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Abstract
A 3D flexible domestic waste styrofoam is reported as a surface enhanced Raman scattering (SERS) substrate loaded with
BiOCl-BiOBr@Pt/Au semiconductor-plasmonic composites. The hydrothermally prepared BiOCl-BiOBr nanocomposite is
thoroughly characterized for its crystal structure using X-Ray diffraction, morphology through scanning electron microscopy,
and electronic states of the elements using X-ray photoelectron spectroscopy. The alpha cypermethrin (ACM) is chosen as a
model pesticide analyte for SERS investigation. The BiOCl-BiOBr@Pt/Au loaded foam substrate exhibited a high enhancement
factor (106) and low limit of detection (10−10 M) upon SERS investigation. The unique architecture of the semiconductor-
plasmonic composite enables an efficient charge transfer capability and plasmonic hotspots which aids in the enhancement of
target analytes. In order to better demonstrate the versatility towards other pesticides, SERS detection of glyphosate and paraquat
pesticides are also performed using the fabricated SERS substrate. The stability of the substrate has been investigated in detail for
30 days and the substrate was highly stable. The BiOCl-BiOBr@Pt/Au-based foam substrate also performed well in rapid real-
time sensing of alpha cypermethrin on the kiwi fruit exocarp at lower level concentrations.
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Introduction

The pesticides are broadly classified into fungicides, herbi-
cides, and insecticides which are diversely consumed in the
agricultural sector for eradicating the threat of the pests
impairing the cultivational lands and farm animals [1].
Having applied the controlling substance (pesticides) directly

onto the cultivational lands and plants, only a negligible per-
centage gets transported to the desired target. The inadvertent
exposure of the pesticides caused by the solid and liquid waste
dumps, spillage, and leaking pipes can conveniently corre-
spond to their dominant existence in the surrounding environ-
ment over an extended period of time [2]. As a consequence,
this practice of the pesticides has become a pollution and
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addressing them is one of the prime objectives for the scien-
tific community.

The alpha cypermethrin (ACM) is an emerging class of the
synthetic pyrethroid pesticide, and they are heavily consumed
in the animal husbandries [3]. The agricultural sector also relies
on it due to its low toxicity and good insecticidal action.
However, the recent scientific investigation shows the harmful
adverse effects of the ACMon the humans [4]. Specifically, the
reports suggest that the infants are affected with respiratory
issues, nausea, and abnormal changes in the mental condition.
In some cases, the overexposure of the ACM has led to brain
tumors in the children. Several conventional techniques like
electrophoresis and mass spectroscopy are already established
for the sensing of ACM but they are not portable and highly
time consuming for repetitive examination during the real-time
processing [5, 6]. Therefore, we are in need of the portable, fast,
point of care, and reliable detection technique for the efficient
sensing of ACM like surface enhanced Raman scattering
(SERS) [7]. The SERS is progressively becoming one of the
precise and selective detection techniques for the pesticides. In
the recent years, the SERS has been advanced more with the
help of utilization of the nanomaterial embedded surfaces.
When the pesticide analyte molecules possessing Raman active
bands are adsorbed onto a nanomaterial on the substrates hav-
ing noble metal-based configuration, a specific enhancement in
peaks in the Raman spectrum can be witnessed [8]. The analyte
molecule species can be credibly determined by confirming
with the molecular fingerprints which has the information on
the vibrational bands of the analytes.

The bismuth oxyhalides (BiOCl/BiOBr) are an emerging
semiconductor material that have attracted a huge attention
owing to their novel crystal structure, less toxic nature, and
enhanced catalytic activity than its counterparts [9–12]. The
bismuth oxyhalides exhibits a layered tetragonal matlockite
structure like Cl-Bi-O-Bi-Cl slabs coherently linked by van
der Waals forces. The solid interlayer covalent bonding and
frail van der Waals interactions potentially provides a highly
enhanced mechanical, electrical, optical, and structural prop-
erties [13]. Due to these alluring traits, they are dominantly
used for sensing, catalysis, solar cell, nitrogen fixation, hydro-
gen evolution, and SERS-based applications than other semi-
conductor based nanocomposites [14–17].

A numerus SERS functional substrate have been fabricated
and reported in recent years [18]. The template-based SERS
substrates are fabricated using different materials like carbon
nanofibers, plasmonic papers, polymers, and graphene [19, 20].
On the flipside, the bioinspired substrates are used as well,. for
instance, the beetle, dragon fly, and butterfly wings and many
leaves and flowers [21–23] Ideally, these substrates are con-
structed to support a great amount of the noble metal-based
nanocomposites on a 2-dimensional (2D) surface which often
results in lower sensitivity. Occurrence of this is due to the laser
and Raman scattering having a certain depth of penetration.

Hence, it is better to architect a 3-dimensional (3D) SERS
substrate as it increases the volume of sample to laser interac-
tion proving us with a precision fingerprint of the target analyte
molecules [24]. The styrofoams are predominantly used in the
food and meat packaging sectors. Once the food is consumed,
the styrofoam becomes a domesticated waste [25]. In our case,
these domesticated waste styrofoam serves as an ideal 3D scaf-
fold matrix for hosting the SERS active semiconductor-plas-
monic–based composites. The composites are held intact in the
matrix thanks to its superior absorption porosity. There are
already reports on the 3D SERS substrates based on Ag
sponge, Ni sponge, and Au sponge for the detection of the
different analytes [26–28]. This work serves as a first example
on the utilization of the 3D styrofoam as a functional substrate
for the SERS detection of the harmful pesticides.

In this research work, we have synthesized the BiOCl-
BiOBr composite material through a hydrothermal process
and subsequently they are thoroughly characterized to under-
stand its crystal structure, morphology, and chemical compo-
sition. The domestic waste styrofoam is utilized as an active
functional SERS substrate. The BiOCl-BiOBr composite is
drop-casted onto the styrofoam and subsequently sputtered
coated with Au and Pt (BiOCl-BiOBr@Pt/Au) to make it
highly plasmonic which aids in SERS enhancement. The
harmful synthetic pesticide alpha cypermethrin (ACM) is used
as a pesticide analyte to demonstrate the SERS performance of
the fabricated substrate. Our styrofoam substrate displayed an
impressive enhancement factor and the limit of detection. The
SERS detection of additional pesticides like glyphosate and
paraquat is demonstrated to signify that the fabricated SERS
substrate is not only applicable to ACM but also for wide
ranges of other pesticides. In addition, the substrate is subject-
ed for the reproducibility test and stability test.

Materials and experimental

Preparation of 3D styrofoam-based SERS substrates

The 3D domestic waste styrofoam is focused as a working
functional substrate for the SERS investigation for ACM de-
tection. The hydrothermally prepared BiOCl-BiOBr [29]
(Section S1) is coupled with the thin 10-nm gold (Au) film
and 10-nm platinum (Pt) film through a sputter coating on to
the styrofoam substrate. The Pt/Au plasmonic heterojunctions
on the BiOCl-BiOBr superiorly modifies the surface which
improves the SERS activity (BiOCl-BiOBr@Pt/Au). In the
SERS investigation, the foam substrate with BiOCl-
BiOBr@Pt/Au is used primarily. In an active experiment, a
100 μL of ACM in varying concentrations from 10−5 to
10−10 M is drop-casted onto the SERS foam substrate. Later,
the foam substrate is dried at 50 °C for 2 h. After drying, the
foam substrates are utilized for the SERS investigation. The
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quality of the foam substrate is investigated through mechan-
ical and thermal characterizations. They are discussed in sec-
tion S2. All the SERS spectra are collected using a 785-nm
laser (10x objective lens) with the exposure time of 10 s and
the laser power of 5 mW. The accumulation number for each
spectrum is 10 and accumulation cycle time is 3 s. The spot
size of each accumulated spectrum is 10 μm. The blank
Raman signal is collected at the 10−1 M concentration, and
the SERS signals are obtained at 10−5 M concentration.

Material characterization

The X-ray diffraction data are collected by using a
PerkinElmer PHI-5702 equipped with Cu Kα radiation (k =
1.54 Å). The surface morphology was observed by field emis-
sion scanning electron microscopy (FE-SEM) by Hitachi S-
3000 H and the subsequent EDAX is taken using HORIBA
EMAXX-ACT (Sensor +24 V = 16W, resolution at 5.9 keV).
The SERS studies are carried out in WITech CRM200 confo-
cal microscopy Raman system with a 785-nm laser. The ther-
mal stability of the styrofoam substrate is tested using thermo-
gravimetric analysis (TGA, METTLER TOLEDO). The
stress-strain experiment of the styrofoam substrate is per-
formed using INSTRON 3800R with respect to ASTM638
standard. The TEM images are taken in Shimadzu JEM-
1200 EX under an operating voltage of 100 kV. The samples
(1 mg mL−1 concentration) is drop-casted onto the copper
grids and dried at the room temperature prior to the TEM
analysis. The material’s electronic state and composition is
analyzed using XPS. The XPS data is collected from
Thermo ESCALAB 11250 instrument equipped with mono-
chromatic A1 Kα X-ray source (1486.6 eV).

Choice of materials

Among the various semiconducting composites, the Bi-O-
halides-based composites has shown an enhanced catalytic
effect upon the incidence of photons. This is due to its highly
dispersed valence bands comprising not only O 2p orbitals
like metal oxide semiconductors but also Bi 6s orbitals. Bi-
O-halide composites have a unique structural organization
exhibiting a tetragonal positively charged [Bi2O2]

2+ slabs be-
tween the double layers of [X2]

2− and halide atoms to form [X-
Bi-O-Bi-X] layers along the c-axis. This type of architecture
efficiently separates the charge carriers and enables the rapid
migration of the charge carriers which benefits the SERS op-
eration. Because of this trait, the BiOCl-BiOBr composites are
chosen for the investigation. As an active plasmonic region,
the heterojunctions of Pt/Au are preferred. The sputtered plas-
monic heterojunctions are wrapped around the BiOCl-BiOBr
composites which forms a plasmonic hotspots for further en-
hancement of the SERS signals.

Results and discussion

Physical characterization of BiOCl-BiOBr
nanocomposites

The purity and the crystal phase of the hydrothermally pre-
pared material is investigated using the powder XRD study. It
can be seen in Fig. S2 and discussed in section S3. The surface
morphology of the synthesized material is characterized using
a scanning electron microscopy. Figure S3a and b shows the
SEM images of BiOCl-BiOBr composites. It is clearly seen
from the images that multiple BiOCl slabs fuse together to
give a flower-like morphology and BiOBr having a pellet like
structure is scattered around the BiOCl. The intimate contact
between the BiOCl and BiOBr promotes an efficient charge
transport which holds a greater importance in the catalysis.
The average diameter of the BiOCl flower-like structures is
approximately 1 μm and the average diameter of the BiOBr
pellet-like material is around 0.2 μm. Upon closer look at the
BiOCl-BiOBr composites (Fig. S3b), the fusing of numerous
slabs of BiOCl is visible and the thickness of the slabs is
around 5–10 nm. The EDAX is carried out for the BiOCl-
BiOBr composites and it is shown in Fig. S3c. The elemental
mapping for the BiOCl-BiOBr composite is shown in Fig. S4.
The presence of all the individual elements in the composite is
thereby confirmed.

Figure 1a and b show the TEM images of BiOCl-BiOBr
composites where it is clearly evident that the composites are
arranged in a cluster of nanosheet-like topography. Figure 1c
is the HR-TEM image of the BiOCl-BiOBr composite. We
identified the presence of two set of lattice fringes with the
inter fringe spacing of 0.36 nm and 0. 27 nm which respec-
tively belongs to BiOCl (110) and BiOBr (001). Figure 1d
represents the SAED pattern of the composites, in which the
dominant distribution of (001) lattice of BiOBr is visible. This
pattern is apparent due to the wrapping of the BiOBr over the
BiOCl nanoparticles. Figure 1e is the obtained by the EDAX
spectrum from the TEM analysis. The presence of Bi, O, Cl,
and Br elements are evident proving the formation of the
BiOCl-BiOBr composites. Further, the elemental mapping
of the BiOCl-BiOBr composites are done and presented in
Fig. 1f–j. Figure 1f is the area of survey for the elemental
mapping. Figure 1g–j is the mapping of an individual element
distributed on the composite in the order of Bi (red), O (yel-
low), chlorine (blue), and bromine (Br). The elemental map-
ping firmly confirms the existence of all the elements in the
BiOCl-BiOBr composites.

In order to investigate the chemical composition and the
electronic state of the elements present in the BiOCl-BiOBr
composites, the XPS analysis is performed. The correspond-
ing XPS spectra are presented in Fig. 2. Figure 2a shows the
complete survey spectrum of the composite material. From
Fig. 2b, the two peaks arising at binding energy of 160 eV
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and 167 eV are for the Bi 4f7/2 and Bi 4f5/2. This confirms the
presence of the Bi 3+ ions in the BiOCl-BiOBr composites.
The peak at binding energy 535 eV is assigned to O 1s (Fig.
2c). Figure 2d exhibits a binding energy peak at 201 eVwhich
is for the Cl 2p state and characteristic to the presence of Cl−

ions in the composite. The presence of Br− anions can be seen
at the binding energy peak originating at 71 eV in Br 3d
electronic state (Fig. 2e). Therefore, the XRD and the XPS
analyzed data serves as an evidence for coexistence of BiOCl
and BiOBr is accomplished in the desired BiOCl-BiOBr
composites.

SERS enhancement factor (EF) investigation of the 3D
styrofoam substrates

Scheme S1 presents the diagrammatic representation of the
fabrication of styrofoam-based SERS active substrates. The
FS 1 is the bare styrofoam substrate, the FS 2 is the BiOCl-
BiOBr composite on the styrofoam substrate, the FS 3 is the

BiOCl-BiOBr/Pt combination on the styrofoam substrate, the
FS 4 is the BiOCl-BiOBr/Au combination on the substrate,
and finally, FS 5 is the BiOCl-BiOBr@Pt/Au semiconductor-
plasmonic composite combination on the styrofoam substrate
which is the primary substrate for the investigation.

The SERS performance of primary substrate FS 5 and con-
trol substrates FS (1–4) is investigated by utilizing ACM as a
model analyte. In order to understand the morphology of sty-
rofoam before and after hosting the BiOCl-BiOBr@Pt/Au
composites, the SEM characterizations are done. Figure 3a
and b show the SEM image of the bare styrofoam before
BiOCl-BiOBr@Pt/Au composite loading and Fig. 3c and d
show the SEM image of styrofoam after the BiOCl-
BiOBr@Pt/Au composite loading. It is clearly evident from
the images that the intended composites are successfully
aligned as an aggregate on each network of the styrofoam
(FS 5) and making them SERS active. These semiconductor-
plasmonic composite actively plays an important role in the
charge transfer process and the formation of plasmonic
hotspots which helps in the SERS process. Furthermore, scan-
ning electron microscope (SEM) mapping of elements and
EDAX is carried out for the main FS 5 substrate (Fig. 3e–l)
which undoubtedly confirms the presence of bismuth (Bi),
oxygen (O), chlorine (Cl), bromine (Br), platinum (Pt), and
gold (Au) on the styrofoam substrate. The real-time fabrica-
tion of the FS substrates is depicted in the Scheme S2. Figure 4

Fig. 2 XPS investigation of BiOCl-BiOBr composites in the (a) survey spectrum, (b) Bi 4f spectrum, (c) O 1s spectrum, (d) Cl 2p spectrum, and (e) Br
2d spectrum

�Fig. 1 TEM images of (a, b) BiOCl-BiOBr. (c) HR-TEM image of
BiOCl-BiOBr. (d) SAED pattern of BiOCl-BiOBr. (e) EDAX spectrum
of BiOCl-BiOBr. (f) Chosen region for elemental mapping analysis, (g)
Bi distribution, (h) O distribution, (i) Cl distribution, and (j) Br
distribution

Page 5 of 11     580Microchim Acta (2020) 187: 580



shows the SERS spectra of ACM molecules on various fabri-
cated 3D foam substrates (FS 1, FS 2, FS 3, FS 4, and FS 5),
and its corresponding characteristic peaks are indexed. The
intermediates observed during the detection of ACM are 3-
phenoxybenzoic acid (1011 cm−1, 1190 cm−1, and 3070 cm−1)
and cyclopropane carboxylic acid (1320 cm−1, 1617 cm−1).
The evaluation of enhancement factor (EF) of ACM on foam
is estimated with the mentioned equation and the data is listed
in Table S1.

EF ¼ ISERS=CSERS

IRS=CRS

In which, the ISERS represents enhancement in the intensity
of signal, CSERS is the analyte concentration (ACM) in SERS
spectra, IRS is signal of blank Raman spectra of ACM, and CRS

indicates the ACM concentration without the SERS functional
substrate. In all of the cases with respect to foam substrates (FS

Fig. 3 SEM images of (a, b) bare styrofoam and (c, d) BiOCl-BiOBr@Pt/Au on styrofoam. Elemental mapping of FS 5 substrate (e) surveyed area, (f)
Bi, (g) O, (h) Cl, (i) Br, (j) Au, (k) Pt, and (l) EDAX spectrum of the mapped region
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1, FS 2, FS 3, FS 4, and FS 5), we equated the obtained the
SERS spectrum in comparison with the blank ACM (FS 1 at
10−1 M). From the measurements, it is confirmed that BiOCl-
BiOBr@Pt/Au @ styrofoam SERS substrate (FS 5) consisting
a semiconductor-plasmonic configuration disclosed a high EF
when compared with others (FS 1, FS 2, FS 3, and FS 4). This
is mainly because of the energy transfer occurring between the
BiOCl-BiOBr and Pt/Au nanothin film surface. This energy
process helps to increase the electromagnetic hotspots and re-
spectively in the enhancement of pesticide analyte (ACM)mol-
ecules signal intensity. The influence of the BiOCl-BiOBr com-
posites is discussed in section S4. Therefore, SERS study

demonstrates that 3D BiOCl-BiOBr@Pt/Au@styrofoam
SERS substrates are highly recommended for real-time SERS
detection of toxic pesticides.

Limit of detection (LOD) investigation of the SERS
styrofoam substrate

The investigation for the limit of detection (LOD) of the FS 5
substrate is carried out and the obtained data is depicted in
Fig. 5a. In a typical LOD experiment, on the FS5, the ACM
in the different concentrations are taken, drop-casted (100 μL),
and further dried prior to the experiment. After the LOD inves-
tigation, the FS 5 displayed a hugely sensitive SERS sensing
capability with the LOD of 10−10 M. The estimation of LOD is
briefed in section S5. This ultrasensitive detection of ACM is
due to the unique semiconductor/plasmonic architecture.
Figure 5b shows a linear relationship between the concentration
of the ACM and SERS intensity of the analyte molecules.
Table 1 shows the performance comparison of various SERS
substrates andmaterials that are very recently reported to that of
our fabricated styrofoam-based SERS substrate showing the
analytical figures of merits like LOD and EF.

Reproducibility, selectivity, and stability investigation
of the SERS styrofoam substrate

The FS 5 substrate is also subjected for the signal reproduc-
ibility study at the lower level concentration (10−10 M). The
results are displayed in Fig. S6. In this study, the SERS ex-
periments are done using the FS 5 substrates containing
10−10 M concentration of ACM molecules. Then, in 10 ran-
domly selected areas, SERS investigation is done and its
respective data is displayed in Fig. S6a. From Fig. S6b, it is
confirmed that the SERS signals almost have a similar inten-
sity which goes on to suggest that the FS 5 surface provides a

Fig. 4 ACM SERS spectra for 10−5 M concentration (a) FS 1, (b) FS 2,
(c) FS 3, (d) FS 4, and (e) FS 5 substrates. SERS spectra are collected
using a 785-nm laser (10x objective lens) with the exposure time of 10 s
and the laser power of 5 mW. The accumulation number for each spec-
trum is 10 and accumulation cycle time is 3 s. The spot size of each
accumulated spectrum is 10 μm

Fig. 5 (a) Concentration-dependent studies using primary FS 5 substrate
and (b) linear plot for the concentration against the SERS intensity for the
peak 1011 cm−1. The error bars indicate the standard deviation from at
least 10 spectra. SERS spectra are collected using a 785-nm laser (10x

objective lens) with the exposure time of 10 s and the laser power of
5 mW. The accumulation number for each spectrum is 10 and accumu-
lation cycle time is 3 s. The spot size of each accumulated spectrum is
10 μm
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uniform SERS signals. The relative standard deviation
(RSD) is evaluated as 7.42% for the ACM with the concen-
tration of 10−10 M. Figure S7 shows the SEM image of the
primary FS 5 substrate after the reproducibility studies, in
which the substrate had the BiOCl-BiOBr@Pt/Au compos-
ite material intact showing the efficient hosting capability of
the 3D styrofoams.

In order to exhibit the versatility of the BiOCl-
BiOBr@Pt/Au-based foam substrate, we have also addi-
tionally investigated with other hazardous pesticides like
glyphosate (GP) and paraquat (PQ). Figure 6a shows the
SERS spectra of the GP (gray) which presented a significant
enhancement from the blank spectra (blue), and similarly,
Fig. 6b shows the enhanced characteristic peaks PQ in the

Table 1 Comparison table of SERS detection of various pesticides showing the type of material used, substrates used, choice of pesticide, limit of
detection, and the enhancement factor

Material utilized Substrate used Choice of pesticide Limit of
detection (M)

Enhancement
factor

References

Flower-like MoS2@Ag hybrid Material itself Methyl parathion 10−7 108 [30]

ZnO/Ag nanocomposites Filter paper Dimethoate 10−5 104 [31]

Au@ Ag-cysteamine Material itself Oxamyl 10−7 – [32]

Ag colloids Material itself Thiabendazole 10−8 106 [33]

Hexagonal-BN/CuAg nanoalloys Tomato skin Tricyclazole 10−7 – [34]

Balsam pear-shaped CuO nanostructures Material itself Paraquat 10−6 – [35]

AgFeO2@Au/Ag nanoparticles Material itself Paraoxon ethyl 10−8 106 [36]

BiOCl-BiOBr@Pt/Au Domestic waste styrofoam Alpha cypermethrin 10−10 106 This Research work

Fig. 6 (a) SERS analysis of
glyphosate (GP). (b) SERS anal-
ysis of paraquat (PQ). (c) SERS
analysis of mixed pesticides
(ACM, PQ, and GP). SERS
spectra are collected using a 785-
nm laser (10x objective lens) with
the exposure time of 10 s and the
laser power of 5 mW. The accu-
mulation number for each spec-
trum is 10 and accumulation cycle
time is 3 s. The spot size of each
accumulated spectrum is 10 μm
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SERS spectra (blue). These SERS experiments are per-
formed under the identical conditions of the ACMmeasure-
ments. Additionally, all the three pesticides (ACM, PQ, and
GP) are mixed together in the 10−5 M concentration and
SERS measurement is done on the FS 5 substrate.
Figure 6c shows the enhanced characteristic peaks of all
the pesticides utilized. This clearly proves that our fabricat-
ed BiOCl-BiOBr@Pt/Au-based foam substrate is not only
limited to ACM but also can be used for wide spectra of
other harmful pesticides. Figure S8a reports the stability of
the FS 5 substrate for the period of 30 days. All the SERS
data is collected at the 10−5 M concentration of ACM. The
decrement in the SERS intensity of the ACM is noted at the
30th day but they were negligible and all the characteristic
peaks of the ACM is evident. This shows the impressive
stability of the FS 5 substrate. At the end of stability study,
the SEM images of the FS 5 substrate is taken and it is
displayed in Fig. S8b. We can clearly see that the morphol-
ogy of the BiOCl-BiOBr composite is unperturbed and in-
tact proving the stability of the composites.

SERS enhancement mechanism on the styrofoam
substrates

The mechanism that rules the SERS activity on the 3D styro-
foam substrate is shown in Scheme S3. The architecture of
semiconductor/plasmonic heterojunction combination

(BiOCl-BiOBr@Pt/Au) are in close contact with each other.
Because of this architecture, an efficient charge transfer is
occurring from BiOCl-BiOBr to the plasmonic Pt/Au
nanothin film which has a localized surface plasmon reso-
nance. Therefore, the FS 5 combination of the styrofoam sub-
strate is highly sensitive towards the detection of ACM mol-
ecules. Furthermore, the enhancement of the electromagnetic
field in multiple orders happens in the Pt/Au nanothin film
which leads to the formation of numerous surface plasmonic
regions. Due to these, enhancement of the SERS signal of
ACM occurs in these Pt/Au regions. The assembly of Pt/Au
nanofilm on to the surface of BiOCl-BiOBr forms a nanocom-
posite. The nanocomposite induces the numerous electromag-
netic hotspot and SERS signal enhancement. Also, the mech-
anism of charge transfer also enjoys a vital role in SERS
enhancement. The molecule’s polarizability caused by the la-
ser excitation is explained as ασρ = S + A, where the S and A
represent the photon-induced transfer of charges from the an-
alyte molecules to the surface of nanomaterial and vice versa.
The photon-induced transfer of charges in surface enhanced
Raman scattering can be broken down. Initially, the charge
transfer occurs from BiOCl-BiOBr to the analyte, i.e., the
incident photons from the laser excitation and the charges
from BiOCl-BiOBr are excited to mid energy levels and later
transfer to LUMO of the analyte. Finally, the charge transfer
happens from ground state of completely occupied analyte
molecule to the BiOCl.

Fig. 7 Process of real sample analysis and the SERS data obtained. (a)
Blank Raman signal at a 10−1 M concentration and (b) SERS signal at
10−5 M concentration. SERS spectrum is collected using a 785 nm laser
(10x objective lens) with the exposure time of 10 s and the laser power of

5 mW. The accumulation number for each spectrum is 10 and accumu-
lation cycle time is 3 s. The spot size of each accumulated spectrum is
10 μm
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Application to the analysis of real samples using SERS
styrofoam substrate

In the practical consumer production, pesticides are often
sprayed on the fruits and vegetables which results in the
multiple folds of pesticide residues. These residues put the
human life in danger of numerous health hazards. Based on
the investigated 3D styrofoam SERS substrate BiOCl-
BiOBr@Pt/Au (FS 5), these pesticides can be precisely
fingerprinted in real time. In order to demonstrate the prac-
tical application of the FS 5, the ACM is determined on the
kiwi fruit exocarp. The ACM pesticide molecules is
sprayed (10−5 M concentration) on the exocarp of the kiwi
fruit and the respective SERS investigated data is presented
in the Fig. 7. The SERS signal exhibited all the character-
istic peaks for the ACM (1011 cm−1, 1190 cm−1,
1320 cm−1, 1617 cm−1, and 1426 cm−1) with a remarkable
EF of 106 intended for the 1011 cm−1 peak which shows
the efficient sensing capacity of the styrofoam-based sub-
strate (FS 5). Before the real-time investigation, the glass
slides containing the BiOCl-BiOBr@Pt/Au composites are
used as a reference material and the corresponding data is
shown in Fig. S9. Upon investigation using reference ma-
terial, we obtained an enhancement factor up to 103 which
is far inferior to our FS 5 substrate. This indicates the
enhanced SERS capability of the primary FS 5 substrate.
Therefore, our SERS substrate can be used for the rapid
detection of various pesticides on the fruits in the real-
world conditions.

Conclusion

We present a rapid, effective, and portable BiOCl-
BiOBr@Pt/Au composite-based SERS platform for the
fingerprinting of the pesticide alpha cypermethrin. The do-
mestic food container waste styrofoam is used as a sub-
strate for hosting the composites for SERS detection.
Upon the SERS investigation, we obtained highly promis-
ing results with the multifold enhancement in the SERS
signal of the analyte and impressive limit of detection.
The real-time detection of pesticides on the exocarp of kiwi
fruit is successfully demonstrated. In the future, we also
aim to develop a SERS substrate which can efficiently
operate in the elevated temperature as our current styro-
foam substrate degrades at 380 °C. The developed SERS
substrate based on BiOCl-BiOBr@Pt/Au composites in
this work not only exhibits the potential for detection of
alpha cypermethrin pesticide but also can be employed for
the other wide range of pesticides. Therefore, the
styrofoam-based SERS substrate can be used in the real-
world consumer market for the rapid monitoring of various
pesticides exposed on fruits.
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