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ABSTRACT: Complex architectures like 3D gold dendritic nanostructures were synthesized by an in situ templated growth method
using a thin film of a block copolymer [polystyrene-b-poly(4-vinylpyridine)] deposited onto silicon substrates. The overall study has
demonstrated the strong link between the morphology, size, and distribution of the structures and the synthetic physicochemical
parameters, such as pH, reaction temperature, concentration, and nature of reactants. A nonequilibirum state of the medium has
been required to create a fractal growth of the gold structures onto a prepatterned gold-seeded surface and has led to a better control
of the structures’ surface coverage rate. Those as-prepared nanodendrites have also exhibited high electrocatalytic activity toward a
significant enhancement factor, as well as important sensitivity, thanks to tip effects. The electrochemical experiment results have
demonstrated efficient adsorption and quantification of very low traces of specific molecules like glutathione or hexadecanethiol.

■ INTRODUCTION

Noble metal nanoparticles (NPs) have been extensively studied
due to their fascinating optical, electronic, or catalytic properties
and their promising applications in photoluminescence,1

superhydrophobic surfaces,2 sensors/biosensors,3−5 catalysis,6

or surface enhanced raman scattering spectroscopy (SERS).7−9

Indeed, the long-range and large-scale arrangement of metal
NPs represents an important issue in the development of
nanostructured materials. Especially gold nanoparticles
(AuNPs) have attracted a great deal of interest. Due to their
high stability (which is an advantage compared to other metals),
AuNPs possess unique properties, such as excellent electrical
and heat conductivity and strong adsorption in the visible and
near-infrared wavelength region (380−750 nm).
Great efforts have been devoted to synthesize gold nanoma-

terials with novel morphologies. The control of the shape, size,
and distribution of those particular structures has become a
major challenge, since it considerably influences their intrinsic
properties. Among various shapes, such as rods,10 prisms,11

cubes,12 stars,13,14 or dendrites,15,16 dendritic nanostructures
have attracted much attention because of their high effective

surface-to-volume ratio, high sensitivity, and special texture with
sharp tips and nanoscale junctions. Because of the highly
symmetric face-centered cubic (fcc) crystal structure of Au,
difficulties appeared in forming well-defined dendritic nano-
structures with a homogeneous distribution. A nonequilibrium
state is usually required to adjust reaction parameters (such as
solvent, reactant concentration, temperature, pH) and to select
the growth method.17

Various methods have been developed to fabricate those
specific structures, such as electrodeposition,18,19 hydrothermal
reduction,20 seed-mediated growth,21,22 or the wet chemical
way.23,24 Lv and co-workers have reported several facile and
controlled electrochemical routes to prepare three-dimensional
hierarchical dendritic gold nanostructures with different amino-
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capping agents.25,26 However, the seed-mediated growth can
offer an alternative process to improve the surface coverage rate
of nanostructures relative to the Frens method.27 In order to
control the nucleation density in 2D arrays, Park et al. have
worked on the fabrication of a nanoporous template made of a
diblock copolymer such as polystyrene-b-poly(2-vinylpyridine)
(PS-b-P4VP).28,29 This method has allowed an optimization of
the distribution of gold dendritic nanocrystals onto the surface.
However, despite all these efforts to improve the quality and
variability in the synthesis of flower-like structures, the detailed
mechanism through which they evolve from spherical seeds has
not been yet completely understood.
A significant amount of research has been devoted to the

development of effective analytical protocols for measuring
traces of molecules. A wide range of detection strategies is now
available, such as fluorescence,30 mass spectroscopy, or
electrochemistry.31 Among all, electrochemical methods
propose certain advantages, such as simplicity, rapidity, lower
cost, and higher limit of detection. The groups of Wang and
Coussot have reported the sensitive quantification of amino-
acids and glucose using glassy carbon electrodes modified with
multiwalled carbon nanotubes and copper microparticles.32,33

Dehdari Vais et al. have recorded cyclic voltammograms of Au
pyramidal electrodes in phosphate-buffered saline (PBS)
solution in the absence and presence of azathioprine.34 More
recently, Liu and co-workers have worked on the development
of an electrochemical DNA biosensor via an electrode modified
with dendritic gold nanostructures to gain ultrasensitivity (fM)
and a dynamic detection range (from 1 fM to 1 nM).35

In this work, we describe the development of an electro-
chemical and optical sensor for the detection and quantification
of traces of organic molecules. The active platform has been
structured with gold flower-like crystals (AuNFs) grown onto a
nanopatterned stainless steel substrate. Relevant and effective
reaction conditions have been discussed to obtain well-defined
gold dendritic structures with controlled symmetries. Scanning
electron microscopy (SEM) and X-ray diffraction (XRD) have
allowed studying the shape, size, coverage rate, and crystallog-
raphy of the metallic nanostructures. Then, quantification of
adsorbed probe molecules (glutathione and hexadecanethiol)
on gold structures has been carried out by local and global
electrochemistry methods. Results were encouraging, showing
the possibility to both discriminate and quantify adsorbed
molecules at very low concentrations. Correlated localized
surface plasmon resonance properties of the sensor device have
also been investigated, showing its high sensitivity. Overall, the
proposed process itself represents a highly interesting and
promising route for producing a sensitive sensor using a very
simple method, and more importantly, it will also contribute to a
better understanding of the growth mechanism of anisotropic
metal nanoparticles.

■ MATERIALS AND METHODS
Materials. Tetrachloroauric acid trihydrate (HAuCl4·3H2O,

≥99.9%), cethyl trimethylammonium bromide (CTAB, ≥99.9%),
hydrazine hydrate (N2H4, 50−60%), and glutathione (GSH, ≥99%)
were all purchased from Sigma-Aldrich. Hydroxylamine hydrochloric
(NH2OH, ≥99% trace metal basis) and methylene blue (MB, ≥ 99%)
were purchased from Fluka. Polystyrene-b-poly(4-vinylpyridine)
(PS40 0 0 0 -b -P4VP560 0 wi th Mw/M n = 1 .10) and 2-(4 -
hydroxyphenylazo)benzoic acid (HABA, ≥98%) were purchased
from Interchim. Coomassie brilliant blue (CBB, ≥99%) was supplied
by Cap Alpha. Buffer T1 (5% ice-cold acetic acid, 10% methanol, 85%
Milli-Q water), buffer T2 (0.25 M aqueous sodium carbonate 50%

diluted in methanol, pH 11.25), and buffer T2HCl (92% of buffer T2
with 8% of 3 NHCl ) were prepared in the lab. Water was purified using
a Milli-Q system.

Template Fabrication. The multistep fabrication of nano-
structured films started by a mechanical polish (Mecapol P320 Presi
Device) of 304L stainless steel plates (10 × 15 × 1 mm3) to control
their roughness (Sa = 0.34). Samples were finally washed twice in
dichloromethane. Then, thin films of the diblock copolymer PS-b-P4VP
mixed with HABA into chloroform were deposited by dip-coating over
a large area onto cleaned stainless steel surfaces. The thickness of the
dip-coated film on the surface was evaluated as 45± 2 nm, measured by
ellipsometry (Multiskop OPTREL). The (PS-b-P4VP + HABA) phase
separation was then enhanced by 4 days of solvent annealing in a
saturated vapor of 1,4-dioxane. HABAwas then removed by dipping the
substrate in a methanol bath for 5 min, and sample was dried under a
nitrogen flow. The nanoporous film sample was placed under UV light
(λ = 254 nm) for 30 min in order to strengthen the mask against
hydrolysis, but also to stabilize it over the time. Argon plasma treatment
was used (power, 90 W; pressure, 1 mbar) during 60 s to burn residues
of HABA or P4VP coating the bottom of the nanopores.

Synthesis of Au Dendritic Nanostructures. Samples were
immersed in 5 mL of colloidal gold aqueous solution (0.001% wt) for
1 h and then reduced by a solution of hydrazine hydrate (10 μL). In a
typical synthesis of Au dendritic structures, samples (recovered with
PS-b-P4VP and gold seeds) were immersed in 5 mL of NH2OH
aqueous solution (20 mM) for 45 min under controlled temperature
and pH. Then 50 μL of HAuCl4 aqueous solution (1% wt) was added
and the solution was kept under controlled conditions without stirring
for 1 h. Samples were then washed with distilled water and dried under
nitrogen flow. The obtained gold nanostructures were characterized by
SEM and XRD.

Multifractal Analysis. Fractals have revolutionized the geometric
description of real objects and they have been applied in various fields,
like geophysics, materials sciences, ecology, and medical science. The
concept of fractals enables description of complex physical objects that
have irregular shapes or fragmentated structures and that can be
assigned to noninteger dimensions. Although multifractals provide a
powerful mathematical model for complex structures, applied sciences
were more often using a single fractal dimension to describe non-
Euclidean objects.36

Multifractal analysis can be used as an extension of the monofractal
analysis and decomposes self-similar measures into intertwined fractal
sets that are characterized by their singularity strength and fractal
dimension. Multifractals can therefore be described as a superposition
of homogeneous fractal objects. In multifractal analysis, the probability
(Pi) of finding the object pixel in the ith box is determined by

P( )i
iε ε∼ α (1)

where αi is the Lipschitz−Hölder exponent corresponding to the
density in the ith box. The number of boxes [N(α)] where Pi has
singularity strengths between α and α + dα is found to scale as

N( ) f ( )α ε∼ α− (2)

where f(α) is the Hausdorff fractal dimension of the set of boxes with
singularities α. The box counting method determines the partition
function X(q,ε), which can be considered as the probability to find the
object in the ith box for different moments q varying in the [−∞, ∞]
interval. The partition function (X) is expressed as
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with Dq being the generalized dimensions corresponding to the scaling
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Three generalized dimensions were of particular interest: (1) D0, the
capacity dimension, which describes how amultifractal system covers the
observed domain; (2) D1, the information dimension (or Shanon
entropy), which characterizes the degree of disorder in a distribution;
and (3) D2, the correlation dimension, which indicates the degree of
clustering. Higher D0 values indicate higher degrees of space coverage,
while higher D1 values correspond to higher disorder and lower D2
values suggest a higher clustering level. Figure 1 depicts the general
shape of a multifractal system for which D2 < D1 < D0.

Optical Measurements. Surface-enhanced raman scattering
(SERS) spectra were acquired using a Raman spectrometer (Labram
BX40Horiba) equipped with a CCD detector with a spectral resolution
of 5 cm−1. Prepatterned samples were illuminated by a linearly polarized
He−Ne source at 633 nm with an output power P = 50 mW through a
100× objective lens, which is also used to detect the backscattered light
(Rayleigh and Raman signals). In such a configuration, the laser spot
size has been estimated as 80 μm2. A notch filter of optical density 6 was
placed at the entrance of the spectrometer to reflect the Rayleigh signal.
Each spectrum (300−3000 cm−1) was the average of five scans with a
total acquisition time of 10 s. The wavelength of the camera was
calibrated using the Raman band of silicon (100) wafers.
The reference sample was prepared by evaporation of gold onto a

stainless steel plate (50 nm), immersion into a MB aqueous solution,
and then washing with distilled water and drying under atmospheric
conditions. Samples were prepared by immersing the prepatterned

surface with gold dendritic structures in variable concentrations (from
10−9 up to 10−3 M) of MB aqueous solutions. They were then washed
with distilled water and dried in a desiccator. Measurements at different
positions were carried out for each sample to analyze both the
homogeneity of the distribution of the structures on the substrates and
the reproducibility of the nanostructures’ plasmon bands response.

ADECA Colorimetric Method. The amino density estimation by
colorimetric assay (ADECA) colorimetric method is a process to
quantify the amount of adsorbed molecules on the surface.37 This
technique has to be calibrated in order to link the number of active sites
on the substrates with the absorbance of adsorbed free dyes by UV
spectroscopy (PerkinElmer Lambda 750). Different concentrations of
CBB solutions have been prepared (2.5, 5, 10, 20, 30, 40, 50, and 60
mg/L) by dilution of amother one. A 3mL portion of CBB solution and
240 μL of T2HCl buffer were mixed together in disposable cuvettes
(12.5 × 12.5 × 45 mm3). The curve A = f([CBB]) can be then plotted
according to Beer−Lambert’s law as depicted in Figure 2.

In a 25/2 proportion of CBB andHCl, two forms of the dyemolecule
are visible in Figure 2a (pH 8.4). The acidic form seems to absorb at 450
nm and the basic form at 650 nm. As expected, a linear increase of
absorbance is observable with the increase of CBB concentration,
validating Beer−Lambert’s law (Figure 2b). This fitting of the curve
gives us the equation A = 0.059[CBB] + 0.066 ≈ 0.059[CBB] in first
approximation. Hence, this system allows use of relatively low
concentrations of free dye for free site detection. Then, it is possible
to link the absorbance and the number of active sites by the equation

N
AN V

M0.059
a

CBB
=

(5)

where N is the number of active sites on the sample, A is the maximum
absorbance of the free dye,Na is the Avogadro number, V is the volume
of dye released (3 mL + 240 μL), MCBB is the molecular weight of the
dye (M = 855.02 g/mol), and 0.059 is the slope of the Beer−Lambert’s
curve.

A first step of conditioning was performed by immersing samples
into 4 mL of colorized buffer T1 during 10 min. Then, staining in 2 mL
of CBB coloration solution was realized during an appropriate time.
Samples were washed three times in T1 buffer and distilled water during
10 min. Finally, after this step of washing, samples were immersed in 3
mL of decolorized buffer T2 for 30 min. Spectroscopic measurements
have been recorded with 3 mL of solution and an appropriate amount
(240 μL) of reading buffer T2HCl.

Local and Global Electrochemical Experiments. The local and
global electrochemical measurements were performed with a
potentiostat Biologic SP200.

Figure 1.Generalized dimensionsDq versus moment q for amultifractal
and a monofractal object.

Figure 2. (a) UV−visible spectra of a mixed solution of CBB and T2HCl buffer (25/2) with different amounts of CBB and (b) plot of the maximum
absorbance of CBB at 650 nm vs CBB concentration according to Beer−Lambert law (i.e., calibration curve).
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For the local voltamperometry, the microcell was composed of a
working electrode, which corresponded to the stainless steel plate
coated with gold nanoflowers (AuNFs) connected to the potentiostat
and a 200 μmdiameter capillarymade of silicon, a reference electrode of
Ag/AgCl, and a platinium counter electrode.38 The experiments have
been carried out in a 0.1 M Na2SO4 solution.
For global voltamperometry, a classical three-electrode device with a

prepatterned sample as working electrode, a platinum counter
electrode, and a Ag/AgCl reference electrode was settled upon. The
electrolyte was 0.1 M Na2SO4 solution.

■ RESULTS AND DISCUSSION

Growth Mechanism and Characterization of the Au
Flower-like Structures. Au dendritic nanostructures have
been synthesized using a solution-based reduction approach.
These nanocrystals have been grown onto stainless steel plates
templated with a nanostructured block copolymer (PS-b-P4VP)
film recovered with gold seeds. The overall synthesis protocol is
illustrated in Figure 3.
The substrates were first immersed into a colloidal gold

solution followed by the addition of N2H4 reducing agent. In a
typical reaction, gold salts are subsequently reduced from Au3+

to Au0. After this seeding step, gold nanoparticles (AuNPs) are
covered by negative charges coming from hydroxyl ions
(HO−).39 Then, a structuring agent was used to reduce

HAuCl4 and to structure both the morphology and size of
these specific Au structures. According to Mahksin et al., in this
seeding growth method, hydroxylamine molecules play the role
of reductant, but also accelerate the reduction of Au3+ on the
surface of the seeds. After immersing gold-seeded plates into an
aqueous solution of NH2OH, molecules are rapidly and
selectively adsorbed on the specific Au crystal planes, covering
them with NH3O

− groups. Larger sized AuNPs are formed
covered with NH2

− groups via addition and diffusion of Au3+

ions.40 These groups act as shape-directing agents for initial
branching, providing specific binding at some specific locations.
According to Lv and co-workers,26 the−NH2 groups of cytosine
molecules are likely to produce branched nanostructrures and
could increase the branching power of structuring agents.
Hence, the following reactions might be considered as a possible
mechanism occurring during the gold nanoflowers (AuNFs)
growth:

4Au 3N H 12HO 4Au 3N 12H O3
2 4

0
2 2+ + ↔ + ++ −

(6)

Au AuCl 4HO NH OH

2Au NO 4Cl 4H O
4 3

2

+ + +

↔ + + + +

− − +

−
(7)

Figure 3. Schematic representation of AuNFs growth onto a nanopatterned surface by a template-mediated method.

Figure 4. SEM images of the as-prepared Au flower-like structures obtained on stainless steel plates. (a) Scale bar: 2 μm. (b) Scale bar: 500 nm.
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Figure 4 shows typical scanning electron microscopy (SEM)
images of Au dendritic structures at different magnifications. As
is shown in Figure 4a, aggregated flower-like structures were
formed with an average size of 500 nm. Higher magnification
(Figure 4b) reveals that hierarchical gold structures close to five-
pointed stars have been obtained. They were composed of tips,
which were evenly extended out, with the angle between each
adjacent tip of ∼68° (Figure 4b).
HRTEM was carried out to determine the crystal orientation

of the obtained gold dendrites. As a result, they have been
deposited on a gold grid. Figure 5a shows HRTEM images of a
trunk with leaves with its corresponding selected area electron
diffraction (SAED) patterns. The dendrites consist of a trunk
with rod-like perpendicular leaves. The SAED pattern shows a
perfect straight line of diffraction spots, which verifies that one
dendrite contains a single crystalline face. HRTEM measure-
ments also demonstrated this single crystalline nature at the tip
areas of the branch, as shown in Figure 5b. The atomic lattice
exhibits a d spacing of 0.24 nm in the axial direction of the
branch, with the d spacing of (111) planes for the fcc Au crystal.
The average angle between branches is on the order of 68°, as
depicted in Figure 5c.

The XRD spectrum was also plotted to determine the crystal
orientation of the obtained gold dendrite. Figure 5e shows a
typical XRD spectrum of the hierarchical gold five-pointed star
structures and exhibits sharp diffraction peaks located at 38.4°,
44.5°, and 62.7° corresponding to {111}, {200}, and {220},
respectively. They can be attributed to Au crystals with the fcc
crystal system, indicating that dendrites are well-crystallized.
Afterward, Figure 5d shows the EBSD orientation map of an
overall gold nanoflower. On the mapping image, different
crystallographic colors appear for each tip. This important result
shows perfectly that each branch has its own crystallographic
orientation of (101) or (111), which proves the growth of three-
dimensional Au nanoflowers.

Effect of the Reaction Conditions. Effect of pH on Gold
Structures’ Morphology. Investigations have been realized to
evaluate the pH-dependence of HAuCl4 reduction by hydroxyl-
amine on the control of gold nanostructures’ morphology
growth at room temperature. Prepatterned substrates were
immersed into 5 mL of NH2OH aqueous solution with pH
varying from 4 to 8 for 45min, and then 50 μL of 1%wt gold salts
was added to initiate the reduction reaction. Figure 6 presents

Figure 5. (a) HRTEM image of a trunk with symmetric leaves with the corresponding SAED pattern. (b) HRTEM of the area of a leaf. (c) HRSEM
images of as-prepared Au flower-like structures. (d) EBSD analysis of one flower-like structure with corresponding colors. (e) Associated XRD pattern
of gold flower-like structures.
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SEM images of the crystals synthesized onto prepatterned self-

organized gold seeds/PS-b-P4VP silicon wafers.

As shown in Figure 6a, at pH 4, star-like gold structures were
observed with an average diameter of around 1 μm. Both
morphology and distribution of structures are presented as

Figure 6. SEM images of different gold nanostructures grown onto prepatterned substrates by the wet chemical method as a function of the solution
pH: (a) pH 4, (b) pH 5, (c) pH 6, (d) pH 7, and (e) pH 8. The pH has been controlled with an ammoniac aqueous solution (500 mM). Scale bar: 500
nm. Monofractal dimensions D have been calculated for each structure.

Figure 7.Typical SEM images of the Au flower-like structures grown onto prepatterned silicon wafers at different temperatures: (a)T = 20 °C, (b)T =
40 °C, (c) T = 60 °C, and (d) T = 80 °C. Scale bar: 200 μm. (e) Graph representing the average percentage coverage rate of gold structures (extracted
from SEM images) as a function of reaction temperature.
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heterogenic with coexistence of four-tipped quadraedric stars
and eight-tipped octaedric stars. With a further increase of the
pH up to 5, more aggregated flower-like gold structures were
observed with an average diameter of 2 μm. It is clear that the
developed flower-like structures exhibit several trunks with
numerous rod-like leaves. At higher pH (6 or 7), more
hyperbranched gold flower-like structures are formed. Figure
6c shows that gold structures start to connect to each other with
formation of a tapered shape closer to a bush-like structure, as
seen at an advanced stage in Figure 6d. Finally, Figure 6e shows
that, at a basic pH, several cracks in the copolymer thin film have
appeared and anisotropic gold nanostructures have replaced the
flower-shaped structures. The Ffractal dimension of each flower-
like structure has also been investigated. Results show that by
increasing the pH up to 7 or more, the structures tend to grow in
a 2D diffusion-limited aggregation cluster (Brownian tree withD
= 1.7), whereas other structures grow in a 3D polymer motion
without self-intersection (D = 1.66). In both cases, particles,
during the growth process, follow a Brownian motion with
haphazard and disorderly diffusion.41

These above results suggest that the acidity and basicity of
reaction solutions can kinetically favor or inhibit the reduction
rate of gold ions, which can affect the initial gold nucleation
process.42 It is known that the reductive activity of hydroxyl-
amine increases with a higher pH value, which could explain the
appearance of longer branches at this pH. Moreover, Zhao and
co-workers suggest in their experiments that chlorine ions have
also a key effect on the intraparticle ripening process of the
nanoflowers.43 Hence, under neutral or basic conditions, the
possible binding of the chlorine ions with gold atoms is mainly
forbidden due to the increase of the hydroxyl groups
concentration. This results in facilitating the movement of
gold atoms from one facet to another facet and allowing the
growth of specific branched gold structures. On the contrary, at
high acidity, the reduction of gold ions could be inhibited and
may induce delays in the branch expansion, leading to the
growth of 2D planar structures.
Finally, pH represents one of the key factors to grow typical

branched gold nanocrystals. In addition, a sufficient reductive
activity of hydroxylamine molecules represents a precondition
to ensure the proper arrangement of ions at the surface of
particles, which allows the growth of dendritic-like structures.

This study has perfectly shown that the reduction is much faster
at higher pH (close to neutral) contrary to lower pH, proving the
pH-dependence of the reduction reactions and the structuring
effect of themolecules at the surface during the growth of flower-
like structures.

Effect of the Reaction Temperature. Besides the pH effect,
an appropriate reaction temperature remains also essential for
the formation of Au dendritic nanocrystals, as this parameter
greatly influences the reductive activity of the structuring agents
and the system diffusion constant.44 Experiments at different
temperatures, varying from 20 to 90 °C with a 10 °C step, have
been investigated. Temperature has been controlled with a
closed double-jacketed glass cell and a heating bath. Figure 7
displays SEM images of the structured surfaces obtained at four
different reaction temperatures.
It is observable that the reaction temperature does not really

impact the hierarchical architecture of the individual flowers.
Nevertheless, a low reaction temperature seems to form both
alternative flowers and spheres, while only gold flower-like
structures are visible at high reaction temperatures above 60 °C
(Figure 7c). In addition, the observation of the SEM images
shows that the nanoparticles’ coverage rate seems to be mainly
similar between 20 and 60 °C (Figure 7a−c), while an increase
of the reaction temperature up to 90 °C causes a deep
enhancement of the distribution of Au nanostructures (Figure
7e). It could be explained by the convergence of the reaction
temperature close to the boiling point of the solvent (water). In
this case, this phenomenon could cause a strong rise of the
mixture entropy, which will enable a rapid reduction of the
AuCl4

− ions to Au0 on the prepatterned samples.
Previous work realized by Zhang et al. has shown that the

reaction temperature impacts both the reducing power of the
structuring agent and diffusion rate of additives in the medium.
A low temperature seems to cause too slow of a reduction of
small gold particles to ensure the three-dimensional growth of
nuclei, while higher temperature increases the possibility to
ensure three-dimensional growth of branched gold nanostruc-
tures.45 Consequently, the temperature represents an essential
parameter to avoid aggregation of the structures and ensure the
hierarchical arborescence of flowers. In particular, the high
diffusion rate allows one to improve the seed density and
separation of the structures, one from another. Control of the

Figure 8.Multifractal analysis of SEM images of AuNFs structures. (a) Generalized dimension spectrum over the [−5; 5] moment q range for different
reaction temperatures varying from 20 to 80 °C and (b) generalized multifractal dimensions Dq over the [0; 2] q range with Y error bars of substrate
nanostructured surface at different temperatures from 20 to 80 °C.
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reaction temperature during the entire reaction allows formation
of more homogeneous and well-dispersed nanostructures at the
sensor surface.
In order to quantify these data, multifractal analysis has been

realized. This analysis has allowed comparing of D0, D1, and D2
values calculated for each SEM image of AuNFs surfaces realized
at different reaction temperatures varying from 20 to 80 °C, as
depicted in Figure 8. By comparing sample surfaces at each
temperature, it has been observed that a higher temperature
corresponds to a higher D0, which means that the surface
coverage rate increases with temperature. Indeed, D0 increases
from 20 to 80 °C, from 1.27 up to 1.39; this corresponds to a
higher apparent space coverage of flower-like structures, as
observed in the SEM images. Then, D1 is correlated to the
Shanon entropy. A higher D1 value meant that the degree of
disorder increased as well. The disorder is increasing with the
increase of surface coverage until 80 °C. Finally, the correlation
dimension D2 increases, too, with temperature; this behavior
corresponds to a decrease of the Au clustering level (nanoflower
aggregation).
The multifractal analysis has provided a unique tool to gain a

better understanding of the microstructure growth and
distribution onto the surface of samples. By studying the
influence of temperature on the Au flower-like structures
growth, information on and indirect quantification of the
coverage rate, homogeneity, and cluster level on the surface have

been obtained. Finally, a 60/70 °C reaction temperature has
been resolved to grow flower-like structures onto prepatterned
substrates. The distribution has been then optimized, leading to
the formation of hyperbranched nanoflowers through a self-
organization process under nonequilibrium conditions.

Effect of Gold Salt Concentration. The pH-dependent
method offers highly interesting perspectives for the formation
of Au flower-like structures. However, the very low coverage rate
of the sensor surface by AuNFs after addition of a few tens of
microliters of HAuCl4 shows us the limit of the crystal growth
process. However, by varying the amount of gold salts in the
solution, the final distribution of the flowers could have been
tuned easily. Here in a typical synthesis, the pH has been fixed
close to 6.5 and the temperature controlled by the double-
jacketed glass cell at 70 °C, with an aqueous gold solution (25
mM) and an aqueous NH2OH solution (20 mM). Different
amounts of gold solution have been studied by varying the
injection from 50 to 500 μL.
As expected, the density of AuNFs on the substrates increases

as a function of the Au salt amount injected into the growth
solution. This parameter allows a more precise control of the
density of AuNFs on the samples, but it does not avoid the
aggregation of flowers. However, concentration boundaries
could have been observed where formation of NFs is more
important. Indeed, our results show that the more relevant gold
salt solution amount to avoid structure aggregation while

Figure 9. SEM images of Au flower-like structures grown onto prepatterned stainless steel substrates and synthesized at different amount of gold salt
solution: (a) 50 μL, (b) zoom in of panel a, (c) 200 μL, (d) zoom in of panel c, (e) 500 μL, and (f) zoom in of panel e.
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ensuring a high AuNFs coverage rate on the surface is in the
interval of 100−200 μL of HAuCl4. This result is reinforced by
the fact that, with a too high quantity of metallic salts, the shape
of the structures starts to be affected, too (Figure 9f), and
aggregation increased as well.
Electrocatalytic Activity of Au Dendrites. The optical

properties of AuNF structures deposited onto the sensor surface
have been investigated. The morphology of dendritic nano-
structures, and especially the presence of their neighboring
branched blocks and numerous tips at the branch apex, allows
one to induce a local electromagnetic field under irradiation of a
laser at a perfect wavelength. In such conditions, the appearance
of a large amount of hot-spots at the apex of the flower branches
or in between closed branches contributes to the enhancement
of the induced localized plasmon field. In order to amplify the
electrocatalytic activity of the nanostructured surface with both
the required structure and cover density, optimized amounts of
reactants and particular reaction parameters have been
determined for the preparation of prepatterned samples [pH
6.5, T = 70 °C, 100 μL of HAuCl4 aqueous solution (25 mM)].
This specific electrocatalytic activity could have been followed
by optical spectroscopy and also voltammetry techniques.
ADECA Method. The ADECA colorimetric method allows

one to quantify the number of active sites on a surface and
evaluate the detection performance of AuNF structured
surfaces. Three absorption times of CBB molecules on these

surfaces have been recorded with UV−visible spectroscopy.
Figure 10 represents SEM images of AuNFs and the variation of
the absorbance of CBB on these structures as a function of three
different absorption times. UV−visible spectra display the
presence of a broad peak at around 650 nm, corresponding to
the basic form of CBB. The absorbance values of the maximum
peaks increase with increasing absorption time, ranging from
0.03 and 0.06 au. The corresponding number of active sites (AS)
calculated from eq 5 are 1.27× 1015, 1.35× 1015, and 2.16× 1015

AS cm−2 for 5, 30, and 300 min of CBB absorption, respectively.
As a result, the number of active sites increases as a function of
absorption times, as expected. Nonetheless, an average of 1015

AS cm−2 has been estimated for flower-like structures depicted
in Figure 10a.

SERS Activity of Au Flower-like Structures. Anisotropic Au
nanostructures have been usually characterized by Raman
spectroscopy to evaluate their SERS effects, depending on their
size and morphology.
Figure 11a displays the UV−visible spectrum of MB and

Figure 11b shows the Raman spectra of MB molecules at
different molar concentrations adsorbed onto AuNFs structures.
The UV−visible adsorption band of MB leads to the appearance
of a main intense peak at 649 nm, as displayed in Figure 11a.
Investigation of the plasmon resonance adsorption of AuNFs
has been done by integrating sphere spectroscopy. Results of the
evolution of the reflectance of AuNFs structured surfaces vs

Figure 10. (a) SEM image of AuNFs deposited by a chemical pH-dependent method onto prepatterned stainless steel substrates. (b) Corresponding
UV−visible spectra recorded at three adsorption times in CBB solution: 5, 30, and 300 min.

Figure 11. (a) UV−vis spectrum of MB and (b) SERS spectra of MB adsorbed on gold flower-like structures at different concentrations. Reference =
50 nm gold coating deposited on a stainless steel substrate.
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wavelength display the appearance of a minimum peak at 500
nm (Figure S2, Supporting Information). As a result, neither the
plasmon band of the AuNFs nor the adsorption wavelength of
MB are in accordance; the analysis of the SERS effect of MB
adsorbed onto AuNFs will be with regard to SERS conditions
(and not SERRS ones).46,47

The analysis of the Raman spectra of MB adsorbed onto
AuNFs displays several main characteristic peaks, which are of
interest for a simple study of the enhancement factor (EF). The
two main intense peaks correspond to the vibration of the C−
N−C skeleton bonding at 445 cm−1 and C−C bonding at 1626
cm−1. In addition, results show that the SERS signal increases
greatly when the concentration of MB increases from 10−9 to
10−5 M.
The enhancement factor per molecule (G) has been

calculated using the formula

G
I
I

N
N

SERS

ref

ref

SERS
=

(8)

where ISERS is the intensity of the SERS spectrum, Iref is the
intensity of the Raman spectrum of the same peak, Nref is the
number of molecules excited in the reference sample, and NSERS
is the number of molecules covering the structured sample
within the laser spot area. Consequently, ISERS/NSERS is the SERS
integrated intensity of some typical bands reduced to a single
adsorbed molecule, and Iref/Nref is the corresponding sponta-
neous Raman intensity of the same band. To determine the
values of those four parameters, a similar procedure to that
described in the literature has been followed.48 Using an 100×
objective lens, the area of the laser spot size has been estimated
as 80 μm2. Moreover, the area of a single molecule of MB has
been calculated to be approximatively 2 nm2. Thus, the number
of MB molecules adsorbed on the 80 μm2 sample (under the
laser spot) has been evaluated as NSERS = 4 × 107. In such
conditions, the scattering volume of the laser containing the MB

molecules for the reference sample was evaluated as 79 000 μm3.
As a result, the number of MB molecules included in this
scattered area, for a 10−3 M solution of MB in water, has been
estimated to be Nref = 4.75 × 1010. Therefore, the enhancement
per moleculeG was thus evaluated using the following equation:

G
I
I

1.2 103 SERS

ref
= ×

(9)

The enhancement factors per molecule (G) have been
calculated for the different main Raman peaks characteristic of
the MB molecules and are displayed in Table 1. Results show
that the lower the solution concentration is, the lower the
enhancement factor G is, as expected. However, those
enhancement factor data indicate the high efficiency of the as-
prepared flower-like gold nanostructures as SERS supports.
Indeed, the literature suggests that the dendritic nanostructures
provide high enhancement due to their sharp corners, edges,
high surface-to-volume ratio, and nanoscale junctions, which can
be considered as “hot-spots”. Hence, the morphology of gold
structures is able to induce dramatically different enhancement
of the Raman signal and could dif ferentiate chiral molecules, as
observed in the literature.49,50

Catalytic ActivityGlutathione/Hexadecanethiol. The
electrocatalytic activities of that gold dendritic structure have
also been investigated by cyclic voltammetry. The first “global”
electrochemical measurements have been performed in an
electrolytic bath (0.1 M Na2SO4) at a scan rate of 20 mV/s.
Figure 12 displays the different voltammograms corresponding
to the reference and nanostructured samples: stainless steel
plates (SS, black curve) or stainless steel plates covered by PS-b-
P4VP (blue curve), PS-b-P4VP + gold seeds (red curve), and
PS-b-P4VP + gold seeds + AuNFs (green curve).
The cyclic voltammograms displayed in Figure 12a reveal a

broad large peak between 0.6 and 0.9 V. It may correspond to the
oxidation of gold into gold salts. Moreover, another oxidation

Table 1. Band Assignments and Enhancement Factors (G) Calculated from SERS Spectra Displayed in Figure 11b

assignment δ (C−N−C) δ (C−S−C) ν (C−N) α (C−N) ν (C−N) ν (C−C) ring
raman shift (cm−1) 454 604 1162 1399 1438 1629

G factor 10−5 M 1.2 × 105 1.9 × 104 3.1 × 104 6.4 × 104 4.4 × 104 1.3 × 105

10−7 M 1.1 × 104 3.1 × 103 4.9 × 103 1.2 × 104 8.1 × 103 2.5 × 104

10−9 M 1.8 × 103 3.1 × 102 1.8 × 102 1.7 × 103 1.4 × 102 3.6 × 103

Figure 12. (a) Global cyclic voltammograms (0.1 M Na2SO4, pH 5, 20 mV/s, cycle 10) of stainless steel substrates alone (black curve) and those
prepatterned with PS-b-P4VP (blue curve), coated with gold seeds (red curve), and finally covered with gold flower-like structures (green curve). (b)
Local cyclic voltammograms of stainless steel samples covered by gold flower-like structures at a scan rate of 20 mV/s in a solution of 0.1 M Na2SO4
reference sample (black curve), sample immersed in a hexadecanethiol solution at a concentration of 10−9 M (red curve), and sample immersed in a
glutathione solution at a concentration of 10−9 M (blue curve).
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reaction takes place after 1.2 V, which corresponds to the
oxidation of water into oxygen in an acidic electrolyte or the
oxygen evolution reaction (OER). This simple experiment
allows one to show the difference observed in the electro-
chemical response of the working electrode varying from a
sample just coated with copolymer and seeds or alone and a
sample covered with AuNFs.51 The overall intensity strongly
increases after growth of AuNFs on the surface. The
corresponding oxidation reactions are the following:

Au 4Cl AuCl 3e0
4+ ↔ +− − −

(10)

2H O O 4H 4e2 2↔ + ++ −
(11)

These preliminary results show that the electrochemical
activity is significantly modified by the growth of the AuNFs
onto the substrate. Dendrites might appear to be good
candidates for enhancing the electrocatalytic properties of the
active surface and allowing a significant detection of molecules.
A second “local” electrochemical investigation has been

performed on samples coated by PS-b-P4VP and Au-flower-like
structures. Three different samples have been immersed in a
10−9 M aqueous solution of gluthatione (GSH) and
hexadecanethiol (HDT). Figure 12b displays the evolution of
the electrochemical peaks as a function of the adsorbedmolecule
compared to a reference (substrate without adsorption).
The distribution of AuNFs onto the substrates is quite similar

on all the investigated samples. In the entire voltammogram,
four peaks appear. Twomain oxidation peaks can be observed at
1.2 and 0.5 V and two other reduction peaks are seen at 0 and
−0.5 V. The black curve, corresponding to the reference sample,
displays four peaks with a very low intensity. This might be
explained by the fact that no molecules have been adsorbed on it
due to the absence of structuration. The two other curves (blue
and red) represent the voltammograms of AuNFs after
immersion into a GSH or HDT solution, respectively. A strong
increase of the oxidation hysteresis has been observed on both
voltammograms after adsorption of the different molecules onto
the AuNFs. The slope of the HDT voltammogram is higher than
that of the GSH-coated AuNFs, showing a difference in the
kinetics of the oxidation reaction at the electrode. Investigation
has been focused on the oxidation of gold reaction (OGR) peak
appearing at a potential superior or equal to 1.2 V. Indeed, the
AuNFs structuration is able to discriminate the OGR peak as a
function of the adsorbed molecule.52,53 The maximum of the
peak for the OGR appears at 1.2 V for GSH and has been shifted
to higher potential for HDT. Results shows that this OGR can
occur at the same potential as the oxidation of GSH and HDT
molecules. Indeed, the current intensity has reached 5.2 × 10−5

A for GSH and 1.1 × 10−4 A for HDT. Additional investigations
should be done to show the influence of the structuration on the
electrochemical response, especially the tip effect, and the limit
of detection. However, these preliminary results are quite
encouraging and show the sensitivity and selectivity of AuNFs
through their electrochemical response after adsorption of a
specific simple organic molecule.

■ CONCLUSION
In summary, a simple and controlled templated method has
been developed for the synthesis of Au dendritic nanostructures.
This technique, contrary to many others, remains cheap and

allows one to grow nanostructures on large areas. Beside the
stainless steel plates, which could be replaced by other substrates
(Si wafers, ITO, 306L stainless steel), the template fabrication

can offer the possibility to deposit a soft template based on the
phase separation of the mixture PS-b-P4VP/HABA at low cost,
with an easy-to-make process and significant reproducibility.
This nanoporous template enables one to have a better control
of the distribution of gold nanostructures on the surface of
samples initially by the insertion of gold seeds as growing points
into the nanopores.
The resolution of physicochemical parameters (pH, temper-

ature) and the amounts of reactants (HAuCl4, NH2OH) has
enabled as better control the distribution of gold flower-like
structures by the hydroxylamine approach. Both morphology
and coverage rate have been first characterized by the
monofractal and multifractal analysis method, respectively, and
then optimized on the overall surface of samples. Particularly,
the multifractal analysis has provided a tool to gain a better
understanding of the microstructure growth and distribution.
The as-prepared Au nanoflowers displayed excellent electro-

catalytic properties as highly Raman-active structure surfaces
and could be used as microsensors, allowing optical detection of
low concentrations of adsorbed organic molecules (methylene
blue). Furthermore, the electrochemical experiments suggested
that the sensitivity of the surface is dependent on the nature of
both adsorbedmolecules. A perspective of this work would be to
measure the photocatalytic activity at the apex of the tip
simultaneously with an electrocatalytic reaction.54

In the long-term, a microelectromechanical systems (MEMs)
generic platform could be developed to allow detection of very
low traces of targeted molecules (amino acids) or biological
bodies (cell, virus). The final objectives would be to obtain
qualitative and quantitative data on the adsorbed molecules on
the nanostructured surfaces incorporated in a microship. The
physicochemical properties of the Au nanoflowers have shown
excellent sensitivity (SERS) and durability (gold), which could
be expanded by functionalization of the tips. MEMs are gaining
notoriety for biosensing applications, due to their small size, low
power consumption, and high integrability into microelectronic
devices for implantable sensing applications.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01857.

Calibration curve of a silicon (100) wafer, scheme of the
microcell used for the electrochemical analysis, and
reflectance spectrum of AuNFs carried out by UV−vis
integrating sphere spectroscopy (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Pierre Bauer − Universite ́ Grenoble Alpes, Institut Neel, CNRS/
UGA UPR2940, 38042 Grenoble, France; orcid.org/0000-
0002-1745-4557; Email: pierre.bauer05@orange.fr

Authors
Karine Mougin − Universite ́ de Strasbourg, Universite ́ de Haute
Alsace, Institut de Science des Mateŕiaux, 68057 Mulhouse,
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