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Effect of NiAl alloy microparticles deposited in
flexible SERS substrates on the limit of detection
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Flexible-SERS (FSERS) substrates were fabricated by depositing NigsAlzg(NiAl)-alloy-microparticles and/or
spherical Ag-NPs (sizes of 10-40 nm) on recycled plastics, which had an aluminum layer on their surface.
First, FSERS substrates made of Al + Ag-NPs and an area of 1 cm? were used to detect rhodamine B (RhB)
molecules. The limit-of-detection (LOD) for RhB was 8.35 x 10722 moles (~503 molecules), and the
enhancement factor (EF) was 3.11 x 10°. After adding NiAl-microparticles to the substrate, the LOD
decreased to 8.35 x 1072* moles (~5 molecules) and the EF was increased to 2.05 x 10%. Such EF values
were calculated with respect to substrates made only with Al + NiAl-alloy (without Ag-NPs), which did
not show any Raman signal. Other FSERS substrates were made with graphene-layer + Ag-NPs or gra-
phene-layer + NiAl-alloy + Ag-Nps, and the best LOD and EF values were 8.35 x 10722 moles and 6.89 x
10%, respectively. Overall, combining the Ag-NPs and NiAl-alloy microparticles allowed for the zeptomole
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detection of RhB. This was possible due to the formation of Ag aggregates around the alloy microparti-
cles, which enhanced the number of hotspots. If no alloy is present in the FSERS substrates, the detection
of RhB is lowered. Overall, we presented a low-cost FSERS substrate that does not require expensive Au

Open Access Article. Published on 02 August 2024. Downloaded on 7/16/2025 6:26:06 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/nanoscale

1. Introduction

Currently, there is tremendous contamination of water sources
due to agricultural and industrial activities. It is estimated that
300-400 megatons of waste are generated by populations
worldwide, which contaminates rivers and oceans.! Such con-
taminated water sources and wastewaters (generated by houses
and buildings) are processed by water treatment/desalination
plants to produce clean water, which can be used by people in
the kitchen or bathroom. However, most of these water treat-
ment plants cannot eliminate traces of contaminants coming
from pharmaceuticals, dyes or herbicides.> For this reason, it
is necessary to utilize traditional techniques such as liquid-
chromatography, electrophoresis, and absorbance to identify
traces of contaminants. However, such methods involve long
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films or Au-NPs (as previously reported) to detect RhB at the zeptomole level.

times of processing and complexity and are expensive.’
However, surface-enhanced Raman spectroscopy (SERS) is a
versatile, efficient, fast, and eco-friendly technique for finding
traces of chemical compounds. Detection by SERS (enhance-
ment of the Raman signal) is possible due to the electromag-
netic enhancement, which is provoked by the surface plasmon
resonance of metal nanoparticles and the analyte (molecule to
be detected).® Typical Raman substrates are made of metal
films (Au, Ag, Cu, etc.) deposited on glass slides or silicon
wafers and are rigid. These films are grown using complex and
expensive methods such as thermal evaporation or chemical
vapor deposition.® To facilitate the detection of analytes (con-
taminant molecules) on surfaces or fruits, flexible SERS
(FSERS) substrates have emerged, which are fabricated on cell-
ulose, polymer films, cotton fabrics or even adhesive tape.
These substrates can be coupled on curved surfaces to take
samples from them.? In addition, the FSERS substrates can be
cut with different shapes and are considered a non-invasive
sampling tool. FSERS have been used to monitor the water
quality and to detect industrial dyes or chemicals in food
(quality control).* Another advantage is their light weight and
can be coupled to portable devices such as cell phones or dis-
plays.® Typically, Ag and Au nanoparticles (NPs) have been
used in FSERS substrates for the detection of noxious com-
pounds.” For example, Ag nanocubes have been embedded in
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polydimethylsiloxane (PDMS) membranes for the detection of
methylene blue and Rhodamine 6G (textiles contaminants) with
detection limits of 107'° M and 107 M, respectively.” The
enhancement factor in this last research was ~ 3.43 x 10°. FSERS
substrates are made on flexible substrates of cellulose/papers,
cotton buds, fabrics and polymers (PMMA, PET and polypropyl-
ene), which are decorated with Ag and/or Au NPs for the detection
of drugs (cocaine and heroine), dyes (rhodamine 6G (R6g) and
malachite green (MG)) and pesticides (thiram, thiabendazole and
methyl parathion) with detection limits of 107°-107"*> M.* Despite
the high sensitivity of the FSERS substrates to detect contaminant
molecules, they still present the following disadvantages: (1) they
are expensive because nanolithography or complex printing tech-
niques are needed to fabricate nano/micro structures, which can
generate the Raman enhancement; (2) they still utilize expensive
metals such as gold; and (3) the FSERS are made on expensive
plastics, such as polyimide and PVDF, which contaminate the
environment at the end of their lifetime. Consequently, it is
necessary to find new ways to fabricate FSERS substrates at a low
cost using fast fabrication methods.

To fabricate FSERS substrates at a low cost, we utilized a
flexible plastic substrate (recycled from single-use packets) as a
mechanical support for active nanomaterials. Single-use
packets are massively wasted worldwide by restaurants and
homes, producing contamination in the environment. Plastic
pollution is currently a global problem because oceans and
rivers are currently contaminated by microplastics made of
polyethylene (PE), polypropylene (PP), etc., affecting human
health. The contamination of water sources by microplastics is
unstoppable because the transition to sustainable packaging
in the food and beverage industries is slow and expensive.®
Thus, in this investigation, we employed recycled plastic sub-
strates to palliate the problem of contamination produced by
plastics. Rhodamine B (RhB) is selected as the analyte to be
detected by our FSERS substrates because it is a toxic dye
widely used in the textile/plastic industries and produces carci-
nogenic/neurotoxic effects for humans. This dye has been
found in concentrations from ng to mg in wastewater pro-
cessed in water treatment plants.” It has been reported that
SERS substrates are applied for the detection of RhB or for a
similar rhodamine (R6G) using the following combinations of
materials: (1) dendritic copper nanoleaves deposited on
RbCu,CL]I, films, which had a limit of detection (LOD) of
107" and an enhancement factor (EF) of 3.6 x 10'%% (2) 3D
porous y-Fe,03/N-rGO with LOD of 5 x 1077 M;’ (3) flexible-gra-
phene-sheets/Ag NPs with LOD of 10~"> M and EF = 10%'° (4)
core-shell satellite structure Ag@SiO,-Au nanoparticles/
silicon-wafer with an LOD of 10~° M and EF = 1.5 x 10%"" (5)
Au/graphene/Cu film with a LOD of 10™° M for RhB and an
enhancement factor of ~10°%"'* and (6) Ag nanocubes/glass that
allowed the detection of RhB with LOD of 107'° M and an
enhancement factor of 10°."® As observed, the lowest detection
limit and EF for the SERS substrates made with Ag NPs or gra-
phene are 10™'*> M and 10°, respectively. To decrease the LOD
even more and enhance the EF, we fabricated FSERS substrates
on the aluminum side (inner part) of the single-use packets
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(recycled from mayonnaise packets). First, the Al layer was
coated with NiAl alloy microparticles with sizes of 5-40 um.
Next, an ink of Ag nanoparticles (with sizes of 10-40 nm) was
dropped on the alloy microparticles, decorating in this way
their surface. Thus, the FSERS substrate was Al/NiAl@Ag-NPs.
This one allowed the zeptomole detection (107>* moles) of
RhB with EF = 10"”. To study the effect of the type of substrate
on the detection of RhB, another substrate was made with the
configuration graphene/NiAl@Ag-NPs. In this case, the LOD
was 107> moles of RhB and the EF was 10'°. The EF obtained
with the two substrates above is among the highest reported
so far for the detection of RhB. Using a combination of NiAl
alloy + Ag-NPs is even more effective for the detection of RhB
(at the zeptomole level) than the combination of Si/Au-film/
Au-NPs previously reported.'* High EF values were obtained
due to the formation of multiple hotspots in a limited area,
and they were produced by the agglomerates of Ag NPs. Thus,
such a combination above of Al + alloy + Ag or graphene +
alloy + Ag avoids the utilization of the expensive Au metal for
the detection of RhB. Furthermore, the FSERS substrates were
constructed on single-use packets, which decreased their cost
and made them more attractive for commercial applications.

2. Experimental
2.1 Synthesis of the NiAl alloy and Ag nanoparticles

The Nig,Alz6 (NiAl) alloy was synthesized as follows: first, stoi-
chiometric amounts of Ni and Al metal powders (purity >
99.9%) were mixed using an agata mortar. Later, this mixture
of powders was deposited on a copper crucible, and this was
melted at 1100 °C by arc melting. Ingots were obtained, and
they were remelted five times to ensure their homogeneity.
Finally, the ingots were ground to obtain a fine metallic
powder. However, the Ag nanoparticles were synthesized using
a procedure previously reported.” A certain amount of AgNO;
(from Sigma Aldrich) was dissolved in 50 mL of distilled water.
Next, 200 mg of citric acid was added to the mixture, and the
whole solution was stirred for 30 min at 70 °C. After this, 0.5 g
of NaBH, was added to the aqueous solution, and the silver
nitrate was reduced to form Ag nanoparticles. The final solu-
tion had a dark-green coloration.

2.2. Fabrication of SERS substrates

The FSERS substrates were fabricated as follows: pieces of
single-use packets (SUPs) were cut with dimensions of 2.7 cm
x 2.2 cm and washed with alcohol/distilled water. Afterward, a
slurry-paste was prepared by mixing polymethylmetacrylate,
NiAl and acetone at a weight ratio of 0.25:0.35: 1, respectively.
Next, this slurry was deposited on the Al layer (gray side) in the
SUPs using a bar-coating method and dried at 90 °C for
15 min. Later, 10 layers of Ag NPs were deposited on the side
of an aluminum layer in the SUPs. For this, 300 pl of the Ag
NPs (dark-green solution) was dropped on the Al layer, and
this was dried at 90 °C for 5 min. This last procedure was
repeated 10 times. This procedure produced the FSERS sub-

This journal is © The Royal Society of Chemistry 2024
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strates of Al/NiAl@Ag-NPs, which was named as AAAg (alumi-
num/alloy/Ag) substrate. The same procedure was utilized to
make the FSERS substrates with graphene (G), but graphene
was printed on the Al layer in the SUPs before the deposition
of the NiAl alloy. For this purpose, the following process was
employed. First, commercial graphene microplates (American
Materials Co.), isopropyl-alcohol, acetone and sodium dodecyl
sulfate were mixed (at a weight ratio of 0.6:1:1:0.15, respect-
ively) by ultrasonication. Subsequently, the graphene ink was
printed on the Al layer using the Blade method. The FSERS
substrate made with graphene + alloy + Ag-NPs was named
GAAg. Fig. S1 in the ESIf depicts a schematic illustration
showing the architectures of the FSERS substrates utilized in
this work. Fig. Siaf illustrates the FSERS substrate made of
graphene, while that in Fig. S1b¥ illustrates that made of an Al
layer (from a single-use packet).

2.3 Optical, morphological and structural characterization
for the SERS substrates

Scanning Electron Microscopy (SEM) technique was employed
to observe the morphology and microstructure of the FSERS sub-
strates and alloy powders. This was carried out using FEI-ESEM
Quanta 250 equipment with an electron beam at an energy of 5
keV. Additionally, Elemental Dispersion Spectroscopy (EDS) was
used for elemental analysis with a ThermoFisher detector
coupled with the SEM microscope. For the crystallographic identi-
fication of the alloys, graphene and Al, X-ray Diffraction (XRD)
was used (SmartLab RIGAKU equipment). XRD scanning was per-

UP (aluminum side). .~

Cop

... 'd) AlFANoy+Ag NPs -

View Article Online

Paper

formed at a speed of 0.1° s™" in the range of 10-80° at a Cu-ka
wavelength of 1.5418 A. X-ray photoelectron spectroscopy (XPS)
spectra were acquired using a Thermo Scientific K-Alpha instru-
ment. Fourier transform infrared (FTIR) spectroscopy was carried
out using a Shimadzu spectrophotometer coupled to the ATR
accessory (FTIR spectra were measured in the range of
400-4000 cm™"). Finally, optical UV-Vis-NIR absorbance was
determined using a Cary 5000 spectrophotometer.

2.4 Methodology for Raman measurements

First, molar solutions of RhB were prepared with concen-
trations ranging from 8.35 x 107> to 8.35 x 107>° M. Later,
100 pl of each RhB solution was dropped on the AAAg and
GAAg substrates. After this, they were analyzed using a micro-
Raman Renishaw instrument (coupled to a green laser of
532 nm), and the Raman spectra were recorded in the range of
600-1800 cm™'. A representative Raman spectrum was
obtained by averaging 10 Raman curves measured at different
points on the FSERS substrates. For all the Raman measure-
ments, the spot size of the laser was ~7.75 pm, and the spot
area was ~188.7 pm”.

3. Results and discussion

3.1 Morphological, structural and optical characteristics of
FSERS substrates

Fig. 1a shows an SEM image of the Al layer deposited on one
of the sides (inner part) of the single-use packet. Such an

by NiAlalloy

L EN

Fig. 1 Micrographs (SEM images) for (a) aluminum layer on the single-use packet, (b) NiAl alloy microparticles, (c) FSERS substrate made with Al +

Ag-NPs and (d) FSERS substrate made with Al + NiAl alloy + Ag-NPs.

This journal is © The Royal Society of Chemistry 2024
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aluminum layer is rough, and several polymer microparticles
with irregular shapes are embedded in it. The NiAl alloy micro-
particles depicted in Fig. 1b have a rock-like morphology and,
thus, an irregular shape. The smallest microparticles have
sizes of 2-15 um, and the biggest ones have sizes of 45-88 pm.
Fig. 1c shows the SEM image for the Al layer coated with only
the Ag nanoparticles. The Ag nanoparticles have a quasi-
spherical shape and sizes of 10-40 nm and are conglomerated;
see the blue circles. The biggest clusters are formed by 10-35
nanoparticles. The smallest clusters are formed by 3-12 nano-
particles; see the yellow circles in Fig. S2a in ESL¥

Fig. 1d shows the NiAl alloy microparticles decorated with
Ag nanoparticles. In general, the alloy microparticles have irre-
gular shapes and are compacted/overlapped. The green circles
indicate the parts of the alloy microparticles decorated with Ag
nanoparticles. A closer view of such alloy microparticles in
Fig. S2b of the ESI} depicts the areas with Ag clusters on the
NiAl alloy microparticles; see the orange circles.

However, the FSERS substrates made with graphene were
also analyzed. Fig. 2a shows the bare graphene substrate where
coalesced graphene microplates are observed. Such coalesced
microplates have an average dimension of 7.8 pm x 13.3 pm
and form a conductive surface with a sheet resistance of 12 +
0.5 Q sqr~'. After depositing the Ag nanoparticles on the gra-
phene substrate, they are homogeneously distributed (Fig. 2b).
A zoom of the graphene substrate decorated with Ag nano-
particles did not show conglomerations of Ag nanoparticles

a) Graphene substrate . -

N

c) Graphene+Ag Nps
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(Fig. 2c). They only look like small dots distributed on the gra-
phene microplates. Fig. 2d shows the arrangement of the NiAl
alloy microparticles on the graphene substrate. These micro-
particles appear less compacted and more separated than the
microparticles deposited on the Al substrate, as shown in
Fig. 1d and 2d.

EDS analysis was also performed to confirm the elemental
composition of the FSERS substrates. Fig. 3a shows the EDS
spectrum for the FSERS substrate made with an aluminum
layer covered by Ag NPs (the gray side of the SUPs was coated
with Ag NPs, and this aluminum layer was deposited by the
manufacturer of the SUPs). The energy peaks for the C and O
elements are observed, which correspond to the polyethylene
in the SUPs as well as the energy peaks for the Al and Ag
elements. Fig. 3b shows the EDS spectrum for the FSERS sub-
strate with Al + NiAl-alloy + Ag-NPs. In this case, the Ag nano-
particles decorated the aluminum substrate and alloy micro-
particles. An extra energy peak for the Ni element is shown in
Fig. 3b due to the introduction of the NiAl alloy. Fig. 3c and d
depict the EDS spectra for the FSERS substrate made with gra-
phene (G) + Ag-NPs and graphene + alloy + Ag-NPs. As
expected, these FSERS substrates had a much higher carbon
component in comparison with the substrates made with the
Al layer, compare, for example, Fig. 3a and c. The unique
difference between the EDS spectra in Fig. 3¢ and d is the pres-
ence of Ni, which was observed only in the substrate made
with graphene + alloy. In general, no additional chemical

b) Graphene;ﬁ&Nps B

500 pm

BB AT 5
.d) Gra hene’i-NiAf-tAg'NWQ,
. e gl

Fig. 2 Micrographs (SEM images) for (a) graphene layer deposited on the single-use packet, (b) and (c) are FSERS substrates made with G + Ag-NPs.

(d) shows the FSERS substrate made with G + alloy + Ag-NPs.
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Fig. 3 EDS spectra for the FSERS substrate made of (a) Al + Ag-NPs, (b) Al + alloy + Ag-NPs, (c) G + Ag-NPs and (d) G + alloy + Ag-NPs.

elements were observed in the EDS spectra of Fig. 3, confirm-
ing that our procedure is appropriate for fabricating FSERS
substrates without impurities, which can affect Raman
detection.

Fig. 4a shows the XRD pattern for the pure NiAl alloy
powder. The most intense peak corresponds to the (111) orien-
tation and cubic phase.'® In the case of the XRD pattern of the
Al layer printed in the single-use packet, the most intense peak
corresponds to the (200) orientation and cubic phase'’
(Fig. 4b). The FSERS substrate of Al + alloy simultaneously
shows the peaks of Al and the alloy; see the dotted lines in
Fig. 4c. Interestingly, the XRD pattern for the FSERS substrate
made of Al + Ag-NPs exhibited the (122), (231) and (241) orien-
tations, which are attributed to the cubic phase of metallic
Ag'® (Fig. 4d).

The broad band observed at 22.5° is associated with the
high-density polyethylene (HDPE) of the single-use packet.'
Moreover, the FSERS substrate made of Al + alloy + Ag-NPs
exhibited only the diffraction peaks for Al and NiAl (Fig. 4e).
The diffraction peaks of silver were not observed because they
were hidden by the high intensities of the Al and NiAl peaks.
However, the FSERS substrate made with an Al layer coated
with graphene (G) depicts an intense peak at 26.5°, which
corresponds to the (200) orientation of graphene®® (Fig. 4g). In
addition, the FSERS substrate made with G + alloy exhibited
the diffractions of graphene and NiAl simultaneously
(compare the dotted lines in Fig. 4f and h), while the XRD
pattern of the G + Ag substrate depicted the intense peak of
graphene plus small peaks associated with metallic Ag (see

This journal is © The Royal Society of Chemistry 2024

(111), (200), (004) and (220) orientations in Fig. 4i). Finally,
Fig. 4j shows that the FSERS substrate made of G + alloy + Ag-
NPs is composed of the diffraction peaks of graphene, NiAl
and Ag. Because the content of Ag is the lowest in that sub-
strate, it is expected to be the lowest intensity peak for the Ag;
see the peak for the (220) orientation in Fig. 4j.

3.2 Performance in the detection of RhB molecules

To evaluate the performance of the FSERS substrates for the
detection of RhB molecules in an area of 1 em* (or 1 x 10°
pum?), we first deposited on the Al substrate (gray side in the
recycled single-use packet) 0.835 moles of RhB, but no Raman
signal was produced; see the black curve in Fig. S3a in the
ESL.f Subsequently, the NiAl alloy powder was deposited on
the Al substrate. Next, two different concentrations of RhB
were deposited (0.835 and 8.35 x 10~? moles) on the Al + alloy,
but again, no Raman peaks were observed; see the red and
blue curves in Fig. S3a.f This means that the Al layer and the
combination of Al + alloy are not enough to produce the
Raman signal. In the next step, the Al layer was coated with Ag
NPs and deposited on this substrate RhB at a concentration of
8.35 x 10~° moles. Interestingly, Raman peaks were observed
(Fig. 5a). These Raman peaks are very similar to those already
reported in the literature for RhB.>"** Fig. 5a shows how the
intensity of Raman peaks decreases after decreasing the RhB
concentration on the FSERS substrate (Al + Ag-NPs) from 8.35
x 10° moles to 8.35 x 107> moles. A zoomed view of the
Raman spectra for concentrations from 8.35 x 107*° to 8.35 x
107** moles is shown in Fig. S4a of the ESLf Fig. Sicf shows

Nanoscale, 2024, 16, 16183-16194 | 16187
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Fig. 4 X-ray diffraction patterns for (a) NiAl powder, (b) Al layer, (c) Al + alloy, (d) Al + Ag-NPs, (e) Al + alloy + Ag-NPs, (f) NiAl alloy, (g) graphene

substrate, (h) G + alloy, (i) G + Ag-NPs and (j) G + alloy + Ag-NPs.

pictures of the flexible Raman substrate fabricated in this
study.

The Raman enhancement (also known as Enhancement
factor = EF) was calculated for the detection of each RhB con-
centration using the following equation: EF = [(Lsers X Nyef)/(Zret
X Nggrs)], where I.s is the intensity of the Raman peak
obtained from the FSERS substrate with Ag NPs, I is the
Raman signal obtained from the substrate without Ag NPs,
Niet is the number of RhB molecules on the substrate without
Ag NPs and Ngggs is the number of RhB molecules on the sub-
strate with Ag NPs. For the calculation of the enhancement
factor, we used the integrated intensity of the Raman peak
located at 1511 cm™" because it appeared in all the Raman
spectra for the samples labeled as AlAg, AAAg, GAg and GAAg.
Table S1 in the ESIT summarizes the concentration of RhB (in
moles) for each FSERS substrate made with Al + Ag-NPs, the
amount of RhB molecules on each SERS substrate, and their
EF values. These EF values were calculated with respect to the
following reference FSERS substrates: bare Al and Al + NiAl
alloy did not produce Raman peaks, but they had 8.35 x 107°
moles of RhB on their surface. In particular, the AlAg-1 sub-
strate had a Raman enhancement of 33 495 times with respect
to these reference substrates. The AlAg-7 substrate (which had
8.35 x 107>> moles of RhB or ~503 molecules) showed a
maximum EF value of 3.11 x 10"°. When the AlAg-1 sample is
used as the reference substrate, the maximum EF value is now

16188 | Nanoscale, 2024, 16, 16183-16194

1.07 x 10"". Subsequently, FSERS substrates made with the
configuration Al + NiAl alloy + Ag NPs were utilized to detect
the same concentrations of RhB (~10° to 107>%). Surprisingly,
the limit of detection (LOD) was even lower (8.35 x 107>%); see
Fig. 5b and S4b in ESI.f This means that adding the NiAl alloy
microparticles to the FSERS substrates decreases the LOD by
two orders of magnitude. If the Raman spectra (at an RhB con-
centration of 8.35 x 10™° moles) in Fig. 5a and b are compared,
it is clear that the Raman peaks observed in the substrate
made with NiAl alloy are on average 214% more intense. For
lower RhB concentrations (from ~107*® to ~107>* moles), the
Raman peaks were also more intense for the substrates made
with the NiAl alloy, compared with those in Fig. S4a and S4b
in the ESL.} Furthermore, Table S17 illustrates that the FSERS
substrate made with Al + alloy + Ag-NPs used to detect 8.35 x
107° moles of RhB (AAAg-1) had ~78% more intense Raman
peaks than the substrate made without alloys (AlAg-1). The
maximum EF value produced by the FSERS substrates made
with alloy was 2.05 x 107, which allowed the detection of 8.35
x 107>* moles of RhB or approximately 5 molecules; see
Table S2 in the ESI.f When the AAAg-1 sample is used as a
reference to calculate the EF value for the AAAg-8 sample, we
obtained an EF value of 3.42 x 10" To evaluate the effect of
the conductive film deposited on the FSERS substrate, we de-
posited graphene (G) microplates on the Al layer and then on
the Ag NPS. The Raman spectra recorded from FSERS sub-

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Raman spectra obtained for different RhB concentrations and using FSERS substrates made of (a) Al + Ag-NPs (AAg), (b) Al + alloy + Ag-NPs

(AAAQ), (c) G + Ag-NPs (GAg) and (d) G + alloy + Ag-NPs (GAAg).

strates made with pure graphene or G + alloy are exhibited in
Fig. S3b of the ESLt These substrates had 8.35 x 10~ moles of
RhB on their surface, but no Raman peaks were observed.
Later, other FSERS substrates were made with G + Ag-NPs, and
different concentrations of RhB were deposited on their sur-
faces. The resulting Raman spectra for these substrates are
shown in Fig. 5c. In this case, the LOD was only 8.35 x 107'°
moles, that is, it was not possible to detect the lower concen-
tration of RhB (8.35 x 107'®) because no Raman peaks were
observed; see the red line in Fig. S4c in the ESL{ The
maximum EF value for the substrates made with G + Ag-NPs
was 2.7 x 10% see Table S3 in the ESLft If the NiAl alloy is
added to the FSERS made with graphene (G + AINi + Ag-NPs
substrates), it is possible to obtain stronger Raman peaks
(Fig. 5d), and a lower LOD of 8.35 x 107> moles for RhB is
reached. This represents a maximum enhancement factor of
6.89 x 10'%; see Table S4 in the ESL{ A comparison between
Fig. 5c and d indicates that adding the NiAl to the FSERS sub-
strates increases the intensity of the Raman peaks on average
4.5 times for the Raman spectra corresponding to the concen-

This journal is © The Royal Society of Chemistry 2024

trations of 10”° moles. This is even evident at lower RhB con-
centrations; see the Raman peaks for 8.35 x 10™'* and 8.35 x
107"® moles in Fig. S4c and S4d in the ESL{ By comparing the
Raman spectra in Fig. 5, we infer the following facts: (i) RhB
can be detected at the zeptomole level using the following
combination of materials Al + Ag-NPs or G + NiAl + Ag-NPs; (ii)
the ultimate detection level of 8.35 x 107>* moles (or ~5 mole-
cules in 1 cm?) is produced only in the FSERS substrates with
Al + NiAl + Ag-NPs; (iii) in general, the Raman peaks are stron-
ger in the FSERS substrates made with Al and (iv) the highest
EF value of 10"°-10"” was obtained in the FSERS substrates
made with NiAl alloy.

However, the EF values and the LOD obtained in this
research were compared with others already reported in the lit-
erature for the detection of RhB using SERS substrates made
with Ag NPs or graphene. For example, SERS substrates of
Ag,CO; microcrystals/glass produced a maximum EF = ~10°,
and the LOD was 10™"" M;*® AuNP/AgNW composites/quartz
could detect up to 10> M of RhB.>* Another study employed
SERS substrates made of Ag-NPs/reduced-graphene-oxide/glass

Nanoscale, 2024, 16, 16183-16194 | 16189
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and detected a minimum concentration of 10™° M, with an EF
of 10°.>® Additionally, SERS substrates made of Ag-NPs/Si/SiO,
produced an EF of 35.4 for the detection of 2 pg of RhB.*®
Another study utilized Au-nanorods/melamine-foam as a SERS
substrate and detected rhodamine with an LOD of 107> M
(ref. 27) (the EF value was not reported). For comparison pur-
poses, we should mention that a RhB solution 1072° M was
employed to take the five molecules of RhB deposited on the
FSERS substrate. Thus, our LOD for the detection of RhB is at
least 8 orders of magnitude lower than those reported in the
literature (in terms of molar solutions). It is worth noting that
our FSERS substrates have additional advantages over the pre-
vious SERS substrates: (i) our substrates were fabricated on
recycled plastics, which significantly decreased their cost; (ii)
our EF values (10'°-10"7) surpassed at least 5-7 orders of mag-
nitude the EF values already reported in the literature for the
detection of RhB; and (iii) we utilized an Al or graphene layer
in the FSERS substrate instead of Au films or Si, which helped
to decrease the cost of the substrate.

To analyze the reproducibility/stability of the FSERS sub-
strates, several experiments were carried out: (1) first, two
SERS substrates (made with Al + alloy + Ag-NPs and stored for
10 months) were taken, and 8.35 x 10~° moles or RhB was de-
posited on the first substrate (to make a new AAAg-1 sample).
Next, 8.35 x 10~>* moles of RhB were dropped on the second
SERS substrate (to make a new AAAg-8 sample). After this,
both substrates were analyzed using a Raman microscope.
Their spectra are displayed in Fig. S5a and S5b.f If the Raman
spectra in S5atf are compared with those in Fig. 5b made with
8.35 x 107° moles, we observe the same Raman peaks, but the
intensity of the new Raman peaks is on average 42% lower. In
contrast, the comparison of the Raman spectra in Fig. S5b and
S4bt for the samples made with 8.35 x 107> moles of RhB
revealed that the Raman intensity increased about 10 times. This
confirmed that the SERS substrates are stable enough to be used
after 10 months, and the Raman signals are obtained again. Even
better, the Raman signal for the SERS substrate containing 8.35 x
107>* moles improved. (2) For the second experiment, we simply
measured the Raman spectra for the old AAAg-1 and AAAg-8
samples (contained RhB), which were stored for 10 months
(Table S1f) and recorded again the Raman spectra for such
samples; see Fig. S6a and S6b in ESL{ As observed, the intensity
of the Raman peaks for the AAAg-1 sample is on average 91%
lower in comparison with the Raman spectra depicted in Fig. 5b
(see the green curve for the concentration of 8.35 x 107°). In
addition, the Raman peaks for the AAAg-8 sample were slightly
stronger than those observed for the same sample in Fig. S4b of
the ESL{ Thus, the same Raman peaks were obtained for the
SERS substrates stored for 10 months; this was possible due to
the high stability of the SERS substrates.

To prove the usefulness of flexible SERS substrates in
detecting traces of RhB on curved surfaces, we performed
experiments for RhB detection on apples. For this purpose,
two apples were contaminated with RhB. The first apple was
contaminated with RhB at a concentration of 8.35 x 10~°
moles, and the second apple was contaminated with RhB at a
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concentration of 8.35 x 10~'® moles (Fig. S7at). Next, the layer
of RhB deposited on the apple was dried naturally (Fig. S7b¥).
Subsequently, we put one AAAg (Al + NiAl + Ag-NPs) SERS sub-
strate on the apple, as depicted in Fig. S7¢c,T to collect the RhB
molecules. After this, the AAAg substrate was analyzed, and we
obtained the Raman spectrum shown in Fig. S8a.f As
observed, the Raman peaks are well defined, and their inten-
sity is on average 75% lower than that obtained for the AAAG-1
substrate in Fig. 5b. It is expected to have a lower Raman inten-
sity because only some of the RhB molecules were taken from
the apple surface. A similar procedure was carried out using a
second AAAg substrate, and the apple was contaminated with
8.35 x 107'® moles of RhB (this was the minimum detectable
concentration of RhB on apples). The Raman spectrum for the
second apple is presented in Fig. S8bT and well-defined peaks
are again observed. Overall, it is possible to conclude that our
flexible SERS substrates are useful for detecting traces of con-
taminants on curved surfaces. In fact, detecting contaminants
in fruits is of particular interest to the food industry.
Additionally, we demonstrated the effectiveness of our SERS
substrates in detecting traces of other contaminants, such as
herbicides. For this purpose, two AAAg substrates were fabri-
cated, and 4-chlorophenol (4-CP) herbicide was deposited on
them. 4-CP was selected because it is toxic for aquatic organ-
isms, is persistent in the environment and can produce skin
cancer in humans.”® The first SERS substrate (AAAg-CP1) was
contaminated with 8.35 x 10™° moles of 4-CP, and the second
one (AAAg-CP2) was contaminated with 8.35 x 10~'® moles of
4-CP. Subsequently, the Raman spectra were measured for
such substrates; see Fig. S9 in the ESI.t From this last figure, it
is observed that the intensity of the Raman peaks for the
AAAg-CP2 substrate is on average 75% lower than those for
AAAg-CP1. In fact, the lowest detectable concentration for 4-CP
was 8.35 x 107'® moles. The EF for the AAAg-CP2 substrate
(taking as reference the AAAg-CP1 substrate) was 2.53 x 10°.

3.3 Mechanism for the detection of RhB molecules

To explain the high EF values, we first consider the absorption
of light by each component on the FSERS substrates. Fig. 6a
depicts the absorbance spectra for the Al layer (gray side in the
SUPs) and pure alloy powder; see the red and black curves in
Fig. 6a. Both spectra show their main absorbance band
around 400 nm, and the absorbance of the NiAl alloy is
~110% higher than that of the Al layer. If the Ag NPs are de-
posited on the Al layer, the absorbance in the range of 200-
700 nm is increased ~3.5 times, compare red and blue curves.
A new broad band is observed around 385 nm, which matches
the absorption of the Ag NPs utilized in this research; see their
plasmon around 400 nm in Fig. S10 of the ESIL{ If the NiAl
alloy is deposited on the Al layer, the absorbance is increased
~4.5 times with respect to the red curve for the bare Al layer.
When both the alloy and Ag NPs are present on the FSERS sub-
strate, the absorbance is enhanced even more (up to 5.7 times
with respect to the red curve); see the violet curve in Fig. 6a.
This means that having both materials in the Al substrate
favor the absorption of light in the visible region.

This journal is © The Royal Society of Chemistry 2024
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strate, G + alloy, G + Ag-NPs and G + alloy + Ag-NPs.

Similarly, adding NiAl alloy or Ag NPs to the graphene layer
enhanced the absorbance with respect to the bare graphene,
comparing the green and blue curves with the red line in
Fig. 6b. Again, with both, the Ag NPs and the alloy on the gra-
phene layer increased the absorbance of light to a maximum;
see the violet curve in Fig. 6b. Then, we could infer from the
absorbance spectra that the absorption of visible light at
532 nm is enhanced after adding the metal alloy or Ag NPs.
This benefits the generation of Raman photons because the
laser wavelength utilized to record the Raman spectra was
532 nm. Hence, the first reason for the maximum Raman
enhancement observed in the FSERS substrates made with Al +
alloy + Ag-NPs is the strong absorption of the laser at 532 nm.
Another reason why our FSERS substrates (made with Al +
alloy + Ag-NPs) have much more sensitivity for the detection of
RhB (in comparison with previous works) is the formation of
multiple conglomerates of Ag NPs on the SERS substrates.
According to the literature, the intensity of the electric field
(hotspot) between two spherical Ag NPs is enhanced by redu-
cing the separation distance between them.>® Furthermore,
aggregates of spherical Ag NPs create multiple hotspots that
increase the Raman signal.” In our case, the multiple Ag aggre-
gates were formed on the Al substrates and NiAl alloy micro-
particles. Fig. Sila in the ESI{ shows an SEM image of the
bare NiAl alloy microparticles. Next, Fig. S11bf shows a
zoomed view of the NiAl alloy microparticles decorated with
Ag NPs (previously visualized in Fig. 1d). As observed in
Fig. S11b,7 the surface of the alloy is saturated with clusters of
Ag NPs, and hundreds of Ag aggregates are observed. A closer
view of the surface decorated with Ag NPs (Fig. S11ct) clearly
shows the Ag aggregates formed by at least 10-30 Ag NPs; see
the red circles. To confirm the formation of multiple hot spots
in the agglomeration of Ag NPs, the COMSOL Multiphysics
software was utilized to simulate the electric field among 10
Ag NPs with an average size of 10 nm and a separation dis-

This journal is © The Royal Society of Chemistry 2024

tance of 2 nm. This last separation distance was selected
because the RhB molecule has an average length and width of
1.6 and 1.1 nm, respectively.>® Thus, the RhB molecule can be
trapped among Ag NPs. The results of the simulation are
depicted in Fig. S12a in the ESL{ As observed, all the nano-
particles interact strongly among themselves to form hotspots
(see the red areas). Thus, the formation of Ag aggregates on
the alloy microparticles was a critical factor in enhancing the
number of hotspots on the FSERS made with Al + alloy + Ag-
NPs. Another reason for the increased generation of Raman
photons is the movement of electrons on the metallic surface
of the NiAl alloy after the absorption of light from the green
laser (532 nm). As depicted in Fig. 6a, the pure alloy strongly
absorbs the green light (see extended band from 350 to
560 nm). If this occurs, free electrons located on the surface of
the alloy microparticles move, generating an electric field that
is summed (added) to the electric field of the electrons oscillat-
ing on the Ag NP surface. Then, the electric field (hotspot
area) is amplified even more due to the contribution of the
free electrons oscillating on the alloy’s surface. This last effect
is possible due to the high electronic density of NiAl.*' Thus,
coupling the electric field of the Ag NPs with that of the NiAl
alloy drastically amplifies the generation of hotspots (even
between the alloy’s surface and the Ag NPs). To confirm the
generation of hotspots among the alloy microparticles and the
Ag NPs, the COMSOL software was utilized. The size of the
alloy microparticle and Ag nanoparticle in the simulation was
1 pm and 10 nm, respectively. The separation distance among
the particles was 2 nm. Fig. S12b1 shows a zoomed view of the
Ag NPs on the alloy microparticle. As observed, the electric
field between the alloy’s surface and the Ag nanoparticle is
strong (see the red points). Thus, having agglomerations of Ag
NPs on the alloy microparticles generates more hotspots, facili-
tating the detection of RhB molecules by the SERS effect. We
believe that the detection of RhB molecules is more effective

Nanoscale, 2024, 16,16183-16194 | 16191
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when they are deposited on alloys decorated with Ag NPs.
However, having the RhB molecules on the uncovered part of
the FSERS substrate, that is, where we have only Al + Ag-NPs
(see Fig. S2at), is also effective for the detection of RhB
because aggregates of Ag NPs formed by 3-12 nanoparticles
are also present. Such aggregates are a source of multiple hot-
spots, as demonstrated previously.

If the EF values of the FSERS substrates made with the Al
layer are compared with the FSERS substrates made of gra-
phene, we observe that the highest Raman enhancement was
obtained in the FSERS substrates made with the Al layer. This
is due to the following reasons: (1) a higher amount of Ag-NP
conglomerations was observed on the Al layer decorated with
Ag NPs. Fig. 2c shows the aggregates of Ag NPs on the gra-
phene sheets (FSERS made with G + Ag-NPs), which are much
more separated in comparison with the Ag NP aggregates de-
posited on the Al layer (FSERS made with Al + Ag-NPs)
(Fig. 1c). Due to the higher presence of aggregates on the Al
layer, the formation of hotspots is much higher in this sub-
strate than in the graphene substrate. Therefore, the limit of
detection was two orders of magnitude lower in the FSERS
substrates made with Al compared to the AAAg-8 and GAAg-7
samples in Tables S2 and S4 of ESL} (2) The second reason
for the higher enhancement factors in the FSERS substrates
made with Al was the relative content of Ag® and Ag* species
in that substrate. To determine the content of such Ag species
on the FSERS substrates made with graphene and Al, XPS
measurements were carried out for the Ag 3d orbital. Fig. 7a
depicts the XPS spectrum corresponding to the FSERS sub-
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strate made of Al + Ag-NPs, and it exhibits deconvoluted
bands associated exclusively with Ag®?** and one satellite
peak at 376.1 eV. All these last peaks are observed in the
range of 365-380 eV. After adding the NiAl alloy microparti-
cles to the FSERS substrate made of Al + Ag-NPs (to obtain the
FSERS substrate made of Al + alloy + Ag-NPs), all the deconvo-
luted bands are displaced to the range of 362-375 eV (Fig. 7b).
This shift of 5-6 eV toward lower energies is typically associ-
ated with physical interactions between the Ag NPs and a
metallic surface®*?*® and the charging effect,’” where free elec-
trons of one metal disturb the ones located on the surface of
silver nanoparticles.

A similar effect occurs for the FSERS substrate made with a
graphene layer. Fig. 7c shows the XPS spectrum (Ag 3d orbital)
for the FSERS substrate made of G + Ag-NPs, which exhibits
deconvoluted bands attributed to Ag" and Ag® in the range of
367-377 eV. After adding the NiAl alloy microparticles to the
FSERS substrate made of G + Ag-NPs (to obtain the FSERS sub-
strate made of G + alloy + Ag-NPs), all the deconvoluted bands
are displaced to the range of 362-374 eV (Fig. 7d). This shift is
again attributed to the interaction of the Ag NPs and the alloy,
which involves resonance that enhances the generation of
Raman photons. It is worth mentioning that the FSERS sub-
strates made of Al + Ag-NPs presented only metallic silver Ag®
on their surface, while the FSERS made of G + Ag-NPs had
approximately 65% Ag® and 35% Ag" (associated with Ag,0).
Thus, the higher EF values obtained in the FSERS substrates
made with Al + Ag could be attributed to the higher content of
Ag metal on it.
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Fig. 7 XPS spectra for the Ag 3d orbital corresponding to the FERS substrates made of (a) Al + Ag-NPs, (b) Al + alloy + Ag-NPs, (c) G + Ag-NPs and

(d) G + alloy + Ag-NPs.
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4. Conclusions

We reported novel flexible SERS substrates fabricated with
recycled plastics, which had a total area of 1 cm?® We took
advantage of the Al layer in wasted single-use packets to fabri-
cate the FSERS substrates. They were employed to detect RhB,
which is a toxic dye contaminant. The FSERS substrates made
of Al + Ag-NPs had LOD and EF values of 8.35 x 1072 moles
(~503 molecules) and 3.11 x 10", respectively. If NiAl alloy
microparticles are added to the substrate made of Al + Ag-NPs,
the LOD decreases to 8.35 x 107>* moles (~5 molecules) and
the EF increases to 2.05 x 10'7. Similarly, FSERS substrates
were made with graphene-layer + Ag-NPs or graphene-layer +
NiAl-alloy + Ag-Nps. The best LOD and EF values of the sub-
strates made with graphene were 8.35 x 107>* moles and 6.89 x
10", respectively. Thus, the FSERS substrates made with the Al
layer have a higher sensitivity for the detection of RhB in com-
parison with those made with the graphene layer. The combi-
nation of Ag-NPs and NiAl alloy microparticles allowed the
zeptomole detection of RhB for the following reasons: (1)
the presence of the NiAl alloy on the substrate enhanced
the absorption of the green light (laser of 532 nm) by ~4.5
times more with respect to the bare Al layer, which maxi-
mized the generation of Raman photons and (2) the surface
of the metallic NiAl alloy had free electrons that oscillated
after the interaction with the green laser. These electrons
contributed to enhancing the local electric field among the
Ag NPs, thereby increasing the number of hotspots for the
detection of RhB. Furthermore, the FSERS substrates made
with Al had higher EF values for the following reasons: (i) a
higher presence of Ag aggregates was observed on the Al
substrate in comparison with the graphene substrate, which
produced a higher number of hotspots for the Raman
enhancement and (i) a higher content of Ag’ (metallic
silver) was found on the FSERS substrates made with Al +
Alloy + Ag in comparison with the substrates made with gra-
phene + alloy + Ag, which, in turn, maximized the gene-
ration of Raman photons by plasmonic effects. Basically, we
presented here an inexpensive FSERS substrate, which does
not require expensive materials, such as Si or Au films/Au-
NPs, for the zeptomole detection of RhB as previously
reported in the literature. Instead, we used wasted plastics
and cheap alloy microparticles. Furthermore, the flexibility
of our FSERS substrate allows its coupling to any curved
surface for the detection of contaminants.
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