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Gold nanocrystals (Au NCs) with particular three dimensional (3D) dendritic structure which usually 

possess special properties always attract considerable attention. Herein, a novel dendritic Au nanocorals 

was prepared by an effective and facile one-pot strategy with polyallylamine hydrochloride (PAH) as a 

capping agent and shape control agent, and ascorbic acid (AA) as a reductant. The formation mechanism 

was investigated by the time sequential evolution experiments, and the corals-like nanostructures 10 

originated from aggregation and growth mechanism. Additionally, the prepared Au nanocorals showed 

excellent electrocatalytic activity and stability for ethanol oxidation reaction (EOR), which could be 

attributed to the particular 3D dendritic structure and the great change in the electronic structure of the Au 

atom.

Introduction 15 

Shape-controlled synthesis of noble metal gold nanocrystals (Au 

NCs) has received extensive attention in recent years because of 

their shape-, size- and facet-dependent optical, electronic, sensing 

and catalytic properties.1-8 For example, solution dispersible Au 

nanocube dimers with greatly enhanced two-photon luminescence 20 

and surface enhanced Raman scattering (SERS).7 The 

trisoctahedral or concave cubic Au NCs have been demonstrated 

as effective and highly active electrocatalysts for methanol 

oxidation reaction (MOR) due to the presence of high-index 

facets on their surface.2 Such Au NCs with well-defined 25 

morphologies are enclosed by the specific surface facets that are 

connected with their shapes, which have a profound influence on 

the catalytic property of NCs due to different facets have different 

surface atom arrangements (i.e., different surface energies). 

Therefore, the design and synthesis of unique Au nanostructures 30 

with well-controlled shape are critical for their application in 

catalysis.  

To date, Au NCs with various shapes including dendrites,1, 6, 9-

12 flowers,13, 14 rods,15, 16 wires,17, 18 concave cubes,2, 19 

trisoctahedra,20, 21 and cubes,7 have been synthesized by different 35 

methods such as wet chemical reduction, hydrothermal reduction, 

electro-deposition, seeded growth, and ionic liquid-assisted 

growth, etc. For example, wang and co-workers prepared the 

flower-shaped Au nanostructures through a wet chemical 

reduction with the assistance of gum Arabic molecules,  which is 40 

quite unique in its simplicity and remarkably facilitates the 

synthetic procedure in comparison with commonly used seed-

mediated growth approach.14 Among them, the dendritic Au NCs 

with hyperbranched architectures are particularly interesting due 

to their unique surface properties, such as their rough surface 45 

with low coordinated atoms (i.e., the atomic steps and kinks) and 

large surface area, which can endow the NCs with significantly 

enhanced catalytic activity through providing a large number of 

active sites for catalysis.1, 6 Meanwhile, the particular three 
dimensional (3D) dendritic structure is in favor of reactant 50 

transport and O2 diffusion through the metal surface, thus 

enhancing the reaction kinetics. For instance, wang and co-

workers prepared the single-crystalline dendritic Au 

nanostructures by electro-deposition method in the presence of 

ethylenediamine (EDA), exhibiting superior electrocatalytic 55 

activity toward ethanol oxidation reaction (EOR) in comparison 

with the polycrystalline Au NCs.1 Similarly, Raj and co-workers 

reported a simple wet chemical method for the synthesis of 

nanostructured flower-like nanostructures using N-2-

hydroxyethylpiperazine-N-2-ethanesulphonic acid (HEPES) as a 60 

reductant and stabilizing agent, and demonstrated the outstanding 

electrocatalytic activity toward the EOR and oxygen reduction 

reaction (ORR).9 Despite those impressive advances in catalysis, 

the shape-controlled synthesis of dendritic Au NCs is still 

troubled by some issues such as complex reaction steps, low 65 

yield/purity, unsatisfactory uniformity, and failed to mass 

production. 

Herein, we reported a facile, one-pot chemical reduction 

method for the high yield synthesis of 3D dendritic-like Au NCs 

with the assistance of polyallylamine hydrochloride (PAH), 70 

which look like the pint-sized “corals” structure (named as Au 

nanocorals). The as-prepared Au nanocorals showed enhanced 

electrocatalytic activity and stability for EOR compared to the 

polycrystalline Au NCs. The enhanced electrocatalytic activity 
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can be ascribed to the particular 3D dendritic structure and the 

great change in the electronic structure of the Au atom. 

Experimental 

Reagents and chemicals 

Polyallylamine hydrochloride (PAH, weight-average molecular 5 

weight 150 000) was supplied by Nitto Boseki Co., Ltd (Tokyo, 

Japan). Hydrogen tetrachloroaurate (III) tetrahydrate 

(HAuCl4•4H2O) and ascorbic acid (AA) were purchased from 

Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Other 

reagents were of analytical reagent grade and used without further 10 

purification. All the aqueous solutions were prepared with 

Millipore water having a resistivity of 18.2 MΩ. The solution pH 

was adjusted by the addition of dilute NaOH or HCl solution. 

Preparation of the Au nanocorals 

In a typical synthesis, 1.0 mL of 0.01 M HAuCl4 and 0.4 mL of 15 

0.5 M PAH (molarity of PAH given with respect to the repeating 

unit) were added into 8.0 mL deionized water with continuous 

stirring. After using a 0.1 M NaOH solution to adjust solution pH 

to 7.0, 0.5 mL of ascorbic acid (AA, 100 mg of 10 mL deionized 

water) was rapidly added into the mixture solution and 20 

mechanically stirred for 30 min at 40 oC. After the reaction, the 

obtained Au nanocorals were separated by centrifugation at 15 

000 rpm for 10 min, washed several times with water, and then 

dried at 60 oC for 5 hours in a vacuum dryer. Finally, the Au 

nanocorals were treated with UV irradiation (wavelength at 185 25 

and 254 nm in air for 4 h) to remove the capping agent (i.e., PAH) 

prior to electrochemical testing.  

For comparison, the polycrystalline Au NCs prepared under 

the same conditions as Au nanocorals except for the exclusion of 

PAH. 30 

Physical characterizations 

Scanning electron microscopy (SEM) images were taken on a 

JSM-2010 microscopy at an accelerating voltage of 20 kV. 

Transmission electron microscopy (TEM) measurements were 

made on a JEOL JEM-2100F transmission electron microscopy 35 

operated at an accelerating voltage of 200 kV. The samples were 

prepared by placing a drop of the colloidal solution or catalyst 

powder dispersion in ethanol solution (99%) on a carbon film 

coated Cu grid (3mm, 300 mesh), followed by drying under 

ambient conditions. Energy dispersive X-ray (EDX) analysis of 40 

particles was carried out on a JEOL JSM-7600F SEM. X-ray 

diffraction (XRD) patterns of nanocrystals were obtained with 

Model D/max-rC X-ray diffractometer using Cu Ka radiation 

source (λ=1.5406 Å) and operating at 40 kV and 100 mA. X-ray 

photoelectron spectroscopy (XPS) measurements were performed 45 

with a Thermo VG Scientific ESCALAB 250 spectrometer with a 

monochromatic Al Ka X-ray source (1486.6 eV photons), and the 

vacuum in the analysis chamber was maintained at about 10-9 

mbar. The binding energy was calibrated by means of the C1s 

peak energy of 284.6 eV. The ultraviolet and visible spectroscopy 50 

(UV–vis) datas were recorded at room temperature on a 

Shimadzu UV3600 spectrophotometer equipped with 1.0 cm 

quartz cells. Fourier transform infrared (FT-IR) was carried out 

using a Nicolet 520 SXFTIR spectrometer. 

Electrochemical instrument  55 

All electrochemical experiments were performed using a CHI 660 

C electrochemical analyzer (CH Instruments, Shanghai, 

Chenghua Co.). A standard three electrode system was used for 

all electrochemical experiments, which consisted of a Pt wire as 

the auxiliary electrode, a saturated calomel reference electrode  60 

(SCE) protected by Luggin capillary with KCl solution as the 

reference electrode, and a catalyst modified glassy carbon 

electrode as the working electrode. All potentials in this study 

were reported with respect to the SCE. All electrochemical 

measurements were carried out at 30 oC. 65 

An evenly distributed suspension of catalyst was prepared by 

ultrasonicating the mixture of 10 mg catalyst and 5 mL H2O for 

30 min. 12 μL of the resulting suspension was laid on the surface 

of the pre-cleared glassy carbon electrode (5 mm diameter, 0.196 

cm2). After drying at room temperature, 2.5 μL of Nafion solution 70 

(5 wt%) was layered on the surface of the modified electrode and 

allowed to dry. Thus, the working electrode was obtained, and the 

specific loading of the Au metal on the electrode surface was 

about 122.4 μg·cm-2. Electrochemical measurements for ethanol 

oxidation were conducted in N2-saturated 0.5 M NaOH solution 75 

with 1.0 M CH3CH2OH. Before electrocatalytic experiments, all 

working electrodes were pretreated by cycling the potential 

between 0 and 1.5 V for 50 cycles until a stable Cyclic 

voltammetry (CV) curve was obtained in order to remove any 

surface contamination prior to electrochemical testing. CV 80 

measurements were conducted in N2-saturated 0.5 M H2SO4 

solution. 

Results and discussion 

Characterization of the as-prepared Au nanocorals  

The structural features of the as-prepared Au NCs were firstly 85 

investigated by SEM (Fig. 1A). The nanocrystals seemingly have 

a three dimensional (3D), dendritic-like structure composed of a 

dozen or more branches, which is similar to pint-sized corals (the 

top-right inset in Fig. 1A). A further insight into the morphology 

of Au NCs was obtained from TEM images (Fig. 1B-C), 90 

confirming the highly branched coral-shaped Au nanostructure. 

From the magnified TEM image of an individual Au nanocoral 

(Fig. 1D), the dimensions of the branches can be estimated to be 

20±5 nm in width and 50 ±5 nm in length. The corresponding 

selected area electron diffraction (SAED) pattern of the 95 

individual Au-NC displays discontinuous concentric rings, 

composed of bright discrete diffraction spots (inset in Fig. 1D), 

indicating the high crystallinity degree of the Au nanocorals. 

More structural information was also provided by HRTEM. The 

fringes with a lattice spacing of 0.240 nm are observed at most 100 

regions on the branch surface (Fig. 1E), close to the {111} lattice 

spacing of the face centered cubic (fcc) Au crystal (0.235 nm), 

demonstrating that Au nanocorals grown along the {111} 

direction. The corresponding fast Fourier transform (FFT) 

patterns indicate the single-crystalline nature of the branches 105 
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(inset in Fig. 1E). Such highly crystalline 3D dendritic-like Au 

nanostructure, consisting of interconnected Au branches, are 

believed to be a good candidate for elecrocatalysts, owing to their 

unique surface properties, such as their rough surface with 

abundant corners and a large surface area available for 5 

accelerating the reaction.1, 6, 22, 23 

 

Fig. 1 (A) Typical SEM image of the as-prepared Au nanocorals, 

the top-right and bottom-right insets in (A) are the corresponding 

the ideal structure model and magnified SEM image of dendritic-10 

like Au nanocorals, respectively. (B, C) Typical TEM images of 

the Au nanocorals. (D) TEM image of an individual Au 

nanocorals. (E) HRTEM images of the branches taken from 

regions 1, 2 and 3 marked by squares in (D), respectively (insets 

E1-3: FFT patterns from the corresponding areas). 15 

To better understand the formation/growth process of coral-like 

Au NCs, the intermediate nanocrystals produced at different 

reaction durations are investigated by TEM (Fig. 2). At the initial 

stage of the reaction (30 s), the small-size nanoparticles with 

favorable dispersibility were formed from the fast reduction of 20 

AuIII by AA (Fig. 2A). When the reaction time increase to 1 min, 

additional precursor reduction occurred in which Au atoms were 

grown tightly close to the initial seeds surface (Fig. 2B), resulting 

in growth of the branched Au nanoparticles. With an increase of 

reaction time (Fig. 2C and D), the Au particle size continued to 25 

increase, accompanying the branches gradually grow from the 

aggregate seeds. Careful observation of the TEM image from Fig. 

2E, more and more branches were generated as the reaction 

proceeded to 30 min. When the reaction time is further extended 

to 60 min (Fig. 2F), no significant change is observed for the Au 30 

NCs in terms of both size and shape, is likely due to the complete 

consumption of AuIII in the reaction system. Thus, the formation 

of such coral-like structures is likely ascribed to the 

nanocrystal aggregation and growth mechanism. The shape 

evolution of the Au NCs was also reflected in the color change 35 

of the reaction solution (Fig. 3). The color of the solution 

changed from faint yellow to wathet blue, and finally to deep blue 

over the course of reaction, which corresponds to the sequential 

reduction of AuIII and formation of coral-like nanostructures. 

 40 

Fig. 2 TEM images of the Au NCs collected at different growth 

stages: (A) 30 s, (B) 1 min, (C) 5 min, (D) 10 min, (D) 30 min, 

and (F) 60 min.  

 

Fig. 3 Digital photographs of the Au NCs at different growth 45 

stages. 

The chemical composition and crystal structure of the as-prepared 

Au nanocorals were characterized by EDX spectrum and XRD 

pattern (Fig. 4). The EDX spectrum shows the characteristic 

peaks corresponding to the Au metal. The result demonstrates 50 

that the Au nanocorals only include Au element, revealing high 

purity of Au NCs. The XRD pattern of the products is identical to 

the Au crystal (JCPDS standard 04−0784), demonstrating that the 

as-prepared Au NCs possess a fcc structure (Fig. 4B). The sharp 

diffraction features indicate that the Au nanocorals possess highly 55 

crystalline. Meanwhile, the intensity ratio of (111) peak to (200) 

peak for the Au nanocorals is about 2.25, which is larger than 

those of the standard value calculated from Au JCPDS standard 

data (1.90). The result suggests that the {111} facets were the 

predominant growth orientation in the Au nanocorals, in 60 

consistent with the HRTEM characterization (Fig. 1E). 
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Fig. 4 (A) EDX spectrum and (B) XRD pattern of the as-prepared 

Au nanocorals. 

The electronic structure and element state of Au atoms in the Au 5 

nanocorals were qualitatively characterized by XPS. XPS 

measurement shows that the binding energy of Au 4f peaks (4f7/2 

= 83.40 eV, 4f5/2 = 87.05 eV) in the Au nanocorals are close to 

the standard values of bulk Au (4f7/2 = 83.80 eV, 4f5/2 = 87.45 

eV) metals (Fig. 5A), demonstrating that AuIII precursors are 10 

successfully reduced in our synthesis. The slight negatively shift 

of binding energies (ca. 0.40 eV) may originate from interaction 

between PAH and Au nanocorals.24 Meanwhile, the binding 

energy values of the Au 4f in the Au nanocorals also negatively 

shift by ca. 0.3 eV compared to that of the polycrystalline Au 15 

NCs obtained by the control experiment without PAH. As shown 

in Fig. 5B, the UV–vis spectra of HAuCl4 obviously change after 

adding PAH solution, indicating that HAuCl4 can interact with 

PAH to form PAH–AuIII complexes (i.e. confirming a strong Au–

N interaction). Specifically, N atom in PAH has a high electron 20 

density due to the lone pair electrons of –NH2 groups, and hence 

Au atoms withdraw electrons from the neighboring N atoms in 

PAH. FT-IR spectrum of the Au nanocorals is similar to that of 

pure PAH (Fig. 5C), showing the Au nanocorals are covered with 

PAH molecules. The binding of PAH on Au nanocorals surface 25 

was visualized by EDX mapping (Fig. 5D). The N element 

mapping pattern is identical with Au element mapping pattern, 

indicating the uniform distribution of PAH on the Au nanocorals 

surface. Due to the strong Au-N interaction between Au0 and 

PAH, the binding of PAH on Au nanocorals surface is 30 

responsible for the shift of Au binding energy. 
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Fig. 5 (A) XPS spectra for Au 4f region of the Au nanocorals and 

polycrystalline Au NCs. (B) UV–vis absorption spectra of (a) 35 

HAuCl4 solution, and (b) the mixture solution of PAH and 

HAuCl4 (the molar ratio of PAH monomer to HAuCl4 is 20:1). (C) 

FT-IR spectra of as-prepared Au nanocorals and pure PAH. (D) 

EDS elemental mapping images of Au and N in the Au 

nanocorals. 40 

Additionally, PAH also play an important role in obtaining well-

defined and homo-dispersive Au nanocorals. In the absence of 

PAH, irregular and random aggregation polycrystalline Au NCs 

instead of coral-like Au NCs are obtained (Fig. 6). Consequently, 

PAH also can serve as a shape control agent and capping agent to 45 

effectively prevent the aggregation of nanocrystals because of 

their bulky molecule size, excellent hydrophilic property and 

positively charged polyelectrolytic nature of PAH molecules,25-33 

which contribute to the excellent dispersity and specific shape of 

Au nanocorals.  50 

 

Fig. 6 TEM images of the product prepared under the same 

conditions as in Fig. 1 except for the exclusion of PAH. 

Electrochemical test 

The electrochemical properties of the Au nanocorals were firstly 55 

investigated by cyclic voltammetry (CV) in N2-saturated 0.5 M 

H2SO4 solution (Fig. 7A). The polycrystalline Au NCs prepared 

under the identical conditions in the absence of PAH used as 

references for comparison. The electrochemically active surface 

area (ECSA) of Au NCs were calculated from CVs in 0.5 M 60 

H2SO4 solution by integrating the reduction charge of Au oxide 

layer and assuming a value of 400 μC cm−2 for the reduction 

charge of a Au oxide monolayer on the Au surface.9, 34, 35 The 

ECSA of Au nanocorals (11.3 m2 g-1) is much larger than that of 

the polycrystalline Au NCs (5.1 m2 g-1), which is most likely due 65 

to unique 3D dendritic-like structure. Fig. 7B depicts the specific 

activity of the two different catalysts recorded in a mixture of 0.5 

M NaOH + 1.0 M CH3CH2OH solution (the current densities 

were normalized with reference to ECSA values of catalysts). 

The positive anodic peak current density of ethanol on Au 70 

nanocorals (1.5 mA cm-2) is 2.5 times higher than that on the 

polycrystalline Au NCs (0.6 mA cm-2), suggesting that the 

particular dendritic morphology of the Au nanocorals improves 

the electrocatalytic activity of Au nanoparticles for ethanol 

oxidation. Furthermore, at 0.20 mA cm-2, the oxidation potential 75 

of ethanol on Au nanocorals shifts negatively ca. 80 mV 

compared to the polycrystalline Au NCs, illustrating that Au 

nanocorals have the lower onset potential. The higher ethanol 

oxidation current and the lower onset potential indicate that the 

Au nanocorals have much better electrocatalytic activity 80 

compared to that of the polycrystalline Au NCs. 
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Fig. 7 (A) CV curves for Au nanocorals and polycrystalline Au 

NCs in N2-saturated 0.5 M H2SO4 solution at a scan rate of 50 

mV s−1. CV curves for Au nanocorals and polycrystalline Au NCs 5 

in N2-saturated 0.5 M NaOH + 1.0 M CH3CH2OH solution at a 

scan rate of 50 mV s–1, which are normalized to (B) the ECSA 

(specific activity) and (C) Au mass (mass activity), respectively. 

(D) Chronoamperometry curves for Au nanocorals and 

polycrystalline Au NCs in N2-saturated 0.5 M NaOH + 1.0 M 10 

CH3CH2OH solution for 3000 s at 0.17 V potential. 

The mass activities of Au nanocorals and polycrystalline Au NCs 

for EOR were also investigated by CV. The ethanol oxidation 

peak current density on Au nanocorals is 5.3 times higher than 

that on the polycrystalline Au NCs (Fig. 7C), further indicating 15 

Au nanocorals hold promise as potentially practical 

electrocatalysts for the EOR. The improved activity of Au 

nanocorals most likely originate from the following reasons: (i) 

The particular 3D dendritic structure provides high ECSA, and 

facilitates reactant effective transport and O2 diffusion; (ii) The 20 

abundant corners, which including many high-density atomic 

steps, terraces and defect atoms, exposed on the dendritic surface 

can effectively serve as catalytically active sites; (iii) According 

to the XPS results (Fig. 5A), the Au 4f7/2 and Au 4f5/2 signal of 

Au nanocorals was ca. 0.40 eV and 0.30 eV lower than those  of 25 

the standard values of bulk Au and polycrystalline Au NCs, 

respectively, indicating that the Au surface in the Au nanocorals 

is in electron-rich environments. The increased electron density 

of Au would be beneficial to ethanol activation due to an 

enhanced electron donation from Au to the π* orbital of the 30 

surface intermediates, which would also account for the higher 

intrinsic catalytic activity of Au nanocorals than the reference 

polycrystalline Au NCs. In addition, the long term catalytic 

stability for EOR was confirmed by chronoamperometric 

experiments at 0.6 V for 3000 s. As observed in Fig. 7D, the 35 

current intensity decay of the Au nanocorals is much lower than 

those of the polycrystalline Au NCs during the entire time range, 

thus indicating that the Au nanocorals are more stable as an 

electrocatalyst for EOR. The particular interconnected 3D 

structure suppresses Ostwald ripening effect36, 37 that restrain 40 

electrochemical corrosion/dissolution of Au nanoparticles at high 

potential are responsible for the enhanced durability of the Au 

nanocorals. 

Conclusions 

In summary, this work presented a successful synthesis of 3D 45 

dendritic-like Au nanocorals via a facile one-pot chemical 

reduction method in the presence of PAH. Herein, PAH is used 

efficiently as a complex-forming agent, capping agent, and shape 

control agent. Through the time sequential evolution experiments, 

the formation of such coral-like structures is likely ascribed to the 50 

nanocrystal aggregation and growth mechanism. The prepared Au 

nanocorals showed excellent catalytic performance for EOR, 

which can be attributed to the particular 3D dendritic structure 

and the great change in the electronic structure of the Au atom.  
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Graphic abstract 

 

 

 

Dendritic Au nanocorals was prepared by a facile one-pot strategy, exhibiting 

excellent catalytic activity and stability for ethanol oxidation reaction. 
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