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g using Ag–Cu alloy nanoparticles
synthesized by femtosecond laser ablation and
irradiation†

Moram Sree Satya Bharati, Byram Chandu and S. Venugopal Rao *

Herein we demonstrate the synthesis of Ag–Cu alloy NPs through a consecutive two-step process;

laser ablation followed by laser irradiation. Initially, pure Ag and Cu NPs were produced individually

using the laser ablation in liquid technique (with �50 femtosecond pulses at 800 nm) which was

followed by laser irradiation of the mixed Ag and Cu NPs in equal volume. These Ag, Cu, and Ag–

Cu NPs were characterised by UV-visible absorption, HRTEM and XRD techniques. The alloy

formation was confirmed by the presence of a single surface plasmon resonance peak in

absorption spectra and elemental mapping using FESEM techniques. Furthermore, the results from

surface enhanced Raman scattering (SERS) studies performed for the methylene blue (MB)

molecule suggested that Ag–Cu alloy NPs demonstrate a higher enhancement factor (EF)

compared to pure Ag/Cu NPs. Additionally, SERS studies of Ag–Cu alloy NPs were implemented for

the detection of explosive molecules such as picric acid (PA – 5 mM), ammonium nitrate (AN – 5

mM) and the dye molecule methylene blue (MB – 5 nM). These alloy NPs exhibited superiority in the

detection of various analyte molecules with good reproducibility and high sensitivity with EFs in the

range of 104 to 107.
Introduction

During the last decade bimetallic/alloy nanoparticles (NPs) have
gained attention in diverse elds such as photonics, catalysis,
solar cells, information storage and surface-enhanced Raman
scattering/spectroscopy (SERS)1–6 because of their outstanding
optical and opto-electronic properties compared to those of the
individual/pure metals (e.g. Au, Ag and Cu). Several methodol-
ogies have been reported to fabricate alloy NPs during the past
few years, such as wet chemical methods,7 electro-deposition,8

ion beam mixing,9 ball milling and laser ablation in liquids
(LAL).10 Amongst all the above-mentioned techniques, LAL has
been proven to demonstrate enormous potential for producing
novel material structures without the need of any further
reagents/reactants, which are generally difficult to create using
conventional methodologies. NP generation through LAL is
quite a complex phenomenon in which several mechanisms
transpire when intense laser pulses are focused on to the
material, such as plasma formation, shockwave generation,
formation and collapse of the cavitation bubble followed by
nucleation and growth of the NPs. These processes transpire in
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various time scales starting from few picoseconds to few
hundreds of microseconds. LAL has been established to be an
effective approach to synthesise various bimetallic/alloy nano-
structures (NSs) and NPs simultaneously.11–13 The size, shape,
crystallinity, and compositions of NPs can be inuenced by
several experimental parameters during the synthesis process.
Generally, alloy NPs can be achieved using the single step or
multi-step laser ablation procedures (i) laser ablation of bulk
alloy target dipped in liquid or (ii) irradiation of metal target in
the presence precursor solutions (HAuCl4/AgNO3) or (iii) laser
irradiation of colloidal mixtures prepared individually. Byram
et al. have recently demonstrated the Ag–Au alloy NPs fabrica-
tion from the bulk alloy using fs laser irradiation.14 Chen et al.
described the Ag–Au alloy NPs fabrication through the irradia-
tion of gold–silver colloidal mixture.15 Ganjali et al. demon-
strated the synthesis of Au–Cu alloy NPs utilising a two-step
laser irradiation procedure.16 Messina and co-workers
described the mechanism in the Au–Ni alloy NPs formation
based on the laser-induced melting.17

SERS technique has developed into one of the promising
detection techniques because of its unique ngerprint capa-
bility, non-destructive nature and single molecule sensing
ability. The enhancement obtained in the SERS signal has
contributions from two mechanisms (a) electromagnetic
enhancement (EM) (b) chemical enhancement (CE). EM arises
from the localized surface plasmon resonance on the surface of
metal nanostructure resulting in the amplication of scattered
RSC Adv., 2019, 9, 1517–1525 | 1517
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and incident eld intensity. The CE also can contribute to the
overall enhancement, which results from the charge transfer
between the molecule and nanoparticle.18,19 Due to their effi-
ciency and selectivity to identify trace quantities of various
molecules, SERS substrates are used as sensors to detect the
numerous hazardous molecules (dyes, pesticides, explo-
sives).20,21 Recently, laser-generated alloy nanomaterials have
stimulated considerable attention in SERS related applications
because of their wide range of tunable optical properties based
on their composition of constituents. Podagatlapalli et al. re-
ported the detection of explosive molecules (NPZ and FOX-7)
using three different compositions of Ag–Au bimetallic NPs/
NSs achieved by femtosecond (fs) laser ablation of a bulk Ag–
Au target in acetone.22 Amendola et al. have studied the SERS
activity of magnetically assembled Ag–Fe NPs fabricated with
nanosecond ablation.23

In earlier studies, the antibacterial activity of Ag, Cu NPs was
exploited in various elds such as medicine, water treatment
and food processing.24–26 However, Ag–Cu alloy NPs have rarely
been utilized in SERS based detection/sensing. The potential
advantage of Ag–Cu NPs is the enhanced structural stability
with reduced oxidation (in comparison to pure Ag/Cu NPs) as
revealed from theoretical studies of Shin et al. using density
functional theory (DFT).27 The presence of Ag could effectively
prevent the Cu NPs from oxidation and furthermore increase
the stability.7 The low cost incurred with such alloy NPs due to
abundant availability of Ag and Cu compared to Au is also an
added advantage. Chang et al. reported the improved SERS
efficiency of Ag–Cu nanodendrites (�2.6 fold higher peak
intensity compared to a Ag nanodendrite for rhodamine 6G
molecule).28 Most of the reported Ag–Cu alloy NPs based SERS
substrates are synthesized from various chemical approaches.
Li et al. showed a signicant enhancement in SERS (4-MBA)
signal by the bimetallic Cu–Ag nanodendrite substrate
compared to Ag, and Cu fabricated with electrodeposition
method.8 Lee et al. demonstrated the superior SERS (R6G)
performance of raspberry-like Ag@Cu bimetal nanoparticles
synthesised from stepwise reduction process.29 In our earlier
study, Ag@Au and Cu@Au alloy NPs were fabricated by laser
ablation of Ag/Cu target in precursor and the SERS (MB, PA and
DNT molecules were studied) performance of Ag–Au alloy NPs
was found to be superior to the Cu–Au alloy NPs.30 To the best of
our knowledge, the utility of laser-synthesized Ag–Cu alloy NPs
as SERS substrates for the detection of explosive molecules has
not been reported till date. Herein, we report the synthesis of
Ag–Cu alloy NPs through a consecutive two-step process, laser
ablation followed by laser irradiation. We produced the Ag–Cu
alloy NPs by irradiation of mixed Ag and Cu colloidal solution
(1 : 1 ratio) obtained separately through the LAL process.
Furthermore, the SERS activity of these NPs was tested with the
dye molecule methylene blue (MB) and explosives such as picric
acid (PA) and ammonium nitrate (AN).
Experimental details

Ag–Cu alloy NPs were prepared through a two-step process: (a)
laser ablation and (b) laser irradiation. A schematic of the Ag,
1518 | RSC Adv., 2019, 9, 1517–1525
Cu and Ag–Cu alloy NPs fabrication by laser ablation (le) and
laser irradiation of colloidal mixture (right) is presented in
Fig. 1. In the rst step, Ag and Cu NPs were obtained individ-
ually by laser ablation in liquid (LAL) technique. In the second
step the previously prepared NPs equal volume were mixed and
irradiated as discussed below.
Synthesis of monometallic Ag and Cu NPs

Ag and Cu NPs were produced separately by laser ablation of Ag/
Cu target immersed in distilled water (DW) using a femto-
second (fs) amplier system (Libra, M/s Coherent, USA) oper-
ating at a central wavelength of 800 nm with a pulse duration
�50 fs at a pulse frequency of 1 kHz. The laser beam was
focused vertically through the plano-convex lens (f ¼ 10 cm) on
to the Ag/Cu target of �1 mm thick (purity > 99.9%, purchased
from Sigma Aldrich) placed at the bottom of the glass cell
containing 10 mL of distilled water (DW) and the covered liquid
layer was �11 mm from the target surface. The focal point on
the target was monitored and optimized by observing the
generated bright light (from the plasma) and listening to the
crackling sound resulting from ablation. To avoid repeated
ablation of a single spot on the target as well as to increase the
NPs productivity, the sample was translated using a computer
controlled translational stage. A speed of 0.1 mm s�1 was used
along the X and Y directions. The experiments were performed
at a pulse energy of 300 mJ and the corresponding laser uence
was �3.8 J cm�2. The ablation time was typically 30 minutes in
both the cases (Ag/Cu ablation). Briey, in the ablation process,
high temperature and higher pressured plasma are formed at
the target–liquid interface when it interacts with the intense
laser pulse. The produced plasma plume comprises various
ablated species such as atoms, molecules, ions, electrons,
cluster, etc. During the continuous ejection of plasma, a shock
wave is generated and is quenched into the surrounding liquid
aer some time resulting in the cavitation bubble. Aer few ms,
the continuous growth of cavitation bubble ends up and
collapses. Under suitable conditions the plasma species will
nucleate and growth into the NPs in liquid.11,12,31,32
Synthesis of Ag–Cu alloy NPs

To synthesise the Ag–Cu alloy NPs, previously prepared Ag and
Cu colloidal solutions were mixed in equal volumes (2.5 mL
each) and then irradiated with an unfocused laser (800 nm)
beam with a pulse energy of 150 mJ and the corresponding laser
uence per pulse �0.2 mJ cm�2. The colloidal solution was
continuously stirred with the help of magnetic stirrer (50 rpm)
to expedite the movement of particles and to avoid gravitational
settling of the NPs. To maintain homogenous irradiation
process and to interact with large number of NPs a quite large
(�10 mm, without focusing) laser spot was used. The laser
irradiation time was varied as 15, 30, 60 and 90 minutes and the
colloidal mixture was studied by recording the absorption
spectra at each step. The irradiation which lasted for 90minutes
demonstrated single SPR peak under these experimental
conditions.
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic representation of the synthesis of Ag–Cu alloy NPs (laser ablation and irradiation), the inset shows the photographs of pure Ag
and Cu NPs.

Fig. 2 UV-visible absorption spectra of Ag, Cu and Ag–Cu NPs with
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The Ag, Cu and Ag–Cu alloy NPs were characterised by UV-
visible absorption (PerkinElmer Lambda 750) spectrometer.
The fabricated NPs size, shape and crystallinity were conrmed
from the high resolution transmission electron microscopy
(HRTEM, operated with 200 kV) data. Additionally, elemental
mapping and EDX measurements for Ag–Cu NPs were con-
ducted using a eld emission scanning electron microscope
(FESEM) (Carl Zeiss model Merlin compact 6027) operated with
a beam voltage of 30 kV. For further characterization of
composition of the prepared NPs, X-ray diffraction (XRD)
patterns were recorded using a powder X-ray diffractometer
(Discover D8 diffractometer of Bruker, Germany) with Cu Ka
radiation (l¼ 0.15408 nm). The fabricated NPs were dried (drop
by drop) on cleaned Si wafer for the XRD sample preparation.
For SERS substrate preparation, the obtained NPs (20 mL) were
drop-casted on cleaned silicon (Si) substrates and dried on
a hotplate at 40 �C. The probe molecules of 2,4,6-trinitrophenol
(picric acid, PA), ammonium nitrate (AN) and methylene blue
(MB) were prepared in stock solutions and subsequently diluted
for achieving lower concentrations. A tiny amount (�20 mL) of
the analyte molecule was dropped over the dried NPs lm on Si.
The Raman spectra were acquired by utilising a 50X (Numerical
Aperture of 0.55) objective lens to focus the 632 nm (Micro
Raman, HORIBA) excitation source on to sample and we used
an integration time of 5 s. The used laser power for Raman
measurements was �2 mW and the estimated spot size on the
samples was �1.4 mm. The EFs were estimated using the rela-
tion EF ¼ (ISERS � CR)/(IR � CSERS), where ISERS is the Raman
signal intensity in the presence of NPs, IR is the Raman intensity
in the absence of NPs, CSERS is the concentration of sample on
NP substrates (low concentration), and CR is the concentration
(0.1 M) of sample on bare Si, which produces the Raman signal
(IR). Lower concentrations of analyte molecules (10�3 to 10�9 M)
were prepared by further dilution of the stock solution 0.1 M.
The higher concentration Raman spectra of MB, PA and AN (0.1
M) were also recorded for comparison purpose.
This journal is © The Royal Society of Chemistry 2019
Results and discussion
UV-visible absorption studies

Fig. 2 illustrates the UV-visible absorption spectra of fs laser-
ablated Ag, Cu NPs and laser irradiated Ag–Cu alloy NPs (aer
90 min). The surface plasmon resonance (SPR) peak in the UV-
visible absorption spectra of the synthesised colloidal solutions
conrms the presence of the NPs. The SPR peak of Ag NPs, Cu
NPs were located at 408 nm, 616 nm, respectively, indicating
that the obtained NPs were in almost spherical shape. The SPR
peak of irradiated Ag and Cu colloidal mixture for 90 minutes
was appeared at �554 nm which is in between the individual
SPR peaks of pure Ag and pure Cu NPs.

In the case of mixture of Ag and Cu NPs before laser irradi-
ation, two separate SPR peaks, corresponding to Ag and Cu NPs,
were observed which implies the absence of formation of alloy
NPs. Similar was the case even aer irradiating the colloidal
mixture even aer 15 minutes. Upon further increasing the
irradiation time the SPR peak corresponding to pure Ag NPs has
lmax 408, 616 and 554 nm respectively.

RSC Adv., 2019, 9, 1517–1525 | 1519
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undergone a red shi i.e. from 408 nm to 413 nm (30 minutes)
and to 417 nm (60 minutes) and the absorption band intensity
has increased sharply. This could be attributed to the possible
fragmentation of larger size NPs into smaller NPs during the
laser irradiation process which may lead to the increase of
absorption band intensity. The reduction in size of NPs is also
revealed form TEM image analysis [data presented in Fig. 3].
Pure Ag and Cu NPs size distribution was up to �100 nm while
the irradiated Ag–Cu alloy NPs size distribution was up to
�50 nm. However, there was only a small change in the average
size of NPs. A quick decrease in intensity of Cu NPs SPR peak
aer prolonged irradiation (30–90 min) could be ascertained to
the larger absorption cross-section of Cu NPs (in comparison to
Ag NPs) at 800 nm as observed by Ghaforyan et al.33 and also the
melting temperature of metal NPs decreases with the size of the
NPs (average size of Cu NPs < average size of NPs). However, to
arrive at the complete understanding of variation in absorption
band intensities of irradiated NPs, further investigations are
warranted. We highlighted the observed small hump in the
500–600 nm spectral regions with yellow colour to clearly depict
the hump (shown in Fig. S1 of the ESI†). While increasing the
irradiation time the absence of two plasmon peaks and the
presence of a single SPR peak conrmed the spherical forma-
tion of Ag–Cu alloy NPs rather than a mixture of two individual
metal NPs.34–36 There are several reports from various
researchers discussing the various factors involved in tuning of
Fig. 3 TEM and HRTEM images of (a and d) Ag NPs (b and e) Cu NPs (c a
and SAED patterns, respectively.

1520 | RSC Adv., 2019, 9, 1517–1525
SPR peak in the alloy NP formation with respect to the
composition of the constituent materials. Jiang et al. syn-
thesised Ag–Cu alloy NPs by the polyol process and observed the
single SPR peak at 554 nm for 1 : 1 volume ratio of pure Ag and
Cu NPs.37 Messina et al. also demonstrated the tuning of Aux–
Ni1�x alloy NPs composition upon laser irradiation of colloidal
mixture with different ratios.17 Valodkar et al. synthesised Ag–
Cu alloy NPs with a green approach and observed the red shi
in plasmon band from 416 to 584 nm with an increase of Cu
content in Ag–Cu alloy NPs.38 Compagnian et al.39 recently re-
ported the synthesis of Au/Ag colloidal nanoalloys by laser
ablation and irradiation and observed the rise in absorption
band intensity with increasing irradiation time. Peng et al.40

synthesized Au–Ag nanoalloys by laser irradiation of mixed
colloids (Ag and Au) and noticed the changes in SPR band
intensities of Ag and Au NPs while irradiating the mixed
colloidal solution. The observed changes were attributed to the
lower melting point of Ag NPs than the Au NPs.
TEM analysis of colloidal NPs

Fig. 3 illustrates the TEM micrographs of synthesised Ag, Cu
and Ag–Cu alloy NPs. Fig. 3(a)–(c) depict the morphology and
their insets shows their respective size distribution histograms
of Ag, Cu and Ag–Cu NPs, respectively. There are no noticeable
morphological changes observed for Ag–Cu NPs aer laser
irradiation. Most of the NPs were found to be spherical with the
nd f) Ag–Cu NPs. Insets of (a–c) and (d–f) depict their size distribution

This journal is © The Royal Society of Chemistry 2019
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average diameter of �35.4 nm, �22.7 nm, and �23.8 nm, cor-
responding to the Ag, Cu, and Ag–Cu NPs. Fig. 3(d)–(f) depict
the HRTEM images of Ag, Cu, Ag–Cu alloy NPs and the insets
illustrate their selected area electron diffraction (SAED)
patterns. Both elements have the same face-centred cubic
structure41,42 differing only in the lattice parameters. The lattice
fringe spacing of 0.24 nm conrmed the d-spacing of Ag (111)
plane and the value of 0.21 nm corresponds to the Cu (111)
plane. The presence of two inter-planar spacing in the HRTEM
image of Ag–Cu alloy NPs [0.24 nm and 0.21 nm corresponding
to Ag and Cu] conrms the formation of alloy NPs.43 Likewise,
the SAED pattern shown in the inset of Fig. 3(f) reveals the
presence of Ag and Cu constituents in the alloy NPs. Boyer et al.
synthesised Co–Au nanoclusters by laser irradiation of a mixed
Co and Au colloids and their characterisation studies conrmed
the each NP is composed of both atoms.44 Petrović et al.
generated Cu–Ag NPs by the ablation of Cu target in Ag colloidal
solution.45 Aazadfar et al. have also recently demonstrated the
synthesis of Au/Copper oxide nanocomposites by the irradiation
of individually prepared Au and copper oxide colloidal
mixture.46
FESEM analysis

Fig. 4(a)–(f) depict the elemental mapping of typical Ag–Cu alloy
NPs (aer 90 min) by FESEM which further conrms the
formation of alloy NPs upon laser irradiation of mixed colloidal
solution. The overall elemental distribution in Ag–Cu alloy NPs
is depicted from Fig. 4(a), distribution of Ag (green colour) in
Fig. 4(c) and distribution of Cu (red colour) in Fig. 4(b). The line
map of Ag and Cu elements on single particle as shown in
Fig. 4 FESEM – EDS mapping of (a–c) Ag–Cu alloy NPs (d) line profile
depicting the wt% of individual elements.

This journal is © The Royal Society of Chemistry 2019
Fig. 4(d) and (e) divulge the single NP composed of Ag rich
centre. The energy dispersive X-ray spectrum shows the pres-
ence of Ag (atomic 55%) and Cu (atomic 45%) atoms. While
some NPs are Cu-rich (as seen in Fig. 4(a)) we believe that the
alloy composition will be slightly different for different NPs
because of irradiation effects, which could be non-uniform.
Generally when an unfocused laser beam is utilized to irra-
diate the colloidal mixture it avoids the formation of different
electron temperatures in the vicinity of different particles. With
the unfocused laser irradiation the temperature conditions at
nanocolloids are similar and homogeneous. Recently proposed
photothermal evaporation model (heating–melting–evapora-
tion) claried the particle interaction with the laser at different
phase transitions of material.47

In the process of irradiation, the absorption of laser pulse
energy depends on several factors such as size, shape and
absorption cross section of NPs and also the input laser uence.
The absorption results in the particle heating and, therefore,
the temperature of the Ag/Cu NPs dispersed in the solvent will
rise dramatically up to the melting point. Subsequently, the
heat loss possibly leads to the particle cooling and also particle
solidication. The conceivable solidication could happen in
the time scale of 10�5 to 10�6 s, which is much higher than the
input pulse duration (fs). Through repeated multi-pulse inter-
action, laser energy absorption and melting–solidication of
the NPs could occur. During each short period, diffusion of
different chemical species Ag/Cu NPs in the melt pool, the
coalescence between the Ag and Cu atoms may perhaps happen
leading to the formation of Ag–Cu alloy NPs. The homogeni-
zation of the alloy NPs and enhanced diffusion are improved by
of single particle (e) intensity distribution (f) EDS spectra with an inset

RSC Adv., 2019, 9, 1517–1525 | 1521
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three forces of gravity, viscosity and strength due to surface
tension gradients.48 The morphology transitions of Ag–Cu alloy
NPs as a function of Ag/Cu concentration needs further detailed
studies which can achieved by varying the volume ratios of Ag
and Cu NPs.

The XRD patterns of the Ag–Cu alloy NPs and individual NPs
(Ag, Cu) drop casted on Si are shown in Fig. S2 (of ESI†). The
analysis of X-ray diffraction results indicates formation of two
types of phases in Ag–Cu alloy NPs corresponding to both Ag
and Cu. The XRD spectra of Ag–Cu alloy NPs with the two peaks
observed are attributed to the Ag planes (111) and (200) [JCPDS
le number Ag-04-0783] and the other two peaks correspond to
Cu planes (111) and (200) [JCPDS le number Cu-85-1326]. A
small shi in the peak locations was observed when compared
to pure NPs, which could be due to the complex alloy forma-
tion.49 The peak located at 28.6� corresponds to Si. The present
results obtained are similar to those of Malviya et al.,50 who
recently analysed the X-ray diffraction results of Ag–Cu alloy
NPs of four different compositions of two types of phases, Ag
and Cu rich solid solution.50 To understand the minor XRD
peak shis and broadening with respect to the composition of
NPs, further investigations are warranted.
SERS activity of Ag, Cu and Ag–Cu NPs

The SERS performance of laser fabricated NPs (Ag, Cu and Ag–
Cu NPs) was investigated by choosing MB as a probe molecule.
The corresponding spectra is shown in Fig. 5. Here, SERS
activity of the bimetallic Ag–Cu NPs was tested and compared
with the pure Ag and Cu NPs using laser excitation of 632 nm.
The MB (5 mM) SERS spectra obtained from Ag, Cu and Ag–Cu
alloy NPs as depicted in Fig. 5 and the observed modes well
matched to the earlier reports.14,30,51,52 The ring stretching mode
of MB (1621 cm�1) was elected to calculate the SERS efficiency.
The obtained EFs for Ag, Cu and Ag–Cu NPs were 5.5 � 103, 7.5
� 102 and 7.2 � 103, respectively, and the comparison histo-
gram is shown in Fig. S3.† The lower SERS signals were
exhibited by the Cu NPs, because of its lesser SERS cross section
compared to Ag. For Ag–Cu alloy NPs 1.3 times higher EFs was
noticed than the Ag NPs, could be ascribed to the
Fig. 5 SERS spectra of MB achieved using Ag, Cu and Ag–Cu alloy
NPs.

1522 | RSC Adv., 2019, 9, 1517–1525
electromagnetic coupling at the interface of Cu and Ag, which
generates the superior localised EM eld and synergetic
effect.8,53 He et al. fabricated Ag–Cu alloy NPs by galvanic
replacement technique and shown the tailorable SERS and
catalysis activity.54 Hu et al. reported the Ag–Cu SERS substrate
act as a promising material for detection R6G (10�13 M).55

The detection sensitivity of Ag–Cu NPs was examined by
collecting the MB SERS spectra with varied concentrations
(from 0.5 mM to 5 nM) and the data shown in Fig. 6(a). A good
correlation observed between the 1621 cm�1 peak intensity and
the MB concentrations (5� 10�4 to 5� 10�9 M). Fig. 6(b) shows
the plot where Y-axis corresponds to the 1621 cm�1 peak
intensity and X-axis corresponds to the molecule concentration
(in log scale), and the retrieved R2 value was found to be �0.98.
The obtained EF for MB (5 nM) was �3 � 107. To further
investigate SERS capability of these Ag–Cu alloy NPs in the
detection of different explosives molecules. The probe mole-
cules of PA and AN were considered to investigate the SERS
performance. PA is a well-known explosive molecule and
synthesized from freely available chemicals while AN is
a commonly used fertilizer and oen used in high energy
materials. In recent years explosive sensing has renewed inter-
ested because of the dramatically increasing anti-national and
anti-social activities. SERS has the potential to provide the
detection of explosive due to its sensitivity and molecular nger
printing ability.56 Podagatlapalli et al. achieved detection of 5 �
10�6 M (ANTA),57 10�6 M (FOX-7)58 by Ag laser ablation nano-
cavities. Hamad et al.59 detected 10�6 M (CL-20) by using laser
ablated Cu NS. Zhang et al. detected 10�6 M of TNT by using Au
NPs.60 Holthoff et al. detected 3 � 10�6 M of TNT by using
commercially available Klarite™ MIPS substrate.61 Sajanlal
et al. detected 10�7 M (DNT) and 10�6 M (RDX) by using Ni/Au
nanocarpets.62 Hatab et al. were able to detect 7 � 10�6 M (TNT)
by using Au nano bowtie.63 The SERS spectra of PA were recoded
for different concentrations ranging from 5 � 10�3 to 5 �
10�6 M and the data are shown in Fig. 6(c). All the observed
Raman peaks at 709, 827, 937, 947, 1163, 1315, 1348 and
1373 cm�1 matched well with some of the earlier reports.51,64

The three major characteristic modes at 827, 1315 and
1348 cm�1 were identied even at a concentration of 5 mM. The
enhancement factor (EF) was estimated using the 827 cm�1

peak of PA (5 mM) and it was found to be �2.8 � 104. Fig. 6(d)
represents the log–log plot which exhibited a linear relationship
with an R2 value of 0.91 for PA for the prominent peak of
827 cm�1. Similarly, the SERS spectra of AN was obtained for
different concentrations ranging from 5 � 10�3 to 5 � 10�6 M
and the data is shown in Fig. 6(e). All the observed Raman peaks
at 712, 1047 and 1362 cm�1 are well-matched with reported data
from literature.65,66 The peaks assignments are summarized in
Table S1.† The main characteristic peak of 1047 cm�1 is
assigned to NO3

� stretch mode and the estimated EF for AN (5
mM) was �3.3 � 104. Fig. 6(f) represents the log–log plot which
clearly suggests a linear relationship with an R2 value of 0.9 for
AN. The maximum EF was observed for MB compared to
explosive molecule possibly because of the coupling between
the excitation wavelength and an electronic transition of the
target molecule (MB). The Raman cross-section of MB molecule
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Concentration dependent SERS spectra of (a) MB with concentrations ranging from 5 � 10�4 to 5 � 10�9 M (c) PA ranging from 5 � 10�3

to 5 � 10�6 M (e) AN ranging from 5 � 10�3 to 5 � 10�6 M and SERS intensity at (b) 1621 cm�1 peak intensity versus MB concentration (d)
827 cm�1 peak intensity versus PA concentration (f) 1047 cm�1 peak intensity versus AN concentration using Ag Cu alloy NPs. Black spectra in (a),
(c), and (e) represent the 0.1 M concentration Raman spectra of the corresponding molecule. In the curves (b), (d) and (f) black squares represent
the experimental data while the red lines represent theoretical fits.
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is higher and, therefore, we achieved good signals when we
performed SERS measurements on this molecule. And also the
probe molecule MB has the absorption maxima located at
�653 nm and the Raman excitation source was 632.8 nm.

The reproducibility of SERS substrate is a critical parameter
for determining their applications in practical and real-world
situations. Here, we have examined the reproducibility of the
Ag– Cu NPs substrate using the same molecules as mentioned
above. For each molecule the SERS spectra were recorded form
10 randomly selected spots on Ag–Cu alloy NPs substrate and
the measured relative standard deviation (RSD) values for MB
(1621 cm�1), PA (827 cm�1) and AN (1047 cm�1) were �7.08%,
8.58%, and 8.08%, respectively. Fig. 7 shows the histogram plot
for the peak intensity of the highly elevated mode in each
This journal is © The Royal Society of Chemistry 2019
molecule relative to the spot number, which demonstrates the
excellent homogeneity of the SERS substrate even in various
analyte molecules identication. The plotted 3D SERS spectra
by considering the Raman signals at 10 different sites on Ag–Cu
alloy NPs substrate provided in the S4–S6 (MB-S4; PA-S5; AN-
S6†). By comparing the performance of various alloy NPs from
recently reported reports57–63 Ag–Cu NPs as SERS substrates
have undoubtedly demonstrated comparable/superior SERS
performance. Further improvements are possible in the
enhancement factors by combining the NPs and the NSs
together (as we have demonstrated it recently).14 Further opti-
mization studies on various ratios of these metals and different
laser irradiation times are possible for preparing even efficient
SERS substrates. Addition of Cu will not only reduce the cost of
RSC Adv., 2019, 9, 1517–1525 | 1523
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Fig. 7 Reproducibility of the SERS intensities for significant modes of
MB (5 nM – blue colour), PA (5 mM – green colour) and AN (5 mM –
orange colour) recorded at 10 different spots on Ag–Cu NPs SERS
substrate. The watermark shows the estimated RSD values.
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these substrates but could also improve the stability. Further
research is necessary to identify the benets of individual metal
NPs, bi-metallic and tri-metallic NPs to arrive at efficient SERS
substrates.
Conclusions

The following are the conclusions from the present detailed
study:

� Ag–Cu alloy NPs were fabricated using two consecutive
steps of laser ablation and irradiation.

� The observed the single SPR peak from the UV-visible
absorption spectra of Ag–Cu alloy NPs lies in between pure
NPs, indicates the formation of alloy NPs.

� XRD, TEM and FESEM-EDXmapping analysis revealed that
the alloy NPs are composed of both Ag and Cu atoms with
composition of 54% and 46%, respectively, obtained from the
EDX data.

� The SERS performance of these NPs was investigated for
a dye molecule of MB and we conclude that the composite NPs
exhibit superior SERS signals compared to pure NPs (Ag or Cu).

� Ag–Cu alloy NPs also served as active SERS substrates
towards quantitative detection of common explosives such as
picric acid and ammonium nitrate at low concentrations.

� These NPs as SERS substrates demonstrated greater
reproducibility with reasonable RSD values.
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M. Brikas and G. Račiukaitis, Appl. Phys. Lett., 2007, 91,
083113.

33 H. Ghaforyan, M. Ebrahimzadeh and B. Mohammadi,World
Appl. Program, 2015, 5, 79–82.

34 K. Furusawa, K. Takahashi, H. Kumagai, K. Midorikawa and
M. Obara, Appl. Phys. A: Mater. Sci. Process., 1999, 69, S359–
S366.

35 D. Mahl, J. Diendorf, S. Ristig, C. Greulich, Z.-A. Li, M. Farle,
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