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Abstract 

The electrochemical performances of electrochemical biosensors largely depend on electrode 

characteristics, such as size, composition, surface area, and electron and ion conductivities. 

Herein, highly efficient electrocatalytic polyoxometalate (POM) was directly deposited on 

polymeric ionic liquid (PIL)-functionalized reduced graphene oxide (rGO) in a simple manner. 

The nano-sized POM with PIL functional groups was uniformly distributed on the surface of 

rGO sheets. The unique nanostructure of the resultant POM-g-rGO nanohybrids enabled well-

defined multiple redox reaction of POMs and rapid electron transfer. In particular, as-prepared 

nanohybrids demonstrated high electrocatalytic activity for the electrochemical detection of 

H2O2 and glucose molecules in flow-injection biosensor device with high sensitivity, rapid 

response time, and low detection limit.  
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1. Introduction 

Nanostructured materials have been extensively employed to prepare an electrode for 

electrochemical devices due to their large surface areas, high mass transport rate, and excellent 

electrocatalytic properties [1,2]. Recently, the integration of conductive carbon materials and 

metal (or metal oxide) nanoparticles is of great interest in the material science and practical 

applications [3–6]. Such nanohybrid materials provide great opportunities for the fine tuning 

multiple functionalities [7]. In particular, nanoparticles anchored on graphene sheets are one of 

the most widely used nanohybrid materials for electrochemical biosensor applications targeting 

hydrogen peroxide, NADH, ascorbic acid, dopamine, and others [8−12]. Graphene acts as an 

excellent support on which to deposite nanoparticles and a conducting pathway to assist a fast 

electrochemical kinetics during electrocatalytic reactions [13]. On the other hand, of the various 

electrocatalytic nanoparticles, polyoxometalates (POMs) are considered as versatile nano-

building blocks for the construction of nanohybrid materials due to their multiple charge transfer 

reactions and unique structural, electronic, and optical properties [14]. POM-based nanohybrid 

materials are particularly effective electrochemical catalysts in the detection of nitrate, iodate, 

bromate, and H2O2 [15−18]. Owing to this electrocatalytic effect of POMs toward reduction of 

H2O2, POM-based nanohybrid materials are also suitable for use in electrochemical glucose 

biosensors. Despite these attractive features of POMs, high solubility of POMs in aqueous 

solution limit their direct use in electrochemical systems [19], and thus, main strategy is to 

prepare POM-based nanohybrid materials.  

Herein, we describe the electrocatalytic characteristics of a POM-grafted reduced graphene 

oxide (POM-g-rGO) nanohybrid for development of electrochemical sensors for detection of 

H2O2 and glucose molecules. In preparation of POM-g-rGO nanohybrids, a polymeric ionic 
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liquid (PIL) was employed to link POMs to rGO. This process not only prevents rGO sheet 

aggregation, which commonly occurs during the reduction of GO sheets, but also facilitates 

charge transfer at the electrode/electrolyte interface. The electrochemical sensing performances 

of POM-g-rGO nanohybrids were thoroughly examined by incorporating them as electrodes in a 

injection-flow system. The POM-g-rGO nanohybrids showed high electrocatalytic activities 

toward H2O2 and glucose with high sensitivity, low detection limit, and rapid response time.  

2. Material and methods 

2.1. Materials 

All chemicals were used a received without further purification. The GO was synthesized from 

natural graphite (Sigma Aldrich, <20 μm) using a modified Hummers methods [20]. The rGO 

was prepared by the chemical reduction of GO using hydrazine hydrate. The PIL, poly(1-vinyl-

3-ethylimidazolium bromide), was prepared according to previously reported procedure [21]. 

Hydrazine monohydrate (64 ‒ 65%), phosphomolybdic acid hydrate (H3[PMo12O40]∙xH2O, 

denoted by POM), potassium hexacyanoferate (III) (K3Fe(CN)6), and potassium hexacyanoferate 

(II) trihydrate (K4Fe(CN)6∙3H2O), glucose oxidase (GOx, EC1.1.3.4, from Aspergillus niger, 

~200 U/mg), β-D-(+)-glucose, ascorbic acid (AA), and uric acid (UA) were obtained from 

Sigma-Aldrich. Hydrogen peroxide (H2O2, 30% w/w) was purchased from Junsei.  

 

2.2. Preparation of the POM-g-rGO Nanocomposites 

To prepare POM-g-rGO, aqueous a PIL-GO suspension was prepared by mixing GO (5 mg) 

with PIL (10 mg) in 20 mL of deionized (DI) water. Chemical reduction of GO was conducted 

by adding 20 μL of hydrazine monohydrate and heating at 85 °C for 24 h. The stable black-

colored PIL-rGO suspension obtained was filtered through an Anodisc membrane filter (pore 
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size 0.20 μm, Whatman) and washed extensively with DI water to remove any residual hydrazine 

and unbound PIL. After drying under ambient conditions, the PIL-rGO was re-dispersed in DI 

water and mixed with excess POM. The resulting suspension was vigorously stirred overnight to 

yield POM-g-rGO by anion exchange. Finally, POM-g-rGO was collected by filtration and 

thoroughly washed with DI water to remove any unbound POM. 

2.3. Preparation of nanohybrid-modified electrode and immobilization of GOx 

Before surface modification, glassy carbon electrode (GCE, dia 3 mm) was polished with 0.05 

μm alumina sequentially, rinsed with DI water, sonicated in water bath and dried in air. Then, 5 

mg of POM-g-rGO was first suspended in 10 mL of DI water and sonicated for 1 h. Next, a 5 μL 

of POM-g-rGO suspension was dropped onto the surface of GCE. After drying in air, an aliquot 

of 5 μL Nafion solution (1 wt% in propanol) was casted on the layer of POM-g-rGO in order to 

entrap POM-g-rGO. The as-prepared electrode was immersed in DI water for 1 h to wet the 

Nafion layer thoroughly before use. For immobilization of GOx, 6 μL of 3 mg/mL GOx was 

dropped on the surface of the POM-g-rGO electrode. A 5 μL Nafion solution was dropped on the 

enzyme electrode (GOx/POM-g-RGO) and dried for 24 h at 4 °C to form a uniform structure. 

After drying, the prepared enzyme electrode was washed with copious PBS to remove the non-

immobilized GOx. 

2.4. Fabrication of microfluidic electrochemical sensor 

Microfluidic sensor was fabricated by integrating a fluidic channel substrate with POM-g-rGO 

or GOx/POM-g-RGO nanohybrids. The microfluidic device was based on plastic substrates with 

an oval-shaped flow channel. The device was equipped with two holes of inlet and outlet, an 

Ag/AgCl reference electrode, and a Pt counter electrode. A syringe pump (KD scientific, KDS 

100) and injection valve (Rhoedyne, model 7725i) with a HPLC-grade sample loop was used to 
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pump the carrier solution (20 L) and to inject H2O2 and glucose for the microfluidic detection 

system, respectively.  

 

2.5. Characterization 

Transmission electron microscopy (TEM) images were obtained using a field-emission TEM 

(JEM2100F, JEOL Ltd.) operated at 200 kV. Scanning electron microscopy (SEM) images were 

obtained using a field emission scanning electron microscope (S-4800, Hitachi). X-ray 

photoelectron spectroscopy (XPS) data were obtained using a Thermo MultiLab 2000 system. 

An Al Mgα X-ray source at 200 W was used with pass energy of 20 eV and a 45° takeoff angle in 

a 10
−7

 Torr vacuum analysis chamber. All electrochemical measurements were performed on a 

CHI 760E electrochemical workstation (CH Instruments) using a conventional three-electrode 

system. Flow injection mode in microfluidic sensor was performed with chronoamperometric 

technique. All flow injection measurements were carried out at a flow rate of 1 mL/min. All 

potentials were collected at room temperature, and the as-obtained data were within the error 

range of ±1%.  
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3. Results and Discussion 

Figure 1a displays typical photographs of rGO and POM-g-rGO dispersed in aqueous solution. 

The rGO was not dispersed in water, but the POM-g-rGO was well dispersed in water, because 

of its abundant hydrophilic anionic sites of POMs. In addition, the imidazolitum cations of PIL 

were interacted with rGO sheets through cation‒π interaction, while Br
−
 anions of PIL were 

exchanged with POMs through anion exchange reaction [21].  To investigate the colloidal 

stabilities of rGO, PIL-rGO and POM-g-rGO, we measured zeta potentials and found them to be 

−10.47 mV for rGO, indicating instability of rGO colloidal suspension. The zeta potential values 

of PIL-rGO and POM-g-rGO had +34.70 mV and −38.05 mV, respectively, indicating well-

dispersed colloidal suspensions [22]. The opposite and negative zeta potentials of PIL-rGO and 

POM-g-rGO suggest different surface charges on adsorbed PIL (positive charge) and POM 

(negative charge) molecules on the graphene surface. As shown in Figure 1b, TEM image of the 

POM-g-rGO nanohybrid revealed ultra-thin crumpled nanosheets of rGOs, in which nano-sized 

POM particles were uniformly distributed. Elemental mapping confirmed the nanohybrid 

structure of POM-g-rGO. Strong signals for molybdenum for POM, carbon for rGO, and 

nitrogen for PIL were simultaneously observed at the surface of POM-g-rGO, indicating co-

existence of POM, PIL, and rGO. XPS was employed to investigate variations in elemental 

composition and functional groups in samples. Figure 2a shows the survey XPS spectra of PIL-

rGO and POM-g-rGO samples. Compared to the bare PIL-rGO sample, a Mo peak appeared at 

the POM-g-rGO nanohybrid due to successful exchange between PIL counter anion and POM. 

The C 1s XPS spectrum of POM-g-rGO is deconvoluted into the four peaks corresponding to 

carbon atoms in different functional groups (Figure 2b). The peak centered at 248.5 eV was 

attributed to C‒C/C=C bonds. The other peaks at 285.93, 286.76, and 288.06 eV were assigned 
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to C‒N, C‒O, and C=O bonds, respectively. The C‒C/C=C group countent in POM-g-rGO was 

calculated to be ~71%, which is much higher than that of previously reported for GO [23,24]. 

These results reveal the successful attachment of PIL and reduction of GO by hydrazine. Mo 3d 

XPS data exhibited two dominant peaks centered at 232.37 and 235.53 eV, which were assigned 

to fully oxidized Mo
6+

 in the form of MoO3 (Figure 2c). In addition, binding energies at 230.94 

and 234.27 eV were assigned to partially oxidized Mo
5+

 (230.94 and 234.27 eV), resulting from 

the attachment of POM to PIL-rGO sheets and charge transfer between PIL-rGO to the LUMO 

of the POM cluster [25]. The O 1s spectrum in Figure 2d shows peaks at 530.68 and 532.62 eV 

corresponding to the oxygen in PMo12O40
3−

 and to chemisorbed water or to other hydroxide 

groups attached to metal centers, respectively. 

To investigate the electrochemical behavior of the POM-g-rGO nanohybrid, CV measurements 

were conducted using a three electrode system consisting of a working electrode of PIL-g-rGO, a 

counter electrode of Pt wire, and a reference electrode of Ag/AgCl electrode. The electrolyte was 

0.5 M H
2
SO

4
. As shown in Figure 3a, we found clear multiple reversible redox peaks in POM-g-

rGO compared to the POM-rGO and PIL-rGO. In addition, the peak-to-peak separations between 

anodic and cathodic peaks (ΔE
p
) of POM-g-rGO are smaller than that of POM-rGO. This 

behavior was attributed to introduction of ILs in nanohybrids leading to efficient immobilization 

of POMs and facilitated the electron transfer between POM and rGO. 

CV measurements were also performed at different scan rates ranging from 10 to 1000 mV/s 

(Figure 3b). The POM-g-rGO nanohybrid showed an increased current response on increasing 

the scan rate and exhibited three pairs of well-defined redox peaks. This is attributed to efficient 

and rapid charge transfer between POMs and rGOs. We plotted the second oxidation peak as a 

function of scan rate (Inset in Figure 3b). A linear relationship was found between anodic peak 

currents and scan rates (R
2
 = 0.9986 and 0.9995 for anodic and cathodic peaks, respectively). 



  

 9 

This finding indicates that the redox reaction of POMs on the surface of rGO was governed by a 

surface confined redox process [26].  

The electrocatalytic reduction of H2O2 on POM-g-rGO was evaluated by a flow-injection 

amperometry. In order to obtain on-set potential for amperometric measurements, CV 

measurements were conducted in presence and absence of 10 mM H2O2 (Figure 4). The 

mechanism of electrocatalytic reduction of H2O2 was as follows [27]: 

H2O2 + e
−
 → OHad +OH

−
 

OHad + e
−
 → OH

−
 

2OH
−
 + 2H

+
 → 2H2O 

Obviously, the POM-g-rGO nanohybrid exhibited an increase in cathodic reduction peak when 

H2O2 was introduced. This indicates a high electrocatalytic ability of POMs in POM-g-rGO. The 

flow-injection system used for the electrochemical detection of H2O2 was operated at an on-set 

potential of +0.02 V using a three electrode system (Figure 5). The amperometric response of the 

POM-g-rGO electrode was followed with the successive addition of H2O2. The reduction current 

increased constantly on increasing H2O2 concentration. All of the cathodic current appeared 

within ~ 5 s, which is indicative of a fast response time of POM-g-rGO. These current signals 

were plotted as a function of H2O2 concentration. The sensing performance of the POM-g-rGO 

had a wide detection range of H2O2 detection (100 μM ‒ 20 mM). In particular, the POM-g-rGO 

had as high as sensitivity of 95.5 μA/mMcm
2
, which is higher than those of other 

electrocatalytic materials, including nanoporous PtCu (13.61 μA/mMcm
2
), MnO2/GO (38.2 

μA/mMcm
2
), and Ag-MnO2-MWNTs (82.5 μA/mMcm

2
) nanocomposites [28‒30]. Using the 

noise level and the relationship between current response and H2O2 concentration (S/N = 3), the 

POM-g-rGO showed a very low limit of detection (LOD) of 10.2 . 
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Electrochemical biosensors for detection of glucose are now utilized in portable units for the 

monitoring and management of diabetes because these biosensors are easily used, and provide 

rapid and accurate measurements [31]. In typical enzymatic glucose sensors, the electrode 

measured H2O2 molecules generated from the oxidation reaction of glucose by GOx as the 

following reactions [31]: 

GOx‒FADH2 + O2 → GOx‒FAD + H2O2 

H2O2 → O2 + 2H
+
 + 2e

‒
  

The electrochemical performance of the glucose sensor based on the GOx/POM-g-rGO 

nanohybrid was evaluated in a flow-injection system using chronoamperometric measurements. 

Current response was determined at an applied on-set potential of +0.02 V at glucose 

concentrations increased incrementally from 2 to 20 mM. As concentration increased, maximum 

current signals increased constantly. All current signals were detected within ~ 5 s and 

subsequently returned to baseline, indicating a rapid response time of glucose biosensor. The 

response currents obtained at different glucose concentration were plotted in Figure 6a, which 

showed a well-defined linear relationship (current signal vs. glucose concentration). Based on the 

slope of calibration plots, the corresponding sensitivity was estimated to be 14.3 μA/mMcm
2
. 

The detection range for glucose from 2 to 20 mM as determined in this study is enough for 

detection in real sample of glucose [31]. In addition, the LOD was calculated to be as low as 67.9 

μM, which is much lower than other reported POM-based electrode for glucose [32]. In order to 

investigate selectivity for glucose, the GOx/POM-g-rGO was tested in the presence of AA and 

UA, which are considered interfering species. At an applied polarization potential of +0.02 V, 

AA (0.2 mM) and UA (0.2 mM) produced negligible signals (Figure 6b). In contrast, a strong 

current signal was observed after injecting glucose (2 mM). Furthermore, this current was also 



  

 11 

observed after injecting a mixture of glucose (2 mM), AA (0.2 mM), and UA (0.2 mM). This 

data clearly demonstrates that the GOx/POM-g-rGO electrode has good selectivity performance 

for glucose from the main interfering species in real blood. 

 

Conclusion 

We suggested a straightforward method for preparation of highly efficient electrocatalytic 

nanohybird of POM-g-rGO, in which PIL served as surfactant to prevent aggregation of rGO 

sheets and binding sites for deposition of POMs. The uniform distribution of POMs on surface of 

rGO sheets were found to enable multiple and reversible redox reactions. Furthermore, the POM-

g-rGO nanohybrids were incorporated into a flow-injection device and showed excellent 

electrocatalytic activity for the reduction of H2O2. We also examined biosensing performance for 

detection of glucose molecules using a flow-injection device based on POM-g-rGO nanohybrids. 

Chronoamperometric result demonstrated a high sensitivity, low detection limit, fast response 

time, and good selectivity were achievable using POM-g-rGO nanohybrids for an enzymatic 

electrochemical biosensor. These superior performances were attributed to multiple redox 

reactions of POMs, high electrical conductivity of rGO sheets, and rapid and efficient charge 

transfer between POMs and rGO sheets through PILs. We believe that the electrochemical 

performance of the devised sensor makes is an excellent and developmental cadidate for 

different types of electrochemical biosensors. 
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Figure 1. (a) Digital photo of rGO and POM-g-rGO dispersed in water. (b and c) TEM images 

of POM-g-rGO at low and high magnification, respectively. (d) HADDF TEM image and EDS 

elemental mapping images of POM-g-rGO (scale bar, 200 nm). 
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Figure 2. (a) XPS spectra of PIL-rGO and POM-g-rGO. (b) High-resolution XPS spectra of C 1s, 

(c) Mo 3d, and (d) O 1s for POM-g-rGO. 
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Figure 3. (a) CV curves of PIL-rGO, POM-rGO and POM-g-rGO electrode in 0.5 M H2SO4 at a 

scan rate of 50 mV/s (b) CV curves of POM-g-rGO electrode with increasing scan rates from 10 

to 1000 mV/s. Inset is anodic and cathodic peak currents at a second peak position as the 

function of scan rate. 
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Figure 4. CV curves of POM-g-rGO electrode at scan rate of 50 mV/s in absence and presence 

of H2O2. 
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Figure 5. (a) Amperometric responses of POM-g-rGO electrode-based fluidic biosensor devices 

with increasing concentration of H2O2 ranging from 0.1 to 20 mM in the flow injection system at 

+0.02 V. (b) Calibration curves of the response current on the concentration of H2O2 at POM-g-

rGO electrode-based fluidic biosensor devices.  
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Figure 6. (a) Amperometric responses of POM-g-rGO electrode-based fluidic biosensor devices 

with increasing concentration of glucose ranging from 2 to 20 mM in the flow injection system at 

+0.02 V. Inset is calibration curves of the amperometric response to concentration of glucose. (b) 

Amperometric responses of interfering species on the biosensor response with subsequent 

addition of 0.2 mM ascorbic acid (AA), 0.2 mM uric acid (UA), 2 mM glucose, and 0.2 mM AA 

+ 0.2 mM UA + 2 mM glucose. 
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Graphical abstract 

 
Highly efficient electrocatalytic polyoxometalate was directly deposited on polymeric ionic 
liquid (PIL)-functionalized reduced grapheme oxide, leading to high electrocatalytic activity for 
the electrochemical detection of H

2
O

2
 and glucose in flow-injection biosensor device. 

 

 
 

 

 


