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Abstract:

Herein the sulfur/nitrogen contained groups, segviras the “hooks” for
electrochemical determination of Hg(ll), were asbtad on the reduced graphene
oxide (hereafter SN-rGO) via a one-step facile bglermal method. The thiourea
acts as a precursor for sulfur/nitrogen doping goattial reduction of graphene oxide.
The SN-rGO was used to modify the glassy carborctrete (GCE) for
electrochemical detection of Hg(ll) by square waredic stripping voltammetry
(SWASV). The sulfur/nitrogen doping significanthproves the Hg(ll) complexation
by SN-rGO due to the creation of multifunctionabgps on the graphene nanosheet.
The SN-rGO modified electrode has excellent seigitf20.48uAjuM) and limit of
detection (LOD 8.93 nM) for Hg(ll) detection. Thewly developed Hg(ll) sensing
electrode possesses minimal interference for otbes typically found in natural
waters. Therefore, it can be used for routine wagality monitoring. The fabrication
of the SN-rGO electrode is rapid and low cost; legnicoffers a potential platform for

environmental monitoring of toxic metal ions.

Key Words:
Reduced graphene oxide; Sulfur/nitrogen doping¢tEdehemical detection; Mercury

ions; Thiourea
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1. Introduction

Mercury is a neurotoxic, carcinogenic, mutagenitj &eratogenic element that
has complex chemistry in the environment [1]. Hg($l the most stable soft Lewis
acid that can readily complex with S-containingahds and undergoes methylation
forming extremely toxic dimethylmercury complexeg, [3]. To control global
mercury emissions, 140 countries signed the Minan@nvention on Mercury [4].
Further, most of the mercury accumulated in fisd biota is stemmed from natural
water. US EPA designates mercury as a primary ogngnt with a maximum
contaminant limit (MCL) is 2ug/L in drinking water [5]. Therefore, the developme
of rapid and low-cost methods for trace detectibmercury species in water is a
research priority.

To date, many analytical techniques are availabtetife detection of traces of
mercury such as atomic absorption spectrometryff]yctively coupled plasma mass
spectrometry[7], X-ray fluorescence spectrometry], [&and enzyme-linked
immunosorbent assay (ELISA) [9]. Although these hods are robust, reliable, and
accurate, most of them are not suited for in sdétection of Hg(ll). They are also
costly and time-intensive that require skilled @tiens, which limit the applications
in routine monitoring programs. On the contrarg tlectroanalytical methods offer
an attractive alternative due to their excellemts#tevity, selectivity, low capital cost,
portability, and easy operations for metal ionsedbdn in environmentally relevant
concentrations[10-13] . In this context, the squaase anodic stripping voltammetry
(SWASV) is particularly powerful for trace detectiof mercury ions due to its high
speed, enhanced sensitivity and inertness to @msdopases as A14]. Recently
nanocomposite modified sensors have gained attentioe to their excellent

analytical performance and robustness in detedteayy metal ions as Hg(ll) under
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SWASV mode [15, 16].

Graphene-based nanocomposite modified electrodes Wwalely been used for
the detection of mercury ions at trace levels [1]-2Zou et al.[17] used
piperazine-grafted reduced graphene oxide modifbsy carbon electrode for
efficient detection of Hg(ll), which shows a widedar range from 0.4-12 000 nM
with a low detection of 0.2 nM. Gong et al.[18] oefed monodispersed graphene
decorated Au nanoparticles as an electrochemicelosdor ultra-sensitive stripping
voltammetric detection of mercury ions. The Au-drape nanocomposite facilitates
efficient electron transfer which results in Hg) @dletection with high sensitivity, i.e.,
708.3uA/ppb with LOD as low as 6 ppt. Previously we pnega[19], nitrogen-doped
reduced graphene oxide/Mp@anocomposites for the detection of mercury ions.
Nitrogen-doped graphene plays a dual role: it iases the relative density of active
sites on the electrode surface; it also serves sgbatrate for Mn@loading. The
synergy between the two processes resulted in hlyhigelective substrate for
mercuric ion detection with excellent sensitivif2(16 nA/uM) and LOD (0.0414
nM). Zhao et al.[20] prepared nanocomposites coimgipolypyrrole and reduced
graphene oxide for electrochemical detection ofvizemetal ions based on the
“selective adsorption toward toxic metal ions resuh selective response” strategy.
The introduction of active groups of nitrogen-camitag elements into the composite
greatly improved the electrochemical selectivity mercury ions and excellent
sensitivity (124 pA/uM), and limits of detection, LOD (15 nM) were obtad.
Doping with foreign ions is effective to modify gieene with enhanced the
performance for sensor applications.

It is also noted that hetero sulfur (S), nitrogdh functionalized nanomaterials

have shown a high affinity to mercury ions [22-268jue to the high affinity of
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mercury ions on N and S sites on 2,4,6-trimercajiahe (TMT), TMT incorporated
Au nanocomposite modified electrodes were used tface detection of metal
ions[24]. Zhou et al.[27] reported a sensitive aatictive electrochemical method for
mercury ions detection by functionalizing graphen&le with cysteine. The material
selectively interacted with Hg(ll) due to the pnese of many -SH (mercapto) groups
on graphene. Thiourea contains sulfur and nitragenps vital for the fabrication of
new materials with a high affinity for metal ion©n several occasions, the
thiourea-based new materials were used as anegffieidsorbent for the removal of
mercury ions from the aqueous solutions [28, 29] metal ions pre-concentration on
the electrode surface as required in strippingtelebemical analysis [30, 31].

Based on the above enlightenment, we fabricateahagomposite via a one-step
facile hydrothermal method for electrochemical Hyg(ldetection, namely
sulfur/nitrogen-doped reduced graphene oxide,zirdi graphene oxide and thiourea
as starting materials. The sulfur/nitrogen contaigeoups serve as the “hooks” for
Hg(ll). The nanocomposite was extensively charadr by scanning/transmission
electron microscopy, Xx-ray photon spectroscopy, &anand Fourier transform
infrared spectroscopic methods. The well-charagtdri nanocomposite was
incorporated into a glassy carbon electrode elebtmical sensor for trace
determination of mercury ions by SWASV. The perfante of the modified GCE
sensor was optimized to background electrolyte, gposition potential, and time.
The chemical interference from the matrix elemerdsnmonly found in natural
waters for Hg (II) detection was also evaluatede $tability of the SN-rGO SCE for
repeated used for Hg (ll) detection was also exatifrinally, the newly developed

GCE modified sensor was used for mercuric ionsatiete spiked in natural waters.
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2. Experimental
2.1. Chemicals and reagents

All chemicals were analytical grade and used asived. 0.1 M acetate buffer
solution (ABS) for different pH was prepared by mix0.1M NaAc and 0.1M HAc
solutions in varying proportions. 0.1 M phosphatéfdr solution (PBS) was prepared
by mixing 0.1 M KHPO, and 0.1 M NgHPQO, solutions. Sodium carbonate buffer
solution (NaCOs;-NaHCQ;) of 0.1 M was prepared by mixing a stock solutodr0.1
M sodium carbonate and sodium bicarbonate. Therw@a&2 M2 cm) used was
purified with the NANOpure Diamond UV water system.

2.2. Methods

All electrochemical measurements were carried @utgua computer-controlled
potentiostat (CHI 660D CHI Instruments Co., Shamgl@&hina). A conventional
three-electrode configuration was used: workingctebele - a bare or modified
electrode, reference electrode - Ag/AgCl/K&alaeq€lectrode, and counter electrode -
Pt wire. The morphology of the nanomaterials wasestigated by field-emission
scanning electron microscopy (SEM, Quanta 200 FBImgany, USA) and
transmission electron microscopy (JEM-2100, Japaundface elemental composition
and chemical oxidation states were determined bgyXphotoelectron spectroscopy
(XPS) using an Mg Ka X-ray source (1253.6 eV, 12paWa constant analyzer (VG
ESCALAB MKII, USA).

The structure of characteristic of the samples waralyzed using a Fourier
transform infrared (FTIR) spectrometer (Nicolet &ermo Nicolet Co., USA) in the
specular transmission mode, the spectra were &chinrthe range 500-4000 &m
KBr was used after dryness under the infrared laiimp,mass proportion of sample

material and KBr was 1:100, and the mixture wasugdofully in a mortar. Raman
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spectra were obtained with a laser excitation oflaser at a wavelength of 532 nm

(LabRAM HR800 HORIBA Jobin Yvon, FR).

2.3. Preparation of functionalized SN-rGO nanostrutures

Graphene oxide was first synthesized by the matlil@mmers’ method [32].
The graphene-thiourea composite was synthesized bydrothermal method, as
shown below. A 40 mg graphene oxide powder was aigfiersed in 80 mL deionized
water and ultrasonicated for 30 min. To examineinfleence of different content of
thiourea doped into the graphene on the electroat@nalysis of Hg(ll), 1-4 mmol
thiourea was added into the suspension and stivedld The mixture was transferred

into a Teflon-lined autoclave (100 mL capacity) drehted at 180 in an oven for

12 h and then cooled to ambient room temperature.r&sultant black color material

was washed with deionized water several times amed cat 60Cfor 24 h. The

sulfur/nitrogen-doped graphene samples with diffemntents of thiourea precursor
are labeled as SN-rGO-x (x represents the amouititi@irea (mmol) added into the
suspension, x=1, 2, 3, 4.). As a control, reduaegbltene oxide (rGO) was prepared
under the same conditions without adding thioufHae glassy carbon electrodes
modified with SN-rGO-x were used to determine maximstripping current for 0.1

uM Hg (I). Out of the SN-rGO-x GCE electrodes us&iN-rGO-2 GCE showed

maximum stripping current for Hg (II) (Shown in Eig@ S3). We used SN-rGO-2

(hereafter referred SN-rGO) for all subsequentistud

2.4. Preparation of modified electrodes and measungent procedures
Before modification, the bare GCE with a diamete2anm was sequentially

polished with 1.Qum, 0.3um and 0.05um alumina powder slurries to yield a shiny
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surface, and then successively sonicated with 1NO# solution, ethanol and
deionized water for 2 min to remove any contamigdmm the electrode surface.
The SN-rGO has dissolved in N, N-dimethyl formam{@®F) and sonicated for 30
min to yield a homogeneous suspension. An apprepaaount of the suspension
was pipetted onto the freshly polished GCE surfand dried under a nitrogen
atmosphere. For a comparison, rGO modified GCEalss prepared. The surface of
the modified electrode was regenerated by polishefgre the next measurement.
The square wave anode stripping voltammetry (SWABM}Ihod was used to
analyze Hg(ll) in 10 mL 0.1 M ABS pH 5.00 bufferh@ Hg(ll) deposition was
carried out at -1.0 V applied potential for 150nsler stirring. The SWASV signal was
recorded between -0.2 V and -0.8 V with 4 mV stgfsmV amplitude, and 15 Hz

frequency without stirring. All experiments wereroad out at ambient conditions.

2.5. Hg(ll) adsorption measurements

Typically, 30 mg rGO and SN-rGO were mixed wghmL 100uM Hg(ll) in
deionized water. These two mixed solutions werecsted for 30 min. and waited for
5 h. The Hg(ll) sorbed rGO and SN-rGO samples weashed several times with

deionized water and vacuum dried overnight for XdR8lysis.

3. Results and discussion
3.1. Characterization of rGO and SN-rGO

Figures 1 show transmission electron microscopyMYEmages and EDX
elemental distribution maps of rGO and SN-rGO. Asven in Figure 1 (a), the
SN-rGO consists of smooth flat thin sheets with lkmainkles at the edges. The

average composition of SN-rGO contains a C: O: Satdinic ratio of 90.95: 7.22:
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1.00: 0.83. The uniform pattern of C, O, S and HNitribution maps confirm that

sulfur- and nitrogen- groups are successfully fiometlized onto rGO.

Figure 1. (a) TEM images of the synthesized SN-rGQ@he inset is EDS analysis of
SN-rGO. The EDS mapping of C (c), O (d), S (e), and (f). Selected area for
elemental mapping (b).

The rGO and SN-rGO samples were also charactebydgaman spectroscopy,
infrared spectroscopy (FTIR) and x-ray photon spscopy (XPS). Figure 2(a)
shows a representative Raman spectrum of rGO ands&Nused. The characteristic

broad D (1352 ci) and G bands (1593 ¢hhare present in both samples. The degree

of graphene disorder depends on the D and G bantéssity ratio, i.e.(;—D). The
G

(;—D) ratios for rGO and SN-rGO were 1.01 and 1.11,eeyely. Thiourea treatment

G

on graphene i.e. SN-rGO shows higher defects dewsién compared to rGO. Figure
2. (b) shows the infrared spectra of GO, rGO, aNarGO samples. In all samples,

the band at 3409 chis ascribed to stretching vibrations of hydroxybagps. The
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band at 1620 cthis due to skeletal vibrations of un-oxidized grigipitdomains. The
C=0 deformations of -COOH are shown at 1734'cifhe bands at 1382 and 1070
cm’ correspond to C-O-H deformation and C-O stretchiifiations, respectively.
The spectrum of rGO retains bands at O-H (3425)¢i@8=0 (1710 cnf) and C=C
(1580 cm-1) which indicates G® rGO partial reduction. Thiourea is a strong
reductant for GO [33]. Therefore when compared 10, Ghe band intensities of
SN-rGO at 3410 (O-H) and 1100 (C-O) ¢iim SN-rGO have decreased dramatically
[33]. Besides, in SN-rGO the bands at 1698 “cand 1640 cm confirm the
presence of —CO-S and —CO-N- groups [34]. Therefargared data confirm

chemically grafted sulfur- and nitrogen- groupsrG®.

(a) . (b)
= G 3410 1100
f a | SN-1GO o co
g A N
- S <\
> - 1698 1640
© / o) -CO-8- _CON-
T | SNrGO o I/1;=1.11 o ;
2 e o R % 3425 g
@ G £ |re0 o o Nuswo
o = Sl c=0 c=Cc
= -
c I\ ] ? | Go - L N ~
- / / s A ~ NN~/ O\
/) © "\ 3400 p (VA
/ -/ = \O-H ~ 1734 AN
GO / \ =101 \V C=0 1620 Cnoai 1070
—«—-M,V/ NN c=c O o
T : - . T T T T T T T T
600 1200 1800 2400 4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber (cm™) Wavenumber / (cm™)

Figure 2. (a)Raman spectra of rGO and SN-rGO, (b)FIR spectra of GO, rGO
and SN-rGO.

To further confirm the chemical nature of the neatenials, X-ray photoelectron
spectroscopy (XPS) analysis was performed. Theegusgan of SN-rGO (Figure 3a)
shows the identical elemental composition with EI2$. The S and N contents were
2.01 and 1.71 atom%, respectively, which indic#ites a relatively large amount of S
and N atoms was doped into SN-rGO. The high-remniuXPS spectrum of Cl1s in
SN-rGO (Figure 3b) can be de-convoluted into sdwwngle peaks: C-C(284.75 eV),
C-OH(285.32 eV), C=0(286.18 eV), COOH(287.85 e\JS (283.90 eV) [35] and

C-N-C (286.59 eV) [36], which further confirm th& and N are doped into the
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graphene sheets. All of the high-resolution S Zgkpef SN-rGO were fitted to three
components centered at approximately 164, 165,188dV, respectively (Figure 3.c).
The former two peaks correspond to $,28-1) and S 2ip(S-3) positions derived
from spin—orbit splitting of thiophenic sulfur atenmincorporated into the carbon
framework. The last peak (S-2) indicates oxidatérsulfur[37]. On the other hand,
in high-resolution XPS spectra, N 1s also resolngnlthree peaks centered at 398.79,
400.03 and 401.10 eV correspond to pyridinic nero@N-2), pyrrolic nitrogen (N-1)
and graphitic nitrogen (N-3), respectively [38].

The C 1s core XPS spectrum of GO nanosheets (F&Libg can be resolved into
five peaks with binding energies (BEs) at about.283284.86, 286.80, 287.23, and
288.61 eV due to $ghybridized carbon, Sghybridized carbon, C-O, C=0, and
O-C=0 species, respectively [39]. For rGO (Figurzb)s the oxygen-containing

groups (COOH, C=0, and C-OH) decreased upon thectieth of graphene oxide.

(a) (b)
(&3 y C-C
C 84.19% /
O 12.09% /
— S 2.01% =
B! N 1.71% z
S o =
_2; =
= (2]
(7]
e 5
2 A £ A o
= o I W COOH c=0 |4
! ‘ NG 1 /| c-sc
s N a8
800 600 400 200 0 296 292 288 284 280
Binding Energy (eV) Binding Energy (eV)
(c) (d)
) _ A
- \ S ‘
© y \(_‘; \ Pyrrolic N
— s-3 N > Graphitic N
. s-2 \ [ 7 \ A Pyridinic N
c Y \/ c \ ~
) \ ko) , \
£ v/ | E /N I
- / N/ / A
,/‘ A4 . /\,'/ X \
=L\ \\?\w‘ A SN DAY
174 171 168 165 162 159 156 411 408 405 402 399 396 393
Binding Energy (eV) Binding Energy (eV)

Figure 3. XPS spectra (a) high-resolution C1s speet(b), S2p(c), and N1s (d) of
SN-rGO.

3.2. Electrochemical characterization of SN-rGO
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Cyclic voltammetry (CV) and electrochemical spestapy (EIS) were used to
characterize the electrochemical performance ofrG®-modified GCE (hereafter
SN-rGO GCE), which can show explicit informationoab electron transfer kinetics
of the redox couples. The SN-rGO GCE charactednatvas performed in 5 mM
Fe(CNy)*™ and 0.1 M KCI solutions. As shown in Figure 4(2 &inode and cathode

currents peaks of the SN-rGO modified electrodehagber than that of rGO.

(@) GCE (b)400_ = GCE |
60 SN-rGO /N ®— SN-rGO| A
GO | AN A—1GO A
— A
304 AR 300 py S
<:L \\ ) e Ay
- — = S Ao o
= 0 / e S o
c / o A
3 S200 .
-
30 = / N Fa
N 1004
60
04
-90 T T T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0 200 400 600 800 1000
Potential / V Z'/ ohm

Figure 4. The CV (a) and EIS (b) measured with barerGO and SN-rGO

nanomaterial modified GCE in the solution of 5mM FECNg)*'™*

KCI.

containing 0.1M

EIS data are used to resolve the interfacial psEsef rGO and SN-rGO
modified electrodes. As in Figure 4b, a semi-cirahel a linear portion in a typical
Nyquist plot correspond to the electron transfeistance (&) and diffusion-limited
processes respectively. The equivalent electricatit was used to fit the EIS data
(Figure S5). As in Figure 4 (b), for bare GCE snsalini-circle implies a low electron
transfer resistance of the redox couple (Tabletl&lR: of GCE ~95.58). When the
GCE is modified with SN-rGO or rGO, the correspogdR.; values are 354.Q and
796.1Q, respectively. We used a hydrothermal method boidate rGO. Therefore,
the degree of GO reduction is not high, which rssul an increase ofRn rGO. In
SN-rGO, the oxygen-containing functional groups rdased with commitment

reduction of R; value. In all cases, the CV and EIS diagrams dD r&l SN-rGO
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matched perfectly.

Bare GCE, rGO, and SN-rGO GCE were chosen to deterthe efficacy of
electrodes to determine Hg(ll) under SWASV mode.sAswn in Figure 5 (a), the
stripping currents of 1M Hg(ll) in 0.1M acetate buffer (pH=5.0) were estitad
using bare, rGO, and SN-rGO GCE electrodes. Thapstg current at three types of
electrodes varies in order: bare GCE < rGO < SN-RG&kerefore, SN-rGO GCE
shows excellent electrochemical performance forllHdétection when compared to
rGO or bare GCE. As discussed in an earlier sectima SN-rGO contains a high
proportion of S- and N- groups that readily cheldtgll) enhancing electrochemical

performance.

3.3. Optimization of Hg(Il) detection

To estimate the best experimental parameters fdil)Hdetection, SN-rGO
modified GCE was used by SWASV to optimize to fallog parameters: supporting
electrolyte, solution pH, deposition potential aime. The efficiency of stripping
responses of SN-rGO/GCE for 1uM Hg(ll) was examined using three electrolytes:
viz. 0.1 M NaAc-HAc, PBS, and NG@Os;-NaHCGQ; buffer solutions. Always the
system pH was at 5.0. The depositional potentidltame were set at -1.0 V and 150 s,
respectively. When compared to PBS or@l@;-NaHCG; buffers, 1.0uM Hg(ll) in
0.1 M NaAc-HAc shows the highest stripping currefitherefore, the 0.1M
NaAc-HAc buffer system was used for further analysi

The effect of stripping current for Hg(ll) detectizvas examined as a function of
solution pH. A series of 1.0M Hg(ll) solutions were prepared in 0.1 M NaAc-HAc
at pre-defined pH values. Pre-defined pH valuehetuffer solutions were achieved

by mixing 0.1 M NaAc and 0.1M HAc in different progtions. The stripping current
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for 1.0uM Hg(ll) in NaAc-HAc was measured with SN-RGO maekif GCE sensor.
For this particular system, the stripping currenpptimal between pH 4.0 and 6.0.
Our data are in agreement with published data wHeg(#l) detection was carried out
with N-rGO /MnG, modified GCE [40]. When pH > 6, Hg(ll) tends todnglyze,
thus reduces the sensitivity of the GCE; when pH, ssurface destruction of the
electrode is noted. Around pH 5.0 Hg(ll) strippiagrrent is optimal detection for

SN-rGO modified GCE sensor.

=

a
( ) NaAc-HAc
124 I PBS
NaCO,-NaHCO,

©
n
-

©
N\

Current / yA
Y

Current / pA

02 00 02 04 06 08 3 4 5 6
Potential / V PH

Current / A
Vi
Current / pA

e

/i/

S

o]
1

09 08 07 60 9 120 150 180 210

-1'.2 -1'.1 -1.0 ? aas "
Potential / V Deposition Time /' s

Figure 5. Optimization of experimental parameters ér Hg (Il) detection.
Variation of (a) applied potential vs. stripping curent measured in the different
supporting electrolyte; (b) pH vs. striping current measured in 0.1M NaAc-HAc;
(c) deposition potential with stripping current in 0.1M NaAc-HAc at pH 5.0; and
(d) deposition time vs. stripping current in 0.1M HAc-NaAC at pH 5.0. on the
electrochemical responses of the SN-rGO nanomatetienodified GCE was used
by SWASYV using 1.0uM Hg(ll).

Optimal deposition potential for the SN-rGO GCEteys was examined in 1.0
uM Hg(ll) at pH=5 in NaAc-HAc buffer solutions. Thgotential at the modified GCE

was changed between -1.2 and -0.7 V, and the seatdtshown in Figure 5c. When
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the deposition potential shifts from -1.0 to -0.7 the stripping current reduced
markedly due to the low adsorption of Hg(ll). Atteemely negative potentials, the
evolution of B is observed [40]. The Hpoisons the electrode surface materials,
which may hinder Hg(ll) reduction. The optimal Hy@deposition potential of -1.0 V
was chosen.

The optimal deposition time on modified GCE waaraied in 1.QuM Hg(ll)
at pH 5 with 0.1 M NaAC-HAc. The deposition timerieal between 60 and 210 s. As
shown in Figure 5 (d) the stripping current raisesarly with the extent of deposition
time, reaching a plateau around 150 s. The 150p®siteon time was chosen.
According to the data so far presented, the folhgnoptimal experimental conditions
were used: pH 5 0.1 M NaAc-HAc, deposition time X,Gand deposition potential

-1.0 V.

3.4.Electrochemical detection of Hg(ll) with SN-rGO/GCE
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| Y=20.48X-11.81
24+ R?=0.999
< 18
18 I
= = 124
g 124 g i
O -
O 6
6- §
04
0— T T T T T
02 00 0.2 0.4 0.6 0.8 0.6 0.9 1.2 15 1.8
Potential / V Conc. /uM

Figure 6. SWASYV response (a) and the correspondirgglibration plot (b) of the
SN-rGO modified GCE toward Hg(ll)

A Hg(ll) detection method was developed with SN-r@&0dified GCE electrode
using SWASYV in the 0.6-1M concentration range. The resultant calibratiornveu
plotted with current(A) vs. Hg(ll) concentration is shown in Figure éhieh shows

a high correlation coefficient of 0.999. The ca#tat limit of detection (LOD) of



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

Hg(ll) was 8.93 nM at a signal to noise ratio 3 (@ethod). Table S2 shows a
summary of data reported for Hg(ll) detection watther modified electrode—buffer
systems. The SN-rGO modified GCE offers better tesnhen compared to other
methods. The sensitivity and the LOD values of 8NrrGO system are 20.48/uM

and 8.93nM for Hg(ll) detection under SWASV mode.

3.5. Possible mechanism of adsorption towards Hgjll
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Figure 7. (a) XPS survey of SN-rGO before adsorptivand after adsorption.
(b)The comparison of SN-rGO and rGO in the adsorpon of Hg(ll). The inset is
the mercury atomic ratio of rGO-Hg(ll) and SN-rGO-H g(Il)

The mode of Hg(ll) retention on the SN-rGO GCE scef was examined by
XPS. The XPS spectrums of SN-rGO (black curve) @NekrGO — Hg(ll) (red curve)
are shown in Figure 7(a). The appearance of a cteaistic band at Hg4f confirms
the presence of mercury on the SN-rGO surface. rélaive affinity of Hg(ll) on

rGO and SN-rGO was also examined (Figure 7(b)). imtensity of the Hg 4f, peak
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in SN-rGO is higher than the rGO signal, which iirepla strong affinity of Hg(ll) on
SN-rGO sites. Both in SN-rGO and rGO the Hg 4f peak101.10 and 105.20 eV,
101.20 and 105.30 eV are observed. However, in pig@QOs), only the peaks at
101.30 and 105.40eV are shown. When compared tq i&SN-rGO, the peak at
101.20 eV shifts into a negative direction by OM, #hich indicates chemical
interactions of Hg(ll) with SN-rGO sites produciaggong electrochemical signals on
SN-rGO GCE. The Hg atomic composition on SN-rGQA320) is higher than rGO
(1.04%) which indicates enhanced electrochemic@igcon SN-rGO GCE (Figure
S3 for details).

The high-resolution S 2p and N 1s spectra of therG8 sample before and
after Hg(ll) adsorption were also measured. In F@go(c), S 2p could be classified
into three major peaks before Hg(ll) adsorptiord #re de-convoluted peaks of the S
2p spectrum at 164.02 and 164.86 eV after adsorpgim be assigned to §mand S
p12 of thiophene sulfur, respectively, and peaks &6 and 170.28 eV are related
with S 2p electrons in C-SQgroups, respectively. The new peak at 162.99 é&f af
the adsorption of Hg(ll) could be assigned to Hgpéfectron in C-S- - -Hg[41]. Figure
7(d) shows the high-resolution XPS N 1s spectrumthaf sample after Hg(ll)
adsorption, and N 1s is resolved into three pe&k398.89, 403.06 and 406.33 eV.
The peak at 399.89 V corresponding to —NH-; thekped 403.06 and 406.33 V
related with N-O. The N 1s peaks change significantly upon Hg(Hdsaption,
which demonstrates that the adsorption occurred-NR— derived sites, which
implied N-Hg multiple bond formation [42]. Our daskow that Hg(ll) has strong
chemical interactions with the sulfur and nitroggerived sites on SN-rGO, which

shows “hooking” effects.
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3.6. Chemical Interference with other cations

The interfering effect of Cd, PF" and C@" on Hg(ll) by SN-rGO modified
GCE sensor was examined. The concentration of Hg@d interfering metal ions
was kept at a 1:2 ratio either in single or muétigidditions of foreign metal ions
(hereafter single element mode and multiple elementde respectively). As in
Figure 8, in single element mode experiments, ffeeteof Cd* on the Hg(ll) signal
is not significant; Cti reduces the Hg(ll) to some extent. However, inpiesence of
PK* in solution, the Hg(ll) peak increased signifidgntvhich is ascribed to the
mutual promotion of adsorbed metal ions at theragian. The behavior of G Cu**
and PB* with the Hg(ll) is different. Conversely, in thelative intensities of C4,
Cu?*and PB* increased in the presence of Hg(ll), due to tmegion of thin Hg film
on the electrode surface. To enhance the detelatniis of heavy metal ions, Hg film
or Hg-based electrodes are used widely in electimatal trace analysis. However,
the methods based on Hg often impart a serioug@miental concern [43-46]. The
effect of Hg(ll) signal in the simultaneous presewnt other ions are shown in Figure
8(d). When compared to single element mode dataHill) signal decreased to
some extent in multi-elements mode experiments tdupossible formation of Hg
amalgams, and the mutual competition of metal mite Hg(ll) for limited active
sites on the modified electrode surface. However, Hg(ll) peak shape, sensitivity,
and selectivity remain excellent regardless of ititerfering heavy metal ions (The

linear fitting data are shown in Figure S4).
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Figure 8. SWASYV responses of the SN-rGO/GCE towarddg(ll) over a series of
concentration range when adding (a) 0jgM Cd?*, (b) 0.5uM Pb*, (c) 0.5uM
Cu?*, and (d)0.1uM Cd?*, Pb**, Cu?*, simultaneously.

Additionally, bismuth ion (Bf") was used for interference tests with similar
electrochemical characteristics to Hg(ll). It canfbund that SN-rGO/GCE still has
good sensitivity (20.48A/uM) when a certain amount of Biwas added (shown in
Figure S5). This demonstrates that the SN-rGO nemtiGCE possesses excellent
anti-interference performance, which might be lattieéd to the complexation between

Hg(ll) and sulfur/nitrogen active sites.

3.7. Stability and reproducibility

The stability of SN-rGO modified GCE was examineader the optimized
conditions. Here, detection of 1, Hg(ll) was carried out in twelve cycles using
the same SN-rGO GCE. From Figure 9a, there arebnmuas changes in stripping

currents during repeated measurements (relativelatd deviation (RSD) 2.16%). In



416

417

418

419

420

421

422
423

424

425

426

427

428

429

430

431

432

433

434

435

436

addition, the reproducibility measurements wereiedrout for 1.0M Hg(ll) using
six SN-rGO electrodes (No. E1-E6), and the SWAS3pomse was shown in Figure
9b RSD 3.25%, was lower than 5%, which indicatesebant reproducibility. The
SN-rGO/GCE exerts superb stability and reprodugybiivhich has a potential for
application of Hg(ll) detection in environmentaladysis.
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Figure 9. Stability and reproducibility of Hg(ll) by SN-rGO GCE (a) SWASV
responses of the SN-rGO/GCE to 1.4M Hg(ll) during twelve successive cycles.
(b) SWASV responses to 1.A4M Hg(ll) measured with six SN-rGO GCE
3.8. Real sample analysis

To assess the validity of our SN-rGO GCE sensof]IHdetection was carried
out using natural lake water samples collected fitdubing Tang water in Hefei
University of Technology, Hefei City, Anhui ProviecChina. The water sample was
buffered to pH 5.0 with 0.1M NaAc-HAc. Direct scamyp of the lake water sample
found no detectable Hg(ll) species. Spiked Hg(dih@entrations were from Ul to
1.0uM (Shown in Figure S6). Recovery experiments wenegied out spiking Hg(ll)
into the lake water. As in Table 1, the spike rex@s of Hg(ll) are excellent, i.e.,
96.7 — 102.7 %. The relative standard deviationQ)R& the results are in between
0.836 to 1.813 %. The results indicate minimalrietence from the matrix in natural
water for the Hg(ll) detection, and the SN-rGO nfiedi GCE sensor can be used for

Hg(ll) detection in natural water samples with il sample preparations.
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Table 1. Determination of spiked Hg(ll) in the lake water sample using the
SN-rGO modified GCE (n=3).

Concentration
Sample Recovery (%) RSD (%)
Added (1M) Detected (M)

0.6 0.61595+0.00515 102.7 0.836

0.7 0.69350+0.01170 99.1 1.687

Lake water 0.8 0.77345+0.01385 96.7 1.791
0.9 0.87405+0.01585 97.1 1.813

1.0 0.99435+0.01385 99.4 1.392

4. Conclusions

We used thiourea to enhance the metals “hookingityabf reduced graphene
by one facile hydrothermal method. Our SN-rGO GGaws excellent properties for
trace detection of Hg(ll) ions with a sensitiviB0(48.A/uM) and a limit of detection
(8.93nM). The stability and data reproducibility tife S-rGO GCE for Hg(ll) at
repeated cycles is high. Our S-rGO GCE electrodesesi in the trace detection of
Hg(ll) in natural water samples. Extension of thepgmsed method for multi-element
detection protocols is in progress. The new elebtiemical sensor technology holds a

great promise for in situ trace detections of migtia$ in the water.
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Highlights:

S/N “hooks” were assembled on reduced GO(SN-rGQg @ one-step
hydrothermal method

SN-rGO modified GCE was used for electrochemicttcteon of Hg(ll)

Our sensor shows good sensitivity and anti-interfee performance

S/N groups enhance Hg(ll) complexation for its glethemical determination
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