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A functional ternary substrate was developed for surface-enhanced Raman scattering (SERS) sensing systems.
MnO, nanosheets were synthesized by a simple and controllable hydrothermal method, followed by the
integration of graphene oxide (GO) nanosheets. Subsequently, MNnO,/GO nanostructures were decorated
with plasmonic Ag nanoparticles (e-AgNPs). The MnO,/GO/e-Ag substrate could enhance the SERS
sensing signal for organic chemicals without the assistance of chemical bonds between those analytes and
the semiconductor within the ternary substrate, which have been proven to promote charge transfer and
elevate the SERS enhancement in previous studies. Instead, GO nanosheets acted as a carpet also
supporting the MnO, nanosheets and e-AgNPs to form a porous structure, allowing the analytes to be

well-adsorbed onto the ternary substrate, which improved the sensing performance of the SERS platform,
Recelved 8ih August 2022 dt -AgNPs, MnO,/e-Ag, and GO/e-Ag alone. The GO content in th it
Accepted 26th October 2023 compared to pure e-AgNPs, MnO,/e-Ag, an e-Ag alone. The content in the nanocomposite was

also considered to optimize the SERS substrate. With the most optimal GO content of 0.1 wt%, MnO,/GO/
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1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is one of the most
sensitive analytic techniques, which has been widely investigated
for application in various fields,"” especially in surface chemical
analysis.>* SERS effects occur when the inelastic light scattering
of a molecule is enhanced in the presence of a SERS substrate,
resulting in an enhancement factor of 10°-10"*. There are two
mechanisms contributing to the SERS phenomenon: electro-
magnetic mechanism (EM) and chemical mechanism (CM),
leading to enormous enhancements in the Raman signal. On the
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e-Ag-based SERS sensors could detect carbaryl, a pesticide, at concentrations as low as 1.11 x 1078 M in
standard solutions and 10~/ M in real tap water and cucumber extract.

one hand, the EM was reported to be the major contributor.>®
Hot spots with intense electromagnetic fields have been detected
on corrugated surfaces, especially at sharp tips/corners of noble
metal nanostructures, such as silver and gold, resulting in
a significant enhancement in the Raman signal under the EM.”*
On the other hand, in terms of the CM, the improvements in
Raman signal are also contributed to by charge-transfer (CT)
transitions between the substrate and the molecule. In a 2008
study, Jensen et al. described three types of CT transitions:
interfacial ground-state charge transfer (GSCT), photoinduced
charge transfer (PICT), and resonance Raman scattering (RRS).°
First, GSCT is characterized by chemisorption interactions
between the molecule and the substrate in the ground state
without excitations. Second, PICT is a CT process depending on
the excitation wavelength assigned to the charge transition
between the substrate and the molecule. Third, RRS occurs
within the molecule itself when the laser excitation frequency is
close to its electronic transition frequency. Although the contri-
bution of the CM in total SERS enhancement was reported to be
much lower than that of the EM, many studies have demon-
strated the remarkable role of substrate-to-molecule CT in the
improvements of the Raman signal while utilizing nano-
composite SERS substrates.'**>
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In a recent study, we improved the SERS sensing perfor-
mance of a tricyclazole (TCZ) sensor by employing a MnO,/e-Ag
nanocomposite as an active substrate, in comparison to the use
of pure electrochemically synthesized silver nanoparticles (e-
AgNPs). With a sulfur atom within the structure, TCZ could be
linked to MnO, nanostructures via chemical bonds. Therefore,
the presence of MnO, in the nanocomposite promoted more
hot electrons from the e-AgNPs to be transferred to TCZ via
a metal-to-semiconductor PICT pathway and then, a semi-
conductor-to-molecule IGCT pathway. This resulted in an EF
of 1.38 x 10° when using MnO,/e-Ag as the SERS substrate,
which was 10 times higher than that when using pure e-
AgNPs." Similar enhancements were also described in the
report of Zhou et al.,, who employed ZnO nanorods/AuNPs to
detect dopamine in a SERS sensing system.'* Therefore, taking
advantage of the specific interaction between the desired ana-
lyte and the inorganic semiconductor, we designed a SERS
active material to improve the Raman signal by promoting
charge transfer via the IGCT pathway. However, there are
numerous other compounds that are chemically inactive in the
interaction with MnO,, thus, it would not be convenient for
them to experience the enhancement in CT arising on the
nanocomposites. Thus, in this study, we aimed to continue
modifying the nanomaterial to fill in the gap.

GO is a semiconductor material with abundant oxygen-
containing groups, such as epoxide, carbonyl, and hydroxyl
groups, which can be obtained by graphene modification. It can
provide a large surface for the adsorption of various organic
compounds.”™* Furthermore, GO can be an excellent supporter
for the grafting of other materials, thus it has potential to be
a component in hybrid materials.'”*® There have been numerous
studies into the construction of GO, semiconductor, and noble
metals composite nanostructures as potential SERS substrates.
For instance, Wang and co-authors utilized a novel Ag/GO/TiO,
nanorod array as a SERS substrate for organic detection.'® Zhang
et al. successfully prepared a coating of GO on a TiO,-AgNPs
nanoarray for the rapid, accurate, and reliable detection of
multiple organic pollutants, including crystal violet, rhodamine
6G, and malachite green. Hence, in this study, we chose GO
nanosheets to modify our metal-semiconductor nanocomposite,
MnO,/e-Ag, and employed the as-prepared ternary structure as
a SERS substrate for carbaryl (CBR), a pesticide that does not
directly bind to MnO, via chemical bonds.
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In this work, we employed MnO, nanosheets, GO nano-
sheets, and e-AgNPs, which were successfully fabricated as
described in our previous studies,>*° to prepare ternary nano-
structures via two simple steps: First, the MnO,/GO structure
was created using ultrasonication, followed by the grafting of e-
AgNPs onto that structure by stirring. The detailed preparation
is shown in Scheme 1. Subsequently, it was demonstrated that
MnO,/GO/e-Ag could improve the SERS signal of CBR,
compared to the use of pure e-AgNPs, MnO,/e-Ag, and GO/e-Ag
substrates. In addition, by varying the GO content, the
substrates were optimized. With the most optimal GO content
of 0.1 wt%, MnO,/GO/e-Ag could detect CBR at concentrations
down to 1.11 x 10~ ® M in standard solutions and 10”7 M in real
samples of tap water and cucumbers.

2. Experimental

2.1. Materials and SERS substrates

Manganese dioxide (MnO,) nanosheets, graphene oxide (GO)
nanosheets, and e-Ag nanoparticles were synthesized as per our
group's previous research.”*?® Cabarryl (CBR), tricyclazole
(TCZ), chloramphenicol (CAP), methylene blue (MB), and 4
nitrophenol (4-NP) were provided by Sigma-Aldrich. All chem-
icals were used directly without further purification. The
utilized conical flasks and Teflon-lined hydrothermal autoclave
were treated with aqua regia for 24 h before the experiments. In
addition, the double-distilled water used in the whole process
was purified through a Milli-Q® system (18.2 MQ cm at 25 °C).

The aluminum (Al) substrate was prepared with dimensions
of 1 cm x 1 cm x 0.2 cm with a surface-active area of diameter
0.2 cm. The substrate was cleaned properly. First, the substrates
were soaked into a dilute hydrochloric acid solution to remove
the oxide/hydroxide on the surface. Second, the substrate
samples were washed with ethanol and double-distilled water
by ultrasound for 15 min. Finally, the samples were dried
naturally at room temperature.

2.2. Preparation of MnO,/e-Ag nanocomposites

MnO,/e-Ag nanocomposites were prepared as described in our
previous report using two components: MnO, nanosheets and e-
AgNPs with the most optimal ratio of 1:3."* Concerning the
MnO, nanosheets, 30 mL of a mixed solution containing 0.67 M
NaOH and 9.79 M H,0, was divided into 20 aliquots and poured

A
)

Scheme 1 Schematic illustration of the synthesis process of MNnO,/GO/e-Ag nanocomposites.
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into 10 mL of 0.3 M Mn(NOj), solution, at a rate of an aliquot per
minute under constant stirring. Then, the solution mixtures were
stirred together for 30 min. The collected precipitate was washed
3 times with double-distilled water and then dried. The dried
precipitate was dispersed in 2 M NaOH. This homogeneous
solution was poured into a hydrothermal autoclave reactor and
heated at a temperature T of 160 °C with a holding time of 16 h.
The obtained product was centrifuged, washed three times with
ethanol and distilled water, and then dried at 60 °C. On the other
hand, e-AgNPs were prepared using an electrochemical method,
which was fully described in another previous study of our group,
resulting in the formation of citrate-coated e-AgNPs with an
average diameter of 24 nm and { potential value of about -
25 mV.” Subsequently, 50 mg of MnO, was dissolved in 50 mL of
double-distilled water with the help of ultrasound to form
a homogeneous suspension. Then, the MnO, solution was mixed
with a certain volume of e-AgNP solution in a ratio of 1:3 and
subjected to ultrasonic waves for 15 min. As a result, MnO,/e-Ag
was formed within the mixture. Full characterization of this
nanocomposite was reported in our recent study.>

2.3. Preparation MnO,/GO/e-Ag nanocomposites for SERS
measurement

The MnO,/GO/e-Ag nanocomposite was fabricated using the
procedure described in Scheme 1. First, 50 mg of MnO, was
completely dissolved in 50 mL double-distilled water under the
aid of ultrasound treatment to form a homogeneous suspen-
sion. Then, the MnO, solution (1 mg mL ") was slowly added to
a set of prepared mixtures containing different amounts of GO
(0.05-0.5 wt%). GO was synthesized based on previous
research.”® The above-mixed solutions were ultrasonicated for
30 min. Next, a defined volume of e-AgNPs solution (1 mg mL ")
was added to the above mixture solution and mixed well with
magnetic stirring for 30 min. Thus, the MnO,/GO/e-Ag nano-
composites were synthesized.

2.4. Characterization and SERS measurement

Scanning electron microscopy (SEM) was used to observe the
morphology, and size of the prepared samples. The composi-
tion and chemical properties of MnO,/GO/e-Ag were investi-
gated by Raman spectroscopy (Horiba Macro-RAMt) with
785 nm laser excitation.

SERS active materials (i.e., AgNPs, MnO,/e-Ag, and MnO,/
GO/e-Ag) were loaded onto the surface-active area of the Al
substrates via evaporation. In detail, for each measuring
substrate, 5 uL SERS active material solution was drop-cast
directly on to the surface-active area of the Al substrate.
Then it was dried at 50 °C before being used for SERS
measurement.”® CBR solutions with different concentrations
(107*-107% M), TCZ (10> M), MB (10> M) CAP (10> M), and
4-NP (10~* M) were prepared in distilled water before being
dropped directly onto the prepared substrates. After that, they
were dried naturally at room temperature and taken to
perform the SERS measurements. The SERS spectra were
monitored by a MacroRaman™ Raman spectrometer (Horiba).
Raman measurements were acquired by means of a 100x

© 2023 The Author(s). Published by the Royal Society of Chemistry
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objective with a numerical aperture of 0.90. The laser power
was set to 45 mW at a 45° contact angle, with a focal length of
115 nm. An exposure time of 10 s was used with three accu-
mulations. At every point of the SERS measurement, the
experiment was repeated three times.

Cucumbers were purchased from a local supermarket and
washed thoroughly using deionized water. Then the cucumbers
were minced and mashed. Next, 25 g of the obtained cucumber
was mixed with 30 mL of double-distilled water by a vortex
mixer. The mixture was filtered with Whatman filter paper.
Finally, the cucumber extract was collected. CBR standard
solution at different concentrations was added into the
cucumber extract samples. Subsequently, 5 pL spiked sample
was drop-cast directly on to the prepared SERS substrates for
SERS measurements under ambient room conditions.

To test the CBR detection in the tap-water sample, the
experiments were conducted as follows. Different concentra-
tions of CBR in the linear range (10~*-10"7 M) were prepared
directly utilizing tap water, which was taken from the local area.
Next, 5 pL CBR solution was drop-cast directly on to the
prepared SERS substrates for the SERS measurements under
ambient room conditions.

3. Results and discussion

3.1. Importance of the chemical bonds in the SERS effect on
MnO, nanosheets

To confirm the importance of chemical bonds in the SERS effect
on the MnO,/e-Ag substrate, we evaluated the SERS enhance-
ment of two groups of organic compounds. Group 1 consisted of
chemicals that were reported to be degraded by MnO,, thus,
there would be chemical interactions between the semi-
conductor and the organic compounds, such as tricyclazole
(TCZ) and methylene blue (MB). The chemicals in Group 2, in
contrast, have not been reported to be degraded in the presence
of MnO,. Moreover, they possessed no specific functional group
to bind directly to MnO, nanosheets via chemical bonds. The
molecular structures of the chemicals in Group 1 and Group 2
are shown in Table S1.}

Concerning Group 1, the interaction between TCZ and MnO,
via the S atom of TCZ was fully described in our previous
study.” This chemical bond allows hot electrons to be trans-
ferred from MnO, to TCZ via an interfacial ground-state charge-
transfer (IGCT) pathway. Thus, using MnO,/e-Ag nano-
composite as a SERS substrate, MnO, would act as a bridge for
CT from the laser-excited e-AgNPs to TCZ. As a result, more hot
electrons can be transferred from the plasmonic nanomaterial
to the analyte, leading to enhancements in the SERS signal of
TCZ on MnO,/Ag, compared to the use of pure e-AgNPs alone. In
detail, at the concentration of TCZ (10~® M), the SERS intensity
of TCZ on MnO,/e-Ag, measured by the peak of 431 cm™", was
estimated to be 6.66 times higher than that on AgNPs. This
result was presented in our previous study.*® Similar to TCZ, MB
was reported to be degraded by MnO,. In a 2021 study, Yan et al.
employed XPS characterization to confirm that the N atom
within the benzene ring of MB could be directly linked to the
MnO, surface.”® Thus, it was expected that MnO,/e-Ag could

RSC Adv, 2023, 13, 33067-33078 | 33069
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Fig.1 SERS intensities of (a) MB (107> M), (b) CAP (10> M), (c) CBR (103 M), and (d) 4-NP (103 M) at the characteristic peaks on e-Ag, and MnO,/

e-Ag nanocomposites.

enhance the Raman signal of MB better than pure e-AgNPs. This
hypothesis was confirmed by the SERS measurements of MB
(107> M) on MnO,/e-Ag and pure e-AgNPs, as shown in Fig. 1a.
On the MnO,/e-Ag substrate, the SERS intensity of MB was
obviously higher than that on pure e-AgNPs. For the charac-
teristic peaks of 453, 1393, and 1622 cm ™', the SERS intensities
of MB on MnO,/Ag were 2.83, 1.61, and 1.69 times higher than
those on pure AgNPs. In contrast, the organic compounds in
Group 2 were not reported to be degraded or linked to MnO, via
chemical bonds. The SERS spectra of chloramphenicol-CAP
(107* M), carbaryl-CBR (107® M), and 4 nitrophenol-4-NP
(107 M) on MnO,/Ag were compared to those on pure AgNPs,
as shown in Fig. 3b-d, respectively. It was clear that on the
MnO,/Ag substrate, the Raman signals of the organic
compounds in Group 2 were less enhanced, compared to those
on pure AgNPs, at their characteristic peaks. The assignments
for the characteristic peaks of MB, CAP, CBR, and NP are listed
in Table S1.f This result confirmed the importance of the
chemical bonds between the substrate and the analyte in SERS
enhancement. Furthermore, it raised a question of how to
improve the sensing performance of SERS sensors for analytes
that do not bind directly to the active substrates via chemical
bonds. GO, with its excellent adsorbing ability, would be
a solution for further material modification to overcome this
obstacle.

33070 | RSC Adv, 2023, 13, 33067-33078

3.2. Characterization of MnO,/GO/e-Ag nanocomposite

A set of MnO,/GO/e-Ag composites was prepared with different
GO contents ranging from 0.05-0.5 wt%. Meanwhile, the Ag
content of 75% was proven to be effective for the SERS
phenomenon arising in our previous study," thus, this was
fixed as the Ag content within every composite in this study. The
contents of the components were calculated based on their
weight added during preparation. Fig. 2a shows the Raman
spectrum of MnO,/GO/e-Ag, indicating the presence of all three
components. Two characteristic peaks of GO could be observed
at ~1313 cm™ ' (D band) and ~1605 cm™" (G band), represent-
ing the breathing modes of the rings (K-point phonons) with the
A, symmetry and the in-plane bond-stretching E,; mode of C
sp> atoms, respectively.>* In addition, the spectrum exhibited
two bands at 585 and 645 cm ™', which were assigned to the
symmetric Mn-O vibrations and are characteristic of a-MnO,
with a (2 x 2) tunnel.®® Besides, the band at 240 cm™" was
associated with the stretching vibrations of Ag-O bonds.*®
Additionally, the presence of MnO,, Ag, and GO in the nano-
composite was also confirmed by the XRD pattern, as shown in
Fig. 2b. The XRD result revealed the tetragonal crystal system of
a-MnO, with intense and sharp peaks for the (110), (200), (310),
(400), (301), (600), and (521) crystal phase corresponding to
JCPDS card no. 44-0141. The main diffraction peaks of Ag for
the (111), (200), and (220) planes also existed in the XRD pattern

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Raman spectrum of (a) MnO,/GO/e-Ag; XRD pattern of (b) MnO,/GO/e-Ag (with 0.1 wt% of GO); SEM images of (c) GO and (d and e)

MnO,/GO/e-Ag (with 0.1 wt% of GO) at different magnitudes.

(JCPDS no. 01-087-0719). The characteristic peak of GO was
obtained at 26 = 11.5°, revealing the reflection plane (001).*
Moreover, the formation of the nanocomposite was also
confirmed by the SEM images. Due to the exceptional bright-
ness of e-AgNPs compared to MnO, and GO nanosheets under
the electron microscope and low content of GO in the nano-
composite (0.1 wt%), unfortunately we could not observe the
presence of GO in Fig. 2d and e. However, Fig. 2d shows that
MnO, nanosheets and e-AgNPs had gathered together to create
micro-sized structures, corresponding to the structure dis-
played in Fig. 2¢, which was formed by layers of GO nanosheets.
Therefore, MnO, could have covered GO sheets during the
preparation of MnO,/GO via ultrasonication, followed by the
grafting of e-AgNPs onto this material. The assembly of MnO,
on GO sheets could be observed more clearly in Fig. S6a and b.f
Without the bright e-AgNPs, the MnO, nanostructures can be
detected as small flakes on the large GO surface. With a higher
content of GO, namely 2.0 wt% in MnO,/GO/e-Ag

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

nanocomposites, which would be referred to as 0.5 wt% in
MnO,/GO/e-Ag nanocomposites, the surface of the GO sheet
could be better observed in Fig. S6b.T In contrast, when the GO
content was five-times lower, MnO, flakes covered it more
properly (Fig. S6at), forming a nest for harboring the e-AgNPs
(Fig. 2e). Thus, the GO content influenced the structure of
MnO,/GO. Its effects on MnO,/GO/e-Ag then its SERS perfor-
mance will be further discussed in the following sections.

3.3. Effects of GO content on SERS analytical performance of
the MnO,/GO/e-Ag nanocomposites-based sensing platform

To investigate the effect of GO and its content on the SERS
performance of MnO,/GO/e-Ag nanocomposites-based SERS
sensors, we measured and compared the SERS signals of CBR
(107* M) on pure e-AgNPs and four types of MnO,/GO/e-Ag
nanocomposites with different contents of GO (0.01, 0.1, 0.3,
and 0.5 wt%) (Fig. 3a). On all the substrates, the SERS spectra
exhibited characteristic peaks of CBR at 480, 723, and

RSC Adv, 2023, 13, 33067-33078 | 33071
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Fig. 3 (a) SERS spectra of CBR (1073 M) on e-AgNPs, and MnO,/GO/e-Ag nanocomposites with different GO contents. (b) SERS intensities of
CBR (107° M) at 480, 723, and 1440 cm™ on e-AgNPs, and MnO,/GO/e-Ag hanocomposites with different GO contents.

1440 cm™'. However, they showed significant differences in
SERS intensity, revealing the levels of their sensing perfor-
mance. Comparisons of the SERS intensities at 480, 723, and
1440 cm ™! are presented in Fig. 3b. With the addition of only
0.05 wt% of GO, the SERS intensity of CBR obviously increased,
compared to the use of pure e-AgNPs. It is worth remembering
that without GO, the SERS intensities at 480, 723, and
1440 cm ™! of CBR on MnO,/e-Ag were 3.38, 3.02, and 2.83 times
lower those on pure e-AgNPs, respectively (Fig. 1c). Moreover,
they increased with the increase in GO content from 0.05 to
0.1 wt%. However, when the GO content reached 0.3 wt%, the
SERS intensity of CBR dropped, and it was even lower than
when using pure e-AgNPs. This downward trend continued
when the GO content was raised to 0.5 wt%. Therefore, GO and
its content showed noticeable effects on the SERS enhancement
of CBR on these Ag-based substrates. In addition, using a GO
content of 0.1 wt% in MnO,/GO/e-Ag nanocomposite as a SERS
substrate for CBR detection resulted in an enhancement factor
(EF) of 1.10 x 10°, which was 5.88 times higher than that when
using e-AgNPs (EF = 1.87 x 10°). The EF values were calculated
as described in the ESL.¥ GO has been reported to be an excel-
lent adsorbent for organic compounds. Many studies have also
claimed that GO exhibited favorable adsorption sites for
aromatic compounds,*®*° thanks to m-m and hydrophobic
interactions. Although these interactions are not as strong as
chemical bonds, which highly promote charge transfer, this
adsorbent could allow more analytes, especially aromatic ones,
to be adsorbed onto the substrate. As a result, more analytes
could experience a SERS effect originating from e-AgNPs. With
a naphthalene ring, which is a fusion of two aromatic rings, in
the structure, CBR would have been well-adsorbed onto MnO,/
GO/e-Ag thanks to the presence of GO nanosheets. However, it
was not only GO that was responsible for the improvement of

33072 | RSC Adv, 2023, 13, 33067-33078

the SERS signal of CBR on MnO,/GO/e-Ag in comparison to the
use of pure e-AgNPs. Fig. S11 shows that also with a GO content
of 0.1 wt%, the use of the GO/Ag nanocomposite did not result
in better SERS enhancement than when using pure e-AgNPs
alone. This emphasizes the role of the integration between
MnO, and GO within MnO,/GO/e-Ag for improving the SERS
performance of the sensing platform. As mentioned in the
previous section, this GO content led to the formation of nest-
like MnO,/GO structures (Fig. S6af) for the anchoring of e-
AgNPs. Besides, this porous structure of the composite could
provide a larger surface area for the adsorption of CBR. When
increasing the GO content to three- and five-time higher (ie.,
0.3 wt% and 0.5 wt%), the GO nanosheets could have veiled
MnO, nanostructures during MnO,/GO preparation, preventing
them forming such a porous structure, and preventing CBR
being well adsorbed onto the active substrate, leading to
a remarkable decrease in SERS intensity, as shown in Fig. 3b.
Fig. S6b} shows that with a high GO content, MnO,/GO did not
exhibit the nest-like morphology. Instead, a large surface of GO
was revealed. Although in this sample, the GO content was five-
times higher than that in Fig. S6a,t it was still extremely smaller
than the MnO, content. Therefore, there was no such signifi-
cant difference in MnO, content within those two structures,
and the slightly lower content of MnO, should not be respon-
sible for the fact that the MnO, nanosheets did not properly
cover the GO surface. Instead, with a closer look at the GO
surface in Fig. S6b,T we could observe flake-like structures
covered by the GO sheet, confirming our hypothesis. Therefore,
the GO content of 0.1 wt% was the most optimal for MnO,/GO/
e-Ag as an active SERS substrate for CBR detection. On this
substrate, the SERS signals of other compounds in Group 2,
including CAP and 4-NP, were also enhanced, as shown in
Fig. S2.T Hence MnO,/GO/e-Ag could be employed as the SERS

© 2023 The Author(s). Published by the Royal Society of Chemistry
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substrate to sense other organic molecules. However, in this
study, we selected MnO,/GO/e-Ag nanocomposite with the most
optimal GO content of 0.1 wt% to develop SERS sensors for
CBR.

To confirm that the MnO,/GO/e-Ag nanostructure with a GO
content could improve the adsorption capacity of CBR, we per-
formed an electrochemical model. Related to the electroactive
surface area (EASA) of the modified electrodes using e-AgNPs,
MnO,/e-Ag, and MnO,/GO/e-Ag (with 0.1 wt% of GO), cyclic vol-
tammetric (CV) measurements were carried out in 0.1 M KCI
containing 5 mM [Fe(CN)s]*/* and at various scan rates ranging
from 10-60 mV s, as shown in Fig. 4. Changes in the response
current intensity and the reversible redox peak potential could be
detected while using every modified electrode. Corresponding
linear plots were recorded between the peak current (I, uA) and
the sqrt. of the scan rate (v'%). Therefore, the redox reactions on
the electrode surface exhibited a diffusion process.

The EASA value was calculated based on the Randles-Sevick
equation:***

I, =2.69 x 10° x n**D"?4Cy'? (1)

where I, is the peak current intensity, 7 is the number of elec-
trons transferred (n = 1), D is the diffusion coefficient of
[Fe(CN)s]’*~ (D = 6.5 x 10~° cm s~ %), A is the EASA value, v is
the scan rate, and C refers to the bulk concentration of the redox
probe. The value of EASA was estimated to be about 0.137 ¢cm?
for Ag/SPE, 0.212 cm?® for MnO,/e-Ag_SPE, and 0.223 cm® for
MnO,/GO/e-Ag_SPE. Thus, the MnO,/GO/e-Ag electrode had the
largest active surface area.

CV measurements in pH 7 PBS buffer containing 50 uM CBR
were carried out in the scan rate range from 20 to 70 mV s~ ' to
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investigate the response kinetics of CBR on the modified elec-
trodes. Fig. 5 presents the impact of varying the scan rate (20-
70 mV s~ ') on the electrochemical behaviors of CBR. The above
results showed that as the scanning speed increased, all elec-
trodes' anode/cathode maximum current gradually increased.
Images 2a', b’, and c' showed a highly linear relationship
between I,, and v, with the linear regression equations as
follows:

I, (nA) = 0.132 » (mV s ') + 0.494 (R* = 0.99) for e-Ag_SPE
I, (0A) =0.162y (mV s~ ') +0.79 (R* = 0.99) for MnO,/e-Ag_SPE

I, (1A) = 0.23 v (mV s~ ') + 1.07 (R* = 0.99) for MnO,/GOle-
Ag SPE

Based on these linear relationships, the adsorption capacity
(') of CBR on the modified electrode surfaces was also deter-
mined through the equation:* I, = n®’F?’AT'v/4RT. According to
that, the I" values of CBR were estimated to be around 19.4 x
107"%, 20 x 107"%, and 25.7 x 10™'* mol cm? for e-Ag_SPE,
MnO,/e-Ag_SPE, and MnO,/GO/e-Ag_SPE, respectively. Clearly,
the MnO,/GO/e-Ag modified electrode possessed the largest I'
value of CBR, followed by MnO,/e-Ag and then e-Ag. The
increase in electrode active surface area would be related to the
increase in adsorption capacity of the analyte. The improve-
ment in adsorption capacity of CBR on MnO,/GO/e-Ag indicated
that the nanocomposite could adsorb the largest number of
CBR molecules compared to the other materials, allowing them
to experience the SERS effect by a chemical enhancement
mechanism, resulting in the best enhanced Raman signal. This
result confirms the importance of GO in the nanocomposite as
a SERS substrate for the effective detection of CBR.

CY)

-Ag-SPE
100 4 e-ng
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(¢)Tmno,/Gore-Ag_SPE

?,L 0 <_3 0 ‘é 0
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Fig.4 (a—c): CV curves of the proposed electrodes at various scan rates (10-60 mV s~ in 0.1 M KCl containing 5 mM [Fe(CN)gl*~/4~; and (a'~¢"):
corresponding linear plots of the reduction in peak current against the square root (sqrt.) of the scan rate.
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Fig. 5 (a—c): CVs responses of 50 uM CBR at the modified electrodes in 0.1 M PBS buffer at different scan rates, and (a'-c’): plots of the peak

current (/) versus scan rate (v).

3.4. SERS performance of MnO,/GO/e-Ag nanocomposites-
based carbary sensors

Fig. 6a displays the SERS spectra of CBR at various concentra-
tions (10°~10~% M) on MnO,/GO/e-Ag (with 0.1 wt% of GO). As
CBR is a naphthalene-derivatized carbamate, the characteristic
peaks of CBR were dominated by ones associated with naph-
thalene and the carbamate vibrational mode. The band at
453 cm™' was assigned to the low-frequency C-C bending
modes. The band at 723 cm™ ' was associated with NCOC
bending with some ring breathing character. The band at
1374 cm ' represented the symmetric ring vibration modes.
The band at 1437 cm ™" was assigned to the C-H wagging mode,
while that at 1576 cm ™" was related to the C=C stretching mode
in the naphthalene ring.***® The SERS spectra of CBR on the
MnO,/GO/e-Ag substrate were consistent with the Raman
spectrum of CBR (Fig. S37).

With the decrease in the CBR concentration from 10> M to
107% M, the typical peak intensity of CBR pesticide demon-
strated a sharp decline. When the concentration was the lowest
at 107 M, the characteristic absorption bands of CBR at
480 cm ™' could be still distinctly observed, showing that the
MnO,/GO/e-Ag material exhibited the effective sensitivity of
the sensor to CBR pesticide detection, which was similar to
some SERS sensors for CBR (Table 1). Fig. 6b shows a plot of
the logarithmic SERS intensity at 480 cm ™" against the loga-
rithmic concentration of CBR with a linear relationship in the
region from 10 *-10"" M (R> = 0.93). The detection limit of the
sensor was 1.11 x 10~® M (~0.003 ppm), which was much
lower than the maximum residue limit (MRL) for farm

33074 | RSC Adv, 2023, 13, 33067-33078

products (10 ppm).* The quantification range from 10 *-
1077 M (~0.03 ppm to ~30 ppm) of the sensor also covered
MRLs for food, such as cucumber (3 ppm), corn (1 ppm), and
milk (0.05 ppm), established by Food and Agriculture Organi-
zation of the United Nations (FAO). Thus, it has the potential
for food safety monitoring. Moreover, this MnO,/GO/e-Ag
substrate also presented relatively good uniformity in the
detection of CBR on 30 different points on a MnO,/GO/e-Ag
substrate containing CBR (10> M) (Fig. 6c). The RSD was
calculated to be 14.03%. In addition, the reproducibility of the
substrate was determined by measuring the SERS signal of
CBR (10 M) on five MnO,/GO/e-Ag substrates, which were
prepared similarly to each other, as shown in Fig. 6d. The RSD
was determined to be 10.65%. The LOD and RSD values were
calculated as described in the ESI.{

3.5. Practicability of the MnO,/GO/e-Ag nanocomposites-
based CBR sensors with real samples of tap water and
cucumber

In order to evaluate the efficiency of the SERS sensor and their
applications in real samples, CBR at four concentrations from
107*-10"7 M were detected in tap water and cucumber extract
samples. Fig. 7a and c display the SERS spectra of CBR in tap
water and cucumber extract, respectively. They all exhibited
characteristic peaks of CBR, which were similar to the stan-
dard solutions (Fig. 6a). However, the spectra of CBR in the
cucumber extract sample showed several minor shifts and
a few new peaks, which might be related to the interaction of
the available components in the real sample, such as

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 (a) SERS spectra of CBR (107°~10~8 M) on MnO,/GO/e-Ag. (b) Plot of the log of SERS intensity at 480 cm ™ against CBR concentration. (c)
Uniformity and (d) reproducibility of SERS sensors for CBR (107> M) using the MnQ,/GO/e-Ag substrate (with 0.1 wt% of GO).

Table 1 Comparison with other CBR sensors

Material LOD Linear range Ref.

Ag nanoparticles-coated Si nanowire-SiNW 1.00 x 10’ M 107%-10' M 39
Poly(ethyleneterephthalate) PET/ITO/Ag ~4.00 x 1077 M — 40

Gold nanorod arrays ~2.5 X 107° M 0-1.5 x 107* M 41

Silver nanoparticles on cotton swabs 5x 107’ M 5x107*-5 x 107’ M 42
MnO,/GO/e-Ag 1.11 x 10 M 10 °-10’' M This work

carbohydrate, pectin, and minerals. In tap water, inorganic
ions could also be absorbed onto the SERS substrate. These
constituents could inhibit the connection between the target
analytes and the nanoparticles surface, thus reducing the
enhancement signals of the SERS substrate.** However, the
ternary material could detect CBR in real samples at
concentration down to 10”7 M (~0.03 ppm) (Fig. 7b and d),
which is lower than the maximum residue limit (MRL) for
cucumbers and other melons established by the FAO (3 ppm).
The recovery rates ranged from 84-107% with RSDs of 9.70-
13.46% in tap water and from 87-111% with RSDs of 7.42-
13.57% in cucumber extract (Table S2t), indicating the high
accuracy of the sensing system when employed for the

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

detection of CBR in real samples. However, real samples are
usually complicated with interferences from other chemical
compounds in addition to the targeted analyte. For example,
a vegetable sample may contain more than one pesticide.
Therefore, in this study, we designed an experiment to
determine the presence of CBR in cucumber samples con-
taining two other pesticides: 4-nitrophenol and glyphosate. As
previously mentioned, CBR did not form any specific bonds
with MnO,/GO/e-Ag; therefore, the sensing platform did not
exhibit high selectivity as the SERS spectra showed charac-
teristic peaks of all those pesticides with much noise
(Fig. S4t). However, it is worth stressing that in the interfer-
ences of the other two, the characteristic peak at 480 cm ™ * of

RSC Adv, 2023, 13, 33067-33078 | 33075
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CBR could still be detected at concentrations down to 10 ° M.
Based on the intensity of the peak, the CBR concentration
could be calculated with recoveries of 94-110% and RSDs of
11.54-14.52% (Table S37).

4. Conclusions

In this work, we performed a modification of the MnO,/e-Ag
substrate reported in our recent research due to its limited
ability to form links between the substrate and organic mole-
cules. In summary, we successfully fabricated a sensitive and
reliable MnO,/GO/e-Ag nanocomposite SERS substrate for the
detection of carbaryl pesticide through some simple mechan-
ical methods, including ultrasound and stirring. The influence
of GO on the SERS sensing performance of the MnO,/e-Ag
nanocomposite was systematically investigated. The results
displayed that the synergistic effects of MnO, and GO nano-
sheets endowed the sensing substrate with improved sensi-
tivity, repeatability, uniformity, and stability. With the GO
content of 0.1 wt%, the SERS sensor exhibited low detection
limits for CBR (1.11 x 10~® M in standard solutions and 10~’ M
in real samples of tap water and cucumber extract). Moreover,
the composite nanomaterial could also enhance the SERS
signals of other organic compounds that do not bind directly to
MnO,, such as CAP and 4-NP. Hence, this upgraded MnO,/GO/
e-Ag nanocomposite will be an ideal SERS substrate with broad
applications for the rapid detection of organic residues.
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