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Abstract: Efficient detection and degradation of fungicides are greatly concerned with aquatic food
safety. Herein, a multifunction CoFe2O4/MoS2@Au (ACMS) composite was synthesized for crystal
violet (CV) and malachite green (MG) photocatalytic degradation and SERS determination. As
the construction of the Z-scheme heterostructure of ACMS, which enhanced the light absorption
capability and the separation efficiency of photoexcited carrier significantly, ACMS possessed an
excellent photocatalytic performance with a degradation rate of 94.76% for CV under simulated
solar light irradiation. Furthermore, the multifunction ACMS exhibited superior SERS capability
with a detection limit (LOD) of 4.309 × 10−2 µg L−1 for MG residues in water. And the ACMS
substrates could be utilized to determine the MG residues in crucian carp extract, resulting in a
recovery rate of 96.00~116.00%. In addition, such multifunction heterojunctions were performed for
in situ monitoring of the photodegradation process. This research opened up a novel perspective on
the applications of heterojunction-based multifunction materials for food safety control.

Keywords: aquatic food safety; SERS; photocatalytic; Z-scheme heterojunction; fungicides

1. Introduction

Aquatic food security is one of most the tremendous issues faced worldwide. The
increasing challenges in aquatic food security due to the abuse of fungicides including
malachite green (MG) and crystal violet (CV) have attracted growing attention [1]. This
is concerning, as even tiny amounts of fungicides can be enriched efficiently through the
food chain and significantly threaten human health [2]. Facing this urgent problem, it is
essential to find a novel way to construct effective fungicide detection and degradation
strategies for food safety.

Determination of fungicide residues in aquaculture is a significant part of the food
safety protection system [3]. Surface-enhanced Raman scattering (SERS) has been widely
utilized for food contaminants determination owing to its merits including simple pretreat-
ment, cost-effectiveness and less time consumption [4]. In addition, the decomposition
of fungicides is also essential in the face of the diversification food contaminants prob-
lem. Hitherto, various technologies involving adsorption, ion exchange, microbiological
decomposition and photocatalysis have been employed to resolve the food contamination
problem [5]. Among them, photocatalysis, as a modern green and energy-saving technique,
has dramatically advanced the revolution of food contaminants treatment methods for
its high degradation rate and mineralization efficiency [6]. However, using SERS and
photocatalytic techniques, it is still difficult to realize the diversified needs of practical
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applications due to their intrinsic defects such as instability, poor sensitivity and limited
catalytic efficiency. By virtue of photocatalytic performance and SERS activity, multifunc-
tion materials have been designed for determining and degrading contaminants, which
exhibits great prospects for comprehensive aquatic food safety control [7].

Molybdenum disulfide (MoS2), with the advantages of non-toxicity, high stability,
fascinating light-responded bandgaps, superior electron conductivity, unique layered
structures, etc., has drawn global attention to its application in detection and catalysis
fields [8]. A case in point, Govarthanan and co-workers proposed MoS2@MIL-88(Fe)
composites for photodegradation of methylene blue (MB) [9]. The as-prepared MoS2-
based materials possessed a degradation efficiency of 98.5%. In addition, by virtue of
MoS2 nanomaterials, a series of SERS substrates constructed with other semiconductors
or metals have been designed for the enhancement of SERS performance. For instance,
Quan, et al. [10] proposed a MoS2/TiO2 substrate for MG determination. As a result,
such MoS2-based substrates could realize the analysis of MG in water with a detection
limit of 10−10 M. In this regard, MoS2 exhibits intriguing prospects in the fabrication of
multifunctional materials for food contaminants monitoring and degradation.

On the other hand, the fast recombination of photogenerated carriers and limited
SERS activity still inhibit the practical applications of MoS2 in food contaminants con-
trol. Heterojunction construction is considered a potential method to solve the afore-
mentioned problem. Specifically, the heterojunctions can enhance solar light absorption
and decrease the recombination of photoexcited electron–hole pairs. The Z-scheme het-
erojunction, in particular, has received extensive attention in recent years as a result of
its redox potential. Meanwhile, the recombination of photogenerated carriers can be
further restrained owing to its unique heterostructure [11]. For instance, Liu, et al. [12]
prepared a Ag/AgVO3/carbon-rich g-C3N4 heterojunction, which effectively enhanced
the photodegradation capability of sulfamethiadiazole (k = 0.1504 min−1), illustrating the
superiority of the Z-scheme heterostructure. Whereas, there is scarce research focused on
the use of Z-scheme heterostructure-based multifunction materials for fungicide control.

As a novel bimetallic oxide, CoFe2O4 has been explored and applied to fabricate
heterojunctions due to its fascinating redox, photocatalytic, and magnetic capabilities.
However, the magnetic performance makes it easier to self-aggregate, which significantly
decreases its catalytic property [13]. The utilization of CoFe2O4 and MoS2 to prepare
heterojunction can effectively impair its self-aggregation, and improve the transfer of
photocatalytic carriers [14]. Thus, CoFe2O4 combined with MoS2 for the construction of
Z-scheme heterojunction is an attractive issue in multifunction materials developing roads.
Additionally, the virtues of noble metal nanoparticles involving surface plasmon resonance
(SPR) effect and localized surface plasmon resonance (LSPR) property have inspired the
researchers to construct ternary Z-scheme heterojunctions, which can further enhance the
SERS effect and solar light absorption capability [15].

Herein, gold nanoparticles (AuNPs) were carried out as an electron mediator to couple
CoFe2O4 and MoS2 to fabricate a CoFe2O4/MoS2@Au (ACMS) Z-scheme heterojunction.
The synthesized multifunction composites exhibited excellent SERS sensitivity and allowed
to determine MG with a detection limit of 4.309 × 10−2 µg mL−1. And such heterojunction
could be performed to detect fungicides in fish extract. Additionally, the light absorption
and photogenerated carriers’ migration capability of ACMS composites is enhanced sig-
nificantly due to the fabrication of a Z-scheme heterostructure, which could be employed
to degrade 94.76% of CV within 90 min under simulated light irradiation. Furthermore,
the ACMS heterojunction was utilized for real-time monitoring of the photodegradation
process. Attributed to the detection and degradation capabilities, the synthesized ACMS
may blaze a new trail for food safety comprehensive control.
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2. Experimental
2.1. Reagents and Materials

Isopropyl alcohol (IPA), iron (III) chloride (FeCl3·6H2O), cobalt (II) chloride (CoCl2·6H2O),
thiourea (CH4N2S), sodium acetate (CH3COONa), ethylene glycol (EG) (CH2OH)2, polyethy-
lene glycol-8000 (PEG-8000), p-benzoquinone (p-BQ), and hexaammonium molybdate
((NH4)6Mo7O27) were bought from Macklin Biochemical Technology Co., Ltd. (Shanghai,
China). Chloroauric acid trihydrate (HAuCl4·3H2O), ethylenediaminetetraacetic acid dis-
odium salt (EDTA-2Na), sodium acetate (CH3COONa), crystal violet, malachite green, and
trisodium citrate dihydrate (Na3Cit·3H2O) were purchased from Sigma-Aldrich Co., Ltd.
(Shanghai, China).

2.2. Instruments

The morphology, surface functional groups and crystal phase of as-synthesized ma-
terials were characterized by scanning electron microscopy (SEM) (Merlin, Carl Zeiss
NTS GmbH, Oberkochen, Germany), high-resolution transmission electron microscope
(HRTEM) (JEM-2100F Plus, JEOL Ltd., Tokyo, Japan), Fourier transform infrared spectra
(FT-IR) (FT9700, Thermo-Nicolet Co., Waltham, MA, USA), and X-ray diffraction (XRD)
(Empyrean, PANalytical B.V., Almelo, The Netherlands), respectively.

The UV–vis spectra and photoluminescence (PL) spectra were acquired by the UV-vis
spectrophotometer (UV–1800, Shimadzu Co., Kyoto, Japan) and fluorescence spectropho-
tometer (RF–6000, Shimadzu Co., Kyoto, Japan), respectively. The SERS detection was
performed with a laser confocal microscope Raman system (LabRAM HR, Horiba France
SAS, Villeneuve d’Ascq, France) equipped with visible light (633 nm). The Zeta potential of
as-prepared samples was investigated by particle and molecular size analyzer (Zetasizer
Nano ZS, Malvern Instruments Ltd., Melvin, UK). The X-ray photoelectron spectroscopy
(XPS, Axis Ultra DLD, Kratos Analytical Ltd., Manchester, UK) was carried out to research
the chemical composition of materials. The electrochemical impedance spectra (EIS) were
detected via an electro-chemical workstation (CHI660E, CH Instruments Co., Shanghai,
China). A 500 W Xenon lamp (CEL-S500-T5, China Education Au-light. Co., Beijing,
China) was utilized as the source of simulated solar light (light source diameter: 50 mm,
100 mW cm−2). The transient photocurrents were analyzed by an electrochemical worksta-
tion equipped with a 300 W Xe lamp (PLS-SXE300D, Beijing Perfect Light Technology Co.,
Ltd., Beijing, China).

2.3. Synthesis of CoFe2O4/MoS2@Au

Preparation of CoFe2O4 [16]: 5 mmol of FeCl3·6H2O and 2.5 mmol of CoCl2·6H2O
were dispersed in 40 mL ethylene glycol, and stirring with magnetic separator racks
(C-MAG HS 7, IKA (Guangzhou, China) Instrument Equipment Co., Ltd., Guangzhou,
China). Subsequently, 1.0 g PEG and 3.6 g CH3COONa were gradually added to the
previously prepared solution. The resulting solution was then transferred to Teflon-lined
stainless steel autoclaves (YZ-100 mL, Shanghai Yanzheng Instrument Co., Ltd., Shanghai,
China) and heated in a drying oven (DHG-9055, Shanghai Yiheng Scientific Instrument
Co., Ltd., Shanghai, China) at 200 ◦C for 10 h. The synthesized CoFe2O4 was subjected to
centrifugation (10,000 rpm, 12 min) (JW-3024HR, Anhui Jiaven Equipment Industry Co.,
Ltd., Hefei, China) and washed alternately with ultrapure water and ethanol several times
until the supernatant was colorless. The obtained materials were dried at 60 ◦C overnight.

Fabrication of CoFe2O4/MoS2 (CMS): CoFe2O4/MoS2 was synthesized via the hy-
drothermal method as reported previously [17]. In detail, 0.420 g (NH4)6Mo7O24·4H2O
and 0.912 g thiourea were dissolved in 60 mL ultrapure water and stirred for 20 min. Then,
0.1254 g CoFe2O4 was dispersed into the mixture and added to Teflon reactors (100 mL).
After the reaction proceeded at 180 ◦C for 10 h, black products were purified with ethanol
and water thoroughly, and dried at 60 ◦C, the as-prepared samples were noted as CMS.
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Modification of AuNPs: At first, the AuNPs were fabricated via the previously re-
ported method [18]. Next, the as-synthesized CMS composite was mixed with 5 mL AuNPs
and treated with ultrasonic for 10–60 min. Finally, the as-prepared heterojunctions were
centrifugated and dried, which were denoted as ACMS (Scheme 1).
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Scheme 1. Schematic diagram of the synthesis procedure of ACMS.

2.4. Photocatalytic Degradation

The photodegradation efficiency of the as-prepared materials was estimated by ana-
lyzing the photocatalytic degradation of CV (37.5 mg L−1, 40 mL and 20 mg photocatalysts)
under simulated solar light irradiation [19]. Before the photocatalytic reaction, adsorption
tests were mechanically stirred in the dark for half an hour to ensure adsorption equilib-
rium. The UV-vis spectrum was carried out to determine the absorption value of CV in the
photodegradation process. And the absorption maximum of CV (590 nm) was performed
to determine the concentration of CV. The degradation rate was evaluated according to the
Equation (1):

η (%) = (C0 − C)/C0 × 100% (1)

Here, C0 refers to the initial concentration of the CV solution, C represents the remain-
ing CV concentration, and η stands for the photodegradation efficiency.

2.5. The Water Remediation Capability

Seed germination experiments were carried out to estimate the water remediation
capability of ACMS heterojunction. Sixteen vigna radiata seeds were cultivated in each
water sample including uncontaminated water, CV contaminated water (37.5 mg L−1) and
remediated water under room temperature, respectively. Then, the germination rate (SGR)
and average root lengths (ARL) of seeds were determined after 7 days [20]. Furthermore,
the seed germination indexes (SGI) were recorded by the following formula:

SGI =
SGRcv % × ARLcv

SGRdw % × ARLdw
× 100% (2)
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2.6. Evaluation of SERS Activity and Analysis Procedures for Fungicides

Crystal violet was chosen as the SERS label to justify the enhancement factor, sensi-
tivity, and reproducibility of the ACMS multifunction composite. Firstly, 5 mg of ACMS
heterojunction was dissolved in 2.4 mL water for the following determination. Then, 25 µL
CV was mixed with an equal amount of the ACMS solution. Next, a part of the mixture
was sucked by a capillary and detected with Raman spectra. And the SERS detection of the
MG residues was carried out under similar conditions.

2.7. In Situ Monitoring the Photodegradation Process

Firstly, 1 mL MG solution (final concentration: 0.1 mg/L) was utilized as the analytes
and mixed with 1 mL ACMS heterojunction (5 mg/2.4 mL). For in situ monitoring of the
photodegradation process, the above solution was irradiated with the Xe lamp (500 W),
and recorded with Raman spectra each 10 min until no Raman peak could be observed.

2.8. Application to Actual Samples

For actual sample determination, the crucian carp were treated as previously re-
ported [21]. Firstly, the crucian carp (2 ± 0.05 g) was washed with 0.5 mL hydroxylamine
hydrochloride solution (9.5 g/L). Next, 1 g anhydrous magnesium sulfate and 10 mL
acetonitrile were added into the crucian carp samples, keeping vortexed for 1 min. Then,
4 g neutral alumina was dispersed in solutions and vortexed for 2 min. The supernatant
was centrifuged at 4000 rpm for 5 min, followed by drying in a water bath (50 ◦C) with
nitrogen blow. The crucian carp samples were redispersed in acetonitrile solution (1 mL)
and diluted with water (9.0 mL). Finally, the above-mentioned solution was mixed with
MG and filtered through a 0.22 µm hydrophobic polyvinylidene fluoride filter to collect the
crucian carp extract. SERS intensities were determined as described previously.

2.9. Statistical Analysis

Tests were performed thrice and data were processed utilizing Origin 2020 soft-
ware (OriginLab Co., Northampton, MA, USA). Raman spectrum analysis was conducted
with LabSpec6 software (https://www.horiba.com/int/scientific/products/detail/action/
show/Product/labspec-6-spectroscopy-suite-software-1843/ (accessed on 24 August 2023))
(Horiba France SAS, Villeneuve d’Ascq, France).

3. Results and Discussion
3.1. Characterization of As-Prepared Samples

SEM and HRTEM characterizations were implemented to observe the morphology of
CoFe2O4, CMS and ACMS. As depicted in Figure 1A, the pure CoFe2O4 presented the ag-
gregation statue due to the magnetic properties, and the spherical morphology of CoFe2O4
could be observed in the HRTEM figure (Figure 1E). In addition, the CMS materials exhib-
ited a flower structure with a uniform size distribution of about 500 nm (Figure 1B), which
was well in accordance with the corresponding HRTEM picture (Figure 1F). Furthermore, it
could be found that the MoS2 was covered with CoFe2O4. As seen in Figure 1G, the hetero-
interface boundary of CoFe2O4 and MoS2 could be observed clearly and the 0.243 nm lattice
fringe spacing represented the (220) plane of CoFe2O4, while the interlayer spacing of 0.626
nm could be ascribed to the (002) planes for MoS2. As shown in Figure 1C,H, AuNPs
could be modified outside of CMS with ultrasound-assisted deposition. The EDS mapping
illustrated that the Fe, Co, Mo, S and Au elements were distributed uniformly (Figure 1D).
The aforementioned results verified the construction of the ACMS heterojunction.

https://www.horiba.com/int/scientific/products/detail/action/show/Product/labspec-6-spectroscopy-suite-software-1843/
https://www.horiba.com/int/scientific/products/detail/action/show/Product/labspec-6-spectroscopy-suite-software-1843/
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Figure 1. Characterization of the as-prepared samples. The SEM images of (A) CoFe2O4, (B) CMS
and (C) ACMS. (D) The elemental distribution maps of ACMS. The HRTEM images of (E) CoFe2O4,
(F,G) CMS and (H) ACMS.

As depicted in Figure 2A, the zeta potentials of CoFe2O4, CMS and ACMS were 23.4,
−17.2 and −21 mV, respectively. And the decrease in zeta potential further indicated the
successful modification of AuNPs. Figure 2B exhibited the XRD diffraction patterns of
as-prepared CoFe2O4, CMS and ACMS photocatalysts. As for CoFe2O4, four typical peaks
located at 30.06, 35.43, 43.05 and 62.58◦ could be observed, which were ascribed to (220),
(311), (400) and (440) planes, respectively. And MoS2 showed excellent crystal structure
with significant characteristic peaks at 31.2 and 57.18◦, which could be attributed to its
(100) and (110) planes, respectively. Meanwhile, the main characteristic peaks of 38.26,
44.47, 64.7 and 77.45◦ in the ACMS curve were ascribed to the (111), (200), (220) and (311)
planes of AuNPs, respectively. And the intensity of each diffraction peak in CMS decreased
significantly due to the modification of AuNPs.
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The FT-IR spectra were utilized to record the surface functional groups of as-synthesized
materials. As presented in Figure 2C, all spectra possessed the characteristic peaks of
565 cm−1, attributing to the Fe(Co)-O bond of CoFe2O4. For CMS and ACMS, the peaks at
744 cm−1 belonged to the Mo-S bond. FT-IR spectra demonstrated the successful prepara-
tion of CoFe2O4 and CMS. In addition, it could be found that the spectra of ACMS and CMS
were similar, indicating that the modification of AuNPs could not damage the structure
of CMS. Furthermore, the introduction of CoFe2O4 provided magnetic properties for the
heterojunction, which could realize the solid–liquid separation conveniently. And the
magnetization hysteresis loop was determined to evaluate the magnetic saturation (Ms) of
the as-prepared material. As presented in Figure 2D, the Ms value of ACMS heterojunction
was 22.83 emu g−1, indicating that the materials proposed superior magnetism. Thus, the
ACMS heterojunction could be separated conveniently in the presence of external magnetic
fields (inset picture of Figure 2D).

The binding energy and elemental component of ACMS were examined by XPS. The
survey spectra of ACMS (Figure 2E) illustrated the existence of Au, Mo, S, Fe, O, and
Co elements in ACMS heterojunction. As for ACMS, the characteristic peaks at 796.6 eV
and 781.3 eV corresponded to Co 2p1/2 and Co 2p3/2, respectively (Figure 2F). And two
major peaks attributed to Fe 2p3/2 and Fe 2p1/2 could be observed at 711.9 and 724.9 eV,
respectively (Figure 2G). In the high-resolution spectra of Mo 3d, the peaks centered at
232.4 and 229 eV (with spin-energy separation of 3.4 eV) could be ascribed to Mo 3d3/2 and
Mo 3d5/2, which resulted from the spin–orbit characteristic of Mo4+ (Figure 2H). And the
two peaks at 161.8 and 163.1eV were distributed to the binding energies of S 3p3/2 and S
3d1/2, respectively (Figure 2I). Meanwhile, two definite peaks located at 87.9 and 84.3 eV
were the satellite peaks of Au 4f5/2 and Au 4f7/2, respectively (Figure 2J).

3.2. Photocatalytic Activities

Firstly, crystal violet was chosen to appraise the photocatalytic capability of as-
fabricated materials. As depicted in Figure 3A, CMS displayed a steady decrease tendency,
and its photocatalytic degradation rate could reach 80.59% within 90 min. Compared
to bare CoFe2O4 and MoS2, the CMS and ACMS composites exhibited a much higher
degradation rate, ascribing to the construction of heterostructure and enhancement of light
absorption [22]. In the presence of ACMS composites, it could be observed that the degra-
dation rate of CV could reach 94.76% with the simulated solar light irradiation. Compared
with previously reported Z-scheme heterojunctions as seen in Table 1, it was found that the
degradation capability of ACMS composite is higher than other Z-scheme heterojunctions.
And the kinetic behaviors of the materials for the photodegradation of CV were roughly
conformed to the Langmuir–Hinshelwood kinetic model:

−ln (C/C0) = kt (3)

where k refers to the rate constant. The k value for photodegradation CV with different
photocatalysts was presented in Figure 3B. ACMS exhibited 1.714 times greater photodegra-
dation rate constant (0.03061 min−1) than that of CMS (0.01754 min−1). In addition, the
recirculation experiments were also carried out to estimate the reusability of ACMS hetero-
junction. As depicted in Figure 3C, the degradation efficiency of ACMS heterojunction still
remained at 91.95% after 3 cycles under simulated solar light irradiation. To illustrate the
possible influence on the crystal structure of ACMS heterojunction by the photodegradation
tests, XRD characterization was performed after the recirculation. As seen in Figure 3D, the
crystal phase of the materials maintained the same as ACMS before the reaction.
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Figure 3. (A) The photocatalytic degradation of CV with as-prepared materials under simulated light
irradiation. (B) The corresponding kinetic curves of photocatalytic degradation rate. (C) Recycling
photocatalytic degradation of CV tests of ACMS. (D) The XRD patterns of ACMS before and after
photodegradation. (E) UV-vis spectra as well as Tauc plots of the as-prepared samples. The XPS
valence band spectra of (F) MoS2 and (G) CoFe2O4, respectively. (H) PL spectra of as-synthesized
samples. (I) Electrical impedance spectra of the samples of CoFe2O4, CMS and ACMS. (J) Transient
photocurrent response of CoFe2O4, CMS and ACMS. (K) Photocatalytic activity of the ACMS het-
erojunction for the degradation of CV with different scavengers. (L) Schematic description of the
photocatalytic mechanism of ACMS.
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Table 1. Comparison of degradation of contaminants by Z-scheme heterojunction.

Substrate Targets/Concentration Catalytic Conditions Recovery Time Ref.

30%
In2S3/Bi2WO6

Tetracycline
hydrochloride,

20 mg/L
Visible light 96.0%,

120 min [23]

Bi3O4Cl/Bi2MoO6
Norfloxacin,

10 mg/L Visible light 87.34%,
150 min [24]

Bi2S3/SnS2/Bi2O3 CV, 5 mg/L Visible light 90 min,
99.6% [25]

Fe2O3/GO/WO3 CV, 20 mg/L Solar light 95.4%,
120 min [26]

ACMS CV, 37.5 mg/L Solar light 94.76%,
b90 min This work

3.3. Photoelectric Properties of Samples

In order to further verify improved photocatalytic capability, a series of photoelectric
properties of as-prepared materials were detected. As seen in Figure 3E, ACMS exhibited
the best light absorption ability due to the SPR effect. And the bandgap of CoFe2O4 was
determined utilizing the Kubelka–Munk equation [11]:

(αhν)2 = A(hν − Eg) (4)

where α = absorption coefficient, h = Planck’s constant, Eg is the allowed energy gap,
A = absorption coefficient, ν = light frequency. As depicted in the inset picture of Figure 3E,
the bandgap of CoFe2O4 was calculated as 1.84 eV, which agreed with the previous re-
ports [27]. Meanwhile, the bandgap of MoS2 was concluded as 1.58 eV as our previous
research [18]. As seen in the XPS valence band (VB) spectra (Figure 3F,G), the VB was
evaluated to be at 0.45 and 0.68 eV for CoFe2O4 and MoS2, respectively. Thus, the con-
duction bands (CB) of CoFe2O4 and MoS2 could be calculated as −1.39 eV and −0.9 eV,
respectively.

The recombination of photogenerated carriers was related to the PL intensity. As
reported previously, the PL intensities are proportional to the separation efficiency of pho-
toexcited carriers [28]. Thus, the PL spectra were performed to estimate the photocatalytic
activity of as-synthesized materials. As exhibited in Figure 3H, pure CoFe2O4 possessed the
highest PL intensity due to the rapid recombination rate of photoexcited carriers. Further-
more, the PL intensities of CMS and ACMS heterojunction reduced significantly, implying
that the photoexcited holes and electrons were separated because of the fabrication of het-
erostructure. In order to further investigate the migration efficiency of photoexcited carriers,
the EIS spectrum was carried out to evaluate the charge transfer capability of as-synthesized
materials. It is well known that the bigger arc radius reflected the lower charge transfer
capacity [29]. The arc radius of the photocatalysts followed an order of CoFe2O4 > CMS >
ACMS, indicating that the ACMS exhibited the best separation ability of photogenerated
carriers. In addition, the photocurrent response depended on the excitation of the carriers
(Figure 3I) [30]. From Figure 3J, all materials obtained a certain photocurrent response ca-
pability while the light was turned on, indicating that as-prepared photocatalysts obtained
different photogenerated carriers' generation efficiency. Compared with the CoFe2O4 and
CMS composites, the photocurrent density of the ACMS enhanced significantly, ascribing
to the facilitation of absorption and the migration of photogenerated carries.
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To detect the dominating free radicals in the photodegradation reaction, EDTA-2Na,
p-BQ and IPA were selected as scavengers of the hole (h+), superoxide radical (•O2

−) and
hydroxyl radical (•OH), respectively [31]. As depicted in Figure 3K, it can be found that
the CV degradation was inhibited significantly with the existence of p-BQ, indicating that
superoxide radicals are essential to photocatalytic degradation, while the photodegradation
efficiency of CV decreased slightly in the presence of EDTA-2Na and IPA, indicating that
hydroxyl radicals and photogenerated holes had a certain influence in the photocatalytic
process. It was a remarkable fact that the photocatalytic degradation of CV relied on
superoxide radicals primarily, followed by holes and hydroxyl radicals.

According to the aforementioned results, a possible photodegradation mechanism of
CV by ACMS heterojunction was proposed. As presented in Figure 3L, photogenerated
electrons were excited from the valence band (VB) of both CoFe2O4 and MoS2 and trans-
ferred to the corresponding conduction band (CB) when the materials accepted the photons.
Because the MoS2 nanoflower was covered with CoFe2O4 and AuNPs tightly, the photoex-
cited electrons on the CB of MoS2 could migrate to the VB of CoFe2O4 and recombine with
the holes. Therefore, the recombination of photoexcited carriers was inhibited significantly.
The electrons on CB of CoFe2O4 could fabricate superoxide radicals via the reduction of
O2, and the holes on VB of MoS2 could participate in the degradation of CV directly. The
photodegradation pathway was presented in the following formulas:

ACMS + hν→ h+
VB + e−CB (5)

e−CoFe2O4 + h+MoS2 → e− − h+ (6)

e− CoFe2O4 + O2 → •O2− (7)

•O2−+CV → degradation products (8)

h+ + CV → degradation products (9)

3.4. Water Remediation and Phytotoxicity Tests of ACMS in Water

According to the above tests, ACMS can photodegrade CV in water effectively, and the
safety of ACMS-treated water was evaluated by the seed germination experiment. As seen
in Figure 4A and Table 2, the growth of the vigna radiata seeds was significantly inhibited
in the CV-contaminated water due to the toxicity of CV. Specifically, the seed germination
rate (SGR) of vigna radiata seeds exposed to the CV-contaminated water (93.75%) was
lower than that of uncontaminated water (100%) and ACMS-treated water (100%). And
the seed germination index (SGI) of seeds was calculated as 1, 0.2819, and 0.9641 in the
uncontaminated water, CV-contaminated water, and ACMS-treated water, respectively.
As a result, the CV in the water was toxic to the germination of vigna radiata seeds. As
seen in v and vi of Figure 4B, CV molecules could be translated from roots to stems and
further inhibited the germination or growth of vigna radiata seeds. While the phytotoxicity
of CV-contaminated water could be decreased significantly by ACMS treatment (iii and
iv of Figure 4B). Thus, the ACMS could be applied to remediate the fungicide-polluted
water [32].

Table 2. The ARL, SGR and SGI with different infusion solutions.

Samples Average Root Length (cm) Germination Rate Germination Index

Water 8.7125 100 1
Treated wastewater 8.4 100 0.9641

CV solution 2.456 93.75 0.2819

ARL = average root lengths, SGR = seed germination rate, and SGI = seed germination index.
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3.5. SERS Performance of ACMS

The SERS activity of the ACMS heterojunction was examined as a function of the
amount of CMS and the time of ultrasonic deposition. The SERS intensity of CV (0.1 mg L−1)
at 1615 cm−1 shown in Figure 5A clearly demonstrated that the most appropriate ultrasonic
deposition time was 30 min. The intensity of peaks was decreased significantly while the ul-
trasonic deposition time exceeded 30 min, which might be ascribed to AuNPs aggregation.
Meanwhile, the optimal amount of CMS was selected as 5 mg (Figure 5B).

Meanwhile, CV was chosen as the SERS label to investigate the reproducibility of
ACMS heterojunction. Figure 5C indicated that SERS spectra exhibited characteristic peaks
at 1172 cm−1 (in-plane ring C–H bending) and 1615 cm−1 (C–C aromatic rings stretch-
ing) [33]. The SERS intensity decreased with the decrement of the concentration gradient,
and the signal could be distinguished even at a concentration of as low as 0.001 mg L−1. In
addition, the SERS intensity at 1615 cm−1, together with the CV concentration, was utilized
to plot the linear curve and conclude with satisfied coefficients of determination (R2) of
0.972 (Figure 5D). The enhancement factor of ACMS heterojunction was concluded to be
1.46 × 105 as the following equation (Figure 5E).

EF =
ISERS/NSERS

IRaman/NRaman
(10)

Here, ISERS and IRaman are the SERS intensities of CV absorbed on the ACMS hetero-
junction and normal Raman of CV without any substrate, respectively. And NSERS and
NRaman present CV molecule numbers for SERS and normal Raman detection, respectively.
Furthermore, the uniformity test was carried out by measuring the SERS spectra of CV
on 45 randomly selected spots in five groups of ACMS heterojunctions. The related SERS
spectra are depicted in Figure 5F. The relative standard deviation (RSD) of ACMS was
concluded to be 7.305% (Figure 5G). Thus, the value of RSD was less than 20%, illustrating
that the ACMS heterojunction was applicable to determine fungicides in water [34].
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Figure 5. (A) Histogram of the peak intensities at 1615 cm−1 for CV by ACMS prepared with
different ultrasonic times. (B) Histogram of the SERS intensities at 1615 cm−1 for CV by ACMS
prepared with different amounts of CMS. (C) SERS determination of CV with different concentrations
based on ACMS heterojunction. (D) Corresponding dose-response curves of the peak intensities at
1615 cm−1 for CV. (E) Raman spectra of CV (2 g/L) without substrate and the SERS spectra of CV
solution (0.1 mg/L) based on AMCS heterojunction. (F) SERS spectra of CV and (G) SERS intensity
at 1615 cm−1 collected from 45 random points in five batches of ACMS heterojunction. (H) SERS
spectra of MG residues with different concentrations. (I) Corresponding dose-response curves of the
peak intensities at 1618 cm−1 for MG. SERS spectra in situ recorded during the photodegradation
process of (J) CV and (K) MG.



Separations 2023, 10, 526 14 of 16

Figure 5H exhibited that the ACMS heterojunction responded well to the MG molecule,
and the SERS peak intensities of MG increased with the MG concentration rising from
0.0001 to 10 mg L−1. The observation of Figure 5I indicated that the logarithmic SERS
intensities at 1618 cm−1 (ring C–C stretching) obtained a good linear relation with the
logarithmic concentration of MG, with an R2 of 0.985. The LOD value was calculated as the
following equation:

LOD = 3Sb + Yb (11)

Here, Sb refers to the standard deviation of Raman intensities, while Yb denotes the
average intensity of the corresponding wavenumber in the blank samples. And the LOD of
ACMS for the determination of MG in water was concluded to be 4.309 × 10−2 µg L−1. These
results illustrated the excellent detection sensitivity of ACMS heterojunction to fungicides
in water.

3.6. In Situ Photodegradation Monitoring

The photocatalytic process monitoring is essential to the piratical utilization of hetero-
junction for food safety control [10]. And the aforementioned tests testified that the ACMS
exhibited good SERS capability and photocatalytic performance. Therefore, the ACMS
heterojunction was utilized for in situ monitoring of the photodegradation process. As
seen in Figure 5J, strong SERS signals of CV could be observed initially while no noticeable
Raman peaks were detected after 30 min of simulated light irradiation, indicating that the
CV molecules were photodegraded completely. In addition, Figure 5K showed that the
photocatalytic rate of MG adsorbed on ACMS could reach approximately 100% within
20 min.

3.7. Detection of MG in Crucian Carp Samples

To estimate the practical application capability of the ACMS heterojunction, the fungi-
cides determination in crucian carp extract based on as-prepared material was carried
out. As seen in Table 3, crucian carp extract with different concentrations of MG were
utilized as practical samples for SERS analysis, resulting in a recovery rate of 96.00~116.40%.
Therefore, the aforementioned results indicated that the ACMS heterojunction exhibited
broad prospects in determining food contaminants.

Table 3. Detection of fungicides in the extract of crucian carp extract.

Sample Added Mount (mg/kg) Detected a ± SD b (mg/kg) Recovery (%)

1 0.5 0.528 ± 0.039 105.60
2 0.1 0.116 ± 0.051 116.00
3 0.05 0.048 ± 0.009 96.00

a Mean of three determinations. b SD: standard deviation.

4. Conclusions

In summary, ACMS multifunction composites were synthesized via hydrothermal and
ultrasonic sedimentation strategies for aquatic food safety control. The results illustrated
that the as-synthesized heterojunction exhibited excellent photocatalytic capability with a
degradation rate of 94.76% for CV photocatalytic degradation under simulated solar light
irradiation, which could be attributed to the construction of Z-scheme heterostructure. In
addition, such multifunction material was utilized to detect the MG residues in water, re-
sulting in an LOD of 4.309 × 10−2 µg L−1. And the ACMS composites were also performed
in the determination of MG in crucian carp extract, with a recovery rate of 96.00~116.00%.
Moreover, the multifunction ACMS platform was carried out for in situ monitoring of the
degradation process, which is promising to be widely applied in comprehensive aquatic
food safety control.
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