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A highly sensitive and uniform surface-enhanced Raman scattering (SERS) substrate is the guarantee for
reliable quantitative analysis. Herein, a three-dimensional TiO,—Ag SERS substrate was prepared by
growing a TiO, nanorods (NRs) array on a TiO, compact layer (c-TiO,), followed by modification with Ag
nanoparticles (AgNPs). The synergy between the c-TiO,, semiconductor TiO, NRs and the plasmonic
AgNPs collaboratively endowed it with high sensitivity, in which c-TiO, effectively blocked the
recombination of electrons and holes, and the charge transfer enhancement contributed 10-fold
improvement over that without the c-TiO, substrate. Besides the high sensitivity, the TiO,—-Ag hybrid
array SERS substrate also showed quantitative and multi-component detecting capability. The limit of
detection (LOD) for crystal violet (CV) was determined to be 107° M even with a portable Raman
instrument. The TiO,—Ag composite structure was extended to detect organic pesticides (thiram,

. 4 6th 3 2023 triazophos and fonofos), and the LODs for thiram, triazophos and fonofos were measured to be 1077 M,
eceived 6th January 7 6 . . T ) . - .
Accepted 7th March 2023 107" M and 107" M, respectively. In addition, the realistic simulation detecting pesticide residues for

a real sample of dendrobium was demonstrated. The sensitive, quantitative and multiplex analysis of the

DOI: 10.1039/d3ra00094j TiO,—Ag hybrid array substrate indicated its great potential in the rapid detection of pesticide residues in
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1 Introduction

Pesticides are widely adopted in the field of modern agriculture
to promote plant yield; however, the abuse of the pesticides has
aroused environmental and human health issues.™* Traditional
pesticide residue analysis technology includes supercritical
fluid chromatography (SFC), spectrophotometry, gas
chromatography-mass spectrometry (GC-MS), and liquid
chromatography-mass spectrometry (LC-MS), etc*®. These
methods are laboratory-based operations, time-consuming, and
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requiring complicated pretreatments, which is not suitable for
rapid field analysis. On the other hand, traditional rapid
detection methods, such as fluorescence, immunoassay,
enzyme inhibition sensor and near infrared (NIR) spectroscopy
have low accuracy or a narrow application range.®® Nowadays,
SERS technology has become one of the important and reliable
detection technologies for trace substances because of its
advantages of fast, sensitive and fingerprint features.'>** Food
safety can be ensured using SERS analysis by rapid screening
and monitoring of potential hazards."***

The enormous SERS enhancement can be attributed to the (i)
electromagnetic enhancement mechanism (EM), which
provides a 10°~10"* enhancement of Raman signals for mole-
cules because of the localized-surface plasmonic resonance
effect, and the (ii) chemical enhancement mechanism (CM)
which offers 10-100 times enhancement based on charge
transfer between absorbed molecules and the metal surface.*>
Because “hot spots” can occur at the sharp tips and vertices of
noble metal nanostructures or in the gaps between nano-
particles, various noble metal nanostructures (such as Ag and
Au) are extensively investigated and employed as highly-
sensitive SERS substrates."®*® Recently, semiconductor

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nanomaterials such as TiO,, ZnO and SnSe, have been explored
and used as efficient SERS substrates.”** Due to the semi-
conductor's advantages of high chemical inertness, lower cost,
nontoxicity, photostability and good molecular selectivity, they
have attracted extensive attention of researchers at home and
abroad. The SERS enhancement principle in semiconductor
materials is mainly the CM, also called the charge transfer
enhancement.”® However, the enhancement factor (EF) of
semiconductor materials (10°-10°) is still much lower than that
of noble metal nanoparticles.*® Encouragingly, semiconductor-
noble metal nanocomposites can achieve synergistic enhance-
ment of noble metals and semiconductor materials, and have
been implemented in ultra-sensitive chemical and biological
sensing.**° For example, Wang and coauthors prepared a TiO,
nanosheet arrays deposited with Ag nanoparticles (AgNPs) as
reusable SERS substrate for the analysis of chlorpyrifos with
a low detection limit of 0.5 uM;* Sarma's group reported Ag/
ZnO heterostructure for SERS sensitive detection of biomi-
metic hydroxyapatite.** Though great progress has been made,
a higher sensitive and uniform semiconductor-noble metal
hybrid SERS substrate with periodic array to fulfill quantitative
and multiplex analysis are highly needed for portable and rapid
detections.

Additionally, a reasonable designed phase interface struc-
ture of the semiconductor SERS substrate can efficiently sepa-
rate electrons and holes and decrease the recombination rate,**
and therefore improve the CM enhancement of the semi-
conductor. For example, semiconductor heterojunction has
proved to be a promising SERS substrate to enhance charge
transfer enhancement.* Interestingly, TiO, compact layer (c-
TiO,) has been employed in solar cells for blocking the reverse
recombination of electrons and holes, and thus promote the

/ (A) Multiplex SERS detection
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solar cell efficiency.
introduced into the

3¢ Inspired by this idea, c-TiO, can be
semiconductor heterojunction SERS
substrate simply by spin-coating c¢-TiO, layer on a FTO glass,
followed by growing TiO, nanorods array to form the interface
structure. Moreover, c¢-TiO, can not only enhance charge
transfer efficiency but also make TiO, nanorods firmly grow on
the substrate.’” However, little research on the compact layer for
the fabrication of SERS hybrid substrate has been carried.
Because the laser focus of the Raman instrument is a three-
dimensional (3D) spot in space, even if there are a lot of “hot-
spots” on the one-dimensional (1D) substrate and the two-
dimensional (2D) substrate, the enhancement effect is limited
due to the laser cannot be fully utilized.*® Raman enhancement
of 1D and 2D substrates request the laser to be focused precisely
on the surface. More recently, researchers have moved to the
study of 3D SERS substrates to overcome the limitation, and
high SERS detection sensitivity has achieved.**** For example,
3D Au-decorated chitosan nanocomposite and size-tunable gold
aerogels have been reported as 3D SERS substrates for highly
sensitive detection of trace 10~* M 4-MBA and 10~° M R6G.*>*
However, the larger defects in the 3D SERS structure may not
have an ideal reproducible Raman signal. Therefore, 3D SERS
substrate with high sensitivity and reproducibility can be real-
ized by fabricating an ordered array structure with superior
spatial uniformity.****> Besides, semiconductor nanomaterials
are prone to be prepared as ordered array structures compared
with metal nanomaterials, therefore, it is an alternative to
modify the semiconductor structure with metal
nanoparticles.*®
In this study, TiO,/AgNPs semiconductor-metal hybrid SERS
substrate was synthesized by growing of TiO, nanorod arrays on
the TiO, compact layer, followed by depositing plasmonic

array

real sample analy
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Fig. 1 Diagram of the detecting process and quantitative analysis of pesticides on dendrobium leaves.
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AgNPs on the 3D nanorods space. The schematic illustration of
the synthetic process is displayed in Fig. 2A. The morphology
and the phase structure of the samples were characterized by
SEM, XRD, EDS. The as-prepared TiO,-Ag composite generates
abundant SERS “hotspots” in 3D space, meanwhile fully
harnesses the metal's EM mechanism and the semiconductor's
CM mechanism. In addition, the c-TiO, successfully blocks the
recombination of electrons and holes, increasing the electron
concentration on the surface of the metal, thereby enhancing
localized-surface plasmon resonance. As a result, a high detec-
tion sensitivity was achieved, and the substrate realized high-
sensitive detection of thiram, triazophos and fonofos even
with a portable Raman instrument. Furthermore, quantitative
and multicomponent detections of the pesticides were also
demonstrated as shown in Fig. 1A. The practical application of
the TiO,-Ag substrate for the detection of pesticide residues on
real sample of dendrobium is displayed in Fig. 1B.

2 Experiment
2.1 Spin-coating of TiO, compact layer (c-TiO,)

The c-TiO, was prepared on the surface of fluorine-doped tin
oxide (FTO) glass by the hydrolysis-pyrolysis.* Briefly, 0.23 M
tetra-butyl titanate (98.0% purity) and 0.013 M HCI were mixed
in isopropanol (99.5% purity), and the mixed solution was spin-
coated on the cleaned FTO glass at a certain speed for 60 s, then
annealed at 500 °C for 30 min. The thickness of ¢-TiO, was
tuned by changing the spinning speed and the spinning cycles.

2.2 Preparation of TiO, nanorods (NRs) arrays

TiO, NRs arrays were synthesized on TiO, compact layer by the
controllable hydrothermal method.*” 30 mL of a mixture of DIW
and HCI was poured into a stainless-steel autoclave lined with
Teflon. After 390 pL of tetra-butyl titanate was dissolved, a piece
of ¢-TiO, on FTO glass (20 mm x 30 mm) was tilted down
against the inner wall of the liner. The reaction temperature was
maintained at 170 °C for 2-6 hours. The obtained sample was
cooled down to room temperature and washed with water.
Finally, it was annealed at 450 °C for 2 h in air.

2.3 Deposition of AgNPs on TiO, nanorods

A simple silver mirror reaction was used to deposit AgNPs on
TiO, nanorods arrays.*® The TiO, nanorods substrate (5 mm X 5
mm) was dipped in a reaction solution of 0.2 M Tollens and
0.3 M glucose solution at a volume ratio of 2:1 for 90 s. Then
the substrate was washed with deionized water. Dense AgNPs
decorated TiO, nanorods array can be obtained by repeating the
above steps for several cycles.

2.4 Characterization

A rotating-anode X-ray diffractometer (XRD, DX-2700B) was
used to measure the phase and the composition of the samples.
The specific morphology of the samples was characterized by
a scanning electron microscopy (SEM, ZEISS). The SERS
substrates were immersed in 400 pL of different analytes for 2 h.
Raman measurements were conducted with a portable Raman
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instrument (i-Raman plus, B & W Tek Inc, USA). During SERS
measurements, a 785 nm laser source, a 20x objective micro-
scope and the integration time of 3 s were selected.

2.5 Simulating detection of pesticide

40 pL pesticide solution of different concentrations was sprayed
on 1 cm? leaves, and the leaves were dried naturally to simulate
the pesticide spraying scene. Before SERS detection, 20 pL of
water—ethanol solution was dropped on the leaf, then the TiO,-
Ag composite substrate was covered on the leaf for 1 min to
absorb the pesticide molecules.

3 Results and discussion

3.1 Morphology and composition analysis

Fig. 2B and C show the SEM images of c¢-TiO,. It can be found
from the crack (Fig. 2B) that TiO, layer was successfully coated
on the FTO glass surface. Fig. S1} exhibits cross-sectional SEM
images of TiO, compact layers by spin-coating for 1-5 cycles,
and the thickness was tuned from 60 nm to 300 nm. The evenly
distributed TiO, compact layer facilitates the subsequent
growth of TiO, nanorod arrays. Fig. 2D and E display the SEM
images of TiO, nanorod, indicating large-area uniform vertical
TiO, nanorods arrays with rod diameter of ~90 nm. The shape
of the nanorods with tetragonal crystal structures are approxi-
mately quadrangle which conforms to the expected growth
habit. The SEM images of TiO, nanorods prepared by different
hydrothermal reaction time are shown in Fig. S2,f which
suggests that the diameter of TiO, nanorods increases contin-
uously with reaction times. And the TiO, nanorods with
appropriate diameter and spacing for further deposition of
AgNPs were prepared under the optimal hydrothermal time.
Fig. 2F and G are the SEM images of the TiO,-Ag composite. It
can be observed that AgNPs are uniformly deposited on the top
and side of the TiO, nanorod in a 3D space distribution, which
provides dense “hotspots” for the SERS enhancement of TiO,~
Ag composite. Fig. S31 shows the locally enlarged view of the
TiO,-Ag composite structure. It can be seen that the diameter of
Ag nanoparticles is about 20 nm, and there are about 300 Ag
nanoparticles on a TiO, nanorod.

The composition of the substrate was initially characterized
by EDS. The successful deposition of AgNPs on TiO, nanorods
arrays can be demonstrated by the presence of Ag, Ti and O
(Fig. 2H), and the number of O atoms is about twice of Ti. In
order to obtain higher quality SEM images, gold plating was
carried out during the test, and Au atoms in EDS spectra were
derived from this step. In addition, the crystal structure of the
samples was examined by XRD (Fig. 2I). Because the c-TiO, is
amorphous or low crystallinity, there is no apparent character-
istic peak of TiO,. The diffraction peaks of TiO, nanorod arrays
were observed at 27.5°, 36.1°, 41.3°, 54.4° and 62.8°, which can
be easily indexed to the (110), (101), (111), (211) and (002) crystal
planes of rutile TiO, (JCPDS no. 21-1276). Other peaks can be
assigned to FTO glass (JCPDS no. 46-1088). In the diffraction
pattern of TiO, nanorods, the diffraction intensity of (101) is
relatively enhanced. The obvious peak of (101) indicates that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) Schematic illustration of the preparation of TiO,—Ag composite; SEM images of (B and C) TiO, compact layer, (D and E) TiO, nanorod

arrays, and (F, G) TiO,—Ag composite; (H) EDS spectrum of TiO,—Ag composite; () XRD patterns of TiO, compact layer, TiO, nanorod arrays and

TiO,—Ag composite.

rutile crystals grow parallel to the TiO, compact layer along the
(101) plane.” The diffraction peaks of Ag nanocrystalline can be
seen in the XRD patterns of the TiO,-Ag, and the diffraction
peaks at 64.4° and 77.5° can be indexed to the (220) and (311)
crystal planes of Ag (JCPDS no. 04-0783), respectively.

3.2 TiO, compact layer induced SERS enhancement

In this work, it is observed that the thickness of ¢-TiO, is crucial
to the SERS performance in the TiO,-Ag composite. The SERS

© 2023 The Author(s). Published by the Royal Society of Chemistry

measurements in Fig. 3A suggest that TiO, compact layer
prepared at spinning speed of 700 rpm generates the maximal
SERS enhancement. Fig. 3B indicates that spin-coating of 3 cycles
for TiO, compact layer (thickness of ~180 nm) in TiO,-Ag
composite produces the highest SERS activity. By comparation, it
can be seen that the TiO,-Ag composite structure with c-TiO, has
noticeable SERS enhancement effect. This is because the c-TiO,
blocks the recombination and avoids the electrons migrating to
the conductive substrate, and therefore increases the charge

RSC Adv, 2023, 13, 8270-8280 | 8273
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Fig. 3 The influences of (A) spinning speeds and (B) spin-coating cycles for the preparation of TiO, compact layer in the TiO,—Ag composite; (C)
the energy level diagram depicting the charge concentration in Ag nanoparticles; (D) the quantitative relationship exists between the additional
Raman enhancement generated and the thickness of the TiO, compact layer.

concentration on the metal surface and then enhances the
localized-surface plasmonic resonance, thus improving the SERS
response. Fig. 3C shows the energy level diagram depicting the
role of TiO, compact layer. In general, when a TiO, nanocrystal
absorbs the necessary laser energy, it creates electron-hole pairs
on the surface of TiO,. Electrons will be transferred from the
conduction band (CB) of TiO, to the surface of AgNPs, which
increases the surface electron density of AgNPs and thus
enhances the CM enhancement. Since the CB energy of FTO
coating (F-doped tin oxide) is slightly lower than TiO,, it is also
possible for electrons to transfer to CB of FTO. The TiO, compact
layer blocks electron migration to the FTO and therefore more
electrons may be transferred to the surface of the AgNPs. Never-
theless, a thicker c-TiO, (over 180 nm) may act as a semi-
conductor and can not inhibit the recombination; therefore, the
TiO,-Ag composite with thicker TiO, coatings leads to the
decrease of the SERS performance. To show the effect of ¢-TiO,
more intuitively, we quantified the additional Raman enhance-
ment as a function of thickness. The observations suggest that
a proper thickness of ¢-TiO, plays an important role in enhancing
SERS performance of TiO,-Ag composite.

3.3 Optimization of the SERS performance of the TiO,-Ag
composite

The 3D space structure of TiO, nanorods array also greatly
impacts the SERS performance of TiO,-Ag composite. It was

8274 | RSC Adv, 2023, 13, 8270-8280

optimized by changing the acidity and the reaction times during
the preparation process of TiO, nanorods. Fig. S2t shows the
SEM images of nanorods array prepared at different acidity. It is
concluded that higher acidity is beneficial to produce uniform
TiO, nanorods and for further loading of Ag nanoparticles.
Besides, TiO, nanorod arrays fabricated by hydrothermal reac-
tion time of 4 h (Fig. 4A) possesses the highest SERS activity. In
addition, the crystallinity of TiO, nanorod has a positive effect
on the improvement of SERS property. The calcined sample
exhibits two-fold stronger than that of freshly prepared sample
(Fig. 4B). It may be because the high crystallinity of TiO, has
fewer lattice defects, which is more conducive to electron
conduction to the metal surface and therefore improves the
SERS activity.>® Subsequently, the EM mechanism of plasmonic
AgNPs on the TiO,-Ag composite was demonstrated (Fig. 4C).
We compared the SERS responses of 3D TiO,-Ag composite,
AgNPs and TiO, NRs. As we expected, the 3D TiO,-Ag composite
showed the highest SERS enhancement which can be ascribed
to the EM enhancement of AgNPs and the CM enhancement of
TiO, NRs. Moreover, different density of AgNPs on the TiO,
nanorods 3D space was optimized by varying silver-plating
cycles from 1 to 6. Accordingly, the composite structure
prepared by 4 cycles possesses the highest SERS activity
(Fig. 4D). The density of AgNPs will increase with the silver-
plating cycles, which leads to the increase of “hotspots”
numbers in space, and therefore improves the SERS

© 2023 The Author(s). Published by the Royal Society of Chemistry
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performance. However, when the number of AgNPs is too
dense, the adjacent “hotspots” will merge with each other, and
thus decrease the SERS performance. Based on the results of the
above work, we believe that the excellent SERS performance of
TiO,-Ag composite structure was not caused by a structure
alone, but the result of the synergistic effect of TiO, compact

layer, TiO, nanorods and Ag nanoparticles.

Fig. 5 shows the SERS spectra of TiO,-Ag composite
immersed in CV (10~° M) solution for different times. A quick
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adsorption equilibrium will approach within 1 h, indicating the
potential for rapid on-site monitoring. Then, the detection
sensitivity was evaluated by immersing the substate into
different concentrations of CV as shown in Fig. 5B. An extremely
low concentration of 10~° M CV characteristic peak can still be
discerned even on a portable Raman instrument, suggesting the
SERS substrate has high sensitivity. Additionally, the SERS
signal uniformity was investigated by collecting 20 random
points to evaluate the feasibility of the substrate in practical
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Fig. 5 (A) SERS spectra of TiO,—Ag composite immersed in CV (107® M) solution for different times; (B) SERS spectra of CV with different
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on TiO,—Ag composite.
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Fig. 6 SERS spectra of (A) thiram; (C) triazophos; (E) fonofos absorbed on TiO,—-Ag composite structure, and corresponding linearity of the
Raman intensity with respect to the logarithm of the concentration (B), (D), (F).

quantitative analysis. Fig. S4AT shows 20 SERS spectra obtained
from the TiO,-Ag composite, and the relative standard devia-
tions (RSD) of peak intensities were calculated for three main
characteristic peaks (912 em ™", 1172 cm ™" and 1616 cm ™). The
RSD values of the peaks were calculated as 8.1%, 8.5% and
9.1%, respectively (Fig. S4B, C and Dt), indicating the superior
signal reproducibility which is due to the uniform and ordered
array structure of the substrate. Moreover, the long-term
stability of the substrate was also explored by comparing the
freshly prepared substrate with the sample stored for 30 days.

8276 | RSC Adv, 2023, 13, 8270-8280

Fig. S5 shows the Raman intensity of the 1172 em ™" peak is
decreased by about 20%, demonstrating the good long-term
stability.

3.4 The sensitivity and applications of the SERS substrate

We performed SERS detections for pesticides (thiram, tri-
azophos and fonofos) to demonstrate that the SERS substrate
was sensitive and applicable. Our SERS substrate also showed
superior detection ability at low concentrations when applied to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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concentration for each component is 1076 M.

pesticide assays. At low concentration of 10”7 M, the charac-
teristic peaks of thiram and triazophos still appeared at the
corresponding Raman shifts (Fig. 6A-D). In the range of 10>
107 M, the Raman intensity of 1382 cm ' had a good linear
relationship with the logarithm of the thiram concentration (R
= 0.9495). Similarly, triazophos also had a good linear correla-
tion (R*> = 0.93425). For fonofos solution with concentration of
10~ M, distinctive Raman peaks can be observed (Fig. 6E and
F). The different detection capabilities for the SERS substrate
possibly originate from the different adsorption states of
various substances on the substrate surface. These results
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suggest that the TiO,-Ag composite has the potential for the
qualitative detection of pesticide residues.

In actual agricultural production, many pesticides are
simultaneously used, leading to multiple pesticide residues on
the surface of a plant. Therefore, it is of great significance for
practical application whether the SERS substrate can accurately
distinguish multiple pesticide components. Accordingly, we
designed two-component systems which are composed of
thiram, triazophos and fonofos to demonstrate the potential
multicomponent detection capability. In Fig. 7A, the peaks at
1408 cm~' and 1598 cm™' can be classified as triazophos

B
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Fig. 8 SERS spectra of the different concentrations of (A) thiram and (C) triazophos on dendrobium leaves by using TiO,—Ag composite
substrate, and (B), (D) the corresponding linearity of the Raman intensity with the logarithm concentration.
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characteristic peaks; whereas peaks at 998 cm™*, 1023 cm ™,
1073 cm ™" and 1573 em ™" can be classified as fonofos charac-
teristic peaks. Fig. 7B and C show the fonofos-thiram system
and thiram-triazophos system, these two-component pesticide
peaks could be distinguished clearly by our SERS substrate due
to the narrow peaks and the fingerprint trait of SERS. The
results indicate that the TiO,-Ag composite is promising to be
developed and applied in the analysis of multicomponent
pesticides.

3.5 Simulating detection of pesticide on dendrobium leaves

In order to further understand the possibility of the SERS
substrate in practical applications, we selected dendrobium as
a model for the realistic simulating detection (Fig. 8). Spraying
simulations of thiram and triazophos were implemented on the
leaves of dendrobium and the trace-level analysis was con-
ducted. A low concentration of 107° M for thiram and tri-
azophos can be detected, and the Raman intensity showed
a good linear relationship with the logarithmic concentration of
pesticide (Fig. 8B and D). This indicates the potential applica-
tion of the TiO,-Ag composite SERS substrate in the realistic
analytical scenes.

4 Conclusions

In conclusion, a 3D TiO,-Ag composite substrate was prepared
by a successive spin-coating, hydrothermal reaction and silver
mirror reaction. TiO, compact layer was firstly spin-coated on
the FTO substrate to block the recombination of electrons and
holes, and further increase the electron concentration on the
surface of metal, thereby enhancing localized surface plasmon
resonance. And the ¢-TiO, can induce additional CM enhance-
ment of one-order of magnitude. The synergetic SERS
enhancement make it superior detecting sensitivity for CV, tri-
azophos, triazophos and fonofos even with a portable Raman
instrument, and the LOD are determined to be 10™° M, 10™” M,
1077 M and 10~° M, respectively. Moreover, quantitative and
multi-component detections are also demonstrated. The simu-
lation detection proves the feasibility for practical application.
This hybrid substrate may have broad application prospects in
rapid and portable screening and monitoring of pesticide resi-
dues on food surfaces.
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