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ABSTRACT: Hybridization with gold has attracted a lot of attention in many application areas such as energy, nanomedicine,
and catalysts. Here, we demonstrate electrochemical hybridization of two different metals by using bare and 1,4-phenylene
diisocyanide (PDI) functionalized gold nanoislands (GNIs) supported on a Si substrate. As pristine GNIs are not tightly locked
on the Si surface, bimetallic Au@M (M = Ag, Pd, Fe, and Cu) core−shell type nanostructures are produced by an electric-field-
induced clustering of GNIs and metal deposition. On the other hand, upon functionalization of GNIs by PDI, 3D island growth
on the functionalized GNI template is observed as PDI acts as a protector against the electric-field-induced clustering. Depth-
profiling X-ray photoelectron spectroscopy reveals no discernible difference in the interfacial electronic structures of hybrid
metals prepared by using pristine and PDI-functionalized GNI templates. This work demonstrates a new approach to produce a
secured template and to manipulate growth of hybrid nanoparticles on this template supported on a Si substrate by using
electrodeposition and organic functionalization.

■ INTRODUCTION

Hybridization of more than two different metals has been under
intense study, generally with the goal to improve its
performance and/or to introduce new functionality in their
applications in energy, catalysts, sensors, and drug delivery.1−14

As a hybrid material element, gold has attracted much attention
in nanoscale architecture due to its enhanced activities at the
nanoscale.11−14 A synergetic effect has commonly been
observed upon introducing a second metal, including transition
metals (e.g., Fe and Cu) and noble metals (e.g., Ag, Pd, and
Pt).15−25 Haldar et al. prepared bimetallic Au@Ag core−shell
nanoparticles (NPs), tested catalytic reduction of 4-nitrophenol
to 4-aminophenol, and found that the catalytic activity was
increased with increasing the core size.15 It was also reported
that plasmonic effect of AuAg bimetallic NPs could be 20 times
stronger than that of pure Au NPs.16 Huang et al. showed that
controlling the Ag shell thickness of AuAg bimetallic nanorods
could give rise to change in the emission color and to region-
selectable surface plasmonic effect.17,18 Stand-alone AuPd NPs
and those dispersed on graphene sheets and carbon nanotubes
showed high catalytic activity for the detection of H2O2 and
reduction of 4-nitrophenol with higher turnover frequencies,

respectively.19−21 The bimetallic catalysts were found to exhibit
much higher activity than those of the monometallic Au NPs
and Pd NPs. Feĺix-Navarro et al. prepared bimetallic PtAu NPs
on multiwall carbon nanotubes and observed a superior
catalytic activity for oxygen reduction.22 Nonenzymatic glucose
sensor based on bimetallic PtAu nanocatalyst showed excellent
stability and selectivity.23 Magnetic Fe2O3@Au core−shell
structures have shown great potential for application in drug
control and therapy due to its near-IR response and magnetic
remote control property.24 Wang et al. synthesized Au@Cu
core−shell NPs on carbon nanofibers by using a solution
method and demonstrated their application as catalysts for
hydrogen production, where the core−shell structures showed
enhanced electrochemical activity.25

In the hybridization process, morphology control during
hybridization becomes increasingly difficult as the lateral size
goes below 100 nm. For this reason, a more sophisticated
technique of hybridization with better outcome would be highly
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desirable. Among the various methods of preparing hybridized
bimetals, electrochemical deposition has been widely used
because of its many advantages, including ease of use and low
cost.26−29 In the case of nanoscale electrodeposition on a
support, especially Au on Si, the bonding between the metal
(Au) and the substrate (Si) should be considered carefully.30

Because of the relatively weak Au−silicide bonding, the Au
nanodeposits could experience turbulent motion caused by the
externally applied electric field, which could significantly affect
the spatial distribution of the nanodeposits and the resulting
nanotemplate.
As nanoscale architecture developed by surface engineering is

of great interest, surface functionalization by organic adspecies
has become the method of choice to modify a surface.31,32 In
this work, 1,4-phenylene diisocyanide (PDI, −CN+−C6H4−
N+C−) is selected as a coordinating agent between GNI and
an overlayer electrodeposited metal. The PDI is one of the
simplest molecules that has an isocynide group and it is well-
known that an isocynide group could form σ-bonding with
metal elements.32−36 In particular, PDI reacts with gold, leading
to the formation of −(Au−PDI)n− oligomers.34 Here, we

demonstrate that metal growth on a GNI-decorated substrate
can be altered by prefunctionalization of the GNI template with
and without PDI. Bare GNIs on a Si substrate can be dislodged
by the electric field generated by the applied potentials during
electrodeposition of the selected metals, and they become
clustered together. This field-driven disruption could be
prevented by PDI functionalization on GNIs. The locking of
GNIs on the surface by PDI provides an important technique
for constructing nanoscale architectures, especially for assuring
that bimetals can be uniformly electrodeposited over a large
area to produce a large template.

■ EXPERIMENTAL SECTION
Materials. 1,4-Phenylene diisocyanide (C6H4(NC)2, 97%), toluene

(C6H5CH3, 99.8%), silver nitrate (AgNO3, ≥99.0%), iron(III) chloride
hexahydrate (FeCl3·6H2O, 97%), copper sulfate pentahydrate
(CuSO4·5H2O, ≥98.0%), palladium chloride (PdCl2, 99%) and
sodium perchlorate monohydrate (NaClO4·H2O, 98%) were pur-
chased from Sigma-Aldrich and used without further purification.

Preparation of GNI and Bimetallic Nanostructures. GNIs
supported on a p-type Si(100) substrate (single-side-polished, 15 × 2.5
mm2 and 0.4 mm thick) were prepared by sputter-deposition of Au

Figure 1. SEM images of (A1) bare and (A2) PDI-functionalized Au nanoisland (GNI) templates and upon (B1, B2) Pd (0.2 V for 30 s) and (C1,
C2) Ag (−0.5 V for 60 s) electrodeposition onto a GNI template (B1, C1) without and (B2, C2) with PDI functionalization. Insets show SEM
images of the corresponding samples at a higher magnification. Magnified SEM images of electrodeposited Ag on GNI are provided in Figure S1.
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using a magnetron sputter-coater (Denton Desk II), followed by
thermal annealing at 450 °C for 1 h in a conventional (air medium)
oven. For PDI functionalization, a bare GNI template (or a Au thin-
film substrate obtained by magnetron-sputtering without the
postannealing) was dipped in a 1 mM PDI toluene solution for 24
h followed by thoroughly washing with toluene to remove physisorbed
multilayer PDI. The selected metals were electrodeposited on a bare or
a PDI-functionalized GNI template potentiostatically by amperometry
in a three-electrode cell with a CH Instruments 660A electrochemical
workstation. A standard Ag/AgCl electrode and a platinum wire were
used as the reference and counter electrodes, respectively. For metal
electrodeposition on a GNI template, we used a 10 mM deoxygenated
aqueous solution of AgNO3, FeCl3, or CuSO4 along with 100 mM
NaClO4 as the supporting electrolyte. For Pd deposition, we used a 0.1
mM solution of PdCl2 as the electrolyte. After the electrodeposition,
we thoroughly rinsed the samples with filtered deionized water (18.2
MΩ cm resistivity) and dried under nitrogen stream before XPS and
SEM analysis.
Characterization. Surface morphology of the resulting nano-

deposits was examined by field-emission scanning electron microscopy
(FE-SEM) using a Zeiss LEO 1530 microscope. The corresponding
chemical states were analyzed by X-ray photoelectron spectroscopy
(XPS) as a function of Ar+ ion sputtering time in a Thermo-VG
Scientific ESCALab 250 Microprobe equipped with a hemispherical
analyzer and a monochromatic Al Kα X-ray source (1486.6 eV). For
depth profiling studies, sputtering was rastered over a sample area of 2
× 2 mm2 at an ion beam energy of 3 keV and a sample current density
of 102 nA/mm2.

■ RESULTS AND DISCUSSION

Pd and Ag Electrodeposition. Figure 1 shows the SEM
images of two different metals (Pd and Ag) hybridized with
GNIs by electrodeposition with and without PDI functionaliza-
tion. Before electrodeposition, GNIs with sizes less than 10 nm
are uniformly distributed on a Si support (Figures 1A1 and
1A2). The GNIs show no visible difference before and after
PDI functionalization. Without PDI functionalization, the as-
deposited metal overlayers of Pd (Figure 1B1) and Ag (Figure
1C1) are found to completely cover the GNIs uniformly,
without any area of the GNIs exposed. The resulting hybrid

islands generally become much larger than the bare GNIs,
which indicates that each hybrid island covers two or more
GNIs. When compared to the bare GNI template, the number
density of the islands has been discernibly reduced, and the
average size of the islands has concomitantly become larger. For
electrodeposition on the PDI-functionalized GNI template
(Figures 1B2 and 1C2), the islands become very nonuniform
and significantly larger islands appear on individual GNIs. For
electrodeposited metal on the GNI template, we confirm the
presence of electrodeposited metal by energy dispersive X-ray
(EDX) analysis (see Figure S1, Supporting Information).

Unlocked and Locked Au Nanoislands and the Role of
PDI. We illustrate a growth mechanism proposed for
electrodeposited metal on bare and PDI-functionalized GNI
templates in Figure 2. For the bare GNI template, our
hypothesis is that once nucleation of the metal (Pd or Ag)
occurs on a bare GNI, the metal seed could migrate and
eventually merge with another seed on the original or another
GNI, as shown schematically in Figure 2. At the same time, the
electrochemical action also induces migration of the entire
GNI, which also results in the transport of the metal seeds
already deposited on the GNIs. The field-induced migration
therefore produces both seed-to-seed and GNI-to-GNI gradual
hybridization, which cause the GNIs to become fully covered
by the metal overlayer. With increasing deposition time, the
GNI−metal core−shell nanostructure becomes larger, as shown
in the SEM images for Pd growth evolution on the bare GNI
template (Figure 2). To further support our proposed model of
electric field-induced aggregation and core−shell formation, we
provide SEM images for Pd electrodeposited on GNIs prepared
at various applied potentials and with different amounts of time
in Figure S2.
For the PDI-functionalized GNI template, the metal

overlayer appears to follow the Stranski−Krastanov growth
mode, where a metal seed on a GNI grows in size, without
merging with another seed on other GNI, to form the overlayer
that eventually covers the entire PDI-functionalized GNI

Figure 2. Growth models of electrodeposited metal on bare (top left) and PDI-functionalized (top right) GNI templates. Bare GNIs (middle left)
are highly mobile on the Si surface and become clustered together under the effect of an applied potential, while PDI-functionalized GNIs (middle
right) are apparently locked down by the PDI overlayer (red line) and are strongly bonded on the surface. The SEM images (lower) illustrate
changes in the morphology for Pd deposition on a bare GNI template with increasing electrodeposition time.
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(Figure 2, top right). For bare GNI template, growth of the
overlayer metal can be explained by the Frank−van der Merwe
(or layer-by-layer) growth mode and is accompanied by GNI
clustering. On the basis of our XPS results for the PDI-
functionalized GNI template (Figure S3), we suggest that one
−NC group of the PDI molecule is bound to the Au atoms on a
GNI by linear σ-bonding, with the other terminal −NC group
remaining free. This is in good accord with the literature.35,36

The positive metal ions are more easily attracted to the
negatively charged −+NC− group to form a complex before
undergoing chemical reduction.37 It should be noted that the
growth of the metal (Ag and Pd) seed on the bare region of the
Si substrate (not covered by GNIs) is limited because the Si
surface is oxidized and less conductive than the GNIs. In a
separate experiment, we deposit PDI directly on a bare Si
substrate. The lack of detectable N 1s XPS signal for a bare Si
substrate functionalized by PDI therefore confirms that PDI
does not attach well on the bare part of the Si substrate.
For the viewpoint of application, electrocatalytic activities of

a bare Si substrate as well as GNI substrates without and with
PDI functionalization are evaluated by cyclic voltammetry in a
0.1 M sodium perchlorate aqueous solution (Figure S4).
Evidently, the PDI-functionalized GNI template exhibits a
higher current than the bare GNI template, which is due to a
larger GNI surface area resulting from PDI functionalization
that prevents field-induced aggregation of GNIs.
Depth-Profiling XPS of Ag on GNI and PDI-Function-

alized GNI Templates. We have examined the difference in
chemical-state composition between the hybridized metals
prepared on GNI templates with and without PDI function-

alization and their interfacial nature by using depth-profiling
XPS. In Figure 3, we show typical XPS data for Ag−Au
hybridized metals electrodeposited with and without PDI
functionalization, for which the corresponding XPS survey
scans show the presence of Ag, Au, C, and O (Figure S5) and
no impurity peaks. On the other hand, nitrogen species are only
observed in the region scans for the PDI-functionalized GNI
template (Figure 3). For the as-prepared samples, the Ag 3d
peaks appear more prominent than the Au 4f features,
consistent with Ag being the top layer. Sputtering for 10 min
is sufficient to completely remove all the Ag, exposing the Au
4f7/2 Au−silicide feature at 84.9 eV. In particular, the Ag 3d5/2
(Ag 3d3/2) peak at 368.0 eV (374.0 eV), corresponding to the
metallic Ag overlayer, becomes diminished with increasing
sputtering time, and it shifts slightly by 0.2 eV to a higher
binding energy with no change in the spin−orbit splitting (of
6.0 eV). The binding energy shift is likely due to the support,
quantum size, and/or alloy effect.30 On the other hand, the Au
4f7/2 (Au 4f5/2) peak at 83.8 eV (87.5 eV) is shifted by 0.5 eV to
a higher binding energy upon sputtering for 2.5 min. It should
be noted that the slightly lower Au 4f binding energy value
found for the as-prepared samples than that of bulk metallic Au
(by 0.2 eV) could be attributed to Ag−Au nanoalloy
formation.38 Upon 2.5 min sputtering, the Au 4f peaks shift
by 0.5 eV and become much broader, while the Ag 3d peaks
show no discernible change in the peak position or the width.
We attribute this binding energy shift to Au−Si interaction
caused by the Si support and/or Au silicide alloy formation.
The broad peak can therefore be attributed to a mixture of
contributions from metallic Au and Si support/silicide (Figure

Figure 3. XPS spectra of Ag 3d, Au 4f, N 1s, and valence band (VB) regions of Ag as-electrodeposited on Au nanoislands without (upper) and with
(lower) PDI functionalization and with increasing Ar ion sputtering time to 10 min. Upper right panel displays the corresponding changes in Ag 3d
and Au 4f peak intensities with sputtering time (after appropriate consideration of the relative sensitivity factors: Au 4f = 4.95 and Ag 3d = 5.2).
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S6). Upon 10.0 min sputtering, Ag is completely removed, and
the only remaining Au 4f7/2 (Au 4f5/2) peak is located at 84.9
eV (88.7 eV), corresponding to the Au silicide formed at the
Au−Si interface. We also observe a broad N 1s peak at 400.0
eV, which is attributed to NC−Au bonding.35,36 The N 1s peak
is found to shift to a lower binding energy with sputtering,
which suggests plausible dissociation of the NC group from the
aromatic ring to form a chemisorbed −NC⟨ (imine)-type
bond on Au.35,39 The depth profiles are also shown in Figure 3.
The Au/Ag ratios are 0.24 and 0.19 for the as-prepared Ag
nanodeposits on bare GNI and PDI-GNI templates,
respectively. The smaller Au/Ag ratio for the PDI-GNI sample
is likely due to the presence of PDI chemisorbed on the GNI
template. Upon 2.5 min sputtering, the Ag 3d intensity
decreases while the Au 4f intensity increases, as expected.
However, the decrease in the Ag 3d intensity for the bare GNI
template is more drastic, reflecting a more uniform Ag layer.
Upon sputtering for more than 2.5 min, the Ag 3d and Au 4f
intensities are found to both gradually decrease in a similar
fashion for the bare GNI and PDI−GNI samples.
Fe and Cu Electrodeposition on the GNI and PDI−GNI

Templates. To further confirm the electric-field-induced

clustering effect of pristine gold nanoislands on a Si substrate
and the lockdown effect of PDI on GNIs, we conduct
electrodeposition studies of iron and copper on the GNI
templates (Figure 4). The deposited rice-shaped Fe NPs are
commonly found to be 100−150 nm long and ∼30 nm thick.
For the PDI-functionalized GNI template, the Fe nanorice NPs
are deposited without significantly impacting the GNI template,
with the GNIs clearly visible on the Si substrate. For Cu
deposition on the PDI-functionalized GNI template, the GNIs
are similarly unaffected by the electrodeposition. However, for
Fe electrodeposition on the bare GNI template and in spite of
Fe not engulfing the GNI, significant clustering and movement
of bare GNIs are clearly evident. For Cu electrodeposition on
the bare GNI template, the GNIs appear to become larger due
to Au clustering and to the Cu deposition on GNIs, as similarly
observed for Ag and Pd (Figures 1 and 2). To further show the
movement and clustering of GNIs, we employ bare and PDI-
functionalized thin Au films as the substrates and repeat the
electrodeposition experiment of Fe (Figure 4, middle panel).
Evidently, the PDI-functionalized Au film substrate shows no
critical impact upon Fe deposition. On the other hand, the bare
Au film substrate has remarkably changed to Au NPs upon Fe

Figure 4. SEM images of bare (left column) and PDI-functionalized (right column) GNI (top) templates upon Fe (top) and Cu (one cyclic
voltammetry from −1.5 to 1.5 V) electrodeposition (bottom). Middle panels show Fe (−1.0 V for 60 s) electrodeposition on a Au thin-film substrate
without and with PDI functionalization, with the pristine Au film shown as inset.
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deposition. This is a significant result, and it confirms that the
employed electric field could induce clustering due to the weak
interfacial bonding of Au−Si. Depth-profiling XPS results show
that Fe nanorice NPs consist of three layers of different
oxidation statesFe (core), FeO (midshell), and an outermost
thin Fe2O3 and/or FeOOH skin40,41and that electro-
deposited Cu nanodeposits on GNI correspond to metallic
Cu cores individually covered by a Cu2O shell with a CuO
outermost skin.28,42

■ CONCLUSIONS

In summary, we report the first observation of an electric-field-
induced electrochemical clustering of GNIs on a Si surface.
Using the field-induced gold clustering effect and the preferred
electrodeposition on GNIs, we develop supported bimetallic
Au@M (M = Ag, Pd, Fe, and Cu) core−shell nanostructures
and examine their interfacial structures by depth-profiling XPS.
The bonding between Au nanoislands and the Si support is
governed by formation of Au silicide. As this bonding is
inherently weaker for smaller GNIs because of the smaller
contact area between Au and Si, such interaction could be
sufficiently small to be disrupted and indeed overcome by the
external electric field density during an electrochemical action,
causing turbulent motion of the GNIs. This provides the
mechanism for GNIs to aggregate into larger islands and to be
selectively encapsulated by the overlaying metal atoms. We
further show that we could, in effect, turn off this field-induced
GNI clustering by a simple surface modification using 1,4-
phenylene diisocyanide or PDI (−CN+−C6H4−N+C−),
where the PDI linker acts as a protector. Remarkably, PDI
functionalization changes neither the chemical states nor their
compositions in the formation of Au−metal hybrid materials.
Organic functionalization of GNIs by PDI on a Si support
could therefore play a crucial role in hybridization of two
different metals. Such a template with “locked” or “unlocked”
GNIs could potentially offer a wide range of applications,
including catalysis and sensing applications.
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