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Abstract  

Electrode poisoning and interferences from complex biological environments are major 

challenges in the development of in-situ H2S sensors. To circumvent these issues, we described the 

fabrication of a robust electrode using reduced graphene oxide-molybdenum disulfide nanohybrid 

(RGO-MoS2) and polymerized o-phenylenediamine (POPD). To circumvent these issues, herein a 

robust electrode based on reduced graphene oxide-molybdenum disulfide nanohybrid (RGO-

MoS2) and polymerized o-phenylenediamine (POPD) is developed. The POPD/RGO-MoS2-

modified electrode catalyzed H2S oxidation at a minimized overpotential (+ 0.15 V vs. Ag/AgCl). 

A new strategy based on inherent material properties was implemented to alleviate the electrode-

poisoning problem. The nano-tailored interface blocks 2.5-fold surplus levels of interferences 

because of its exclusive size-exclusion property and electrostatic interactions. Moreover, this 

method with a response time of fewer than 5 s displayed a detection limit of 10 nM, which covers 

the endogenous H2S levels. Practicality tests in various biological media yielded valuable 

recoveries of 96.4–97.8%. The amounts of H2S released from the bacterial cells were quantified 

in real-time over a continuous time span of 5 h. 

Keywords: Nanocomposites; Real-time sensor; Gasotransmitters; Serum biomarker; Live cells; 

in-situ sensors 
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1. INTRODUCTION  

As a result of nearly two decades of research, the endogenous production of hydrogen 

sulfide (H2S) in biological systems and its important role in cell signaling are now well understood 

[1-3]. The physiological roles of H2S are essential for the balanced function of many organs, 

including the central nervous system and cardiovascular, gastrointestinal, endocrine, and renal 

systems [4, 5]. The physiological levels of H2S are 10−100 μM in the blood plasma and 50−160 

μM in the central nervous system [4, 6]. Elevated H2S levels are associated with numerous disease 

conditions, making it an effective biomarker in clinical diagnostics [7-9]. For example, H2S is a 

serum biomarker for cardiovascular diseases, chronic kidney diseases, and neurodegenerative 

disorders [10, 11]. However, H2S in some controlled doses actually exhibits therapeutic effects. In 

fact, slow-releasing H2S donors are promising drugs for treating cardiovascular, neurological, 

ophthalmic, and carcinogenic diseases [12, 13]. Nonetheless, a high level of H2S, in any case, is 

lethal to cells; therefore it is vital to develop real-time H2S sensors to monitor the continuous 

release of H2S from living cells and H2S releasing donors [14-17]. However, most analytical 

methods face great challenges in accurately monitoring H2S at physiological pH and temperature 

(Table S1) [4, 18]. The current H2S detection methods, such as methylene blue spectrophotometry, 

monobromobimane fluorescence assay, and ion-selective electrodes, require pre-treatments, such 

as acidic, alkaline, and extreme alkaline pre-treatments, respectively [6, 19]. However, these 

treatments induce H2S release from bound sulfide pools, which results in false positives [20]. 

Under physiological pH, H2S is distributed as a mixture of 80% dissolved H2S and 20% 

HS–. The most suitable H2S sensor should therefore be capable of targeting these two forms [21]. 

A simple and cost-effective analytical tool with such capabilities are electrochemical sensors, 

which can detect both H2S and HS– through a two-electron oxidation process [22, 23]. In fact, 
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electroanalytical instrumentations are well suited for the continuous and sensitive monitoring [24-

27]. Nonetheless, the problems with the electrochemical techniques are poor sensitivity, lack of 

selectivity, and inadequate reproducibility [28-30]. The H2S-sensing interfaces, in particular, are 

easily contaminated; thus designing a self-sustaining interface with anti-poisoning properties is 

still a great challenge [2]. Electrodes modified with functional graphene nanomaterials, such as 

reduced graphene oxide (RGO) [31], 9,10-phenanthrenequinone-tethered graphene oxide [32], and 

functionalized graphene foam [29], reportedly enhance the sensitivity of H2S analysis. The 

nanohybrids of reduced graphene oxide and molybdenum disulfide sheets (RGO-MoS2) have 

recently emerged as excellent electrode materials for analytes such as acetaminophen, DNA, 

methyl parathion, folic acid, dopamine, and so forth [33, 34]. RGO-MoS2 nanohybrids have the 

synergic properties of RGO and MoS2, making it easier to achieve large surface area, high 

electrical conductivity, good charge carrier mobility and mechanical flexibility [35]. Notably, 

elemental sulfur, the product of H2S electrocatalysis, has the ability to adhere to the electrode 

surface irreversibly, which passivates the electrode surface and significantly affects the sensor’s 

reproducibility [22]. Our hypothesis is that the presence of sulfur layers in the MoS2 sheets may 

help to overcome the sulfur deposition problem via repulsive interactions, which will help to 

maintain a reproducible electrode surface [36]. Recently, Brown et al. investigated the selectivity 

of several electropolymerized membranes for their H2S selective behavior against a wide range of 

interferences and found that phenylenediamine series performed better [37, 38]. However, they 

did not verify the finding in H2S-producing live cells.  

The main objective of this work is to fabricate a robust, sensitive, selective and anti-

poisoning modified electrode to quantify H2S productions in live cells. Here, we have designed a 

robust H2S-sensing interface by loading an optimum amount of the polymer of o-
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phenylenediamine (POPD) into the RGO-MoS2 nanohybrid modified glassy carbon electrode 

(GCE) for monitoring the dynamic release of H2S in live cells. We have used a hydrothermal 

coupled annealing method to prepare RGO-MoS2 nanohybrid and an electropolymerization 

procedure to prepare POPD (Fig. 1). Our study revealed that the POPD/RGO-MoS2-coated 

electrode exhibits not only an excellent electrocatalytic ability to H2S oxidation but also high 

sensitivity, selectivity, reproducibility, and practicality. Although modified electrodes are 

available for H2S electroanalysis, real-time measurements of H2S release in live bacteria are 

scarcely reported. 

 

Fig. 1. Fabrication of POPD/RGO-MoS2-modified electrode 

2. EXPERIMENTAL 

2.1. Materials and methods 

Graphite (<20 μm), sodium molybdate (Na2MoO4.2H2O), thiourea, o-phenylenediamine 

(OPD), sodium hydrosulfide (NaHS), and all other chemicals were purchased from Sigma and 

used without further purification. Bovine serum isolated from cows was purchased from Sigma. 

Human blood samples were collected from a healthy volunteer, and the Institutional Ethic 

Committee Taipei Medical University, Taiwan approved the experimental protocols. Bacterial 
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cells were cultivated in a cell culture laboratory at Taipei Tech, Taiwan, and the Institutional Ethic 

Committee approved the experimental protocols. 

The aqueous solution of H2S was freshly prepared on the day of use by dissolving NaHS 

in deoxygenated PBS, sealing the container with a rubber septum, and purging the headspace with 

N2. A three-electrode cell comprising POPD/RGO-MoS2/GCE as a working electrode (area = 

0.071 cm2), Ag|AgCl as a reference electrode, and Pt wire as a counter electrode was used. A CHI 

612D electrochemical workstation (CH Instruments, Inc., U.S.A.) was used for electrochemical 

experiments. As a supporting electrolyte, 0.1 M phosphate buffer saline (PBS) prepared from 

sodium dihydrogen phosphate and disodium hydrogen phosphate and adjusted to pH 7.4 was used. 

To prepare for a pH optimization study, 0.1 M acetate buffer (for pH 4.4, 5.4), 0.1 M phosphate 

buffer (for pH 6.4), 0.1 M PBS (for pH 7.4), and 0.1 M Tris-buffer saline (for pH 8.4 and 9.4) were 

prepared. All of the experiments were performed three times, and the average of three readings 

was used to plot data. 

An AFMSRX analytical rotator (PINE instruments, USA) with a rotating disc electrode 

(working area = 0.21 cm2) was used to perform amperometric measurements. Surface 

morphological studies were carried out using a Hitachi S-3000 H scanning electron microscope 

(SEM) and a transmission electron microscope (TEM) (H-7600, Hitachi, Japan). Energy-

dispersive X-ray (EDX) spectra were performed using a Horiba Emax x-act (Sensor + 24 V = 16 

W, resolution at 5.9 keV). An EIM6ex Zahner (Kronach, Germany) was used for electrochemical 

impedance spectroscopy (EIS) studies. Bacterial cell counting was conducted using a 

spectrophotometer equipped with a xenon lamp and 1.0 cm quartz cells. 

2.2. Hydrothermal synthesis of RGO-MoS2 
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RGO-MoS2 nanocomposite was prepared via a combined hydrothermal self-assembly, 

freeze-drying, and thermal-annealing approach by following our previously reported procedure 

[34]. First, graphite oxide was prepared from graphite using the Hummers’ method [39]. About 

100 mg of graphite oxide was dispersed in 100 mL water and ultrasonically treated for 2 h to obtain 

graphene oxide (GO). A frequency of 40 kHz, a maximum power of 150 W, and room temperature 

conditions were maintained for bath ultrasonic treatment. 

About 150 mg of Na2MoO4.2H2O and 325 mg of thiourea were added to the GO solution 

(50 mL, 1 mg/mL) and stirred for 30 min. The reaction mixture was transferred to a 100 mL Teflon-

lined stainless steel autoclave, hydrothermally treated for 12 h at 210°C and then cooled to room 

temperature. The obtained RGO-MoS2 nanocomposite was rinsed with DI water and ethanol and 

freeze-dried. Finally, the nanocomposite was calcined in a conventional tube furnace at 420˚C for 

3 h in air. The as-produced RGO-MoS2 nanocomposite was re-dispersed in water/ethanol (50% v 

%) to obtain 2 mg/mL dispersion of RGO-MoS2. About 2 mg of the RGO-MoS2 nanocomposite 

powder was dispersed in 1 mL of 50% ethanol (v%), and thus the resulting solution contained 2 

mg/mL of RGO-MoS2. 

 

2.3. Electropolymerization of OPD on RGO-MoS2/GCE 

An electropolymerized film of POPD was prepared using cyclic voltammetry. First, GCE 

was polished with 0.05 µm alumina slurry using a Buehler polishing kit, washed with water, and 

then dried. An optimized amount of RGO-MoS2, 5 µL suspension of 2 mg/mL, was drop-casted 

on a GCE surface and dried under air to evaporate solvents (optimization plot in Fig. S1A). The 

resulting RGO-MoS2/GCE was transferred into an electrochemical cell containing a 10 mM OPD 

monomer solution prepared in a PBS (pH 7.4). At a potential ramp of 0.025 V s-1, 10 consecutive 
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cyclic voltammograms (CVs) between 0 V and 1.0 V were performed [37]. The electrode was 

washed in water to remove unbound monomers and oligomers. Finally, the electrode was dried to 

obtain POPD/RGO-MoS2/GCE. 

2.4. Escherichia coli cell culture 

First, E. coli strain MG1655 was grown on a lysogenic broth (LB) agar plate. The growth 

period was maintained overnight, and the temperature was kept at 37°C for incubation. Next, a 

single colony of E. coli was inoculated in a 15 mL LB medium at 37°C for overnight. The cell 

counts were estimated by using a spectrophotometer analysis (optical density, OD600 = 0.65 at 

37°C), for which the bacterial solution was diluted with fresh LB medium with the ratio of 1:9. 

The bacterial count was about 2.5×109 cells per mL. 

2.5 Electrochemical experiments in E. coli 

About 2.5×109 cells per mL of E. coli in 25 mL LB medium (pH 7.4) was transferred into 

an electrochemical cell. The cells were either stimulated or inhibited to produce H2S. Then, the 

POPD/RGO-MoS2/GCE coupled amperometric technique was used to quantify H2S. 

 

3. RESULTS AND DISCUSSIONS 

3.1. Insights about POPD formation and electrochemical properties of the electrode 

The formation of POPD can be explained based on the formation of phenazine-ring and 

subsequent multiple ring–ring coupling (Fig. 2). The potential was ramped at a slow scan rate of 

0.025 Vs-1, as the slow rate is capable of generating tightly packed films with significant adherence 

to the electrode surface (Fig. 3A). During electropolymerization, a brown layer is deposited on the 
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electrode, indicating the formation of a POPD film [38]. In the positive potential region, OPD 

underwent an irreversible oxidation at + 0.3 V, producing cationic radicals that underwent a radical 

coupling reaction to form a polymer network on the electrode surface. However, the oxidation 

peak current was drastically reduced during subsequent scans, suggesting that the formation of 

non-conducting POPD film blocked further access to the monomers or dimers on the electrode 

surface and hindered further electropolymerization. About 90% of the deposition was completed 

within first five to six cycles [38]. The number of cycles required to attain maximum H2S sensing 

ability was optimized as five cycles (Fig. S1B). 

 

Fig. 2. Mechanism for electrochemical formation of POPD.  

Next, the impact of material modification to the rate of interfacial electron transport was 

explored by evaluating their EIS profiles. Fig. 3B displays the EIS curves of unmodified GCE (a), 

RGO-MoS2/GCE (b), POPD/GCE (c), and POPD/RGO-MoS2/GCE (d). The Fe(CN)6
3–/4– redox 

probe was used as a model system. The charge transfer value (Rct) of the electrodes was compared 

in inset a’. The Rct value of unmodified GCE was 271 Ω, which was reduced to 82 Ω after being 

modified with RGO-MoS2, indicating the significant influence of RGO-MoS2 on the electron 

transfer rate. The improved electron transport was due to the excellent synergic effects between 

RGO and MoS2 [33]. The POPD/GCE exhibited Rct of 227 Ω, indicating poor charge transfer 

properties of this electrode due to the poor conductivity of POPD. The Rct of POPD/RGO-

MoS2/GCE was 112 Ω, which is 2.4 times smaller than that of unmodified electrode. Thus, the 

EIS results have shown that the POPD/RGO-MoS2/GCE has faster charge transfer properties. 



10 
 

Synergic effects between graphene and MoS2, enhanced surface area, high conductivities, copious 

electrochemical active sites, and abundant porous sites are the major contributors, ensuing faster 

reaction kinetics for POPD/RGO-MoS2/GCE. The Rct value was greatly increased when more than 

10 cycles were used to prepare POPD because thick layers of POPD hinder the electron transfer. 

Fig. 3C shows the CVs of unmodified GCE (a), RGO-MoS2/GCE (b), POPD/GCE (c), and 

POPD/RGO-MoS2/GCE (d) recorded over a potential range of –0.2 V to 0.6 V. The electrolyte is 

0.1 M KCl containing 5 mM Fe(CN)6
3-/4-. A typical redox peak corresponding to Fe2+/Fe3+ redox 

process was observed. The peak–peak separation value (ΔEp) at RGO-MoS2/GCE was 

significantly lower than that at unmodified GCE, indicating faster electron transfer kinetics at 

RGO-MoS2/GCE. The ΔEp was slightly decreased for POPD/RGO-MoS2/GCE due to the poor 

conducting properties of POPD. The CV results match well with the EIS results. Fig. 3D shows 

the CVs of unmodified GCE (a), RGO-MoS2/GCE (b), POPD/GCE (c), and POPD/ RGO-

MoS2/GCE (d) in PBS (pH 7.4). No significant peaks have been observed for controls, but 

pronounced peaks have been observed for POPD/RGO-MoS2, identified by POPD reactions. The 

peaks were due to the secondary and tertiary oxidations of soluble oligomers (at –0.2 V to 0 V) 

and the over-oxidation of POPD (at –0.4 V to – 0.2 V) [37]. 
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Fig. 3. (A) Five consecutive CVs performed at a scan rate of 0.025 V.s-1 using an RGO-MoS2/GCE 

in 10 mM OPD dissolved in 0.1 M PBS (pH 7.4). (B) EIS responses of unmodified GCE (a), RGO-

MoS2/GCE (b), POPD/GCE (c), and POPD/RGO-MoS2/GCE (d) in 0.1 M KCl containing 5 mM 

Fe(CN)6
3-/4-. EIS parameters: bias potential = 0 V, amplitude = 5 mV, and frequency = 100 mHz–

100 kHz; inset (a’): Rct values of modified electrodes and inset (b’): Randles-Sevcik Circuit (Rct, 

Rs, Cdl, and W are charge transfer resistance, solution resistance, double layer capacitance, and 

Warburg constant). (C) CV responses of unmodified GCE (a), RGO-MoS2/GCE (b), POPD/GCE 

(c) and POPD/ RGO-MoS2/GCE (d) at a 0.05 Vs-1 sweep rate in 0.1 M KCl + 5 mM Fe(CN)6
3-/4-. 
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(D) CV responses of unmodified GCE (a), RGO-MoS2/GCE (b), POPD/GCE (c) and POPD/ RGO-

MoS2/GCE (d) at a 0.05 Vs-1 sweep rate in PBS (pH 7.4). 

 

3.2 Physical properties of the interface 

The SEM image of RGO-MoS2 displays densely grown thin sheets of RGO and MoS2 (Fig. 

4A). The image of POPD/RGO-MoS2 shows the coverage of RGO-MoS2 by a porous, roughened 

network of POPD (Fig. 4B). The porous structure is highly recommended in electrochemical 

detectors, as they have large specific areas and well-distributed active sites for the diffusion of 

analytes through channel walls. The major elements of RGO-MoS2 are C, O, Mo, and S, with 

weight percentages of 48.75, 12.22, 21.86, and 17.17, respectively, as shown in the EDX analysis 

(Fig. 4C). The major elements of POPD/RGO-MoS2 are C, N, O, Mo, and S, corresponding to 

weight percentages of 41.91, 6.13, 8.58, 14.99, and 28.39 (Fig. 4D). Note that nitrogen content is 

derived from POPD. The TEM image of RGO-MoS2 helped to distinguish the sheets of RGO and 

MoS2 (Fig. 4E). Because carbon atoms show relatively poorer electron transmission than metals, 

the light colored region of TEM was indexed to RGO sheets, while dark colored region was 

indexed to MoS2. The TEM image of POPD/RGO-MoS2 reveals the POPD coverage on RGO-

MoS2 sheets (Fig. 4G, H). Also, note that the image displays numerous exposed edges and basal 

planes that are exclusively useful to perform electrocatalysis. Selected-area electron diffraction 

patterns of RGO-MoS2 (Fig. 4F) and POPD/RGO-MoS2 (Fig. 4G) are additional forms of evidence 

for the successful formation of the composite. The selected-area electron diffraction patterns match 

with the hexagonal MoS2 phase [40], and the same characteristics are observed in XRD analysis, 

which is discussed below (Fig. 5A). 
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Fig. 4. SEM images of RGO-MoS2 (A) and POPD/RGO-MoS2 (B). EDX spectra of RGO-MoS2 

(C) and POPD/RGO-MoS2 (D). TEM images and selected-area electron diffraction patterns of 

RGO-MoS2 (E, F) and POPD/RGO-MoS2 (G, H).  

Fig. 5A displays XRD patterns of RGO-MoS2 and POPD/RGO-MoS2. In the XRD curve 

of RGO-MoS2, the predominant peaks are indexed to the (002), (100), (101), (102), (103), (006), 

(105), (106), (110), (008), (201), (107), and (200) planes, which are characteristic peaks of MoS2 

(JCPDS no. 77–1716) [34]. No apparent peak for RGO was observed in the XRD of RGO-MoS2, 

which indicates that RGO sheets were not stacked during the hydrothermal process, and this result 

is consistent with the previous XRD results of RGO-MoS2 [34, 40]. The expanded view of RGO-

MoS2 shows a broader diffraction peak at 2θ of 23°–30°, associated with (002) of graphitic plane. 

The XRD curve of POPD/RGO-MoS2 contains all of the peaks expected for RGO-MoS2, with 

additional peaks between 20°–30° that arise from semi-crystalline POPD [41]. The peak intensities 

of RGO-MoS2 vary in the XRD of POPD/RGO-MoS2, which is due to the relatively less 

conductive properties of POPD. 
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Fig. 5 (A) XRD and Raman (B) curves of RGO-MoS2 (a) and POPD/RGO-MoS2 (b). Insets: 

Magnified view of corresponding spectra. 

Fig. 5B shows the Raman spectra of RGO-MoS2 and RGO-MoS2/POPD. The bands 

observed at 342 cm−1 and 408 cm−1 are the characteristic E2g
1 and A1g modes of MoS2. The in-

plane E2g
1 mode corresponds to S atoms vibrations in one direction and the Mo atom in other 

direction. The A1g mode corresponds to sulphur atoms vibrating out-of-plane. The characteristic 

D and G bands of RGO are observed at 1360 cm−1 and 1594 cm−1 in both the spectra of RGO-
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MoS2 and RGO-MoS2/POPD [42]. A feeble broad band is observed at 2759 cm−1, which is related 

to the characteristic 2D band of RGO. The Raman peaks observed between 700 cm−1 and 1000 

cm−1 are characteristic peaks of POPD [43]. 

3.3. POPD/RGO-MoS2: an excellent electrocatalyst to oxidize H2S 

Cyclic voltammograms of unmodified GCE (a), POPD/GCE (b), RGO-MoS2/GCE (c), and 

POPD/RGO-MoS2/GCE (d) were recorded toward 250 µM H2S dissolved in 0.1 M PBS (pH 7.4) 

(Fig. 6A). In the absence of H2S, no sizeable peak was observed in the CV of POPD/RGO-

MoS2/GCE at the anodic region (curve d, Fig. 3D). However, a significant peak was observed in 

presence of H2S with a peak potential of + 0.17 V (curve d, Fig. 6A). The corresponding reactions 

are oxidations of H2S and HS–, according to eqs. (1) & (2) [21, 22]. 

H2S → S0 + 2e– + 2H+   (1) 

HS– → S0 + 2e– + H+    (2) 

As projected in inset a’ of Fig. 6A, the overpotential observed at POPD/RGO-MoS2/GCE 

was 168, 172, and 135 mV lower than those of bare GCE, OPD/GCE, and RGO-MoS2/GCE, 

respectively, which points to the requirement of less overpotential at POPD/RGO-MoS2/GCE to 

oxidize H2S. This can be explained based on the energy levels of GCE before and after 

modification. Before modification, the energy level gap between the HOMO level of the H2S and 

energy level of the GCE is likely to be narrow. The modification of GCE with POPD/RGO-MoS2 

significantly alters its electronic properties by lowering energy level; because, the Mo metal center 

has empty d-orbitals that are readily available to accept electrons from H2S. This causes the 

electrochemical energy level gap between the HOMO of H2S and the energy level of electrode to 

be extended. As a result, less overpotential is sufficient to drive the H2S oxidation reaction. 

Similarly, an overview of the H2S oxidation peak currents indicates a greatly enhanced current 
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signal at POPD/RGO-MoS2/GCE (inset b’, Fig. 6A). The signal attained at POPD/RGO-

MoS2/GCE was 3.7, 2.1, and 1.5 times higher than that obtained at unmodified GCE, POPD/GCE, 

and RGO-MoS2/GCE. The introduction of RGO-MoS2 on the electrode surface transforms the bulk 

surface, giving it unique electronic and surface properties, leading to a facile electron transfer and 

an excellent amplification in current signal. A consistent linear increase in the peak currents upon 

succession injection of increasing amounts of H2S was observed (Fig. 6B). The effects of scan rate 

studies indicate the diffusion-limited process of H2S oxidation (Fig. S2A, B). 

 

Fig. 6. (A) CV responses of bare GCE (a), POPD/GCE (b), RGO-MoS2/GCE (c), and POPD/ 

RGO-MoS2/GCE (d) to 250 µM H2S (scan rate = 0.05 Vs-1); Overpotentials comparison (inset a’) 
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and peak currents comparison (inset b’) at different modified electrodes. (B) Plot of peak 

current/µA vs. [H2S]/µM, Inset: CVs of H2S oxidation on POPD/RGO-MoS2/GCE for various 

concentrations (a to j; 49 to 476 µM).  

 

3.4. The POPD and MoS2 add excellent anti-poisoning property to the electrode 

Generally, the H2S electrocatalytic interfaces are prone to “electrode fouling” by the 

deposition of electro-oxidized product sulfur. As a result, the reading upon second and third 

repeated use cannot produce repeated results. To verify the effect of the material on anti-

passivation, the POPD/RGO-MoS2/GCE and control electrodes were subjected to 50 consecutive 

cycles in the presence of 50 µM H2S. Differences in the oxidation peak current values at the 1st 

and 50th cycles were compared (Fig. 7A-E). A significant loss in current signal (21.7%) was 

observed for unmodified GCE; however, an almost negligible loss (1.5%) was observed for 

POPD/RGO-MoS2/GCE. In addition, seven repeated CV experiments were conducted using a 

POPD/RGO-MoS2/GCE to oxidize 50 µM H2S (Fig. 7F). The results showed appreciable 

repeatability with R.S.D 3.7% for those seven repeated measurements, which is possible only if 

the electrode has sufficient anti-poisoning ability. Moreover, the electrode showed good stability 

and reproducibility with less than 5% in deviations (Fig. S3A, B). Firstly, the improved anti-

poisoning attributes of GCE upon modification with POPD/RGO-MoS2 can be correlated to the 

excellent anti-fouling property of POPD and RGO-MoS2, which has good capability to prevent 

sulfur passivation in the first place [38]. Secondly, a peak current loss of approximately 9% was 

observed for POPD/RGO/GCE in contrast to 1.5% for POPD/RGO-MoS2/GCE, suggesting a 

significant influence of MoS2 on the anti-fouling property of the electrode. The MoS2 sheet 

contains a layer of Mo atoms sandwiched between two layers of S atoms [44]. When elemental 



18 
 

sulfur produced by H2S oxidation reaches the electrode surface, it may confront the sulfur layers 

of MoS2 at the electrode surface region, where it is most likely to experience a repulsive 

interaction. The elemental sulfur preferably goes to bulk solution instead of fouling the electrode 

surface. Schoenfisch et al. reported a surface preconditioning procedure to minimize electrode 

passivation; however, this method could decrease the sensor’s sensitivity [37]. Another approach 

based on high potential cleaning pulses was described to convert elemental sulfur into water-

soluble sulfate; however, the use of such high potentials can induce substantial background 

currents and damage the electrode surface [22]. In contrast to these methods, our approach is based 

on the inherent physiochemical properties of the rationally designed materials, which create a 

unique environment for anti-sulfur poisoning.  

 

Fig. 7. Fifty cycles of unmodified GCE (A), RGO-MoS2/GCE (B), POPD/GCE (C), POPD/RGO-

MoS2/GCE (D) and POPD/RGO/GCE (E) in PBS (pH 7.4) containing 50 µM H2S. (F) Seven 
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repeated CVs performed on a POPD/RGO-MoS2/GCE to 250 µM H2S dissolved in 0.1 M PBS 

(pH 7.4); Inset: H2S oxidation peak current vs. each measurement. 

 

3.5. The electrode operates at physiological pH  

H2S is generally unstable in aqueous solutions and is capable of changing into different 

forms at different pH [4]: H2S ↔ H+ + HS– ↔ H+ + S2–. pKa1 = 6.6 and pKa2 > 13.8 at 25°C. 

Therefore, it exists as H2S at extreme acidic pH, as S2– at extreme basic pH, and as a mixture of 

H2S and HS– at physiological pH. The influence of pH was examined by recording the CV 

responses of POPD/RGO-MoS2/GCE to 250 µM H2S. A significant change in the H2S anodic peak 

current was observed upon variation in electrolyte’s pH (Fig. S4A, B). The pH 4.4 delivered lowest 

current response. The current gradually increased from 4.4 to 7.4, and reached maxima at 7.4. The 

current declined steadily from 7.4 to 9.4. The reason for best H2S-sensing performance at pH 7.4 

is that HS– is the prominent species at pH 7.4 accounting for 80% of the total sulfides, and it is the 

easily detectable form by electrocatalytic sensors. 

 

3.6. POPD/RGO-MoS2-coupled hydrodynamic amperometric system leads high sensitivity 

 The sensitivity of POPD/RGO-MoS2/GCE was scrutinized by an amperometric technique. 

Hydrodynamic convection was imposed to rotate the electrode at a speed of 1400 RPM. An 

optimized electrode potential of + 0.15 V (vs. Ag/AgCl) was applied (inset to Fig. 8A). The 

POPD/RGO-MoS2/GCE displayed outperforming responses to H2S, evident from several-fold 

increments in the current response compared to control electrodes (Fig. 8A). Next, the 

amperometric response of POPD/RGO-MoS2/GCE for a wide concentration range was tested by 

injecting a series of aliquots of H2S into PBS (pH 7.4) at a regular interval of 50 s. Well-defined 
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and prompt responses (< 5s) were obtained for each H2S injection (Fig. 8B). The linear range was 

found to be 0.1–790 µM, and the linear regression equation was I (µA) = 0.0008 µA/µM [H2S] + 

0.012; R² = 0.998 (inset Fig. 8B). The detection limit (LOD) was 10 nM (S/N = 3), which covered 

the biologically relevant H2S levels in CNS (50–160 μM) and blood plasma (10–100 μM) [16]. 

POPD/RGO-MoS2/GCE surpass the performances of many existing methods (Table 1). The main 

advantages of the present sensor compared to previous reports are: 

 (1) Minimized overpotential: The present sensor offers minimized operating potential compared 

to previous reports, which is due to the influence of the material on the energy level of the 

electrode. Although the overpotential of our method is slightly higher than that of enzymatic 

biosensors, our sensor avoids the use of fragile bio-components [45]. 

(2) No pretreatments: Most of the electrochemical H2S sensors require either acidic or alkaline pH 

conditions [24, 45]. These pre-treatments are suitable for routine analysis but not for real-time 

analysis. Living cells, in particular, are unstable under acidic or basic pH conditions and adversely 

produce excess H2S from bound sulfide pools.  

(3) Lower limit of detection: The LOD of our sensor surpassed the LODs of many existing reports, 

which is due to the synergic combinations of electrochemical signal amplification and 

electrocatalytic properties of RGO/MoS2, high sensitivity of the amperometric technique, and 

influence of hydrodynamic convection. 

Table 1. Comparison of the analytical performances of POPD/RGO-MoS2 with previous reports. 

Electrode E/V vs. 

Ag/AgCl 

pH Linear 

range/µM 

LOD 

/μM 

Real samples Ref. 
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Coprinus cinereus peroxidase 

/chitosan/screen printed electrode 

− 0.10  6.5 1.09–16.3 0.3 environmental 

water 

[45] 

Graphene based 3D scaffold + 0.50 − 0.2–10 0.050 HeLa Cells [29] 

Curcumin-quinone/carbon black + 0.55 2.0 10–1200, 

10–100 

7.12, 

2.40 

tap water [24] 

9,10-phenanthrenequinone 

/graphene oxide 

+ 0.15 7.0 1–100, 

300–5000 

0.7 human blood [32] 

Graphene/GCE + 0.17 7.4 5–7400 4.2 water samples [31] 

Au@Ag core-shell nanoparticles + 0.26 7.4 0.0001–0.5 4×10-5 HeLa cell [46] 

POPD/RGO-MoS2/GCE + 0.15 7.4 0.1–790 0.01  E. coli This 

work 



22 
 

 

Fig. 8. (A) Amperometric responses of GCE (a), POPD/GCE (b), RGO-MoS2/GCE (c), and 

POPD/ RGO-MoS2/GCE (d) upon sequential injections of 50 µM H2S at an electrode rotation 

speed of 1400 RPM. Inset: Electrode potential optimization. (B) Amperometric responses of H2S 
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on POPD/RGO-MoS2 modified electrode for various concentrations of H2S. Electrode rotation 

speed = 1400 RPM, electrode potential = + 0.15 V vs. Ag/AgCl. Inset: Linear regression plot: 

current (µA) vs. [H2S]/µM. (C) Selectivity test results. Inset: Amperometric response of 

POPD/RGO-MoS2/GCE on the consecutive addition of 100 H2S μM (a) with 250 μM each of 

homocysteine (b), cysteine (c), Na2S2O3 (d), glutathione (e), H2O2 (f), dopamine, (g), ascorbic acid 

(h), uric acid (i), Na2SO3 (j), Na2S2O4 (k), NO3
- (l), NO2

- (m), and NO (n). E = 0.15 V vs. Ag/AgCl.  

3.7. Selectivity 

The selectivity of POPD/RGO-MoS2/GCE was tested by monitoring its sensing 

performance to H2S in the presence of homocysteine, cysteine, Na2S2O3, glutathione, H2O2, 

dopamine, ascorbic acid, uric acid, Na2SO3, Na2S2O4, NO3
–, NO2

–, and NO (Fig. 8D). The 

electrode responded exclusively to H2S but not to other compounds. Irrespective of their 2.5-fold 

excessive presence in the medium, the contribution of other analytes to the signal is merely less 

than 5%. H2S has good permeability to penetrate through the POPD film due to the matching sizes 

of the H2S molecule and the pores of POPD [37]. However, thiols as well as other biological 

species, such as ascorbic acid, uric acid, and dopamine, could not permeate the film, because the 

size-exclusion property of POPD denies access to such relatively larger molecules [38, 47]. It is 

worth mentioning that the traditional ion selective electrodes for H2S encounter severe interference 

by incorrectly counted biothiols. Interestingly, our POPD/RGO-MoS2-modified electrode has the 

ability to avoid such biothiols. Moreover, the film retains a net positive charge, which rejects 

positively charged molecules, such as dopamine and uric acid, via electrostatic repulsive 

interactions. A previous report demonstrated that POPD has good permeability to H2O2; in contrast 

here we do not see any notable signal for H2O2 [38]. This is because of the differences in electrode 

potential requirements between H2O2 and H2S. Although H2O2 has the ability to reach the 
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electrode, it requires a relatively high positive potential. However, H2S oxidation occurs at 

relatively low positive potentials on our modified electrode. In addition, we did not see any 

measurable signals for molecules, such as, NO, NO3
–, and NO2

–, which can also be explained in 

terms of higher oxidation potential requirements. Moreover, several previous studies proved that 

POPD has good anti-biofouling properties in proteinaceous media due to its greater compactness 

[48]. 

3.8. Practicality in biological fluids 

 The sensing performance of the method under practical conditions were analyzed in human 

blood, human serum, fetal bovine serum (FBS), LB medium, and bacterial cells. These mediums 

have been found to be H2S-free. Then, known amounts of NaHS were spiked to produce in-situ 

H2S. The found and recovery values calculated via the standard addition method were in the 

acceptable range of 96.4–97.8%, and the results were also authenticated by a standard methylene 

blue test (Table 2). Irrespective of the presence of other biological compounds in the 

aforementioned biological fluids, our method is able to accurately quantify the in-situ produced 

H2S, denoting its excellent practical feasibility.  

Table 2. Real samples analyses of H2S using POPD/RGO-MoS2/GCE.  

Sample Added/μM Found/μM Recovery/% RSD/%* Methylene 

blue test 

Human blood 10 9.64 96.4 4.2 9.7 

50 48.5 97.0 3.9 48.7 
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Human serum 10 9.67 96.7 3.4 9.8 

50 48.8 97.6 3.6 49.1 

FBS 10 9.71 97.1 3.8 9.75 

50 48.6 97.2 3.8 49.0 

LB medium 10 9.68 96.8 4.1 9.7 

50 48.9 97.8 3.8 48.5 

Bacteria 10 9.65 96.5 3.6 9.75 

50 48.9 97.8 3.9 49.0 

 

*RSD = Relative standard deviation of three individual measurements 

3.9. Real-time tracking and quantification of H2S release in live bacteria 

 Bacteria endogenously produces H2S as a universal defense agent against antibiotics (Fig. 

9B) [49]. Fig. 9B displays the amperometric responses of E. coli in the absence and presence of 

cysteine, which is a stimulant to produce H2S. In the absence of the stimulant, a steady background 

current was observed for the solution containing E. coli (curve a); however, a sharp rise in current 

was observed upon cysteine injection (curve b). Here, the cysteine supplementation has stimulated 

the E. coli to produce H2S, while diffusion has transported H2S to the interface. When cysteine 

was continuously injected, there was a linear increase in the current value. Thus, the bacterial cell 

study indicates that the POPD/RGO-MoS2/GCE has the capacity to monitor in-situ H2S. Moreover, 

selectivity of the electrode in a solution containing E. coli was tested by amperometric experiments 
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using POPD/RGO-MoS2/GCE upon successive injections of 100 μM, likely interfering species 

into E. coli dissolved in LB medium. The sensor has not delivered measurable signals for the tested 

compounds except for H2S (Fig. S5). 
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Fig. 9. (A) H2S production in E. coli stimulated by cysteine and subsequent sensing with our 

sensor. (B) Amperometric response of POPD/RGO-MoS2/GCE towards E. coli (2.5×109 cells per 

mL) dissolved in LB medium (pH 7.4) at 37°C without stimulation (a) and stimulated with 

sequential injections of 1 mM cysteine (b). (C) Real-time tracking plot: Current responses vs. 

[Endogenous H2S] vs. time. H2S release from E. coli dissolved in LB Medium at pH 7.4, stimulated 

by 1 mM cysteine (green) (a), stimulated by 1 mM cysteine + 10 mM aspartate (red) (b) and no 

stimulation (c). Electrode potential = 0.15 V vs. Ag/AgCl.  

 Next, the electrode tracked the dynamic endogenous H2S productions with respect to 

stimulation time. Fig. 9C displays the real-time plot, and Fig. S6A-C shows corresponding 

amperometric curves. About 1 mM cysteine was supplemented to 2.5×109 cells per mL of E. coli, 

and the amperometric signal was tracked for a time span of 15 min, up to 4 h (curve a, Fig. 9C). 

The electrochemical cell was tightly capped and maintained at 37°C during resting time. The 

response current increased significantly from 0 to 90 min, which stands for the linear production 

of H2S via cysteine metabolism. The signal reached maxima at 90 min, which indicates the 

maximum H2S production. The signal, however, followed a declined trend from 90 to 210 min and 

dropped to baseline at 240 min, indicating a halt in H2S production. No obvious current change 

was noticed from 210 to 270 min. After 270 min, H2S production was stimulated again by spiking 

1 mM cysteine in the reaction mixture and analysis was resumed. The current was increased 

steadily again for the next 30 min (270 to 300 min) and dropped from 300 min. The competitive 

inhibition of H2S production was performed by adding a mixture of cysteine (1 mM) and aspartate 

(10 mM) to E. coli (curve b, Fig. 9C). The H2S release trend is similar to the stimulation plot but 

with reduced signals. About a 30% reduction in current signal was observed in the presence of 

aspartate. Thus, the POPD/RGO-MoS2/GCE was able to monitor the H2S-releasing patterns in live 
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cells under various conditions. Although fluorescent methods have attracted considerable attention 

for capturing dynamic images of H2S production, they demand extensive incubation times, offer 

only temporally discrete concentration information, and require pre-treatments [50]. The 

POPD/RGO-MoS2/GCE sensor described herein can work on opaque samples, no pre-treatments, 

simple assay procedures, and easy electrode fabrication steps. 

 

4. Conclusions 

A robust, sensitive, selective, and anti-poisoning electrode based on POPD/RGO-MoS2 is 

developed. The POPD/RGO-MoS2 interface exhibited a porous and roughened interface, the rate 

of electron transfer is relatively faster, and the electrode has good electrochemical behavior. The 

RGO-MoS2 not only enhances signal amplification but also is a good electrocatalyst for H2S, 

helping the electrode to find a less-energy consuming pathway. The electrode is able to alleviate 

the sulfur-poisoning issue because of its anti-fouling properties and repulsive interactions. The 

material transforms the fouling-sensitive surface into a self-cleaning surface, which can be an ideal 

system for continuous analysis. The POPD/RGO-MoS2 electrode coupled with hydrodynamic 

amperometry offered a low LOD of 10 nM. The combination of permselective properties, 

electrostatic repulsions, and minimal overpotential requirements results in good selectivity. The 

method is practically applicable in biological fluids and for monitoring continuous H2S production 

in E. coli. The method can also be extended to monitor H2S in other live systems, and it has the 

potential to be an effective diagnostic tool in biomedical applications. 

 

Acknowledgement 



29 
 

This work was supported by the Ministry of Science and Technology (MOST; 107-2113-M-027-

007 – and 108-2221-E-027-063–) Taiwan (ROC) and King Abdullah University of Science and 

Technology (KAUST), Saudi Arabia. 

  



30 
 

References 

[1] A.R. Lippert, E.J. New, C.J. Chang, Reaction-based fluorescent probes for selective imaging 

of hydrogen sulfide in living cells, J. Am. Chem. Soc. 133 (2011) 10078-10080. 

[2] H. Dong, Q. Zhou, L. Zhang, Y. Tian, Rational design of specific recognition molecules for 

simultaneously monitoring of endogenous polysulfide and hydrogen sulfide in the mouse brain, 

Angew. Chem. Int. Ed. 58 (2019) 13948-13953. 

[3] M. Dulac, A. Melet, E. Galardon, Reversible detection and quantification of hydrogen sulfide 

by fluorescence using the hemoglobin I from Lucina pectinata, ACS Sens. 3 (2018) 2138-2144. 

[4] S. Wang, X. Liu, M. Zhang, Reduction of ammineruthenium (III) by sulfide enables in vivo 

electrochemical monitoring of free endogenous hydrogen sulfide, Anal. Chem. 89 (2017) 5382-

5388. 

[5] H. Yang, Y. Zhang, L. Li, G. Sun, L. Zhang, S. Ge, et al., Real-time and in situ enzyme 

inhibition assay for the flux of hydrogen sulfide based on 3D interwoven AuPd-reduced graphene 

oxide network, Biosens. Bioelectron. 87 (2017) 53-58. 

[6] M.D. Hartle, M.D. Pluth, A practical guide to working with H2S at the interface of chemistry 

and biology, Chem. Soc. Rev. 45 (2016) 6108-6117. 

[7] M. Whiteman, S. L. Trionnaire, M. Chopra, B. Fox, J. Whatmore, Emerging role of hydrogen 

sulfide in health and disease: critical appraisal of biomarkers and pharmacological tools, Clin. Sci. 

121 (2011) 459-488. 

[8] D.W. Li, L.L. Qu, K. Hu, Y.T. Long, H. Tian, Monitoring of endogenous hydrogen sulfide in 

living cells using surface‐enhanced Raman scattering, Angew. Chem. Int. Ed. 54 (2015) 12758-

12761. 



31 
 

[9] H. Peng, Y. Cheng, C. Dai, A.L. King, B.L. Predmore, D.J. Lefer, et al., A fluorescent probe 

for fast and quantitative detection of hydrogen sulfide in blood, Angew. Chem. Int. Ed. 50 (2011) 

9672-9675. 

[10] Y. He, S. Liu, Z. Zhang, C. Liao, F. Lin, W. Yao, et al., Imbalance of endogenous hydrogen 

sulfide and homocysteine in chronic obstructive pulmonary disease combined with cardiovascular 

disease, Front. Pharmacol. 8 (2017) 624. 

[11] Y. Zheng, B. Yu, K. Ji, Z. Pan, V. Chittavong, B. Wang, Esterase‐sensitive prodrugs with 

tunable release rates and direct generation of hydrogen sulfide, Angew. Chem. Int. Ed. 55 (2016) 

4514-4518. 

[12] Y. Han, Q. Shang, J. Yao, Y. Ji, Hydrogen sulfide: a gaseous signaling molecule modulates 

tissue homeostasis: implications in ophthalmic diseases, Cell Death Dis. 10 (2019) 1-12. 

[13] R. Tabassum, N.Y. Jeong, Potential for therapeutic use of hydrogen sulfide in oxidative stress-

induced neurodegenerative diseases, Int. J. Med. Sci. 16 (2019) 1386-1396. 

[14] P. Wang, L. Lux, M. Jin, Y. Wan, W. Wang, C.-T. Hung, et al., Au/Ag nanobox-based near-

infrared surface-enhanced Raman scattering for hydrogen sulfide sensing, ACS Appl. Bio Mater. 

2 (2018) 417-423. 

[15] C. Chen, Q. Cai, F. Luo, N. Dong, L. Guo, B. Qiu, et al., Sensitive fluorescent sensor for 

hydrogen sulfide in rat brain microdialysis via CsPbBr3 quantum dots, Anal. Chem. 91 (2019) 

15915-15921. 

[16] M. Asif, A. Aziz, G. Ashraf, Z. Wang, J. Wang, M. Azeem, et al., Facet-inspired core–shell 

gold nanoislands on metal oxide octadecahedral heterostructures: High sensing performance 

toward sulfide in biotic fluids, ACS Appl. Mater. Interfaces 10 (2018) 36675-36685. 



32 
 

[17] A. Ji, Y. Fan, W. Ren, S. Zhang, H.W. Ai, A sensitive near-infrared fluorescent sensor for 

mitochondrial hydrogen sulfide, ACS Sens. 3 (2018) 992-997. 

[18] S.K. Pandey, K.-H. Kim, K.-T. Tang, A review of sensor-based methods for monitoring 

hydrogen sulfide, TrAC, Trends Anal. Chem. 32 (2012) 87-99. 

[19] S. Youssef, S. Zhang, H.W. Ai, A genetically encoded, ratiometric fluorescent biosensor for 

hydrogen sulfide, ACS Sens. 4 (2019) 1626-1632. 

[20] K. Manibalan, V. Mani, P.-C. Chang, C.-H. Huang, S.-T. Huang, K. Marchlewicz, et al., 

Electrochemical latent redox ratiometric probes for real-time tracking and quantification of 

endogenous hydrogen sulfide production in living cells, Biosens. Bioelectron. 96 (2017) 233-238. 

[21] N.S. Lawrence, R.P. Deo, J. Wang, Electrochemical determination of hydrogen sulfide at 

carbon nanotube modified electrodes, Anal. Chim. Acta 517 (2004) 131-137. 

[22] J.R. Hall, M.H. Schoenfisch, Direct electrochemical sensing of hydrogen sulfide without 

sulfur poisoning, Anal. Chem. 90 (2018) 5194-5200. 

[23] X.B. Hu, Y.L. Liu, H.W. Zhang, C. Xiao, Y. Qin, H.H. Duo, et al., Electrochemical 

monitoring of hydrogen sulfide release from single cells, ChemElectroChem, 3 (2016) 1998-2002. 

[24] B. Dinesh, K.S. Devi, A.S. Kumar, Curcumin-quinone immobilised carbon black modified 

electrode prepared by in-situ electrochemical oxidation of curcumin-phytonutrient for mediated 

oxidation and flow injection analysis of sulfide, J. Electroanal. Chem. 804 (2017) 116-127. 

[25] A. Idili, C. Parolo, G. Ortega, K.W. Plaxco, Calibration-free measurement of phenylalanine 

levels in blood using an electrochemical aptamer-based sensor suitable for point-of-care 

applications, ACS Sens. 4 (2019) 3227–3233. 



33 
 

[26] M. Eguílaz, R. Villalonga, G. Rivas, Electrochemical biointerfaces based on carbon 

nanotubes-mesoporous silica hybrid material: Bioelectrocatalysis of hemoglobin and biosensing 

applications, Biosens. Bioelectron. 111 (2018) 144-151. 

[27] J.S. Swensen, Y. Xiao, B.S. Ferguson, A.A. Lubin, R.Y. Lai, A.J. Heeger, et al., Continuous, 

real-time monitoring of cocaine in undiluted blood serum via a microfluidic, electrochemical 

aptamer-based sensor, J. Am. Chem. Soc. 131 (2009) 4262-4266. 

[28] A.M. O’Mahony, E.J. Dickinson, L. Aldous, C. Hardacre, R.G. Compton, Electrochemical 

oxidation of hydrogen sulfide at platinum electrodes in room temperature ionic liquids: evidence 

for significant accumulation of H2S at the Pt/1-butyl-3-methylimidazolium 

trifluoromethylsulfonate interface, J. Phys. Chem. C, 113 (2009) 10997-1002. 

[29] X.-B. Hu, Y.-L. Liu, W.-J. Wang, H.-W. Zhang, Y. Qin, S. Guo, et al., Biomimetic graphene-

based 3D scaffold for long-term cell culture and real-time electrochemical monitoring, Anal. 

Chem. 90 (2018) 1136-1141. 

[30] F. Arduini, S. Cinti, V. Mazzaracchio, V. Scognamiglio, A. Amine, D. Moscone, Carbon 

black as an outstanding and affordable nanomaterial for electrochemical (bio) sensor design, 

Biosens. Bioelectron. 156 (2020) 112033. 

[31] P. Qi, Y. Wan, D. Zhang, J. Wu, Reduced graphene sheets modified electrodes for 

electrochemical detection of sulfide, Electroanalysis, 23 (2011) 2796-2801. 

[32] K.S. Devi, A.S. Kumar, A blood-serum sulfide selective electrochemical sensor based on a 9, 

10-phenanthrenequinone-tethered graphene oxide modified electrode, Analyst, 143 (2018) 3114-

3123. 

[33] N.A. Kumar, M.A. Dar, R. Gul, J.-B. Baek, Graphene and molybdenum disulfide hybrids: 

synthesis and applications, Mater. Today 18 (2015) 286-298. 



34 
 

[34] M. Govindasamy, S.-M. Chen, V. Mani, M. Akilarasan, S. Kogularasu, B. Subramani, 

Nanocomposites composed of layered molybdenum disulfide and graphene for highly sensitive 

amperometric determination of methyl parathion, Microchim. Acta 184 (2017) 725-733. 

 [35] H. Wang, H. Feng, J. Li, Graphene and graphene‐like layered transition metal 

dichalcogenides in energy conversion and storage, Small 10 (2014) 2165-2181. 

[36] P.D. Tran, T.V. Tran, M. Orio, S. Torelli, Q.D. Truong, K. Nayuki, et al., Coordination 

polymer structure and revisited hydrogen evolution catalytic mechanism for amorphous 

molybdenum sulfide, Nat. Mater. 15 (2016) 640-646. 

[37] M.D. Brown, J.R. Hall, M.H. Schoenfisch, A direct and selective electrochemical hydrogen 

sulfide sensor, Anal. Chim. Acta 1045 (2019) 67-76. 

[38] Y.-Q. Dai, D.-M. Zhou, K.-K. Shiu, Permeability and permselectivity of 

polyphenylenediamine films synthesized at a palladium disk electrode, Electrochim. Acta 52 

(2006) 297-303. 

[39] W.S. Hummers, R.E. Offeman, Preparation of graphitic oxide, J. Am. Chem. Soc. 80 (1958) 

1339. 

[40] K. Chang, W. Chen, L-cysteine-assisted synthesis of layered MoS2/graphene composites with 

excellent electrochemical performances for lithium ion batteries, ACS Nano, 5 (2011) 4720-4728. 

[41] M.M. Lakouraj, E.N. Zare, P.N. Moghadam, Synthesis of novel conductive poly(p-

phenylenediamine)/Fe3O4 nanocomposite via emulsion polymerization and investigation of 

antioxidant activity, Adv. Polym. Technol. 33 (2014) 21385. 

[42] M. Tortello, S. Colonna, M. Bernal, J. Gomez, M. Pavese, C. Novara, et al., Effect of thermal 

annealing on the heat transfer properties of reduced graphite oxide flakes: A nanoscale 

characterization via scanning thermal microscopy, Carbon 109 (2016) 390-401. 



35 
 

[43] H.M. Badawi, W. Förner, S.A. Ali, A comparative study of the infrared and Raman spectra 

of aniline and o-, m-, p-phenylenediamine isomers, Spectrochim. Acta, Part A 112 (2013) 388-

396. 

[44] Y. Fang, J. Pan, J. He, R. Luo, D. Wang, X. Che, et al., Structure re‐determination and 

superconductivity observation of bulk 1T MoS2, Angew. Chem. Int. Ed. 130 (2018) 1246-1249. 

[45] I.S.P. Savizi, H.R. Kariminia, M. Ghadiri, R.R. Azad, Amperometric sulfide detection using 

Coprinus cinereus peroxidase immobilized on screen printed electrode in an enzyme inhibition 

based biosensor, Biosens. Bioelectron. 35 (2012) 297-301. 

[46] Y. Zhao, Y. Yang, L. Cui, F. Zheng, Q. Song, Electroactive Au@Ag nanoparticles driven 

electrochemical sensor for endogenous H2S detection, Biosens. Bioelectron. 117 (2018) 53-59. 

[47] K.R. Olson, E.R. DeLeon, F. Liu, Controversies and conundrums in hydrogen sulfide biology, 

Nitric oxide 41 (2014) 11-26. 

[48] M.D. Brown, M.H. Schoenfisch, Nitric oxide permselectivity in electropolymerized films for 

sensing applications, ACS Sens. 1 (2016) 1453-1461. 

[49] K. Shatalin, E. Shatalina, A. Mironov, E. Nudler, H2S: a universal defense against antibiotics 

in bacteria, Science 334 (2011) 986-90. 

[50] A. Papapetropoulos, M. Whiteman, G. Cirino, Pharmacological tools for hydrogen sulphide 

research: a brief, introductory guide for beginners, Br. J. Pharmacol. 172 (2015) 1633-1637. 

 

 


