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Confeito-like  Au  nanoparticles  were
obtained using  H2O2 with  various
protectants.
The  nanoparticles  had  diameters
ranging  from  tens  to hundreds  of
nanometers.
Morphologies  of the particles  differed
by the  protecting  agents  used.
The  nanoparticles  displayed  red-
shifted  and  broadened  plasmon
absorption  bands.
Enhancing  effect  on Raman  scatter-
ing depended  on  the morphology  of
nanoparticles.
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a  b  s  t  r  a  c  t

A  simple  and  versatile  synthesis  method  for confeito-like  Au  nanoparticles  was developed.  Tetrachloroau-
rate  was  reduced  by hydrogen  peroxide  in aqueous  alkaline  solutions  in  the  presence  of  protecting  agents.
The reaction  was  accomplished  within  several  hours  at ambient  temperature,  and  the  Au  nanoparticles
obtained  had  confeito-like  structures;  however,  their morphologies  were  slightly  different  from  each
other  depending  on  the  protecting  agents  (polyvinylpyrrolidone, pluronic  surfactant,  sodium  dodecyl  sul-
fate, citric  acid,  and hexadecyltrimethylammonium  bromide)  used.  These  nanoparticles  had  diameters
old nanoparticle
onfeito-like particle
nisotropic nanoparticle
ocalized surface plasmon
urface-enhanced spectroscopy

ranging  from  tens  to hundreds  of  nanometers,  and  they  displayed  red-shifted  and  broadened  plasmon
absorption  bands  as compered  to spherical  Au  nanoparticles.  The  Au  nanoparticles  were  accumulated
on  anodized  alumina  filters,  and  the  surface-enhanced  Raman  scattering  spectra  of Rhodamine  6G  were
measured  using  excitation  light  with  a wavelength  of 785  nm.  The  enhancing  effect  was  stronger  for
confeito-like  structures  than for polyhedral  Au  nanoparticles,  and  its order  is  almost  the  same  as  that  of

and.
the  plasmon  absorption  b
Abbreviations: AuNP, Au nanoparticle; Cit, citric acid; HTAB, hexadecyltrimethy-
ammonium bromide; PF127, Pluronic F-127 a polyethylene oxide–polypropylene
xide–polyethylene oxide block copolymer; PVP, polyvinylpyrrolidone; R6G, rho-
amine 6G; SDS, sodium dodecyl sulphate; SEIRAS, surface-enhanced infrared
bsorption spectroscopy; SEM, scanning electron microscopy; SERS, surface-
nhanced Raman scattering spectroscopy; TEM, transmission electron microscopy;
V–vis–NIR, ultraviolet–visible–near infrared.
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1. Introduction

Metallic nanoparticles have been used as pigments for a long
time, but their unique optical behaviors have been receiving a lot
of attention recently [1,2]. Metallic nanoparticles have free elec-
trons on their surfaces that can be oscillated by external electric
fields. The wave of free electrons, the so-called “surface plasmon,”

resonates with the incident light. This “surface plasmon” is concen-
trated at junction points of the nanoparticles and projecting points
of the surface, which are called “hot spots” [1–3]. Adsorbates on the
hot spots can be efficiently excited, and this excitation results in
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reatly enhanced spectra [3,4]. Such techniques are used for ultra-
ensitive analysis and are collectively known as surface-enhanced
pectroscopy, surface-enhanced Raman scattering spectroscopy
SERS) [5], and surface-enhanced infrared absorption spectroscopy
SEIRAS) [6,7]. Although the rough surfaces and aggregates of
anoparticles of noble metals can enable the detection of Raman
cattering from a single molecule [8], the enhancement factor is
ot reproducible because of their undefined structures. Therefore,
ethods to control the shapes [9–15] and aggregations [16,17]

f nanoparticles have been examined to achieve a reliable and
trong surface-enhanced effect. In the last several years, anisotropic
anoparticles have been developed and found to have strong SERS
ffects [18]. Although various nanostructures have been reported
n this context, there is a lack of systematic studies on the syn-
hesis approaches, which involve cumbersome procedures such as
eeds, templates [9–13,15], organic solvents [14], electrochemical
eactions [19], photo-irradiation [20,21], toxic chemicals [22], or
imitation of protecting reagents [23–25].

In this study, we developed a simple and versatile method to
repare anisotropic nanoparticles without using seeds or tem-
lates. We  considered the method also from the viewpoint of green
hemistry [26]. To accomplish these objectives, we studied the
atalytic behavior of Au nanoparticles (AuNPs) to decompose per-
xides [27,28]. Hydrogen peroxide was selected as a convenient
educing agent in an aqueous system. The effects of protecting
gents on the synthesis of confeito-like AuNPs were examined.
oreover, the surface-enhancing effects of the obtained nanopar-

icles on Raman spectra were evaluated. The results obtained from
hese studies are useful for designing anisotropic nanoparticles
ith desirable plasmonic properties for sensors, optoelectronic
evices, and other applications.

. Materials and methods

.1. Reagents

Sodium tetrachloroaurate(III) dihydrate (NaAuCl4·2H2O,
9%) and Pluronic F-127 (a polyethylene oxide–polypropylene
xide–polyethylene oxide block copolymer, PF127) were
urchased from Sigma Aldrich Co. (USA). Hexadecyltrimethy-

ammonium bromide (HTAB) was obtained from Tokyo Chemical
ndustry Co. (Japan). Anhydrous citric acid (Cit), polyvinylpyrroli-
one (PVP, average M.W.:  58,000), sodium hydroxide (NaOH),
odium dodecyl sulphate (SDS), rhodamine 6G (R6G), and an aque-
us 35 wt% solution of hydrogen peroxide (H2O2) were purchased
rom Acros Organics (USA). All chemicals were of reagent grade
nd were used without further purification. Ultrapure (Millipore
illi-Q) water with a resistivity of 18 M� cm was  used throughout

ll the syntheses and measurements in the study.

.2. Synthesis of AuNPs

The synthesis of AuNPs was performed in a 50 cm3 glass vial at
mbient temperature. Specifically, 4 cm3 of an aqueous 1 mM solu-
ion of NaAuCl4 was diluted with 28 cm3 of water, and a specified
mount of the protecting agent (40.0 mg  for PVP, PF127, SDS, and
TAB, or 16.0 mg  for citric acid) was dissolved in the solution. An
queous solution of H2O2 (80 mm3) was added to the solution, and

 cm3 of an aqueous 100 mM solution of NaOH was  then added

ith vigorous stirring. After 5 min, the stirring was slowed down

nd continued for 1 h. The reaction solution was  allowed to stand
vernight for the reaction to go to completion, and a dispersion of
uNPs was obtained.
cochem. Eng. Aspects 436 (2013) 380– 385 381

2.3. Instruments

Transmission electron microscopy (TEM) images were acquired
with a Hitachi H-7000 instrument at an accelerating voltage of
100 kV. The dispersion of AuNPs was  poured on a carbon-coated
copper grid, air-dried, and then used for the observation. The
scanning electron microscopy (SEM) images were obtained with
a JEOL JSM-6500F microscope. Ultraviolet–visible–near infrared
(UV–vis–NIR) absorption spectra were recorded with a JASCO V-
670 spectrophotometer with a quartz cell with a 1 cm light path.
The SERS measurement was  performed with a Raman Microprobe
(Kaiser Raman Rxn1 Raman spectrometer with a TE-cooled CCD
detector and holographic notch filters). The SERS excitation was
provided by 785 nm radiation from an Invictus laser with a laser
power of 100 mW.

2.4. Measurement of SERS

An anodized alumina filter (Anodisc 13, Whatman International
Ltd., diameter: 13 mm,  pore size: 0.02 �m) was assembled in a
holder and fitted to a syringe (2 cm3). The dispersion of AuNPs
(2 cm3) was loaded into the syringe and slowly filtered. The residual
material on the filter was washed five times with 2 cm3 of water
without dismounting the filter, and then the filter was taken out
to be air dried. To attach R6G to the AuNP-mounted filter, the fil-
ter was immersed in an aqueous solution of R6G (1 mM,  2 cm3) for
2 h. Then, it was  removed from the solution and placed on a sili-
con substrate with a cover glass on top. After focusing the Raman
microscope on the residual material at 50-fold magnification, the
Raman spectrum of the specimen thus prepared was recorded at
an exposure time of 5 s and an accumulation of 10 scans.

3. Results and discussion

3.1. Characteristics of Au nanoparticles reduced by H2O2

The reduction reaction of [AuCl4]− by H2O2 was facilitated in
alkaline conditions [28] as shown in the chemical Eqs. (1) and (2).

H2O2 + 2OH− → O2 + 2H2O + 2e− (1)

[AuCl4]− + 3e− → Au0 + 4Cl− (2)

Although the reaction solution did not change its appearance
in the absence of NaOH, it turned bluish, with an induction period
of several seconds to several minutes, after the addition of NaOH.
The induction period varied depending on the protection agents
used in the reaction; citric acid had the shortest period (several
seconds), and SDS resulted in the longest period (several minutes).
The difference in induction periods should depend on the adsorp-
tion behavior of the protecting agents during the nucleation and
growth stages of AuNPs. The induction period and the subsequent
rapid change of color suggest that the reaction progresses in stages
and that the formation of nanoparticles is autocatalytic. Previous
reports of the catalytic decomposition activity of AuNPs toward
peroxides support this observation [27,28].

Although the color change of the solution was  complete within
1 h, a small amount of bubbling continued for several hours because
of the decomposition of excess H2O2. Then, the reaction mixtures
were allowed to stand overnight to consume the remaining H2O2
and to obtain the AuNPs. The colored dispersion of AuNPs with
protecting agents (X-AuNP; X represents the protecting agent) and
that of an AuNP prepared by a conventional method (conv-AuNP)

[29] are shown in Fig. 1.

The morphologies of AuNPs were observed by TEM and SEM
(Fig. 2). While the conv-AuNP had polyhedral structures with diam-
eters of 10–20 nm,  all of the AuNPs obtained by the reaction with
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Fig. 1. Colored dispersions of AuNPs. All dispersions are at the same concentration
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the coexisting chemical species by the ionic interactions and/or the
0.1 mM per Au atom). (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)

2O2 were confeito-like particles with diameters in the range of
ens to hundreds of nanometers (Fig. 2A). Additionally, in the case
f HTAB–AuNP, bouquet-like structures were observed (Fig. 2B).

The mechanism of these structures were explained that the
ormation of AuCl4−x(OH)x

− in the alkaline condition slowed the
eduction reaction and led to the aggregation of nuclei in the

ucleation stage [22,23]. Although the synthesis of AuNPs using
2O2 as a reducing agent was reported, the obtained AuNPs in
eutral condition were just branched to three arms and the yield

Fig. 2. (A) TEM (left) and SEM (right) images of AuNPs. (B) SEM i
cochem. Eng. Aspects 436 (2013) 380– 385

was not high [30]. In this study, the reaction solution was strongly
alkaline (pH ∼11), and then, there was enough time to allow
aggregation of nuclei. The existence of induction periods supports
this mechanism. The multi-core structures were formed in this
induction period to be the confeito-like structures, and the strong
alkaline condition facilitated the decomposition of H2O2 and suc-
cessive particle growth. Furthermore, the autocatalytic reaction
could play an important role to form the extended structures,
because the catalytic activity of smaller AuNPs is higher than that
of larger AuNPs [27]. The decomposition of H2O2 and the reduc-
tion reaction could be facilitated at the small nuclei, and the crystal
growth would slow down as the vertices of AuNPs with high cur-
vature become minor. Therefore, the radial dendrites would be
formed with narrow size distribution.

Although the AuNPs obtained by this method have spherical
shapes, the detailed structures of their surface differ depending
on the protecting agents used. This observation suggests that the
crystal growth was controlled by the adsorbates on the nanoparti-
cles, as described previously [31,32]. The surfaces of AuNPs adsorb
hydrophobic interactions. The structures and ionic characteristics
of adsorbates result in the specific interactions with the different
facets of AuNPs as the adsorption face. This selective protection led

mages of HTAB–AuNPs. Each scale bar represents 100 nm.
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tive enhancement [36,39].
It was found that the HTAB–AuNP and the Cit–AuNP resulted
Fig. 3. TEM images of AuNPs.

o the anisotropic crystal growth. For example, polymers adsorb
asy but the protection effect of small molecules will be low.

In the TEM images, low-density layers of approximately 5–6 nm
hickness were observed on the periphery of the HTAB–AuNPs,
hile the layer was slightly found on the Cit–AuNPs (Fig. 3, see also

ig. S1 in supplementary material). The layers on the HTAB–AuNPs
ere considered to be the adsorbed layers that consisted of one

ilayer of HTAB molecules. This difference in layer formation clearly
emonstrates that each protecting agent caps the surface of AuNP
ifferently (see Figs. S1–S4 in supplementary material).

In the synthesis method developed in this study, various pro-
ecting agents can be chosen to design the shape of confeito-like
uNPs. Thus, this method is convenient and versatile for the quan-

itative synthesis of confeito-like AuNPs. It does not require seeds or
 template, whereas a previous study using H2O2 needed seed par-
icles to obtain dendritic AuNPs [30,33]. Thus, the method in the
resent work also has advantages from the perspective of green
hemistry; no organic solvent is used and the excess H2O2 would
ecompose after the reaction.

.2. Effect of AuNPs on SERS

Optical behaviors were investigated for the obtained AuNPs.
he UV–vis–NIR spectra are shown in Fig. 4. The plasmon absorp-
ion bands were observed in the following order (the numbers in
arentheses are the band positions in the spectrum):

conv-AuNP (520 nm) < PVP-AuNP (575 nm) < PF127-AuNP (595 nm)
<  SDS-AuNP (632 nm) < Cit-AuNP (666 nm) < HTAB-AuNP (695 nm)

This order seems to be consistent with the color of the dispersion
f AuNPs (Fig. 1).

ig. 4. UV–vis–NIR spectra of AuNPs. Each specimen is at the same concentration
0.1 mM per Au atom).
t–AuNP and (B) HTAB–AuNP.

It is known that plasmon absorption bands shift as a function of
the size (for spherical nanoparticles [34,35]) and of the aspect ratio
(for nano-rods [36,37]), as well as by the interparticle interaction
[38]. In the case of the AuNPs in the present study, the volume
fraction (VF) is estimated with the formula below:

VF = atomic weight of Au (197.0) × concentration of Au (1.0 × 10−4 M)
density of bulk Au (19.3 g/cm3)

=  1.0 × 10−6 (3)

The VF is small enough for the interparticle interaction to be negligi-
ble. The size and shape of an AuNP should mainly affect its plasmon
absorption band and the color of the dispersion.

The SERS of R6G was measured on the AuNP specimen that was
prepared as described in Section 2. The obtained spectra are shown
in Fig. 5.

Because the Raman scattering from the R6G solution (20 mM)
itself was very weak, a large amount of the solution was  used for
comparison in Fig. 5. Compared with the R6G solution, the AuNP
specimen provided a strong Raman scattering, especially for the
Raman bands at 1603 and 1648 cm−1 that are characteristics of
R6G in the resonant SERS. These bands are corresponding to the
stretching modes of aromatic rings in R6G, and a similarity between
their vibration modes and the changes of molecular geometries
between the ground states and the excited states leads to the effec-
in strong enhancement of the R6G Raman bands (approximately
4 times that of the conv-ApNP), while the others showed weak

Fig. 5. The molecular structure of R6G and its SERS spectra obtained from the AuNP
films.
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the reducing agent used in this method will be decomposed finally
ig. 6. Intensities of SERS at 1363, 1510, and 1648 cm−1 against the band positions
f  plasmon absorption of AuNPs.

nhancement. Incidentally, the order of the surface-enhancement
actors in the series of confeito-like AuNPs is almost the same
s that of the plasmon absorption band: the longer the reso-
ance wavelength, the stronger the surface-enhancement effect.
he intensities of several prominent bands in the SERS were plot-
ed against the band positions of plasmon absorption (Fig. 6). This

ight be attributed to the resonance of the surface plasmon on the
uNP at the excitation wavelength (785 nm). The proximity of the
avelengths between the absorption band and the incident light

llows strong coupling of the surface plasmon with the incident
ight to provide the strong electromagnetic field on the AuNP. Fur-
hermore, the SERS indicated characteristics of the resonant SERS,
.g. the enhanced bands at 1440, 1603, and 1648 cm−1. The R6G
annot resonate with the incident light at 785 nm,  and the Raman
cattering of a R6G solution without AuNPs was consistent with
he non-resonant Raman scattering. Then, it was suggested that the
nergy state of R6G absorbed on the AuNPs shifted to enable to res-
nate with the incident light [39]. That is, the interaction between
he R6G molecule with AuNP provided a new energy state, which
as close to the excitation wavelength and led to the resonance

f R6G. The band position of plasmon absorption of AuNPs could
ffect this new energy state of the R6G/AuNP complex, and then,
he longer wavelength of plasmon absorption band provided the
tronger SERS. According to the two-fold electromagnetic enhance-
ent theory, the resonated R6G on AuNP could emit effectively the

aman scattering via the AuNP [40]. The excitation of R6G/AuNP
omplex was suggested by the broad band around 1500–1700 cm−1

n the spectra, especially for the Cit–AuNP and HTAB–AuNP: It was
onsidered the enhanced fluorescence of the R6G/AuNP complex
40]. It is noted that the charge-transfer via the energy state of
6G/AuNP could also contribute the enhancing effect of the SERS
40,41].

Although the conv-AuNP had the shortest plasmon absorption
and, its surface enhancement was superior to those of the PVP-
nd the PF127-AuNP and approximately the same as that of the
DS-AuNP. This observation could be explained by two  factors.
he conv-AuNPs changed to dark blue on the filter (which acted as

 support for the particles), probably because of aggregation, and
hen their red-shifted plasmon absorption band became suitable
or the SERS. Additionally, the larger total surface area of small
onv-AuNPs compared with that of the other AuNPs allowed the
dsorption of a higher number of R6G molecules on the surfaces.
ecause the diameter of conv-AuNP is approximately 1/5 that of
VP–AuNP, the total surface area of conv-AuNP could be 5 times
arger than that of PVP–AuNP if compared as spheres. From this

iewpoint, the weak enhancements of PVP- and PF127-AuNP
ight be due to their large sizes. Additionally, the diameter of

onv-AuNP is 10–20 nm,  which is suitable for producing a strong
cochem. Eng. Aspects 436 (2013) 380– 385

surface-enhanced effect [7]. This difference in diameters could
explain the superiority of conv-AuNP for SERS.

The relative SERS band intensities of R6G with the confeito-like
AuNPs were different from those with the conv-AuNP: the bands
at 1184 cm−1 and 1648 cm−1 were rather weak. The weakness of
the bands at 1184 and 1648 cm−1 might be explained by the ori-
entation of the R6G molecules because these bands correspond
to the transition moments of the xanthene ring in the direction
of the long axis [41]. In terms of the surface selection rule [42],
the long axis of the xanthene ring in the R6G molecule could be
more parallel to the surface of confeito-like AuNPs than to the
surface of conv-AuNPs. The R6G molecules attach to the surface
of confeito-like AuNPs through the amine groups via an electro-
static interaction. These results indicate that the structures of the
AuNPs might cause the difference in relative intensities between
the confeito-like AuNP and the conv-AuNP. It was theoretically cal-
culated that the localized surface plasmon would be concentrated
on the tips on nanoparticles and act as the hot spots [37,43]. This
effect increases significantly as the tips become sharp and inten-
sify the electromagnetic field [43]. Moreover, it was reported that
the localized surface plasmon raises the red-shift of the plasmon
absorption bands [37]. Then, the confeito-like AuNPs, especially
for the Cit–AuNPs and HTAB–AuNPs, could provide strong surface
plasmon fields not only at the tips of the particles but also in the
gaps between confeito-like particles, while the conv-AuNPs are
contributed by only hotspots between adjacent particles [42]. The
molecular orientation on the surface could be important in the case
of confeito-like AuNPs because R6G molecules can be excited on
the tips of confeito-like AuNPs without being disturbed by adjacent
particles.

4. Conclusions

In an alkaline environment, NaAuCl4 is reduced by H2O2, and
this reduction results in confeito-like AuNPs with diameters of tens
to hundreds of nanometers. The growth mechanism of these AuNPs
could be attributed to an aggregation at the nucleation stage and
an autocatalytic reduction of H2O2 by the AuNPs. Then the protec-
ting agents can provide only the variation of detailed structures of
the confeito-like AuNPs because of the selective adsorption of the
agents onto the crystal faces of Au.

The AuNPs were also characterized in terms of optical proper-
ties. The confeito-like AuNPs were violet to blue and had broad and
red-shifted plasmon absorption bands in the range of 570–700 nm,
while the conv-AuNP had its plasmon absorption band around
520 nm.  The confeito-like AuNPs that were prepared in aqueous
solutions of HTAB and citric acid resulted in ∼4 times stronger
SERS compared with the conv-AuNPs. Although the other confeito-
like AuNPs demonstrated SERS effects, their enhancing effects were
smaller than those of the conv-AuNP. The order of enhancement
factors corresponded to that of the plasmon absorption bands.
These observations indicate that the plasmon absorption band is
tunable using the structures of confeito-like AuNPs to obtain bet-
ter surface-enhancing effects. Moreover, the confeito-like AuNPs
resulted in different relative intensities of SERS bands compared
with the conv-AuNP. This difference in intensities suggests that
the adsorption orientation of R6G molecules on the confeito-like
AuNPs is different from the orientation on the conv-AuNP.

In this study, a simple and versatile method for quick prepa-
ration of confeito-like AuNPs with different structures and optical
properties was  presented. This synthesis is a green method because
to the water and oxygen, and the non-toxic protecting agents can
be applied. The results obtained would be useful for designing plas-
monic devices.
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