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Abstract

A heterojunction microcomposite was synthesized that consists of ZnO nanoparticles (ZnO NPs) anchored on MoS,
microflowers (MoS, MFs). The material is shown to enable trace level detection of the pollutant bisphenol A (BPA). The
microcomposite was characterized by XRD, XPS, SEM and TEM. In addition, coupling reaction between phenolic estrogens

and Pauly’s reagents was adopted to greatly enhance the SERS signal. BPA display a characteristic Raman band at 1592 cm™

1

which can be used for its selective detection. The assay is highly sensitive and has a 1 nM detection limit which is the lowest

among the reported semiconductor substrates.

Keywords MoS,/ZnO MCs - MoS, MFs - SERS - Enhancement mechanism

Introduction

Bisphenol A (BPA) is an endocrine-disrupting chemical
(EDC) that is widely found in the environment and food con-
tainers. Even if the levels of BPA entering the body are very
low, it will disrupt the endocrine system and lead to cardio-
vascular and other diseases [1-3]. Therefore, a large number
of technologies have been developed for the detection of BPA
[4—6]. Recently, surface enhanced Raman scattering (SERS)
technology has been widely used in biochemical assays due to
its advantages such as low cost, high sensitivity and strong
anti-interference ability [7-9]. Specially, SERS can be used to
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identify and quantify analytes of the trace-level molecules
based on a single-molecule level. Therefore, the determination
of trace BPA by SERS method is promising. The conventional
SERS materials are based on noble metals, in which the
Raman intensity can be enhanced by a factor of 10 ¢ or higher
[10]. However, the development of noble metal substrate was
limited by its low stability and poor biocompatibility [11]. For
the sake of making up for the defects of metal, semiconductor
material as candidate material has gradually become the re-
search focus of SERS substrate.

Two-dimensional (2D) materials (e.g. MoS,) has broad ap-
plication prospects in the fields of optics and electronics ow-
ing to its excellent physicochemical properties and unique
layered structures [12—14]. It has been found that MoS, can
be promising candidates for the next-generation SERS sub-
strates. However, the Raman enhancement factors and the
limits of detection of MoS, are still greatly inferior to the
noble metal structures [15]. Therefore, it is of vital signifi-
cance to explore methods to improve the SERS activity of
MoS,. At present, combining MoS, with foreign atoms or
molecules is an effective means to improve the sensing per-
formance of MoS,. Inspired by the exciting advantages of
good stability, diverse structure and excellent sensing perfor-
mance, ZnO was selected to combine with MoS, to form
layered composite materials [16—18]. The combination of
the two is expected to enhance the SERS activity of each
component, becoming a promising SERS substrate material.
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However, to the best of our knowledge, no previous study
regarding the application of the MoS,/ZnO composites as
SERS substrate for trace BPA detection has not been reported
to date.

In this work, a low-temperature hydrothermal method was
used to combine MoS, (narrow-band gap p-type semiconduc-
tors) with ZnO (wide-band gap n-type semiconductors) to
optimize the performance of each component. As SERS sub-
strates, MoS,/ZnO composites show properties of superior
detection ability, which are ideal for detecting harmful mole-
cules. This study provides a highly efficient method for devel-
oping noble-metal-free, highly-efficient, and stable MoS,-
based SERS substrate, which also shed light on a deep under-
standing about the charge-transfer based enhancement
mechanism.

Experimental
Materials and apparatus

All chemical reagents in our experiment were of AR grade
(SINOPHARM, CHINA) and no further purification. Ultra-
pure water was used in all experiments. Sodium molybdate
(Na,Mo004-2H,0), thiourea (CH4N,S), citric acid
monohydrate (CcHgO7-H,0), zinc nitrate hexahydrate
(Zn(NO3),'6H,0) and BPA were bought from Aladdin
Industrial Corporation (Shanghai, China. http://www.
aladdin-e.com). Hexamethylenetetramine (CgH;,N4) and
ammonia water (NH;) were bought from Sinopharm group
chemical reagent Co., Ltd. (Shanghai, China. http://www.
sinoreagent.com.cn). Real water samples were taken from
local tap water (Changchun, China).

The structure quality was characterized by X-ray diffrac-
tion (XRD, D/Max 3C, Rigaku, Japan, http://www.rigaku.
com.cn) and X-ray photoelectron spectra (XPS, ESCALAB
250X, Thermo Scientific, USA, https://www.thermofisher.
com.cn). The morphology of the samples was characterized
by scanning electron microscopy (SEM, JSM-7800F, JEOL,
Japan, http://www.jeol.com) and transmission electron
microscope (TEM, JEM-2100HR, JEOL, Japan, http://www.
jeol.com). The SERS signals were detected under a 514.5 nm
Ar* ion laser (inVia Raman Microscope, Renishaw, UK,
https://www.renishaw.com).

Preparation of MoS, microflowers (MoS, MFs)

Firstly, 500 mg Na,MoO42H,0 and 700 mg CH4N,S were
mixed into 70 mL of distilled water and stirred for 30 min until
completely dissolved. Whereafter, 500 mg of C¢HgO7-H,O
was added into the foregoing mixed liquid, stirred for
20 min and then diverted into a 100 mL Teflon lined stainless
steel autoclave. Then the autoclave was sealed and heated at
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240 °C for 24 h. After cooling to room temperature, the black
precipitates were thoroughly rinsed with ethanol and double-
distilled water and dried at 60 °C for 6 h.

Preparation of MoS,/ZnO micron composites
(MoS,/Zn0O MCs)

0.3720 g Zn(NOs),-6H,0 and 0.0883 g CcH;,N, were mixed
and dissolved in 50 mL deionized water, 20 mg MoS, pow-
ders were well dispersed in the mixed solution by
ultrasonication. Then, 2 mL of ammonia water (25~28%)
was mixed into the abovementioned solution and put it into
a 60 °C of water bath pot for 3 h. Then the gray-black precip-
itates were washed with deionized water and ethanol. Finally,
the MoS,/ZnO MC:s solid powders were collected after drying
at 60 °C for 6 h.

The SERS experiments of trace BPA

BPA was selected as the probe molecule for SERS analysis.
Coupling reaction between phenolic estrogens and Pauly’s
reagents was adopted to enhance the adhesion of BPA to
MoS,/ZnO MCs substrate. Pauly’s reagents (Reagent A:
4.5 g p-aminobenzene sulfonic acid powders were dissolved
in 500 mL deionized water and 5 mL 12 M HCI solution was
added. Reagent B: 5% sodium nitrite solution and reagent C:
10% sodium carbonate solution) are stored at 4 °C. The cou-
pling reagent configuration was reagent A, reagent B, reagent
C and BPA with a volume ratio of 1:1:1:2. Then, 5 mg of
MoS,/ZnO powder was dissolved in 10 mL alcohol for sub-
sequent detection. Then the coupling agent 25 pL and an
equal amount of the solution were dropped into the aluminum
plate for the subsequent test. All SERS signals were detected
by a Renishaw inVia Raman system under a 514.5 nm Ar* ion
laser, the laser power is 80 mW, attenuating 50%, 30 s expo-
sure time and 2 scan every spectrum.

The SERS experiments of BPA in the water samples

In order to avoid other factors interfering, we pretreated the
water samples with membrane filters (0.45 pwm and 0.22 pum)
before detecting BPA in actual water samples. The test process
is consistent with above.

Results and discussion

Characterization analysis of M0S,/ZnO MCs

Scheme 1 illustrates the growth flow diagram of MoS,/ZnO
MCs. The XRD spectra of the MoS, and the MoS,/ZnO are

shown in Fig. la. The crystal structures of the MoS, sample
were clarified to be the pure hexagonal phases of MoS,. The
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Scheme 1 Schematic
illustrations of the low-cost syn-
thesis procedure to obtain MoS,/
ZnO MCs

stir
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MoS, displays seven main diffraction peaks at 20 = 14.38°,
29.03°, 32.68°, 39.54°, 44.15°, 49.79°, and 58.33°. They can
be attributed to the (002), (004), (100), (103), (006), (105) and
(110) lattice planes of the 2H-MoS, (JCPDS card No. 37—
1492) crystal characteristics, respectively. In addition, the
strongest peak at 20 = 14.38° indicates that the MoS, has good
laminar growth in the c-axis direction. As shown in the MoS,/
ZnO samples, all the diffraction peaks are indexed to the hex-
agonal phase (JCPDS card No. 36-1451). And the diffraction
peaks appeared at 20 =31.76°, 34.51°, 36.23°,47.63°, 56.58°,
62.78°, 67.82° and 69.11° can be assigned to the (100), (002),
(101), (102), (110), (103), (112) and (201) lattice planes of
hexagonal ZnO, respectively. The XRD pattern of MoS,/
ZnO MCs exactly corresponds to the lattice planes of ZnO
and MoS,, which indicates that the inherent structure of each
component is perfectly retained during the reaction.

XPS was used to investigate the chemical states of Mo, S,
Zn and O in MoS,/ZnO MCs. The survey scan spectra of
MoS,/ZnO MCs and MoS, MFs have been presented in Fig.
1b, which confirms the presence of constituent elements in
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each compound. As shown in Fig. lc, binding energies for
Mo 3ds, Mo 3ds), are fitted to 231.29 eV and 228.13 ¢V,
respectively, which confirms the dominance of Mo** accord-
ingly. After forming MoS,/ZnO MCs, these two characteristic
peaks shift to 228.47 eV and 231.78 eV. The other two peaks
correspond to 232.72 eV and 235.92 eV, respectively, which
are characteristic of the Mo®" oxidation state. The emergence
of Mo®" is due to the combination of Mo with O in ZnO
during the formation of the MoS,/ZnO MCs, which indicates
that the oxidation reaction occurred during the hybridization
process [19]. A small lower energy peak at 225.75 eV can be
found, which is attributed to the S 2 s orbital of sulfide ions.
As shown in Fig. 1d, peaks are observed at 160.96 and 162.13

eV due to the S 2p;), and S 2p;, of pristine MoS, MFs [20].
Compared to those of pristine MoS, MFs, the doublet peaks of
S 2p of the MoS,/ZnO MCs show a blue shift again. In the
MoS,/ZnO MCs, the small shifts in binding energy for Mo 3d
and S 2p electrons directly show the charge or energy transfer
between MoS, and ZnO caused by close contact in the
heterojunction. Figure le shows two peaks at 1021.06 eV
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Fig. 1 a X-ray diffraction patterns for MoS, MFs and MoS,/ZnO MCs; X-ray photoelectron spectra (XPS) for b Survey spectrum (MoS, and MoS,/
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and 1044.07 eV, which corresponds to the Zn 2p;,, and Zn
2p1» of MoS,/ZnO MCs, indicating the +2-valence state of
the Zn element [21]. In addition, the O 1 s signal can also be
divided into two peaks, corresponding to different oxygen
species. Figure 1f is the XPS spectrum of O 1 s, where the
peak at 530.68 eV is associated with the O ions in the metal
oxide attributed to the lattice oxygen, while the other peak
located at 531.80 ¢V is attributed to the O®” ions in the
oxygen-deficient regions [22].

The morphologies of synthesized MoS, MFs and MoS,/
ZnO MCs are presented in Fig. 2. As shown in Fig. 2a and b,
the pristine MoS, samples are actually flower-like micro-
spheres with the diameters of about ~3—5 pum. Large free
spaces are shown in the layered hierarchical structure, which
allows for further modification with ZnO NPs. In Fig. 2e and
f, it is shown that ZnO NPs are scattered over the surfaces of
the MoS, MFs. Furthermore, TEM images of these samples
were taken to further investigate morphologies and nanostruc-
tures. It can be clearly observed in Fig. 2c that the folds of
MoS, MFs are very thin and overlap with each other, forming
the flower-like structure. The high-resolution transmission
electron microscopy (HRTEM) image in the Fig. 2d shows
that the lattice spacing was 0.62 nm, which maintains the
theoretical spacing in the (002) planes of hexagonal MoS,
structure [23]. Figure 2g shows a typical TEM image of
MoS,/ZnO MCs. The MoS, MFs were dotted with many
ZnO NPs, ranging in size from 16 to 25 nm. The representa-
tive HRTEM image in Fig. 2 h, which clearly shows the de-
posited ZnO NPs with particle size of approximately 20 nm. It

is observed that the d-spacing is 0.26 nm for the lattice fringes
of ZnO, corresponding to the (001) lattice plane of hexagonal
ZnO [24]. In the MoS,/ZnO MCs, we also find the lattice
spacing is 0.62 nm for the (002) plane of the hexagonal
MoS,. More importantly, the intimate interface between
MoS, MFs and ZnO NPs is clearly observed, implying the
formation of the heterojunction between these two compo-
nents. The areas in different colors in Fig. 2i-1 correspond to
Mo, S, Zn, and O in the MoS,/ZnO, respectively, which
proves that the elements were homogeneously distributed.

SERS enhancement of MoS,/Zn0O MCs for trace
bisphenol a detection

To validate the excellent SERS activity and low detection
limits of the MoS,/ZnO substrates, the SERS spectra of BPA
with various concentrations from 10~* M to 10~° M are shown
in the Fig. 3a. In this work, we found that the intensity of the
SERS peak at 1592 cm™' shows a correlation with the con-
centration of BPA and can be further used for quantitative
analysis of BPA. Furthermore, the results show that the inten-
sity of the Raman spectral bands decreased with a decrease in
the concentration of BPA. An exciting result was that charac-
teristic peaks of BPA were still distinguishable as low as
10~° M, demonstrating the high sensitivity of the M0S,/ZnO
MCs. It is interesting to note that the SERS spectra at BPA
concentrations of 10 M differ from several other spectra
with SERS nanoprobe characteristic peaks at ~1048 and
1070 cm . This is because the high concentration of the probe

Fig. 2 a and b are SEM images of the MoS, MFs in different
magnification; ¢ TEM image of a typical MoS, MFs; d HRTEM image
of MoS; MFs; e and f are SEM images of the MoS,/ZnO MCs in different

@ Springer

magnification; g TEM image of a typical MoS,/ZnO; h HRTEM image of
MoS,/ZnO MCs; i-1 The elemental mapping of Mo, S, Zn, O of MoS,/
ZnO MCs, respectively
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Fig. 3 a SERS spectra of MoS,/ZnO MCs incubated with BPA solution at various concentration; b the calibration plot for BPA at 1592 cm™'; ¢ SERS
spectra of BPA aqueous solution at 10> M based on M0S,/ZnO collected at different shelf time

inhibited the SERS response of the coupling agent.
Subsequently, the decrease in BPA concentration resulted in
a spike in the probe [25]. In addition, to get statistically mean-
ingful results, 10 points of SERS spectra were randomly col-
lected for each concentration. And relative standard deviations
(RSD) of different concentrations were calculated based on
the 10 different points for the same band at 1592 cm !, as

shown in Fig. 3b. The linear equation can be described as:

with a squared correlation coefficient of R*=0.9875. This
value (1 pM) is about 1000 times lower than the no effect
concentration (PNEC) values of potable water defined by
the US EPA as 0.6 to 7.0 nM (bisphenol A Action Plan, 2010).

The enhancement factor (EF) was calculated by the follow-
ing equation [26, 27]:

EF — <]SERS) (NRaman)
IRaman ) \ N sers

Where [ is the corresponding intensity of the line selected
and N is the number of BPA molecules sampled by the laser
spot. Nggrs is 1.51 x 10" and Naman is 7.82 x 10%* The in-
plane at 1592 cm™" was chosen for calculation of the EF. We
obtain for the ratio of intensities Isgrs / Iraman = 6073/542 =
11.2. The EF was estimated to be 5.8 x 10°. As far as we
know, the SERS performance of MoS,/ZnO MCs is superior
to that of previously reported semiconductor nanomaterials. In
practical applications, the stability of the SERS substrates is
another significant factor that must be considered. As shown
in Fig. 3c, it is observed that the peak strength of the BPA
peaks at 1592 cm ™! was almost unchanged with an increase in
time, which indicated the extremely high stability of the
MoS,/ZnO MCs substrate. These results demonstrated that
the MoS,/ZnO MCs were effective in forming a stable
SERS substrate that can be stored long-term under ambient
conditions. Therefore, MoS,/ZnO MCs can be widely applied
in food analysis, environmental monitoring, SERS tags and
other practical applications [28].

SERS analysis of BPA residue in the water samples

Water samples were taken from local tap water. Figure 4a
shows 10 randomly selected positions on the MoS,/ZnO
MCs substrate. As shown in Fig. 4b, the calculated RSD of
the intensities of the peaks at 1592 cm ! were 7.5%, which
indicating great reproducibility of the MoS,/ZnO MCs sub-
strate. According to the linear equation, the BPA residue in
water samples is calculated to be 5.6 x 10~° mol-L ™", which is
far below the maximum BPA concentration of 1 x 107> g-L™"
in the tap water according to the Chinese National Standard.
On the other hand, these SERS spectra also show that MoS,/
ZnO MCs SERS substrate has extremely high uniformity.

Mechanism of SERS detection

Normally, electromagnetic mechanisms (EM) and chemical
mechanisms (CM) are widely recognized as SERS enhance-
ment mechanisms. In our experiment, the SERS intensity of
the hybrid structure was higher than that of the individual
component, which are dominated by the CM rather than the
EM as the EM is the dominant mechanism of metals used as
SERS substrates [29-33]. However, traditional CT process
enhancement in SERS fall in the range between 10" and 10°
lower than the calculated EF (5.8 x 10°). Thus, a potential
enhancement mechanism should be responsible for the out-
standing SERS. When ZnO NPs are deposited onto the sur-
face of the MoS, MFs, an efficient interface between ZnO and
MoS, is formed. Due to the different band gaps of ZnO and
MoS,, the photo-induced electrons on the conduction band
(CB) of MoS, would migrate to the CB of ZnO. The photo-
induced holes would migrate to the valence band (VB) of
MoS, from the VB of ZnO. Driven by the interfacial electron-
ically filed the photoelectrons of ZnO in the CB can be rapidly
transferred to the VB of MoS,, thus inhibiting the recombina-
tion of photo-induced carriers in the component, respectively.
Therefore, the photo-induced holes will remain on the CB of
ZnO and the photoelectrons will exist in the VB of MoS,. As

@ Springer
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Fig. 4 a a series of SERS spectra
of BPA in water samples collected
on 10 randomly selected spots of
the MoS,/ZnO MCs substrate; b
SERS intensity of BPA at

1592 cm ' of the 10 SERS spectra

1592 cm™

RDS=7.5%

Intensitv/Arbitr. Units

Intensity/Arbitr. Units

6(.]0 9ll)0 1200 1500
Raman Shift/cm-

shown by the horizontal dashed line in Scheme 2, a unified
Fermi energy level (EF) is established at the heterojunction at
the thermal equilibrium. In addition, the transfer of the initial
charge carrier at the junction contact gives rise to the depletion
regions, yielding internal electric fields and inducing band
bending at the interface. As a result, the occurrences of the
electrons transmission processes yield a substrate effective for
SERS. In addition, oxygen vacancy may play an irreplaceable
role in enriching the surface states of semiconductor to pro-
vide magnified affinity for the adsorbent-adsorbate interac-
tion, which results in a further increase to the SERS signals
through CT process. Providing with efficient charge transfer
processes between the matching energy levels of adsorbed
probe molecules and the semiconductor, both the polarizabil-
ity tensor and the electron density distribution of the molecule
would be modified, leading to the observation of non-totally
symmetric SERS modes. As shown in Scheme 2, oxygen
vacancy-associated electronic state (V o) well separated from
the bottom of the CB. It can be expected that contributions

Scheme 2 Schematic illustration of the SERS mechanism of MoS,/ZnO
MCs

@ Springer
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from several types of thermodynamically feasible CT reso-
nance may be related to the overall Raman enhancement in
our MoS,/ZnO MCs-BPA system at an excitation of 514.5
nm, including exciton resonance of MoS,/ZnO MCs defect
states, and the photon induced CT resonance from matched
energy level between MoS,/ZnO MCs and BPA molecules.
These resonances will lead to a magnification of Raman scat-
tering cross-section. Moreover, we believe another reason for
the SERS enhancement was thought to the semiconducting
property of MoS,, because it has sulfur atoms on its surface
as well as a polar covalent bond (Mo-S) with the polarity in
the vertical direction to the surface [34]. In summary, the both
charge transfer and dipole-dipole coupling can significantly
enhance the intensity of Raman spectroscopy.

Conclusion

It is the first time that MoS,/ZnO MCs served as SERS-active
substrates for the trace detection of BPA, with the detection
limits as low as 1 x 10~ M. ZnO NPs are uniformly distrib-
uted on the surface of MoS, MFs, resulting in a larger specific
surface area. In addition, because of the special band charac-
teristics of MoS, and ZnO, the heterojunctions were construct-
ed between them which have stronger charge transfer capabil-
ities. Our study broke through the application barrier of semi-
conductor composite materials in SERS substrates, which lays
a foundation for the rapid detection of bisphenol compounds
in food containers, industrial and clinical samples. In addition,
optimizing the time-consuming problem of the experimental
scheme will be our next research focus.
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