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Abstract 

Two-dimensional (2D) nanosheets have been extensively explored as electrode materials for 

the development of high-performance electrochemical biosensors due to their unique 

structural characteristics. Nevertheless, 2D nanosheets suffer from sheet aggregation issues 

limiting the electrical conductivity of layered metal sulfides or hydroxides. Here, we report 

high-performance glucose biosensors based on a three–dimensional (3D) aerogel composed 

of interconnected 2D MoS2 and graphene sheet. 3D MoS2/graphene aerogel (MGA) provides 

a large surface area for the effective immobilization of enzymes, and continuous framework 

of electrically conductive graphene sheets. Flow-injection amperometric evaluation of the 

glucose biosensor using a 3D MGA electrode exhibits a rapid response (~4 s), a linear 

detection range from 2 to 20 mM, a sensitivity of 3.36 μA/mM, and a low limit of detection 

of 0.29 mM. Moreover, the interference response from oxidizable species, such as, ascorbic 

acid, uric acid and dopamine is negligible at an operating potential of –0.45 V.  

Keywords: Glucose sensor, Graphene, Molybdenum disulphide, 3D gel, hydrothermal, 2D 

nanosheets, Self–assembly 

 

  



  

1. Introduction 

 Ever-increasing interest in safety, health, and the environment created demand 

for accurate portable diagnostic devices that can rapidly detect harmful molecules [1]. 

In this context, electrochemical biosensors are considered to have great potential 

because they can be incorporated into portable electronic devices, such as, smart 

phones, and allow users to use them for real time detection [2,3]. To fully satisfy this 

need, the performances of biosensors must be further improved in terms of selectivity, 

sensitivity, and response time [4−8]. Electrochemical performance depends greatly on 

electrode characteristics and can be improved by tailoring effective surface areas, 

dimensionality, functionality, and ionic and electronic conductivity [9−13]. In this 

regard, nanostructured materials have been widely used as functional materials for 

biosensor electrodes because of their large surface areas, short diffusion lengths, 

enhanced electron transport characteristics, and nanoconfinement effects [14−18].  

 Two–dimensional (2D) layered nanomaterials, especially monolayer graphene 

and metal disulfides (MDS), have been utilized as electrode material for 

electrochemical devices, such as water splitters, lithium ion batteries, supercapacitors, 

and electrochemical biosensors [19,20]. Among the metal disulfides, 2D molybdenum 

disulfide (MoS2) is a promising candidate for the construction of biosensors due to the 

catalytic activity resulting from many exposed edges similar to functionalized 

graphene sheets [21,22]. For instance, Wang et al. reported that a MoS2 nanoparticle-

based electrode shows enhanced electrocatalytic activity for the reduction of H2O2 [23]. 

In addition, Huang et al. described that a Cu nanoparticle-functionalized MoS2 

nanosheet exhibits good electrocatalytic behaviour toward glucose detection [24]. 

However, low electrical conductivity (< 2.09 × 10
–6

 S/cm) and the stacking 



  

phenomenon limit electron transport and accessible surface area, respectively, and 

reduce electrochemical performance [24]. To resolve this issue, tremendous efforts 

have been made to incorporate 2D nanosheets into three–dimensional (3D) porous 

architectures including, graphene-based aerogels, foams, and sponges. In particular, 

the graphene framework provides large surface area, improved electrical conductivity, 

and fast charge transfer, resulting in improved sensing performance [25–27]. 

 Here, we report a one-pot hydrothermal method to prepare 3D MoS2/graphene 

aerogels (MGAs) with high electrochemical sensing performance. The various size of 

porous structure of MoS2/graphene not only provides large surface areas for enzyme 

immobilization, but also rapid and efficient transport pathways for ions and electrons. 

Furthermore, we fabricated a flow-injection biosensor device based on 3D MGA 

electrodes. The electrochemical biosensors produced in this work showed high 

sensitivity, low limit of detection, fast response time and high selectivity for the 

detection of hydrogen peroxide and glucose. 

 

2. Experimental  

2.1. Fabrication of 3D MGA 

3D MGAs were fabricated using the hydrothermal method. Exfoliated MoS2 nanosheets were 

prepared by the lithium intercalation method previously reported [28]. Exfoliated graphene 

oxide (GO) nanosheets were obtained by oxidation of natural graphite powder according to 

the modified Hummers method [29]. 8 mL of homogeneous GO aqueous dispersion (3 

mg/mL) was mixed with 8 mL of MoS2 aqueous dispersion (2 mg/mL). After stirring for 1 h, 

the well dispersed aqueous mixture of GO and MoS2 was sealed in 18 mL Teflon-lined 

autoclave and maintained at 180°C for 12 hr for hydrothermal treatment. Finally, the 3D 

MGA was freeze-dried for one day in order to remove water without destroying its structure. 



  

By contrast, 2D MoS2/graphene was produced by filtering the mixed solution through anodic 

membrane filters (25 mm in diameter, 0.2 μm pore size, Whatman) by vacuum suction. And 

then, 2D MG was ground to powder form at room temperature using a mortar and pestle for 5 

min after peeling off from the filter membrane. 

2.2. Preparation of glucose oxidase (GOx)/3D MGA electrode 

 Before modification of GOx/3D MGA electrode, glassy carbon electrode (GCE, dia 

1 mm) was polished with 0.05 µm alumina sequentially, and then rinsed with deionized (DI) 

water. Finally, the electrode was sonicated in ethanol and DI water, dried at room 

temperature, and ready for modification. Initially, a test tube filled with 3D MGA and 5 ml 

ethanol ultrasonicated for half an hour to produce a homogeneous solution. Next, a 5 µL of 

3D MGA suspension was drop cast on the GCE and left to be dried for almost 15 min. The 

modified 3D MGA electrode was then immersed in the enzyme solution containing 0.1 M 

PBS with 2 mg/mL GOx. In order to promote enzyme immobilization, the electrode/enzyme 

solution was gently agitated for 2 h in a test tube shaker. To prevent enzyme denaturing, the 

electrode was stored in 0.1 M PBS at 4 
o
C prior to electrochemical testing. 

2.3. Characterization 

 We used Rigaku D/max lllC (3 kW) with a θ/θ goniometer equipped with a CuKα 

radiation generator for X–ray diffraction (XRD) analysis. The diffraction angle of the 

diffractograms was in the range of 2θ = 5°–80°. The XPS data were collected on a Thermo 

MultiLab 2000 system with an Al Mgα X–ray source at 200 W. The scanning electron 

microscopy (SEM) images were obtained using a field emission SEM (Hitachi S–4800 

microscope). Transmission electron microscope (TEM) and elemental mapping 

measurements were carried out using a JEM–2200FS microscope at 200 kV.  

 

2.4. Electrochemical measurements 



  

Cyclic voltammetry (CV) and AC impedance were obtained using VersaSTAT 4 

(Princeton Applied Research). For testing purpose, a conventional three-electrode 

electrochemical cell was used with a glassy carbon working electrode, an Ag/AgCl (3 

M KCl) reference electrode, and a platinum wire counter electrode. All potentials were 

recorded with respect to the reference electrode. AC impedance was measured in the 

range of 0.01 Hz to 100 kHz at constant amplitude of 10 mV. In order to evaluate the 

sensing performance, a flow injection system was set up using a syringe pump (KD 

scientific, KDS 100) and a sample injector (Rhoedyne, model 7725i) with a 20 μL 

sample loop. The flow electrochemical cell was assembled with working, counter, and 

reference electrodes in a plastic case. A Teflon gasket with a flow channel was 

inserted between the working electrode and the plastic case in order to provide 

sufficient contact between the sample and the GOx (glucose oxidase). The 

amperometric technique was used in this flow injection system to detect glucose 

molecules injected at a flow rate of 1 mL/min. All of the electrochemical 

measurements were performed at room temperature.  

 

3. Results and Discussion 

 A typical experimental procedure for the preparation of 3D MGAs is described in 

Fig. 1a. Solution-based exfoliation methods produced stable aqueous colloidal 

suspension of MoS2 and GO nanosheets, respectively. After mixing two suspensions, a 

mixture was highly stable in aqueous solution because both MoS2 GO nanosheets 

carry negative charges. A one-step hydrothermal method for 12 hr at 180
o
C was used 

to assemble MoS2 and GO nanosheets into porous structures. After freeze drying, we 

obtained 3D MGA. Freeze drying process can be formed a lot of macropore from 

mesopores for hierarchical porous structure with compare supercritical or atmospheric 



  

drying processes [30]. The morphology of 3D MGA was investigated by SEM and 

TEM (Fig. 1b–d). The 3D MGA was found to have various sizes of pores ranging 

from the sub–nanometer to several micrometers. High–resolution TEM image (Fig. 1c) 

confirmed structural stability of composite and coexistence of MoS2 and graphene. Fig. 

1d shows energy–dispersive X–ray spectroscopic (EDS) elemental maps of Mo and S 

signals for MoS2 and C signal for graphene, indicating the presence of MoS2 and 

graphene throughout the 3D framework. XRD and XPS (Fig. 2a–c) were used to 

confirm the phases of exfoliated nanosheets. The XRD patterns of bulk MoS2, as–

exfoliated MoS2 and 3D MGA equally revealed a (002) peak, but a new (001) peak in 

as–exfoliated MoS2 and 3D MGA at 2Ɵ ≈ 7.3° indicated an additional separation of 

5.5–6 Å between layers during restacking [32]. High resolution XPS revealed two 

polymorphs (1T and 2H) of MoS2 from the Mo 3d and S 2p. The binding energy of the 

1T phase in 3D MGA was ~0.9 eV lower than the 2H phase of bulk MoS2 counterpart. 

This result showed that 3D MGA includes the 1T phase of MoS2 originated from 

organolithium exfoliation of MoS2 [33−35]. In mixture, electrical repulsion between 

exfoliated MoS2 and GO nanosheets reduced the restacking rate and led to 

improvement of ion and electron transfers. 

 The electrochemical properties of the 3D MGA electrode were evaluated using CV 

and EIS measurements using a three-electrode system. Analysis of the redox reaction 

of Fe(CN)6
3–/4–

 is widely used to investigate the kinetics of redox reactions and the 

surface features of electrodes [36]. Fig. 3 shows typical CV curves for 3D MGA, 

GOx/3D MGA, 2D MoS2/rGO, and GCE electrodes at a scan rate of 50 mV/s. 3D 

MGA showed a better defined reversible CV curve and higher electrical current with 

narrower peak–to–peak potential separation (ΔEp, 55 mV) than those of 2D 

MoS2/rGO (ΔEp, 113 mV) and bare GC (ΔEp, 92 mV) electrodes, which was 



  

attributed to facilitated ion and electron transport originated from porous and 

interconnected conductive network. After the immobilization of GOx, peak currents of 

3D MGA slightly decreased because the redox reaction was inhibited by the resistance 

caused by biomolecule adsorption.  

Fig. 4a shows the chronoamperograms of the oxidation of Fe(CN)6
4−

 ions on the 

RGO/Nafion hybrid and RGO electrodes. The current–time response was governed by 

the following Cottrell equation [37]: 

I  FAD
1/2

C ⁄ π
1/2

t
1/2

                                            

   (1) 

where I is the current, F is the Faraday constant, D is the diffusion coefficient, C is the 

bulk concentration of Fe(CN)6
3−/4−

, A is the electrode area, and t is the time. The 

depletion of the electroactive species on the electrode surface leads to an inverse t
1/2

 

function. Thus, the diffusion coefficient is the linear relationship of I versus t
1/2

 as 

shown in Fig. 4b. The diffusion coefficient value of the 3D MGA hybrid was 

evaluated to be 9.8 × 10
−6

 cm
2
/s from the slopes (Fig. 4b), which is about 3-fold higher 

than that of the 2D MoS2/rGO electrode (3.6 × 10
−6

 cm
2
/s). This result elucidates that 

the GOx/3D MGA electrode promoted the diffusion of ferro/ferricyanide ions into the 

surface of electrode, compared to the 2D MoS2/rGO electrode. 

 Fig. 5 presents CV curves of 3D MGA measured at scan rates of 10 to 400 mV/s. 

Redox peak currents obviously increased with increasing scan rates. In fact, 

symmetrical anodic (Ipa, R
2
 = 0.9964) and cathodic (Ipc, R

2
 = 0.9975) peak currents 

were found to be linearly correlated with the square root of the scan rate, indicating a 

diffusion-confined electrochemical process [39]. In Nernstian or reversible systems, 

electroactive surface area (A) can be calculated using the Randles-Sevčik equation 

[37,38]: 



  

Ip = (2.69 x 10
5
)n

3/2
ADo

1/2
Cov

1/2
                                          (2) 

where, Ip is the peak current, n is the number of electrons involved in reaction, Do is 

the diffusion coefficient, Co is the concentration, and v is the scan rate. Using this 

equation, the A value of the 3D MGA electrode was calculated to be 1.36 cm
2
, which 

is higher than that of the 2D MoS2/rGO electrode (0.98 cm
2
) and 3D graphene 

electrode (Fig. S1, 0.04 cm
2
). In addition, the surface coverage (Γ*) of GOx enzymes 

on the surface of the 3D MGA electrode was calculated by the following equation [37]:  

Ip = n
2
F

2
vAΓ*/(4RT)

2
                                                 (3) 

where, n is the number of electrons, R is an ideal gas constant, T is the temperature in 

Kelvin, F is Faraday's constant and v is the scan rate. Surface coverage of the GOx/3D 

MGA electrode was 8.32 x 10
–10

 mol/cm
2
, indicating an electroactive monolayer of 

GOx adsorbed on the surface of the 3D MGA (Fig. S2) [39]. As a consequence, the 

3D porous and conductive networks provided a large accessible surface area for redox 

species in the electrolyte and enzyme loadings.  

 The superior structure of the 3D MGA was further investigated by EIS analysis. Fig. 

6 shows typical Nyquist plots for the 3D MGA and 2D MoS2/rGO electrodes. The 

charge transfer resistance (RCT) of 3D MGA (75.4 Ω) was much lower than that of 2D 

MoS2/rGO (92.35 Ω), suggesting faster electron transfer and indicating that the 3D 

porous structure accelerated electrochemical kinetics. This enhanced charge transfer is 

thought to be due to a higher contact area and more efficient electrical connection 

between the electrolyte and the electrode [40]. 

The fast ion and electron transfers of the 3D MGA electrode encouraged us to use this 

structure in an electrochemical biosensor. Another advantage of the 3D MGA 

electrode is that the integrated MoS2 acted as an efficient electrochemical catalyst and 

enhanced the performance of the electrode for glucose detection [11]. Enzyme-based 



  

electrodes for glucose sensors generally detect H2O2 molecules generated from the 

oxidation of glucose by GOx through following reactions [41]: 

 

GOx−β−D−glucose + O2 → GOx−D−glucose−δ−lactone + H2O2 → D−gluconic 

acid + H2O 

 

H2O2 → O2 + 2H
+
 + 2e

−
 

 

The electrocatalytic activity of the 3D MGA electrode for the reduction of 0.2 mM 

H2O2 in N2–saturated PBS solution was also evaluated (Fig. 7). As expected, the 3D 

MGA electrode had higher catalytic currents for anodic reactions of H2O2 (–22 µA) 

than that of the 2D MoS2/rGO electrode (–13 µA). We also evaluated the pH-

dependent respose of the GOx/3D MGA/GCE. Significantly, elevation of the solution 

pH led to negative shift of both anodic and cathodic peaks, exhibiting strong pH 

dependence of the redox reaction of GOx (Fig. S3) 

The electrochemical sensing performance of the 3D MGA was evaluated 

amperometric detection using a flow-injection system. As shown in Fig. 8a, at a 

polarization potential of –0.45 V, current response increased temporally within 4s and 

then returned to its original state of the buffer signal level. At all concentrations, the 

3D MGA-based biosensor had consistently higher current response than the 2D 

MoS2/rGO-based biosensor (Fig. S4). A highly linear current plot was obtained for the 

3D MGA-based biosensor at glucose concentrations up to 20 mM (the maximum 

glucose concentration in real samples) [2]. The limit of detection (LOD) of this 

biosensor was calculated from signal-to-noise ratio (S/N = 3) as follows [42]:  

 



  

LOD = (kDSb)/q1 

 

where, kD is a factor used for defining the LOD (= 3), Sb is standard deviation of blank 

signal, and q1 is the slope of the calibration plot in essential range (2 mM‒20 mM). 

Furthermore, the electrochemical sensing signal of calculated LOD was confirmed in 

Fig. S4. The response time, defined as the time to reach maximum current, was 

estimated by averaging response times at different injected glucose concentrations. 

Background current signal was obtained using PBS solution (Fig. S5). The 3D MGA-

based biosensor showed a considerably higher sensitivity (3.36 µA/mM), a lower LOD 

(0.29 mM), and a faster response time (~ 4 s) than the 2D MoS2/rGO-based biosensor 

(Table 1). This sensitivity value of the 3D MGA-based biosensor was higher than 

those of other biosensors, including layered MoS2/graphene composite [43], Au 

modified MoS2 [44], and MoS2 nanoparticle [45]. The excellent electrochemical 

biosensor performance of 3D MGA-based biosensors is attributed to the following 

characteristics. The interconnected network of MoS2 exposes large basal planes 

toward the electrolyte solution at the interface, which enhance H2O2 reduction activity 

of MoS2 nanosheets via oxygen replacement at exposed Mo edges [46]. The selectivity 

of a glucose biosensor is one of the most important factors as it avoids interferences 

common impurities, such as, ascorbic acid (AA), uric acid (UA), and dopamine (DP) 

(Fig. 8b). The applied potential was optimized at –0.45 V in order to avoid these 

interferences [46]. A strong current signal for glucose was observed irrespective of the 

presence of AA, UA, and DP. This indicates that the 3D MGA-based biosensor has 

excellent glucose selectivity in the presence of the main interfering molecules. In 

addition, we confirmed the reproducibility of the 3D MGA biosensor by repeating 



  

injection of glucose with same concentration of 4 mM (Fig. S6). The peak currents are 

almost consistent with an average value of 4.64 µA. 

 

4. Conclusions 

 We developed a high performance biosensor based on the 3D foam structure of 

MoS2 and graphene nanosheets. The 3D MGA electrode was prepared using a simple 

hydrothermal method. Particularly, the different size of porous structure of the 3D 

MGA enabled to efficient and rapid pathways for ions and electrons. In order to 

demonstrate superior features of 3D MGA, two types of electrodes, 3D MGA and 2D 

MoS2/rGO, were prepared and their electrochemical performances were intensively 

characterized. The 3D MGA-based biosensor exhibited better sensing performances 

than the 2D MoS2/rGO-based biosensor, in terms of sensitivity, response time, and 

limit of detection. This result was attributed to large surface area and efficient radial 

ion diffusion in the 3D MGA structure. The convenient fabrication method used to 

produce the 3D heterogeneous structure, and the electrochemical performance of the 

3D MGC makes these electrodes suitable for producing high sensitivity 

electrochemical biosensors.  
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Fig. 1 (a) Typical procedure for the preparation of 3D MGA. (b) SEM and (c) TEM images 

of interconnected microstructure of 3D MGA. (d) Electron mapping images of Mo, S, and C 

signals for the 3D MGA. 

  



  

  

Fig. 2 XRD spectra of MoS2, as-exfoliated MoS2, and 3D MGA. (b) and (c) High resolution 

spectra of Mo 3d and S 2p of 3D MGA compared with bulk MoS2.  

 

  



  

  

Fig. 3 CV CV curves of the GCE (glassy carbon electrode), 2D MoS2/rGO, Gox/3D MGA 

and 3D MGA electrode in a solution of 5 mM Fe(CN)6
3–/4–

 and 0.1 M KCl..  

  



  

 

Fig. 4 (a) Chronoamperograms obtained from the oxidation of Fe(CN)6
4−

 ions with 3D MGA 

and 2D MoS2/rGO electrodes and (b) calibration curves of the oxidation current of Fe(CN)6
4−

 

ions vs. t
−1/2

 for 3D MGA and 2D MoS2/rGO electrodes. 

 

  



  

 

Fig. 5 CV curves of the 3D MGA electrode in sloution containing 5 mM Fe(CN)6
3-/4-

 and 0.1 

M KCl at various scan rates (25, 50, 100, 150, 200, 250, 300, 350, and 400 mV/s). 

  



  

 

Fig. 6 Nyquist plots of 2D MoS2/rGO and 3D MGA electrodes with supporting electrolyte 

solution of 5 mM Fe(CN)6
3–/4–

 and 0.1 M KCl. 



  

 

Fig. 7 CVs of 3D MGA electrodes in PBS containing 0.2 mM of H2O2 at scan rate of 50 mV/ 

s. 

  



  

 

Fig. 8 (a) Amperometric responses of GOx/3D MGA electrode-based fluidic biosensor 

devices with respect to 2 mM increments of glucose in the flow injection system at –0.45 V. 

Inset is calibration curve of the electrocatalytic current on the concentration of glucose. (b) 

Interfering effect of 2 mM glucose, 0.1 mM AA, 0.2 mM UA and 0.2 mM DP on GOx/3D 

MGA electrode-based fluidic biosensor devices at operating potentials of –0.45 V. 

  



  

Table 1. Electrochemical performances for GOx/3D MGA and GOx/2D MoS2/rGO 

electrode-based biosensors. 

 

  

Electrode Sensitivity 

(µA/mM) 

Limit of  

detection (mM) 

Response  

time (s) 

Reference 

AuNP@MoS2/GCE 11.5 2.8 ~7 [43] 

MoS2-Gr/GCE - 0.02 ~ 4 [44] 

MoS2 nanoparticle/GCE 2.58 0.0025 ~ 5 [45] 

3D MGA/GCE 3.36 0.29 ~ 4 This work 

2D MGA/GCE 0.106 0.92 ~7 This work 



  

Supplementary material  

 

Fig. S1 CV curves of the 3D graphene electrode in sloution containing 5 mM Fe(CN)6
3-/4-

 and 

0.1 M KCl at various scan rates (25, 50, 100, 200, and 300 mV/s).  

 

 



  

 

Fig. S2 CV curves of the GOx/3D MGA electrode in sloution containing glucose and PBS 

buffer solution at various scan rates (25, 50, 100, 150, 200, 250 and 300 mV/s). 



  

 

Fig. S3 CV curves of the GOx/3D MGA electrode in PBS buffer with different pH values 

(9.0, 8.0, 7.0, 6.0 and 5.0),  

 



  

 

 

Fig. S4 Amperometric responses of GOx/2D MoS2/rGO electrode-based fluidic biosensor 

devices with respect to 2 mM increments of glucose in the flow injection system at –0.45 V. 

Inset is calibration curve of the electrocatalytic current on the concentration of glucose. 

  



  

 

Fig. S5 Background current of GOx/3D MGA biosensor using PBS solution in the flow 

injection system at –0.45 V. 

  



  

 

 

Fig. S6 Amperometric responses of GOx/3D MGA electrode-based fluidic biosensor by 

repeating 4 weeks injection of glucose with concentration of 2 mM at –0.45 V. 

  



  

Graphical abstract 

 

Three‒dimensional MoS
2
/graphene aerogel was prepared by a hydrothermal and freeze 

drying method, demonstrating great potential as a sensing electrode for detecting glucose 
with high sensitivity, low detection limit, and high selectivity.  

 

 

 


