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With the structural advantages of being sharp and straight, Au nanoplates may work as a promising
surface-enhanced Raman scattering (SERS) platform for detection of Raman-sensitive analytes. However,
the utilization of Au nanoplates as realistic SERS substrates is still not widely investigated, especially in
the practical detection of environmentally persistent pollutants. This work delivers the first successful
demonstration of using Au nanoplate platform in practical SERS sensing toward a typical polycyclic
aromatic hydrocarbons pollutant of pyrene. The samples were prepared using an environmentally benign
seed-mediated growth approach without the post-purification treatment. It was found that Au nano-
plates exhibited significantly enhanced SERS activities (enhancement factor = 7.30 x 107) and achieved
an extremely low detection limit (5 x 107! M) toward pyrene molecules. Furthermore, the SERS activity
of Au nanoplates can be fully recovered after repeatedly used and recycled in pyrene detection. These
results manifest that the present Au nanoplates can serve as robust, recyclable SERS substrates that allow
rapid detection of trace levels of analytes with a high degree of sensitivity and stability. The findings from
this work may facilitate the use of Au nanoplate SERS substrates in more realistic applications such as
biomolecule sensing and environmental monitoring.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Over the past decade, surface-enhanced Raman scattering
(SERS)-based chemical sensors have been extensively explored
because million-fold enhancement in detection sensitivity can be
acquired [1]. When molecules are deposited on rough noble metal
surfaces, they show greatly enhanced Raman scattering, which is
known as SERS effect and is a useful means to gain chemical infor-
mation for molecules adsorbed on metal surfaces. The enhance-
ment of SERS signals can be attributed to two effects, the
electromagnetic (EM) effect and the chemical enhancement mech-
anism. The EM effect describes the enhanced electromagnetic field
induced by the surface plasmon resonance (SPR) excitation of
metal substrate, which magnifies incident light intensity to in-
crease the signals of Raman scattering. The chemical enhancement
mechanism states the charge transfer between metal surfaces and
adsorbed molecules, which results in an increased polarizability of
the molecules and thus the signal amplification of Raman scatter-
ing. It is generally believed that EM is the main contribution for
signal enhancement when using noble metal nanocrystals as SERS
substrates. Besides, theoretical calculations suggest that electro-
magnetic field is enhanced by several orders at the sharp corners
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and fractal edges of metal surfaces [2], thereby making anisotropic
nanocrystals excellent candidates for SERS substrates. Until now,
many anisotropic metal nanostructures including nanowires
[3,4], nanoplates [5-8], nanoflowers [9-11], polyhedral nanocrys-
tals [12,13], and other hierarchical nanoarchitectures [14-19] have
been proven effective in the detection of Raman-sensitive analytes.

Among the various anisotropic nanocrystals of Au, nanoplates
may work as a promising SERS platform since the sharp corners
and straight edges are supposed to induce significantly enhanced
electromagnetic field [20-25]. Although the optical properties of
Au nanoplates have been well studied, their utilization as realistic
SERS substrates is still not widely investigated, especially in the
practical detection of environmentally persistent pollutants. Quite
many approaches for the preparation of Au nanoplates have been
developed and reported in the literatures [20-41]. Most of them
involve the post-purification treatment [26-29], the prolonged
aging time [30,31], or the use of environmentally harmful chemi-
cals [22-35], which are relatively elaborate and may hinder the
applicability of the products. In this work, a facile, environmentally
benign seed-mediated growth approach was developed to obtain
Au nanoplates in high yield. We systematically investigated the
growth mechanism of the Au nanoplates, interpreted the SPR
absorption features of the samples, quantitatively evaluated the
SERS activities of the samples, and most importantly demonstrated
the realistic and remarkable SERS applications of Au nanoplates in
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polycyclic aromatic hydrocarbons detection. In contrast to most of
the previously reported methods to achieve high yield production
of Au nanoplates, cetyltrimethylammonium bromide (CTAB),
which is regarded as highly cytotoxic, was not required in the cur-
rent method. The success of the method relied on the employment
of defect-existing Au particle seeds which induced and directed the
two-dimensional anisotropic growth of nanoplates. The synthesis
used water-soluble, physiologically compatible poly(N-vinylpyrr-
olidone) (PVP) as reducing agent and capping reagent, and was
accomplished at room temperature in 4 h without the post-purifi-
cation treatment. Since the nucleation and growth stages are sep-
arated in the seed-mediated growth process, a better control over
the shape uniformity for the products can be acquired [42]. By suit-
ably modulating the molar ratio of PVP to HAuCl, used in the
growth process, a controllable yield of nanoplates in the products
can be achieved, from 32.0% to 96.8%. With this outcome, we were
able to study the morphology effect of Au on the resultant SERS
performance. The SERS properties of the samples with different
nanoplate yields were investigated by using two representative Ra-
man-sensitive analytes, MB and pyrene, as the probe molecules.
The SERS enhancement factor of nanoplate-dominant sample
(nanoplate yield = 96.8%) for the adsorbed MB molecules was
7.30 x 107, exceeding twenty times the value obtained by nano-
particle-enriched sample (nanoplate yield = 32.0%). The SERS effi-
ciency of nanoplate-dominant sample was further examined in
the practical detection of pyrene, a typical polycyclic aromatic
hydrocarbon pollutant that is commonly distributed in the envi-
ronment. The nanoplate-dominant sample achieved a remarkable
detection limit of 5 x 1071 M toward pyrene molecules, demon-
strating the capability of single molecule detection for Au nano-
plates. Furthermore, the SERS activity of nanoplate-dominant
sample can be fully recovered after repeatedly used and recycled
in pyrene detection. These results manifest that the present Au
nanoplates can serve as robust, recyclable SERS substrates that al-
low rapid detection of trace levels of analytes with a high degree of
sensitivity and stability.

2. Experimental details
2.1. Chemicals

All chemicals including tetrachloroauric acid (HAuCly), poly(N-
vinylpyrrolidone) (denoted as PVP, My = 10,000 or 29,000 Da),
methylene blue (C;gHgN3SCl, denoted as MB), lucigenin
(Ca8H22N406), and pyrene (CigHqo) were of analytical grade and
used without further purification.

2.2. Synthesis of Au nanoplates

The samples were prepared using a seed-mediated growth ap-
proach described in our previous work with slight modifications
[43]. Two stock solutions of PVP were prepared in advance and
were denoted as PVP-1 (M,, =10,000 Da, 0.01 M) and PVP-2
(M,y = 29,000 Da, 0.01 M). In the typical procedure, PVP-1 (8 mL)
and HAuCl, aqueous solution (0.065 mL, 0.01 M) were first mixed
in a stainless-steel vial with a capacity of 20 mL and then diluted
to a total volume of 10 mL using deionized water. After being
sealed, the vial was heated at 130 °C in oil bath to produce Au seed
particles with an average size of 6.0 nm. To obtain Au nanoplates,
Au seed solution (0.1 mL) and PVP-2 (10 mL) were mixed in a glass
vial, followed by the addition of HAuCl, aqueous solution (1 mM,
9.9 mL). The mixed solution was then aged at 25 °C for 4 h to result
in the formation of Au nanoplates. The product was collected by
centrifugation and washed with acetone and ethanol to remove ex-
cess PVP. In this work, four various molar ratios of PVP to HAuCl,

(40, 20, 10, 5) were used in the later growth process to produce
samples with different nanoplate yields. Note that PVP-2 which
has longer alkyl chain than PVP-1 was suggested to exhibit lower
reducing power when employed in the growth stage [39]. Such a
substantially low reducing power of PVP-2 is instrumental in pro-
moting the kinetic control mode for crystal growth, which con-
duces to the formation of nanoplates with high morphological
yield. It should be mentioned that if PVP-1 was continuously used
in the growth stage, a fairly mediocre nanoplate yield may result,
revealing the indispensability of adequate PVP to the high-yield
production of the present Au nanoplates.

2.3. Preparation of SERS substrates

SERS substrates were prepared by dripping sample suspensions
with a fixed amount on a 0.3 cm x 0.3 cm Si wafer. This procedure
has been widely used and proven valid for SERS substrate prepara-
tion [5,9,10,18-21,25]. After completely dried, the substrate was
heated at 200 °C for 3 h to remove the PVP covered on the surfaces
of Au, which was confirmed by the significantly depressed C=0
band recorded in the Fourier transform infrared (FTIR) absorption
spectrum (data not shown). Note that no noticeable change in mor-
phology can be found for the sample deposited on Si wafer upon
the heat treatment. The thus-obtained substrate was immersed
in MB aqueous solution (107> M) for 1 h. The substrate was then
taken out, rinsed with deionized water to remove any un-adsorbed
MB molecules, and dried at 60 °C for later use. It has been demon-
strated that the electromagnetic field of SPR decreases with
increasing distance from the metal surface [2]. If heat treatment
was not taken on the sample, the existed PVP would increase the
distance between the MB molecules and the Au surface, giving rise
to a weakened electromagnetic field for MB and thus a depressed
SERS intensity. To probe pyrene molecules, the heat-treated sub-
strate containing a fixed amount of nanoplate-dominant sample
was immersed in lucigenin aqueous solution (10~ M) to function-
alize the surface of Au. Afterward, aqueous solutions of pyrene
(10 uL) with different concentrations were dropped on the
substrate surface. The substrate was then dried in air for later spec-
troscopy measurement.

2.4. Characterizations

The morphology and dimensions of the samples were examined
with a field-emission scanning electron microscope (SEM, Jeol,
JSM-6500F) and a high-resolution transmission electron micro-
scope (HRTEM, Jeol, JEM-2100) operated at 200 kV. The morpho-
logical yield of nanoplates for the samples was determined by
examining hundreds of nanocrystals from the low-magnification
TEM images. The relative volume proportions were then calculated
and represented. The thickness of individual nanoplate was mea-
sured by using an atomic force microscope (AFM, Veeco, Escope)
in tapping mode. The crystallographic structure of the samples
was investigated with powder X-ray diffraction (XRD, Bruker, D2
phaser), HRTEM, and selected-area electron diffraction (SAED, an
accessory of the HRTEM). UV-visible-NIR extinction spectra were
obtained from a Jasco V-670 spectrophotometer at room tempera-
ture. SERS measurements were performed by a Horiba Jobin Yvon
HR800 microscopy Raman spectroscope equipped with a liquid
nitrogen-cooled charge-coupled device detector. The SERS excita-
tion wavelength was 632.8 nm provided by the He—Ne laser with
a power of 20 mW. To collect the Raman spectrum of MB solution,
a 50x objective with a numerical aperture of 0.55 was applied.
During the SERS measurement, a 100x objective with a numerical
aperture of 0.9 was used, which gives a laser spot size of 0.857 pm.
Besides, the acquisition time was set as 12 s for each spectrum, and
all the spectra were calibrated using 520 cm~! band of Si wafer. It
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should be noted that the variation of Raman intensity recorded
from different regions of the samples was less than 10%, indicating
good homogeneity of the samples deposited on the substrate and
high reproducibility of the resultant SERS performance.

3. Results and discussion
3.1. Structural investigation

First, Au nanoparticles with an average size of 6.0 nm and a size
distribution of 6.5% were obtained using the PVP-assisted hydro-
thermal method. HRTEM characterization in Fig. 1 shows that the
as-prepared Au nanoparticles were crystalline with apparent struc-
tural defects of twin boundaries. The Au nanoparticles were then
used as the seeds for the subsequent growth of Au nanoplates.
PVP was used as both reducing agent and capping reagent in the
later growth process. In this work, four various molar ratios of
PVP to HAuCly (Rpypjau) Were employed to obtain products with
different nanoplate yields, with which the morphology effect of
Au on the resultant SERS performance can be studied. SEM obser-
vations reveal that the four products all consisted of a mixture of
platelet-like nanostructures and pseudo-spherical nanoparticles
differing in the morphological yield. As shown in Fig. 2, the nano-
plates, which were triangular, truncated triangle and hexagonal in
geometry, had a typical edge length of 50-500 nm, while the size
of pseudo-spherical particles was in the range of 30-100 nm. The
sample obtained with Rpypja, 0f 40 was mainly composed of poly-
hedral nanoparticles and had a fairly low nanoplate yield of 32.0%.
As decreasing Rpypjau to 20, platelet structures with a yield of 40.3%
were found prevalent in the product. When Rpyp/ay Was lowered to
10, nanoplates became the dominant product instead of nanoparti-
cles, corresponding to a drastically increased yield of 96.8%. A re-
duced yield of 55.8% for the grown nanoplates was however
observed if Rpypjay Was further decreased to 5. This outcome im-
plies that there was an optimal Rpyp/a, for obtaining Au nanoplates
in high yield by using the seed-mediate growth method. Further
structural investigation was carried out using XRD. Fig. S1 (Sup-
porting material) shows the corresponding XRD patterns for the
four samples. All the diffraction peaks can be indexed to face-cen-
tered cubic (fcc) Au. In addition, a relatively intense (111) peak as
compared to the standard pattern was recorded, with nanoplate-
dominant sample (Rpyp/ay = 10) showing the lowest intensity ratio
of (200) to (111), as was clearly noted in Table 1. This phenome-
non implies that {111} facets comprised the top and bottom sur-
faces of Au nanoplates [36-40], which can be further confirmed
by HRTEM and SAED analyses.

To learn more information about the as-obtained Au
nanoplates, TEM, AFM, HRTEM, and SAED measurements were
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conducted. Fig. 3(a) shows the typical TEM image of nanoplate-
dominant sample. Evident contrast variations arising from the
structural bending and uneven stresses were observed across the
nanoplate surface, which is characteristic of thin nanostructures.
AFM characterization was performed to delineate the shape and
dimension of Au nanoplates. As revealed in the inset of Fig. 3(a),
the obtained Au nanoplates had considerably smooth surface and
were of about 20 nm in thickness. Fig. 3(b) presents the HRTEM im-
age taken on an individual hexagonal nanoplate. The lattice image
clearly reveals the {—22 0} lattice planes of fcc Au with the d spac-
ing of about 0.14 nm. As indicated by the inset arrows in Fig. 3(b),
the growth directions along the six corners of the nanoplates can
be indexed as six equivalent {—1 10} directions. The corresponding
SAED pattern of Fig. 3(c) suggests the single-crystalline nature of
the nanoplate product. The diffraction spots with 6-fold rotational
symmetry result from the projection of fcc Au along the [111] zone
axis, manifesting that the top and bottom faces of Au nanoplates
were enclosed by {111} planes. Besides, the formally forbidden
reflections of 1/3{—422} and 2/3{—422} which are typically found
in platelet nanostructures were also recorded [44,45]. The exis-
tence of dislocations or stacking faults parallel to the {111} sur-
faces of nanoplates may be responsible for the appearance of
such forbidden reflections. As depicted in Fig. 3(d), a dislocation
on (111) plane of fcc Au with burgers vector of a/2[10-1] can
decompose into two partial dislocations of a/6[2—-1-1] and a/
6[11-2] in order to minimize the total energy [46]. Dislocation
via this two-step process creates a stacking fault in a new stacking
sequence of AB|ABCA, where | represents the location of stacking
fault. In such ABABCA stacking, there exist four planes with the
stacking of ABAB, which is exactly the stacking sequence of hexag-
onal close-packed (hcp) structure along [001]. The derived diffrac-
tion planes of {100}, have lattice spacing (0.25 nm) exactly equal
to the spacing of 1/3{—422} of the primary fcc Au. Therefore, dif-
fraction spots which essentially represent {100}, reflections
were noted as 1/3{—422} in the SAED of Au nanoplates. According
to XRD and SAED data, we suggested that Au nanoplates were
grown along the preferential growth direction perpendicular to
the normal direction of the two {111} basal surfaces, which is
{-110} as judged from HRTEM analysis.

3.2. Growth mechanism

There have been numerous synthetic approaches developed for
preparation of novel metal nanoplates [5-8,20-41,45]. Based on
the experimental conditions and results, many plausible growth
mechanisms for the formation of nanoplates were proposed and
examined. The common feature is the sufficiently slow reaction
rate which triggers the kinetic control regime for crystal growth

Fig. 1. (a) TEM and (b) HRTEM image of Au particle seeds.
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Fig. 2. SEM images of the samples prepared with Rpyp/a, Of (a) 40, (b) 20, (c) 10, and (d) 5.

Table 1
The morphological yield, XRD intensity ratio of (200) to (111), and EF value of the
samples prepared with different Rpyp/au values.

Rovpjau Nanoplate yield (%) I200)/I(111) of XRD* EF of SERS
40 32.0 0.055 0.33 x 107
20 40.3 0.040 1.07 x 107
10 96.8 0.014 7.30 x 107

5 55.8 0.028 1.25 x 107

@ The I200)/I(111) value of bulk reference Au (JCPDS 89-3697) is 0.52.

to render the formation of such thermodynamically unfavorable
shape. In the current reaction system, Au particle seeds with struc-
tural defects were employed to induce and direct the two-dimen-
sional anisotropic growth of nanoplates. It is an established fact
that the final shape of nanocrystals is determined by not only the
growth rates of different crystallographic facets but also the crys-
tallinity of seed nuclei [47]. In this work, PVP may substantially
slow down the hydrothermal reaction rate to produce Au particle
seeds with structural defects thanks to its weak reducing power.
As displayed in Fig. 1, TEM analysis demonstrates that the as-pre-
pared Au seed particles were characterized by apparent planar de-
fects like twin planes. These defect-existing seeds can further
evolve to possess edges which were essentially unstable and thus
inclined to be attached by the feed atoms [48]. At the same time,
PVP which selectively bound to {111} facets of Au [36] would
expedite preferential growth along the lateral directions of
{-110}, leading to two-dimensional anisotropic growth to cause
nanoplate formation. Consistent with this supposition is the geom-
etry model of Au nanoplates derived from XRD, HRTEM, and SAED
analyses. In an ideal situation, crystal growth of Au along the six
equivalent {—110} directions at the two-dimensional basal plane
was prevalent, resulting in the formation of hexagonal nanoplates

enclosed by alternate lateral faces of {100} and {111} [6,49]. How-
ever, because of the inevitable temperature fluctuation during the
reaction process, nonequivalent growth among the six {-110}
directions may take place, leading to the possible appearance of tri-
angular and truncated triangle structures in the product [50]. It is
important to remark that without the presence of seeds in the
growth solution, only irregularly shaped nanocrystals were ob-
tained, implying that the pre-synthesized defect-existing seeds
are an indispensable initiator for the kinetically controlled synthe-
sis of Au nanoplates. In addition to the employment of defect-
existing Au seeds, the molar ratio of PVP to HAuCl, used in the later
growth process is also crucial. It has been reported that the reac-
tion kinetics of metal nanocrystal synthesis can be delicately
manipulated by controlling the molar ratio of PVP to metal precur-
sor [36-38]. Under a high PVP/HAuCl, ratio condition (Rpyp/au = 40,
20), AuCl*~ ions were reduced sufficiently rapidly due to the
increasing reducing power of the relatively abundant PVP. The fast
reduction rate may trigger the thermodynamically controlled
regime for crystal growth, resulting in the formation and preva-
lence of polyhedral nanoparticles [38]. On the other hand, the
growth of nanoplates was restrained in the situation of low PVP/
HAuCl, ratio (Rpypjay =5) because PVP with insufficient amount
cannot effectively cover {111} facets of Au to expedite two-dimen-
sional anisotropic growth. As a result, more isotropic and even
irregularly shaped nanocrystals became significantly popular in
the product.

3.3. SPR absorption and SERS properties

With the inherently prominent anisotropic structures, Au nano-
plates are expected to display unique SPR features. Fig. S2 (Sup-
porting material) represents the UV-visible-NIR extinction
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Fig. 3. Au nanoplates from nanoplate-dominant sample: (a) TEM image and AFM analysis (inset), (b) HRTEM image, (c) SAED pattern, and (d) schematic illustration for the

appearance of forbidden reflections in (c).

spectra taken from the aqueous suspensions of the four products.
For the sample prepared with Rpypjay =40 (nanoparticle-enriched
sample), a predominant absorption peak positioned at 585 nm
was observed, attributable to the SPR absorption of the constituent
polyhedral nanoparticles [51]. The sample obtained from Rpyp,
au =20 was however characterized by two SPR absorptions. The
first absorption, located at 585 nm, mainly originated from the
polyhedral nanoparticles that existed in the product. The second
absorption, centered at 924 nm, was ascribed to the grown nano-
plates with the edge length of 100-150 nm [20]. Note that due to
the significant surface polarization at the sharp corners, nanoplates
showed SPR absorption that was red-shifted from the more isotro-
pic polyhedral nanoparticles [52]. For the sample prepared with
Rpypjaw = 10 (nanoplate-dominant sample), an absorption band
spanning from visible to near-infrared region was recorded. This
band, centered around 1300 nm, was significantly red-shifted as
compared to the nanoplate-related SPR peak observed in the sam-
ple with Rpypjau =20. The increased charge separation resulting
from the prolonged edge length of the composing nanoplates
(200-500 nm) conduces to the significant red-shift in SPR absorp-
tion [52,53]. It should be noted that no definite absorption peak
around 585 nm can be recognized in the spectrum of nanoplate-
dominant sample, implying that the sample was almost purely
composed of nanoplates as consistent with the high nanoplate
yield of 96.8%. As to the sample obtained from Rpypjau = 5, @ major
absorption band at 1023 nm accompanied with a slight shoulder at
570 nm was measured. These two SPR absorptions were respec-
tively assigned to nanoplates and isotropic nanocrystals present
in the product.

The large anisotropy of Au nanoplates should substantially
influence the resultant SERS properties. In particular, the sharp cor-
ners and straight edges of nanoplates can produce more hot spots
for enhancing Raman scattering of the adsorbed molecules. In this
work, MB, an organic dye showing no fluorescence interference
with its Raman signal [54], was chosen as the probe molecule to
quantitatively evaluate the SERS activity of the sample. For SERS

spectroscopy, the highest EM field enhancement is attained when
the irradiation wavelength is resonant with SPR maximum of the
metal. As illustrated in Fig. S2, the nanoplate-dominant sample
exhibited a broad SPR absorption band centered around 1300 nm,
while the nanoparticle-enriched sample had a predominant SPR
peak positioned at 585 nm. To stress the superior SERS activity of
Au nanoplates over more isotropic pseudo-spherical nanoparticles,
we used a 632.8 nm excitation laser which interacts moderately
with nanoplates but intensely with nanoparticles to perform the
measurement. Fig. S3 (Supporting material) compares the SERS
spectra of MB adsorbed on substrates containing the four different
samples. The primary characteristic peaks at 1625, 1396, and
450 cm™! were related to the adsorbed MB molecules and can be
assigned to C—C ring stretching, C—N symmetric stretching, and
C—N—C skeletal bending modes, respectively [55]. As evident from
Fig. S3, all the four samples displayed well-resolved SERS spectra,
with nanoplate-dominant one showing the strongest enhance-
ment. This outcome demonstrates that Au nanoplates are espe-
cially active for SERS detection of molecular species, which is
most likely related to their sharp corners and straight edges. To
quantify the result of Fig. S3, we calculated the enhancement factor
(EF) using the following expression [7,9,56]

Isers/Nsers
EF — SRS/ stws
Tguik/Nuik

where Isggs and Iy, are the integrated intensities of a chosen band
(1625 cm™!) for the adsorbed and unadsorbed MB molecules,
respectively, and Nsggs and Ny, correspond to the numbers of MB
which contribute to the signals.

A series of evaluation steps were then performed to approxi-
mate the values of Ny, and Nsggs for different samples (see Sup-
porting material). Computing Isgrs and Ipu at 1625 cm™!, we
obtained EF as 0.33 x 107, 1.07 x 107, 7.30 x 107, and 1.25 x 10’
for the sample with Rpypjay Of 40, 20, 10, and 5. It was found that
the EF of the sample increased with increasing nanoplate yield.
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This result can be rationalized by the fact that more vigorous SERS
activity was attained from sample with higher nanoplate yield,
which possessed more sharp corners and straight edges acting as
SERS hot spots. Furthermore, in comparison with nanoparticle-en-
riched sample (Rpyp/au =40), nanoplate-dominant sample (Rpyp,
au = 10) exhibited twenty times higher activity for the SERS detec-
tion of MB molecules. This demonstration addresses the benefit of
the two-dimensionally anisotropic nanoplates for SERS applica-
tions. It should be noted that although triangular and hexagonal
shapes were simultaneously existent in the nanoplate-dominant
sample, their contribution to SERS enhancement was suggested
to be nearly significant considering that they both possessed the
structural advantages of being sharp and straight.

3.4. Practical SERS sensing toward pyrene molecules

To further explore the potential as a reliable SERS platform for
Au nanoplates, the performance of nanoplate-dominant sample
in the detection of polycyclic aromatic hydrocarbons (PAHs) was
evaluated. PAHs are ubiquitous environmental pollutants originat-
ing from the incomplete combustion of organic matters such as
petroleum. Being potentially carcinogenic to humans, PAHs are of
great concern and the detection of them at trace concentrations
has been imperative. Identification of PAHs is usually carried out
by liquid chromatography with UV-visible and fluorescence detec-
tors or gas chromatography with mass spectrometry [57], which is
elaborate, time-consuming, and thus unsuitable for routine analy-
sis. The significant SERS effect of Au nanoplates may provide an
alternative for detecting PAHs in a more efficient, handy manner.
Here, we chose pyrene as the testing model of PAHs because of
its simple structure. Since pyrene shows relatively low affinity to
metals, it is necessary to chemically modify the surface of Au to af-
ford facile connection between them. Lucigenin, typically used for
functionalization of metal electrodes, has been employed as the
bifunctional linker to couple Ag nanoparticles with aromatic or-
ganic pollutants, which renders efficient SERS sensing for pollutant
molecules [58,59]. In this experiment, lucigenin was used as the
molecular linker to facilitate the approach of pyrene to the surface
of Au. As represented in Fig. 4, several additional SERS peaks were
observed for nanoplate-dominant sample upon the surface modifi-
cation with lucigenin. These distinctive peaks, mainly located at
1394, 1266, and 1034 cm™!, were respectively attributed to the
C—C in-plane stretching, C—C inter-ring stretching, and in-plane
ring breathing of the attached lucigenin [59]. The relatively intense
peak at 1394 cm™' suggests that lucigenin was bound onto the

—— pyrene powder
—— Au nanoplates
—— Aul/lucigenin
1246 ___ Au/lucigenin/pyrene
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Fig. 4. SERS spectrum of pyrene molecules (10~#M) adsorbed on substrate
containing the lucigenin-modified nanoplate-dominant sample. The Raman spectra
of pyrene powder, non-modified nanoplate-dominant sample, and lucigenin-
modified nanoplate-dominant sample were also included for comparison.

sample surface, probably through the formation of Au—N bonds,
with its backbone perpendicular to Au surface [59]. The acridinium
groups of lucigenin which faced outward from sample surface can
then form intermolecular cavities to host the target pyrene mole-
cules. As can be seen in Fig. 4, after the introduction of a trace
amount of pyrene (10~4 M), the lucigenin-modified sample exhib-
ited recognizable SERS signals associated with pyrene molecules,
mainly located at 1246 (C—H bending), 1404 (C—C aromatic ring
stretching), and 1586 cm™! (C—C stretching). This phenomenon
manifests that pyrene molecules were successfully recognized on
Au nanoplate SERS substrate. Additionally, an evident shift toward
higher frequency was observed for all the lucigenin related vibra-
tions, which is a consequence of the effective interaction between
lucigenin and pyrene [60]. The EF value of pyrene was also esti-
mated from the spectral comparison between the bulk reference
(pyrene powder) and the adsorbed pyrene on Au nanoplates. As
shown in Fig. S5 (Supporting material), a quantitative comparison
of the integrated intensity at 1404 cm™! between the bulk refer-
ence (Ipux=212 for 1072 M pyrene) and the adsorbed pyrene
(Isgrs = 19,798 for 107 M pyrene) gave an apparent EF value of
0.93 x 106. Note that the exact EF value of pyrene should have been
significantly larger and comparable to the value of MB, considering
that Au nanoplates were not distributed on the whole substrate
surface, and therefore, the practical number of pyrene probed
was essentially lower.

To test the applicability of Au nanoplate SERS platform in a
more realistic sensing system, the limit of detection toward pyrene
molecules was evaluated. Fig. 5 shows the SERS responses of the
lucigenin-modified nanoplate-dominant sample upon the addition
of pyrene at seven decreasing concentrations. The C—C aromatic
ring stretching band at 1404 cm~! was chosen as the representa-
tive signal for recognition of the target pyrene. As noticed in
Fig. 5, nanoplate-dominant sample exhibited very low detection
limit toward pyrene molecules. Even when the pyrene concentra-
tion was decreased to 107'°M, the Raman signal at 1404 cm™!
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Fig. 5. SERS responses of the lucigenin-modified nanoplate-dominant sample upon
the addition of pyrene at seven decreasing concentrations.
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Fig. 6. SERS responses of the lucigenin-modified nanoplate-dominant sample
during four repeating cycles of pyrene detection.

was still distinguishable. By examining the signal with a reason-
able resolution of S/N ratio of 10 [61], the limit of detection of
nanoplate-dominant sample toward pyrene molecules was
estimated to be 5 x 10~'° M, which is much lower than some pre-
viously reported values of Ag nanoparticle SERS substrates
(1078 ~107°M) [58,59,62,63]. We attributed this superiority to
the structural feature of Au nanoplates which induced significant
enhancement of local electromagnetic field to promote the resul-
tant SERS. It should be mentioned that a much stronger SERS activ-
ity can be acquired if an appropriate excitation laser which
interacts more intensely with the SPR maximum of Au nanoplates
is used. The exceptional chemical sensitivity of Au nanoplates
should make them especially useful for SERS-based single mole-
cule detection. To further demonstrate the robustness of the Au
nanoplate SERS substrate, we examined the recyclable application
by performing repeating cycles of pyrene detection. In each cycle of
the detection, the Au nanoplate substrate with pyrene attached
was first characterized with Raman spectroscopy, followed by a
thorough rinsing with methanol to remove the hosted pyrene mol-
ecules. Here, methanol was used to remove pyrene molecules from
substrate surface by virtue of its relatively good solvation ability
toward pyrene. Upon the rinsing treatment, the main band of
pyrene (at 1404 cm™!) lost its intensity, and the Raman spectrum
of the substrate resembled that of the fresh lucigenin-modified
substrate. After the Au nanoplate substrate became clean, it can
be used to host pyrene molecules for the second run of detection.
It is important to note that the substantial Au—N bonds formed be-
tween Au and lucigenin enabled the preservation of acridinium
moieties at substrate surface during the rinsing process, through
which the attachment of pyrene molecules may proceed in the
subsequent detection runs. As shown in Fig. 6, after repeatedly
used and recycled in pyrene detection for four cycles, the efficiency
of the substrate was almost fully maintained, revealing the feasi-
bility as a recyclable SERS substrate for the present Au nanoplates.

4. Conclusions

In conclusion, a facile seed-mediated growth approach was
developed to prepare Au nanoplates in high yield without the
post-purification treatment or the use of highly toxic chemicals
such as CTAB. By suitably modulating the molar ratio of PVP to
HAuCl, employed in the growth process, a controllable yield of
nanoplates in the products can be achieved, from 32.0% to 96.8%.
The success of the approach relied on the employment of defect-
existing Au particle seeds which induced and directed the two-
dimensional anisotropic growth of nanoplates. With the structural
advantages of being sharp and straight, Au nanoplates exhibited
significantly enhanced SERS activities with an enhancement factor
of 7.30 x 10”. The SERS efficiency of Au nanoplates was further
examined in the practical detection of pyrene molecules, which
achieved a remarkable detection limit of 5 x 10~ M. Moreover,
recycling test reveals that Au nanoplates can be reused multiple
times in SERS detection without significant loss of the activity.
The biocompatible Au nanoplates with such superior SERS proper-
ties may open new avenues for unique applications in biomolecule
sensing and environmental monitoring where the detection and
identification of targets at single molecule level are essential. The
ability to synthesize Au nanoplates in large scale by using
reproducible seed-mediated approach may inspire more diverse
applications for Au nanoplates.
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