.1 M tri-sodium citrate solution was ra-
pidly added to this solution under vigorous magnetic stir-
ring (1400 rpm). The heater was turned off and the AuNPs
in pinkish-red color were stored at 4 °C in the dark until
the next usage.

For the fabrication of AUNP@PDOP NP system, the oxi-
dative polymerization of dopamine was employed similar
to our earlier studies [10, 14]. 2 mL of as-prepared AuNPs
(200 ppm) was added to 10 mL dopamine solution (0.4 mg/
mL) in Tris-buffer (0.01 M) at pH: 8.5. The resultant disper-
sion was mixed gently at room temperature for 2 h. The
oxidative polymerization was confirmed via by naked-eye
through the gradual color change from pinkish-red to grey.
After the polymerization procedure, to remove the PDOP
residue and impurities, the dispersion was centrifuged at
15,000 rpm for 20 min. AUNP@PDOP NP dispersion was
stored at 4 °C in the dark until the next usage.



The reduction of silver ions onto the AUNP@PDOP NPs
was conducted through mixing AUNP@PDOP NP disper-
sion with the AgNO, solution. For this, briefly, 5 mL of
AuNP@PDOP NP dispersion (200 ppm) was added to 5
mL of AgNO, solution (0.01 M) and gently mixed for dif-
ferent reduction time to fabricate AUNP@PDOP@nAgNP
NP system (Herein, n stands for silver ion reduction time
in min).

The plasmonic and morphological evaluation of each NP
system was investigated in detail by UV-vis absorption
spectra (Shimadzu UV-3600 Plus UV-vis—near-infrared
(NIR) spectrophotometer) and transmission electron mic-
roscopy (TEM, Hitachi HighTech HT7700 and, and FEI Ta-
los F200X) with an energy-dispersive X-ray spectrometer
(EDAX), respectively.

Catalytic activity tests of NPs

In catalytic activity tests, | employed citrate stabilized-
AuNPs, AUNP@PDOP, and AuNP@PDOP@nAgNP in the
reduction of 4-NP to 4-AP. All catalytic experiments were
performed in daylight. In the reduction of 4-NP tests, 1

Figure 1. UV-vis absorption spectra of NP systems.
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ug NP containing dispersion was added to 3 mL solution
with a final concentration of 1 x 10* M 4-NP and 0.033 M
NaBH,. The reduction of 4-NP was monitored through the
absorbance spectra of the relevant system in the wave-
length range of 250-800 nm.

Results and Discussions

In this study, | aimed to determine the catalytic activity
core/shell bimetallic NP system containing AUNP and AgNP
as core and shell material, respectively. Herein, the PDOP
layer was employed as an interface between metallic NPs
not only as a reduction agent but also as a stabilizing agent
[10, 13, 15-17]. In the first part, NP systems were synthe-
sized through the proper methods. Figure 1 summarizes
the UV-vis absorption spectra of AuNPs, AUNP@PDOP,
and AuNP@PDOP@nAgNP for different silver reduction
times. Citrate stabilized-AuNPs exhibited sharp absorp-
tion maxima at 518 nm which indicates the presence
of NPs in spherical morphology with the average size of
18 nm (Figure 2a) [13]. A noticeable red-shift (8 nm) was
observed in the absorption maxima of the AUNP@PDOP
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Figure 2. Histograms of AuNP size distributions (a) and PDOP thickness (b) onto the AuNPs. At least 100 measurements were collected

from the random NPs or sites.

NPs after the addition of the PDOP layer. This issue may
be attributed to the change in dielectric constants of the
NP system because of the PDOP layer deposition. When
AuNP@PDOP NPs were mixed with the AgNO, solution,
the immediate color change was detected by naked-eye.
This experimental observation was furtherly supported
by the UV-vis absorption spectra. For the case of lowest
silver reduction time (30 min), a dramatic change was ob-
served with a broad shoulder ranging from 400 to 575 nm
indicating the emergence of AgNPs onto the AUNP@PDOP
NPs. PDOP with its numerous functional groups including
catechol, amine, and imine could reduce metal ions witho-
ut the employment of any reductive agent [8-10, 13, 15, 17,
18]. The higher silver reduction time also led to their higher
reduction and fabrication of AgNPs. For the cases of 60
and 120 min of silver deposition times, the peak associa-
ted with AuNPs was disappeared due to full coverage of
AgNPs as shell material. A single sharp maximum was de-
tected at 429 and 435 nm for the AUNP@PDOP@60AgNP
and AUNP@PDOP@120AgNP NP systems, respectively.
It seems that this blue-shift in the absorption maxima in
these two systems is due to the higher deposition of silver
ions. When the silver deposition times were increased, the
size of the AgNPs was increased accordingly.

For further analysis, | also collected some TEM images to
evaluate the morphology of each NP system. Some rep-
resentative images were summarized in Figure 3. For the
case of bare AuNPs (Figure 3a), mostly spherical NPs with
an average size of 18 nm and monomodal size distributi-
on was observed (Figure 2a). After 2h of PDOP deposition
time, | detected a conformal thin layer of PDOP having
a thickness of 10£3 nm onto the AuNPs (Figure 2a and

3b). This conformal PDOP layer with its abundant functi-
onal groups including catechol, amine, and imine can be
used in the reduction and adsorption metallic ions to fab-
ricate core/shell NP systems. After the reduction of silver
jons onto the AUNP@PDOP NP system, time-dependent
core/shell NPs with different morphology was detected
via TEM images (Figure 3c-e). Also, the color of the NP
suspensions was dramatically due to the emergence of
silver nanostructures as shell materials (see the insets in
Figure 3) For all AUNP@PDOP@AgGNP systems, it seems
that the surface of the AUNP@PDOP NPs was fully coated
with silver nanostructures. As the silver deposition times
were increased, the thickness of the AgNPs was increased
accordingly. The thickness of the silver shell was measu-
red as 612, 7+2, and 8+3 nm for AUNP@PDOP@30AgNP,
AUNP@PDOP@60AgNP, and AuNP@PDOP@120AgNP
system, respectively. | also collected some elemental
mapping and the relevant EDAX spectrum of the AUNP@
PDOP@60AgNP system (Figure 4). These data showed
that almost all NP systems (>95%, by analyzing at least 100
NPs) have the core-shell morphology. Also, the presence
of the gold and silver was confirmed in the EDAX spect-
ra the core and shell material, respectively. Similar results
were also detected for the other core-shell NP systems
(AUNP@PDOP@30AgNP, and AUNP@PDOP@120AgNP) of
the study (not shown here) [10].

In the light of UV-vis absorption spectra and TEM images,
| can specify that the core-shell NP system of AuNP and
AgNP was efficiently synthesized in desired morphology
and size through a versatile thin layer of PDOP.
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Figure 3. Representative TEM images of bare AuNPs (a), AUNP@PDOP (b), AUNP@PDOP@30AgNP (c), AUNP@PDOP@60AENP (d), and
AuNP@PDOP@120AgNP (e) at different magnifications. Insets show optic images of relevant NP systems. Insets show the optic ima-
ges of the relevant NP suspensions.
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Figure 4. Elemental mapping and the relevant EDAX spectrum of the AUNP@PDOP@60AgNP system. Electron micrograph region (a),
distribution of Au and (b), Ag elemental mapping (c), overlay of Au and Ag (d), and the relevant EDX spectrum (e).
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Figure 5. Catalytic activity tests of NP systems. The time-dependent UV—vis spectra for the reduction of 4-NP for bare AuNPs (a),
AuNP@PDOP NPs (b), AUNP@PDOP@30AgNPs (c), AUNP@PDOP@60AENPs (d), and AUNP@PDOP@120AgNPs as well as the relevant
kinetics of the model reaction for each of the NP system.
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After efficient synthesis of each NP system, their cata-
lytic activities were tested in the reduction of 4-NP to
4-AP. Figure 5 summarizes the catalytic activity of the
platforms through UV-vis absorption spectra and the
kinetic model of the reaction. In the presence of NaBH,,
the chemical reduction of 4-NP to 4-AP is favorable.
However, the large kinetic barrier due to the potential
difference of donor (BH,") and acceptor (4-NP) limits the
progression of the reaction [13, 16, 17, 19]. The employ-
ment of metallic nanostructures facilitates the transfer
of the electron from the donor to the acceptor. | used
the UV-vis spectra to monitor the catalytic reduction
process. Also, the progress of the reaction was observed
by the naked eye. During the reaction, the yellow color
due to the presence of 4-NP gradually disappeared and
the colorless solution was detected in the case of abso-
|ute conversion. For the case of bare AuNPs, the partial
conversion was detected even after 2 h of reaction time
(Figure 5a). However, after PDOP deposition onto the
AuNPs, the reaction rate decreased remarkably (Figure
5b). This issue can be attributed to the presence of the
PDOP layer. Here, the PDOP layer hindered the transfer
of the 4-NP to the metallic NP surface and reduced the
catalytic conversion. On the other hand, for the cases of
AUNP@PDOP@AgNPs, after deposition of the silver ions
onto the AUNP@PDOP NPs, the remarkable increase
was detected in the catalytic activity (Figure 5c-e). The
intensity of peak associated with 4-NP at 392 nm gradu-
ally decreased and a new peak showing the formation
of 4-AP was observed at 305 nm. For all AUNP@PDOP@
AgNP systems, the complete conversion was obtained
within 30 min. Due to the low concentration of NP sys-
tems (0.33 ppm), there was no observed absorbance
band associated with their presence. From these data,
it is clear that 60 min of the silver reduction time is the
optimum value for the given experimental procedure
(Figure 3d). It seems that the formation of the core-shell
nanostructure of gold and silver created a synergistic
effect as a catalyst. To further investigate and quantify
the catalytic performances, | also performed some ki-
netic calculations (Figure 5f). From the kinetic evalua-
tion of pseudo-first-order reaction, the rate constants
are calculated as 0.08, 0.1, and 0.06 min* for AUNP@
PDOP@30AgNPs, AUNP@PDOP@60AgNPs, and AUNP@
PDOP@120AgNPs, respectively. In comparison to our
earlier reports for different metallic nanosystems,
these rate values are at least ten-times higher indicat-
ing the excellent efficiency of the core-shell system as
an ideal catalytic system [13, 16, 17].

Conclusion

In the context of this study, | could efficiently synthe-
size bimetallic core-shell nanostructures of gold and
silver by employing a thin layer of PDOP. Herein, PDOP
as an interface between gold and silver nanostructures
provided satisfying performance in the reduction of sil-
ver ions and stabilization of silver nanostructures onto
the AuNPs. The emergence of the bimetallic core-shell
nanosystem led to significant enhancement in their ca-
talytic activity in the reduction of 4-NP to 4-AP. It was
observed that silver ion reduction time has a certain ef-
fect on the catalytic activity of the AUNP@PDOP@AgNP
core-shell system. This study paved the way for our
prospective studies which will be on the employment
of the proposed core-shell nanosystems in targetted
bioimaging and sensing systems.
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