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ARTICLE INFO ABSTRACT

Editor: V. Victor Methylated mercury compounds are neurotoxins; they are ubiquitous in muddy sediments of water bodies under
anaerobic conditions. A variety of coupled techniques such as capillary gas chromatography with inductively
coupled plasma mass spectroscopy, or atomic fluorescence spectroscopy is used for detection of methylated
mercury compounds. However, a sensitive analytical method for rapid screening of methylated mercury com-
pounds is required. This work it was developed an electrochemical method for the detection of methylmercury in
environmental samples using chemically modified Au electrodes via the bandgap modulation strategy. For the
chemical modification, the sulfur-doped g-CsN4 was used as a starting material. The forbidden bandgap of the
sulfur-doped g-C3N4 was regulated with urea and thiourea admixture fabricated by thermal polymerization at an
optimal ratio (urea: thiourea = 3:1; hereafter UT-gCN (3:1). The UT-gCN (3:1) modified Au electrode was used
for rapid detection of CH3Hg" by differential pulse voltammetry (DPV) method operated at —0.80 V deposition
potential, 800 s accumulation time in NaAc/HAc buffers (pH=5.0). The calibration curve of CHsHg" showed
linearity within concentration range 0-25 ppb CH3Hg"' with 0.52 pA/ppb sensitivity and 0.175 ppb detection
limit. The new electrochemical sensor is robust and interference-free to Cu®*, Cd%>*, Pb>*, Bi®*, As®*. The ef-
ficiency of the UT-gCN(3:1) sensor can be replenished by protonation with HCIL. Present results indicate the
potential applications of UT-gCN (3:1) modified Au electrodes in the rapid detection of methylmercury in
environmental samples.
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1. Introduction chain [3,7,8]. Methylated mercury and mercury are transformed

mutually in nature, and mercury-containing industrial waste is dis-

Mercury is a persistent toxic pollutant that shows significant bio-
accumulation and biomagnification [1-3]. The toxicity of mercury de-
pends on its chemical speciation. In the environment, mercury occurs in
different chemical forms, e.g. Hg, Hg?>", and methylated mercury, and
their relative toxicities are methylated mercury > Hg® >Hg?" [3,4].
Mercury contamination is a significant public health and environmental
problem because methylmercury easily enters the bloodstream and af-
fects the brain by cross-cutting the blood-brain barrier [5,6].

When released into the environment, it accumulates in organic-rich
sediments where it converts into methylmercury and enters the food

charged into the water body along with wastewater[9]. Volatile mercury
species present in the atmosphere can transport into soil and water by
precipitation, then it can convert into methylated mercury by soil bac-
teria and desulfurization vibrio and other bacteria in the bottom mud of
the water bodies [10]. Methylated mercury is converted into Hg® by a
biochemical pathway. After it is released into the atmosphere from the
water body, it is oxidized to Hg?* by HyO, in the atmosphere [11]. HgZ*
then returns to a water body with rainwater and is converted into
CH3Hg®, and then into (CH3);Hg by anaerobic microorganisms.
Therefore, the availability of robust methodology for rapid detection of
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methylated mercury in environmental samples is at the forefront of
research.

Recently, the methods for methylmercury detection have improved
significantly. The combined use of elemental analysis instruments such
as atomic emission spectroscopy (AES) [12], atomic fluorescence spec-
troscopy (AFS) [13], and inductively coupled plasma-mass spectrometry
(ICP-MS)[14] with high-performance liquid chromatography (HPLC)
[15] has become increasingly sophisticated in the determination of
mercury in environmental samples [16]. However, these methods
determine the total concentration of mercury; operations are complex
and costly. However, the electrochemical techniques are inexpensive,
and they can obtain low detection limits which are becoming increas-
ingly prominent [17]. Besides, the electrochemical methods have the
advantage of detecting analytes in situ, and chemical species identifi-
cation is possible. Xu et al. made AuNPs-RGO modified glassy carbon
electrode (GCE) to detect CHgHgJr in fish. Under optimal conditions, the
CH3Hg™ concentration shows a good linear relationship with 3 — 24 ppb
CH3Hg"; the method sensitivity is 0.57 uA/ppb, and the detection limit
is 0.12 ppb [18]. Shi et al. used gold particles-deposited GCE by elec-
trochemical vapor generation (ECVG) technology is used for CH3Hg™"
detection [19]. By this method, the detection limit for CH3Hg " in liquids
is 4.4 ng/L and the detection limit for CH3Hg™ in solids is 0.44 pg/mg.
Zhang et al. used fluorescence spectroscopy with an atomic combination
of electrolytic vapor generation technology(EVG) for the detection of
mercury [20]. Research has shown that on cysteine, CH3Hg" is con-
verted effectively into mercury vapor. Under the optimal conditions, the
detection limit of CH3Hg' in an aqueous solution by the AFS-EVG
method is 0.073 ppb [21].

Graphite carbon nitride (g-C3N4) has a unique band structure,
excellent stability, and biocompatibility, which can provide a sensitive
sensing platform for electrochemical detection of small biomolecules
[22]. At present, g-C3Ny is widely used as a starting material for the
detection of heavy metal ions [23]. This work developed a novel method
for the detection of methylmercury in environmental samples using
S-doped g-C3N4. The forbidden band gap of g-C3Ny4 is modulated with
urea and thiourea composite to enhanced charge transfer efficiency and
specific surface area, and to inhibit particulate aggregation [24,25]. The
heterojunction structure of the composite was regulated by varying urea
to thiourea ratio to the desired value. The composite was stripped and
then protonated by HCl. During these processes, the bulk UT-gCN
changed into porous ultra-thin nanosheets [26], providing more active
sites for CH3Hg™" adsorption. Besides, the bandgap of the UT-gCN was
adjusted, and the catalysis and ionic conductivity improved [27], which
would do good to the transformation of mercury species on the elec-
trochemical sensing interface. Subsequently, the new composite was
used to modify the Au electrode surface. The chemically modified Au
electrode was used in the development of an analytical method for
CH3Hg" detection by differential pulse voltammetry. All experimental
parameters, e.g. deposition potential, accumulation time, etc. were
optimized to yield enhanced sensitivity for CHsHg' detection. The
detection method robustness of was determined by evaluating sensor
stability, reproducibility, and materials reactivation.

2. Materials and methods
2.1. Chemical materials

Methylmercury was obtained from Shanghai Aladdin Biochemical
Reagent Co. Ltd (PR China). Analytical grade urea, thiourea, and other
chemicals were purchased from Shanghai Wokai Reagent Co. Ltd (PR
China). All chemicals were used without further purification. 0.1 M
sodium acetate buffer solution was prepared by mixing a stock solution
of 0.1 M HAc and 0.1 M NaAc. The working solutions of Hg?*, CH3HgCl
were prepared by serial dilution of respective stock solutions.
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2.2. Apparatus

All electrochemical experiments were carried out on a high-precision
electrochemical workstation (CHI660D, China). The three-electrode
systems comprised an Au working electrode, a Pt counter electrode,
and an Ag/AgCl reference. The X-ray photoelectron spectroscopy
(ESCALAB250Xi, Thermo Scientific, USA) method was used to deter-
mine elemental oxidation states and surface composition. The
morphology and microstructures of the new materials were examined
using scanning electron and microscopic transmission methods (SEM,
Quantum 200 FEG, FEI, USA). The crystal structure of the material was
carried out using an X-ray diffractometer (XRD, D/MAX2500V, Rigaku
Co., Japan). UV-visible spectrums of the samples were obtained under
diffused reflectance mode within 200-800 nm using a UV-vis spec-
trometer (CARY5000, Agilent Technologies Inc., USA), and the Fourier
transform infrared spectrums (FTIR) in transmission mode were taken
using KBr pellets (Nicolet 67, Thermo Nicolet Co., USA).

2.3. Materials preparation

2.3.1. Preparation of U-gCN and T-gCN

The U-gCN or T-gCN was prepared via thermal polymerization by
using urea or thiourea as the precursor at 550 °C. In a typical experi-
ment, 16 g of urea (thiourea) pellets were ground into powder in an
agate mortar, then put into a 30 ml alumina crucible with a loading
density of 0.53 g/ml. After spreading uniformly, the alumina crucibles
were sealed and placed in a muffle furnace at 550 °C for 2 h under the
condition of air (heating rate 10 °C/ min). Afterward, the samples were
cooled to room temperature under ambient conditions with a synthetic
yield of about 3%. The samples were then powdered and designated as
U-gCN (urea-g-C3N4) and T-gCN (thiourea-g-C3N4), separately.

2.3.2. Preparation of UT-gCN homogeneous heterojunction

UT-gCN homogeneous heterojunction materials were prepared as
below. A known amount of urea (12, 16, 18, and 20 g) and thiourea (12,
8, 6, and 5 g) were dissolved in 60 ml distilled water and stirred for 1 h at
60 °C in a water bath. Then the mixed solution of urea and thiourea was
dried in an oven at 60 °C for 12 h. The obtained solid composites were
ground into powder in an agate mortar, transferred into two 30 ml
alumina crucibles, and heated in a muffle furnace at 550 °C for 2 h under
the condition of air [28]. Then, the samples were cooled to room tem-
perature with a yield lower than 5%. Following this procedure, the urea
and thiourea composites at 1:1, 2:1, 3:1 and 4:1 wt ratios were prepared
and hereafter designated as UT-gCN (1: 1), UT-gCN (2: 1), UT-gCN (3:
1), and UT-gCN (4: 1).

2.4. Electrochemical detection

All electrochemical experiments were carried out in 10 ml of 0.1 M
HAc-NaAc buffers. The gold electrode was first polished with 1 ym, 0.3
um, and 0.05 pm Aly,O3 powder, and then washed with ethanol and
deionized water in order. 2 mg of nano-materials were put into a test
tube, and 4 ml of deionized water was added to prepare 0.5 g/L sus-
pensions of U-gCN, T-gCN, UT-gCN (1: 1), UT-gCN (2: 1), UT-gCN (3: 1)
and UT-gCN (4: 1). 5 pL solution droplets were deposited on the Au
surface using a pipette gun and dried at room temperature.

The material was stripped and protonated by HCl. 2 g of the com-
posite material was put into 20 ml deionized water, stirred, and ultra-
sonically treated for 16 h. The ultrasonic frequency was 90 Hz, and the
water was changed every 20 min to keep the water temperature below
25 °C. Then centrifuge at 10,000 rpm for 5 min, then put the solid in an
oven and dry at 60 °C for 12 h to obtain the stripped composite material.
The stripped material was put into HCl (37%) and stirred at room
temperature for 3 h to obtain opaque dispersion. With the progress of
protonation, yellow UT-gCN changed into white UT-gCN. Then washed
with deionized water for three times, and then dried in an oven at 60 °C
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for 12 h to obtain the composite material after HCI protonation.

Electrochemical determination of CHsHg®, Hg?', and Sn*' was
carried out by differential pulse stripping voltammetry (DPV). A —0.80
V potential for 800 s was applied during the preconcentration step. After
20 s of equilibration, the respective voltammogram was recorded.
Following experimental conditions were used; starting potential 0 V,
end potential 1 V, transition potential 5 mV, amplitude 50 mV, pulse
width 50 ms, sampling width 40 ms, pulse duration 100 ms. Before
starting a new experiment, the electrode surface was cleaned at 0.80 V
for 150 s. Before commencement of an experiment, both AU and
modified Au electrodes were activated by performing a CV in 0.5 M
H,S04 (potential range: 0.2-1.6 V; scan rate: 100 millivolt seconds [29])
to remove oxides on the electrode surface (shown in Fig. S1).

2.5. Theoretical calculations

The density functional theory (DFT) calculations were carried out
using B3LYP functional and 6-31 g (d, p) basis set (Gaussian 16, Revi-
sion C.01, Gaussian Inc., Wallingford, CT, USA).

3. Results and discussion
3.1. Characterization of the U-gCN/T-gCN homogeneous heterojunction

The morphology and chemical composition of U-gCN, T-gCN, and
UT-gCN (3:1) isotype heterojunctions were examined by SEM/EDX and
TEM microscopy (Fig. la—f). As shown in Fig. 1(a)-(c), all samples
exhibit porous structures. In all cases, the particles are discrete, and
within the substrate, the pore channels & layered microstructures are
well discerned. The unique microstructures present on T-gCN and U-gCN
inhibit the recombination of photo-excited charge carriers [30]. As
shown in Fig. 1(d) and (e), the T-gCN composes dense layers (Fig. 1e)
whereas U-gCN (Fig. 1d) contains thin nanosheets. However, UT-gCN
(3:1) shows a different morphology (Fig. 1f), and the EDX data
(Fig. S2) ensures uniform spatial distribution of both host (C and N) and
dopants (S and O) elements [31,32].

The XPS survey spectrums (Fig. 2a) show that C, N, and O are present
in all the samples (T-gCN, U-gCN, UT-gCN), whereas only in T-gCN and
UT-gCN, S is present in small proportions. The XPS analysis of the UT-
gCN (3:1) homotoped heterojunction is shown in Fig. 2(b)-(e). The
C1s spectrum of UT-gCN (3:1) (Fig. 2b) shows three characteristic peaks
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at 284.8 eV, 286.3 eV, and 288.1 eV. The features shown in the peak at
284.8 eV are due to the presence of amorphous carbon, the peak at
286.3 eV has ascribed the presence of C in C-NH, species [33], and the
characteristic peak at 288.1 eV corresponds to C tri-nitrogen group C-
(N)3 present in the g-C3Ny4 lattice [34]. The N1s peak (Fig. 2.c) at
398.6 eV is assigned to the triazine ring (C = N-C). The weak peak at
400.6 eV is ascribed to an amino group (C-N-H) associated with
hydrogen and tertiary nitrogen N-(C)3 group. The peak at 404.3 eV is
attributed to the charging effect in heterocycles [35].

Fig. 2(d) shows the characteristic O 1s peak at 532 eV, which cor-
responds to the H>O adsorbed on the catalyst surface. Fig. 2(e) depicts
the existence of S2p in UT-gCN (3:1). The peak at 163.9 eV is ascribed to
S 2p3/», which corresponds to N—S bonds result by the replacement of
lattice C by S within the C—N bonding framework [36]. The peak at
168.5 eV is due to the presence of S species. Therefore, the results of the
energy spectrum analysis show that the doped S atoms exist as N-S bonds
through the lattice substitution of C atoms [14]. Fig. 2(f) shows that
atomic ratios of UT-gCN (3:1) and a small amount of S is doped in the
composite material, accounting for about 1.24%. Fig. S3 shows the
constructed S-doped g-C3N4 model. Without doping, the heptazine rings
are connected by a C-N bond to form a stable repeating structure. When
S is doped in this way, the structure of the heptazine ring is deformed,
but the whole structure remains in a ring state. The bond lengths of the
three S-N bonds are 1.646, 1.791, and 1.575 A.

Fig. 3(a) shows the X-ray diffractograms of co-condensed products,
U-gCN, T-gCN, and UT-gCN. In the XRD pattern of g-CsN4, two primary
diffraction peaks were observed around 12.6°and 27.7°. The diffraction
peak at 12.6° is due to the planar packaging structure of the triazine
rings that correspond to the crystal plane of g-C3N4. The intense
diffraction peak around 27.7° corresponds to the interlayer stacking of
aromatic rings that fit the crystal plane of g-CsN4. The inset in Fig. 3(a)
shows that the diffraction angle (27.7°) of U-gCN is larger than T-gCN
(27.4°), indicating that U-gCN (0.323 nm) has shorter interplanar
spacing. The extra oxygen in urea can promote the condensation process
of urea and make the crystal structure of g-C3N4 more stable [37]. At the
same time, the diffraction angle (27.5°) of the UT-gCN peak is situated
between the U-gCN and T-gCN, which confirms the shape of the U-gCN /
T-gCN structures.

Fig. 3(b) displays FT-IR spectra of U-gCN, T-gCN, and UT- gCN. The
incisive IR peak at 808 cm ™! represents the breathing oscillations of the
tri-s-triazine structure in g-C3N4. The presence of spectral signals

Fig. 1. SEM images of (a)U-gCN, (b)T-gCN, (c)UT-gCN(3:1) and TEM images of (d)U-gCN, (e)T-gCN, ()UT-gCN(3:1).
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corresponds to C-S, and C—O bonds provide indirect evidence for the
successful synthesis of S-doped g-C3N4 composites. The IR peaks present
in the 1200-1600 cm™! range are due to tensile vibrations of the C-N
and C°N heterocyclic units of g-C3N4 [38]. The physical adsorption of
CO, may cause the absorption curve at 1700 cm™! by the atmosphere,
and hydroxyl and amino groups exist on the surface, and the apparent
characteristic peak is near 3200 cm~! [14].

3.2. Electrochemical characterization

During the deposition process, when CHsHg " is reduced to elemental
mercury on the Au electrode surface, a peeling process may occur. Fig. 4.

shows the voltammogram obtained using a chemically modified Au
electrode with U-gCN, T-gCN, or UT-gCN. The stripping currents
generated by CH3Hg " reduction on bare Au, U-gCN, and T-gCN modified
electrodes are almost similar. However, Au modified electrode with UT-
gCN shows an enhanced peak current upon CHsHg" reduction. There-
fore, to determine optimal urea to thiourea ratio, composites UT-gCN
(1:1), UT-gCN (2:1), UT-gCN (3:1), and UT-gCN (4:1) were used to
modify the Au electrode. The highest peak current for CHzHg" is
received with Au modified electrode with UT-gCN (3:1). Therefore, we
used UT-gCN (3:1) modified Au electrode in the sensor development for
CH3Hg™ detection.
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3.3. Optimization of experimental condition

To achieve the best performance for detection of CH3Hg" by UT-gCN
(3:1)modified electrode, following experimental conditions, such as
electrolyte type, pH, preconcentration time and potential, stripping
time, and potential, were optimized using 15 ppb CH3Hg". First, as
shown in Fig. 5(a), we measured the peak current of 15 ppb CHsHg"
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modified Au electrode.
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electrode surface. The parameters used during preconcentration and
deposition steps exert markedly on the magnitude of stripping current of
the analyte. Therefore, we optimized experimental parameters such as
time and applied potential used during preconcentration. As the pre-
concentration time has increased from 400s to 1000s at — 0.80 V
applied potential in the HAc-NaAc buffer, the peak current shows a
gradual increase. However, after 800 s, there is a slight decline in the
peak current due to electrode surface saturation by the analyte (Fig. 5c).
Consequently, an optimal preconcentration time is chosen as 800 s.
Finally, the variation of the analyte signal with the applied potential is
examined in 15 ppb CH3Hg" of pH 5.00 HAc-NaAc at 800 s deposition
time. The applied potential shows an optimal value at —0.80 V (Fig. 5d),
and therefore which was taken in subsequent studies.

The scanning rate has a great influence on electrochemical sensing
performance. The LSV results of 30 ppb CH3Hg™" in the buffer solution at
different scanning rates (10 mv, 25mv, 50 mv, 100 mv, 150 mv,
250 mv) were also studied (Fig. S6). It can be found that the peak cur-
rent increases with the increase of scan rate, and the peak current has a
linear relationship with the scanrate'’2, indicating that the electrode
surface is mainly controlled by diffusion. According to Laviron’s theory
[39]:

RT . KsRT RT
=——In

E, -1

~anF anF  anF

The electron transfer number can be calculated from the linear
relationship between Ep and Inv: E, = 0.01lnv+ 0.376. According to
Laviron’s half-peak width method, assuming o = 0.5, the electron
transfer rate constant Ky = 73.8 s71, the electron transfer coefficient
o = 0.5, and the electron transfer number n = 2.76 can be obtained.

3.4. Analytical performance of chemically modified Au electrode with U-
gCN/T-gCN

Under optimal experimental conditions, e.g. applied potential
— 0.80V, pH 5.00 NaAC/HAc, 800 s deposition time, the chemically
modified Au electrode with UT-gCN (3:1) was used for the development
of CH3Hg™ detection method within 0-25 ppb CH3Hg™ concentration
window. Bare Au electrode was used as a control. As shown in Fig. 6, for
both electrodes the variation of peak current with the CH3Hg" con-
centration shows an excellent linear relationship and the corresponding
linear regression model for bare Au electrode (Fig. 6a), I, (nA) = 0.230 C
(ppb) —0.054 R% = 0.998, n = 9. When compared to the Au electrode,
the sensitivity of bulk UT-gCN modified Au electrode for CH3Hg"
detection has shown about a two-fold increase as I, (nA) = 0.402C
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(ppb) —0.152 R? = 0.978, n = 9 (Fig. S4a). As shown in Fig. S4b, the
linear relationship (Ip (pA) = 0.447 C(ppb) + 1.467 n =9, R? = 0.994)
re-established after stripping treatment shows better sensitivity than the
data shown in Fig. S4(a).

The stripped material is protonated by HCI treatment to achieve
better sensitivity. The protonated UT-gCN not only shows enhanced
dispersibility and surface area but also adjusts the bandgap and ionic
conductivity of the material [27]. As shown in Fig. 6(b), a good linear
relationship between CH3zHg ' concentration from 0 to 25 is observed, Ip
(A) =0.52C (ppb)+0.915 (n=9, R? =0.991), with sensitivity
reaching 0.52 pA/ppb, detection limit is 0.175 ppb. Table S1 lists some
previously improved materials for the detection of CH3Hg" by different
electrochemical methods. It can be seen that UT-gCN modified gold
electrode has higher sensitivity and lower detection limit.

3.5. Bandgap modulation mechanism

The differential pulse voltammetry (DPV) was used to study the
sensing capability of the modified electrode for CH3Hg". The electro-
chemical reduction mechanism of CH3Hg " on the working electrode is
described as follows [40]:

CH;Hg' + e~ © CH;Hg'
(CH;Hg), < (CH;),Hg + Hg"

2CH;Hg +H' +e =CH, + Hg’

The reduction potential of methylmercury CHsHg" on the gold
electrode supported by UT-gCN (3:1) is 0.63 V, which is lower than the
reduction potential (0.67 V) on the bare gold electrode, which proves
that the S-doped g-C3N4 load is beneficial to improve the catalytic ac-
tivity of the substrate [21]. The catalytic mechanism of the nano-
composite can be obtained by DFT calculations [41,42], the initial
charge of methylmercury is + 1.0 (Fig. 7a), under the influence of
S-doped g-C3Ny4, the Mullikan charge of methylmercury ion decreases,
and the methylmercury charge is + 0.985. The electron transfer be-
tween methylmercury and g-C3Ny is spontaneous[43].

The optimized structure of the catalyst is shown in Fig. 7(b). The
variation of HOMO-LUMO energy gap values as a function S-doped g-
C3Ny is given based on the optimized catalyst structure, the HOMO-
LUMO energy gap was calculated. It can be seen that the energy gap is
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Fig. 6. DPSV responses of increasing CH3Hg" concentration and the calibration curve of the peak current with CH3Hg" concentration on (a) the bare gold electrodes

and (b) the HCl-protonated UT-gCN(3:1) modified gold electrode.
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Fig. 7. (a) Optimized geometries of UT-gCN and CH3Hg"' with Mulliken, (b))HOMO, and (c)LUMO of UT-gCN(3:1).

the smallest when S is doped. Generally speaking, the smaller the
HOMO-LUMO gap, the better the conductivity. Due to the increased
specific surface area of S-doped g-C3sN4 and very good electron transport
properties, the UT-gCN(3:1) modified Au electrode should have a larger
electroactive area when compared to AuNPs modified electrodes. The
deposited CHsHg" on Au surface can be reduced efficiently on UT-gCN
(3:1) modified electrode.

To verify the bandgap modulation mechanism, the optical properties
of U-gCN, T-gCN, and UT-gCN(3:1) samples before and after adsorption
of methylmercury were characterized by UV-vis diffuse reflectance
spectroscopy (DRS). As shown in Fig. 8(a), compared with the band edge
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of U-gCN, UT-gCN(3:1) has a redshift, it may be that the doping of S
leads to capture more light energy to generate more photoinduced
electron-hole charges [36]. The incorporation of the S atom into the
g-C3N4 matrix has a significant impact on the closely related band
structure and electronic properties, which is related to the light ab-
sorption of semiconductors. As shown in Table 1, according to
Kubelka-Munk formula [44], the bandgap widths of U-gCN, T-gCN, and
UT-gCN (3:1) adsorbed with methylmercury are calculated to be
2.71 eV, 2.62 eV, and 2.45 eV, respectively [45], and the band gaps of
U-gCN, T-gCN and UT-gCN(3:1) before and after adsorption with
CHsHg" are narrower than those before adsorption, and the band gaps
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Fig. 8. (a)UV—vis DRS, (b)Plots of (ahw)? vs photon energy before adsorption and (c)UV—vis DRS, (d)Plots of (ahw)? vs photon energy after adsorption of U-gCN,

T-gCN and UT-gCN(3:1).
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Table 1
Band gap of U-gCN, T-gCN and UT-gCN(3:1).

Samples Before adsorption/eV After adsorption/eV
U-gCN 2.82 2.71
T-gCN 2.67 2.62
UT-gCN(3:1) 2.73 2.45

of UT-gCN(3:1) are narrower than those of U-gCN and T-gCN before and
after adsorption. Moreover, the band gaps of U-gCN and T-gCN changed
a little before and after adsorption with methylmercury. Adsorption of
S-doped g-C3N4 and CH3Hg™ can better adjust the bandgap and improve
the conductivity. In Fig. 7(d), it can be concluded that the bandgap of
UT-gCN(3:1) is the narrowest, which is consistent with the results
calculated by density functional theory (DFT), indicating that S doping
can indeed adjust the bandgap and improve the conductivity.

3.6. Interference study

It is necessary to eliminate possible interferences to determine
CHsHg™" accurately. According to the electrochemical reduction mech-
anism of CH3Hg", the inorganic Hg?" has a significant influence on the
determination of CHsHg" due to overlapping stripping currents. We
adopted two methods to eliminate the effects of Hg?* on CHgHg™"
detection. One approach is blocking Hg*" by adding DTPA as a com-
plexant [8]. The mercury-DTPA complex is not reduced on the Au
electrode under the potential used for methylmercury detection. The
second method is the addition of SnCl, to reduce Hg?" in the presence of
CH3Hg" selectively. As shown earlier, SnCl, can only reduce Hg?* and
does not affect CHzHg". As shown in Fig. 9, both methods can eliminate
inorganic Hg?" effectively. Besides, the chemical interferences due to
metal ions of Cu?*, Cd?*, Pb?*, Bi®" and As®* on CH3Hg™ detection are
also examined (Fig. 10). Usually, changes in peak currents within the 5%
range are acceptable [46]. It can be found that the addition of metal ions
in multiple proportions does not change the analyte signal of CH3Hg ™"
more than 5%. Therefore, the metal ions common in natural water
samples do not interfere significantly with the signal of CHsHg™.

3.7. Evaluation of reproducibility and stability

The stability and reproducibility of the UT-gCN (3:1) modified Au
sensor for CH3Hg™" detection was also examined. Fig. 11(a) shows the
DPV responses of 10 ppb CHsHg" sample measured using five UT-gCN
(3:1) modified Au electrodes. The relative standard deviation of the

five-electrode experiments is 2.31% indicating good signal
1!:
(@) g
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reproducibility. Fig. 11(b) shows the DPV response of UT-gCN(3:1)
modified Au electrode in 10 ppb CH3Hg' solution measured in 5
consecutive days. The relative standard deviation is 3.61%. The Au
electrodes modified with UT-gCN(3:1) are robust to multiple pro-
ductions and repeated usage.

3.8. Natural water sample analysis

To assess possible interference from the matrix elements in natural
water, we collected two samples in Hu Bin pond (Hefei University of
Technology, China). We took one water sample at the water’s edge near
the teaching area and the other one at the water’s edge near the living
area, and the water quality data are shown in Table S2. DPV method
analyzed the methyl mercury in water samples with UT-gCN(3:1)
modified U electrode, and the data are shown in Table 2. Samples
were mixed in 0.1 M HAc-NaAc buffer (pH5) at a ratio of 1:9 before
electrochemical detection. In any sample, a signal corresponds to
CH3Hg " cannot be obtained, which indicates no pollution with CH3Hg™*
or Hg?". In a subsequent experiment, CHsHg' was added into the
diluted lake water samples at 5, 10, and 15 ppb. The CH3Hg" spiked
recoveries were measured, as shown in Table 2. In both samples, the
CH3Hg™ spiked recoveries and relative standard deviations are within
91.2-101.2% and 2.2%—3.8%, respectively (Table 2). The data show the
new method of CH3Hg ™ detection is not affected by the matrix constit-
uents in natural water samples. The new CH3Hg ™ method can efficiently
be used in methylmercury monitoring of environmental samples [47].

4. Conclusions

We fabricated S-doped g-C3N4 with homotypic heterojunction using
urea and thiourea at a 3:1 ratio to modify the Au electrode for detection
of methylated mercury. The new electrochemical method of CHzHg™"
detection uses differential pulse voltammetry. It is robust and possesses
excellent reproducibility. The chemical interference from cu?t, cd?t,
Pb%*, Bi®* and As®* for methylated mercury detection is negligible in
our method. The spiked recoveries of methylated mercury in natural
water samples are between 91.2% and 101.2% with 2.2%—3.8% relative
standard deviation (RSD). The newly developed UT-gCN (3:1) sensor has
the potential application in the determination of methylated mercury in
environmental samples.
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