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Facile Synthesis of Boron and Nitride Doped MoS; nanosheets as Fluorescence Probes for

Ultrafast, Sensitive, and Label-free Detection of Hg2+

Xiaojia Liu, Liping Li, Yuanjie Wei, Yizhi Zheng, Qian Xiao, Bo Feng*

College of Chemical Engineering, Xiangtan University, Xiangtan 411105, Hunan Province, China

Abstract: Bulk MoS,, a prototypical transition metal chalcogenide material, is an indirect band
gap semiconductor with negligible photoluminescence. In this study, we develop, for the first
time, a simple and low-cost synthetic strategy to prepare boron, nitrogen-doping MoS,
(B,N-MoS;) nanosheets. Through boron and nitrogen doping, the band gap of MoS; increases
from 1.20 eV to 1.61 eV, and the obtained B,N-MoS, nanosheets exhibit enhanced
fluorescence. The B,N-MoS; nanosheets can be used as a green and facile sensing platform for
label-free detection of Hg*" because of its high sensitivity and selectivity toward Hg*". In
addition, detection can be easily accomplished through one-step rapid (within 2 min) operation,
with a limit as low as 1 nM. This study demonstrates the introduction of boron and nitrogen
elements into ultrathin MoS, nanosheets for enhanced fluorescence properties is feasible
through a facile and general preparation strategy, and may also offer a unique idea as a
potential way to design more efficient MoS,-based sensors and fluorescence materials.
Keyword: B,N-MoS,; fluorescence; sensor; Hg ion; mechanism
1. Introduction

Mercury ion has been recognized as one of the most toxic transition metal ion in the world
by the United States Environment Protection Agency (USEPA)". Even at low concentration,
mercury ion is a huge threat to humans and the environment because of its ability of
accumulate in the ecological system’. Mercury poisoning induces a wide variety of serious
human diseases, such as brain damage, kidney failure, and cognition and motion disorders™”.

Therefore, facile, rapid, and sensitive methods for efficient detection of Hg*" ions are highly
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desirable. Traditional techniques for Hg”" analysis, include cold vapor atomic fluorescence
spectroscopy, atomic absorption spectroscopy, and inductively coupled plasma mass
spectrometry®®, which are very sensitive and accurate. However, these methods involve
sophisticated instruments, time-consuming complicated synthetic processes, and large amount

of sample”"”

, among others. To overcome these disadvantages, fluorescence sensors have
recently received significant attention because of their simple operation, high sensitivity,
low-cost, and efficiency'".

Since the discovery and wide investigation of graphene, a great deal of attention has been
given to two-dimensional layered materials'*"* because of their fascinating optical, electronic,
mechanical, and electrochemical properties'>'®. The ability to prepare graphene offers new
possibilities and research into the chemistry and physics of two-dimensional layered
material®**. Transition metal dichalcogenides, such as MoS,, are one of the most important
graphene analogues. MoS; is a quasi-two-dimensional compound, with covalently bonded
S—metal—S sheets held by van der Waals forces, such as that in graphene®*. MoS, nanosheet has
attracted significant attention because of its excellent energy conversion, piezoelectronics,
nanoelectronics, and optoelectronics propenies3 ’. With its unique properties, MoS; has been

applied in various fields, including energy conversion®, hydrogen evolution catalysis™®>",

29-31 32,33 34,35

Li-ion batteries®", cell-targeted labeling®, fluorescence materials®*** and biosensors

The absence of a band gap in graphene leads to very low Iy ratio, thereby limiting its
broader use for applications in electronics such as logic devices®®. Compared with graphene,
MoS, with band gaps around 1.2 eV to 1.9 eV has attracted increasing attention in recent years
and has shown wide application potential in optoelectronics®~°. Inspired by the great advances

. 39,40
in graphene research, researchers have develop several methods

to control band gap of the
MoS,. Bulk MoS; has a band gap around 1.2 ¢V; monolayer MoS, has a band gap around 1.8

eV; and single-layer MoS, has a band gap around 1.9 eV. Ultrathin, ultrasmall, defect, and
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doped”™ MoS, prepared by different researchers to control their band gaps have shown
excellent applications in semiconductors and fluorescence materials.

In this study, using the doping method to change the band gap of MoS,, we report, for the
first time, a facile and low-cost synthetic strategy to prepare fluorescent nanosheets of
B,N-MoS, by doping MoS, with boron and nitride. The B,N-MoS, nanosheets can serve as a
highly effective fluorescent probe for sensitive detection of Hg2+, with a detection limit of as
low as 1 nM in 2 min, which is much lower than that the previously reported fluorosensors.
This sensor is also applied successfully for Hg”" determination in tap water sample, with a
detection limit of 100 nM. The proposed design is simple to prepare and exhibits low
background interference, high sensitivity, and ultrafast response.

2. Experimental section
2.1 Materials

CaCly, CoCly, Fe(NOs3)3, Hg(Ac)2, Mn(NOs3),, Pb(NO3)2, Zn(Ac),, Ni(NOs),, NaNOs, KNOs,
Cd(NOs3),, Ba(NO3),, Mg(NOs3),, Cu(NO;),, LiNO3, and AgNO; were purchased from Aladin
Ltd. (Shanghai, China). All chemicals were used as received without further purification. All
solutions employed throughout the experiments were prepared using deionized Milli-Q water.
2.2 Characterizations

The morphology of the products was investigated by scanning electron microscopy (SEM)
(Hitachi S-4800, Japan) at 5.0 kV accelerating voltage. X-ray diffraction (XRD) analysis was
carried out on a BRUKER D8-ADVANCE X-ray diffractometer using Cu (40 kV, 40 mA)
radiation. Raman spectra were obtained using a laser confocal Raman spectrometer
(LABRAM-010) in the range of 300 cm ' to 2000 cm . Transmission electron microscopy
(TEM) images were obtained with JEM-3010 (JEOL-3010, Japan). The atomic force
microscopy (AFM) (Bioscope system, Bruker, USA) study was performed using a taping

model. Metrology X-ray photoelectron spectroscopy (XPS) was carried out using K-Alpha
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1063 type with focused monochromatized Al Ko radiation (1486.6 eV). Fluorescent emission
spectra were recorded on a F-7000 spectrofluorometer (Hitachi, Japan). Ultraviolet—visible
(UV-vis) spectra were recorded with a UV-1800 spectrophotometer (Shimadzu, Japan).

2.3 Synthesis of B,N-MoS,

In a typical synthesis, the bulk MoS; (0.5 g) was thoroughly mixed with a solution of boric
acid (2 g) and melamine (2 g) in anhydrous ethanol (100 mL) by ultrasonic dispersion for 1 h.
The mixture was dried at 80 °C and then heated to 400 °C in N, atmosphere at a heating rate of
5 °C min ' and maintained for 2 h. The sample was cooled to room temperature to obtain the
B,N-MoS, powder. In a typical run, 10 mg of B,N-MoS, powder was added to 100 mL of
deionized water. After ultrasonic dispersion for 2 h, the precipitate was removed by
centrifugation at 2000 rpm for 3 min, and the clear supernatant extract was prepared for
analysis.

2.4 Detection of Hg ions

Detection of Hg ions was performed at room temperature in aqueous solution. Hg aqueous
solutions with different concentrations, together with other metal ion solutions, were freshly
prepared before use. To evaluate the sensitivity towards Hg*", different concentrations of Hg”"
were added into the aqueous solutions containing the same amount of B,N-MoS;; the mixed
solutions were equilibrated for 2 min before spectral measurements. The photoluminescence
(PL) spectra were recorded by operating the fluorescence spectrophotometer at 280 nm
excitation wavelength.

3. Results and discussion
3.1 Characterizations of B,N-MoS,

The SEM image of bulk MoS, shown in Fig. 1 (a) indicates that they are solid agglomerates

approximately several micrometers in size and exhibit the accumulation of large structures.

B,N-MoS; presents a thin layer structure as shown in Fig. 1 (b), demonstrating that boron and

Page 4 of 17



Page 5 of 17

©CoO~NOUTA,WNPE

Analyst

nitrogen-doped MoS; two-dimensional layered ultrathin nanosheets were prepared after doping
and ultrasonication.

In addition, the crystalline structure of bulk MoS, and B,N-MoS, were determined by
powder XRD [Fig. 1 (c)]. The peaks at 14.4°, 32.8°, 39.6°, 49.8°, and 58.5° correspond to the
(002), (100), (103), (105), and (110) reflections of bulk MoS, (indexed by JCPDS no. 37-1492),
respectively. For B,N-MoS,, the peaks at 14.3°, 32.6°, 39.5°, 49.8°, and 58.4° correspond to
the (002), (100), (103), (105), and (110) reflections, respectively. Compared with bulk MoS,,
the d-spacing of B,N-MoS; increases from 0.6133 nm to 0.6186 nm, indicating that B and N
were doped into the MoS, structure.

The difference between the in-plane (Elzg) and out-of-plane (A;z) Raman modes (Ak) is an
appropriate quantity to assign the number of MoS, layers on various substrates'*'”. Figure 1 (d)
shows the Raman spectra of bulk MoS; and B,N-MoS; measured at 632 nm excitation laser
line. For the bulk sample, the two Raman characteristic bands at 402 and 373 cm' that
correspond to the A, and Elzg vibration modes show a peak frequency difference of 29 cm ™',
namely, Ak=29 cm ', However, for B,N-MoS,, the two Raman characteristic bands at 402 and
379 cm! corresponding to the A, and Elzg vibration modes show a peak frequency difference
of 23 cm ™', namely, Ak=23 cm . This result agrees well with the results of other researchers
12193338 indicating that the B,N-MoS, comprises 6 layers of MoS,, as confirmed by the AFM

test [3.9 nm, nearly 6 layers, Fig. 2 (c) and (d)].
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Fig. 1 SEM images of bulk MoS; (a) and B,N-MoS, (b); XRD pattern of bulk MoS, and
B,N-MoS; (c); Raman spectra of bulk MoS; and B,N-MoS, (d).

TEM and AFM were carried out to father analyzed the layer structure of B,N-MoS,. The
morphologies of the as-prepared B,N-MoS, were characterized by TEM. Fig. 2 (a) shows the
image of B,N-MoS,, wherein three layers of B,N-MoS, overlapped together. The edge of the
overlap image can be seen clearly in Fig. 2 (b). Fig. 2 (a) and (b) indicate that the layered
nanosheets were successfully prepared. The inset of Fig. 2 (b) shows the high resolution
transmission electron microscopy (HRTEM) image of B,N-MoS,, with the (002) crystal plane
spacing of 0.62 nm of the lattice. The result fits well with the XRD result. The energy spectrum
(EDS) (Supporting Information, Fig. S1) further implied that boron and nitrogen elements were
successfully doped into MoS, nanosheets.

The AFM test shown in Fig. 2 (c) (d) indicates that B,N-MoS, nanosheets consist of few
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layer MoS,; this result agrees well with SEM, TEM, and Raman analysis (shown in Fig. 1).
The thickness test [Fig. 2 (d)] showed that the concrete thickness of B,N-MoS; is 3.9 nm, and
the two-dimensional layer number is approximately 6 layers (the thickness of the single-layer

MoS; is approximately 0.62 nm).
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Fig. 2 TEM (a), HRTEM (b), AFM (c), and Height analysis (d) of B,N-MoS.

XPS was conducted to analyze the chemical states of Mo and S in the bulk MoS, and
B,N-MoS, samples (Fig. 3). According to the full survey spectra [Fig. 3 (a)], the elements Mo,
S, C, and O are found on all the samples; however, B and N are found on the B,N-MoS;
sample, indicating that B and N were successfully doped into MoS,. The Mo 3d XPS spectrum
of the bulk MoS; sample [Fig. 3 (b)] shows two broad peaks at 228.9 and 232.0 eV, which can
be indexed as the doublet Mo 3ds;, and Mo 3d3., respectively. A small S 2s peak is located at
226 eV. The XPS spectrum of B,N-MoS, shows three peaks at 226.1, 229.1, and 232.1 eV,
similar to the bulk MoS; sample. The peaks at 161.5 and 162.9 eV, corresponding to the S 2ps,,

and S 2pys» of divalent sulfide ions (S*), are shown in Fig. 3 (c). These binding energies are in
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43 44
. However, the peaks

good agreement with the reported values for the MoS; samples
corresponding to the S 2ps» and S 2p;» shifted toward higher binding energies (161.9 eV,

163.3 eV), indicating that boron and nitrogen elements were successfully doped into MoS,.

These results agree with the EDS result of the B,N-MoS, sample (Supporting Information, Fig.

S1).
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Fig. 3 XPS spectra of B,N-MoS,.

Fig. 4 shows the photoluminescent (PL) emission spectra of B,N-MoS, bulk MoS, and
few-layer MoS; at a same concentration, with excitation at 280 nm. Notably, the fluorescence
of the bulk MoS; and few-layer MoS, dispersion can almost be ignored. However, the
dispersion of B,N-MoS; showed a strong PL emission peak centered at 343 nm, indicating that

the nanosheets are fluorescent.
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Fig. 4 PL spectra of B,N-MoS; ,bulk MoS, and few-layer MoS,(Aex = 280 nm).
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3.2 Novel fluorescence property of B,N-MoS,.

Fig. 5 (a) shows the UV-vis absorption and PL emission spectra of B,N-MoS, dispersion in
water. The UV-vis spectrum shows an absorption peak at 250 nm. The dispersion exhibits a
strong PL emission peak centered at 343 nm when excited at 280 nm, indicating that the
B,N-MoS, nanosheet has strong fluorescence. Fig. 5 (b) shows the emission spectra of
B,N-MoS; at different excitation wavelengths; the emission spectra are not dependent on the
excitation wavelength. This finding is different from the PL spectra of large scale single-layer
MoS; nanosheets; that is, B,N-MoS, does not have any emission peaks from 450 nm to 600
nm™*. However, these spectra are similar to the emission spectra of MoS, quantum dots*’,
which have blue photoluminescence at 415 nm at different excitation wavelengths from 270
nm to 350 nm, indicating that B,N-MoS, has a novel fluorescence property different from layer
MoS, and MoS; quantum dots.

Fig. 5 (c) shows the PL quenching results of B,N-MoS, in the presence of Ca?*, Co**, Fe*",
Hg2+, Mn2+, Pb2+, Zn2+, Ni2+, Na', K, Cd2+, Ba2+, Mg2+, Cu2+, Li" and Ag+ (50 uM). As shown
in Fig. 5 (c), obvious PL quenching was observed upon the addition of Hg*". Among the tested
ions, only Fe’ at high concentration may interfere with Hg*" detection. Fortunately, this issue
can be circumvented using triethanolamine (TEA) as chelating agents of Fe’* ions, as shown in
Supporting Information (Fig. S2). The addition of Fe’" into the B,N—MoSz—Hg2+ mixture in the
presence of chelating agents has no effect on the detection of Hg2+. These observations indicate
that other metal ions slightly influence the Hg2+ sensing system.

Aside from selectivity, sensitivity is another important parameter in evaluating the
performance of a sensing system. Therefore, the PL intensity changes with time were studied to
evaluate the sensitivity of the sensing system in this study. As shown in Fig. 5 (d), the
time-dependent plot indicates that only 2 min is required to complete the reaction between

B,N-MoS, and Hg2+. Therefore, the detection is ultrafast.
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Fig. 5 UV and PL spectra of B,N-MoS; (a); PL spectra of B,N-MoS; at different excitation
wavelengths (b); Selective PL response of aqueous B,N-MoS, solution towards different metal
ions (Aex = 280 nm, Fy and F are the flouresence intensities of B,N-MoS, at 343 nm in the
absence and presence of metal ions) (c); Time-dependent PL spectra of B,N-MoS, dispersion
after the addition of 5 pM Hg”" (Aex = 280 nm) (d).

Fig. 6 (a) shows the PL spectra of the B,N-MoS, solution with different concentrations of
Hg”". The result indicates that the PL intensity of the mixture is sensitive to Hg>" concentration
and decreases with the increase in Hg2+ concentration. Fig. 6 (b) shows the dependence of F/F
on Hg2+ concentration, where Fy and F represent the fluorescence intensities of B,N-MoS, at
343 nm in the absence and presence of Hg™, respectively. A good linear correlation was
obtained over the concentration range of 0.01 pM to 3.0 uM (R=0.9904). The detection limit

was estimated to be 1 nM at a signal-to-noise ratio of 3 (From top to bottom: 0, 0.00125,



Page 11 of 17

©CoO~NOUTA,WNPE

Analyst

0.0025, 0.005, 0.01, 0.0125, 0.25, 0.5, 1.0, 2.0, 2.5, and 3.0 uM of Hg*"). As shown in Fig. 6 (c)
and (d), our sensor was also applied successfully for Hg*" determination in tap water sample,
with a detection limit of 100 nM. The proposed design is simple to prepare and exhibits low

background interference, high sensitivity, and ultrafast response.
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Fig. 6 PL spectra of BN-MoS, at different Hg>" concentrations (a); Linear relation of
fluorescent probes for Hg2+ (b); Fluorescent probes for Hg2+ in tap water (c) (d).

Table 1 compares the sensing performance of different fluorescent probes for Hg2+, showing

that our sensing system exhibits superior sensitivity over previously reported sensing systems.

Table 1 Comparison of different fluorescent probes for Hg*" detection.

Materials Linear range Detection limit Reference
CdSe/ZnS quantum dots - 10 nM 48
Carbon nanodots 0-3.0 uM 42 nM 49
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Au cluster—CdTe quantum dots 0.131-0.71 uM 9nM 50
ssDNA-GO 0.03-0.18 pM 30 nM 51
Gold nanoparticle 0.025-4.0 uM 10 nM 52
squaraine dye 1.0-10.0 uM 13 nM 53
graphene oxide/Ru-complex 0-6.0 uM 2.34nM 54
mesoporous cerium phosphonate  0.05-1.5 uM 16 nM 55
carbon dots and graphene oxide 0.005-0.2uM 2.4nM 56
carbon nanoparticles 0.5-10 pM 10 nM 57
B,N-MoS, 0.01-3.0 uyM 1.0 nM This work

3.3 Fluorescence quenching mechanism, band gap analyst of B,N-MoS,

As shown in Fig. 7, we used the doping method to change the band gap of MoS,. The solid
UV tests show that bulk MoS; has a band gap around 1.20 eV, which agrees well with the
results of several researchers *'™**. However, the band gap of B,N-MoS, is very interesting,
which is around 1.61 eV. Six layers of MoS, obtain a band gap around 1.4 eV>®. After doping,
the band gap of B,N-MoS, increased from 1.2 eV to 1.61 eV. XPS is a common
characterization method to analyze the valence band of semiconductors™; we used this tool to
analyze the valence band of bulk MoS; and B,N-MoS,. The valence band of bulk MoS, and
B,N-MoS; are 0.4 eV apart (Supporting Information, Fig. S3). This result agrees well with the
UV test result. Therefore, this doping method significantly changed the band gap of MoS,
successfully.

The introduction of Hg>" into dispersion leads to significant decrease in fluorescence
intensity, indicating that Hg*" can effectively quench the fluorescence of B,N-MoS, nanosheets.
The chelation of Hg”" with sulfur elements of the B,N-MoS, nanosheets brings them into close

proximity with each other. Given that the redox potential of Hg®"/Hg' lies between the
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conduction band (CB) and valence band (VB) of B,N-MoS,, photoinduced electron transfer

(PET) from the CB to the complex Hg*" occurs, leading to fluorescence quenching (Fig. 7 a).
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Fig. 7 Scheme of sensing principle of the B,N-MoS, nanosheet based flouresensor for Hg*" (a);
Band gaps of MoS, and B,N-MoS; (b).
4. Conclusions

In summary, we developed a simple method for the preparation of B,N-doped MoS; with
boric acid and melamine as boron and nitrogen sources, respectively. The as-synthesized
B,N-MoS, exhibited enhanced fluorescence compared with the undoped MoS, and utilized as a
highly efficient fluorosensor for selective detection of Hg*" for the first time. The detection is
rapid, taking only 2 min, and ultrasensitive, with a very low detection limit of 1 nM. We also
demonstrated its application for tap water sample analysis. The present study provided a simple,
low-cost route toward production of B,N-MoS, for sensing, bioimaging, optical imaging, and
other applications. This novel strategy may inspire the exploration of an economic, stable, and
environment-friendly fluorescent probes for rapid, highly selective, and sensitive optical
detection of Hg*". This work successfully demonstrated that the introduction of boron and
nitrogen elements into ultrathin MoS; nanosheets for enhanced fluorescence properties is
feasible through a facile and general preparation strategy. This method may open up a potential
way for designing more efficient MoS,-based biosensors and fluorescence material.
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