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a b s t r a c t
Nitroexplosives, such as 2,4,6-trinitrotoluene (TNT) which is a leading example of nitroaromatic explosives, are causing wide concern. Motivated by the urgent demand for trace analysis of explosives, novel
surface-enhanced Raman spectroscopy substrates based upon highly ordered Au nanoparticles have been
fabricated by a simple droplet evaporation method. It is noteworthy that an ethylhexadecyldimethyl
ammonium bromide bilayer surrounding each individual nanoparticle not only is responsible for these
periodic gap structures, but also tends to promote the adsorption of TNT on the composite NPs, thus
resulting in a considerable increase of Raman signal. These desirable features endow the resulting SERS
substrates with excellent enhancement ability and allow for a label-free detection of common plastic
explosive materials even with a concentration as low as 10−9 M.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Detection of nitroexplosives has attracted more and more attention in recent years owing to homeland security, environmental
and humanitarian implications. 2,4,6-Trinitrotoluene (TNT), which
has signiﬁcant detrimental effects on the environment and human
health, is one of the most commonly used nitrated explosives in the
preparation of landmines for military and terrorist activities [1]. The
presence of TNT is directly correlated with criminal intent or the
presence of ordinances such as unexploded land mines or cluster
bombs. As a result, it is important to develop highly sensitive, costeffective sensors that can provide real-time determination of TNT
level in the environment. In recent years, a variety of sensors for
analyzing TNT have been developed. These include the followings:
(1) ﬂuorescent sensors, which were based on the fact that ﬂuorescent organic polymers [2,3] or ﬂuorescent silicon NPs [4] and so on
[5,6] can be quenched by nitroaromatic explosives; (2) colorimetric
sensors, which were developed on the basis of the aggregation of
functionalized AuNPs in the presence of TNT [7]; (3) voltammetric
sensors, which were based on the electrochemical activity of the
nitro groups of TNT [8–10]; (4) biosensors, such as antibody-based
optical [11,12] or microgravimetric quartz-crystal-microbalance
biosensors [13]; (5) spectroscopic sensors that can detect explosives using surface-enhanced Raman spectroscopy [14–16]. Among
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them, spectroscopic sensors based on SERS have attracted much
attention from the perspectives of both fundamental understanding and practical applications.
Surface-enhanced Raman scattering (SERS) is a powerful analytical technique that allows ultra-sensitive chemical or biochemical
analysis [17,18], because it can result in a dramatic increase in
Raman signals from molecules that have been absorbed onto or
are in the vicinity of nanometer-sized metallic particles [19]. The
high Raman enhancement was attributed to electromagnetic and
chemical enhancement mechanisms [20]. It has been generally
accepted that SERS is dominated by strong electromagnetic ﬁeld
enhancement near metallic nanostructures, and that surface plasmon coupling at the junctions or gaps between these structures
creates ‘hot spots’ with the enormous enhancement necessary for
high-sensitivity SERS detection [21–25]. Its high sensitivity has
been extended to the single-molecule level. In addition to sensitivity, another important feature of SERS is the level of detection
speciﬁcity that can be achieved by controlling the chemistry around
the metal surface. A speciﬁc chemical moiety can be incorporated
on the surface of the SERS substrates to target the detection of a
single species present in a complex sample mixture at trace levels (e.g., submicromolar) without having to physically separate out
interfering species [26]. Raman signals can yield unique vibrational
signatures of analytes associated with chemical and structural
information without interference from the capping agents of the
metal nanoparticles [27]. Moreover, compared to ﬂuorescence
peaks, most Raman bands are ∼100 times narrower, which further
reduce spectral overlap and screen. Also, photobleaching is much
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less severe with Raman signals thus enabling lower detection limits
and better repeatability [28].
From the application viewpoint of SERS technology, metal
nanostructures, which can provide the largest enhancement, must
be produced. The major requirements for the SERS substrate
materials include controlled nanoscale structure, periodicity and
chemical stability [29,30]. Our previous studies showed that highly
ordered metal nanostructures had good SERS enhancement properties [31–34]. And a number of approaches for fabrication of
closely packed nanostructure arrays have been explored including electron beam lithography [35], nanosphere lithography [36]
and focused ion beam milling [37]. However, most of them are
too technologically demanding and expensive to be used to fabricate large quantities of substrates for practical applications.
Recently, our group reported the strategies for the fabrication of
large-area silver-coated silicon nanowire arrays [38] and uniform
silver-coated ZnO nanowire arrays [39]. It was found that the asprepared silver-coated silicon nanowire arrays possess excellent
SERS enhancement ability and good reproducibility. The silvercoated ZnO nanowire arrays exhibited high catalytic activity and
good SERS performance, which provided an excellent platform for
monitoring the catalytic degradation of dye molecules by SERS
technology. Nevertheless, the complicate experimental procedures
are big challenge for their practical applications. In comparison to
the above-mentioned methods, a simple strategy for the preparation of periodic nanoparticle arrays has been published by Halas
and co-workers [40]. They have elegantly demonstrated that CTABcoated gold nanoparticles can be drop-cast onto indium doped tin
oxide (ITO) glass slides to produce hexagonally close-packed monolayer of AuNPs arrays. This self-assembly strategy has been one of
the most popular methods for SERS applications because of its simple procedure. Another advantage is the preparation of extremely
narrow interparticle gaps, providing a large SERS enhancement factor of 108 for pMA which is close to the theoretical calculation for
the perfect Au nanosphere array [41].
Herein, we report our attempt to utilize a simple droplet evaporation process to assemble highly ordered Au octahedral arrays
with nanoscale interparticle gaps. The resulting AuNPs arrays can
serve as good surface-enhanced Raman spectroscopy (SERS) substrates, which can provide exceptionally strong enhancement in
Raman scattering for ultrasensitive detection of TNT. Gold octahedra with an edge length of about 42 nm were prepared according
to a seed-mediated growth approach in the presence of an aqueous ethylhexadecyldimethyl ammonium bromide (EHDAB) as the
capping agent, which can form a bilayer structure around the gold
surface [42]. Such bilayer structure leads to a positive charge on the
NPs surfaces, providing a net repulsive interaction between the NPs
to prevent random disordered aggregation and hence form quite
densely packed but separated with nanometer interparticle gaps
during solvent evaporation [43]. Compared with the disordered
gold structure as well as the bare ordered gold structure, these
periodic arrays of EHDAB-coated gold nanoparticles exhibit distinct
advantages toward the detection of TNT in terms of sensitivity and
reproducibility.

2.2. Preparation of gold octahedra
Gold octahedra were prepared according to a seed-mediated
growth in aqueous solutions [43,44], which have been used widely
for the preparation of Au nanostructures. Speciﬁcally, the seeds
were prepared by the reduction of HAuCl4 (0.01 M, 0.25 mL) by
ice-cold NaBH4 (0.01 M, 0.6 mL) in the presence of EHDAB (0.1 M,
7.5 mL). The NaBH4 solution was added at a time to the solution
containing EHDAB and HAuCl4 , and the reaction mixture was then
magnetically stirred for 2 min. The resultant seed solution was
kept at room temperature for 1 h before use. The growth solution was prepared by the sequential addition of EHDAB (0.1 M,
6.4 mL), HAuCl4 (0.01 M, 0.75 mL), and ascorbic acid (0.1 M, 3.8 mL)
into water (32 mL). The EHDAB-stabilized seed solution was diluted
10 times with water. The diluted seed solution (0.06 mL) was then
added into the growth solution for the growth of Au octahedra. The
resulting solution was mixed by gentle inversion for 10 s and then
left undisturbed overnight. The as-grown octahedra were washed
twice by centrifugation and condensed into a ﬁnal volume of about
1 mL for further application.
2.3. Fabrication of Au octahedral arrays
The solid substrate was cleaned by sequential ultrasonication
in acetone, ethanol, deionized water for 15 min in each and then
treated with H2 SO4 /H2 O2 (3:1 (v/v) H2 SO4 (97%)/H2 O2 (30%)) at
80 ◦ C for 30 min to derive a hydroxyl surface. After thorough rinsing
with Milli-Q ultrapure water, the cleaned silicon wafer was dried
in air. For the preparation of Au nanostructure assemblies, a drop
(10 L) of the concentrated of Au nanostructures was placed onto
the silicon substrate. The sessile droplet was kept still for evaporation of water under ambient conditions. For TNT sensing, 10 L of
TNT solution in ethanol with different concentrations was placed
on the Raman substrates and was dried at room temperature.
2.4. Characterization
SEM images were taken with a FEI/Philips XL30 ESEM FEG
ﬁeld-emission scanning electron microscope operating at an acceleration voltage of 20 kV. Transmission electron microscope (TEM)
images were obtained using a JEOL 2000 transmission electron
microscope operating at 100 kV. XRD data were collected on a
D/Max 2500 V/PC X-ray diffractometer with a Cu K␣ X-ray radiation
source. UV–vis absorption spectra were recorded on a Varian Cary
500 UV–Vis-NIR spectrometer. SERS spectra were obtained using a
Renishaw in Via micro Raman spectroscopy system. The 632.8 nm
radiation from a HeNe laser was used as the excitation source. The
laser beam was focused on a spot with a diameter of approximately
1 m using a 50× microscope objective. The data acquisition time
was 10 s for one accumulation. The Raman band of a silicon wafer
at 520 cm−1 was used to calibrate the spectrometer.
3. Results and discussion

2. Experimental

3.1. Fabrication of highly ordered Au octahedral arrays

2.1. Chemicals and materials

Gold octahedra with an edge length of about 42 nm were used as
building blocks of 2D and 3D superlattics, because previous studies
showed that noble metal nanoparticles exhibit size- and shapedependent SERS properties [45]. In terms of geometrical effect,
the strongest SERS effect has been determined for nanoparticles
having sharp features which have more well-deﬁned corners and
edges, facilitating the induction of intense near-ﬁeld enhancements
localized around these sharp surface features [46]. Furthermore,
the controlled fabrication of highly regular metallic nanostructure

All chemical regents were obtained from commercial suppliers and used without further puriﬁcation. Sodium borohydride
(NaBH4 ), ethylhexadecyldimethyl ammonium bromide (EHDAB),
ascorbic acid were purchased from Sigma–Aldrich. Gold chloride
trihydrate (HAuCl4 ·3H2 O) was purchased from Alfa Aesar. Deionized water (resistance >18.2 M cm−1 ) was used throughout the
experiments.
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Fig. 1. Schematic showing an Au octahedron stabilized by an ethylhexadecyldimethyl ammonium bromide (EHDAB) bilayer, and droplet-evaporation technique that can
induce the formation of ordered AuNPs superstructures.

geometries with a high density of sub-10-nm interparticle spacing was also important for high-performance SERS-based sensors.
Fig. 1 schematically illustrates the fabrication procedure for highly
ordered nanostructured arrays. In this approach, colloidal dispersions of shaped gold nanoparticles spontaneously adopt ordered
structures with slow sedimentation and subsequent solvent evaporation under ambient conditions [47]. The assembly mechanism of
EHDAB-protected gold octahedra was believed to be a result of the
interplay of capillary and interfacial forces [48]. With this strategy,
both 2D and 3D well-ordered assemblies of gold nanostructures
were obtained and successfully applied for the SERS measurements.

3.2. Structural characterization
The microstructure of the samples was investigated using scanning electron microscopy (SEM). Fig. 2A shows the SEM image
of the as-prepared sample produced by droplet evaporation. As
can be observed, all the products are composed of a large quantity of homogeneous nanoparticles with a well-deﬁned octahedral
shape. Moreover, the gold octahedra assemble into hexagonally
close-packed monolayer of EHDAB-coated AuNPs. The interparticle
distance of the prepared 2D ordered arrays have an average interparticle distance of ∼6 ± 2 nm, which correlate well to the thickness
of two adjacent EHDAB bilayers, each with a thickness of 3.2 nm
[49].
The crystal structure of the gold nanoparticles was also characterized by TEM and XRD measurement. Representative TEM image
of the gold nanoparticles used for the assembly is shown in Fig. 2B.
Many octahedron nanoparticles can be easily identiﬁed in this sample. While TEM and SEM often sample only a small portion of the
products, X-ray diffraction (XRD) can be used to assess the overall
quality and purity of the facetted gold nanoparticles. Fig. 2C shows
the corresponding XRD pattern of the freshly prepared octahedral
gold nanoparticles. From the XRD pattern, ﬁve peaks are observed
and all the diffraction peaks can be indexed to face-centered cubic
(fcc) structure of metal gold (JCPDS No. 04-0784). The peaks located
at 2 = 38.16◦ , 44.34◦ , 64.59◦ , 77.55◦ and 81.73◦ are assigned to the
(1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2) reﬂections, respectively. The

intensity ratio between the (2 0 0) and (1 1 1) diffraction peaks is
0.022, which is signiﬁcantly smaller than the conventional bulk
intensity ratio (≈0.53). This result suggests that the faces of these
nanoparticles were primarily composed of (1 1 1) planes, and thus
their (1 1 1) planes tended to preferentially orient parallel to the
surface of the supporting substrate [50,51]. Gold nanocrystals normally show very intense color due to surface plasmon resonance
(SPR) scattering, which is highly dependent on the size and shape
of the particles. Fig. 2D shows the UV–vis spectrum of the AuNPs
aqueous solution, in which a SPR band is observed at 557 nm.
We were intrigued by the fact that 3D SERS substrates offer large
speciﬁc surface area for the adsorption of target analytes and provide a large density of hot spots within the laser-illumination area
[52]. Therefore, multilayered nanoparticle ﬁlms with intralayer
and interlayer coupling of plasmon resonances were fabricated
using more concentrated AuNPs colloid. When a more concentrated
AuNPs colloid was drop cast on a silicon wafer, the subsequent
deposition of gold octahedra typically resulted in formation of
increased proportion of multilayer structures in the observed
regions. It is well known that homogeneity of size and shape are
essential to obtain well-ordered close packed superstructures using
the droplet-evaporation technique. In this case, the top (Fig. 3A)
and lateral face (Fig. 3B) view SEM images of the 3D superstructure reveal that Au octahedra assemble into highly ordered
structures within each layer. Besides, the formation of such structure is a complicated process where different driving force may
be involved, such as entropy, Coulomb interaction from particle
charges, London-van der Waals forces, charge–dipole interaction,
and dipole–dipole interactions. Therefore, the formation mechanism has been not yet well understood.

3.3. SERS properties
To evaluate the SERS performance of the SERS substrates
that were fabricated using concentrated AuNPs colloid, 4aminothiophenol (ATP) was chosen as the model molecule because
thiolated compounds have been shown to effectively displace
EHDAB from gold nanoparticles due to the stronger Au–S bond
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Fig. 2. (A) Typical SEM image of the hexagonally close-packed monolayer of Au polyhedra arrays; (B) representative TEM image of the gold nanoparticles used for the
assembly, the same octahedron seen in different views is shown in inset; (C) XRD pattern of the freshly prepared octahedral gold nanoparticles; (D) UV–vis absorption
spectrum of the AuNPs aqueous solution.

relative to Au–Br [53]. Fig. 4 compares the SERS spectra of
ATP molecules obtained from the highly ordered nanoparticle
arrays and the AuNPs with disordered structures. SERS signals are
observed in both cases, but it is evident that the ordered arrays

Fig. 3. SEM images of the highly ordered multilayer Au octahedra.

exhibit the higher enhancement efﬁciency at 633 nm excitation
(Fig. 4). It is well known that SERS enhancement results from an
intense local ampliﬁcation of the electric ﬁeld near a metal surface when collective oscillations of conduction electrons resonate
in phase with the incident light. The electromagnetic interaction
(electromagnetic coupling) between metal nanostructures greatly
increases the SERS intensity, thus directly inﬂuencing the degree of
Raman enhancement exhibited. In fact, almost all SERS-active systems are composed of interacting metal nanoparticles arranged in
close proximity to each other [52]. As stated above, the SERS substrate prepared by droplet evaporation technique is composed of
close-packed gold nanoparticles. When excited by incident light,
the collective surface plasmons are localized at these close-packed
gold nanoparticles, leading to the formation of a local ﬁeld in this
region. The localized resonant plasmon modes can contribute to
larger SERS enhancement [54,55].

Fig. 4. SERS spectra of 100 M 4-aminothiophenol (4-ATP) absorbed on (a) highly
ordered nanoparticles arrays (633 nm, 430 W), (b) disordered structures (633 nm,
845 W). The inset shows the representative SEM images.
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Fig. 5. SERS spectra of TNT (the inset shows its structure) with different concentrations on the SERS substrates: (a) 10−8 M, (b) 10−9 M; (c) Raman spectra of TNT on
silicon wafer. The spectra were recorded using 88 W (a, b) and 2 mW (c) of 633 nm
laser light.

3.4. Application
The observed large enhancement suggested that the highly
ordered gold octahedra arrays can indeed serve as robust solid
substrates for carrying out molecular sensing with high sensitivity
and speciﬁcity. To demonstrate that they may ﬁnd further applications in human health and safety, we selected 2,4,6-trinitrotoluene
(TNT), a high explosive, as the target molecule. The neat (Fig. 5c) and
SERS spectra (Fig. 5a, b) show the same features with minor shifts
to the frequencies of some bands but also signiﬁcant enhancement
is observed particularly for modes at 1616, 1364 cm−1 and a weaker
feature (1167 cm−1 ) all corresponding to TNT. Although the background spectrum from the substrate contains features from EHDAB,
these SERS signals cannot overlap and screen those corresponding
to the analyte.
On the basis of previous reports [14–16,56], the observed Raman
and SERS peaks have been assigned. The peak at 1616 cm−1 is
attributed to the C C aromatic stretching vibration. The strong
Raman band at 1364 cm−1 is due to the NO2 symmetric stretching vibration. The peak at 1213 cm−1 comes from the vibration of
the C6 H2 –C bonds. The peak around 1169 cm−1 is contributed form
C–C (ring) in plane trigonal bend and 2,4,6 C–N stretch. The peak
at 914 cm−1 is mainly from C–N stretching vibration. The peak at
790 cm−1 arises from C–H out-of-plane bend. All of them are due
to TNT vibration. As compared to Fig. 6a, other observed Raman
bands in Fig. 5a, b such as 1144, 1265, 1447, 1497 cm−1 arising
from EHDAB which coated gold nanoparticles on silicon substrate.
The signature stretching modes at 1364 cm−1 and 1616 cm−1 were
utilized to detect the presence of TNT compound at very low concentrations (Fig. 5a, b). As was observed, the peaks at 1364 cm−1
and 1616 cm−1 are clearly visible down to 1 nM. It is worth noting
that the signal-to-noise ratio of the peaks at 1616 and 1364 cm−1 is
larger than 3. In addition, compared to previous reports [14–16], an
extremely low incident laser power (in the W range) was used in
order to minimize heating and photochemical effects during SERS
measurements and the acquisition time was 10 s.
It is noteworthy that cationic stabilizing surfactants used in this
case play an important role not only in the formation of ordered
nanoparticle superstructures by droplet evaporation, but also in
the adsorption of TNT on the gold nanoparticles surface. The effect
of EHDAB on the adsorption of TNT was investigated. Plasma treatment [57] was carried out to remove EHDAB molecules adsorbed
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Fig. 6. SERS spectra acquired from EHDAB-coated gold nanoparticle arrays on silicon wafer before (a) and after (b) O2 plasma etching. Laser wavelength 633 nm,
excitation intensity 88 W.

on the surface of the Au octahedra. Fig. 6 illustrates spectra of
bilayer protected gold nanoparticle arrays on silicon before and
after plasma etching. After the sample had been plasma etched for
1 min, all of the EHDAB peaks (in curve a) disappeared from the SERS
spectrum (curve b), indicating complete removal of the EHDAB
molecules from the surface of the octahedron. To evaluate the sensitivity of the above-mentioned substrates, a drop of 10−8 M TNT
solution in ethanol was put on the Raman substrates and was dried
at room temperature. The resulted spectra are shown in Fig. 7. It
was found that as-prepared EHDAB-coated highly ordered Au octahedra arrays possess the higher sensitivity. Whereas the plasma
treated sample gives only a very weak enhancement. It is important to note that SERS effect has been attributed to an enhancement
in the scattering efﬁciencies that occur for molecules localized near
nanostructured metal surfaces, so the observed different sensitivity is likely owing to the reasons that are considered as follows.
The afﬁnity of the functional groups in the TNT toward colloidal
gold surfaces is very low, and it is the afﬁnity which determines the
analytes retention on the metal surfaces. Thus, TNT does not adsorb
efﬁciently on the bare gold surfaces. In comparison to a bare gold
surface, the capping molecules on the surface of the gold layer tend

Fig. 7. SERS spectra of 10−8 M TNT on different SERS substrates: (a) EHDAB bilayer
protected gold nanoparticles arrays; (b) plasma treated sample. The spectra were
recorded using 88 W of 633 nm laser light.
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SERS substrate to other nitro compounds, such as 2-nitrotoluene,
nitrobenzene, nitroethane, all of which are non-explosive in nature
(Fig. 9). Remarkably, each of these molecules exhibits its own
Raman ﬁngerprint character, which is evidently distinguished from
that of TNT. For example, the peaks at 794, 914, and 1616 cm−1
are the characteristic vibrational patterns of TNT, which are absent
from the SERS spectra of the other three molecules. These results
clearly show excellent selectivity of the substrate over other nonexplosive nitro compounds.
4. Conclusions

Fig. 8. SERS spectra of DNT (the inset shows its structure) with different concentrations on the SERS substrates: (a) 10−6 M, (b) 10−8 M, measured with a 633 nm
(88 W) laser line.

to increase the total number of analyte molecules in the proximity
of the gold surface. Moreover, these TNT molecules are expected to
be able to penetrate into the hot-spot region between the closely
spaced particles owing to their relatively small sizes.
In addition, we tried to clarify if the substrates suggested here
can be expandable to other small organic molecules from a common explosive list, we explored the possibility of directly detecting
2,4-dinitrotoluene (DNT) molecule, which is often used as a model
nitroaromatic compound for TNT-based plastic explosives. Fig. 8
shows the SERS spectrum of 10−6 and 10−8 M DNT molecules
obtained from the highly ordered EHDAB-capped Au NPs arrays.
The NO2 stretching mode at 1369 cm−1 and the C C aromatic
stretching vibration at 1616 cm−1 , which are the main vibrational
modes for the analysis of 2,4-DNT, are clearly displayed and wellseparated from the surfactant-related Raman bands. It is evident
that SERS spectrum of DNT is still discernable even at a concentration of 10−8 M, which enables SERS-based ultra-sensitive detection
of DNT.
However, a useful SERS substrate must be able to discriminate analytes from common interferents in ambient environment.
Thus, we performed further experiments testing the response of the

Fig. 9. SERS spectra of (a) 10−8 M TNT, (b) 10−7 M 2-nitrotoluene, (c) 10−7 M
nitrobenzene, and (d) 10−6 M nitroethane on the SERS substrates. The spectra were
recorded using 88 W of 633 nm laser light.

In summary, we have demonstrated the fabrication of highly
ordered Au octahedra arrays by droplet evaporation. The resultant ordered gold nanostructures can be used as SERS substrates
exhibiting excellent enhancement ability. These highly active substrates allow for a label-free detection of common plastic explosive
materials, such as 2,4,6-trinitrotoluene (TNT), which is a leading
example of nitroaromatic explosives. Results suggest that TNT concentrations as low as 10−9 M can be accurately detected using the
described SERS substrates.
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