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ABSTRACT: Gold dendritic nanostructures with hyperbranched architectures were synthesized by the galvanic replacement
reaction between nickel wire and HAuCl, in aqueous solution. The study revealed that the morphology of the obtained
nanostructures strongly depended on experimental parameters such as the HAuCl, solution concentration, reaction temperature,
and time, as well as stirring or not. According to the investigation of the growth process, it was proposed that gold nanoparticles
with rough surfaces were first deposited on the nickel substrate and that subsequent growth preferentially occurred on the
preformed gold nanoparticles, finally leading to the formation of hyperbranched gold dendrites via a self-organization process
under nonequilibrium conditions. The electrochemical experiment results demonstrated that the as-obtained gold dendrites
exhibited high catalytic activity toward ethanol electrooxidation in alkaline solution, indicating that this nanomaterial may be a

potential catalyst for direct ethanol fuel cells.

KEYWORDS: gold dendritic nanostructures, galvanic replacement reaction, nickel wire, ethanol electrooxidation

1. INTRODUCTION

The fabrication of gold (Au) nanostructures with novel
morphologies has been an active research area because of
their morphology-dependent optical, electronic, and catalytic
properties and promising applications.l’2 Among various
morphologies, dendritic nanostructures have attracted much
attention because of their importance in understanding the
fascinating fractal growth phenomena® and their potential
applications in photoluminescence,” surface-enhanced Raman
spectroscopy (SERS),*”® superhydrophobic surfaces,®® sensor/
biosensors,"'" catalysis,">" and electrocatalysis.*"*~'” Fur-
thermore, the fabrication of nanostructures with hierarchical
architectures is a crucial step in bridging the gap between
nanoscaled building blocks and complex functional materials
and devices. It has been documented that nonequilibrium
growth and molecular anisotropy played important roles in the
formation of dendritic nanostructures.”'® Because of the highly
symmetric face-centered-cubic (fcc) crystal structure of Ay, it is
usually needed to create a nonequilibrium growth condition for
the preparation of Au dendritic structures by adjusting reaction
conditions such as the solvent, reactant concentration, additive,
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temperature, convection, etc. To date, many methods have
been developed for the preparation of Au dendritic
nanostructures, including electrodeposition,s_l1’15_17 a wet-
chemical route,”*>'*'%2° 3 seeded growth method > > an
aqueous/organic interfacial reaction,”* a hydrothermal reduc-
tion method,® a template method,”® and curing of spin-coated
Au colloids at elevated temperatures.”® These methods
provided new avenues to study the growth process of dendritic
structures, and the obtained products exhibited some promising
applications. However, surfactants, polymers, or certain ionic
species are usually required in these approaches as shape-
directing agents by preferential adsorption on specific crystal
planes to form anisotropic nanostructures. The adsorbed
heterogeneous impurities on the obtained nanostructure
surface will greatly interfere with their practical applications
in SERS, sensing, and catalysis. Therefore, it would be highly
desirable to develop a facile and effective method to synthesize
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Au dendritic nanostructures with “clean” surfaces and hyper-
branched architectures.

The galvanic replacement reaction provides a remarkably
simple and versatile route to preparing various metal
nanostructures, in which the driving force is the difference in
the standard electrode potential between the deposited metal
and sacrificial substrate. This method was also known as
transmetalation, which was first applied by Adzié’s group®”*®
and Buess-Herman’s group>”*° to spontaneously deposit noble
metal [e.g, platinum (Pt), palladium (Pd), silver (Ag)] via
displacement of a copper (Cu) adlayer on flat electrode
substrates. Similarly, Sotiropoulos and co-workers>"*> prepared
Pt—nickel (Ni) bimetallic nanostructures by using the similar
method, whereby a controlled amount of Ni was electro-
deposited onto the electrode surface and subsequently partially
exchanged for Pt upon immersion of the Ni-modified electrode
into a H,PtClg solution. In this spontaneous reaction, no
external current source or any reducing agent is needed.
Recently, the galvanic replacement reaction was extensivelg
studied in the preparation of Au dendritic structures.'>**~>
Numerous metals or semiconductors, such as Ag, zinc (Zn),
aluminum (Al), Cu, iron (Fe), and silicon (Si), are usually used
as substrates to fabricate noble-metal dendrites. The standard
redox potential of Ni**/Ni (—0.257 V vs SHE, 25 °C) is lower
than those of noble metallic ions.>® Therefore, Ni metallic wire
or foil can also be used as a sacrificial substrate to prepare
noble-metal nanostructures. For example, porous metal nano-
rods (Au, Pt, and Pd) and Pt nanotubes were synthesized
through a spontaneous galvanic replacement reaction between
Ni nanorods and noble-metal precursors.*** Ni@Au compo-
site materials were also prepared via the galvanic replacement
reaction using prickly Ni nanowires as templates.*' In the case
of dendritic nanostructures, Xiao and co-workers** obtained Pd
and Ag dendritic nanostructures by using Raney Ni as the
template and reducing agent with the assistance of ultrasonic
waves. Bai et al.*’ prepared Au dendritic nanostructures with a
few branches and relatively rough structures on a Ni foil
substrate in the mixture solution of ethanol/water containing
ionic liquid [camphorC,mim]CL To the best of our knowledge,
there is no report on the synthesis of Au dendritic
nanostructures using a Ni substrate in aqueous solution
without any additive and template.

In this paper, we developed a facile and efficient method to
prepare Au dendritic nanostructures with hyperbranched
architectures via the galvanic replacement reaction between
commercial Ni wire and HAuCl, in aqueous solution at room
temperature. The advantages of this novel method for the
preparation of Au dendrites include the following: (1) It is a
templateless process. (2) No surfactant, polymer, and other
additives were involved in the reaction. (3) A pure aqueous
solution was employed as the reaction medium. (4) The as-
obtained nanostructure with a “clean” surface could be directly
used as the catalyst without any pretreatment. Because of the
clean surfaces and advantages of dendritic nanostructures (large
surface area and abundant active sites), it has been shown that
the obtained Au dendrites could be used as electrocatalysts and
exhibited high catalytic activity toward ethanol oxidation in an
alkaline medium.

2. EXPERIMENTAL SECTION

2.1. Materials. Tetrachloroauric acid tetrahydrate (HAuCl,-4H,0,
AR) was purchased from Shanghai Chemistry Co., Ltd. (China). Ni
wire (0.5 mm diameter, 99.99%) was obtained from Alfa Aesar.
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Ammonia solution (25%), ethanol (C,H;OH), and potassium
hydroxide (KOH) were purchased from Beijing Chemical Factory
(Beijing, China). All chemicals were used without further purification.
The water used throughout the experiments was double-distilled
water.

2.2. Synthesis of Au Dendritic Nanostructures. Commercial
Ni wire was immersed in a 25% ammonia solution for 30 min to
remove the thin surface nickel oxide film and then sonicated in water
for a few minutes prior to the galvanic replacement reaction. In a
typical synthesis, the previously cleaned Ni wire was immersed into 1
mL of a 10 mM HAuCl, solution in a 1.5 mL centrifuge tube. The
reaction was performed at room temperature (25 °C) without
perturbation and lasted for 6 h. Upon completion of the synthesis, the
Ni wire was removed from the HAuCl, solution and rinsed with water
for 3 min.

2.3. Apparatus. The morphology and composition of the products
were acquired using a FEI XL30 ESEM FEG scanning electron
microscope equipped with energy-dispersive X-ray analyzer at an
accelerating voltage of 20 kV. High-resolution transmission electron
microscopy (HRTEM) and selected-area electron diffraction (SAED)
studies were performed on a Philips-FEI Tecnai F20 microscope
(Philips, The Netherlands) at an accelerating voltage of 200 kV. UV—
vis absorption spectra were recorded with a Cary 50 UV-—vis
spectrophotometer (Varian, USA). X-ray diffraction (XRD) analysis
was carried out on a D8 ADVANCE X-ray diffractometer using Cu (40
kV, 40 mA) radiation over a range of 20—80°. For XRD analysis and
UV—vis spectral measurement, Au nanostructures were separated from
Ni wire by ultrasonic treatment in water and then washed three times
and redispersed in water. Inductively coupled plasma optical emission
spectrometry (ICP-OES) was conducted on IRIS Intrepid XSP
(Thermo Fisher). Cyclic voltammetric (CV) experiments were
performed with a CHI 832 electrochemical analyzer (CH Instruments,
Chenhua Co., Shanghai, China). A conventional three-electrode
system was used, including a Ag/AgCl (saturated KCI) electrode as
the reference electrode, a Pt wire as the counter electrode, a
polycrystalline Au electrode or Au-dendrite-modified glassy carbon
(GC) electrode as the working electrode.

2.4. Electrochemical Experiments. GC (2 = 3 mm) electrodes
were successively polished with 0.3 and 0.05 ym alumina powder and
then were ultrasonically cleaned in water and ethanol for 10 min. A
total of S L of a Au dendrite solution was dropped on the clean GC
electrode surface and allowed to dry naturally in air. Then, 2 L of
0.05 wt % Nafion in ethanol was used to fix the catalysts and dried
before electrochemical experiments. For comparison, a commercial
polycrystalline Au electrode was mechanically cleaned, electrochemi-
cally activated in a 0.5 M H,SO, solution, and then used for
electrochemical experiments. Ethanol electrooxidation measurements
were performed in a 1.0 M KOH solution containing 1.0 M ethanol.
All solutions were deaerated by bubbling nitrogen for 30 min prior to
electrochemical measurement.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Au Dendritic Nanostruc-
tures. In this work, Ni wire was employed as the substrate to
synthesize Au nanostructures in aqueous solution at room
temperature (25 °C). The standard electrode potential of a
AuCl, /Au pair (1.002 V vs SHE, 25 °C) is much higher than
that of a Ni**/Ni pair (—0.257 V vs SHE).*® Therefore,
HAuCl, can be reduced by Ni, as shown in following equation:

3Ni(s) + 2AuCl, (aq)

— 2Au(s) + 3Ni**(aq) + 8CI (aq) (1)

Figure 1 shows the typical scanning electron microscopy
(SEM) images of the Au dendrites with different magnifications
obtained from a standard synthetic process. As shown in Figure
la, the as-obtained products consist exclusively of uniform
plumelike dendrites with an average length of 65 ym. Close

dx.doi.org/10.1021/am402546p | ACS Appl. Mater. Interfaces 2013, 5, 9148—9154



ACS Applied Materials & Interfaces

Research Article

AN

Figure 1. SEM images of the as-prepared Au dendrites with different
magnifications.

inspection of the dendrites under higher magnification (Figure
1b) reveals that the hyperbranched dendrites show a
hierarchical structure composed of a trunk, branches (secon-
dary branch), and leaves (tertiary branch). The multilevel
branches preferentially grow along two definite directions
rather than randomly ramified growth, which emerges at 60°
angles with respect to their corresponding central backbone.
These branches in each row have a uniform spacing and are
parallel to each other. This special morphology implied that the
Au dendritic structures grew along a preferential direction.
HRTEM and SAED analyses were carried out to determine
the crystal orientation and growth direction of Au dendrites
(Figure 2). Figure 2a shows the TEM image of an undeveloped
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Figure 2. (a) TEM images of the Au dendrites (inset: SAED pattern of
Au in the white square region). (b) HRTEM image of the tip of the
branch marked in part a.
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Au dendrite, which can be used to determine the growth
direction of a Au dendrite. HRTEM and SAED images were
recorded at the thin tip of a branch. The SAED pattern (inset in
Figure 2a) exhibits clear diffraction spots indexed to the [111]
zone axis of the fcc Au single crystal, indicating that the
branches of the Au dendrites are single-crystalline grown along
the (110) direction. HRTEM measurements also demonstrated
this single-crystalline nature of the Au dendrite at the tip areas
of the branch, as shown in Figure 2b. The atomic lattice
exhibits a d spacing of 0.144 nm in the axial direction of the
branch, consistent with the d spacing of (110) planes for the fcc
Au crystal, which further confirms the (110) growth direction
of the branch.

The chemical composition of the dendrites was determined
by energy-dispersive X-ray (EDX) analysis. Except for the Si
signal originating from the indium—tin oxide substrate, the
EDX spectrum shows only Au signals (Figure 3a), indicating
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Figure 3. EDX (a) and XRD (b) patterns of the as-prepared Au
dendrites.

that the dendrites consisted of pure Au. XRD analysis (Figure
3b) was used to evaluate the overall purity and crystal structure
of the Au dendrites. Four sharp diffraction peaks located at
38.2, 44.4, 64.7, and 77.6° are indexed to the [111], [200],
[220], and [311] diffraction peaks of the fcc metallic Au
(JCPDS no. 04-0784), respectively, confirming that the
dendrites are pure and well-crystallized Au crystals. The
intensity ratios of the (111) plane to the (200) and (220)
planes are 2.6 and 4.1, respectively. These values are higher
than those of the polycrystalline Au (1.89 and 3.1; JCPDS no.
04-0784). These observations indicated that the as-prepared Au
dendrites had a tendency to grow preferentially along the (110)
directi(l)7n, which was dominated by the lowest-energy plane
(111).

The UV—vis spectra of Au nanostructures strongly depend
on their shape, size, and aspect ratio.” In our experiment, the
UV—vis spectra of Au nanostructures changed with elongation
of the reaction time. At the initial reaction stage (0.5 h), the
obtained Au nanoparticles showed a single Au surface plasmon
resonance (SPR) peak at about S50 nm. As the reaction
proceeded, the Au SPR peak broadened and the location was
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red-shifted. Finally, the UV—vis spectrum of Au dendrites
displayed a gradual increase in absorption from about 500 nm
to the near-IR region (Figure S1 in the Supporting Information,
SI). It is well-known that anisotropic Au nanoparticles normally
exhibit two principal SPR peaks (transverse and longitudinal
bands). The gradual increase in absorption could be ascribed to
the longitudinal plasmon band. This result indicated a
remarkable overlapping between the transverse and longitudi-
nal bands.” The observed unusual overlapping between the
transverse and longitudinal bands might be ascribed to a variety
of sizes, aspect ratios, and various couplings between the trunks
and branches of the obtained Au dendrites.

3.2. Effect of the Reaction Conditions. 3.2.7. HAuCl,
Solution Concentration. 1t was found that HAuCl, solution
concentrations remarkably influenced the morphologies of the
as-prepared Au nanostructures. Figure 4 presents SEM images

Figure 4. SEM images of the samples synthesized at different HAuCl,
solution concentrations: (a) 0.1 mM; (b) 0.5 mM; (c) 1.0 mM; (d)
5.0 mM.

of the products synthesized with different HAuCl, concen-
trations (0.1—5 mM). When a 0.1 mM HAuCl, solution was
used, many multiped Au nanostructures with nonuniform size
were obtained (Figure 4a). An increase of the concentration of
the HAuCl, solution to 0.5 mM resulted in dendritic
nanoparticles with 1-3 pm in size, and the branch of the
nanostructures was elongated and increased in number (Figure
4b). However, when a 1.0 mM HAuCl, solution was used, the
obtained samples changed to three-dimensional microspheres
with flowerlike structure (Figure 4c). The average diameter of
the microsphere was 4.5 um. Close inspection showed that the
microspheres were composed of many two-dimensional
nanoflakes or one-dimensional nanopricks, which self-
assembled into a three-dimensional hierarchical structure
(Figure 4c, inset). Interestingly, when the HAuCl, solution
concentration was increased to 5.0 mM, the as-prepared
products changed into dendritic morphology, including small
monodisperse bare dendrites and big aggregated dendrites
(Figure 4d). The small dendrites are bare and without any
secondary branch. At the same time, some large dendrites with
not fully grown multibranches appeared. Upon a further
increase of the HAuCl, solution concentration to 10.0 mM, the
perfect hyperbranched Au dendrites were obtained (Figure 1).
These results indicated that the HAuCl, solution concentration
played an important role in the formation of Au dendrites and a
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higher HAuCl, concentration facilitated the formation of
dendritic nanostructures. Additionally, the formation of large
Au dendrites was not monotonously growing from small fractal
Au nanostrucutres with an increase of the HAuCl, solution
concentration. It has been documented that an increase in the
reactant concentration would lead to an enhanced reaction rate
and thus a nonequilibrium condition being easily built, which
was beneficial to the preparation of dendritic structures.**

3.2.2. Reaction Temperature. Besides the HAuCl, solution
concentration, a proper reaction temperature is also necessary
for the formation of Au dendrites. Figure S2 (in the SI) shows
SEM images of the products obtained at different reaction
temperatures. At 50 °C, a large number of rough Au dendrites
were synthesized on the substrate, which showed poor
symmetry and contained some random-shaped nanoparticles
on the surface (Figure S2a in the SI). Furthermore, the
hiberarchy of the multilevel branches could not be clearly
distinguished. When the reaction temperature was further
increased to 100 °C, many aggregated nanoparticles were
formed and no dendrites could be observed (Figure S2b in the
SI). These observations demonstrated that the reaction
temperature also has a considerable effect on the morphologies
of the as-prepared nanostructures, and a proper reaction
temperature is critical to the formation of hyperbranched
dendrites.

3.2.3. Stirring and Reaction Time. To study the possible
growth mechanism of Au dendrites, we also investigated the
effect of stirring and the reaction time on the morphologies of
the obtained nanostructures (Figure S). Figure Sa shows the

Figure 5. SEM images of the products obtained under stirring for 6 h
(a) and without stirring for 0.5 h (b), 1.5 h (c), and 3 h (d).

SEM image of the products synthesized with stirring and other
conditions remaining constant as the typical synthesis process.
It can be clearly observed that the products are composed of
many random-shaped nanoparticles, indicating that keeping the
solution undisturbed is critical to the formation of Au dendrites.
The reason may be ascribed to the fact that stirring created the
current equilibrium condition and destroyed the nonequili-
brium growth conditions for dendritic nanostructures.** Figure
Sb illustrates the SEM image of the samples obtained at 0.5 h
without stirring. Au nanoparticles with rough surfaces were
deposited on the substrate. Then these nanoparticles served as
nucleation sites for the further growth of anisotropic Au
dendritic nanostructures. When the reaction time was
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prolonged to 1.5 h, a few undeveloped Au dendrites appeared
in some areas of the substrate (Figure Sc). The dendrites
continuously grew to form nanostructures with a micrometer-
sized trunk and undeveloped branches for a reaction time of 3 h
(Figure Sd). Finally, three-dimensional Au dendritic nanostruc-
tures with hyperbranched architectures could be obtained for a
reaction time of 6 h (Figure 1).

3.2.4. Possible Growth Mechanism of Au Dendrites.
Scheme 1 illustrated the growth mechanism and process of

Scheme 1. Schematic Presentation of the Growth
Mechanism and Process of Au Dendrites

Au + Ni** AuCly
/ y

Ni+AuCl, /4 ¢ ; "
Ni
Original stage Development stage Final stage
(D Surface replacement reaction Ni wire

@) Primary cell reaction wes Au

Au dendrites. The galvanic replacement reaction between Ni
and HAuCl, (eq 1) first took place spontaneously on the Ni
wire surface through a direct surface reaction, which produced
small Au nanoparticles on the substrate as nuclei. After that, a
primary cell with a Ni wire as the anode and Au nanoparticles
as the cathode was formed. Subsequent growth of Au
nanostructures would preferentially occur on the preformed
Au nuclei because of the relatively high activation energy for the
surface reaction. With the progress of the primary cell reaction,
Ni substrate was continuously consumed and Au nanostruc-
tures grew gradually. Finally, Au nanostructures with hyper-
branched architectures could be obtained through a self-
organization process under nonequilibrium conditions.*®

It has been reported that a delicate balance between the
diffusion and reaction rates was responsible for the formation of
Au dendrites.® Therefore, a subtle variation of the reaction
parameters (e.g., reactant concentration, temperature, and
stirring), which influences the diffusion and reaction rates,
will result in a great change of the morphology of the obtained
nanostructures. As shown in our experiment, the lower HAuCl,
concentration provided a slow reaction rate, and only fractal
nanostructures and undeveloped dendrites were produced
(Figure 4). An increase of the reaction temperature greatly
enhanced the diffusion and reaction rates, which led to the
formation of poor dendritic structures and aggregated nano-
particles (Figure S2 in the SI). The higher the reaction
temperature was, the farther the distance deviated from the
proper condition for the dendrite growth. While the stirring
speeded up the diffusion and destroyed the nonequilibrium
conditions, the obtained products were not dendrites but
random-shaped nanoparticles (Figure Sa). Therefore, the
perfect Au dendritic nanostructures could only be obtained
when the reaction was conducted under the conditions of 10
mM HAuCl, at room temperature (25 °C) without stirring.
Additionally, the metal substrate and reaction medium may also
play important roles in the formation of dendritic nanostruc-
tures. Qin et al.*® found that Ni could not be used as an
effective metal substrate for the deposition of Au crystals from
HAuCl, solutions in ionic liquid [BMIM][PF]. Bai and co-
workers®” obtained Au dendritic nanostructures with many
defects when Ni was used as the substrate, and the reaction was
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conducted in an ethanol/water mixture solution containing
[camphorC,mim]Cl. The reason may be ascribed to the slower
reaction rate in the ionic liquid medium than that in aqueous
solution. If the metal with relatively high reactivity, e.g., Zn, was
used as the substrate, AuZn alloy dendrites rather than metal
Au dendrites were obtained in aqueous solution.*® In our
experiment, well-matched reaction and diffusion rates were
obtained; thus, perfect Au dendrites could be produced by
using Ni as the substrate and aqueous solution as the reaction
medium. Therefore, the developed method provided a facile
and efficient route to preparing Au dendrites in aqueous
solution without any additive.

3.3. Electrocatalytic Activity of Au Dendrites toward
Ethanol Oxidation. Direct alcohol fuel cells have attracted
enormous research attention as a clean energy conversion
device because of their much higher available energy density
and ease of handling of liquid fuels. In particular, ethanol has
received considerable interest because of its lower toxicity than
methanol and the fact that it can be produced in large
quantities through the fermentation of biomass.*” Precious
metal Pt is the most extensively used catalyst in the
electrocatalytic oxidation of ethanol. However, the major
problem associated with the Pt-based catalysts is catalyst
poisoning by adsorbed CO-like species generated during the
oxidation process.*® Au has been known as an active electrode
material for the oxidation of ethanol for a long time.*’™>' In
recent years, various nanostructured Au electrodes were also
utilized for the electrocatalytic oxidation of ethanol and
exhibited high activity.s’ls’sz_54 However, alkaline conditions
are considered to be an important prerequisite for efficient
aqueous-phase Au electrocatalysis. Because Au is much less
prone to the formation of poisoning oxides, the activity of Au in
an alkaline medium can be very high, even higher than that of
Pt.>® Therefore, the catalytic activity of the as-prepared Au
dendrites was evaluated for the electrooxidation of ethanol
under alkaline conditions because of their specific hyper-
branched morphology.

The as-prepared Au dendrites were deposited onto a cleaned
GC electrode to prepare Au-dendrite-modified electrode.
Figure S3 (in the SI) shows cyclic voltammograms of the Au-
dendrite-modified electrode and a commercial polycrystalline
Au electrode (poly-Au) in a 0.5 M H,SO, solution. The cyclic
voltammograms exhibited the typical behavior of a Au electrode
in an acid medium, with clear peaks of the formation and
subsequent reduction of the gold oxides. It was found that the
morphology of the Au dendrites on the electrode was retained
after continuous potential cycling of more than 100 times. The
electrochemically active surface area (EASA) was calculated
from the charge consumed during the reduction of surface
oxides using the value of 400 /lC/sz for a clean Au
electrode.”® The current values were all normalized to the
EASA to obtain the current density. For the Au-dendrite-
modified electrode, the measured EASA was 0.066 cm?, which
was nearly twice that of the poly-Au electrode (0.034 cm?). The
larger surface area was attributed to the hyperbranched
structure of Au dendrites and expected to enhance the
electrocatalytic activity.

According to the literature,> the electrooxidation of ethanol
to aldehyde involved the transfer of two protons and two
electrons through the following reactions:

CH,CH,OH = CH,CH,0 + H' (2)

dx.doi.org/10.1021/am402546p | ACS Appl. Mater. Interfaces 2013, 5, 9148—9154



ACS Applied Materials & Interfaces

Research Article

CH,CH,0 — CH;CH=0 + H" + 2¢~ 3)

In reaction (2), deprotonation of ethanol is base-catalyzed, with
no need for a Au catalyst (solution-mediated step). Once the
reactive alkoxide intermediate is formed, it will quickly
eliminate the second proton with Au as electron acceptor
(Au-catalyzed step). Aldehydes are not stable in alkaline
solution and will react further to produce acetic acid. Recent
density functional theory calculations also suggested that an
OH group adsorbed onto Au significantly lowered the barrier
for the second proton elimination.’” Therefore, the electro-
catalytic activity of Au dendrites toward ethanol oxidation was
evaluated in different concentrations of a KOH solution. As
shown in Figure S4 in the SI, the current density increased
nonlinearly from 0.94 to 2.89 mA/cm” with an increase of the
KOH concentration; accordingly, the peak potential negatively
shifted from 0.37 to 0.15 V. These results indicated that the
KOH concentration (i.e, pH value) greatly influenced the
electrocatalytic activity of Au dendrites. It also testified that the
solution hydroxide promoted the initial deprotonation, which is
the important first step of the overall oxidation reaction.
Figure 6a shows typical cyclic voltammograms of the Au-
dendrite-modified electrode in 1.0 M KOH solutions with

jImAcm?
N

02 00 02 04 06
E/V (vs Ag/AgCl)
2.0,

b " ... KOH
¥ 1.5 /\  —CHOH
3 [\

o / \
<
10 \
E /
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02 00 02 04 06
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Figure 6. Cyclic voltammograms of a Au-dendrite-modified GC
electrode (a) and a polycrystalline Au electrode (b) in 1.0 M KOH
solutions with (solid line) and without (dotted line) 1.0 M ethanol.
Scan rate: S0 mV/s.

(solid line) and without (dotted line) 1.0 M ethanol. In the
absence of ethanol, the CV curve exhibited a broad oxidation
peak in the region of 0.3—0.4 V, which was ascribed to the
formation of Au surface oxides, and the reduction peak
appearing at 0—0.1 V was attributed to the subsequent removal
of the oxides.® When 1.0 M ethanol was added, a huge
oxidation peak could be observed at 0.17 V, which may be
ascribed to the oxidation of ethanol to acetate through a four-
electron-transfer reaction,*® indicating the high electrocatalytic
activity of the Au dendrites. During the negative-going potential
sweep, a new anodic peak appeared at about 0 V, and the onset
oxidation potential (0.1 V) coincided with that of gold oxide
reduction in the ethanol-free KOH solution. This result
indicated that the active Au surface immediately recovered
after the removal of gold oxides. As a comparison, the
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electrocatalytic activity of the poly-Au electrode was also
evaluated under identical conditions. As shown in Figure 6b,
with the addition of 1.0 M ethanol, the poly-Au electrode
showed an oxidation peak at about 0.22 V, which is 50 mV
more positive than that of the Au-dendrite-modified electrode.
Moreover, the anodic peak current density at the poly-Au
electrode was calculated to be 0.99 mA/cm?, which is less than
half that at the Au-dendrite-modified electrode (2.05 mA/cm?).
These results demonstrated that the Au dendrite electrode has
a considerably higher electrocatalytic activity for ethanol
oxidation compared to the poly-Au electrode. The mass-
specific activity of Au dendrites toward ethanol electrooxidation
was also calculated based on ICP-OES measurements. The
current density of 137.4 mA/mg,, was obtained. This value is
smaller than that of 4 nm Au nanoparticles supported on an
activated carbon (Au/C) catalyst (about 300 mA/mg,,),**
which may be due to the large size of Au dendrites in our
experiment. The electrocatalytic activity of metal nanostruc-
tures strongly depends on their composition, shape, and size
and is influenced by the capping agents and other surface
impurities.sg’60 In the case of Au dendrites, the EDX spectrum
(Figure 3a) indicated that the dendrites consisted of pure Au.
Therefore, we speculated that the high electrocatalytic activity
could be related to the “clean” surface and hyperbranched
morphology of the Au dendrites, which provided a large surface
area and numerous active sites (e.g, kink or step sites).
Furthermore, the exposed surface of Au dendrites with specific
crystal planes could also contribute to the observed high
electrocatalytic activity.

4. CONCLUSIONS

In summary, three-dimensional Au dendritic nanostructures
with hyperbranched architectures were synthesized by using the
spontaneous galvanic replacement reaction between Ni wire
and HAuCl, in aqueous solution at room temperature. It was
shown that the hyperbranched dendrites have a hierarchical
structure composed of a trunk, branches, and leaves. The
experimental results demonstrated that the HAuCl, solution
concentration, reaction temperature, and time and stirring or
not played key roles in the formation of Au dendrites. Under
proper conditions, well-matched reaction and diffusion rates
were obtained, leading to the formation of hyperbranched
dendrites through a self-organization process under non-
equilibrium conditions. Electrochemical experiments suggested
that the obtained Au dendrites exhibited high electrocatalytic
activity toward ethanol oxidation, which may be related to the
unique hyperbranched nanostructures. This synthetic method is
simple, effective, and low-cost and is anticipated to be
applicable to the fabrication of other metal nanostructured
materials, which could find promising applications in catalysis,
biosensing, and nanodevices.
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UV—vis absorption spectrum of the as-prepared Au dendrites
(Figure S1), SEM images of the samples synthesized at
different reaction temperatures (Figure S2), cyclic voltammo-
grams of a Au-dendrite-modified GC electrode and a
polycrystalline Au electrode in 0.5 M H,SO, (Figure S3),
and cyclic voltammograms of a Au-dendrite-modified GC
electrode in different concentrations of a KOH solution with
1.0 M ethanol (Figure S4). This material is available free of
charge via the Internet at http://pubs.acs.org.
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