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We demonstrate the detection of picric acid (PA) and ammonium nitrate (AN) at uM concentrations by
utilizing gold (Au) nanostructures (NSs) as surface enhanced Raman scattering (SERS) substrates fabri-
cated using the technique of ultrafast laser ablation in liquids. Au NPs and NSs were also utilized for
detecting Rhodamine 6G (Rh6G) and methylene blue (MB). Detection of all the molecules using the same

substrates (NPs and NSs) demonstrated their versatility. Detection limits of 107>, 105,107, 10~ M were
achieved for AN, PA, Rh6G and MB, respectively. Reproducibility of the SERS intensity using NSs and NPs
as substrates demonstrate their efficacy.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Security at the national borders as well as homeland security is
the prime concern of any state owing to terrorism and anti-
national activities. The extensive open literature available on
explosive chemistry and easy procurement of unrestricted precur-
sors has certain conduit to “homemade” explosives or IEDs (impro-
vised explosive device) which comprises an oxidizer along with an
initiation system [1]. Picric acid (PA) is itself an explosive, easily
synthesized from freely available precursors and prone to be used
in IEDs [2]. Ammonium Nitrate (AN, common organic fertilizer) is
exploited in manufacturing of IEDs by insurgents as it is a good oxi-
dizer, easily accessible and cheap. However, the detection and
identification process of such explosives is a tedious job owing to
their low sensitivity and the matrix effects of the sample. Despite
numerous laser based techniques available to detect or identify
explosives [3,4], surface enhanced Raman scattering (SERS) has
attracted increasing attention in research community due to its
high selectivity, sensitivity and fingerprint nature. SERS has enor-
mous potential for applications in the fields of biological sensing
[5] and explosive detection [6-8]. SERS is a surface sensitive tech-
nique which enhances the Raman signal from analyte molecules
adsorbed on roughened metal nanostructure (NS)/nanoparticle
(NP) surface. In SERS, two mechanisms are responsible for the
enhancement in Raman signals viz. electromagnetic (EM) and
chemical mechanism (CM) [9,10]. Considerable efforts have been
devoted for fabricating efficient SERS substrates with high sensitiv-
ity, reproducibility, stability combined with low cost [11-13]. In
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general, plasmonic metals (Ag, Au, and Cu) are frequently used as
SERS substrates because of their superior plasmonic nature in the
visible range. Compared to silver and copper, gold provides high
stability with a lower oxidation tendency. Due to exceptional opti-
cal and electronic properties, gold nanomaterials have garnered
attention in various fields explicitly in imaging, sensing [14].
Numerous methods have been developed to fabricate gold NPs
including seed growth method, citrate reduction method etc. Fur-
ther advancements in the area of photonics and nanotechnology
has paved the way for fabrication of several patterned and nano
textured lithographic substrates with Ag, Au coating. However,
these fabrication methods involves multiple stages, various mech-
anisms, sophisticated instruments and consume more time [15]. In
comparison with prior mentioned methods, ultrafast laser ablation
in liquids (ULAL) has emerged as promising technique to synthe-
size green NSs/NPs of pure metal, semiconductors and core-shell
NPs by ablating Alloy or irradiating mixed colloidal solutions in a
single step [16-20]. These NPs are pure, less toxic, ligand free
and void of reducing agents, and thus efficaciously used in various
fields such as SERS, LDA-MS, catalysis, bio-medicine and optical
limiting devices [14]. The LAL NPs produced by changing laser
parameters and fabrication process result in different shapes, size
and clusters (nano chains, nano triangles, etc.,) and these are
exploited in SERS owing to induction of high electric fields at their
edges/tips [14,21]. Earlier reports demonstrated the superior nat-
ure of LAL NPs over the chemically synthesized NPs with superior
SERS response, clean background in Raman spectra and high repro-
ducibility [14,22,23]. Recently, novel nanomaterials such as (i)
aggregates of Plasmonic NPs mixed with magnetic NPs for SERS
and cell imaging [24,25] (ii) plasmonic NPs capable of self-
assembly [26,27] (iii) Plasmonic NPs decorated composite
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graphene films are being fabricated [28]. Though these entities
exhibited higher SERS performance, their stability is still under
investigation. Besides these NPs, super hydrophobic NSs with
diverse morphology fabricated by LA technique could be exploited
to detect ultra-trace levels of analyte [29]. In this study, we report
the detection of PA, AN, Rhodamine 6G (Rh6G) and methylene blue
(MB) using Au NSs and PA, Rh6G, MB using Au NPs as SERS sub-
strates, fabricated by ULAL technique. To the best of our knowl-
edge, this is the first report on the detection of PA and AN using
ULAL fabricated Au NSs.

2. Experiments

NSs and NPs were achieved through the ULAL technique using a
femtosecond (fs) amplifier (LIBRA, coherent) delivering ~50 fs
pulses at a central wavelength of 800 nm. The laser was focused
using a convex lens of 100 mm focal length at normal incidence
on to the bulk gold target (10 x 10 x 1 mm?) immersed in distilled
water and placed in a glass beaker. The liquid layer height above
the target surface was ~13 mm. The glass beaker was mounted
on X-Y motorized stage (Newport) and translated with 500 pm/s
speed in both directions to produce NSs on a target of
5 x 5 mm?. The typical ablation time was ~20 min for the scanning
and the estimated beam waist on target surface was ~100 pm. The
ablation experiments were performed with varying pulse energies
of ~200, ~300, ~400 and ~500 pJ. The prepared Au NPs and NSs
are labelled as AuNP1, AuNP2, AuNP3, AuNP4 and AuNS1, AuNS2,
AuNS3 and AuNS4 for input energies of ~200, ~300, ~400 and
~500 pJ, respectively. The optical absorption studies were per-
formed with UV-Visible spectrometer in 250-800 nm wavelength
range. Morphological studies of the NPs were investigated by
transmission electron microscope (TEM). Surface morphology of
NSs was characterized by field emission scanning electron micro-
scope (FESEM). In all the SERS measurements (NPs/NSs), Rh6G
was probed with 532 nm (micro-Raman spectrometer, WITec
Alpha-300) and PA, MB were probed with 785 nm (portable Raman
spectrometer, B&W Tek) and AN was probed with 632 nm (Micro
Raman, HORIBA) with an integration time of 5 s.

3. Results and discussion

The surface plasmon resonance (SPR) peaks of the colloids were
observed near 530 nm and the width of SPRs changed with the
input pulse energy. The SPR position is primarily dependent on
the shape and size of the nanoparticles [30,31]. The absorption of
NPs increased with the laser energy due to the higher ablation
yield. The shape, size and crystallinity of obtained NPs were inves-
tigated by transmission electron microscope (TEM). Fig. 1(a)-(d)
illustrates the TEM images of AuNP1, AuNP2, AuNP3, and AuNP4.
Polydispersity of NPs is evident and most of the NPs are in spher-
ical shape with smaller diameters (3-15nm) along with co-
existing larger particles (>40 nm). From the statistical analysis,
the measured mean sizes were ~13.6, 7.6, 6.5 and 6.2 nm (data
presented in Fig. S1 of supporting information) for AuNP1, AuNP2,
AuNP3, and AuNP4, respectively. The observed mean sizes of NPs
decreased with increasing laser energy [32].

The chain-like structures observed in TEM images could be
attributed to the laser induced agglomeration (LIA) which arises
due to the non-equilibrium charge distribution among Au NPs. As
suggested by Serkov et al., two-photon absorption or thermionic
emission are the two plausible mechanisms for the ionization of
Au NPs. The dipole interactions and electrostatic balance between
the ionized Au NPs and neutral atoms lead to the formation of
chain-like structures on eventual laser irradiation [26,33]. Fig. 2
(a)-(d) illustrates the FESEM images of laser machined portions
of AuNS1, AuNS2, AuNS3 and AuNS4 respectively. Different ran-

dom morphologies of nanostructures along with nanopores and
nanorims on AuNS1 [Fig. 2(a)], nanodroplets of irregular shape
and size on AuNS2 [Fig. 2(b)], nanodroplets on AuNS3 [Fig. 2(c)]
and nano-protrusions on AuNS4 [Fig. 2(d)] were observed. The
complex interaction of fs pulses with the metal surface, involving
melting of target, cavitation bubble formation and re-deposition
of ablated material back on to the surface could have resulted in
nanopores, nanocavities and nanorims [34,35]. This conjecture of
NSs morphology could be described by the two-temperature
model (TTM), where energy coupling between electrons and lattice
phonons with fs excitation are considered [36]. In the first case,
NPs were chosen as a SERS platform for the identification of
Rh6G, MB and PA. 20 uL of NP colloidal solution from AuNP1,
AuNP2, AuNP3 and AuNP4 was placed on individual Si substrates,
then dried on hot plate at 50 °C to form a layer (film). Later a tiny
drop (20 uL) of Rh6G (150 nM) was placed on individual NP layers
(film) and allowed to dry.

Fig. 3(a) presents the Raman spectra of Rh6G (150 nM)
adsorbed on AuNP1 (black), AuNP2 (red'), AuNP3 (blue) and AuNP4
(magenta) layers. From the SERS spectra [Fig. 3(a)], the major Raman
peaks of Rh6G were identified at 612, 780, 1180 cm™! assigned to C-
C-C ring in plane bend, C-H out plane bend, C-C stretch while the
1315, 1356 1650 cm~! peaks are attributed to the aromatic C-C
stretch. Normal Raman spectra of Rh6G (0.25 M) and MB (0.1 M)
were recorded on bare Si substrate. The enhancement factors (EFs)
were estimated by considering the prominent mode of Rh6G (1365
cm™!) observed from Au NP films (NPs drop casted on Si) with that
of normal Raman spectra recorded from the Si substrate. The EFs
were evaluated by adopting the procedure (Eq. (1)) [37].

EF = lSERS x NRaman (1)

lRaman N SERS

where Isgs is the integrated intensity of elevated vibrational mode
of analyte from the NS/NP, Iraman is the intensity of same mode
obtained from Si substrate, Nsgrs and Ngraman are the number of
molecules contributing towards the SERS and Raman signals.

For Rh6G (1365 cm™!), the estimated EFs were 6.6 x 10°
9.6 x 10°, 7 x 10° and 1.4 x 10° for AuNP1, AuNP2, AuNP3 and
AuNP4, respectively. The reproducibility of Au NP was investigated
by collecting the SERS spectra of Rh6G at various positions on NP
films (drop casted) [data presented in Fig. 3(b)]. The variation in
the SERS intensity was estimated to be <20%. In earlier reports,
Hui He et al., demonstrated that the Au chains fabricated by LAL
technique exhibited superior SERS performance for detecting
Rh6G at nM concentration assisted by electrophoretic deposition
on to the other substrate which is comparable with our detection
of Rh6G [38]. Fig. 3(c) shows the SERS spectra of MB (50 nM)
recorded from AuNP1, AuNP2, AuNP3 and AuNP4 films using
785 nm laser excitation. The predominant mode of MB located at
1621 cm™! is attributed to the C-C ring stretching. The other modes
observed were at 449 cm~!, 505 cm~! which correspond to the C-
N-C skeletal deformation, 590 cm™~! (skeletal deformation of C-S-
C), 667 cm™! (out of plane bending of C-H), 766 cm™! (in-plane
bending of C-H), 1040 cm™! (in-plane bending of C-H) and
1393 cm™~! (Symmetric stretching of C-N) [see Tables S1-S3 sup-
porting information for complete details of assignments]. The data
of the modes observed in the present case are consistent with the
prior reports [39,40]. The estimated EFs (for the 1621 cm™' peak)
were 1.5 x 10°% 1.4 x 10% 1.7 x 10° and 4.6 x 10° for AuNP1,
AuNP2, AuNP3 and AuNP4, respectively.

Fig. 3(d) illustrates the Raman spectra of PA (5 uM) adsorbed on
AuNP1, AuNP2, AuNP3 and AuNP4 respectively. The prominent
peaks of PA (in normal Raman spectra though not shown) were

! For interpretation of color in Fig. 3, the reader is referred to the web version of
this article.
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Fig. 1. TEM micrographs of (a) Au NP1, (b) AuNP2, (c) AuNP3 and (d) AuNP4 obtained with varying input laser energies. Inset of (a) depicts the UV-visible absorption spectra
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Fig. 2. FESEM images of laser ablated portions on (a) AuNS1, (b) AuNS2, (c) AuNS3 and (d) AuNS4 achieved at laser energies of 200, 300, 400 and 500 pJ respectively.

observed at 825 (C-H bending), 1175, and 1344 cm~! (NO, sym-
metric stretching) [41]. However, in all SERS spectra 822 cm™!
mode of PA was still observed even at the concentration of

1075 M on all NPs films [see Tables S1-S3 in supporting informa-
tion for complete details of assignments]. The estimated EFs for
the 822 cm™! mode of PA were 3.8 x 104 3.9 x 10%, 3 x 10 and
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Fig. 3. (a) SERS spectra of Rh6G (150 nM) and (b) its reproducibility data for AuNP1,
AuNP2, AuNP3, and AuNP4 using 532 nm excitation. SERS spectra of (c) MB (50 nM)
and (d) PA (5 uM) recorded from AuNP films (drop casted on Si) using a portable
Raman spectrometer (785 nm excitation).

7.9 x 10* for AuNP1, AuNP2, AuNP3 and AuNP4, respectively. The
observed EFs could be ascribed to the elevation of evanescent fields
arising from the coupling of incident photons to localized surface
plasmons at the NP surface [42]. NPs aggregation also could possi-
bly affect EFs, as their distribution on substrate was random and
not controllable (owing to drop casting) which led to the genera-
tion of substantial number of hotspots in their vicinity. In the sec-
ond case, Au NSs were utilized as SERS substrates. SERS studies
were performed for AN (50 uM), PA (5 uM), Rh6G (150 nM), and
MB (50 nM) with the aim of demonstrating their versatility and
reusability of these Au NSs after thorough cleaning with acetone
and deionized water in an ultrasonic bath. Our group had earlier
demonstrated the multiple use of Cu NSs for detection of various
molecules using SERS technique [7]. For SERS studies, 20 pL of each
analyte was dropped on to the four NSs and allowed to dry.

Fig. 4(a) presents the SERS spectra of Rh6G (150 nM) recorded
from Au NSs. For Rh6G estimated EFS were 3.6 x 10°, 5 x 10°,
4.8 x 10° and 9.5 x 10°> for AuNS1, AuNS2, AuNS3 and AuNS4,
respectively. The reproducibility of the enhancement factors in
the case of NSs was also studied and it was found to be reasonably
good over large areas [see Fig. S2 in supporting information]. Sim-
ilarly, the SERS spectra of MB (50 nM) were acquired by utilizing
the same substrates (for second time, after appropriate cleaning)
and are presented in Fig. 4(b). The characteristic peaks of MB posi-
tioned at 448, 1393 and 1621 cm~! with higher intensity and other
modes with lower intensity were identified with the detection
limit of 10~ M using fabricated NSs. The calculated EFs of MB
(for 1621 cm™' mode) were 0.4 x 10° 1 x 105 1.4 x 105 and
1.5 x 10° for AuNS1, AuNS2, AuNS3 and AuNS4, respectively.
Fig. 4(c) illustrates the Raman spectra of PA (5 uM) recorded on
Au NSs. The evaluated EFs for the 822 cm™' mode of PA were
6.9 x 104, 3.9 x 10%, 2.3 x 10* and 1.6 x 10° for AuNS1, AuNS2,
AuNS3 and AuNS4 respectively. Fig. 4(d) illustrates the SERS spec-
tra of AN (50 uM) and EFs for the 1053 cm™' (NO, symmetric
stretch) [43] mode of AN were 1 x 103, 1.6 x 10°, 2 x 10® and
2.8 x 10%.

The diverse EFs observed for different analytes could be attribu-
ted to (i) the selective support offered by a NS/NPs to a molecule
which depends on the adsorption, orientation [44] or settlement
of analyte on the laser machined portions (ii) excitation wavelength
[42] used (iii) size and shape of the NP/NS and the number of
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Fig. 4. SERS spectra of (a) Rh6G (150 nM), (b) MB (50 nM), (¢) PA (5 uM) and (d) AN
(50 uM) on all AuNSs using 532 nm (for Rh6G), 785 nm (for PA, MB) and 632 nm (for
AN) excitations.

hotspots available [45]. NSs have exhibited superior SERS perfor-
mance compared to NPs in case of explosives. As for portable and
field applications, to the best of our knowledge, we strongly feel that
our fabricated Au NSs are better SERS substrates compared to Au NPs
as they are (i) easy to handle (ii) reusable after a simple cleaning pro-
cedure (iii) less oxidized over a period of time compared to NPs
where oxidation dominates the agglomeration effect which dimin-
ishes the performance of NPs. Besides this, our NSs has shown com-
parable SERS performance with commercial substrates [46]. Sabina
et al., have demonstrated the detection of explosives with EFs of
10%-106 using Klarite commercial substrate [47]. Compared to com-
mercial substrates (compact, single use and are to be opened just
before the measurements) our substrates are easy to fabricate, can
be used multiple times (using normal cleaning procedures) for
detection of various analytes (explosives and dyes) and also
achieved the EFs up to 10° which is comparable to the former sub-
strates EFs [48]. We are exploring the possibility of increasing the
enhancements through a simple procedure of placing the obtained
NPs on the NSs thereby achieving higher number of hotspots [49].
In this endeavour, we have already achieved 5-6 times increase in
the EF’s by simply placing the NPs on the NSs (which is a very simple
procedure). Further detailed studies are in progress to this extent.
We have also established that using Bessel beam instead of Gaussian
beam will improve the EF’s [50]. Our goal is to achieve robust SERS
substrates which can detect trace levels of all the common explo-
sives using portable/hand-held spectrometer.

4. Conclusions

In summary, we have successfully demonstrated the versatile
nature of the NSs fabricated using fs pulses for SERS based detec-
tion of AN, PA, Rh6G and MB. The EFs of ~10% ~10% ~10° and
~108 were achieved for AN, PA, Rh6G and MB, respectively, using
these Au NSs. We have clearly demonstrated the main advantages
of our SERS substrates: (a) recyclable and multipurpose nature (b)
NPs and NSs both as SERS substrates (c) Multiple molecules
detected using these substrates and (d) SERS spectra recorded with
a portable Raman spectrometer, useful for practical and on-field
studies (e) simple procedure for fabrication and cleaning of these
substrates. Besides, we are also investigating the procedures to
increase the observed EFs by combining NPs and NSs and
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expanding the repertoire of these substrates by investigating other
explosive molecules also.
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