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ratios of two cationic surfactants
cetyltrimethylammonium bromide (CTAB) and
cetyltrimethylammonium  chloride (CTAC), irregular
quasi-spherical AuNPs, popcorn shaped AuNPs, ricepaper
pith shaped AuNPs and the spinous-like Au nanostructures
were synthesized via a convenient seed mediated method.
The composition of the as-prepared uniform Au
nanostructure was characterized by the scanning electron
microscopy (SEM), transmission electron microscopy (TEM)
and X-ray diffraction (XRD). The morphological evolution
and kinetics mechanism were well explained by
morphological changes at different ratios of surfactants.
Systematical analysis revealed that the generation of Au
nanostructures with different degrees of tips and the
morphology evolution strongly depended on the controlling
of the two surfactants ratios, which further effect their
localized surface plasmon resonance (LSPR) properties in
both visible and near-infrared regions. Moreover, the
spinous-like  Au  nanostructures  showed  obvious
surface-enhanced Raman scattering activity for crystal
violet (CV) dye, which implied that the irregular
quasi-spherical AuNPs, popcorn shaped AuNPs, ricepaper
pith shaped AuNPs and the spinous-like Au nanostructures
could be used in applications such as electronics, catalysis,
and imaging.

By changing the

1. Introduction

Gold nanostructures have drawn significant attention, because
of their unique properties such as the optical properties, which
are of great importance for the applications in the fields of
photonics, electronics, sensing, and other various biomedical
uses.! Because the particular properties of the gold
nanostructures are largely dependent on their shapes and sizes,
nowadays, large numbers of literatures were reported for
obtaining gold nanostructures with controlled shapes and sizes.
For example, through altering the feed ratio of hydroquinone,

seeds, and additional HAuCI,, Jing Li developed an aqueous

synthesis method to control the morphologies and sizes of
urchin-like gold nanoparticles (NPs).? By simply adding a small
amount of CTAB, Luis M. Liz-Marzdan group reported the gold
nanostars could easily undergo reshaping into spherical
particles.® Luis M. Liz-Marzan demonstrated that CTAC can be
used to induce the seedless formation of highly anisotropic,
twisted single crystalline Au nanoparticles in a single step.*
Lansun Zheng group developed concave Palladium nanocubes
with high-index surfaces using CTAC and CTAB.® Considering
the methods mentioned above, surfactants are often used in the
process of preparation, as we know that surfactants can induce
the preferential growth along some specific directions to obtain
the specific morphology. Though scholars have done some work
by using CTAB or CTAC to synthesize several types of
morphologies, the spinous-like gold nanostructures controlled
by CTAC and CTAB have rarely been reported.

Herein, the as-prepared spinous Au nanoparticles with the
central core and the tips can be dedicatedly modulated by the
different ratios of surfactants CTAC and CTAB. As we know,
the cationic surfactant CTAB and CTAC have been widely used
as stabilizer in colloidal dispersions of AuNPs with various
morphologies. It’s reported that the CTAB is essential to
preferentially etch the highly curved tips®, and the CTAC leads
to the generation of nanoparticles with stellated features.®®
Therefore, in our system, the interaction between two
surfactants helps to form irregular quasi-spherical AuNPs,
popcorn shaped AuNPs, ricepaper pith shaped AuNPs and the
spinous-like Au nanostructures, which present unusual LSPR

properties.

As we know, UV-visible to near-infrared NIR spectroscopy can
provide crucial information about the electronic properties of
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nanoparticles and optical properties of  anisotropic
nanostructures, which are significantly different from those of
the isotropic nanostructures, in spite of identical sizes.® Surface
plasmon resonance (SPR) bands extended from UV-visible NIR
region are very dependent on the size, shape, and particulate
interactions of gold nanostructures. As the size increased or
multiple bands of anisotropic appeared, the SPR band will red
shift to a longer wavelength.'® Because the increasing interest of
using various synthetic methods offers a process to tightly
control the particle size and shape, P Senthil Kumar et al
synthesized nanostars with single crystalline tips in the presence
of preformed Au nanoparticle seeds.! Minghua Liu group
developed a vesicle-directed generation method to gold
nanoflowers with obvious surface-enhanced Raman scattering
activity.’ Ravi K. Biroju and P. K. Giri had demonstrated
effcient physical functionalization of single layer graphene with
Au nanoparticles mediated by in-plane defects in graphene
grown by a chemical vapor deposition technique. The effect of
an ultrathin Au layer on the single layer, bi layer, and few layer
graphene with intrinsic defects was studied by resonance
Raman spectroscopy and high resolution transmission electron
microscopy (HRTEM).!' Besides, the as-prepared spinous
structure has the excellent properties, such as, surface-enhanced
Raman scattering activity for crystal violet (CV) dye. The
reason can be attributed to that more tips and edges of spinous
shape which contribute to the larger specific surface area,
provide more active SERS sites and improve the intensity of
SERS properties. The enhance factor for CV can reach 107,

which was rarely reported.*?™*

In this article, a simple strategy for synthesizing Au spinous-like
nanoparticles with sharp edges and tips was described, and two
surface plasmon resonance absorption modes were presented.
This special nanostructure shows a very high sensitivity to local
changes in the dielectric environment, as well as greater
enhancement of the electricmagnetic field around the
nanoparticles, which constitute the basis of localized surface
plasmon resonance (LSPR) or excellent surface enhanced
Raman scattering (SERS) analyses. The morphological
evolution and kinetics mechanism were well explained by the
morphological changes at different ratios of surfactants.
Furthermore, this unique morphology exhibits a great potential

for future catalysis and biosensing applications.

2. Experimental Section

Hydrochloroauric acid tetrahydrate (HAuCl,.3H,0) were

purchased from Alfa Aesar, sodium borohydride (NaBH,) was
obtained from Guangdong Guanghua Chemical Factory Co.,
Ltd, cetyltrimethylammonium bromide (CTAB) from Tianjin
Fine  Chemical Industry  Research  Institute  and
cetyltrimethylammonium chloride (CTAC) from Tianjin Jingke
Fine Chemical Industry Research Institute were used as
protecting agents, ascorbic acid (AA) form Beijing Boaoxing
Biological Technology Limited Liability Company were used as
reducing, ammonia water and crystal violet (CV, MW407.99)
were supplied by Beijing chemical works and Tianjin Jingke

Fine Chemical Industry Research Institute, respectively.

CTAC-capped Au seed solution was prepared by injecting
NaBH, solution into a mixture of CTAC and HAuCl,. 100 uL
seed solution was added in the growth solution containing
ammonia water (0.1M, 50 mL), HAuCI, (1 <102 M, 500 uL),
and ascorbic acid (0.1 M, 100 pL). The influence of different
ratios of CTAC to CTAB on the reshaping process was studied
by varying their volumes as follows: CTAC (0.1 M, 8 mL),
CTAB (0.1 M, 2 mL); CTAC (0.1M, 6 mL), CTAB (0.1 M, 4
mL); CTAC (0.1 M, 4 mL), CTAB (0.1 M, 6 mL); CTAC (0.1
M, 2 mL), CTAB (0.1 M, 8 mL), to obtain from irregular
quasi-spherical AuNPs to almost complete spinous shape
AuNPs. This solution was put in a 30 ‘C water bath overnight.
The as-prepared AuNPs were washed three times by

centrifugation (10000 rpm, 10 min).

The SERS substrate was prepared by dropping the
above-prepared sample of 10 uL onto a carefully cleaned silicon
plate, which was allowed to dry naturally in air. The substrate
was immersed into 1 % 107 mol L™ crystal violet (CV) water
solution for 30 min. After drying at room temperature, it was
then rinsed with deionized water and absolute ethanol several

times to remove the free CV molecules.

Scanning electron microscopy (SEM) images were carried out
with a Hitachi S-4800. High-resolution transmission electron
microscopy (HRTEM) images were obtained using a JEOL
JEM-2100F microscope. The UV-Vis spectrum was preceded in
the spectrophotometer (UV-3600, Shimadzu). Raman spectra
were recorded on a Jobin Yvon (JY HR800) spectrometer
employing a 633-nm laser line as the excitation source. The
Raman band of a silicon wafer at 520 cm™ was used to calibrate
the spectrometer. The spectra were obtained by using a 50x
objective lens to focus the laser beam onto a spot with ~1.9

um?,
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3. Results and Discussion

In this article, the four different kinds of Au nanostructure
(from irregular quasi-spherical AuNPs to almost complete
spinous shape AuNPs) were prepared by varying the volume
ratios of CTAC to CTAB. Figure 1 shows typical SEM and
TEM the

nanostructures. From the SEM images in figure 1 (b), it can be

images of synthesized spinous-like  gold
found that individual nanostructure consists of inhomogeneous
distributed multiple pricks (tips). Figurel (a) manifests the
overall uniformity in shape and size of these nanostructures. In
order to examine the detailed structure of the as-synthesized
high

micrographs (HRTEM) were recorded in figure 1 (c), (d), (e)

nanostructures, resolution  transmission  electron
and (d). Figure 1 (c) shows that the nanostructures are uniform
in shape and size with branch structures. A representative TEM
image of such a nanostructure is shown in Figure 1(d). The
magnified view of the red frame region in Figure 1(e) is shown
in Figure 1 (f). Multiple tips are clearly seen from the TEM
image with the shape resembling to that of a spinous-shaped
nanostructure.® Additional crystallographic information can be
obtained from the atomic lattice fringes. The lattice fringe
spacing on one of the tips was determined to be ~0.24 nm,
corresponding to the interplanetary distance of (111) plane for
the face centered cubic (fcc) gold. Through the figure 1, the
maximum length of such a nanostructure along the longest tip is
measured to be 300 ~400 nm and a single tip was considered to
protrude from the body center, with the diameter and length

measured for one of the tips ~60 and ~110 nm, respectively.

The obvious variation of AuNPs morphology by altering the
ratios of CTAC to CTAB clearly reveals the reshaping process
(figure 2(a-d)). With increasing the ratios of CTAC to CTAB
from 1:4, 2:3, 3:2 to 4:1, the apparent surfaces of AuNPs
gradually changed from irregular quasi-spherical AuNPs,
popcorn shaped AuNPs, ricepaper pith shaped AuNPs, to almost
completely spinous shaped AuNPs. As shown in the SEM
images of figure 2, the central core of Au nanostructure was
gradually surrounded by bumped structures which become
longer and thinner with the increasing ratio. This process is
demonstrated by the mechanism model in figure 2 (e). This
shape evolution can be confirmed by the UV-Vis-NIR spectra
during the CTAC and CTAB-induced reshaping process. Figure
2 (f) shows the UV-Vis-NIR spectra for the dispersion of gold
nanostructures in ethanol, revealing a size and/or morphology
variation of tips and NPs, while the unexpected surface plasmon
resonance absorption peaks appear at shorter wavelength region,

3

although very low intensity, which is due to the presence of
large number of nanometer sized tips with variable lengths and
diameters. It is a common phenomena that a broad absorption
occurs in the near-infrared region for larger sized anisotropic
gold nanostructures.**® Accordingly, the surface plasmon
resonance absorption peak of as-prepared NPs shift from the
615 nm to the weaker shoulder around 847 nm (Figure 2f), and
the SPR band is broadened and moves to longer wavelength,
then beyond the visible region, all of which are typical for NP
with increasing diameters. Meanwhile, continuous blue-shift
from 455 nm to 415 nm is also observed, which is in good
agreement with the results for longer and thinner morphological

changes.

Figure 1. (a,b) Low and high magnification SEM image of the
spinous-like AuNPs, (c) TEM image of the spinous shape AuNPs, (d)
TEM image of a single spinous-like AuNPs, (e) partial magnified TEM
image of the spinous-like AuNPs, (f) HRTEM image of the spinous-like
AuNPs.

In our experiment, it can be suggested that the morphology
of AuNPs is mainly influenced by increasing the ratios of CTAC
to CTAB. As reported before, both CTAB and CTAC can be
used to synthesize nanostructures. CTAC mainly attributed to


app:ds:mechanism

New Journal of Chemistry

the generation of nanostructures with stellated features.®®
Whereas, CTAB is essential to preferentially etch the highly
curved tips.> When the two surfactants were added into the
system, the coordination affinity of Br—-CTA" to gold was
stronger than CI'-CTA", which allows CTAB adsorption on the
tips, leading to etching of weakly bound Au atoms from the
sharp convex zones at tip ends.® So as the percentage of CTAC
to CTAB increases, bumped particles are initially formed until
the longer and thinner pricks appear, the uniform spinous-like
shaped AuNPs are formed finally. Of note, simply adding
CTAB often results in the uneven smooth surfaces of Au
nanoparticles or the adding of CTAC alone often leads to the

irregular spinous Au nanoparticles as shown in figure S5.

Absorbance (a.u.)

860
Wavelength (nm)

Figure 2. SEM images and UV-vis spectra of gold nanostructures
obtained with a varying ratios of CTAC to CTAB: (a) 1:4; (b) 2:3; (c)
3:2; (d) 4:1. (e) Schematic illustration for changing process from
irregular approximate spherical to spinous shape AuNPs. (f) The UV-vis
spectra of gold nanostructures obtained with a varying ratios of CTAC
to CTAB.

As shown in figure 3, all peaks can be well indexed to the
{111}, {200}, {220}, {311} and {222} planes for a

face-centered cubic lattice (JCPDS card no.65-2870) of Au. No
impurity phases are detected, indicating the formation of pure
and highly crystallized Au.

Under the different PH of solutions, the morphology of gold
nanostructures were characterized by the SEM as shown in
figure 4 and 5. With the acid additive, as the ratios of CTAC and
CTAB increased, the bumped structures, which grown out from
the central core of Au nanostructure, gradually become longer
and thinner. The same phenomenon was also existed in the
environment with neutral additive NaBr. So the changing rule of
morphology was the same as the situation with the alkalinity
additive ammonia water.
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Figure 3. XRD patterns of Au nanostructures by different ratios of
CTAC to CTAB: (a) 1:4; (b)2:3; (c) 3:2; (d) 4:1.

Figure 4. SEM of Au nanostructures in the presence of HCI (1.0M,
200ul) and AgNOs (0.01M, 40ul) by different ratios of CTAC to CTAB:
(a) 1:4; (b) 2:3; (c) 3:2; (d) 4:1.

Some other control experiments were performed in figure
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S1 to S6. From figure S1 to S4, changing the volume of silver
nitrate solution while keep the other experiment parameters
unchanged, the results show the same regular that with the
ratios of CTAC and CTAB increased, the bumped structures,
which grown out from the central core of Au nanostructure,
gradually become longer and thinner. Keep the ratios of CTAC
and CTAB unchanged, with the increasing of the volume of
silver nitrate, the bumped structures of nanostructure were
increased. From the figure S5, with the same PH of the solution,
we can see that nanostructure gold with the only surfactant
CTAC is exhibited more spinous structures than the nanogold
with the only surfactant CTAB. In figure S6, spiny convex of
gold nanoparticles were decreased when CTAC was changed to
DDAB, while keeping the ratio of the two surfactants
unchanged. So the experiment condition which is discussed in
the main text is the most proper and optimized condition to

prepare the different tips of gold nanostructures.

Figure 5. SEM of Au nanostructures in the presence of NaBr (0.1M,
50ul) by different ratios of CTAC to CTAB: (a) 1:4; (b) 2:3; (c) 3:2; (d)
4:1.

Surface-enhanced Raman scattering (SERS) is a powerful
tool for optical detection and for spectroscopic investigation of
single molecules absorbed on certain metallic substrates, which
were composed by well-defined nanostructured materials. To
investigate the SERS sensitivity of the Au nanostructures
synthesized by using different ratios of CTAC to CTAB, Raman
spectra of 1.0X107 M crystal violet (CV) adsorbed on the
surface of Au NPs were measured. The SERS response was
examined by using crystal violet (CV) dye as the probe
molecule, due to its distinct Raman features and its ability to
form a self-assembled monolayer or sub-monolayer on Au

nanostructures without any further chemical modification.®8

The SERS spectra of CV adsorbed on the irregular
quasi-spherical AuNPs, popcorn shaped AuNPs, ricepaper pith
shaped AuNPs and the spinous-like Au nanostructures, excited

with the 633 nm laser line are presented in figure 6.

The as-prepared Au nanostructure synthesized by 4:1 ratio
of CTAC to CTAB shows the highest SERS activity as shown in
figure 6d, while the CV molecules on the Au nanostructure
with 3:2 ratio of CTAC to CTAB generates weaker Raman
signals (figure 6¢) when excited under the same conditions. And
the SERS intensity of Au nanostructures modified by 2:3 ratio
of CTAC to CTAB in figure 6b also exhibits greater
enhancement than the Au in figure 6a, but less than Au
nanostructures in figure 6d and 6c. As we know, the branches
and tips of gold nanomaterials, which were the reason for the
formation of sharp peaks and valleys, can drastically increase
the ratio of total surface to volume. The tips are potential "hot
spots” for localized near-field enhancements’® and could
potentially enhance the Raman scattering on the highly
branched gold nanostructures. As a result, the uneven nano-tips
presented in the rougher Au NPs surface facilitate to provide
greater enhancement on SERS signals than the nanostructure
with smooth surface. These results confirm that the Au
nanostructures with the CTAC and CTAB ratio of 4:1 indeed
exhibit an excellent capability to enhance Raman signals of
molecules adsorbed on their surfaces and show the great
sensitivity of SERS, thus it could be used as an ideal active
SERS substrate. With regard to the position of the peaks for CV

probe molecule, specific assignments are shown in Table 1.

1170.69
1364.39
1376.62
1613.73

Intensity (a.u.)

(in)

800 1000 1200 1400 1600 1800
Raman Shift (cm'l)

Figure 6. SERS spectra of crystal violet absorbed on the different Au
nanostructures synthesized by using different ratios of CTAC to CTAB:
(a) 1:4; (b) 2:3; (c) 3:2; (d) 4:1. All of the spectra were recorded as the
results of 10 s accumulation.

Enhancement Factors
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It is generally considered that the enhancement of al mode
in SERS mainly originated from EM mechanism. To evaluate
the enhancement activity more quantitatively, two predominant
al bands discussed earlier in the paper were selected to
determine the enhancement factor (EF) according to the

following equation:'%%

EF= ISERS/Nads (1)
Ipuik/Nbuik
Where, lsers and Iy are the measured vibration intensity
in the SERS and normal Raman spectra, respectively. Ny, and
N.gs are the molecule number of solid and adsorbed CV in the
laser illumination volume, respectively. And Ny, was acquired

viaeq 2:

Npu=Ahny=Ah _Poulk N, 2
Mbouik
The illuminated volume was calculated as the product of

the area of the laser spot A (~1.9 um?) and the penetration depth
h of the focused laser (~15.4 um). Considering the density
(1.089 g/lem™) of bulk CV, Ny Was calculated as 4.7 X 10%.

As for SERS samples, Nsggrs could be obtained via eq 3:

ANsubAsub

o

Nsgrs=

®

Ais the area of the focal laser spot (~1.9 pm?). Asub is the
occupied area of individual nanoparticle (~0.12 um?) ando
represents the surface area occupied by one adsorbed CV
molecule about 4.35 nm? according to the result of our estimate
in the supporting information. Assuming that a layer of Au
nanoparticles deposited on the substrate homogeneously,
number density of AuNPs (Nsub) could be counted from the
SEM figure.

By substituting the values of the variables into eq 1,
enhancement factor (EF) of CV adsorbed on spinous-like
AUNPs, ricepaper pith shaped AuNPs, popcorn shaped AuNPs
and irregular quasi-spherical AuNPs were estimated to be about
1.7 X 10", 1.3X 107, 3.1X 10% and 7.5 X 10° Through
the analysis of the results, an enhancement factor of 10°~10’
that was mainly contributed by electromagnetic mechanism was

finally estimated.

4, Conclusion

In summary, irregular quasi-spherical Au nanoparticles, popcorn

shaped Au nanoparticles, ricepaper pith shaped Au

nanoparticles, and spinous-like Au nanoparticles have been
synthesized by modulating the ratios of different surfactants

CTAC and CTAB using seed mediated method. The Scanning
electron microscopy (SEM), transmission electron microscopy
(TEM) and X-ray diffraction (XRD) were used to characterize
the morphologies of the as-prepared uniform Au nanostructures.
Due to the changing core and tips sizes of the Au nanostructures,
the exceptional optical properties of localized surface plasmon
resonance (LSPR) in both visible and near-infrared regions were
investigated. The effect of CTAC and CTAB on morphological
changes was also discussed in our work, the morphological
evolution and kinetics mechanism were well explained by the
simulation mode which finely matched with the morphological
results. The excellent surface-enhanced Raman scattering of the
spinous-like Au nanostructures was demonstrated to be active
for detecting crystal violet (CV) dye. These implied that the
irregular quasi-spherical Au nanoparticles, popcorn shaped Au
nanoparticles, ricepaper pith shaped Au nanoparticles, and the
spinous-like Au nanoparticles are promising nanomaterials for
promoting the technical applications in electronics, catalysis,

and imaging.

Table 1. Raman frequencies (cm™) and assignments of the main
bands of CV in figure 6

Raman shift (cm™) band assignment

1613.73 cm™ vas(C=C ) ring
1580.33 cm™® vs(C=C ) ring
1530.24 cm™® vas(C-C ) ring
1469.02 cm™® vas(C-C )+8(ring)
1436.73 cm™® vs(C-C )+8(ring)
1364.39, 1376.62 cm™ v(N-Phenyl)
1294.25 cm™® vs(C-C ) ring
972.54, 1170.69 cm™* 3(C-H)

910.20 cm™ ring skeletal vibration of

radical orientation

722.08, 755.47, 798.89 cm’* ¥(C-H)
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