
Nano-Structures & Nano-Objects 12 (2017) 121–129

Contents lists available at ScienceDirect

Nano-Structures & Nano-Objects

journal homepage: www.elsevier.com/locate/nanoso

2,4-dinitrotoluene detected using portable Raman spectrometer and
femtosecond laser fabricated Au–Ag nanoparticles and
nanostructures
Chandu Byram, Venugopal Rao Soma *
Advanced Centre for Research in High Energy Materials (ACRHEM), University of Hyderabad, Prof. C.R. Rao Road, Hyderabad 500046, India

g r a p h i c a l a b s t r a c t

a r t i c l e i n f o

Article history:
Received 29 July 2017
Received in revised form 7 September 2017
Accepted 29 September 2017

Keywords:
DNT
Nanoparticles
Nanostructures
SERS
Femtosecond laser ablation

a b s t r a c t

We report results fromour studies on the fabrication of bimetallic nanoparticles (NPs) and nanostructures
(NSs) using femtosecond (∼50 fs) laser ablation technique. The NPs and NSs were achieved by immersing
bulk targets with different Au–Ag compositions in acetone followed by ablation. We demonstrate their
application towards detection of an explosive molecule of 2, 4-Dinitrotoluene, DNT (25 µM) using a
portable Raman spectrometer (785 nm). A tuneable surface plasmon peak observed in the UV-Visible
absorption spectra with varying Au proportions confirmed the formation of bimetallic NPs. The size,
shape and crystallographic phases were investigated by transmission electron microscope (TEM) and
selected area diffraction pattern (SAED). The surface morphology of fabricated NSs was characterized
using field emission scanning electron microscope (FESEM). Both NPs and NSs were employed as Surface
Enhanced Raman Scattering (SERS) substrates for sensingMethylene Blue (MB) and DNT. From the results
obtained in this investigation we concluded that Au70Ag30 NPs/NSs exhibited superior SERS performance
compared to pure Ag, Au and other compositions. A detection limit of ∼10−9 M for MB and ∼10−6 M for
DNT was achieved with corresponding enhancement factors of ∼107 and ∼104. Furthermore, we have
also observed a ‘factor of 3’ increase in the SERS intensity by simply drop casting Ag NPs on the gaps of
Au70Ag30 NSs. This clearly demonstrates that individual NPs, NSs and NPs on NSs (hybrid SERS targets)
can be achieved in a single experiment and in combination provide efficient means of detecting trace
quantities of explosive molecules.
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1. Introduction

During the last decade Surface Enhanced Raman Scattering
(SERS) technique has proven to be an efficient analytical tool for
recognition of various analyte molecules, owing to its finger print
nature, sensitivity and selectivity. SERS has bounteous applications
in the fields of explosive detection [1–4], chemical detection [5]
and bio-sensing [6,7] etc. Over the last couple of decades, no-
ble metal nanoparticles (NPs)/nanostructures (NSs) with diverse
shapes or sizes have been exploited efficaciously as SERS substrates
for sensing of variety of molecules due to their strong optical
properties in the visible spectral region [7–9]. Gold (Au) and silver
(Ag) are widely used as SERS substrates for detection of various
molecules. The stability of Ag NPs is inferior compared to Au NPs
but Ag NPs provide superior SERS enchantments due to their sur-
face plasmon peaks and near field inter-particle coupling effects.
However, Ag NPs are prone to oxidation effects reducing their
efficacy. Au NPs are not susceptible to oxidation and, therefore,
an approach of combining Ag and Au metals was realized to con-
glomerate the advantages of Ag with enhanced optical properties
and Au with stable chemical properties. The alloy formation of
Ag and Au is a viable process with less surface segregation due
to similarities between the lattice parameters (aAu = 4.08 Å,
aAg = 4.09 Å). To fabricate Ag–Au bimetallic NPs, a variety of
methods have been proposed during the past years such as co-
reduction ofmetal salts [10] galvanic replacementmethod [11] and
evaporation of bulk alloys [12], which exhibit superior optical [13]
and catalytic [14,15] properties compared to monometallic NPs.
Xu et al. demonstrated the enhancement in the efficiency of a
solar cell by tuning the molar ratio in the composition of Ag-Au
alloy NPs when compared to individual NPs [16]. More recently,
Chaffin et al [17]. demonstrated theoretically, the electromagnetic
enhancements of Ag-Au alloy NPs by considering the Mie theory
and the discrete dipole approximation [17]. Many of the chemical
methods are sometimes time-consuming, offers lower purity of
NPs (presence of surfactants and other toxic chemicals) and needs
sophisticated instruments.

Compared to the aforesaid methods, ultrafast laser ablation in
liquids (ULAL) is a simple and green technique for simultaneous
fabrication of NPs and NSs in a single exposure [18–22]. ULAL
offers pure and stable NPs without a necessity of reducing agents
or chemicals. In ULAL, a high energy laser pulse interacting with
target material immersed in liquid media penetrates the target
surface up to a certain depth (nm) followed by the ejection of
electrons because of high electric field offered by the laser source.
The ejected electrons then oscillate alongwith the electromagnetic
field and collide with atoms of bulk material transferring some
of the energy to surrounding lattice. The ablated surface of target
heats up suddenly and vaporizes, leading to a plasma formation on
a target surface (at the focal point). The generated plasma plume
contains atoms, clusters, electrons, ions, etc. The generated plasma
plume expands continuously with a creation of shockwave below
and above the target surface. As the time progresses, plasma plume
cools down and produces cavitation bubble. The cavitation bubble
expands up to a maximum radius and then it collapses followed
by the generation of NPs [18,20,23]. In one of the earlier studies,
Lee et al. demonstrated fabrication of Ag–Au alloy NPs by ablating
bulk alloy target in water and they observed a redshift in the
plasmon peak with increasing Au proportion [24]. Oscar et al. also
synthesized Ag-Au alloy NPs through LAL technique and utilized
these NPs for sensing of methylene blue (MB) [25]. Besides these
works several composite materials combined with noble metals
such as Au–Fe, Ag-graphene etc. were fabricated and utilized for
SERS studies [26–31].

In this study, we report results from our efforts on the fabri-
cation of bimetallic nanoparticles (NPs) and nanostructures (NSs)

using femtosecond (fs) pulses by ablating the immersed bulk Au–
Ag targets in acetone with different Ag/Au compositions. The size,
shape and crystallographic phases of the obtained NPs were inves-
tigated using TEM and SAED techniques. The surface morphology
of the NSs was characterized using FESEM data. The fabricated Ag-
Au NPs and NSs were subsequently tested as SERS substrates for
sensing a common dye (methylene blue MB, 5 nM) and an explo-
sive molecule (2, 4-dinitrotoluene DNT, 25 µM) using a portable
Raman spectrometer (B&W Tek, USA). The goal of our efforts is to
achieve uniform enhancement factors for all the common explo-
sive molecules from the in-house prepared SERS targets combined
with simple detection methodology of using a portable Raman
spectrometer.

2. Experimental details

Bulk Au–Ag targets were prepared by mixing the gold and
silver with different weight percentages (Ag, Au20Ag80, Au30Ag70,
Au50Ag50, Au70Ag30, and Au80Ag20, Au). After the preparation, the
samples were cleaned thoroughly and cut into small pieces of
1 cm × 1 cm dimensions. The complete experimental procedure
was reported in our earlier reports [3,19,32]. Briefly, ablation
experiments were performed with a femtosecond amplifier (Ti:
sapphire, LIBRA) delivering ∼50 fs pulses with a repetition rate
of 1 kHz and at a wavelength of 800 nm. The laser beam pulse
energy (∼500 µJ) was focused normally onto the Au–Ag (bulk)
target immersed in acetone using a convex lens of 100 mm focal
length. The liquid layer height was ∼10 mm above the target
surface. The focal point was adjusted by listening to the cracking
sound and the plasma formation at the target surface. During the
ablation, an X–Y (ESP 300, Newport, USA) motorized stage was
utilized to draw the periodic lines on the substrate with a line
spacing of 100 µm and the scanning speeds of 500 µm/s along
both directions (X and Y direction). The ablation timewas typically
10 min and each line length was ∼5 mm on the target surface. All
the ablation experiments were performed under same conditions
such as liquid layer thickness, stage parameters, pulse energy, and
time of exposure. Post ablation the colloids were collected and
preserved in glass bottles and utilized for characterization and
SERS studies. The absorption spectra of colloidswere recordedwith
UV-Visible (PerkinElmer Lambda 750) spectrometer. The shape,
size, and crystallinity of the nanoparticles (NPs) were investigated
using high-resolution transmission electron microscope (HRTEM,
FEI Tecnai G2 S-Twin) and selected area diffraction (SAED) by
dropping the tiny drop of colloidal solution on carbon coated cop-
per grid then dried at room temperature. Surface morphology of
nanostructures (NSs) was characterized by field emission scanning
electron microscope (FESEM, Carl Zeiss). The probe molecules of
DNT (dissolved in acetone) and MB (dissolved in methanol) were
prepared in stock solution (1 × 10−1 M) and diluted successively
to attain the different lower concentrations of (10−9 to 10−4 M).
For the Raman measurements initially nanoparticles (NPs) were
dropped on a Silicon substrate and dried. Later 2 ,4-dinitrotoluene
(DNT) (25 µM) solution was dropped on NP/NS surface followed
by the acquisition of the Raman spectra using portable Raman
spectrometer (B&W Tek, USA) with a laser operating at 785 nm
wavelength and using an integration time of 5 s.

3. Results and discussions

3.1. UV-visible spectra and characterization

Fig. 1 depicts the normalized UV-visible absorption spectra
of Au–Ag colloids obtained in acetone. The surface (SPR) plas-
mons peaks of obtained Au–Ag NPs were located at 432, 437,
459, 492 and 501 nm for Au20Ag80, Au30Ag70, Au50Ag50, Au70Ag30,
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Fig. 1. UV-visible spectra of Au–Ag colloids (1) Ag, (2) Au20Ag80 , (3) Au30Ag70 , (4)
Au50Ag50 , (5) Au70Ag30 , (6) Au80Ag20 and (7) Au, obtained in acetone at a pulse
energy of 500 µJ.

and Au80Ag20 respectively. These peaks are positioned within the
SPRs of pure Ag (∼420 nm) and Au (∼524 nm) NPs. From the
presented data it was observed the presence of single SPR peak
clearly confirmed the formation of bimetallic NPs and possibly
there were no core shell formation [24,33]. If there were any core
shell NPs present the spectra would have exhibited two SPR peaks.
Such peaks were not observed in any of the absorption spectra
of the NPs investigated in this work. Moreover, the red shift in
the SPR peak was observed with the increase of Au proportion,
which is primarily dependent on the material proportion and fee-
bly dependent on the size and shape of the NPs [34,35]. This clearly
demonstrates that the SPR peak of Ag-Au NPs can be tuned easily
by simply changing the Au proportion, which has a great potential
in the fields of solar cells and light trapping, because the scattering
efficiency can be tuned in the entire solar spectrum [16].

3.2. TEM characterization studies

The morphological properties and the crystallinity of synthe-
sized NPs were analysed by using high-resolution transmission
electron microscope (HRTEM) operating at 200 kV. Fig. 2(a1) and
(a2) illustrate the TEM micrographs of fabricated NPs and the
corresponding SAED patterns. Well dispersed Ag NPs with spher-
ical shape were observed [Fig. 2(a1)] with insets illustrating their
HRTEM images indicating the lattice spacing of 0.24 nm while the
corresponding SAED pattern revealed the polycrystalline nature of
NPswithMiller planes (1 1 1), (2 0 0) and (2 2 0). Fig. 2(b1) and (b2)
depict the TEM image and SAEDpattern of Au20Ag80 NPswith plane
separation of 0.23 nmcorresponding to the first ring ofMiller plane
(1 1 1) and other planes with spacing 0.21 nm (2 0 0) and 0.13 nm
(2 2 0). Fig. 2(c1) and (c2) depict the TEM image and SAED pattern
of Au30Ag70 NPs with lattice plane separation of 0.23 nm [insets
of Fig. 2(c1)] and the first, second and third ring in SAED pattern
correspond to themiller planes of (1 1 1), (2 0 0), (2 2 0) and (3 1 1).
Fig. 2(d1) and (d2) presents the TEM and SAED pattern of Au50Ag50
NPs. The measured separation was 0.24 nm corresponding to the
first ring of Miller plane (1 1 1) and other planes were (2 0 0),
(2 2 0) and (3 1 1) with spacings of 0.198 nm, 0.138 nm, and 0.12
nm. Fig. 3(a1) and (a2), (b1) and (b2), (c1) and (c2) illustrate the
TEM and corresponding SAED patterns of Au70Ag30, Au80Ag20 and
Au NPs with measured lattice separations of 0.23 nm, 0.24 nm and
0.238 nm, respectively. The observed plane separations for Au–
Ag NPs are compatible with pure Ag and Au phases owing to the
structural similarities between Au and Ag, vis-à-vis their lattice
constants [a = 4.08 Å (Au), a = 4.09 Å (Ag)]. The mean size of NPs

was calculated by counting>200 particleswith software (image J).
The obtainedmean sizes were ∼10.4 nm, ∼4.8 nm, ∼6.3 nm, ∼4.4
nm, ∼7.3 nm, ∼6.4 nm and ∼8.3 nm for Ag, Au20Ag80, Au30Ag70,
Au50Ag50, Au70Ag30, Au80Ag20, and Au NPs, respectively. [The data
is presented in figure S1 of supporting information (S.I.).]

The difference in mean sizes was observed for different com-
positions though the ablation experiments were performed at
similar conditions. This could probably be due to the variation of
ablation threshold of the alloys as compared to the pure Au and
Ag targets [3,36]. This could also have resulted in the variation of
ablation yield with different targets (alloys versus pure metals). In
earlier reports, Manjón et al. observed the lower ablation mass for
Ag as compared to Au–Ag target which could affect the variation of
mean sizes [36].

Themechanism involved in the formation NPs can be explained
briefly as follows. When the short laser pulse interacts with the
target, high-temperature plasma is generated through absorption
of the input laser energy and, consequently, atoms from the target
surface are ejected through vaporization, followed by the forma-
tion of dense atoms (Ag and Au) near the laser spot. Lee et al.
from their nanosecond ablation studies clearly suggested that the
generated bimetallic/alloy NPs from the bulk Ag-Au targets were
neither a simple mixture of individual metals (Au and Ag) nor the
core shell particles [24]. Recent report on the nanosecond ablation
of the Ag/Au alloys clearly established that the fact that Ag, Au
atoms were randomly distributed all through the fabricated NPs
and that no preferential sites for these NPs were detected [25]. The
observed bimetallic NPs mean sizes and separations in the present
case were in intermediate range of the sizes of monometallic
NPs [37]. This could be attributed to the miscibility nature of Ag
and Au at any proportion in bulk or nanometre scale due to their
almost identical lattice parameters [13]. The main difficulty in LAL
is the size control and homogeneity of NPs because the particles
ejected from the target surface will interact with subsequent laser
pulse resulting in further size reduction through fragmentation of
the produced NPs. Therefore, deeper understanding is needed for
precise size control of NPs when they are interacting with laser
beams.

3.3. FESEM characterization studies

Fig. 4 illustrates FESEM images of the femtosecond fabricated
Ag, Au and Au-Ag NSs in acetone with pulse energy of 500 µJ,
namely (a) Ag (b) Au20Ag80 (c) Au30Ag70 (d) Au50Ag50 (e) Au70Ag30
(f) Au80Ag20 (g) Au NSs while their insets show the low magnifi-
cation images. In the case of Ag NS [Fig. 4(a)], nanocavities sur-
rounded by nanorims with the diameter ranging from 30 to 70 nm
were observed. As shown in Fig. 4(b) Au20Ag80 NSs were covered
with highly dense nano-protrusions and similarly Au30Ag70 NSs
[Fig. 4(c)] consisted of nano-protrusions coveredwith nanocavities
of few ∼nm size. Fig. 4(d) clearly shows spherical NPs of diameter
∼20 nm formed on top of the Au50Ag50 NSs. Fig. 4(e) depicts the
cylindrical NPs (length ∼100 nm, width ∼55 nm) deposited on
to the Au70Ag30 NSs. Fig. 4(f) illustrates nanoparticle grains with
arbitrary shapes and periodicity of ∼25 nm on top of the Au80Ag20
NSs. Finally Fig. 4(g) shows nanopores along with nanoprotrusions
(∼20 nm diameter) being formed on top of the Au NS. In the
present study, the nanoscale features of few nm were observed
on the substrates with femtosecond pulses. The morphology of
NSs consisting of nanopores/nanorims of irregular shapes accom-
panied by nanoprotrusions can be attributed to the (i) spallation
of cavitation bubble at target liquid interface (ii) ablated nanopar-
ticle fusion and re-deposition on to the irradiated position of the
target [38,39]. The formation of NSs on the metallic target surface
in liquid media during femtosecond pulse ablation is a complex
phenomenon and involves several complicated stages. When an
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Fig. 2. TEM images of NPs insets show their HRTEM image (a1 and a2) Ag NPs and corresponding SAED pattern, (b1 and b2) Au20Ag80 NPs and corresponding SAED pattern,
(c1 and c2) Au30Ag70 NPs and corresponding SAED pattern, (d1 and d2) Au50Ag50 NPs and corresponding SAED pattern, respectively.

Fig. 3. TEM images of NPs insets show their HRTEM image (a1 and a2) Au70Ag30 and corresponding SAED pattern, (b1 and b2) Au80Ag20 NPs and corresponding SAED pattern,
(c1 and c2) Au NPs and corresponding SAED pattern, respectively.
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Fig. 4. FESEM images of laser machined portions on Au–Ag targets (a) Ag, (b) Au20Ag80 , (c) Au30Ag70 , (d) Au50Ag50 , (e) Au70Ag30 , (f) Au80Ag20 , (g) Au NSs and insets show
their low magnification images.

ultrafast pulse interacts with the target material surface melting
takes place at room temperature. As a result, liquid vaporizes
and the higher pressure was induced at the target surface, which
results in nano-texturing on the solid surface. The nano-texturing
could result when the pulse duration is <1 ns [40,41]. The diverse
morphology of NSs can induce giant local electric fields through
the propagating surface plasmons on illumination of the laser at
the suitable wavelength. This kind of NSs plays substantial role
in enhancing the Raman signal of the analyte molecule when the
molecule is near the NS surface through the SERS phenomenon.

3.4. SERS studies using both Au–Ag NPs and NSs

The SERS performance of obtained bimetallic NPs was tested
with probe molecules such as MB (50 nM) and DNT (25 µM).
Initially, 10 µL of Au–Ag NPs were dropped on individual silicon
wafers and dried, later 10 µL of dye/explosive molecule were
dropped over the NPs film and acquired the SERS signal by uti-
lizing portable Raman spectrometer of 785 nm wavelength. Fig.
5(a) depicts the SERS spectra of MB (50 nM) obtained on various
compositions of bimetallic NP films (NPs drop-casted on Si). For
MB [data presented in Fig. 3(a)], the characteristic Raman modes
observed at 449 cm−1, 589 cm−1 are assigned to the C–N–C skeletal
deformation while the 1396 cm−1, 1621 cm−1 modes correspond
to the C–N symmetric stretching and C–C ring stretching, which
are consistent with the earlier reports [42]. The normal Raman
spectra of MB and DNT (powder) are presented in Fig. S3 (S.I.).
The performance of NPs/NSs were evaluated by calculating the

enhancement factor (EF) using following formula (1) [43].

EF =
ISERS
IRAMAN

CHC

CLC
(1)

Where ISERS is the integrated intensity of is highly elevated
Raman bond of analyte molecule under consideration from the
NP/NS surface, and IRAMAN is the integrated intensity of the same
band obtained on a silicon substrate. CHC is the high concentration
of analyte molecule generating the normal Raman intensity from
the silicon substrate, and CLC is the low concentration of analyte
molecule generating the Raman intensity from the nanostructured
substrate. The EFs for Au–Ag NPswere estimated by comparing the
prominent mode of MB (1621 cm−1) observed from the SERS spec-
tra with normal spectra of the same mode observed from Si tar-
get. The estimated EFs are 2.7×106, 1.1×106, 1.83×106, 9.9×105,
3.2×106, 1.34×106 and 1.67×106 for Ag, Au20Ag80, Au30Ag70,
Au50Ag50, Au70Ag30, and Au80Ag20 and Au NP films, respectively
(complete EFs are summarized in table S1, S.I.).

From the presented data, Au70Ag30NPs film exhibited superior
SERS enhancements compared to the other combinations includ-
ing monometallic Ag and Au NPs. Polavarapu et al. reported the
detection of malachite green (10−9 M), R6G (10−12M), and thi-
abendazole (20 ppm) using pen on paper approach with Ag NPs,
Au NRs and Au NPs using a micro-Raman spectrometer operated
at 532, 632 and 785 nm wavelengths and achieved enhancement
factors ∼105 [44–46]. In our case, we could detect MB at ∼10−8

M and DNT at 10−6M concentrations (4.55 ppm) with NPs using
portable Raman spectrometer with EFs of 106 and 104, which is
comparable to with their studies. Further, in the former case [44–
46] they employed a bulk micro-Raman spectrometer where the
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Fig. 5. SERS spectra of (a) MB (50 nM) (b) DNT (25 µM) recorded from Ag, Au20Ag80 , Au30Ag70 , Au50Ag50 , Au70Ag30 , and Au80Ag20 and Au NPs (NPs drop casted on Si),
respectively.

Fig. 6. SERS spectra of (a) MB (5 nM) (b) DNT (25 µM) recorded from Ag, Au20Ag80 , Au30Ag70 , Au50Ag50 , Au70Ag30 , and Au80Ag20 and Au NSs, respectively.

measurements involved are complicated and not easy to transport
the Raman system (for example, to the outdoors) whereas our
measurements were performedwith a portable Raman system (4–
5 kgs) and is easily portable and will find practical applications.
Similarly, the SERS measurements were also performed for an
explosive molecule of DNT. Fig. 5(b) depicts the SERS spectra of
DNT (25µM)obtained onAu–AgNP films. The prominentmodes of
DNT [depicted in Fig. 5(b)] were observed at 857, 1163, 1207 and
1342 cm−1, which are attributed to the NO2 out-of-plane mode,
methyl H–C–H asymmetric bend, H–C–C in plane bending and
NO2 symmetric stretching, respectively [vibrational assignments
are presented in table S2 of S.I.]. The observed modes for DNT
are consistent with previous reports [47,48]. The EFs were esti-
mated by considering the strong Raman mode of DNT (857 cm−1)
are 8.8×103, 1.84×103, 8.31×103, 6.14×103, 1.35×104, 4.99×103

and 5.87×103 for Ag, Au20Ag80, Au30Ag70, Au50Ag50, Au70Ag30,
and Au80Ag20 and Au NP films, respectively. Earlier reports have
demonstrated the detection of DNT up to ∼10−11 M using var-
ious NPs with diverse shapes using micro-Raman spectrometers
(532 nm, 632 nm) [49,50]. However, those NPs were fabricated
using chemical methods by adding reducing agents and required
multiple stages for fabrication. In the present case, we have de-
tected∼10−6 MDNTwith a portable Raman spectrometer by using
NPs/NSs fabricated in a single experiment. The considerable num-
ber of counts observed even for the lowest concentration detected
clearly suggests that at least one more order of magnitude lower
concentration can easily be detected with the present set up. Fur-
ther, by increasing the density of NPs on the substrates (either on
Silicon or themetal NS itself), which can be easily achieved by drop
casting multiple numbers of NPs colloidal drops, we can expect

additional improvements in the EF’s because of creation of higher
number of hotspots. However, these studies need to be performed
systematically and clear data should be obtained before concluding
about the improvements. The sizes/shapes of NPswill play a crucial
role in the variation of SERS intensities. For example, Kumari et al.
demonstrated the effect of Ag NPs size from 20 to 100 nm with
silica shell thickness of∼2nmon the SERS intensity [51]. Theyhave
observed no SERS signal when the silica shell thickness was 2 nm
on smaller size Ag NPs while for larger particles it was observed.
There could be multiple reasons for variation in SERS intensity
not only the size of NPs but also effect of plasmon peaks, distance
between the analyte and nanoparticles surfaces. If the distance
between the NPs is <1 nm there could be higher possibility to
achieve superior SERS intensities. In the present study, observed
NPs mean sizes in between ∼4 and 10 nm. One needs to obtain
bigger nanoparticles through laser ablation studies (optimization
is required in terms of energy, scanning speed, liquid levels etc.)
and then using fragmentation method to obtain smaller sized NPs
and only then it will be then possible to perform size dependent
studies.

The fabricated Au–Ag NSs were also tested with analytes of
MB (5 nM) and DNT (25 µM). Fig. 6(a) depicts the SERS spectra
of MB (5 nM) recorded on bimetallic NSs in including pure Ag
and Au substrates. The predicted EFs are 2×107, 2.3×107, 1×107,
8.9×106, 3×107, 2.1×107 and 1.6×107 for Ag, Au20Ag80, Au30Ag70,
Au50Ag50, Au70Ag30, Au80Ag20 and Au NSs, respectively. Compared
to all combinations including pure Ag and Au NSs, Au70Ag30NSs
exhibited superior SERS enhancement. To evaluate the sensitivity
of Au70Ag30 NS, a systematic study was employed by recording the
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Fig. 7. SERS spectra of 2, 4-dinitrotoluene (25 µM) recorded on (1) Au70Ag30 NS
(black one) (2) Au70Ag30 NS+AgNPs (red one) using portable Raman spectrometer
with 785 nm excitation.

SERS spectra of MB ranging from 10−6 to 10−9 M. The concentra-
tion of MB decreased monotonically with the SERS intensity, even
at the low concentration of 10−9 M, the major Raman modes of
MB were clearly visible (data shown in Fig. S2 of S.I). The observed
EFs in the present case are comparable with earlier reports. The
prior-mentioned substrates were reused the second time for the
identification of an explosive molecule (2, 4-dinitrotolune) after
nominal cleaning with acetone and deionized water in the ultra-
sonic bath for 20 min. Before conducting the SERS measurements
of DNT, Raman signalswere acquired on the cleaned substrates and
we did not observe anymodes of MB on the Au–Ag NSs. Later SERS
signals were acquired for DNT (25 µM) on the Au–Ag NSs and the
data is shown in Fig. 6(b). In the case of DNT, the evaluated EFswere
5.58×103, 1×104, 1.13×104, 1.33×104, 2.17×104, 6.7×103 and
6.6×103 for Ag, Au20Ag80, Au30Ag70, Au50Ag50, Au70Ag30, Au80Ag20
and Au NSs, respectively. Similarly, we could achieved the greater
SERS enhancement for the Au70Ag30 NS.

Fig. 7 depicts the SERS spectra of DNT recorded on (1)
Au70Ag30NS (black line) and (2) enhanced SERS spectra in the
presence of Ag NPs on Au70Ag30 NS (red line). An enhancement of
∼3 times in SERS intensity was achieved when the NPs are drop
casted on the nanostructured surface. In both the cases of (i) NPs,
(ii) NSs as a SERS platform for the detection of MB and DNT, the
Au70Ag30NSs combination provided superior enhancements in the
SERS intensity compared to the other combinations including pure
Au and AgNSs andNPs. Probably, the hybridization in the Au70Ag30
sample was superior to other combinations, and consequently,
greater SERS enchantments were observed for this combination.
Fan et al. [52] demonstrated that the SERS enhancement also
depends on analyte stability and as well as the Au–Ag proportions.
From the FESEM image data of Fig. 4(e) we can conclude that
Au70Ag30 displayed more number of NPs with arbitrary shapes on
top of the NSs compared to other combinations, which could also
be the plausible reason for the observed EFs for this combination.
To this extent, we also tested the enhancement of SERS intensity
by drop casting Ag NPs (collected separately in the earlier ablation
experiments) in the gaps of Au70Ag30 NS and we could observe a
clear ∼3 times enhancement in the SERS intensity (data presented
in Fig. 7). Recently, few studies have been demonstrated that,
when the NPs reside on the nano-textured surface they produce
higher SERS enhancements by generating higher number of hot
spots [53,54].

It is noteworthy to mention here that we achieved the different
EFs of ∼107, ∼104 for MB and DNT, which could be ascribed to (i)

absorption peak of theMB (∼650 nm)molecule close to the excita-
tion wavelength [55,56] than the DNT absorption peak (∼250 nm)
(ii) the chemical stability of analyte when it is located close to the
NP/NS surface [52] (iii) morphology of NPs or NSs which is crucial
factor for generating higher number of hotspots [7,57], which
leads to the observation of superior SERS enchantment factors. Our
group had earlier reported SERS studies of explosive molecules
of FOX-7 and 1-NPZ (1-Nitropyrazole) using Ag–Au NPs in three
different molar ratios [3]. Those NSs and NPs were achieved with
different writing conditions (scanning speeds and different stages
were used) and different input energies. The higher EFs obtained
in that case could be due to the different fabrication conditions
resulting in diverse surface morphologies in the case of NSs and
varied sizes/distributions in the case of NPs. Moreover, the usage
of 532 nm Raman excitation source in that case (whereas 785
nm is used in the present study), which is near to the absorption
wavelength of Ag-Au NPs, could have reinforced the observed EFs.
Our pursuit over the last few years has been to achieve robust SERS
targets that provide uniform EF’s for the most common explosive
molecules. This study provides a small step towards achieving that
goal. The exact proportion of Ag-Au combination for achieving
larger SERS enchantment is not clearly understood so far owing to
the profound effects of NPs shape/ NSs morphology and excitation
wavelength, which mandates further detailed investigations.

4. Summary

We have successfully demonstrated the fabrication of a variety
of Au–Ag NPs and NSs for SERS based detection of an explosive
molecule. These were obtained by ablating the bulk Au–Ag tar-
gets (with different weight percentages of Au and Ag) in liquid
using femtosecond laser pulses in a single experiment. The SPR
peaks were observed in the 420–524 nm spectral range for Au–
Ag NPs and were achieved by changing the Au proportion. The
fabricated NSs and NPs were used to detect ∼10−9 M MB dye and
∼10−6 M DNT, with the corresponding enhancement factors of
∼107 and ∼104, respectively. From the data obtained in this study
we concluded that Au70Ag30 composition provided superior SERS
enhancements for the dye MB (5 nM) and explosive molecules
DNT (25 µM) when compared to other combinations including
monometallic NPs and NSs.
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