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Local electromagnetic enhancement excited from collective oscillations of free electrons on a highly

roughened mental surface can induce greatly enhanced Raman scattering. Herein gold mesoparticles

with various morphologies and highly roughened surfaces, including sea urchin-like, flower-like, star-

like, meatball-like, and dendritic nanostructures are prepared using pentanol/water interface as

a growth ‘‘bed’’. The morphologies of the prepared gold mesoparticles are well controlled by varying

the concentrations of additives such as gold ions, ascorbic acid (AA) and cetyltrimethylammonium

bromide (CTAB). Due to the unique structures such as rough surface, high internal porosity as well as

complex morphology, these as-prepared mesocrystals exhibit a remarkable performance in surface-

enhanced Raman scattering (SERS) compared with polyhedral mesoparticles.
1. Introduction

Surface-enhanced Raman scattering (SERS) is a powerful spec-

troscopic technique that can provide non-destructive and ultra-

sensitive analysis at the single molecular level, which can be

widely applied in biochemistry, chemical production, and envi-

ronmental monitoring.1–7 SERS involves two different mecha-

nisms. One is the chemical enhancement caused by the charge

transfer between a molecule and an adjacent metal surface,8,9 The

other is the local electromagnetic enhancement that originates

from the excitation of the collective oscillations of free electrons

in noble or transition metals.10–12 The plasmonic coupling effect

at the nanometre gap junction between particles induces very

high local electromagnetic enhancement, which generates ‘‘hot

spots’’ with high SERS enhancement (more than 1010), even for

single molecule detection.13–19 But the reproducibility of ‘‘hot

spots’’ is difficult to achieve because each ‘‘hot spot’’ is small in

size and therefore the quality of the SERS enhancement varies.14

For instance, in the SERS signal distribution measurements with

silver nanospheres, 63 SERS active sites of 1 � 106 sites

contributed 24% of the overall SERS intensity.20 Thus the large

area SERS enhancement of a rough surface fabricated with

random ‘‘hot spots’’ usually is on the order of 102–106.21
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To obtain stable and reproducible SERS enhancement, periodic

nanostructures fabricated with nanometre-scale lithography

techniques have been developed and widely studied,22 but small

gaps (e.g., <10 nm) in the above periodic nanostructures are

difficult to achieve in these techniques. Recently, the hierarchical

3D nanostructure with a rough surface on a metal mesoparticle

has induced much research interest because a SERS enhance-

ment with intensity over 107 was obtained with a relatively high

reproducibility.23 Because abundant bright ‘‘hot spots’’ can be

generated on individual hierarchical particles, a very high

reproducibility of the SERS substrate can be obtained.24

Furthermore, if the hierarchical mesoparticles are assembled

together, more ‘‘hot spots’’ can be generated between particles.23

Up to now, various methods have been developed to synthe-

size metal hierarchical particles in wet chemical systems. A series

of silver or gold hierarchical 3Dmesoparticles such as sea urchin-

like,23 flower-like,25 meatball-like,26 and star-like17 morphologies

have been reported, which exhibited strong enhancement in

SERS. Several mechanisms are involved in the hierarchical

particles growth such as the anisotropic growth induced by

a twin plane,27,28 specific capping agents,29,30 kinetic effects,31–33

etching,17,34,35 and particle-mediated growth.36–38 Different from

atom/ion mediated growth, particle-mediated growth is a non-

classical pathway of crystallization deduced by C€olfen et al. from

biomineralization.39,40 This mechanism is based on oriented

attachment (OA)41 of crystal building units and results in the

formation of so-called ‘‘mesocrystals’’.42 Mesocrystals are

ordered mesoscale superstructures composed of individual

nanocrystals that are aligned along a common crystallographic

direction, exhibiting scattering properties similar to those of

a single crystal.43 Recently metal hierarchical particles formed by

particle-mediated growth have been explored in many systems40
This journal is ª The Royal Society of Chemistry 2012
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in which small nanoparticle (NP) units aggregate through an OA

process to form porous or dendritic hierarchical structures.44–46

Besides SERS substrates, metal hierarchical particles have been

synthesized for a wide range of technological applications such as

nanocircuits and nanodevices,47 catalysts for proton-exchange

membrane (PEM) fuel cells,48 electrochemistry or photo-cata-

lysts,49 and left-handed materials (LHMs),50 etc.

In this paper, a pentanol/water interface was developed as

a growth bed to synthesize gold hierarchical mesoparticles based

on previous reports by Wang and by our group.51–53 By

controlling synthetic parameters, gold mesoparticles with sea

urchin-like, star-like, flower-like, meatball-like and dendritic

hierarchical morphologies could be obtained. The mesoparticles

could further self-connect each other on the interface to form

a particle-monolayer film which served as a substrate showing

excellent SERS properties. The current oil/water interface

synthesis shows two remarkable advantages: 1) compared with

solid/solution interface synthesis, the product can be more easily

transferred. The solid/solution interface is also commonly used

to prepare metal films, but the films are difficult to transfer to

other substrates. In our oil/water interface synthesis, the film can

be easily transferred onto any substrate and even can be

dispersed into solutions; 2) compared with solution synthesis, the

product can be more easily self-connected to form a particle-

monolayer film on the solution surface, while in the solution

synthesis, the self-assembly of metal nanoparticles is difficult.

2. Experimental section

2.1 Synthesis of gold mesoparticles

In a typical synthesis of Au mesostructures, as shown in Fig. 1,

1.5 ml of HAuCl4 aqueous solution (20 mM) and 0.5 ml of

chloroform were mixed in a 6 ml glass vial followed by vibrating

for 20 s. Then 2 ml of pentanol was added into the vial and mixed

by vibrating for 10 min. After the vial was put in the dark for 1

day, the solution in the vial was separated into two layers:
Fig. 1 Schematic of gold mesoparticles being synthesized at the penta-

nol/water interface. (a) Gold precursor is extracted into pentanol solution

and (b) evolution of gold product at the interface.

This journal is ª The Royal Society of Chemistry 2012
a yellow upper layer and a colorless bottom layer, indicating that

all of the HAuCl4 was extracted into the upper pentanol solution

layer. A mixed solution of 20 ml of deionized (DI) water and

1.5 ml of ascorbic acid (AA) aqueous solution with different

concentrations was poured into a glass Petri dish, and then 5 ml

of pentanol was added into the water solution. Two layers were

formed in the Petri dish: the upper layer was pentanol solution

and the bottom one was water solution containing AA (Fig. 1a).

After the solution was stable, 0.5 ml of pentanol solution con-

taining HAuCl4 (previously prepared in a vial) was slowly

injected into the upper pentanol solution layer along the Petri

dish wall. After several minutes, some opaque orange products

appeared at the interface and gradually became red and then

dark red, indicating the reduction reaction happened and the Au

particles formed with AuCl4
� ions and AA molecules diffusing

toward the interface (Fig. 1b). The reaction lasted for 5 h. After

the reaction, the upper pentanol layer was removed and the gold

particles self-connected to form a particle-monolayer film on the

water solution surface. The products were further characterized

with scanning electron microscopy (SEM) or high-resolution

transmission electron microscopy (HRTEM/TEM) (Fig. 1b).

2.2 Material characterization

The morphology of the products was investigated by field

emission scanning electron microscopy (FE-SEM) using a JEOL

(JSM-7000F) at an accelerating voltage of 20 kV. The trans-

mission electron microscopy (TEM) and high-resolution trans-

mission electron microscopy (HRTEM) analysis images as well

as selected-area electron diffraction (SAED) pattern analysis

were performed on a JEOL JEM-2100 transmission electron

microscope operating at an accelerating voltage of 200 kV.

2.3 SERS measurement

SERS measurements were carried out on a confocal microprobe

Raman spectrometer (LabRAM HR800, HORIBA JOBIN

YVON) with the 633 nm He–Ne laser line at room temperature.

The probe area was 1 mm in diameter with a �100 objective lens

and the signal collection time was 1 s. The incident power of the

laser at the samples was 0.055 mW after it was decreased by a D2

attenuation piece. The products transferred onto a cleaned

quartz plate were used for SERS sample preparation . Samples

for SERS were prepared by drop casting 25 mL of 1 � 10�5 M

rhodamine 6G (R6G) aqueous solution on the quartz plate and

allowing the solvent to evaporate.

3. Results and discussion

3.1 Sea urchin-like gold mesoparticles

Fig. 2 and S1† show the SEM images of sea urchin-like meso-

particles which are uniformly coated by a highly roughed surface.

The size is around 125 � 27 nm (Fig. S2†) which is much smaller

than the sea urchin-like gold mesoparticles prepared with the

galvanic method as reported in our previous work.23 The SEM

image of a single mesoparticle (inset of Fig. 2a) shows that its

surface is covered by closely packed spikes. The density of the

spikes on a single particles (number of spikes per area) is esti-

mated to be 10 times higher than that shown in our previous
J. Mater. Chem., 2012, 22, 1998–2006 | 1999
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Fig. 2 SEM images of gold sea urchin-like mesoparticles synthesized with 100 mM AA and 20 mM gold precursor. (a) Large area and (b) magnified

SEM images. The inset in (a) shows a typical SEM image of a gold sea urchin-like mesoparticle.
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work,23 assuming the number of tips is 100 and 200 in this case

and previous reports, respectively (the corresponding average

particle sizes are 150 and 700 nm, respectively). The SEM image

also shows that the film is a particle-monolayer which auto-

matically forms on the water surface.

The TEM, HRTEM images and SAED patterns of the gold

sea urchin-like mesoparticles provide further details in structure

analysis as shown in Fig. 3. The highly textured mesoparticles are

clearly covered with many small spikes with lengths from 30 to

60 nm and base thicknesses from 8 to 15 nm (Fig. 3a, b), which is

much smaller than those in our previous report (base thickness of

30–50 nm).23 The TEM image contrast of a single particle shows

an incompact structure. Similar to other reports,36,44,45 the mes-

oparticle should be formed by particle-mediated growth. The

broadening of SAED spots, especially for that of the high-index

crystal planes, suggest a common orientation with a small angle

lattice mismatch between the primary NP building units. The

HRTEM image shown in Fig. 3c recorded from the cycled area

of Fig. 3b further supports this suggestion in which three spikes

grow from the tips of mesocrystal separately, while they share the

same crystalline orientation. The lattice space in the HRTEM

(Fig. 3c) is 0.233 nm, which matches well with Au {111} planes

d-spacing (0.235 nm), indicating an overgrowth along the <111>

crystallographic orientations. This growth behavior is very

similar to the formation of PtRu alloy mesoparticles in an

organic solvent at high temperature as reported by Yang and

coworkers,36 in which the primary NPs are mainly covered by

lowest energy facets and their oriented attachment preferentially

occurs on these {111} lowest energy facets, as illustrated in

Fig. 3d.
Fig. 3 TEM and HRTEM images of gold sea urchin-like mesoparticles

and the illustration scheme for the hierarchical 3D structure formation.

(a) TEM image of large area of gold mesoparticles. (b) TEM image of

a single typical mesoparticle. The inset shows the correlated SAED

patterns. (c) HRTEM images of the circled area in (b). (d) Illustration of

mesocrystal formation by the primary NPs oriented attachment.
3.2 Morphology evolution of gold mesoparticles

3.2.1 Effect of gold precursor concentration. In our experi-

ments, the effects of different synthesis conditions on the

morphologies of gold mesoparticles were systematically investi-

gated. Fig. 4 shows the morphology transformation of gold

mesoparticles obtained at different gold precursor concentra-

tions. Compared with the mesoparticles in Fig. 2, at a lower

value, the size of products decreases from 125 nm to 106 nm

(Fig. 4c), and the diameter of spikes decreases to around 10 nm
2000 | J. Mater. Chem., 2012, 22, 1998–2006
(Fig. 4a and b). Instead, when the concentration of AuCl4
� ions in

the pentanol phase is increased to a higher value, the SEM images

show that the obtained mesoparticles consist of two different size

distributions (Fig. 4d–f and S3†), of which the smaller and larger

mesoparticles have average diameters of around 160 nm and
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 Different magnified SEM images of gold mesoparticles synthesized with the same AA concentration (100 mM) and different gold precursor

concentrations: (a, b) 10 mM, (d, e) 50 mM, and (g, h) 100 mM. (c, f, i) The correlated size distribution histograms of different gold mesoparticles.

Fig. 5 SEM images of gold mesoparticles synthesized with the same gold

precursor concentration (20 mM) and different AA concentrations:

(a) 20 mM, (b) 1 M.
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660 nm, respectively. Although the average diameters of these

two types of mesoparticles are obviously different, the sizes of the

building units involved in both of them are almost identical

(around 25 nm). These bimodal particles exhibit quite different

morphologies as shown in Fig. 4d and e: the larger mesoparticle is

meatball-like and the smaller one is star-like. When the concen-

tration of Au ions was further increased to100 mM, only meat-

ball-like mesoparticles with an average size of 626 nm (Fig. 4i)

were obtained (Fig. 4g, h and S4†).

3.2.2 Effect of AA and CTAB concentration. The concen-

tration of reducing agent (AA) also has an important effect on

the morphology evolution of gold mesoparticles. Fig. 5 and S5†

show the SEM images of gold mesoparticles synthesized at

different AA concentrations. As one can see, the star-like gold

mesoparticles dominated in the products when the AA concen-

tration was 20 mM (Fig. 5a and S5a†), and the overgrowth of

their tips led to the formation thicker spikes on the particle

surface. When AA concentration was increased to 1 M, the

surface of gold mesoparticles is mainly covered by densely

distributed tiny spikes, as shown in Fig. 5b and S5b.†

The morphology of gold mesoparticles can also be well

controlled by adding a certain amount of CTAB in the pentanol

phase and choosing an appropriate AA concentration in the
This journal is ª The Royal Society of Chemistry 2012
aqueous phase. For instance, when the AA concentration was

kept at 20 mM, the addition of CTAB into the pentanol phase

obviously led to the formation of polyhedral nanoparticles. As

shown in Fig. 6a and S6,† only gold polyhedral nanoparticles

with an average size of 96 � 15 nm can be observed in the

products rather than the star-like mesoparticles. When the

concentration of CTAB in the pentanol phase was further

increased to 40 mM, the Au polyhedra showed a tendency to
J. Mater. Chem., 2012, 22, 1998–2006 | 2001
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Fig. 6 SEM images of gold mesoparticles synthesized with lower AA

concentration (20 mM) after adding different CTAB concentrations: (a)

20 mM, and (b) 40 mM. The gold precursor concentrations are 20 mM.
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attach to each other to form short chains (Fig. 6 and S7†).

As suggested by Yang et al., this phenomenon can be attributed

to a ‘glue’ function of CTAB molecules, which could serve as the

‘glue’ that can link the facets of Au NPs into short chains or

aggregates.54,55

When theAAconcentrationwas increased to 100mM(the same

as in Fig. 2), the presence of CTAB in the pentanol phase (20mM)

would lead to a size decrease of polyhedral nanoparticles to about

70 nm, on the other hand CTAB obviously spurred the aggrega-

tion of Au NPs to form chain-like structures (Fig. S8a, b†). When

the amount of CTAB was doubled, the particle aggregates over-

grew into flower-like structures (Fig. S8b, c†).

When the AA concentration was further increased to 1 M,

while the concentration of CTAB remained at 40 mM, flower-

like mesoparticles with average size about 400 nm were obtained

(Fig. 7a and S9†). The highly textured flower-like Au meso-

particles appear to comprise up to �100 disc-like tips having

lengths of 50–100 nm and base thicknesses of �15 nm. This

dendritic growth can be improved by further increasing the

CTAB concentration, while keeping the AA concentration at

1 M. As shown in Fig. 7b–d, the petals of the Au flowers grow

from 50–100 nm to more than 1 mm in length by increasing the

CTAB concentration from 40 to 160 mM. It is notable that all of

the different products described above demonstrate

relatively narrow size distributions and uniform morphology

(Fig. 7 and S10–S12†).

3.3 Mechanism discussions in morphology evolution

Fig. 8 illustrates the morphology evolution of gold mesoparticles

with the change of experimental parameters. When CTAB was

absent from the pentanol phase, the increase of AA concentra-

tion (conditions of 1–3 in Fig. 8) induced the morphology

transformation from star-like to sea urchin-like and even to tiny

NPs aggregated in meatball-like shapes. The increase in the

concentration of gold ions (conditions of 4, 5 in Fig. 8) would

induce the formation of meatball-like mesoparticles with larger

sizes. With the presence of CTAB in the pentanol phase, the

polyhedral and flower-like mesoparticles were obtained by

changing both AA and CTAB concentrations (conditions of 6, 7

in Fig. 8).

In the current oil/water interface synthesis, the gold precursor

and reducing agent are separated in the upper and lower solution

layers respectively. Only when the gold precursor diffuses into
2002 | J. Mater. Chem., 2012, 22, 1998–2006
the vicinity of the interface, does it have the chance to be reduced.

Thus in this situation, the gold precursors are gradually reduced

through gold ions diffusing to the interface gently. Similar to

Xie’s report,37 four steps are involved in this growth process,

which can be described by a Lamer curve as shown in

Fig. S13a.†10,56 At the first step, the Au ions are reduced into

atoms (Fig. 1b), thus the atom concentration at the oil/water

interface increases accordingly. At the second step, when the

concentration of Au atoms exceeds the supersaturation point,

the atoms begin to nucleate via the mechanism of self-(or

homogeneous) nucleation.10 The third step involves the nuclei

growing into primary NPs, and at the same time, the primary

NPs aggregate into mesoparticles with an OA mechanism. The

mesoparticles formed with particle-mediated growth show rough

surfaces. The NP-built tips on the rough surface prefer to further

overgrow into spike-coated structures owing to the protuberant

tips being more easily able to capture gold ions or atoms for

growth.57

The reaction mechanism is schematically illustrated in

Fig. S13b.† The Au ions diffuse into the vicinity of the oil/water

interface and are subsequently reduced and deposited on the

protuberant tips on the particle surface. If an Au ion diffuses into

the vicinity of the interface and does not meet reducing agent

within a certain period of time, it will diffuse off the interface and

not be reduced. Hence, the increases of Au ion and AA

concentrations both will induce the increase of reaction rate and

higher Au atom concentration will be generated at the first step.

According to the higher atom concentration leading to a large

number of nuclei with smaller critical nucleus size,10,58 at condi-

tions of 2, 4, 5 in Fig. 8, with Au ion concentration increasing,

more nuclei are formed at the first and second steps. Meanwhile,

at higher Au ion concentration, the growth of nuclei is also

increased. Thus under the conditions of 4 and 5 in Fig. 8, a higher

number of larger NPs aggregate to form larger mesoparticles,

while at a lower concentration (condition of 2 in Fig. 8), a lower

number of smaller NPs aggregate to form smaller mesoparticles

(Fig. 4).

In a colloidal particle-mediated growth system, the formed

primary NPs keep moving in the liquid phase due to Brownian

motion and they collide at a frequency that can be estimated

according to the following equation:59,60

f ¼ kTr2/3/3phr (1)

where r is the density of the NP with a radius of r in a solution

with viscosity of h, and T is temperature. At lower AA concen-

tration (condition 1 in Fig. 8), as discussed above, only a small

number of NPs can be produced at the initial time. Moreover,

according to the above equation, they need more time to

aggregate. During this process, the NPs will grow with larger

sizes. In the third and fourth steps, the larger NPs will aggregate

and build as thick tips on the surfaces of star-like mesoparticles.

On the other hand, at higher AA concentration (condition 3 in

Fig. 8), a large number of smaller NPs will be produced to form

small NP-aggregated mesoparticles. At the same time, the Au

ions are reduced more quickly at a higher AA concentration, thus

fewer Au ions remain after NP aggregation. Therefore, with the

increase of AA concentration, smaller spikes are overgrown on

the tips of mesoparticle surfaces and the morphology transforms
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 SEM images of gold mesoparticles synthesized with higher AA concentration (1 M) and different CTAB concentrations: (a) 40 mM, (b) 80 mM,

(c) 120 mM, and (d) 160 mM. The gold precursor concentrations are 20 mM.
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from star-like to sea-urchin like and even to small-particle-

aggregated meatball-like mesoparticles, as shown for conditions

1 to 3 in Fig. 8.

The effect of CTAB molecules on morphology evolution of

gold mesoparticles is suggested to follow three roles. First, owing

to the formation of Au(III)-CTAB complex, the reducing rate of

the gold precursor is retarded and the diffusion of Au ions is also

limited.61,62 Second, the addition of CTAB can prompt the

aggregation of primary NPs.54,55 Third, CTAB can direct Au ions

to be preferentially absorbed on the tips, leading to a protuberant

growth on the gold mesoparticle surface with higher curvature.62

At a low AA concentration, the reaction rate is further reduced

by addition of CTAB, thus even a small number of larger nuclei

are produced in the second step (condition 6 in Fig. 8). According

to eqn (1), a small number of NPs are not easy to aggregate and

they have enough time to grow. At higher AA concentration

(condition 7 in Fig. 8), a larger number of NPs are produced.

These NPs are prompted to aggregate by addition of CTAB. At

the same time, both the increase of solution viscosity63

(Fig. S14†) and the formation of an Au(III)-CTAB complex

induces the decrease in the diffusing speed of Au ions after CTAB

addition, thus more Au ions remain before NP aggregation. At

the last step, the remaining Au ions are preferentially captured

and overgrown on the tips of mesoparticles to form petals of

flower-like mesoparticles, under the directing function of CTAB

molecules. With the increase of the CTAB concentrations, more
This journal is ª The Royal Society of Chemistry 2012
Au ions remain before NP aggregation, subsequently they are

induced by CTABmolecules to grow on tips to form larger petals

of flower-like mesoparticles or even dendritic mesoparticles.
3.4 Optical and SERS properties of gold mesoparticles

The optical properties of gold mesoparticles with different

morphologies are investigated by UV-vis-NIR extinction spec-

troscopy. Fig. 9a shows the experimentally measured optical

extinction spectra of sea urchin-like, flower-like, meatball-like

and polyhedral mesoparticles. The monodispersity of the mes-

oparticles allows the experimental observation of well-defined

higher-order multipole plasmon modes in addition to the dipole

resonance. For the polyhedral mesoparticles, only one peak

corresponding to higher-order multipole resonance (quadrupole

located at �665 nm) is observed, while the dipole peak is

located at �797 nm. For the sea urchin-like, flower-like and

meatball-like mesoparticles, three peaks corresponding to

higher-order multipole resonances (hexadecapole, octopole and

quadrupole) are clearly observed in the spectrum in addition to

the dipole resonance. The sea urchin-like and flower-like mes-

oparticles show similar plasmon resonance models and their

extinction peaks are located at �562/�596 nm (hexadecapole),

�792/�782 nm (octopole), �998/�983 nm (quadrupole) and

�1196/�1216 nm (dipole) respectively. Our previous report

shows that the higher-order multipole extinction peaks of Au
J. Mater. Chem., 2012, 22, 1998–2006 | 2003
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Fig. 8 Schematic illustration of the morphological evolution of gold mesoparticles under different synthesis conditions.
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sea urchin-like mesoparticles are located at �580 nm, �790 nm

and �980 nm,23 which matched well with the current result. For

the meatball-like mesoparticles, the extinction peaks are located

at �546 nm, �772 nm, �889 nm, and �1460 nm. Compared

with sea urchin-like and flower-like mesoparticles, the
Fig. 9 Optical and SERS properties of gold mesoparticles with different mor

on the surface of the substrates contributed by different gold mesoparticle film

indicates ‘background’.

2004 | J. Mater. Chem., 2012, 22, 1998–2006
hexadecapole and qaudrupole extinction peaks shift toward the

left and the dipole shifts toward the right. The result also

matches well with reported experiment and theory results (their

extinction peaks are located at �520 nm, �756 nm, �925 nm

and �1500 nm).26
phologies. (a) UV-vis-NIR spectra. (b) SERS spectrum of R-6G adsorbed

s: S: sea urchin-like, F: flower-like, M: meatball-like, and P: polyhedral. B
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The SERS performance of the different morphology meso-

particles were evaluated using rhodamine 6G (R6G) molecules as

the adsorbate. Fig. 9b shows the SERS signal intensities using

a He–Ne laser (l ¼ 633 nm) as the excitation source. The intense

Raman signals at about 1647, 1506 and 1357 cm�1 arise from the

totally symmetric modes of in-plane C–C stretching vibrations,

which are in agreement with previous reports in both experi-

mental and theoretical investigations.64,65 Using the reported

methods,23 the SERS enhancement factors of the four kinds of

mesostructural substrates are estimated. The sea urchin-like

mesostructures show the highest enhancement on the order of

�107–108. The flower-like and meatball-like mesocrystals show

a relatively lower enhancement on the order of �106–107. These

results are consistent with our previous work and Wang’s

reports,23,26 in which the SERS enhancements of individual sea

urchin-like mesoparticles and meatball-like mesoparticles are on

the order of �107 and 106–107, while for well arrayed substrates

their enhancements are on the order of �108–109 and 107–108,

respectively. Maybe since the mesoparticles are not arrayed very

well, the enhancements in the current work are higher than those

reported for individual mesoparticles but lower than for well

arrayed substrates. Based on the discrete dipole approximation

(DDA) calculation of the local eclectic field intensity around the

modeled sea urchin-like gold mesoparticles in our previous work,

the most localized and enhanced electric field areas are found in

the vicinity of spikes and longer spikes induce stronger electric

field enhancement.23 In the current case, the sea urchin-like

mesoparticles exhibit the highest electric field enhancement

which should be due to the density of spikes (number of spikes

per area) on sea urchin-like mesoparticles being much higher

than that of flower-like mesoparticles, and their surface rough-

ness is higher than that of meatball-like mesoparticles. Thus the

sea urchin-like structure is clearly favored as the one potentially

demonstrating the largest SERS enhancement. For the poly-

hedral mesoparticles, their smooth surface theoretically leads to

a low electric field enhancement, thus they show a weak SERS

enhancement on the order of �105, which is mainly contributed

by the aggregation of particles.53
4. Conclusions

An oil/water interface synthesis method is developed to prepare

gold mesoparticles with various morphologies including sea

urchin-like, flower-like, meatball like, star-like, dendritic and

polyhedral mesoparticles. Four steps are suggested to explain the

growth process of various mesoparticles: atom generation,

nucleation, aggregation with an oriented attachment mechanism,

and rough surface mediated overgrowth. The concentrations of

reducing agent, gold precursor and CTAB show important

influences on the morphologies of mesocrystals. The concentra-

tions of reducing agent and gold precursor mainly change the

reaction rates and thus induce the morphology transformation.

The addition of CTAB has three effects on morphology evolu-

tion: promoting NPsaggregation, retaining part of the Au ions

unreduced before NP aggregation, and directing Au ions to

overgrow on tips of mesoparticles. The highly textured

morphologies of the sea urchin-like, flower-like and meatball-like

mesoparticles induce more higher-order multipole plasmon

modes than polyhedral mesoparticles. The densely packed
This journal is ª The Royal Society of Chemistry 2012
spike-covered sea urchin-like mesoparticles exhibit the highest

SERS sensitivity, and they appear to be very promising as high-

performance SERS substrates. Our studies are expected to help

people deeply understand not only the particle-mediated growth

process for the formation of various types of mesostructures but

also the interaction between light and plasmons in these struc-

tures at the nanoscale.
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