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Abstract: A modified seed growth route was developed to fabricate the Au nanocrystals with high-density
tips based on kinetically-controlled growth via adjusting the adding rate of Au seeds into growth solution.
The obtained Au nanostructures were chestnut-like in morphology and about 100 nm in size. They were
built of the radial [111]-oriented nanoneedles and were 30–50 nm in length. There were about 120–150 tips
in each nanocrystal. The formation of chestnut-like Au nanocrystals is ascribed to surfactant-induced
preferential growth of seeds along direction [111]. Importantly, the chestnut-like Au configuration
displayed powerful surface enhanced Raman scattering (SERS) performance (enhance factor > 107),
owing to the high density of tips. Further, such film was used as a SERS substrate for the detection
of lindane (γ-666) molecules (the typical organochlorine pesticide). The detection limit was about
10 ppb, and the relationship between SERS intensity I and concentration C of 666 accords with the
double logarithm linear. This work presents a simple approach to Au nanocrystal with high-density
tips, and provides a highly efficacious SERS-substrate for quantitative and trace recognition of toxic
chlorinated pesticides.

Keywords: kinetically-controlled seed growth; chestnut-like Au nanocrystals; high-density tips;
SERS performances; chlorinated pesticide residues

1. Introduction

Surface enhanced Raman scattering (SERS)-based detection is a powerful and ultrasensitive technique,
and possesses extensive applications in areas such as molecular imaging [1], biomedical science [2–4],
environmental monitoring [5,6], food safety [7,8], and biological sensing [9–11], etc. One of the key issues
for SERS-based detection is the fabrication of the substrates with high SERS activity or enhancement factor
(EF) and stable structure. Most of them are noble metals with nanostructure. The sub-nanometer sharp
tips on the metal substrates are the most important enhancement structure [12–14]. Such tips serve as the
nano antennas which are not only the “super electromagnetic intensifiers” or the “hot spots”, but also
the preferential adsorption sites for the molecules, and amplify the Raman signal [15,16]. Therefore, the
preparation of the noble metal substrates with the high number density of the tips is an important way to
obtain high SERS activity.

Au or Ag SERS substrates with the well-defined tipped “hot-spots” have been reported mainly
via chemical reduction and seed-assisted growth methods [16–26]. Specifically, Wang et al. [16]
fabricated Au nanostars via a seed-assisted growth approach, and demonstrated the powerful SERS
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performance ascribed to nano-engineering “hot spots” on their tipped surface. Fang et al. [17] reported
the fabrication of the sea urchin-like Au microparticle arrays via the reduction of HAuCl4 by Fe
suspension solution, and showed strong SERS activity with one or two orders of magnitude over that
of the individual microparticle. Also, they obtained aggregated hollow Au-Ag alloy nanourchins with
about 100 nm in size using L-dopa as the reductant. Such alloy nanourchins with about 70–100 tips
for each one, showed a significant enhancement of the electromagnetic field [18]. Generally, for the
chemical reduction method, a proportion of the precursors need to be adjusted accurately, and the
morphologic uniformity and controllability are relatively limited. The seed-assisted growth method is
simple and easy to operate and can be used for synthesis of nanostars with few tips, but it is difficult
to obtain the high number density of tips, such as urchin or flower-like nanocrystals.

Herein, we present a modified seed growth approach to fabricate Au configuration with
high-density tips derived from kinetically-controlled growth via adjusting the addition rate of seeds
into growth solution. The obtained Au nanostructure is chestnut-like in shape and about 100 nm
in size. Such chestnut-like nanocrystals consist of the radial nanoneedles with [111] orientation and
mostly about 30–50 nm in length. There are about 120–150 tips in each nanocrystal. We found that
adding conditions of seed solution, including adding rate and amount, are crucial to the formation
of the chestnut-like Au nanocrystals. Importantly, such chestnut-like Au nanocrystal-built film
with high-density tips has displayed powerful SERS performance (EF > 107). When it is used as
a SERS substrate for the detection of lindane (γ-666) molecules (typical organochlorine pesticide),
a detection limit of about 10 ppb is achieved. Moreover, the relationship between SERS intensity
I and concentration C of γ-666 accords with the double logarithm linear. This work presents a
simple approach to the Au nanostructure with high-density tips, and provides a highly efficacious
SERS-substrate for the quantitative and trace recognition of toxic chlorinated pesticides.

2. Materials and Methods

2.1. Materials

Gold(III) chloride (HAuCl4·4H2O), sodium borohydride (NaBH4), silver nitrate (AgNO3), Cetyl
trimethyl ammonium chloride (CTAC), 4-aminothiophenol (C6H7NS, 4-ATP), Lindane, L-ascorbic
acid (AA), hydrochloric acid, and ethanol were analytical reagents and purchased from Aladdin
Corporation. Ultrapure water (18.2 MΩ resistivity) was provided by Millipore Milli-Q equipment.

2.2. Fabrication of Chestnut-Like Au Nanocrystals

Au seeds were firstly prepared by reducing HAuCl4 with NaBH4 in the presence of CTAC,
as previously reported [16]. Briefly, 0.30 mL ice-cold, freshly prepared 10 mM NaBH4 aqueous solution was
injected into 10 mL aqueous solution with CTAC (0.10 M) and HAuCl4 (0.25 mM) at 20 ◦C. The solution
was gently stirred for 2 min in order to make the solution homogeneous, and then stopped, un-disturbed
for 2 h. The seed-containing solution was diluted to 1000-fold with 0.1 M CTAC aqueous solution, and used
as the seed solution for subsequent preparation of the chestnut-like Au nanocrystals.

The growth solution was then prepared by adding 0.5 mL HAuCl4 (10 mM), 0.1 mL AgNO3

(10 mM), 0.2 mL HCl (1.0 M), and 0.5 mL AA (0.02 M) into the CTAC (10.0 mL, 0.1M) aqueous solution.
Here, the small amount of Ag+ ions was introduced only for decreasing the growth rate, as previously
reported [16]. Fifty µL diluted Au seed solution was subsequently injected into the growth solution
using a micro-injection pump at 25 µL/min with stirring. Then the solution was undisturbed for 4 h
at 20 ◦C, and the color of the solution changed from colorless to purple. The obtained products were
washed and dispersed with water.

2.3. Characterization

The optical absorbance spectrum was measured with a Shimadzu UV-2600 spectrometer.
The morphology and microstructure of the products were observed on a field emission scanning
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electron microscope (FESEM, FEI Sirion 200) and transmission electron microscope (TEM, JEM-2100).
X-ray diffraction (XRD) patterns were recorded on a diffractometer (X’Pert Philips) with Cu Kα

radiation (0.15406 nm).

3. Results and Discussion

After the diluted Au seeds were injected into the growth solution for 4 h, a purple solution was
obtained, as illustrated in the inset of Figure 1. The corresponding optical absorbance spectrum is
shown in Figure 1. In addition to a small shoulder around 570 nm, a strong main peak is located at
738 nm, which could originate from the hybridization of localized surface plasmon resonance (SPR) of
Au nanoparticles [17].
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Figure 1. The optical absorbance spectrum and the photo (inset) of the Au nanocrystal colloidal solution.

3.1. Morphology and Structure

The absolute yield of the products was estimated to be about 90% by weighing and mole number
in the growth solution. The morphology of the products is shown in Figure 2. The products consist
of the chestnut-like particles with about 100 nm in size (Figure 2a). Such chestnut-like particles are
composed of the radial nanoneedles about 30–50 nm in length, as more clearly illustrated in Figure 2b.
For individual chestnut-like particles, there were about 120–150 tips or nanoneedles, in addition to the
many sharp protrusions and nanogaps. Due to the chestnut-like morphology, the small shoulder peak
around 570 nm in Figure 1 should originate from the hybridization of plasmons localized at the cores
of the Au nanoparticles, while the main peak at 738 nm results from the increasing aspect ratios of the
branches or radial nanoneedles, according to previous reports [16–18].Nanomaterials 2018, 8, x FOR PEER REVIEW  4 of 14 
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Figure 2. The field emission scanning electron microscope (FESEM) images of the as-prepared products.
(a) The image with low magnification. (b) The magnified image of the single particle in (a). The inset is
the photo of one chestnut for reference.
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Correspondingly, the XRD analysis was conducted for the products, as shown in Figure 3a.
Four characteristic diffraction peaks were observed at 38.2◦, 44.4◦, 64.6◦, and 77.5◦, which respectively
correspond to (111), (200), (220), and (311) planes of face-centered cubic (FCC) Au (JCPDS, No. 96-901-1613).
Further, the microstructure was examined. Figure 3b shows the typical TEM image of an individual
chestnut-like particle. The needles were about 50 nm in length and <10 nm in width. The selected area
electron diffraction (SAED) revealed that the chestnut-like particles were single crystalline, as demonstrated
in Figure 3c. Figure 3d shows the high-resolution TEM (HRTEM) image corresponding to one nanoneedle
marked in Figure 3b, and demonstrated that the nanoneedle is [111]-oriented.
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Figure 3. (a) XRD pattern of the chestnut-like Au nanocrystals. The line spectrum is the standard
pattern of Au powders. (b) TEM image of an individual chestnut-like Au nanocrystal. (c) Selected area
electron diffraction (SAED) pattern of the particle in (b). (d) HRTEM image of the nanoneedle marked
with an arrow in (b). The arrows in (b,d) are parallel.

In order to reveal the formation process of chestnut-like Au nanocrystals, the morphological
evolution with the reaction time was studied. Figure 4 shows the morphologies of the products after
the Au seeds were injected into the growth solution for different durations. When the reaction time
was 1 h or less, the products were concave nanocubes (Figure 4a). With increasing the reaction time to
2 h, the nanocubes become more concaved, accompanied with appearance of the ultrafine needles in
the cubes, as typically shown in Figure 4b. After the reaction for 3 h, many concave nanocubes evolved
into the chestnut-like nanocrystals (Figure 4c.). When the reaction time was up to 4 h, all concave
nanocubes changed into the chestnut-like nanocrystals with high number density of nanoneedles,
as shown in Figure 2. The longer reaction would only induce insignificant change in morphology,
as typically demonstrated in Figure 4d. Correspondingly, the time-dependent optical absorbance
spectra of the colloidal solutions showed a red-shift of the main absorption peak with the extension of
reaction time (up to 4 h), from 700 nm to about 745 nm, in addition to the increasing peak intensity
induced by the rising Au colloidal amount, as shown in Figure S1.
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3.2. Influence Factors

The experiments have demonstrated that the formation of the chestnut-like Au nanocrystals were
associated with the addition conditions of Au seed solution, including adding rate and amounts.

3.2.1. Addition Rate of Au Seed Solution

It has been found that the adding rate of Au seeds could appreciably influence the morphology
of Au nanocrystals. When a 50 µL diluted Au seed solution was, at a low rate (say, 10 µL/min),
injected into the growth solution, the concave Au nanocubes with about 100 nm in the edge length
were finally obtained, as illustrated in Figure 5a,b. They are completely different in morphology from
those obtained at a moderate addition rate (about 25 µL /min) and shown in Figure 2. Obviously, such
concave nanocubes are enclosed by {111} facets and [100] edges, as previously reported [16,27,28].
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In contrast, if the 50 µL diluted Au seed solution was injected into the growth solution at a fast rate
(say, 50 µL/min), Au nanospindles formed, as typically demonstrated in Figure 6a. Such nanospindles
were about 150 nm in length, and the HRTEM examination has revealed that the long axis of the
nanospindles was parallel to the [111] direction, as clearly shown in Figure 6b,c. By only adding the
seeds at an appropriate or moderate rate (about 25 µL/min), could we fabricate the chestnut-like Au
nanocrystals with high-density tips, as shown in Figure 2.
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3.2.2. The Amount of Au Seeds Solution

Moreover, we found that although the change in addition amount of the seed solution could not
affect the morphology of Au nanostructure, it could change the size of the crystals. When the amount
of added seed solution was reduced from 100 µL to 10 µL, keeping the addition rate of 25 µL/min,
the products were mostly chestnut-like in morphology, but the mean sizes of the Au nanocrystals
increased from 80 nm to 140 nm, as shown in Figure S2. Correspondingly, the SPR peak of the colloidal
solutions was red-shifted from 642 nm to 805 nm, as demonstrated in Figure S3. This can be attributed
to the increasing particle size [29]. Further, under a slow addition rate (say, 10 µL/min), concave
nanocubes were formed (Figure 5), but the evolutions of the size and the SPR peak-position with the
addition amount were similar to those above, as demonstrated in Figures S4 and S5.

3.3. Formation of Chestnut-Like Au Nanocrystals

Now, the formation of the chestnut-like Au nanocrystals will be discussed, as shown in Figure 7.
In the seed solution, the AuCl4− complex with CTAC to form AuCl4−-CTAC micelles, due to strong
reduction capacity of NaBH4, Au3+ was reduced to Au0 directly, and obtained Au0-CTAC micelles [30–33].

AuCl4− + 3e−→Au0 + 4Cl− (1)

But in the growth solution, the reduction capacity of AA was weaker than NaBH4 [30–33], the Au3+

was reduced to Au+, and formed AuCl2−-CTAC micelles.

AuCl4− + 2e−→AuCl2− + 2Cl− (2)

When Au seeds were added into the growth solution, the transport of bound Au ions to the
growing seed particle was controlled by double-layer interaction of the cationic micelles with the
micelle-coated Au seeds [31]. Moreover, in the presence of chloride ions, the addition of Ag+ slows
down the growth rates on {110} facets, promoting the preferential deposition of Au0 at the (100)
planes (the most energy favorable locations), therefore favoring the asymmetric growth in the [100]
direction [34–36].

When a moderate rate (about 25 µL/min) of seeds were added, the magnitude of the seeds’ growth
rate should also be moderate. In this case, the chestnut-like nanocystals would be formed, as schematically
illustrated in Figure 7. After dropping the seed solution into the growth solution, the AuCl2− complex
was reduced onto the surface of Au0 using electrons from ascorbic acid, which induced the growth of the
added seeds, as shown in Figure 7a,b. During the initial growth period (<1 h), the seeds gradually grew
from the initial equi-axial shape into the concave nanocubes (Figure 7c), which were enclosed by the edges
[100] and the facets {111}, as shown in Figure 5a. Based on moderate growth rate, the concave nanocubes
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evolved into nanocrystals built of the radial [111]-oriented nanoneedles, as shown in Figure 3d, with the
reaction going on (Figure 7d). Further, more and more branches also grew along [111] at the defect sites on
the pre-formed nanoneedles (Figure 7e). Finally, the chestnut-like Au nanocrystals (Figure 7f) with a high
number density of tips were formed, as shown in Figures 2 and 7f.
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Figure 7. Schematic illustration for the formation of the chestnut-like Au nanocrystals. (a) The seeds
were dropped into the growth solution. (b) AuCl2− complex was reduced onto the surface of Au0 using
electrons from ascorbic acid in the growth solution. (c) Formation of concave nanocubes during the
initial growth period. (d) The radial growth of [111]-oriented nanoneedles. (e) The branched growth
on the formed nanoneedles. (f) The chestnut-like Au nanocrystal.

According to the above discussion, the reaction rate is crucial. Obviously, the slow reaction
should be beneficial to the formation of concave nanocubes, due to the growth along both [111] and
[100]. Otherwise, the fast reaction would only induce the nanoneedles along the [111]. The rate of
adding seeds can determine reaction rate, and hence influence the growth kinetics under the given
temperature. When a low rate (say, 10 µL/min) of Au seeds were added, the reaction rate was slow,
and the Au seeds slowly grew along the [111] and [100], concave nanocubes form (Figure 5). In contrast,
if the seed solution was added very fast (say, 50 µL/min), the reaction rate significantly increased.
In this case, the Au seeds would grow fast and preferentially along [111], leading to the formation of
the Au nanospindles, as shown in Figure 6.

We also studied the effect of the seeds’ amount, the results (Figures S2 and S4) showed an increase in
size of nanostructures with decreasing amount of seeds, due to unchanged growth kinetics under the given
addition rates. In addition, the increase in size resulted in red-shift of the SPR (Figures S3 and S5) [16].

3.4. The SERS Activity and SERS-Based Detection of Organochlorine Pesticides

As mentioned above, the chestnut-like Au nanocrystals are of a high number density of
nanoneedles. Such nanocrystals should generate strong electromagnetic field enhancement at the tips
and gaps among the nanoneedles, and present robust SERS performance [16–18,37]. Here, we used
the 4-Aminothiophenol (4-ATP) as probe molecules (a well-known SERS analyte), and organochlorine
pesticide lindane (γ-666) as the target molecules to study the SERS activity and SERS-based detection
application of the chestnut-like Au nanocrystals.
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3.4.1. The Au Nanocrystals-Built Films for SERS Substrates

The films built of different Au nanocrystals were first prepared as the SERS substrates by dropping
the solution on the Si substrate and drying, as displayed in Figure 8a and Figure S6. The absorption
peaks of the colloidal solutions of nanospindles, concave nanocubes, and chestnut-like nanoparticles
were located at 693, 721, and 738 nm, respectively, while those of their assembled films show a red
shift to 762, 826, and 847 nm, respectively, due to the coupling effects, as demonstrated in Figure S7.
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Figure 8. (a) The FESEM image of the as-prepared chestnut-like Au nanocrystals-built film (~500 nm
in thickness) on a silicon substrate. The inset is the local magnified image. (b) The Raman spectra
of the chestnut-like Au nanocrystals-built film after argon plasma bombardment for different times.
Curves (I, II, III): after bombardment for 0 min, 5 min, and 10 min, respectively.

Since CTAC could be adsorbed on the Au nanocrystals due to the preparation conditions and
interfere with the Raman signals of the target molecules, the assembled films were cleaned by argon
plasma bombardment to remove the adsorbed species before use as the SERS substrate. It was found
that the CTAC could be removed completely after bombardment for 10 min [38], as shown in Figure 8b.
Further, the prepared nanocrystal-built films displayed high reproducibility (Figures S8 and S9).
In addition, different samples with same morphology also had good reproducibility (Figure S10).
As for the optimum excitation wavelength for these Au nanocrystal-built films, it was revealed that
the excitation at 785 nm could induce stronger Raman signals than those at 532 nm and 633 nm,
as illustrated in Figure S11. Finally, we studied the effect of film thickness. It was confirmed that
when the film was thick enough (about 500 nm), the SERS signal no longer changed (Figure S12).
On the basis of the above, the substrate with a 500 nm thickness was prepared after argon plasma
bombardment for 10 min, and excitation at 785 nm was employed.

3.4.2. Estimation of Enhancement Factor

Figure 9a displays the SERS spectra of different Au substrates of 10−5 M 4-ATP ethanol solution
(20 µL). The SERS spectral peaks coincide with solid intrinsic spectrum of 4-ATP (Figure S13a).
Two main peaks at 1078 cm−1 and 1578 cm−1 were attributed to the C−S stretching mode and phenol
ring C−C stretching mode, respectively [39]. Comparing the main intensities of three SERS spectra with
that of the solid 4-ATP Raman peaks, great enhancement was revealed. Moreover, the enhance effect
of chestnut-like substrate was the strongest, while Au nanocubes and Au nanospindles demonstrated
lower enhancement.
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Figure 9. (a) The Raman spectra of the different substrates after dropping 20 µL 10−5 M 4-ATP ethanol
solution and drying. The objective was 50× telephoto, laser power was 2 mW, and the acquisition time
was 5 s. Curves (I), (II), and (III) correspond to the films built of the chestnut-like Au nanocrystals,
the Au nanospindles, and the concave Au nanocubes, respectively. (b) Enhancement factors at the
peaks at 1078 cm−1 and 1578 cm−1 for the different Au nanocrystal-built films.

For quantitative analysis of the SERS activity or effect for these Au nanocrystals, enhancement
factor (EF) was calculated in accordance with Formula (4) [40–42]:

EF =
ISERS/NSERS

IRS/NRS
(4)

where IRS and ISERS are the intensities of 4-ATP main peaks (1078 cm−1 and 1578 cm−1) without (Si
substrate) and with (Au nanostructure) enhancement, respectively. NRS and NSERS are the numbers of
different concentrations (50 µL 0.1M and 20 µL 10−5 M) 4-ATP within φ1 µm laser spot areas on the
films. Here, the silicon size was about 3 mm × 3 mm, and the diameter of the Au nanocrystals’ circular
area was about φ3 mm. The obtained spectra are shown in Figure S13b and Figure 9a, respectively.
The calculated values of NRS and NSERS are 3.4 × 1011 and 1.4 × 107. And the calculated EF values of
different Au nanostructure in accordance with Formula (4) at 1078 cm−1 and 1578 cm−1, as shown
in Figure 9b. The results revealed that chestnut-like Au nanostructure displayed the strongest SERS
enhancement, and EF values were higher than 107, while the concave nanocubes and nanospindles
showed much lower EF values.

The highest enhancement factor can be attributed to the special structure of the chestnut-like Au
nanocrystals. The chestnut-like nanocrystal-built film possesses the much higher number density of tips
than that of the nanocubes and nanospindle films, as clearly illustrated in Figure S6. The sharp nanoneedles
would generate significant electromagnetic field enhancement under the excitation of an external field,
due to the tip-effect [33,43]. Moreover, nanogaps on the multi-branch structures could be stimulated and
induced lots of “hot spots”, and generate robust electromagnetic field enhancement [44–47].

3.4.3. Application in Organochlorine Pesticide Detection

It is well known that organochlorine pesticides belong to highly-toxic substances [48,49].
Among them, lindane (or γ-666) is the most typical and toxic organochlorine pesticide. They are
commonly detected using some conventional techniques, including the gas chromatography mass
spectrometry (GC-MS) coupling technique, and gas chromatography/electron capture detection
(GC/ECD) [50,51]. These analysis methods are off-site and time-consuming. The SERS-based
technique could be a promising method for the fast and sensitive detection of toxic molecules [52–54].
For instance, Kubackova et al. [54] used the alkyl dithiol-functionalized metal nanoparticles as a SERS
substrate to detect lindane molecules (or γ-666), which are the most typical and toxic organochlorine
pesticides, with the detection limit of 1 ppm. In our previous work [33], the concave trisoctahedral
and calyptriform Au nanocrystals were used as the SERS substrates for lindane detection, and the



Nanomaterials 2018, 8, 560 10 of 15

detection limit was down to 30 ppb. However, the detection limit is still relatively high, and especially,
the identification of the organochlorine isomers has not been involved.

Here, we chose lindane as the target molecule. The above mentioned chestnut-like Au
nanocrystal-built film with the highest EF value was used to prove SERS-based detection of
organochlorine molecules. The relationship between concentration and Raman intensity of γ-666 was
thus measured. Figure 10a displays the SERS spectra of the film after soaking for 8 h in γ-666 ethanol
solutions, the concentrations varying from 3.44 × 10−4 M (100 ppm) to 3.44 × 10−9 M (1 ppb),
and drying. The SERS spectral peaks coincided with solid intrinsic spectrum of γ-666 (see the bottom
curve in Figure 10a). One of the main characteristic peaks at 345 cm−1 is ascribed to the stretching
vibration of C−Cl in γ-666, and the bands in the region of 400–1400 cm−1 stand for C−C and C−H
stretching, and CH2 bending from the aliphatic cyclic structure of the analyzed molecules [54–56].

From the Figure 10a, we can clearly see that SERS intensity decreases with decreasing
concentration, and the detection limit concentration was down to about 10 ppb. So, such chestnut-like
Au nanocrystal-built film could be a good candidate for the SERS substrate for trace recognition of
γ-666 in solution. Moreover, the relationship between SERS intensity I and concentration C is in
line with the double logarithm linear, as presented in Figure 10b. Here, the main peak 345 cm−1

is an example. This linear relationship meets Freundlich-typed adsorption of the γ-666 on the Au
nanostructure, as previously reported [33,57]. We could, thus, realize the quantitative SERS-based
detection in a large concentration range.
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Figure 10. (a) The surface enhanced Raman scattering (SERS) spectra of γ-666 obtained from
chestnut-like Au nanocrystal films, the concentrations varying from 3.44 × 10−4 M to 3.44 × 10−9 M,
and drying. The bottom curve is the spectrum of solid γ-666. The objective was 50× telephoto, laser
power was 2 mW, and the acquisition time was 5 s. (b) The relationship between SERS intensity I at
345 cm−1 and concentration C meets the double logarithm linear. R is the correlation coefficient.

Finally, it should be mentioned that the lindane’s isomers could also be differentiated using the
chestnut-like Au nanocrystals for the SERS substrate, as typically shown in Figure 11, corresponding
to the Raman spectra of α-666 and γ-666 molecules on the chestnut-like Au nanocrystal-built film.
Despite their similar molecule’s structure, they exhibit different Raman patterns from each other.
This is attributed to the fact that there are significant differences between α-666 and γ-666 molecules
in the vibrations of C–Cl and C–C bonds, and the internal and external of ring [54], and the Raman
signals are very sensitive to the molecular vibrations.
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Figure 11. The Raman spectra of the pure solid γ-666 and α-666, and the SERS spectra of γ-666 and
α-666 molecules on the chestnut-like Au nanocrystals’ film after soaking in 10−6 M solutions (excited
at 785 nm).

4. Conclusions

In summary, we have presented a modified seed-growth approach to construct the Au
configuration with high-density tips based on kinetically-controlled seed growth via adjusting the
addition rate of Au seeds into the growth solution. Under a proper addition rate of seeds, which
could determine growth kinetics of crystal nuclei, the chestnut-like Au nanocrystals with high-density
tips about 100 nm in size were obtained. The formation of such configurations is ascribed to the
priority growth of seeds along [111], which induces the concave nanocubes in the initial growth
period (<1 h) and the nanocrystals built of the high-density radial [111]-oriented nanoneedles in the
final stage. The addition amount of seeds could determine the size of final nanocrystals, but only
insignificantly change the morphology due to the unchanged growth kinetics under the given addition
rates. Moreover, such chestnut-like Au nanocrystal-built film with high-density tips have displayed
the powerful SERS performance (EF > 107). When it is used for the SERS-based detection of the
γ-666 molecules, the limit of detection was about 10 ppb. The relationship between SERS intensity I
and concentration C is in line with the double logarithm linear, and accords with Freundlich-typed
adsorption. This work presents a simple approach to the Au nanocrystals with high-density tips,
and provides a highly efficacious SERS-substrate for the quantitative and trace recognition of toxic
chlorinated pesticides.
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