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Abstract: 24 

Herein the sulfur/nitrogen contained groups, serving as the “hooks” for 25 

electrochemical determination of Hg(II), were assembled on the reduced graphene 26 

oxide (hereafter SN-rGO) via a one-step facile hydrothermal method. The thiourea 27 

acts as a precursor for sulfur/nitrogen doping and partial reduction of graphene oxide. 28 

The SN-rGO was used to modify the glassy carbon electrode (GCE) for 29 

electrochemical detection of Hg(II) by square wave anodic stripping voltammetry 30 

(SWASV). The sulfur/nitrogen doping significantly improves the Hg(II) complexation 31 

by SN-rGO due to the creation of multifunctional groups on the graphene nanosheet. 32 

The SN-rGO modified electrode has excellent sensitivity (20.48 µA/µM) and limit of 33 

detection (LOD 8.93 nM) for Hg(II) detection. The newly developed Hg(II) sensing 34 

electrode possesses minimal interference for other ions typically found in natural 35 

waters. Therefore, it can be used for routine water quality monitoring. The fabrication 36 

of the SN-rGO electrode is rapid and low cost; hence, it offers a potential platform for 37 

environmental monitoring of toxic metal ions. 38 

 39 
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1. Introduction  47 

Mercury is a neurotoxic, carcinogenic, mutagenic, and teratogenic element that 48 

has complex chemistry in the environment [1]. Hg(II) is the most stable soft Lewis 49 

acid that can readily complex with S-containing ligands and undergoes methylation 50 

forming extremely toxic dimethylmercury complexes [2, 3]. To control global 51 

mercury emissions, 140 countries signed the Minamata Convention on Mercury [4]. 52 

Further, most of the mercury accumulated in fish and biota is stemmed from natural 53 

water. US EPA designates mercury as a primary contaminant with a maximum 54 

contaminant limit (MCL) is 2 µg/L in drinking water [5]. Therefore, the development 55 

of rapid and low-cost methods for trace detection of mercury species in water is a 56 

research priority. 57 

To date, many analytical techniques are available for the detection of traces of 58 

mercury such as atomic absorption spectrometry[6], inductively coupled plasma mass 59 

spectrometry[7], X-ray fluorescence spectrometry [8], and enzyme-linked 60 

immunosorbent assay (ELISA) [9]. Although these methods are robust, reliable, and 61 

accurate, most of them are not suited for in situ detection of Hg(II). They are also 62 

costly and time-intensive that require skilled operations, which limit the applications 63 

in routine monitoring programs. On the contrary, the electroanalytical methods offer 64 

an attractive alternative due to their excellent sensitivity, selectivity, low capital cost, 65 

portability, and easy operations for metal ions detection in environmentally relevant 66 

concentrations[10-13] . In this context, the square wave anodic stripping voltammetry 67 

(SWASV) is particularly powerful for trace detection of mercury ions due to its high 68 

speed, enhanced sensitivity and inertness to dissolved gases as O2[14]. Recently 69 

nanocomposite modified sensors have gained attention due to their excellent 70 

analytical performance and robustness in detecting heavy metal ions as Hg(II) under 71 



SWASV mode [15, 16].  72 

Graphene-based nanocomposite modified electrodes have widely been used for 73 

the detection of mercury ions at trace levels [17-21]. Zou et al.[17] used 74 

piperazine-grafted reduced graphene oxide modified glassy carbon electrode for 75 

efficient detection of Hg(II), which shows a wide linear range from 0.4-12 000 nM 76 

with a low detection of 0.2 nM. Gong et al.[18] reported monodispersed graphene 77 

decorated Au nanoparticles as an electrochemical sensor for ultra-sensitive stripping 78 

voltammetric detection of mercury ions. The Au-graphene nanocomposite facilitates 79 

efficient electron transfer which results in Hg (II) detection with high sensitivity, i.e., 80 

708.3 µA/ppb with LOD as low as 6 ppt. Previously we prepared [19], nitrogen-doped 81 

reduced graphene oxide/MnO2 nanocomposites for the detection of mercury ions. 82 

Nitrogen-doped graphene plays a dual role: it increases the relative density of active 83 

sites on the electrode surface; it also serves as a substrate for MnO2 loading. The 84 

synergy between the two processes resulted in a highly selective substrate for 85 

mercuric ion detection with excellent sensitivity (72.16 µA/µM) and LOD (0.0414 86 

nM). Zhao et al.[20] prepared nanocomposites containing polypyrrole and reduced 87 

graphene oxide for electrochemical detection of heavy metal ions based on the 88 

“selective adsorption toward toxic metal ions results in selective response” strategy. 89 

The introduction of active groups of nitrogen-containing elements into the composite 90 

greatly improved the electrochemical selectivity of mercury ions and excellent 91 

sensitivity (124 µA/µM), and limits of detection, LOD (15 nM) were obtained. 92 

Doping with foreign ions is effective to modify graphene with enhanced the 93 

performance for sensor applications. 94 

It is also noted that hetero sulfur (S), nitrogen (N) functionalized nanomaterials 95 

have shown a high affinity to mercury ions [22-26]. Due to the high affinity of 96 



mercury ions on N and S sites on 2,4,6-trimercaptotriazine (TMT), TMT incorporated 97 

Au nanocomposite modified electrodes were used for trace detection of metal 98 

ions[24]. Zhou et al.[27] reported a sensitive and selective electrochemical method for 99 

mercury ions detection by functionalizing graphene oxide with cysteine. The material 100 

selectively interacted with Hg(II) due to the presence of many -SH (mercapto) groups 101 

on graphene. Thiourea contains sulfur and nitrogen groups vital for the fabrication of 102 

new materials with a high affinity for metal ions. On several occasions, the 103 

thiourea-based new materials were used as an efficient adsorbent for the removal of 104 

mercury ions from the aqueous solutions [28, 29] and metal ions pre-concentration on 105 

the electrode surface as required in stripping electrochemical analysis [30, 31].  106 

Based on the above enlightenment, we fabricated a nanocomposite via a one-step 107 

facile hydrothermal method for electrochemical Hg(II) detection, namely 108 

sulfur/nitrogen-doped reduced graphene oxide, utilizing graphene oxide and thiourea 109 

as starting materials. The sulfur/nitrogen contained groups serve as the “hooks” for 110 

Hg(II). The nanocomposite was extensively characterized by scanning/transmission 111 

electron microscopy, x-ray photon spectroscopy, Raman and Fourier transform 112 

infrared spectroscopic methods. The well-characterized nanocomposite was 113 

incorporated into a glassy carbon electrode electrochemical sensor for trace 114 

determination of mercury ions by SWASV. The performance of the modified GCE 115 

sensor was optimized to background electrolyte, pH, deposition potential, and time. 116 

The chemical interference from the matrix elements commonly found in natural 117 

waters for Hg (II) detection was also evaluated. The stability of the SN-rGO SCE for 118 

repeated used for Hg (II) detection was also examined. Finally, the newly developed 119 

GCE modified sensor was used for mercuric ions detection spiked in natural waters.  120 

 121 



2. Experimental  122 

2.1. Chemicals and reagents 123 

All chemicals were analytical grade and used as received. 0.1 M acetate buffer 124 

solution (ABS) for different pH was prepared by mixing 0.1M NaAc and 0.1M HAc 125 

solutions in varying proportions. 0.1 M phosphate buffer solution (PBS) was prepared 126 

by mixing 0.1 M KH2PO4 and 0.1 M Na2HPO4 solutions. Sodium carbonate buffer 127 

solution (Na2CO3-NaHCO3) of 0.1 M was prepared by mixing a stock solution of 0.1 128 

M sodium carbonate and sodium bicarbonate. The water (18.2 MΩ cm) used was 129 

purified with the NANOpure Diamond UV water system. 130 

2.2. Methods 131 

All electrochemical measurements were carried out using a computer-controlled 132 

potentiostat (CHI 660D CHI Instruments Co., Shanghai, China). A conventional 133 

three-electrode configuration was used: working electrode - a bare or modified 134 

electrode, reference electrode - Ag/AgCl/KClsaturated electrode, and counter electrode - 135 

Pt wire. The morphology of the nanomaterials was investigated by field-emission 136 

scanning electron microscopy (SEM, Quanta 200 FEI Company, USA) and 137 

transmission electron microscopy (JEM-2100, Japan). Surface elemental composition 138 

and chemical oxidation states were determined by X-ray photoelectron spectroscopy 139 

(XPS) using an Mg Ka X-ray source (1253.6 eV, 120 W) at a constant analyzer (VG 140 

ESCALAB MKII, USA). 141 

The structure of characteristic of the samples were analyzed using a Fourier 142 

transform infrared (FTIR) spectrometer (Nicolet 67, Thermo Nicolet Co., USA) in the 143 

specular transmission mode, the spectra were acquired in the range 500-4000 cm-1, 144 

KBr was used after dryness under the infrared lamp, the mass proportion of sample 145 

material and KBr was 1:100, and the mixture was ground fully in a mortar. Raman 146 



spectra were obtained with a laser excitation of Ar+ laser at a wavelength of 532 nm 147 

(LabRAM HR800 HORIBA Jobin Yvon, FR).  148 

 149 

2.3. Preparation of functionalized SN-rGO nanostructures 150 

Graphene oxide was first synthesized by the modified Hummers’ method [32]. 151 

The graphene-thiourea composite was synthesized by a hydrothermal method, as 152 

shown below. A 40 mg graphene oxide powder was well dispersed in 80 mL deionized 153 

water and ultrasonicated for 30 min. To examine the influence of different content of 154 

thiourea doped into the graphene on the electrochemical analysis of Hg(II), 1-4 mmol 155 

thiourea was added into the suspension and stirred well. The mixture was transferred 156 

into a Teflon-lined autoclave (100 mL capacity) and heated at 180℃ in an oven for 157 

12 h and then cooled to ambient room temperature. The resultant black color material 158 

was washed with deionized water several times and dried at 60℃for 24 h. The 159 

sulfur/nitrogen-doped graphene samples with different contents of thiourea precursor 160 

are labeled as SN-rGO-x (x represents the amount of thiourea (mmol) added into the 161 

suspension, x=1, 2, 3, 4.). As a control, reduced graphene oxide (rGO) was prepared 162 

under the same conditions without adding thiourea. The glassy carbon electrodes 163 

modified with SN-rGO-x were used to determine maximum stripping current for 0.1 164 

µM Hg (II). Out of the SN-rGO-x GCE electrodes used, SN-rGO-2 GCE showed 165 

maximum stripping current for Hg (II) (Shown in Figure S3). We used SN-rGO-2 166 

(hereafter referred SN-rGO) for all subsequent studies. 167 

 168 

2.4. Preparation of modified electrodes and measurement procedures 169 

Before modification, the bare GCE with a diameter of 2 mm was sequentially 170 

polished with 1.0 µm, 0.3 µm and 0.05 µm alumina powder slurries to yield a shiny 171 



surface, and then successively sonicated with 1:1 HNO3 solution, ethanol and 172 

deionized water for 2 min to remove any contaminants from the electrode surface. 173 

The SN-rGO has dissolved in N, N-dimethyl formamide (DMF) and sonicated for 30 174 

min to yield a homogeneous suspension. An appropriate amount of the suspension 175 

was pipetted onto the freshly polished GCE surface and dried under a nitrogen 176 

atmosphere. For a comparison, rGO modified GCE was also prepared. The surface of 177 

the modified electrode was regenerated by polishing before the next measurement. 178 

The square wave anode stripping voltammetry (SWASV) method was used to 179 

analyze Hg(II) in 10 mL 0.1 M ABS pH 5.00 buffer. The Hg(II) deposition was 180 

carried out at -1.0 V applied potential for 150 s under stirring. The SWASV signal was 181 

recorded between -0.2 V and -0.8 V with 4 mV steps, 25 mV amplitude, and 15 Hz 182 

frequency without stirring. All experiments were carried out at ambient conditions. 183 

 184 

2.5. Hg(II) adsorption measurements 185 

    Typically, 30 mg rGO and SN-rGO were mixed with 5 mL 100 µM Hg(II) in 186 

deionized water. These two mixed solutions were sonicated for 30 min. and waited for 187 

5 h. The Hg(II) sorbed rGO and SN-rGO samples were washed several times with 188 

deionized water and vacuum dried overnight for XPS analysis.   189 

 190 

3. Results and discussion 191 

3.1. Characterization of rGO and SN-rGO 192 

Figures 1 show transmission electron microscopy (TEM) images and EDX 193 

elemental distribution maps of rGO and SN-rGO. As shown in Figure 1 (a), the 194 

SN-rGO consists of smooth flat thin sheets with small wrinkles at the edges. The 195 

average composition of SN-rGO contains a C: O: S: N atomic ratio of 90.95: 7.22: 196 



1.00: 0.83. The uniform pattern of C, O, S and N distribution maps confirm that 197 

sulfur- and nitrogen- groups are successfully functionalized onto rGO.  198 

 199 

 200 

Figure 1. (a) TEM images of the synthesized SN-rGO, the inset is EDS analysis of 201 

SN-rGO. The EDS mapping of C (c), O (d), S (e), and N (f). Selected area for 202 

elemental mapping (b).  203 

The rGO and SN-rGO samples were also characterized by Raman spectroscopy, 204 

infrared spectroscopy (FTIR) and x-ray photon spectroscopy (XPS). Figure 2(a) 205 

shows a representative Raman spectrum of rGO and SN-rGO used. The characteristic 206 

broad D (1352 cm-1) and G bands (1593 cm-1) are present in both samples. The degree 207 

of graphene disorder depends on the D and G bands intensity ratio, i.e. ������. The 208 

������ ratios for rGO and SN-rGO were 1.01 and 1.11, respectively. Thiourea treatment 209 

on graphene i.e. SN-rGO shows higher defects density when compared to rGO. Figure 210 

2. (b) shows the infrared spectra of GO, rGO, and SN-rGO samples. In all samples, 211 

the band at 3409 cm-1 is ascribed to stretching vibrations of hydroxyl groups. The 212 



band at 1620 cm-1 is due to skeletal vibrations of un-oxidized graphitic domains. The 213 

C=O deformations of -COOH are shown at 1734 cm-1. The bands at 1382 and 1070 214 

cm-1 correspond to C-O-H deformation and C-O stretching vibrations, respectively. 215 

The spectrum of rGO retains bands at O-H (3425 cm-1), C=O (1710 cm-1) and C=C 216 

(1580 cm-1) which indicates GO� rGO partial reduction. Thiourea is a strong 217 

reductant for GO [33]. Therefore when compared to GO, the band intensities of 218 

SN-rGO at 3410 (O-H) and 1100 (C-O) cm-1 in SN-rGO have decreased dramatically 219 

[33]. Besides, in SN-rGO the bands at 1698  cm-1 and 1640 cm-1 confirm the 220 

presence of –CO-S and –CO-N- groups [34]. Therefore, infrared data confirm 221 

chemically grafted sulfur- and nitrogen- groups on rGO.  222 

 223 

Figure 2. (a)Raman spectra of rGO and SN-rGO, (b)FTIR spectra of GO, rGO 224 

and SN-rGO. 225 

To further confirm the chemical nature of the new materials, X-ray photoelectron 226 

spectroscopy (XPS) analysis was performed. The survey scan of SN-rGO (Figure 3a) 227 

shows the identical elemental composition with EDS data. The S and N contents were 228 

2.01 and 1.71 atom%, respectively, which indicates that a relatively large amount of S 229 

and N atoms was doped into SN-rGO. The high-resolution XPS spectrum of C1s in 230 

SN-rGO (Figure 3b) can be de-convoluted into several single peaks: C-C(284.75 eV), 231 

C-OH(285.32 eV), C=O(286.18 eV), COOH(287.85 eV), C-S-C (283.90 eV) [35] and 232 

C-N-C (286.59 eV) [36], which further confirm that S and N are doped into the 233 



graphene sheets. All of the high-resolution S 2p peaks of SN-rGO were fitted to three 234 

components centered at approximately 164, 165, and 168eV, respectively (Figure 3.c). 235 

The former two peaks correspond to S 2p3/2(S-1) and S 2p1/2(S-3) positions derived 236 

from spin−orbit splitting of thiophenic sulfur atoms incorporated into the carbon 237 

framework. The last peak (S-2) indicates oxidation of sulfur[37]. On the other hand, 238 

in high-resolution XPS spectra, N 1s also resolved into three peaks centered at 398.79, 239 

400.03 and 401.10 eV correspond to pyridinic nitrogen (N-2), pyrrolic nitrogen (N-1) 240 

and graphitic nitrogen (N-3), respectively [38]. 241 

The C 1s core XPS spectrum of GO nanosheets (Figure S1b) can be resolved into 242 

five peaks with binding energies (BEs) at about 283.93, 284.86, 286.80, 287.23, and 243 

288.61 eV due to sp2-hybridized carbon, sp3-hybridized carbon, C-O, C=O, and 244 

O-C=O species, respectively [39]. For rGO (Figure S2b), the oxygen-containing 245 

groups (COOH, C=O, and C-OH) decreased upon the reduction of graphene oxide.  246 

 247 

Figure 3. XPS spectra (a) high-resolution C1s spectra (b), S2p(c), and N1s (d) of 248 

SN-rGO. 249 

3.2. Electrochemical characterization of SN-rGO  250 



Cyclic voltammetry (CV) and electrochemical spectroscopy (EIS) were used to 251 

characterize the electrochemical performance of SN-rGO modified GCE (hereafter 252 

SN-rGO GCE), which can show explicit information about electron transfer kinetics 253 

of the redox couples. The SN-rGO GCE characterization was performed in 5 mM 254 

Fe(CN6)
3-/4- and 0.1 M KCl solutions. As shown in Figure 4(a) the anode and cathode 255 

currents peaks of the SN-rGO modified electrode are higher than that of rGO. 256 

 257 

Figure 4. The CV (a) and EIS (b) measured with bare, rGO and SN-rGO 258 

nanomaterial modified GCE in the solution of 5mM Fe(CN6)
3-/4- containing 0.1M 259 

KCl.  260 

EIS data are used to resolve the interfacial processes of rGO and SN-rGO 261 

modified electrodes. As in Figure 4b, a semi-circle and a linear portion in a typical 262 

Nyquist plot correspond to the electron transfer resistance (Ret) and diffusion-limited 263 

processes respectively. The equivalent electrical circuit was used to fit the EIS data 264 

(Figure S5). As in Figure 4 (b), for bare GCE small semi-circle implies a low electron 265 

transfer resistance of the redox couple (Table S1, the Ret of GCE ~95.56Ω). When the 266 

GCE is modified with SN-rGO or rGO, the corresponding Ret values are 354.3 Ω and 267 

796.1Ω, respectively. We used a hydrothermal method to fabricate rGO. Therefore, 268 

the degree of GO reduction is not high, which results in an increase of Ret in rGO. In 269 

SN-rGO, the oxygen-containing functional groups decreased with commitment 270 

reduction of Ret value. In all cases, the CV and EIS diagrams of rGO ad SN-rGO 271 



matched perfectly.     272 

Bare GCE, rGO, and SN-rGO GCE were chosen to determine the efficacy of 273 

electrodes to determine Hg(II) under SWASV mode. As shown in Figure 5 (a), the 274 

stripping currents of 1.0µM Hg(II) in 0.1M acetate buffer (pH=5.0) were estimated 275 

using bare, rGO, and SN-rGO GCE electrodes. The stripping current at three types of 276 

electrodes varies in order: bare GCE < rGO < SN-RGO. Therefore, SN-rGO GCE 277 

shows excellent electrochemical performance for Hg(II) detection when compared to 278 

rGO or bare GCE. As discussed in an earlier section, the SN-rGO contains a high 279 

proportion of S- and N- groups that readily chelate Hg(II) enhancing electrochemical 280 

performance.  281 

 282 

3.3. Optimization of Hg(II) detection 283 

To estimate the best experimental parameters for Hg(II) detection, SN-rGO 284 

modified GCE was used by SWASV to optimize to following parameters: supporting 285 

electrolyte, solution pH, deposition potential and time. The efficiency of stripping 286 

responses of SN-rGO/GCE for 1.0 µM Hg(II) was examined using three electrolytes: 287 

viz. 0.1 M NaAc-HAc, PBS, and Na2CO3-NaHCO3 buffer solutions. Always the 288 

system pH was at 5.0. The depositional potential and time were set at -1.0 V and 150 s, 289 

respectively. When compared to PBS or Na2CO3-NaHCO3 buffers, 1.0 µM Hg(II) in 290 

0.1 M NaAc-HAc shows the highest stripping current. Therefore, the 0.1M 291 

NaAc-HAc buffer system was used for further analysis.  292 

The effect of stripping current for Hg(II) detection was examined as a function of 293 

solution pH. A series of 1.0 µM Hg(II) solutions were prepared in 0.1 M NaAc-HAc 294 

at pre-defined pH values. Pre-defined pH values of the buffer solutions were achieved 295 

by mixing 0.1 M NaAc and 0.1M HAc in different proportions. The stripping current 296 



for 1.0 µM Hg(II) in NaAc-HAc was measured with SN-RGO modified GCE sensor. 297 

For this particular system, the stripping current is optimal between pH 4.0 and 6.0. 298 

Our data are in agreement with published data where Hg(II) detection was carried out 299 

with N-rGO /MnO2 modified GCE [40]. When pH > 6, Hg(II) tends to hydrolyze, 300 

thus reduces the sensitivity of the GCE; when pH < 4, surface destruction of the 301 

electrode is noted. Around pH 5.0 Hg(II) stripping current is optimal detection for 302 

SN-rGO modified GCE sensor.   303 

 304 

Figure 5. Optimization of experimental parameters for Hg (II) detection. 305 

Variation of (a) applied potential vs. stripping current measured in the different 306 

supporting electrolyte; (b) pH vs. striping current measured in 0.1M NaAc-HAc; 307 

(c) deposition potential with stripping current in 0.1M NaAc-HAc at pH 5.0; and 308 

(d) deposition time vs. stripping current in 0.1M HAc-NaAC at pH 5.0.  on the 309 

electrochemical responses of the SN-rGO nanomaterial modified GCE was used 310 

by SWASV using 1.0µM Hg(II). 311 

Optimal deposition potential for the SN-rGO GCE system was examined in 1.0 312 

µM Hg(II) at pH=5 in NaAc-HAc buffer solutions. The potential at the modified GCE 313 

was changed between -1.2 and -0.7 V, and the results are shown in Figure 5c. When 314 



the deposition potential shifts from -1.0 to -0.7 V, the stripping current reduced 315 

markedly due to the low adsorption of Hg(II). At extremely negative potentials, the 316 

evolution of H2 is observed [40]. The H2 poisons the electrode surface materials, 317 

which may hinder Hg(II) reduction. The optimal Hg(II) deposition potential of -1.0 V 318 

was chosen. 319 

 The optimal deposition time on modified GCE was examined in 1.0 µM Hg(II) 320 

at pH 5 with 0.1 M NaAC-HAc. The deposition time varied between 60 and 210 s. As 321 

shown in Figure 5 (d) the stripping current raises linearly with the extent of deposition 322 

time, reaching a plateau around 150 s. The 150 s deposition time was chosen. 323 

According to the data so far presented, the following optimal experimental conditions 324 

were used: pH 5 0.1 M NaAc-HAc, deposition time 150 s, and deposition potential 325 

-1.0 V.     326 

 327 

3.4. Electrochemical detection of Hg(II) with SN-rGO/GCE. 328 

 329 

Figure 6. SWASV response (a) and the corresponding calibration plot (b) of the 330 

SN-rGO modified GCE toward Hg(II) 331 

A Hg(II) detection method was developed with SN-rGO modified GCE electrode 332 

using SWASV in the 0.6-1.7µM concentration range. The resultant calibration curve 333 

plotted with current (µA) vs. Hg(II) concentration is shown in Figure 6, which shows 334 

a high correlation coefficient of 0.999. The calculated limit of detection (LOD) of 335 



Hg(II) was 8.93 nM at a signal to noise ratio 3 (3δ method). Table S2 shows a 336 

summary of data reported for Hg(II) detection with other modified electrode–buffer 337 

systems. The SN-rGO modified GCE offers better results when compared to other 338 

methods. The sensitivity and the LOD values of our SN-rGO system are 20.48µA/µM 339 

and 8.93nM for Hg(II) detection under SWASV mode.  340 

 341 

 342 

3.5. Possible mechanism of adsorption towards Hg(II) 343 

 344 

Figure 7. (a) XPS survey of SN-rGO before adsorption and after adsorption. 345 

(b)The comparison of SN-rGO and rGO in the adsorption of Hg(II). The inset is 346 

the mercury atomic ratio of rGO-Hg(II) and SN-rGO-H g(II) 347 

The mode of Hg(II) retention on the SN-rGO GCE surface was examined by 348 

XPS. The XPS spectrums of SN-rGO (black curve) and SN-rGO – Hg(II) (red curve) 349 

are shown in Figure 7(a). The appearance of a characteristic band at Hg4f confirms 350 

the presence of mercury on the SN-rGO surface. The relative affinity of Hg(II) on 351 

rGO and SN-rGO was also examined (Figure 7(b)). The intensity of the Hg 4f1/2 peak 352 



in SN-rGO is higher than the rGO signal, which implies a strong affinity of Hg(II) on 353 

SN-rGO sites. Both in SN-rGO and rGO the Hg 4f peaks at 101.10 and 105.20 eV, 354 

101.20 and 105.30 eV are observed. However, in pure Hg(NO3)2 only the peaks at 355 

101.30 and 105.40eV are shown. When compared to rGO, in SN-rGO, the peak at 356 

101.20 eV shifts into a negative direction by 0.1 eV, which indicates chemical 357 

interactions of Hg(II) with SN-rGO sites producing strong electrochemical signals on 358 

SN-rGO GCE. The Hg atomic composition on SN-rGO (2.13 %) is higher than rGO 359 

(1.04%) which indicates enhanced electrochemical activity on SN-rGO GCE (Figure 360 

S3 for details).  361 

The high-resolution S 2p and N 1s spectra of the SN-rGO sample before and 362 

after Hg(II) adsorption were also measured. In Figure 7(c), S 2p could be classified 363 

into three major peaks before Hg(II) adsorption, and the de-convoluted peaks of the S 364 

2p spectrum at 164.02 and 164.86 eV after adsorption can be assigned to S p3/2 and S 365 

p1/2 of thiophene sulfur, respectively, and peaks at 168.67 and 170.28 eV are related 366 

with S 2p electrons in C-SOX groups, respectively. The new peak at 162.99 eV after 367 

the adsorption of Hg(II) could be assigned to Hg 4f7/2
 electron in C-S···Hg[41]. Figure 368 

7(d) shows the high-resolution XPS N 1s spectrum of the sample after Hg(II) 369 

adsorption, and N 1s is resolved into three peaks at 399.89, 403.06 and 406.33 eV. 370 

The peak at 399.89 V corresponding to –NH–; the peaks at 403.06 and 406.33 V 371 

related with N+–O-. The N 1s peaks change significantly upon Hg(II) adsorption, 372 

which demonstrates that the adsorption occurred on –NH– derived sites, which 373 

implied N-Hg multiple bond formation [42]. Our data show that Hg(II) has strong 374 

chemical interactions with the sulfur and nitrogen derived sites on SN-rGO, which 375 

shows “hooking” effects.   376 

 377 



3.6.  Chemical Interference with other cations 378 

The interfering effect of Cd2+, Pb2+, and Cu2+ on Hg(II) by SN-rGO modified 379 

GCE sensor was examined. The concentration of Hg(II) and interfering metal ions 380 

was kept at a 1:2 ratio either in single or multiple additions of foreign metal ions 381 

(hereafter single element mode and multiple elements mode respectively). As in 382 

Figure 8, in single element mode experiments, the effect of Cd2+ on the Hg(II) signal 383 

is not significant; Cu2+ reduces the Hg(II) to some extent. However, in the presence of 384 

Pb2+ in solution, the Hg(II) peak increased significantly, which is ascribed to the 385 

mutual promotion of adsorbed metal ions at the saturation. The behavior of Cd2+, Cu2+, 
386 

and Pb2+ with the Hg(II) is different. Conversely, in the relative intensities of Cd2+, 387 

Cu2+and Pb2+ increased in the presence of Hg(II), due to the formation of thin Hg film 388 

on the electrode surface. To enhance the detection limits of heavy metal ions, Hg film 389 

or Hg-based electrodes are used widely in electrochemical trace analysis. However, 390 

the methods based on Hg often impart a serious environmental concern [43-46]. The 391 

effect of Hg(II) signal in the simultaneous presence of other ions are shown in Figure 392 

8(d). When compared to single element mode data, the Hg(II) signal decreased to 393 

some extent in multi-elements mode experiments due to possible formation of Hg 394 

amalgams, and the mutual competition of metal ions with Hg(II) for limited active 395 

sites on the modified electrode surface. However, the Hg(II) peak shape, sensitivity, 396 

and selectivity remain excellent regardless of the interfering heavy metal ions (The 397 

linear fitting data are shown in Figure S4).  398 



 399 

Figure 8. SWASV responses of the SN-rGO/GCE towards Hg(II) over a series of 400 

concentration range when adding (a) 0.5µM Cd2+, (b) 0.5µM Pb2+, (c) 0.5µM 401 

Cu2+, and (d)0.5µM Cd2+, Pb2+, Cu2+, simultaneously. 402 

 403 

Additionally, bismuth ion (Bi3+) was used for interference tests with similar 404 

electrochemical characteristics to Hg(II). It can be found that SN-rGO/GCE still has 405 

good sensitivity (20.48µA/µM) when a certain amount of Bi3+ was added (shown in 406 

Figure S5). This demonstrates that the SN-rGO modified GCE possesses excellent 407 

anti-interference performance, which might be attributed to the complexation between 408 

Hg(II) and sulfur/nitrogen active sites. 409 

 410 

3.7. Stability and reproducibility 411 

The stability of SN-rGO modified GCE was examined under the optimized 412 

conditions. Here, detection of 1.0 µM Hg(II) was carried out in twelve cycles using 413 

the same SN-rGO GCE. From Figure 9a, there are no obvious changes in stripping 414 

currents during repeated measurements (relative standard deviation (RSD) 2.16%). In 415 



addition, the reproducibility measurements were carried out for 1.0µM Hg(II) using 416 

six SN-rGO electrodes (No. E1-E6), and the SWASV response was shown in Figure 417 

9b RSD 3.25%, was lower than 5%, which indicates excellent reproducibility. The 418 

SN-rGO/GCE exerts superb stability and reproducibility, which has a potential for 419 

application of Hg(II) detection in environmental analysis. 420 

 421 

Figure 9. Stability and reproducibility of Hg(II) b y SN-rGO GCE (a) SWASV 422 

responses of the SN-rGO/GCE to 1.0 µM Hg(II) during twelve successive cycles. 423 

(b) SWASV responses to 1.0 µM Hg(II) measured with six SN-rGO GCE 424 

3.8. Real sample analysis 425 

To assess the validity of our SN-rGO GCE sensor, Hg(II) detection was carried 426 

out using natural lake water samples collected from Hubing Tang water in Hefei 427 

University of Technology, Hefei City, Anhui Province, China. The water sample was 428 

buffered to pH 5.0 with 0.1M NaAc-HAc. Direct scanning of the lake water sample 429 

found no detectable Hg(II) species. Spiked Hg(II) concentrations were from 0.6µM to 430 

1.0µM (Shown in Figure S6). Recovery experiments were carried out spiking Hg(II) 431 

into the lake water. As in Table 1, the spike recoveries of Hg(II) are excellent, i.e., 432 

96.7 – 102.7 %. The relative standard deviation (RSD) of the results are in between 433 

0.836 to 1.813 %. The results indicate minimal interference from the matrix in natural 434 

water for the Hg(II) detection, and the SN-rGO modified GCE sensor can be used for 435 

Hg(II) detection in natural water samples with minimal sample preparations.   436 



 437 

Table 1. Determination of spiked Hg(II) in the lake water sample using the 438 

SN-rGO modified GCE (n=3). 439 

Sample 

Concentration 

Recovery (%) RSD (%) 

Added (µM) Detected (µM) 

Lake water 

0.6 0.61595±0.00515 102.7 0.836 

0.7 0.69350±0.01170 99.1 1.687 

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 

 440 

 441 

4. Conclusions 442 

We used thiourea to enhance the metals “hooking” ability of reduced graphene 443 

by one facile hydrothermal method. Our SN-rGO GCE shows excellent properties for 444 

trace detection of Hg(II) ions with a sensitivity (20.48µA/µM) and a limit of detection 445 

(8.93nM). The stability and data reproducibility of the S-rGO GCE for Hg(II) at 446 

repeated cycles is high. Our S-rGO GCE electrode is used in the trace detection of 447 

Hg(II) in natural water samples. Extension of the proposed method for multi-element 448 

detection protocols is in progress. The new electrochemical sensor technology holds a 449 

great promise for in situ trace detections of metal ions in the water. 450 
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Highlights: 

� S/N “hooks” were assembled on reduced GO(SN-rGO) via a one-step 

hydrothermal method 

� SN-rGO modified GCE was used for electrochemical detection of Hg(II) 

� Our sensor shows good sensitivity and anti-interference performance 

� S/N groups enhance Hg(II) complexation for its electrochemical determination 
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