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Abstract: We herein introduce a new approach to synthesize MoO2/graphene composites via 

plasma-enhanced electrochemical exfoliation process. Our samples were prepared by electrifying 

graphite rods in (NH4)2Mo7O24 solution under a DC voltage of 70V. By controlling the experimental 

parameters such as the initial ratio of [Mo7O24]2– precursor, the current and time, we can modify the 

size and the size distribution of MoO2 nanoparticles on graphene sheets. The composites were 

characterized with Scanning Electron Microscopy, Transmission Electron Microscopy, X-ray 

Diffraction and Raman Spectroscopy. 
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1. Introduction 

As global warming has turned into a significant environmental challenge due to the overwhelming 

consumption of fossil-fuel, energy conversion and storage devices play a crucial role in our modern 

society. To overcome this obstacle, diverge energy storage and conversion systems have been created 
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based on several criteria: low-cost, environmental-friendly behaviour and effectiveness. Lithium-ion 

batteries (LIBs) are considered one of the most practical and useful devices developed for energy storage 

[1]. Being emerged only since the early of the 1990s, LIBs have received much interest from scientists 

in the field of fundamental study and applied research because of its superior properties such as large 

capacity, high power/energy density, long cycle life and low toxicity [2]. In recent years, one of the 

challenges to chemists and materials scientists has been developing new electrode materials to improve 

energy density and reducing cost while maintaining a high rate performance of LIBs. For this reason, 

various transition-metal oxide nanoparticles (NPs) have attracted considerable attention as the type of 

ideal electrode materials owing to their high theoretical electrochemical capacities such as Fe3O4, Co3O4, 

MoO3, V2O5 and TiO2 [3]. Among them, molybdenum oxide (MoO2) is considered as a promising 

candidate to make anode material due to its high capacitances (838 mAhg–1), low electrical resistivity, 

high density, high melting point, and excellent chemical stability [4]. However, bulk MoO2 undergoes 

significant volume change by lithium insertion/extraction resulting in poor cycling stability [4–6]. 

Graphene – a distinct two-dimensional material is also a potential material for use in LIBs. Aside 

from carbon nanotubes [7,8], they exhibit unique properties such as high electrical conductivity, the 

large surface area of more than 2600 m2/g and chemical stability [9,10]. Notably, the excellent electron 

mobility of sp2-carbon matrix in graphene is expected to enhance overall electrical conductivity. Recent 

reports have indicated that the formation of graphene/metal oxide composites possibly inherits 

synergistic effects of the two components, yielding outstanding electrochemical performances. Multi-

layer graphene sheets are used as a conductive substrate for metal oxide nanoparticles decorated on their 

surface. They, furthermore, also hinder metal oxide nanoparticles from the volume changes and 

aggregation during charge/discharge processes. In contrast, the attachment of metal oxide on graphene 

effectively inhibits the restacking mechanism of graphene layers [11]. 

There have been various proposed methods to synthesize MoO2/graphene nanocomposites for a 

decade. Most methods require a two-step time-consuming mechanism: the oxidation of graphite with 

the reduction of graphite oxide and the hybridized precursor in extreme condition. The development of 

facile and easily scaled up synthetic methods, thus, is highly desired. In this study, our group aims to 

develop a one-step and straightforward approach: plasma-enhanced electrochemical exfoliation process 

(PE3P). The method is based on the generation of a high electric field by applying a voltage of 70 V on 

a minimal contact area between the tip of the cathode and the electrolyte [12]. This high energy instantly 

breaks through the air-gap insulator then creates the plasma at cathode tip. Plasma-assisted exfoliation 

method was first used for the exfoliation of graphene sheets from graphite rod, and by modifying the 

electrolyte, different types of graphene-based composites can be formed [13,14]. This PE3P is facile, one-

step, low-cost, environmentally friendly in the synthesis of both graphene sheets and MoO2 nanoparticles. 

2. Experimental Setup 

2.1. Chemicals 

Ammonium molybdate ((NH4)6Mo7O24.4H2O), H2SO4, KOH, cylindrical high purity graphite rod 

(5 mm, 30 nm in length with 99,99%) were ordered from Sigma-Aldrich. A Pt plate (10 x 25 x 0.3 mm, 

99.99%) plays a role of anode electrode. No further purification is required. 

2.2. Synthesis of MoOx/graphene 

MoO2/graphene composite was synthesized by plasma-enhanced electrochemical exfoliation 

method according to the following procedure: 1.5 mol (NH4)6Mo7O24.4H2O were adding to 150 mL 

H2SO4 solution (with a concentration of 0.5 M, 1 M, 3 M, respectively) as the electrolyte. Graphite and 
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Pt electrodes were used as cathode and anode, respectively. Cathodic graphite tip was sharpened to 1 

mm in diameter and immersed approximately 1 mm into the solution, while the Pt electrode was 

submerged deeply into the solution. Then, a constant voltage of 70 V from a DC source (110V-3A, 

Kikusui Electronic corp., Japan) was applied between two electrodes, and current intensity was 

controlled in the range from 0.4 to 0.6 A. The reaction lasted for one hour within an ultrasonication bath 

at ambient condition. For every 15 minutes, the graphite electrode requires a re-sharpening process to 

ensure the sharpened tip. The obtained suspension was filtered and washed carefully with distilled water 

and ethanol by vacuum filtration system with a polyvinylidene fluoride membrane (pore size of 0.2 µm) 

until reaching to neutral pH = 7. Then, after being dried at 60oC for one hour, the final products were 

collected. A similar process was applied with different concentration of precursors. Samples GMo1, 

GMo5 and GMo10 are denoted respectively for the initial concentration of ammonium molybdate as 1 

mM, 5 mM and 10 mM. 

 

 

Figure 1. Schematic setup of the synthesis of MoO2/graphene composites. 

2.3. Characterization Preparation 

Scanning electron microscopy (SEM) images were recorded on a Hitachi S-4800 Field Emission 

SEM. SEM samples were prepared by drop-drying from a water/ethanol suspension of the composite 

material on a Si wafer. Transmission electron microscopy (TEM – Hitachi 9500, 300 kV) were 

conducted using specimens dispersed in ethanol and then dropped onto copper microgrid coated with a 

holey carbon film, followed by the evaporation of the ethanol. 

The crystallographic structure of the samples was determined by a D2 XRD system (Equinox 5000) 

equipped with a Cu K radiation and a Ni filter ( = 0.1542 nm).  

A LabRam HR Evolution recorded Raman spectra with a laser wavelength of 532nm.  

3. Results and Discussion 

Surface morphology of the molybdenum oxide/graphene composites was characterized by using 

SEM. Figure 2 shows the SEM images of the samples prepared at different initial concentrations of 

[Mo7O24]6–. As can be seen, spherical MoOx nanoparticles were decorated on the surface of layer-by-
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layer graphene sheets, exhibiting the successful formation of MoOx/graphene composites. The diameter 

of the MoOx nanoparticles was likely under 30 nm. When the concentration increases, oxide particles 

decrease in size and attain wider distribution on the surface of graphene sheets. In the TEM images, 

graphene is observed with under 10 layers (Figure 3a). Manganese oxides appear in the nanoclusters 

form as in Figure 3b.  

 

Figure 2. SEM images of MoOx/graphene composite at different precursor concentrations:  

A) GMo1, B) GMo5 and C-D) GMo10. 

 

Figure 3. TEM images of (a) Graphene and (b) GMo1 with red arrows pointing at nanoclusters. 
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X-ray diffraction was performed to identify the composition of the as-prepared MoOx/graphene 

composite (Figure 4). It can be observed that the diffraction peaks at 2 values of 26.65o, 36.65o, 53.7o 

and 61.35o corresponding to the (110), (020), (220) and (031) planes of monoclinic crystal phases of 

MoO2 (JCPDS No. 65 – 5787) [15]. No characteristic peak is observed for impurities such as MoO3 as 

well as other molybdenum oxides, indicating the direct reduction of MoVI to MoIV during the 

electrochemical process. Thus, molybdenum oxide MoOx in this work is evidently proved as MoO2. 

Additionally, the presence of two diffraction peaks at 2θ of 26.65° and 42.45° is assigned to the (002) 

and (100) basal planes of graphite, respectively (Figure 4a). Also, the intensity of all diffraction peaks 

is strong and narrow, demonstrating the high crystallinity of the as-synthesized MoO2/graphene 

composites. 

 

Figure 4. XRD pattern of (a) graphene and (b) MoO2/graphene composite. 

 

Figure 5. Raman spectrum of MoO2/graphene. 
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To further investigate the chemical configuration, the MoO2/graphene composites were 

characterized by Raman spectroscopy (Figure 5). The peaks at 1344, 1578 and 2696 cm−1 are attributed 

to D, G and 2D bands of graphene sheets, respectively. The G band represents the in-plane vibration of 

sp2 carbon atoms while the D band stands for defect structure of graphene. Thus, high-intensity peak 

corresponds to edges region, where the central area of the graphene sheet rarely exhibits D bands 

[16,17]. The high intensity of the D band is observed, indicating the significant content of defects in the 

graphene sheets (Figure 4a). The formation of new edges caused it during the exfoliation of graphite 

and MoO2 nanoparticles generated onto the surface of graphene sheets. The 2D band, so-called the 

second-order of zone boundary phonons [17], shows a signature Raman spectrum for most sp2 material. 

The broaden 2D band indicates that the graphene has a multi-layer structure. 

Furthermore, in the range of below 1000 cm–1, the characteristic peaks of MoO2 mostly shifted to 

the left. Raman peaks at 970, 797, 674 cm–1 are seemingly originated from position 993, 820 and 663 

cm–1, corresponding to Mo = O bond stretching (Ag, υas), Mo = O bond stretching (Ag, υs) and O – Mo – 

O bond stretching (B2g, B3g, υa) [18]. 

4. Conclusion 

In summary, MoO2/graphene composites were successfully synthesized via a one-step method with 

low-cost equipment and simple setup at ambient. The results reveal that MoO2 nanoparticles sized under 

30nm were decorated randomly on the surface of multi-layer graphene sheets. With the potential of 

being scaled up, PE3P process could be optimized and developed for the preparation of other graphene-

based materials. 
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