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1. Introduction

Ultrasensitive detection of carbendazim pesticide
in tea leaves using a green Ag/CuO(Cu,0)
nanocomposite-based SERS sensor: role of metal/
semiconductor transition in sensing performancet

Dong Thi Linh,?® Quan-Doan Mai, & *@ Dang Thi Hanh Trang,? Nguyen Tuan Anh, ©?2
Xuan Hoa Vu€ and Anh-Tuan Le (& *2d

Surface-enhanced Raman spectroscopy (SERS) is increasingly recognized as a powerful tool for analytical
applications, especially in food safety, due to its ability to detect molecular fingerprints even at the single-
molecule level. Developing SERS substrates that offer not only high sensitivity but also reliability and
practicability is critical for transitioning SERS from a laboratory-based technique to practical field
applications. In this study, we present an outstandingly sensitive, reliable, and practical Ag/CuO
nanocomposite SERS substrate, fabricated through a simple green electrochemical method. The Ag/CuO
substrate demonstrates remarkable sensitivity, detecting carbendazim (CBZ), a hazardous pesticide
widely used in tea leaves, at an ultra-low limit of 8.85 x 10~ M, outperforming bare Ag substrate, which
only reaches 10~ M. The high reliability of the Ag/CuO substrate is confirmed by excellent repeatability
and reproducibility, with a relative standard deviation (RSD) of less than 10%. Practicability was validated
through the direct detection of CBZ in fresh tea leaves, yielding sharp recovery values of 85% to 106%.
Additionally, the SERS enhancement mechanism was explored by comparing the performance of Ag, Ag/
Cu,0, and Ag/CuO substrates, revealing the critical role of metal (Ag) and semiconductor (Cu,O, CuO)
transitions in overall sensing performance. These findings underscore the potential of Ag/CuO
nanocomposites for ultrasensitive pesticide detection in real-world agricultural environments and
highlight the importance of metal/semiconductor transitions in designing more efficient SERS substrates.
This paves the way for the development of versatile, field-ready SERS platforms applicable to a wide
range of analytical and environmental monitoring needs.

pesticides in food,>® which can pose significant health risks
despite their low concentrations. However, accurately detecting

Surface-enhanced Raman spectroscopy (SERS) has emerged as
a powerful technique for chemical analysis, particularly in fields
like food safety, where accurate, ultra-sensitive detection of
harmful chemical residues is critical." The ability of SERS to
provide molecular fingerprint information through character-
istic Raman vibrational spectra, even at single-molecule levels,*
makes it especially useful for detecting trace amounts of
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these substances remains challenging due to the complex
nature of food matrices, which often introduce interference.
The high sensitivity of SERS is driven by the interaction between
light, nanostructures, and target molecules, with nano-
structures playing a central role in enhancing the Raman scat-
tering effect.>”® Two well-established mechanisms -
electromagnetic (EM) and chemical (CM) - govern this
enhancement.>**° In response, recent research has focused on
optimizing SERS substrates through the design and synthesis of
a wide variety of nanostructures, particularly those based on
noble metals such as silver (Ag), gold (Au), and copper (Cu).>***
Metal/semiconductor-based SERS substrates, in particular, have
demonstrated remarkable sensing performance due to the
synergistic combination of EM and CM mechanisms.">** The
metal component, characterized by its surface plasmon reso-
nance (SPR), provides EM enhancement, while the presence of
the semiconductor facilitates more efficient charge transfer
(CT) among the metal, semiconductor, and analyte due to better
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energy level alignment enabled by the hybrid metal-semi-
conductor structure.

Semiconductors like titanium dioxide (TiO,), zinc oxide (ZnO),
and copper oxide (CuO) have been commonly integrated with
noble metals in SERS substrates, producing excellent results
across various applications.”**” For instance, Huang et al
developed Ag/TiO, nanocomposites for biosensing, which exhibi-
ted strong Raman signal enhancement due to the synergistic
combination of EM enhancement from Ag and CM enhancement
(specifically CT) from TiO,, thereby achieving high sensing
performance with detection limits as low as 1.2 x 10> UmL " for
uracil DNA glycosylase.*® Xue et al. designed three-dimensional Ag/
TiO, aerogels that achieved a detection limit of 10™'" M for 4-
mercaptobenzoic acid,* attributed not only to the electromagnetic
hot spots generated by the porous 3D structure but also to
enhanced CM enhancement through multiple interband CT
pathways, enabled by the presence of mesoporous TiO, nano-
particles, which improved CT efficiency between the Ag, TiO,, and
4-mercaptobenzoic acid, thereby synergistically amplifying the
overall SERS response. Yang et al. reported core-shell Ag/TiO,
substrates that detected thiram pesticide at levels as low as 1.15 x
107'° M, better than those achieved by pure Ag substrates. This
improvement resulted from the synergistic effect between the EM
enhancement of the Ag core and the CM contribution of the TiO,
shell, which facilitated CT and preserved the integrity of S-S bonds
in thiram, ensuring both sensitivity and stability.*® Following the
same design concept based on the synergistic EM and CM
enhancement mechanisms, Pal and et al. fabricated Ag/ZnO/Au-
based three-dimensional SERS substrates capable of detecting
lambda DNA at concentrations as low as 10 ng pL~".%* Similarly,
Yang et al. developed CuO@AgNPs nanozyme screen-printed
electrodes with excellent SERS performance, detecting crystal
violet at a limit of 3 x 10~'° M.?2 These studies demonstrate not
only the effectiveness of metal/semiconductor-based SERS
substrates but also the potential for further development, partic-
ularly in food safety, where ultra-high sensitivity is essential.
Additionally, reliability and practicability must be considered to
meet the demands of real-world applications. Selecting the
appropriate semiconductor for each metal/semiconductor system
is key to optimizing SERS performance, as it offers guidance for
the design of substrates tailored to specific research objectives.

In this study, we aim to apply a metal/semiconductor-based
SERS substrate — Ag/CuO nanocomposite - in food safety
applications, specifically for the detection of carbendazim (CBZ)
pesticide residues in fresh tea leaves. Our approach involves
a comprehensive evaluation of the sensitivity, reliability, and
practicability of this substrate to ensure optimal sensor
performance. We designed experiments using three types of
SERS substrates: bare Ag nanoparticles (NPs), Ag/Cu,O nano-
composite, and Ag/CuO nanocomposite, to investigate the SERS
enhancement mechanisms and determine the optimal semi-
conductor for our system. In terms of sensing performance, the
Ag/CuO nanocomposite substrate exhibited the highest sensi-
tivity, achieving an ultra-low detection limit of 8.85 x 10~ M
for CBZ, far outperforming the bare Ag substrate, which only
reached 107® M. Furthermore, the Ag/CuO substrate demon-
strated high reliability and practicability. It also showed
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remarkable performance in detecting CBZ in real tea samples
across a concentration range of 10™* to 10™'° M, with sharp
recovery rates between 85% and 106%. Mechanistically, the
superior sensitivity of the Ag/CuO nanocomposite substrate for
CBZ highlights the critical role of energy alignment in the
metal/semiconductor transition and its overall contribution to
SERS enhancement. This underscores the importance of semi-
conductor selection to achieve optimal SERS performance in
metal/semiconductor/analyte systems.

2. Methods

2.1. Materials

Precursors and analytes were purchased from Shanghai
Chemical Reagent Co., including oleic acid (C;3H340,, 99%),
sodium citrate (NazCeH;0;, 99.9%), ascorbic acid (CeHgOs,
99%), carbendazim (CoHgN30,, 99%), ethanol (C,H50H, 98%)
and used directly without further purification. Silver (Ag) and
copper (Cu) plates (purity: 99.99%) were prepared with dimen-
sions of (100 mm x 5 mm X 0.5 mm). Double distilled water
was used for all experiments.

2.2. Synthesis and characterizations of Ag/Cu,0, Ag/CuO
nanocomposites

Ag NPs were synthesized using a simple green electrochemical
method detailed in our previous study.”® A 200 mL solution of
double distilled water containing 6 x 10> M oleic acid was
prepared as the electrolyte. Two silver plates, polished and
washed with ethanol, were positioned parallel to each other
with a 3 cm gap inside a 200 mL beaker. These rods served as
the cathode and anode, connected to a power supply. The
electrochemical reaction to form Ag NPs was conducted at room
temperature, applying a voltage of 12 V for 60 minutes, with
continuous stirring at 200 rpm using a magnetic stirrer. During
the reaction, the solution changed from transparent to dark
brown, indicating the formation of Ag NPs. The morphology,
size, and optical properties of the Ag material were analyzed
using field emission scanning electron microscopy (FE-SEM,
Hitachi S-4800) operated at an acceleration voltage of 5 kV.
The results revealed that the synthesized Ag material were
spherical with an average diameter of 16 nm. Further details on
the properties of these nanoparticles can be found in our
previous study. Likewise, CuO and Cu,O NPs were synthesized
via an electrochemical method using two copper electrodes.
Sodium citrate and ascorbic acid served as the electrolytes at
varying concentrations to produce the desired CuO and Cu,O
NPs. Detailed experimental procedures and characterizations
are presented in our prior work.”* Ag/Cu,O and Ag/CuO nano-
composites were fabricated by ultrasonically mixing the
synthesized Ag NPs with CuO (or Cu,0) NPs for 30 minutes to
achieve uniform dispersion. A CuO (or Cu,0O) content of 10% by
total nanocomposite mass was selected to evaluate its SERS
enhancement capabilities. Additionally, CuO contents of 5%,
10%, 15%, and 20% were investigated to determine the optimal
composition for maximum SERS enhancement.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra00846h

Open Access Article. Published on 27 May 2025. Downloaded on 10/30/2025 5:06:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Frequency (%)

10 20 30 40 50
Size (nm)

Frequency (%)

T T T T T T T
30 40 50 60 70 80 90 100 110

&5 Size (hm)

504

40+

304

204

Frequency (%)

T T T T T T T T
20 30 40 S0 60 70 80 90 100 110

Size (hm)

Fig. 1 FE-SEM images of Ag NPs (a and b) and Ag/Cu,O nanocomposite (d and e) and Ag/CuO nanocomposite (g and h) at different magni-

fication and the size distribution of Ag NPs (c), Cu,O (f), CuO (i).

2.3. Substrate preparation, SERS measurements

Aluminum (Al) substrates, with dimensions of 1 cm x 1 cm X
0.1 cm, were designed to include a surface-active area of 0.2 cm
in diameter by drilling a small hole of the same size into the
substrate. The substrates were thoroughly cleaned with ethanol
and air-dried at room temperature. A solution containing 1 mg
mL~"' of bare Ag nanoparticles (NPs), Ag/Cu,O, or Ag/CuO
nanocomposites was prepared and applied to the active
surface area of the substrates using a drop-casting method,
followed by drying at room temperature. This procedure was
repeated for all SERS substrates.

Standard CBZ solutions with concentrations ranging from
107% to 10~ "" M were prepared using ethanol as the solvent.
For each measurement, 5 pL of a CBZ solution was deposited
directly onto the prepared SERS substrates and allowed to
evaporate under laboratory conditions. The SERS spectra
were recorded immediately afterward using a MacroRaman™
Raman spectrometer (Horiba) equipped with a 785 nm laser
excitation. Measurements were performed using a 100X
objective with a numerical aperture (NA) of 0.90. The laser
power was set to 45 mW, focused at a 45° contact angle,
producing a diffraction-limited spot diameter of 1.1 pum

© 2025 The Author(s). Published by the Royal Society of Chemistry

(1.2224/NA) and a focal length of 115 nm. Each measurement
involved an exposure time of 20 seconds with three accu-
mulations. The final spectrum was obtained after baseline
correction.

2.4. Electrochemical measurements

Electrochemical measurements in this study were conducted
using a Palmsens 4 electrochemical workstation under ambient
conditions. The determination of the LUMO energy level of the
CBZ analyte followed an established protocol, utilizing a plat-
inum (Pt) working electrode and a silver/silver chloride (Ag/
AgCl) reference electrode.”® A 0.1 M phosphate-buffered solu-
tion (PBS) was used as the electrolyte. All electrochemical
potentials were referenced against an internal ferrocene/
ferrocenium (Fc¢/Fc') standard. Cyclic voltammetry (CV)
measurements of the CBZ were performed over a potential

range of —2 to 2 V at a scan rate of 50 mV s~ .

2.5. Tea leave sample collection and SERS measurements

Fresh tea leaves (Camellia sinensis (L.) Kuntze) were sourced
from a local market in Thai Nguyen province, Vietham. A 100 g
portion of the leaves was combined with 300 mL of distilled

RSC Adv, 2025, 15, 17635-17647 | 17637
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Fig.2 EDX spectra of Ag/Cu,O (a) and Ag/CuO (b) nanocomposites; and EDX mapping analysis of Ag/Cu,O (c) and Ag/CuO (d) nanocomposites.

water, stirred using a vortex mixer, and subjected to ultrasonic
treatment for 15 minutes. The resulting mixture was then
filtered through filter paper and centrifuged to obtain the
supernatant. To prepare CBZ-spiked tea leaf extracts, a precise
amount of CBZ standard solution was added to the extract. The
spiked extracts were drop-cast onto SERS substrates for subse-
quent spectral analysis.

3. Results and discussion

3.1. SERS sensing performance for carbendazim detection
using bare Ag nanoparticles

Fig. 1 presents the FE-SEM images of Ag NPs, Ag/Cu,O, and Ag/
CuO nanocomposites. Fig. 1a and b display the FE-SEM images
of Ag NPs, revealing spherical nanoparticles with an average
size of approximately 16 nm (see the particle size distribution in
Fig. 1c). The FE-SEM images of the Ag/Cu,O nanocomposite

17638 | RSC Adv, 2025, 15, 17635-17647

(Fig. 1d and e) show a dense distribution of spherical nano-
particles. In addition to the spherical particles with an average
size of around 16 nm, attributed to Ag NPs, larger spherical
particles with an average size of approximately 55 nm are
observed, corresponding to Cu,O particles (see the particle size
distribution in Fig. 1f). A similar phenomenon is noted in the
Ag/CuO nanocomposite (Fig. 1g and h), with CuO particles of
approximately 50 nm in average size observed (Fig. 1i),
demonstrating the uniform dispersion of Cu,0O and CuO within
the Ag/Cu,0 and Ag/CuO nanocomposites.

The composition and elemental distribution within the Ag/
Cu,O and Ag/CuO nanocomposite materials were analyzed
using energy-dispersive X-ray spectroscopy (EDX) and elemental
mapping (EDX mapping), as presented in Fig. 2. The EDX
spectrum in Fig. 2a confirms the presence of silver (Ag), copper
(Cu), and oxygen (O) in the Ag/Cu,O sample, which correspond

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The SERS spectra of CBZ at concentrations ranging from 1073 to 10~/ M on bare Ag NPs-based SERS substrates (a), the charge transfer
process from Ag NPs to CBZ resulting in enhanced Raman signals (b), and the cyclic voltammetry spectra of CBZ (c and d).

well to the expected constituents of Ag and Cu,O in the
composite. Notably, no extraneous elemental peaks were
observed, indicating the high purity of the synthesized material.
The EDX elemental mapping (Fig. 2c) reveals a uniform distri-
bution of Cu, O, and Ag throughout the material. Given the
relatively low Cu content (10 wt%), copper appears sparsely but
evenly distributed, reflecting its actual concentration in the
sample. This homogenous spatial distribution of Cu indicates
that Cu,O is well-dispersed within the Ag matrix of the Ag/Cu,O
composite. These results validate the successful incorporation
and uniform distribution of Cu,O in the composite, along with
its high purity. Similarly, the EDX spectrum and mapping for
the Ag/CuO nanocomposite are shown in Fig. 3b and d. The
spectrum confirms the presence of Ag, Cu, and O, with no
signals from unintended elements, further verifying the mate-
rial's purity. The EDX mapping (Fig. 3d) demonstrates
a uniform dispersion of Cu and O, suggesting that CuO is evenly
distributed within the Ag matrix of the Ag/CuO nanocomposite.
Together, these findings confirm the successful formation of
both Ag/Cu,0 and Ag/CuO nanocomposites with high purity
and uniform component distribution.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 3a presents the SERS detection results of CBZ using Ag NPs-
based substrates. At a concentration of 10> M, prominent and
well-defined scattering peaks are observed at 636, 778, 1013, 1233,
1279, 1398, 1470, and 1530 cm ™, corresponding to characteristic
vibrational modes of CBZ. Specifically, the peak at 636 cm * is
attributed to ring stretching and C-C bending vibrations,***” while
the peak at 778 cm ™" corresponds to C-H bending in the benzene
ring.”” The peak at 1013 cm ™ is associated with C-C stretching.?%*’
Peaks at 1233 and 1279 cm ' are attributed to C-H bending
vibrations.>® The peak at 1398 c¢cm™' is assigned to N-H
bending,?**” while the peaks at 1470 and 1530 cm ™" correspond to
C-H bending and C-N stretching vibrations, respectively.>**” As the
CBZ concentration decreases to 10™%, 107, and 10°® M, the
intensity of these characteristic peaks gradually diminishes. At
a concentration of 10”7 M, the characteristic peaks of CBZ become
indistinguishable, establishing the detection limit of the Ag NPs
substrate at 10~® M. This detection limit is clearly insufficient to
meet the sensitivity expectations of a platform as sensitive as SERS.

The alignment of energy levels between the Fermi level (Eg)
of Ag and the lowest unoccupied molecular orbital (LUMO) of
the analyte molecule is critical and significantly influences the
overall SERS signal obtained.”® We calculated the LUMO energy

RSC Adv, 2025, 15, 17635-17647 | 17639


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra00846h

Open Access Article. Published on 27 May 2025. Downloaded on 10/30/2025 5:06:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

12000 <

Ag/CuO
10000 4

8000
6000

4000

Intensity (a.u.)

2000 4

400 600 800 1000 1200 1400 1600 1800
Raman Shift (cm™)

6000

View Article Online

Paper

b 8000

Ag/CuO

Intensity (a.u.)

400 600 800 1000 1200 1400 1600 1800
Raman Shift (cm™)

Cc

IS
S
o
=]
2

Intensity (a.u.

400 600 800

1000 1200 1400 1600 1800

Raman Shift (cm™)

Fig. 4 Comparison of SERS spectra for the detection of CBZ using bare Ag NPs, Ag/Cu,O, and Ag/CuO nanocomposites at concentrations of

1073 M (a), 107* M (b), and 107> M (c).

level of CBZ based on cyclic voltammetry (CV) measurements.
The onset reduction potential (¢,.q) was determined to calculate
the LUMO energy level (ELymo) of CBZ using the following
formula:>>** E gyo = —e€(frea + 4.8 — Ppore’) here, dpepe
represents the redox potential of the ferrocene/ferrocenium (Fc/
Fc') couple in the electrochemical measurement system, with
the energy level of Fe/Fc™ assumed to be —4.8 €V relative to the
vacuum level. For this study, we used an electrochemical setup
similar to that described by Bin et al., employing a Pt working
electrode and an Ag/AgCl reference electrode.”® Consequently,
¢re/re Was assumed to be 0.44 V versus Ag/AgCl. The CV results
are presented in Fig. 3c and d. The ¢,.q of CBZ was found to be
—0.80 V, yielding a calculated ELUMO of —3.56 eV. The energy
difference between the Er level of Ag NPs and the LUMO of CBZ
is relatively large (0.7 eV), creating a significant energy barrier
for charge transfer from Ag to CBZ. This results in challenges in
the charge transfer process, leading to a weaker SERS
enhancement, as shown in Fig. 3b.

3.2. Comparison of SERS sensor performance for
carbendazim detection on Ag/Cu,O and Ag/CuO
nanocomposites

To improve the SERS sensor performance for CBZ detection, two
Ag-based nanocomposite materials, Ag/Cu,O and Ag/CuO, were

17640 | RSC Adv,, 2025, 15, 17635-17647

employed to detect CBZ at concentrations of 10~°, 10, and
107> M, and compared with bare Ag NPs. The results are pre-
sented in Fig. 4. Fig. 4a shows the SERS spectra of CBZ at
a concentration of 10™* M for all three materials: bare Ag NPs,
Ag/Cu,0, and Ag/CuO. It is evident that both nanocomposites
enhance the SERS signal of CBZ more effectively than bare Ag
NPs, with the Ag/CuO nanocomposite demonstrating the
strongest enhancement. This trend is consistently observed at
lower concentrations of 10~* M (Figure 4b) and 10~ M (Fig. 4c).
Therefore, the incorporation of semiconducting materials Cu,O
and CuO into the nanocomposites significantly improves the
overall SERS signal for CBZ. Additionally, the enhancement
efficiency differs between the Ag/Cu,O and Ag/CuO composites,
with bare Ag NPs exhibiting the lowest SERS efficiency, followed
by Ag/Cu,0, which offers a higher enhancement than bare Ag
NPs but less than Ag/CuO. This variation in SERS enhancement
across the three materials suggests a complex enhancement
mechanism, driven by the interaction between Ag, Cu,O (or
CuO), and CBZ. This indicates that while Ag alone provides EM
enhancement via surface plasmon resonance, it is not sufficient
to achieve optimal SERS performance. The better performance
of Ag/CuO and Ag/Cu,O nanocomposites, in particular, suggests
that the charge transfer-based CM enhancement mechanism -
enabled by the semiconductor component - plays an important

© 2025 The Author(s). Published by the Royal Society of Chemistry
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SERS signal enhancement mechanism.

role alongside EM. Therefore, the enhanced SERS effect arises
from a synergistic interaction between the EM contribution of
Ag and the CM (charge transfer) contribution of CuO and Cu,O
rather than from EM alone, underscoring the importance of
combining both mechanisms for optimal SERS sensitivity.
While EM enhancement due to the surface plasmon reso-
nance of Ag is a well-known mechanism in SERS, in this system
it alone is insufficient to produce a strong SERS response, as
evidenced by the weaker signals from bare Ag NPs. This indi-
cates that EM enhancement from Ag, though present, does not
dominate the overall SERS activity. As analyzed in Section 3.1,
the alignment between the Er level of Ag and the LUMO energy
level of CBZ plays a critical role in the overall signal enhance-
ment. The weak SERS signal from bare Ag NPs arises due to the
large energy gap between Ey level of Ag and the LUMO level of
CBZ, which hinders the charge transfer from Ag to CBZ
(resulting in a SERS signal without contribution from the CM
mechanism). The enhanced SERS signal in the appropriate
presence of Cu,O and CuO in the nanocomposite structure may
be due to their facilitation of charge transfer. CV measurements
were performed to determine the minimum conduction band

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Ecem) energy levels of Cu,O and CuO, with results shown in
Fig. 5a and b. Based on the determined onset reduction
potentials (¢req) of Cu,O and CuO, which were —0.17 V and
—0.54 V, respectively, the ECBM values for Cu,O and CuO were
calculated to be —4.19 eV and —3.86 eV. Fig. 5c and d illustrate
the alignment of the energy levels of Ag, Cu,0O, and CBZ in the
Ag/Cu,0 nanocomposite, and Ag, CuO, and CBZ in the Ag/CuO
nanocomposite. It can be observed that the Ecgy of both Cu,O
and CuO lies between the Er of Ag and the LUMO of CBZ,
potentially facilitating charge transfer from Ag to CBZ by
reducing the potential energy barrier between Ag and CBZ.
Interestingly, the Ecgy of CuyO (—4.19 eV) is close to the Eg of Ag
(—4.26 eV), which makes the reduction of the energy barrier less
effective. In contrast, the Ecgy of CuO (—3.86 eV) is well-
positioned between the Ep of Ag and the E;ywo of CBZ,
providing the optimal condition for charge transfer from Ag to
CBZ via this energy bridge. This observation aligns with the
trend of the SERS signals obtained from the three materials:
bare Ag NPs showing the lowest SERS efficiency, followed by Ag/
Cu,0, and the highest with Ag/CuO. These findings highlight
the crucial role of the alignment of energy levels of the
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Fig.6 The SERS spectra of CBZ on Ag/CuQ nanocomposite substrates with varying CuO content at concentrations of 10~ M (a), 10~* M (b), and

1075 M (c).

components in the nanocomposite material with the analyte in
determining the overall SERS signal enhancement. These
results suggest that while EM effects originating from Ag
contribute to the SERS activity, they are not the dominant
mechanism in this case. Instead, the markedly improved
performance of Ag/CuO underscores the importance of
combining EM with an efficient CM enhancement pathway,
realized through the favorable energy level alignment that
facilitates interfacial charge transfer. This synergy between EM
and CM is critical for achieving optimal SERS sensitivity in such
hybrid nanostructures. With the highest SERS signal enhance-
ment, the Ag/CuO nanocomposite was selected for evaluating
the sensor's performance for CBZ detection.

3.3. SERS sensing performance for carbendazim detection
using Ag/CuO nanocomposite

The SERS spectra of CBZ on Ag/CuO nanocomposites with
varying CuO weight percentages (5%, 10%, 15%, and 20%) were
analyzed to determine the optimal CuO content for signal
enhancement. Fig. 6 displays the SERS results of CBZ at
concentrations of 1073, 107%, and 10> M for the Ag/CuO
nanocomposites with different CuO loadings. The results
clearly show that the CuO content significantly influences the

17642 | RSC Adv, 2025, 15, 17635-17647

overall SERS enhancement. At a concentration of 10> M
(Fig. 6a), the Ag/CuO sample with 10% CuO by weight exhibited
the highest SERS signal for CBZ. This trend was consistent at
the lower CBZ concentrations of 10™* and 10> M as well
(Fig. 6b and c). This optimal CuO content implies an achieved
balance between the EM enhancement contributed by the Ag
component and the CM enhancement derived from the CuO
component, resulting in the highest overall SERS signal. The
appropriate presence of CuO (10%) provides favorable interfa-
cial interaction sites that facilitate charge transfer from Ag
through the CuO bridge to the analyte, thereby enhancing the
CT efficiency while preserving sufficient plasmonic Ag content,
thus maintaining strong EM enhancement. In contrast, lower
CuO content (e.g., 5%) may offer insufficient semiconductor
surface for effective CT, while higher contents (15-20%) may
lead to excessive coverage of the Ag surface, diminishing plas-
monic activity. Therefore, 10% CuO achieves a synergistic
balance between both SERS enhancement mechanisms. Based
on these findings, the Ag/CuO nanocomposite with 10% CuO
content was selected for further evaluation of its sensor
performance, including sensitivity, reliability, and practicality.

Fig. 7a presents the SERS spectra of CBZ collected on Ag/CuO
nanocomposite substrates across a concentration range of 10>

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Evaluate the sensing performance of CBZ detection using Ag/CuO nanocomposite substrate with recent studies

Substrate LOD Ep Ref.

Au nanorods 5.0 x 107° M — 31
Ag/SiO, nanocomposite 52 %107’ M — 32

Ag NPs decorated ZnO nanorods 52 x10°°M — 33
Ag@SiO,-molecularly imprinted polymer 1.0 x 107°M — 34
composite

3D cactus-like Ag/CuO/Cu,O nanocomposite 1.5 x10 M — 35
Ag/CuO nanocomposite 8.85 x 107'' M 7.81 x 107 This work

to 10~"" M. As shown, at higher concentrations of 1072, 107,
and 107> M, the characteristic peaks of CBZ are clearly visible.
These peaks gradually diminish as the concentration decreases.
Notably, at the lower concentrations of 10~° and 10~ '° M, the
characteristic peaks of CBZ are still detectable, with the peaks
disappearing entirely only at a concentration of 10" M. A
linear relationship between CBZ concentration and SERS
intensity was calculated to determine the linear equation. Four
peaks at 1013 cm ™%, 1233 cm ™%, 1398 ecm ™, and 1530 cm ™' were
used to define this relationship based on a logarithmic func-
tion. The results are shown in Fig. 7b and S1.F The 1398 cm ™"
peak demonstrated the best linearity with a correlation coeffi-
cient of 0.98, while the other peaks had correlation coefficients

© 2025 The Author(s). Published by the Royal Society of Chemistry

below 0.90. The linear range was determined to be between
10~" M and 10 "' M, and the linear equation was found to be y
= 7.07 + 0.55 x x, where x and y represent the logarithmic
functions of CBZ concentration and intensity, respectively.
Based on this equation, the limit of detection (LOD) for CBZ
using Ag/CuO nanocomposite was calculated to be 8.85 x
10" M (further details of calculation are provided in ESIY).
With such high sensitivity, the enhancement factor (EF) of Ag/
CuO nanocomposite was calculated for a 10~ '° M concentra-
tion at the 1398 cm™ ' peak, yielding a result of 7.81 x 107
(detailed calculation information is also provided in ESIf).
Table 1 compares the SERS sensor performance for detecting
CBZ with Ag/CuO nanocomposites in this study to recent

RSC Adv, 2025, 15, 17635-17647 | 17643
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research. The sensitivity of the Ag/CuO nanocomposite-based
SERS substrate is superior to other substrates, as indicated by
its impressive LOD value, surpassing other substrates. Previous
SERS substrates established a detection limit of 10~° M, while
the Ag/CuO nanocomposite can detect CBZ as low as 10~ ' M.
Notably, the three-dimensional (3D) cactus-like Ag/CuO/Cu,O
nanocomposite structure — comprising a complex and sophis-
ticated SERS substrate - has previously demonstrated a good
detection limit for CBZ at 1.5 x 10~ ' M. However, the Ag/CuO
nanocomposite substrate developed in this study exhibits even
better CBZ detection performance.

The reliability of the Ag/CuO nanocomposite-based SERS
substrate was evaluated via two parameters: repeatability and
reproducibility. The results are presented in Fig. 7c and d.
Repeatability was assessed by collecting SERS signals of CBZ at
a concentration of 107> M at five different points on the same
substrate (Fig. 7c). It can be observed that the characteristic
peaks of CBZ appear uniformly across all fifteen spectra, both in
terms of position and peak intensity. Quantitatively, the relative
standard deviation (RSD) was calculated, yielding a result of
5.32%, demonstrating high repeatability of the Ag/CuO nano-
composite substrate. Reproducibility was evaluated by
preparing 5 different SERS substrates and collecting SERS
spectra from these five substrates at a CBZ concentration of
107> M (Fig. 7d). The RSD for reproducibility was calculated to
be 8.22%, indicating high reproducibility of the Ag/CuO
nanocomposite-based SERS substrate. With both RSD values
being less than 10% for repeatability and reproducibility, the
high reliability of the Ag/CuO nanocomposite substrate is
confirmed. The stability of the SERS substrate based on Ag/CuO

17644 | RSC Adv, 2025, 15, 177635-17647

nanocomposites was also evaluated by monitoring its ability to
retain SERS signal intensity over various storage time points.
The substrates were stored in a sealed box to prevent direct
exposure to light. The results are shown in Fig. 8. It can be
observed that the SERS spectra collected at different storage
durations closely resemble the initial spectrum (day 0) obtained
from 10~° M of CBZ, both in terms of signal intensity and the
presence of characteristic peaks. No peak disappearance or
emergence of new scattering peaks was detected during the 30-
day storage period. Moreover, the SERS intensity remained
consistently high at the 3, 5, 10, 20, and 30-day marks, indi-
cating that the Ag/CuO nanocomposite substrate possesses high
long-term stability.

3.4. SERS sensor performance for detecting carbendazim in
tea leaves based on Ag/CuO nanocomposite substrate

The practicability of the Ag/CuO nanocomposite substrate was
assessed by its ability to detect CBZ in fresh tea leaf samples. The
sample preparation procedure for fresh tea leaves is described in
Section 2.5 and as shown in Fig. 9a. Fresh tea leaf samples con-
taining CBZ at concentrations ranging from 10~ to 10 M were
applied to the Ag/CuO SERS substrate, and SERS signals were
collected from these substrates. The results are presented in
Fig. 9b. It can be seen that the characteristic peaks of CBZ are
clearly visible at concentrations of 10™%,107>,107°%, and 10™" M. At
a concentration of 10~° M, the characteristic peak at 1398 cm ™ for
CBZ is still present. Fig. 9c-e compare the SERS signals obtained
from the fresh tea leaf samples with the SERS signals from
a standard solution sample at concentrations of 1077, 10", and
107° M, respectively. A high degree of overlap can be observed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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between the characteristic peaks for CBZ obtained from the two
samples. The recovery values were calculated and are shown in
Table 2, ranging from 85% to 106%, indicating high practicability. high practicability in the analysis of field samples.

Therefore, the Ag/CuO nanocomposite-based SERS substrate, in
addition to its high sensitivity and reliability, also demonstrates

Table 2 CBZ concentration detected by Ag/CuO nanocomposite-based SERS sensor in tea leaf, along with their calculated recovery values

Samples Spiked (M)

Detected at 1398 cm ™" (M)

Recovery at 1398 cm ™" (%)

Detected at 1627 cm ™' (M)  Recovery at 1627 cm ™ (%)

Tea leaves 10°*
107°
10°°
1077
1078
107°

9.04
8.74
1.06
9.83
8.51
1.02

X
X
X
X
X
X

107°
10°°
107°
1078
107°
107°

90
87
106
98
85
102

© 2025 The Author(s). Published by the Royal Society of Chemistry

9.25
9.11
9.41
9.91
8.72
9.88

X
X
X
X
X
X

10°° 92
10°° 91
1077 94
1078 99
107° 87
107 99
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4. Conclusions

In this study, we successfully developed a sensitive, reliable, and
practical Ag/CuO nanocomposite SERS substrate through
a simple green electrochemical method for detecting carben-
dazim residues in tea leaves. The substrate can detect carben-
dazim at an ultra-low limit of 8.85 x 10~ '" M, which highlights
its potential for ultrasensitive pesticide detection. The substrate
also showed excellent repeatability and reproducibility with an
RSD of less than 10%, and its practicability was validated by the
accurate detection of CBZ in fresh tea leaves, achieving recovery
values ranging from 85% to 106%. Furthermore, the exploration
of the SERS enhancement mechanism revealed the critical role
of metal/semiconductor transitions in boosting sensing
performance, offering valuable insights for designing advanced
SERS substrates. These findings demonstrate that the Ag/CuO
nanocomposite is a promising candidate for practical agricul-
tural and environmental monitoring, offering a versatile, field-
ready platform for SERS applications.
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