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Abstract: Micro/nanoplastic pollution in the water environment has received great attention world-
wide. The rapid identification and analysis of micro/nanoplastics are crucial steps for monitoring
animal safety and protecting human health. Herein, we developed a novel surface-enhanced Raman
spectroscopy (SERS) sensor based on CozO4/Co3S4/AgNPs array substrate for the detection and
analysis of micro/nanoplastics. The semiconductor heterojunction-induced charge transfer, enhanced
together with the electromagnetic enhancement of plasmon AgNPs, endow the sensor with high sensi-
tivity, thus achieving exceptional analytical and detection capability for polystyrene (PS) nanospheres
of different sizes ranging from 1 pm to 1 nm. The limits of detection (LOD) for PS nanospheres (size of
1 pm and 800 nm) was as low as 25 ug/mlL, even with a portable Raman spectrometer. Additionally,
the periodic Co304/Co3S;/AgNPs array generated high repeatability of Raman signals with relative
standard deviation (RSD) values less than 7.6%. As proof of this concept, we further demonstrated

:Z‘TJQ(;Z :tfgsr the simulation detection of PS in actual water samples. We measured the SERS spectra of the different
Citation: Wang, C.; Shi, X.; Bao, Z.; sizes and concentrations of PS spiked in lake water and city water. The results showed that the
Zhang, M.; Shen, Y.; Wu, Y. sensing platform realized trace detection of PS nanospheres in lake water with a detection limit of
Semiconductor Heterojunction- 14 ug/mL, and a quantitative detection of PS with linear relationship (R% = 0.962). This SERS sensor

AgNPs Mediated Surface-Enhanced
Raman Spectroscopy (SERS) Sensor

has demonstrated fast analysis of PS nanospheres, which can provide a solid basis for the qualitative

and quantitative detection of various micro/nanoplastics in the real water environments.
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Published: 4 September 2023 ment and accumulate in the biological chain, thus causing irreversible damage to marine

organisms and human beings. The rapid analysis and quantification of micro/nanoplastics

has aroused widespread concern for monitoring their concentration and safeguarding
- public health. The existing plastic analytical methods generally involve a time-consuming

and complex pretreatment process and depend mainly on laboratory-based instruments,
which are usually incapable of real-time monitoring and detecting micro/nanoplastics in
the environment [1-3]. Currently, surface-enhanced Raman scattering (SERS) has emerged
as one of the most convenient and practical qualitative and quantitative analysis techniques
for its fingerprint characteristics and the capabilities for rapid analysis. SERS has become a
new trend to detect micro/nanoplastics, an attractive method for its real-time rapid moni-
toring of these plastics. For instance, Li’s laboratory [4] developed a SERS-based method
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for the detection of micro/nanoplastics in liquids and the detection of 100 nm-sized plastics
down to 40 pg/mL; Mikac et al. [5] realized SERS detection of polystyrene microparticles at
concentrations as low as 6.5 pg/mL. Consequently, a preeminent approach worth exploring
is the realization of SERS monitoring of these plastics, which enables real-time monitoring
and prompt detection efficiency.

SERS sensing performance is of paramount importance for real-world applications,
and the most challenging and pressing problem is to explore high-performance SERS
substrates. Sensitivity, reproducibility, and stability are primary metrics used to assess
SERS sensor performance. Electromagnetic enhancement mechanism (EM) and chemical
enhancement mechanism (CM), refs. [6,7], also called charge transfer enhancement, are
believed to contribute to SERS enhancements and thereby improve SERS detection sensi-
tivity. Noble metal nanostructures, such as Au and Ag nanomaterials, are mainly selected
as efficient SERS substrates, while metal oxide semiconductors have also been developed
as sensitive SERS substrates due to their low cost and high electronic activity. However,
the SERS activity of simple metal oxide semiconductors is normally lower than their noble
metal counterparts [8]. Recently, semiconductor heterojunction nanostructures have been
explored and investigated as high performance of SERS substrates, in which the healing of
the generated electron-hole pairs will be inhibited and, therefore, enable effective charge
transfer enhancement [9]. Various semiconductor heterojunctions modified with Au or/and
Ag are synthesized and employed as high-quality SERS sensors by combining the EM and
CM effects at the semiconductor metal interface [10,11] to further improve their sensitivity.

Based on these ideas, two-dimensional (2D) nanomaterials, including graphene, MX-
enes and metal-organic frameworks (MOFs) etc., have been used to modify SERS materials
to improve sensitivity owing to their large surface areas and favorable electronic prop-
erties [12-14]. It is noted that two-dimensional MOF arrays have revealed tremendous
potential in SERS sensors due to the compact arrangement of arrays, which will generate
highly uniform SERS signals [15-17]. Nevertheless, the SERS activity of pure MOFs will not
be capable of satisfying most of the detection requirements. Researchers have attempted to
decorate noble metal nanoparticles on the surface of MOEF, leading to enormously improved
SERS enhancement through localized surface plasmon resonance (LSPR). For example,
Hu'’s laboratory [18] prepared a hybrid SERS substrate by combining the properties of
the abundant hotspots between the AuNPs and the adsorption performance of UiO-66-
NHj; for trace molecules detection down to 6.5 ppb; Li et al. [19] optimized polyhedral
HKUST-1@Ag structures exhibiting high SERS activity for detecting 4-aminothiophenol
at a low concentration of 5 x 1071 M. In addition, by using heterojunction-induced CM
enhancement, novel SERS sensors based on MOF-derived materials were fabricated by
embedding MOFs in appropriate single semiconductors or MOFs to form a heterojunction
after calcination [20,21]. Through the incorporation of plasmonic noble metals on the het-
erojunction array, SERS sensors with high sensitivity and excellent reproducibility would
be realized.

In this study, a MOEF-derived semiconductor heterojunction array modified with
plasma AgNPs was prepared as an efficient SERS substrate. The preparation process
of the Co304/Co0354/ AgNPs substrate is shown in Figure 1. Briefly, a Zeolitic Imidazo-
late Framework-67 (ZIF-67) nanosheet array was synthesized via a simple hydrothermal
method on Fluorine-Doped Tin Oxide-Coated Glass (FTO glass), and was then transformed
into Co30y via calcination under air. Co3Sy is uniformly grown in situ on the Co304
nanosheet array through a simple solvothermal reaction and thereby forms a Co304/Co3S,
heterojunction. Lastly, the heterojunction was decorated with plasmonic AgNPs using a
seed-mediated method. The SERS properties of the Co304/Co035S4/ AgNPs substrate were
studied systematically. The results showed that significant SERS enhancement and high
signal reproducibility were realized. The rapid detection of PS with different concentrations
and sizes was demonstrated. This SERS sensor successfully discerns and quantitatively
analyzes the PS at a trace level.
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Figure 1. Illustration of the preparation of Co30,4/C0354/Ag substrate and schematic diagram of
SERS sensor for micro/nanoplastic detections.

2. Experimental Section
2.1. Chemicals

Cobalt nitrate hexahydrate (Co(NO3),-6H,0, 98%), 2-Methylimidazole (2-MIM, 98%),
Sodium sulfide nonahydrate (NayS-9H;,0, 98%), ethanol (CoHgO, AR), methanol (CH3;0H,
AR) and silver nitrate (AgNOs3, 99.8%), Chloroauric acid (H AuCly), ethylenediaminete-
traacetic acid (EDTA, 98%), L-ascorbic acid (AA, 98%), and Sodium borohydride (NaBHy,
98%) were all purchased from Shanghai Sinopharm group (Shanghai, China). PS was
produced by Shanghai Yiyuan Biotechnology Co., Ltd (Shanghai, China).

2.2. Preparation of ZIF-67 Nanosheet and Co304 Nanosheet

The ZIF-67 nanosheet array was first prepared using a simple hydrothermal method. [22].
Simply put, FTO glass (20 mm x 30 mm x 2 mm, light transmittance > 80%, flake resistivity
< 70Q)/0) is continuously washed in toluene, acetone, ethanol, and deionized water using
ultrasonic methods for 15 min. Subsequently, 40 mL of deionized water was added to 0.582 g
Co(NO3),:6H,0 and 1.313 g 2-Methylimidazole, respectively. The cleaned FTO glass was
vertically arranged in the above mixtures and maintained for 1 h. After that, ZIF-67 was grown
on the FTO glass and was cleaned with deionized water, drying in the air as a further process.
Then, the sample was annealed in a tubular furnace at 350 °C for 2 h (2 °C-min—!). Resultantly,
the ZIF-67 nanosheet was transformed into its corresponding metal oxide Co3O4 nanosheet.

2.3. Preparation of Co304/Co3S4 Heterojunction Nanosheet

In a 50 mL stainless steel autoclave, 0.1 g of NayS-9H,0 was added to 30 mL deionized
water. The mixture was stirred for 5 min with a magnetic stirrer, and then Co30O4 on the FTO
was placed on the surface of the Teflon liner with the conducting side facing downward.
It was kept at 120 °C for 24 h and then naturally cooled to room temperature. Then,
Co0304/Co0354 heterojunction nanosheets were obtained on the FTO and then thoroughly
washed with deionized water and air-dried.

2.4. Synthesis of Co304/Co3S4/AgNPs Substrate

Because Ag was not easy to deposit directly on Co304/Co0354, gold seeds were first
attached to Co304/Co354 as the core for AgNPs epitaxial growth to prepare a uniform
Co0304/Co0354/ AgNPs substrate. The gold seed predecessor method [23] was used to grow
AgNPs on the Co304/Co354 heterojunction. First, the heterojunction surface was aminated
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at 25 °C for 6 h by dipping it into ethanediamine ethanol solution (25 vol%) to modify the
amino groups, followed by washing with ethanol. By immersing the aminated sample into
dilute AuHCI4 (0.1 wt%) for 4 h, AuNPs seeds were attached to the Co30,4/Co03S,4 surface.
Then, the above-mentioned sample was submerged for 120 s in NaBH4 water (0.05 M) to
form an AuNPs-functionalized Co304/Co0354 heterojunction. The product was washed
with deionized water and ethanol and then dried under air. The coating of AgNPs on the
Co030,/Co0354 heterojunction was performed at room temperature. In 10 mL of deionized
water, AgNO;3 (5 mL 100 mM) and ethylenediaminetetraacetic acid (EDTA, 5 mL 100 mM)
were dispensed and magnetically stirred for 15 min. Then, AuNPs with CozO,/Co3S; were
immersed in these mixtures, followed by the addition of L-ascorbic acid (AA) and stirring
for 10 min. After washing the samples with distilled water and ethanol, the samples were
dried under air.

2.5. Characterization and SERS Measurements
2.5.1. Characterization of SERS-Active Substrates and Their Components

The morphology of Co304/Co3S4/AgNPs was characterized using a transmission
electron microscope (TEM, JEM1200 F, Japan Electronics, Tokyo, Japan) and a scanning elec-
tron microscope (SEM, Gemini 500, Japan Electronics, Tokyo, Japan). The specific element
composition of the product was measured using an energy-dispersive spectroscopy (EDS,
Japan Electronics, Tokyo, Japan). A rotating anode X-ray diffractometer (Rigaku D/Max-
YA, Japan Electronics, Tokyo, Japan) equipped with Cu-Ka radiation (A = 1.54187 A) was
used to characterize the phase and composition of the products.

2.5.2. Testing SERS Activity Using 4-ATP Model Molecule

The SERS enhancement capability of the Co304/Co03S4/ AgNPs substrate was mea-
sured using a 4-ATP model molecule. The Raman mapping was determined via a confocal
Raman spectrometer (InVia Reflex, B&W Tek Inc., Newark, NJ, USA). At the sample
sites with high SERS intensity, additional SERS spectra were collected for the range of
400-3000 cm~! with one accumulation at a 3 s acquisition time under the same laser wave-
length (785 nm), laser power (70 mW) and objective lens (20 X) (i-Raman plus, B&W Tek
Inc., Newark, NJ, USA). To analyze the data, a baseline correction was performed on all
SERS spectra to eliminate interference from stray light in the environment. During Raman
measurements, the probe molecule solution was dropped on the CozO4/Co0354/ AgNPs
solid substrate and dried naturally.

3. Results and Discussion
3.1. The Morphological Analysis and Structural Characterizations

The MOF material and derived semiconductor heterostructure synthesized on FTO
possess excellent morphology uniformity. Figure 2a shows that the Co-MOF nanosheet
arrays were successfully grown on the FTO glass through a simple hydrothermal reaction.
After annealing at 350 °C for 120 min, the regular MOF nanosheet array transformed into
a curved metal oxide (Co30y) array (Figure 2b). A thin layer of Co3S; was grown in situ
on the surface of the Co3O4 nanosheet array after a solvothermal reaction, as displayed
in Figure 2c. Through the Au-seed growth method, uniform and dense Ag nanoparticles
were decorated on the Co304/Co03S4 heterostructures surface, as shown in Figure 2d.
Aside from the SEM analysis, we also characterized the phase and the compositions of
the products through the use of XRD (Figure 2e). In addition to SEM analysis, XRD was
used to characterize the phase and composition of the product (Figure 2e). Prior to XRD
measurements, the sample was scraped off the FTO glass to avoid the interference of SnO,
diffraction in the FTO. Curve a in Figure 2e is the diffraction pattern generated by ZIF-67.
After annealing, ZIF-67 was transformed into CozO4 as demonstrated in curve b. The
peaks at 19.0°, 31.2°, 36.8°, 59.3°, and 65.2° can be indexed to the (111), (220), (311), (511),
and (440) crystal planes of Co304 (JCPDS 42-1467) [24], respectively. Whereas diffraction
peaks in curve c at 31.3°, 38.0°, and 55.0° can be indexed to the (311), (400), and (440) crystal
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planes of Co3S4 (JCPDF42-1448) [25]. The co-presence of diffraction patterns from CozO4
and Co35; indicates the formation of Co304/Co0354 heterojunction. In addition, TEM and
HRTEM were used to characterize the microstructure of the Co30O4/Co03S4 heterojunction,
as shown in Figure 2f,g. From the HRTEM image in Figure 2g, it is possible to easily assign
the clear interplanar distances of 0.243 nm and 0.202 nm to the (311) and (400) planes of
Co30y, whereas the distance between the planes of 0.285 and 0.334 nm may be indexed
to the (100) and (220) planes of Co3Ss. And the selected area of the electron diffraction
(SAED) image (Figure 2h) shows lattice planes of CozO4 (311) and anatase CozS, (422)
and (440), which are consistent with the HRTEM image. Further, the EDS mapping of
the Co304/Co0354/ AgNPs nanosheet further confirmed the presence of the elements of
Co, S, Ag and O (Figure 2i). The above results collectively confirm the formation of the
Co304/Co0354 heterostructure and the subsequent modification of plasmonic AgNPs on
the surface.

O\ \

0, C0,0,/Co,S,
.

C0;0,/C0,S,/Ag
& % & s

+Ag

€0,0,/C0,S,

Intensity(cps)

Figure 2. (a) SEM images of ZIF-67; (b) Co30y derived from the Co-MOF; (c) Co304/Co03S4 hetero-
junction, (d) Coz04/Co3Ss/AgNPs; (e) XRD patterns of the as-synthesized samples; (f) TEM image
of Co304/Co3Sy; (g) HRTEM image of Co304/Co03Sy, (h) the SAED pattern of the Co304/Co3Sy;
(i) elemental mapping of Co304/Co3S4/ AgNPs nanosheet.

3.2. The SERS Performances of the Co304/Co3S4/AgNPs

We first investigated the Co304/Co3S, heterojunction-induced SERS enhancement us-
ing a 4-ATP model molecule. Figure 3a displays the SERS spectra of the 4-ATP absorbed on
the Co304/AgNPs and Co304/Co03S,/ AgNPs substrates. The vibration bands at 1077 cm ~*
and 1582 cm ™! can be attributed to C-S stretching and C-C stretching, respectively [26-28].
Clearly, the SERS intensity of the 4-ATP absorbed on the Co304/Co0354/AgNPs substrate is
much stronger than that of Co304/AgNPs, which is due to semiconductor heterojunction-
induced charge transfer enhancement. It is known that the conduction band (CB) of Co3zO4
is higher than that of Co354 [29], and the conduction band of Co3S, is higher than the
Fermi level of Ag [30]. The construction of the Co304/Co03S4 heterojunction promotes
charge transfer efficiency and inhibits the healing of electron holes. Under laser irradiation,
the electrons on the conduction band of Co304 would be transferred to the conduction
band of Co3S,4 and further transferred to the AgNPs surface, thus improving SERS activity
through chemical enhancement [29,31,32]. Through comparison with the SERS spectrum
of ZIF-67 (Supplementary Materials) and analyzing the ultraviolet absorption spectra of
Co304/AgNPs and Co304/Co354/ AgNPs (Supplementary Materials), it was proven that
the Co304/Co0354 heterojunction played a certain role in improving SERS performance.
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Figure 3. (a) SERS spectra of 4-ATP (10~® M) on Co304/ AgNPs and Co304/Co3S,, AgNPs; (b) SERS
responses of 4-ATP absorbed on the Co304/Co03Ss/ AgNPs substrate prepared at different AgNO3
concentrations; SEM images of CozO4/Co3S, decorated with AgNPs at different AgNO3 concentra-
tions of (¢) 200 mM, (d) 150 mM, (e) 100 mM and (f) 50 mM.

To quantify the enhancement contribution from Co30,4/AgNPs and Co304/Co3S4/ AgNPs
substrates, we calculated their enhancement factor (EF) based on the following formula:

EF = (Isgrs/Ipurx) * (NpurLk/Nsgrs)

where Iggrs and Igyrx represent the intensities of SERS and normal Raman scattering,
whereas Nggrs and Npyrk, respectively, denote the numbers of corresponding 4-ATP
molecules effectively excited via a laser beam. According to the above formula and Figure 3a,
the EF for the Co304/AgNPs substrate is calculated to be 9.29 x 10°. The EF is cal-
culated to be 3.77 x 107 for the Co304/C03Ss/ AgNPs substrate. As a result, the EF
for the Co3z04/Co0354/ AgNPs substrate shows a 4.06-fold enhancement compared to the
Co304/AgNPs substrate.

3.3. The SERS Performance Optimization of Co304/Co3S4/AgNPs

Subsequently, we explored the EM enhancement of plasmonic AgNPs on the surface
of the heterojunction. The content of decorated AgNPs was controlled by changing the
concentration of AgNOj3. Figure 3b shows the SERS responses of the CozO,/Co0354/AgNPs
prepared at varying doses of AgNOj3. By comparison, it is found that Co3O4/Co3S4/ AgNPs
prepared at 100 mM of AgNOj3 generate the highest SERS activity. This result can be ex-
plained through the fact that that nanogaps between plasmonic AgNPs and the amount of
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the SERS hotspots significantly influence SERS performance and that optimal plasmonic
AgNPs would produce the highest enhancement. To clarify the real cause, SEM obser-
vations were carried out for the Co30,/Co3S, heterojunction decorated with different
amounts of AgNPs, as presented in Figure 3c—f. As can be seen in Figure 3¢, a high AgNOs
concentration of 200 mM results in the complete coverage of AgNPs on the Co304/Co0354
surface, and the gaps between AgINPs were extremely approached, leading to the merger
of the SERS hotspots, and thus reducing the SERS performance. When the concentration
decreased to 150 mM (Figure 3d), most of the AgNPs were successfully modified on the
surface of Co304/Co354 nanosheets, and excessive AgNPs were gathered on the surface to
form nanoclusters. At the concentration of 100 mM (Figure 3e), AgNPs were uniformly at-
tached to the surface of Co304/Co0354 nanosheets, and the AgNPs were evenly distributed
without the appearance of clustered silver. Figure 3f shows the SEM image obtained at
the concentration of 50 mM. At this concentration level, AgNPs are sparsely deposited on
the Co304/Co3S, surface, leading to decreased SERS hotspots. The SEM observations are
consistent with the above experimental results.

The homogeneity of the SERS substrate is a prominent basis for practical quantitative
applications. Therefore, we evaluated the signal homogeneity of the substrate by randomly
measuring 20 points on the Co30,4/Co0354/ Ag substrate. The SERS spectra were collected
using polystyrene microspheres (particle size of 1 um, 2.5 mg/mL) dispersed on the SERS
substrate, as displayed in Figure 4. The characteristic peaks of PS appeared at 1000 cm !,
1032 cm ™! and 1605 cm™!. The peak at 1000 cm~! is mainly assigned to the circular
respiratory vibration; the peak at 1032 cm ™! can be attributed to the deformation of the C-H
plane; the peak at 1605 cm ™! is mainly caused by the stretching of the ring skeleton [33,34].
The relative standard deviation (RSD) values for peak intensities at 1000 cm~1, 1032 ecm !,
and 1605 cm ! were calculated to be 2.4%, 2.9%, and 7.6%, respectively, indicating superior
signal homogeneity. The regular arrangement of the nanosheet array and the uniform
distributed AgNPs on the heterojunction are believed to be responsible for the homogeneity
of the substrate.
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Figure 4. SERS spectra of PS dispersed on the Co304/Co03Ss/Ag substrate from 20 diverse points
and the RSD values of peaks at 1000 em™1, 1302 em™1, and 1605 cm 1.
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In addition to homogeneity, SERS sensitivity is another key factor determining SERS
performance. Thus, the sensitivity of the Co304/Co3S4/ AgNPs substrate was evaluated by
using different sizes of PS microspheres at the same concentrations. First, we measured the
SERS performance of different sizes of PS microspheres on the SERS substrate (Figure 5a).
Obviously, the peak intensity at 1000 cm ™! increases with particle sizes, indicating that
larger particle sizes of PS generate the higher SERS signals and the 1 pm size produces the
strongest signal. This may be due to the fact that small PS take up more space at the same
weight due to there being more gaps between the nanosheets. After that, the small-size
PS nanoplastic particles are located further away from the hotspots, which will generate
weak SERS intensity. The results are consistent with the previous observations reported
by Zhang’s group [35]. Figure 5b—f display the SERS spectra of different concentrations
of 1 um, 800 nm, 400nm, 200 nm, and 100 nm of PS on the substrates. It is found that
the detection limit of PS with sizes of 1 um and 800 nm can be as low as 25 pg/mL.
However, the detection limit of PS with a particle size of 400 nm and 200 nm can only reach
50 pg/mL, and the detection concentration for PS with a particle size of 100 nm can be
as little as 100 pg/mL. In order to determine the limits of detection (LOD) and limits of
quantitation (LOQ) of the Co304/Co03S4/ Ag substrate, we calculated them according to
the following formulas:

LOD=3 x N x Q/I;
LOQ=10 x N x Q/I

where N represents noise and Q and I represent sample size and signal response value.
According to the above formula, the detection limit of PS on CozO,/Co0354/ Ag substrate is
calculated to be 14 pg/mL. The quantitation limit of PS on the Co304/Co3Ss/ Ag substrate is
calculated to be 47 ug/mL. By comparison, the larger size of PS nanoplastics demonstrated
a higher detection sensitivity. The coffee ring consisting of PS nanoplastics will become
sparsely distributed if the concentration is too low, making detection difficult for smaller-
sized nanoplastics. And thus, the detection limit for small-sized nanoplastics is not effective.
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Figure 5. (a) SERS intensity of PS with different particle sizes under the same concentration; SERS
intensity of PS with different concentration gradients on Co304/Co03Ss/Ag substrate: (b) 1 um,
(c) 800 nm, (d) 400 nm, (e) 200 nm, and (f) 100 nm.
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3.4. Practical SERS Detection of PS Nanospheres in Water Environment

Nowadays, plastic is widely used in various fields due to it being lightweight, versatile,
durable, and of low cost. The widespread applications of plastics have led to increasingly
frequent environmental pollution, with a large amount of plastic being diluted into soil
and water environments. The degradation methods that exist are difficult to completely
dislodge, and thus, the detection of residual plastics is an urgent need. The conventional
methods for detecting microplastics include infrared and mass spectrometry, but due to
the limited diffraction resolution of the instrument, the resolution is not as high. SERS
is an efficient and sensitive detection method with low requirements for an aqueous
phase. We have achieved qualitative detection of PS and PE in a mixture of PS and PE,
as shown in Supplementary Materials. In this work, as proof of the concept, 1 um of PS
nanospheres was dispersed in city water and lake water to simulate practical detections.
The pH of city water is 7.4, the mineral content is 0.1%, and the zinc and iron content
is less than 0.2 ug/mL; the pH of the lake water is 7.5, and the mineral content is in the
range of 1-35 g/L. Different concentrations of PS nanospheres were dropped onto the
Co304/Co035,4/ Ag substrate, and a coffee ring formed on the surface during the solution
air-drying stage. Then, Raman measurements were carried out on the coffee ring using a
portable Raman instrument. Figure 6a illustrates the SERS spectra of 1 pm PS nanosphere
in city water, which shows that PS can be detected as low as 100 pg/mL. A nearly linear
relation between the intensity of Raman and the concentration of the PS nanosphere was
obtained when R? was 0.969 (Figure 6b). In addition, when this SERS analytical method was
used to detect PS nanospheres in the lake water, an even lower concentration of 25 pg/mL
can be successfully detected (Figure 6c) and a linear concentration range (Figure 6d) with
R? of 0.962 can be obtained. It is suggested that the Co30,/Co3S4/Ag substrate can be
used to identify and quantify micro/nanoplastics quickly.
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Figure 6. SERS spectra of PS nanospheres from city water (a) and lake water (c) on the
Co304/Co3S4/ Ag substrate; (b,d) corresponding linear relationship between Raman intensity and
PS concentrations.
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4. Conclusions

In conclusion, the Co304/Co3S;4 heterojunction decorated with AgNPs was synthe-
sized as the SERS substrate, and the real-world sample was detected quickly. The combi-
nation of plasmonic metal AgNPs and the semiconductor heterojunctions simultaneously
increases SERS activity and amplifies SERS signals through electromagnetic and chemi-
cal enhancement. The SERS substrate has excellent SERS performance and is capable of
detecting PS nanospheres from 1 um to 100 nm, and it was found that large particle sizes
generated higher SERS signals. Furthermore, the SERS sensor can be applied to analyze the
PS nanospheres in actual lake water and city water samples at trace concentration levels
with a good linear relationship. This SERS sensor with high sensitivity and homogeneity
may provide a new detection platform for rapid qualitative and quantitative detection of
micro/nanoplastics in water environments.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/chemosensors11090490/s1, Figure S1: SERS spectra of Co30,/Co03S,4/Ag
and ZIF-67; Figure S2: Ultraviolet absorption spectra of Co3O4/AgNPs and Co304/Co3Ss/AgNPs;
Figure S3: SEM images of Co304/Co0354/ AgNPs; Figure S4: Raman spectrum for Co3O4/AgNPs and
Co304/Co3S54/ AgNPs substrates without analyte; Figure S5: SERS spectra of PS and PE mixture; Figure Sé6:
SEM images of plastic particles with diameters of (a) 1 um, 2.5 mg/mL, (b) 1 um, 2 mg/mL and (c) 800 pm,
2.5 mg/mL; Figure S7: SEM image and SERS spectrum of 1 pum, 2.5 mg/mL PS on the substrate; Table S1:
Size distribution histogram of AgNPs.
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