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Abstract

Two-dimensional transition metal carbonitrides, Ti;C,T, MXene nanosheets, have drawn much attention due to their unique
optical properties. These materials have huge potential to be employed as surface-enhanced Raman scattering (SERS)
substrates. Herein, to combine the benefits of metal nanoparticles and MXene as SERS substrates, we prepared composite
SERS films with different volume ratios composed of Ti;C,T, MXene with silver nanostars (AgNs) as a promising SERS
substrate for detection of pesticides. These SERS films were prepared via a drop-casting technique. The SERS activities of
the MXene/AgNs composites were evaluated through detection of the thiram pesticide. MXene/AgNs exhibited the highest
SERS intensity compared to MXene or AgNs substrate alone. Sampling from 20 different areas and samples of the substrate
gave very consistent SERS signals. The MXene/AgNs substrate shows good stability for 1 month when stored in a small
transparent container with silica gel. The MXene/AgNs SERS substrate exhibits excellent sensitivity able to detect thiram
concentrations as low as 1078 M which also having low a relative standard deviation (RSD) value for reproducibility and

stability over a significant period.
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Introduction

Pesticide residues are a global threat to human health and
environmental safety (Yuan et al. 2011). Pesticides are
chemicals substances used to eliminate or control weeds and
other pests (Qing Li et al. 2006; Yuan et al. 2011). Chemi-
cally related pesticides are divided into five classes based
on their chemical structure and functionalities: neonicoti-
noid, organophosphate, dithiocarbamate, organochlorine and
pyrethoid (Lim et al. 2016). Dithiocarbamates are a group of
organosulfur compounds that are usually used as fungicides.
These fungicides are classified by World Health Organiza-
tion (WHO) as hazardous (Dao et al. 2019). Thiram is one

P4 Norhayati Abu Bakar
norhayati.ab@ukm.edu.my

Institute of Microengineering and Nanoelectronic (IMEN),
Universiti Kebangsaan Malaysia, 43600 Bangi, Selangor,
Malaysia

Australian Institute for Bioengineering and Nanotechnology,
University of Queensland, St. Lucia, Brisbane, QLD 4072,
Australia

of the types of fungicide that is frequently used to prevent
crop damage either in the field or during transport and stor-
age of the crop. The excessive use of thiram can contaminate
soil, leak into groundwater, or be dispersed as dust in the
air, leading to high toxicity for human skin (Liu et al. 2019;
Bhavya et al. 2020). Thiram can be detected using a variety
of techniques, including gas chromatography/mass spec-
trometry, UV-visible spectrophotometry, high-performance
liquid chromatography, liquid chromatography-atmospheric
pressure chemical ionization mass spectrometry, and chemi-
luminescence analysis (Llorent-Martinez et al. 2011; Chang
et al. 2016; Wang et al. 2019). However, all these methods
require multiple steps of sample pretreatment and have com-
plicated operating procedures. Therefore, it is very important
to conduct research on detection techniques that do not have
a complex sample preparation while having strong specific-
ity, rapid detection times and good sensitivity.
Surface-enhanced Raman spectroscopy (SERS) is nonde-
structive analytical method that can be employed to detect
thiram. Due to its high sensitivity, distinct detection speci-
ficity, and fast response, SERS has been widely employed
for analyte (single molecule or biomolecule) detection
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(Zhang et al. 2014; Guo et al. 2015). SERS, known as a
surface-sensitive method, can enhance Raman scattering
from molecules adsorbed on rough metal surfaces or nano-
structures. In general, SERS enhancements come from two
mechanisms, namely an electromagnetic (EM) mechanism
and a chemical (CM) mechanism (Zhang et al. 2014; Chu
et al. 2017; Xia 2018). Surface plasmon excitation of noble
metals increases the surface electromagnetic field in the EM
mechanism, whereas in the CM mechanism charge trans-
fer between the target molecules and substrate is involved
(Uskokovi¢-Markovié et al. 2017). Therefore, to provide the
best enhancement of signal, it is essential to have a substrate
that can support both mechanisms.

Due to their straightforward, environmentally friendly
synthesis and ability to increase EM properties, silver and
gold nanoparticles are two materials that are often manufac-
tured to make SERS substrates. These two materials have
been manufactured in various forms, like a nanostars, to
enhance the SERS signal. A previous study by Bhavy et al.
investigated the use of silver nanocubes and nanowires for
SERS applications (Bhavya et al. 2020). They found that
silver nanocubes give better enhancement compared to silver
nanowires. In our study, we aimed to replicate and expand
upon their findings but used silver nanostars (AgNs) instead
of nanocubes. The pointed tip structure of AgNs allows them
to generate powerful hot spots without the need for any
aggregation techniques. AgNs do contribute to EM enhance-
ment, but to effectively detect analytes with great sensitivity,
reproducibility and stability, a SERS substrate that can also
contribute to EM and CM enhancement must be fabricated.

Several research studies have been conducted to explore
the potential of SERS technique for the detection of thiram
(Zhu et al. 2018; Bhavvya et al. 2022; Shafi et al. 2022). For
example, a study published in the Journal Food Chemistry in
2022 demonstrated that the SERS technique could be used to
detect thiram residues in different fruit and vegetable peels
(Picone et al. 2022). In this study, silver nanoparticles were
used as SERS substrates. The SERS spectra of thiram were
recorded, and a detection limit of 2 pg/cm?® was achieved.
Another study showed that SERS could be used to detect
thiram in soil samples (Shafi et al. 2022). In this study,
graphene-covered silver nanoparticles were used as SERS
substrates and a detection limit of 0.005 ppm was achieved.

Due to its distinct physical, chemical, optical and elec-
trical features, the MXene family of two-dimensional (2D)
materials has attracted a great deal of attention. These
materials are made of transition-metal carbides, nitrides,
and carbonitrides (Garg et al. 2020; Wang 2021; Wang
et al. 2021). The first prepared Ti;C,T, MXene, where T,
stands for different functional groups on the surface termi-
nations (-OH, —F, and —O), has been shown to be a success-
ful substrate. In one study, researchers synthesized seven
types of MXene: Nb,C, Mo,C, Ti,C, V,C, Ti;C,, Mo, TiC,,
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and Ti;CN (Shevchuk et al. 2022). They found that Ti;C,
and Ti,C show the highest SERS enhancement. MXene is
suitable as SERS substrate for several reasons. The large
surface area of MXene allows the adsorption of target mole-
cules, and the transfer of charges between the molecules and
MXenes should result in the generation of CM enhancement
on SERS-active nanostructures. There are several research
studies that have investigated the use of MXene in SERS
applications. One study evaluated the SERS performance of
the MXene using organic dye Rhodamine 6G. The results
showed that the MXene substrate had a detection limit of
10~7 M (Sarycheva et al. 2017). Another study explored the
use of MXene as a SERS substrate for detection of chlor-
promazine in human biological fluids like urine and saliva
(Barveen et al. 2021). The researchers synthesized MXene
with incorporation of gold nanoparticles to enhance the
SERS effect and achieved a detection limit at 3.92 x 107! M.
These findings demonstrate the high sensitivity of MXene-
based SERS substrates for detecting environmental analytes.

Herein, we have fabricated AgNs, MXene SERS sub-
strates and introduced MXene in the AgNs system to
improve the thiram signal. To date, there are no reports of
a SERS substrate fabrication of MXene using anisotropic
AgNss for thiram detection that potentially lead to larger elec-
tromagnetic field enhancement. MXene has a large surface
area while AgNs has high number of hot spots due to its
spike structure. Inspired by these properties, we believe both
properties can give best SERS enhancement. Thiram is used
to evaluate the MXene/AgNs substrate's analytical potential
and SERS performance as a composite SERS substrate. The
results demonstrate that the MXene/AgNs composite is suit-
able for practical application in the detection of pesticides.

Experimental

The materials for Ti;C,T, MXene preparation are titanium
aluminum carbide (Ti;AlC,) MAX phase (bulk material,
Carbon-Ukraine Ltd), lithium fluoride (LiF) (98.5%, 325
mesh powder, Alfa Aesar) and hydrochloric acid (HCI)
(32%, RCI Labscan). The chemicals for the synthesized
AgNs are silver nitrate (AgNO;) (99%, Sigma-Aldrich),
hydroxylamine (HA) (50wt. % in water, Sigma-Aldrich),
trisodium citrate dehydrate (TC) (99%, Sigma-Aldrich) and
sodium hydroxide (NaOH) (98.0%, Chem-Supply Pty Ltd).
Thiram-pestanal (Analytical standard, Sigma-Aldrich) was
used for SERS measurement. All the chemicals were used
as received without purification. Ultrapure water (18.25 MQ
cm™!, 25 °C) was used throughout the experiments.
Two-dimensional (2D) Ti;C,T, MXene nanosheets were
synthesized by using the established minimally intensive
layer delamination (MILD) method (Alhabeb et al. 2017).
Briefly, 4 g of LiF powder was completely dissolved in
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50 mL of 9 M of hydrochloric acid solution with continu-
ous stirring for 10 min at 200 rpm. Then, 2.5 g of Ti;AIC,
powder was gradually added into the above etchant solution
under a persistent stirring at 380 rpm for 24 h at 35 °C. After
the reaction, the mixture was centrifuged at 3500 rpm at
17 °C for 2 min per cycle until a pH above 6 was achieved.
This step was repeated for 10-11 cycles. The supernatant
was discarded, and the pellet at the bottom was redispersed
in water. Handshaking was performed to exfoliate the syn-
thesized Ti;C,T, into few-layer flakes. Two cycles of cen-
trifuging at 100 g for 30 min were performed to remove the
unetched Ti;AlC, precursors settled at the bottom of the
centrifuge tube. Lastly, the supernatant was collected and
further centrifuged at 270 g for 30 min to remove the thick
Ti;C,T, flakes. The swollen pellet at the bottom was col-
lected and redispersed in water by very gentle handshaking.
The dispersion was then degassed with argon gas for 10 min
and stored in fridge (4 °C) for further use.

Garcia-Leis et al.’s approach was used to synthesize the
colloidal AgNs by chemical reduction of Ag in two steps
(Garcia-Leis et al. 2013). TC was used after using HA, a
neutral reducing agent. Briefly, a solution containing of
10 mL HA solution (6 x 10~ M) and 10 mL of NaOH solu-
tion (5x 10~ 2 M) was prepared and placed under stirring for
1 min at 200 rpm followed by dropwise addition of 180 mL
AgNOj; solution. The solution was stirred at 400 rpm for
5 min. The solution starts to change color from colorless
to dark gray. Next, 200 uL of sodium citrate (1% w/v) was
added to the mixture. Lastly, the solution mixture underwent
a sonication process for 15 min and then the mixture was
centrifuged at 6000 rpm for 15 min. The colloidal solution
was stored at 4 °C until used.

We fabricated the MXene/AgNs composite via elec-
trostatic interactions and tested them as a SERS substrate
for detecting the pesticide thiram as shown in Fig. 1. The
composite materials were prepared by mixing the MXene
and AgNs dispersions in different volume ratios of 1:5, 5:1,
1:10, 10:1, and 10:10 to determine the optimal volume ratio.
Using lower volumes of dispersions did not yield enough
material to make complete films and hence poor SERS sig-
nals were observed. We added the appropriate volumes of
the colloidal AgNs and MXene aqueous solution to prepare
the composite and further sonicated the mixture for 15 min.
The resulting dispersion was washed and centrifuged to
remove excess AgNs and the precipitate was dissolved in
1 mL of deionized water.

In the Raman experiments, a stock solution of thiram with
1 M concentration was prepared by mixing 0.25 g of thiram
powder with 1 mL of ethanol solution. Then, this mixture
was sonicated for 10 min to ensure it dissolved completely.
Lastly, this stock solution was then diluted with ethanol to
obtain different concentrations ranging from 1078 M to 1072 M.
To prepare the SERS substrates, glass slides were cut into
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Fig. 1 A Schematic illustration of MXene nanosheets’ preparation. B
Schematic design of the MXene/AgNs composite as SERS substrate
for thiram detection

1.2 em X 1.2 cm squares. Then, these glass slides were cleaned
by ultrasonication in acetone, propanol, and deionized water
sequentially for 15 min per cycle. The colloidal AgNs, aqueous
MXene and MXene/AgNs composites solution were deposited
on the glass substrate surfaces and dried in vacuum oven at
40 °C. 10 pL of the thiram solution was dropped onto the
SERS substrates, and the substrate surfaces were left to air dry
for 15 min to ensure sufficient adsorption of the analyte and
substrates. The Raman spectra were collected with a 785-nm
laser as the excitation source at room temperature. The Raman
spectra were acquired in the range of 300—-1600 cm™!, and all
the spectra were baseline-corrected to exclude the fluorescence
background.

The UV-Vis absorption spectra of MXene, AgNs and
composites of MXene/AgNs solutions were acquired from
the UV-2600 Shimadzu spectrometer with quartz cuvettes at
room temperature. The morphologies of these samples were
characterized by transmission electron microscopy (TEM)
from a Hitachi HT 7700 and by field emission scanning elec-
tron microscopy (FE-SEM) from a JEOL JSM-7100F. For
elemental composition, EDX analysis of these samples was
carried out using JEOL JSM-7100F. SERS measurements
were conducted using a Renishaw model InVia micro-Raman
spectrometer with a 785 nm wavelength diode laser at 10%
power from a 167 mW laser (16.7 mW) using 5 s integra-
tion time. The reference spectrum of thiram on bare glass and
SERS spectra were collected at 10% power from a 167 mW
laser (16.7 mW) using 5 s integration time using 50 X objective
with 5 accumulations.
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Results and discussion

The structure of the synthesized AgNs was confirmed
using TEM with the average diameter being 200 nm as
shown in Fig. 2A. Figure 2B shows the structure of delam-
inated MXene by showing the single layer Ti;C,T, MXene
flakes with an average flake size of 2 um. The structure of
the combination of MXene and AgNs in solution with a
ratio of 10:10 is displayed in Fig. 2C. Based on the TEM
image, we found that there were several AgNs attached to
the MXene nanosheet surface in the composite solution.
The AgNs can easily assemble around the surface MXene
nanosheets because AgNs have positive charges due the
presence of surfactant of TC and the surface of MXene
is negatively charged due to the surface terminations of
hydroxyl and fluoride functional groups (-OH and -F)
(Tang et al. 2019). The UV-Vis spectra of the colloidal
AgNs, delaminated MXene and various ratios of MXene/
AgNs composites are shown in Fig. 2D. A delaminated
MZXene colloidal solution (black line in Fig. 2D) shows
peaks at 260 and 805 nm. According to Satheeshkumar
et al., the first absorption band at 260 nm corresponds
to the bandgap energy of MXene (Satheeshkumar et al.
2016) while the absorption band at 805 nm may be due to

Fig.2 The TEM images of A
AgNs, B MXene and C MXene/
AgNs composite with a ratio

of 10:10. D UV-Vis absorp-
tion spectra of colloidal AgNs,
MZXene solution and various
ratios of MXene/AgNs compos-
ite solutions
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the longitudinal oscillation in delaminated MXene in the
near-infrared region. Next, absorption bands at approxi-
mately ~260 and ~384 nm were observed for all volume
ratios of MXene/AgNs composites. The absorption band
at~260 nm is likely attributed to MXene, whereas the
absorption band at~380 nm suggests the existence of
AgNs. Dilution of the AgNs or MXene dispersions in
making the composites of course lowers the concentra-
tion of the species of interest. Using relatively high vol-
umes (compared to the other component) of the AgNs or
MXene dispersions ensures a high concentration of that
species meaning that the MXene peak at 805 nm is read-
ily observed when the volume ratio favors MXene while
the AgNs peak at 384 nm is readily observed in compos-
ites formed using volume ratios with more AgNs disper-
sions. Importantly, the spectrum of the 10:10 dispersion
exhibited both these peaks confirming the presence of both
species at concentrations that will yield SERS substrates
where both species can contribute to the SERS signals
observed.

We performed SEM analysis to visualize the morphol-
ogy of AgNs and MXene as shown in Fig. 3A-B. From the
SEM images, we found that the deposited AgNs clusters on
the substrate surface have preserved the presence of spikes.
The deposited MXene nanosheet on the substrate surface

g
<

(a) AgNs
D (b) MXene
(c) 1 mL AgNs: 10 mL MXene
= (d) 1 mL AgNs: 5 mL MXene
\C_ﬁ; (e) 5 mL AgNs: 1 mL MXene
O (f) 10 mL AgNs: 1 mL MXene
: %3' (g) 10 mL AgNs: 10 mL MXene
¥
,8 a d
<
0

400 600 800
Wavelength (nm)

1000



Chemical Papers (2024) 78:2855-2865

2859

Elements | Atoms %

C 34.16
(] 38.68

F 13.69
Al 0.10

Tige| i 13.37

T T T T T T

keV

10

I mL AgNs: 10 mL MXene F

Elements | Atoms %

C 3533 1 mL AgNs: 5 mL MXene

(a.u)

Ti 34.26 MXene

Ag 7.41

e

AgNs

5 mL AgNs: 1 mL MXene
1 . ~10mL AgNs: ' mL MXene .
\/ 0 mL AgNs: 10 mL MXene

Absorbance

Fig.3 The thin films characterization A SEM image of AgNs, B
SEM image of MXene, C EDX analysis of MXene, D SEM image
of MXene/AgNs composite with a ratio of 10:10, E EDX analysis

showed the well-defined flakes edges of individual MXene
flakes with large surface-to-volume ratio resulting in more
active reaction sites and higher chemical activity (Wang
et al. 2015). The EDX analysis of the delaminated MXene
in Fig. 3C indicates the successful of etching process after
removing the Al layer from the Ti;AlC, MAX phase by
showing level of detected Al is 0.10%. Based on the SEM
image on the combination of MXene and AgNs with a ratio
of 10:10, the AgNs particles tend to attach the MXene flakes
surface due to opposite charges presence on the AgNs and
MXene surface as shown in Fig. 3. We also observed that
attachment of AgNs particles around the surface of MXene
nanosheets for 1:5, 5:1, 1:10, 10:1 volume ratios as shown
in SI, Fig. S1(A)-S4(A). The presence of the AgNs on the
MXene surface in MXene/AgNs composites at 10:10 ratio
was confirmed by EDX analysis by detecting Ti, C, and Ag
as shown in Fig. 3E. The EDX analysis for 1:5, 5:1, 1:10,
10:1 surfaces is provided in SI, Fig. S1(B)-S4(B). From the
overall SEM images and EDX analysis observation, increas-
ing the MXene volume in MXene/AgNs composites clearly
showed increasing MXene nanosheets on the substrate sur-
face. This is also similar to the increasing of the AgNs vol-
ume in MXene/AgNs composites leading to increased pres-
ence of AgNs attached on the MXene surface. This increase
in the presence of AgNs on the surface with increasing AgN's
in the various volume ratios is confirmed in the detected
atomic percentage of the elemental Ti, C and Ag from EDX
as shown in SI, Table S1. Absorption spectra of the thin
films in Fig. 3F agreed with the distribution of AgNs and
MXene on the substrate surface by clearly showing the band
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=
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(=]
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Wavelength (nm)

MXene/AgNs composite with a ratio of 10:10 and F UV—Vis absorp-
tion spectra of AgNs, MXene and ratios of MXene/AgNs composites

at 385 nm for AgNs and 810 nm for MXene. Both peaks
can be seen clearly with increasing AgNs and MXene in the
composites. Here, MXene/AgNs composite solution with
a ratio of 10:10 vividly exhibited both absorbance peaks at
385 and 810 nm. We further studied the optimum thin films
surface as SERS substrate for thiram pesticide detection.
The SERS activities of AgNs, MXene and various ratios
of MXene/AgNs composites are determined from a simple
glass-supported SERS substrate using thiram. Figure 4A
depicts the spectra of a 1072 M thiram solution on substrate
surfaces containing AgNs, MXene and different volume
ratios of MXene to AgNs used to make the MXene/AgNs
composite. The presence of the thiram on SERS substrate
surface was confirmed by the existence of the nine charac-
teristic peaks at 320, 364, 397, 447, 562, 854, 977, 1376 and
1400 cm™" which were assigned to the S =C-S bending, C-S
stretching, S-S stretching, C—S—S deformation, S-S stretch-
ing, CH;—N stretching, C—S—S asymmetric stretching, C-N
stretching and C-N stretching modes, respectively (Verma
and Soni 2019). These characteristic peaks of thiram match
the corresponding peaks of thiram on bare glass. The sub-
strate containing 10 mL AgNs and 10 mL MXene exhibits
the strongest SERS signal among the other ratios, MXene
and AgNs alone as evidenced in Fig. 4A. Closer examina-
tion of Fig. 4A shows that the composites containing 10 mL
AgNs and 10 mL MXene give the best SERS signal with the
calculated enhancement factor (EF) for the highest band at
562 cm™! being approximately 1.1x 10 ®. The overall cal-
culated EF for AgNs, MXene and MXene/AgNs ratios were
described in Table 1. Using the substrate containing 10 mL
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Fig.4 A SERS signals of
1072 M thiram on glass, AgNs,
MXene and various ratios

B

a:thiram on glass surface
b:thiram on MXene surface
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Table 1 The calculated EF for various SERS substrates

SERS substrates EF

AgNs 6.3%10%
MXene 9.6x 10!
10 mL AgNs: 10 mL MXene 1.1x10°

10 mL AgNs: 1 mL MXene 7.0x10%
5 mL AgNs: 1 mL MXene 4.4x10°
1 mL AgNs: 10 mL MXene 4.0%10?
1 mL AgNs: 5 mL MXene 42x10?

AgNs and 10 mL MXene ensures that there are significant
number of AgNs in the composite but that the AgNs are well
spread out and isolated on the MXene yielding the highest
availability of hot spots. The suboptimum amounts of AgNs
lead to significant clustering, as seen in the SEM images
shown the supplemental Fig. S1-S4 which lowers the num-
ber of available active hot spots, thus lowering the SERS
enhancement. Figure 4B displays the SERS spectra of thi-
ram molecules on three different substrate surfaces namely
MXene, AgNs and MXene/AgNs composite with a ratio
of 10:10. Both MXene and AgNs substrates exhibit SERS
signal from thiram. However, 10 M thiram signals on the
MXene surface are not as strong and very similar to thiram
alone on the glass surface. Meanwhile, the thiram signals
on AgNs surface are lower than the 10:10 MXene/AgNs
substrate. The enhancement in the composite can be attrib-
uted to both EM and CM enhancement. The CM enhance-
ment results from the charge transfer and chemical bonding
effects between MXene and the thiram pesticide, while the
EM enhancement is based on the enhancement of the local
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electromagnetic field produced by the AgNs hot spots. There
are a few EF formulae for EF calculation and here we chose
the analytical enhancement factor approach as described by
Ru et al. group (Le Ru et al. 2007). These EF values were
calculated using Formula 1.

EF = Isers/Nsers o
1 Raman / N, Raman

where Ip, .. Intensity of non-SERS; Igpgrg: Intensity of
SERS; Npyman: Average number of molecule for non-SERS
that contributed the signal and Nggrg: Average number of
molecule for SERS that contributed the signal. The calcula-
tion details for EF value have been reported in our previous
article (Abu Bakar and Shapter 2023). This EF value proves
that the optimum volume ratio of MXene/AgNs compos-
ite can be a good SERS substrate compared to MXene and
AgNs alone.

As stated earlier, SERS enhancement happens through
two mechanisms, namely an electromagnetic (EM) mecha-
nism and a chemical (CM) mechanism (Zhang et al. 2014;
Chu et al. 2017; Xia 2018). The EM mechanism is generally
observed in substrates rich in free electrons that can generate
localized surface plasmon resonance (LSPR) upon excitation
(Cong et al. 2020). Due to the variety of terminal groups,
MXenes have a very diffuse Fermi level (Ampong et al.
2023) and hence is an ideal candidate to display enhance-
ment through the EM mechanism due to the high density
of electrons around the Fermi level. The adsorption of the
thiram only increases the variety of terminations which will
increase the likelihood of this enhancement. The CM mecha-
nism can have three possible origins in a metal-molecule
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system, namely interfacial ground-state charge transfer, the
photoinduced charge transfer resonance, and the electronic
excitation resonance within the molecule itself (Jensen et al.
2008). See Fig. 5 for the energy levels involved in the SERS
system involving AgNs and thiram. In our experiments, the
laser wavelength is 1.58 eV while the energy levels of thi-
ram have a LUMO of — 1.53 eV with a HOMO of —4.72 eV
giving a gap of 3.19 eV, and thus resonance Raman of the
molecule itself is not possible (Hieu et al. 2021). The Fermi
level of AgNPs is generally about—4.26 eV (Mai et al.
2022) meaning the gap to the LUMO of thiram is 2.73 eV.
This is a large gap meaning that photoinduced charge trans-
fer resonance mechanism is unlikely (Mai et al. 2022). The
Fermi level of Ag and the HOMO of thiram have very simi-
lar energies meaning that the most likely SERS enhance-
ment mechanism interfacial ground-state charge transfer.
These ground state interactions change the polarizability
of the metal-molecule complex leading to higher Raman
cross-sections.

The hybrid systems lead to higher enhancement than just
a summation of the two individual enhancements. There are
likely several factors leading to this observation. The pres-
ence of the MXene reduces the clustering the AgNs pro-
viding more available metal nanostructures to enhance the
signal. Additionally, yet another termination of the MXene
may provide more electron density in the system to enhance
the EM mechanism.

Sensitivity is one of the important factor for SERS sub-
strates. However, Raman signal reproducibility and stability

are also critical. Since the enhancement factor is highest
for 10:10 MXene/AgNs, this system was studied further.
The single MXene SERS substrate was not studied further
due to its low SERS enhancement. In Fig. 4C-D, 102 M
thiram solution was dropped onto the AgNs and 10:10
MXene/AgNs substrate surfaces, and 20 different spots on
the same samples were selected for testing. We analyzed the
uniformity of field enhancement of SERS substrate surface
by measuring the relative standard deviation (RSD) at three
highest characteristic peaks of thiram as shown in SI, Fig.
S5. The SERS intensity of each characteristic peak on AgNs
showed changes with the calculated RSD of the intensity at
397, 562 and 977 cm™~! which were 9.64, 11.12 and 13.54%,
respectively. The RSD values on MXene/AgNs surface were
lower at 3.07, 3.55 and 2.87% for 397, 562 and 977 cm™!,
respectively. We also explored the reproducibility proper-
ties of SERS substrates on 20 different samples with the
corresponding full spectra of SERS signal and RSD meas-
urements shown in SI, Fig. S6. The SERS intensity of each
characteristic peak showed only slight changes for MXene/
AgNs compared to AgNs alone, as demonstrated by the RSD
of the intensity at 397, 562 and 977 cm~! which were 2.22,
2.55 and 2.50%, respectively. Meanwhile, the RSD value
for AgNs are 7.30, 8.46 and 11.32% for bands at 397, 562
and 977 cm™!, respectively. These findings suggest that the
MXene/AgNs substrate exhibits excellent reproducibility.
To investigate the potential application of the AgNs and
10:10 MXene/AgNs ratio as SERS substrates, we prepared
the substrate and evaluated it using thiram solutions with
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different concentrations of 1072, 107, 10, 107>, 107, 1077
and 107® M. As presented in Fig. 6A-B, the intensity of the
characteristic peak increased with increasing thiram concen-
tration on the SERS substrate surfaces as expected. Thiram
signal is higher on composite surface than those signals on
AgNs only surface for the seven concentrations. The char-
acteristic peaks of thiram are still observable at the lowest
concentration on the AgNs and composite surfaces. Moreo-
ver, we further conducted a quantitative analysis of the char-
acteristic peaks at 397, 562 and 977 cm™!, by studying the
log relationship between SERS intensity and concentrations
as demonstrated in Fig. 6C-D. It was found that AgNs and

Fig. 7 Histogram of intensity

Concentrations (Molar)

composite surfaces have good correlations as high as 0.96
and 0.99, respectively, for the bands at 397 and 562 cm™".
From these results, we calculated the limit of detection
(LOD) for detection of thiram on AgNs and MXene/AgNs
surfaces which were 2.1x 10 M and 7.6 x 10~° M, respec-
tively. Therefore, the results indicate that the MXene/AgNs
substrates exhibited higher sensitivity than single AgNs and
could be used to estimate pesticide residue in the environ-
ment and food products.

The study proceeded to examine the stability of the AgNs
and MXene/AgNs substrates in air after a storage period of
1 month in a small transparent container with silica gel. A
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reliable SERS substrate should maintain its properties even
after being stored in air for an extended period. Figure 7 illus-
trates the corresponding SERS intensity of the 397, 562 and
977 cm™! bands for 10~2 M thiram during the storage period.
The peaks' position and intensity did not show significant
changes indicating that the substrate exhibited good stability.
The thiram signals appeared to slightly decrease over storage
time, however the RSD value for the decreasing SERS signals
remain low. The calculated RSD value for AgNs surface are
5.38,7.13 and 6.58% for 397, 562 and 977 cm™" peaks, respec-
tively. It was found that the presence of MXene in composite
surface as SERS substrate can enhance the stability surface
over time with RSD values of 2.71, 2.48 and 2.28% for 397,
562 and 977 cm™! peaks, respectively. The full stability spectra
of SERS and RSD measurements are provided in SI, Fig. S7.

There have been various approaches using SERS to detect
thiram with LODs ranging from 2x 10 M to 10712 M (Zhu
et al. 2017; Kumar and Soni 2020; Xiao et al. 2023). The uti-
lization of silver nanostars SERS detection for thiram has pre-
viously been observed using multi-spike silver stars (Verma
and Soni 2019). An LOD of 6.3 x 107 M for thiram using
multibranched Au—Ag bimettalic nanostars SERS substrates
has been reported (Li et al. 2018). Other research studies using
silver coated gold nanostars give limits of detection ranging
from of 0.8 to 5%x10™° M (Rathod et al. 2022; Atta and Vo-
Dinh 2022). The combination of MXene and gold nanorods
(MXene/AuNRs) has been reported to detect thiram with a
limit of detection of 10 M and 10~ ' M (Xie et al. 2019;
Wang et al. 2021), similar to the limit of detection in this study
at 7.6 x 10~ M after introducing MXene into silver nanostars
structure to detect thiram. Thiram detected using AgNs and
MXene/AgNs SERS substrates in this article is notably lower
than the current concentration permissible as set by U.S
Environmental Protection Agency set at 2.91 x 10~ M, by
European Union at 4.16x 10~ 7 M-4.16 x 10~ ¢ M, by Argen-
tina National Service of Sanitation and Agri-Food Quality
at 4.16x 107 ° M-1.25%x 10> M (Picone et al. 2022). The
reproducibility towards detection of thiram on MXene/AgNs
surface confirmed the low RSD value of less than 4% while
the RSD values on MXene/AuNRs were around 7% (Wang
et al. 2021) and 10% (Xie et al. 2019). Unlike other previous
research efforts, we have measured the stability of MXene/
AgNs as a SERS substrate over a storage time of a 1 month.
This stability will be critical in situations where remote sam-
pling might be required and substrates are then shipped for
measurement.

Conclusions

In summary, various substrates were successfully fabricated
through a simple electrostatic interaction. The MXene/
AgNs substrate displayed superior SERS activity compared

to either the MXene only or AgNs only substrates and the
optimal ratio of MXene to AgNs dispersion was determined.
The optimal MXene/AgNs composite was used to detect thi-
ram pesticide at various concentrations ranging from 1078 to
1072 M. The results indicated a linear correlation between
the peak intensity and concentration, highlighting its poten-
tial for environmental analysis. Notably, the substrate exhib-
ited good reproducibility, which is a crucial characteristic for
any detection technique. Additionally, the study highlighted
the substrate's long-term stability, indicating that it could be
used effectively over an extended period without significant
loss of performance or degradation. These positive findings
suggest that MXene/AgNs substrate holds potential as a
cost-effective and practical option for detection applications.
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