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homogeneity of the plasma on a large area as well as 

easy upscaling are major characteristics of these non-

equilibrium microwave plasmas at low-pressure 

conditions, which can be easily generated by the 

Duo-Plasmaline microwave plasma source and by 

the plasma array based on the Duo-Plasmaline. 
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Rapid production of high-quality reduced graphene 

oxide (rGO) with less oxygen functional groups 

(OFGs) and large lateral dimensions is pursued 

worldwide owing to the fascinating intrinsic 

properties of graphene such as highly flexible but 

mechanically robust structure, excellent electronic 
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conductivity, and massive theoretical specific 

surface area [1, 2]. High-quality rGO has found 

widespread applications in energy 

generation/storage devices, especially Li-ion 

batteries, LIBs [3-5]. Although chemical vapor 

deposition (CVD) and mechanical exfoliation 

approaches have been well developed to produce 

graphene-based products, their outcomes are 

generally unsatisfactory due to the high cost and the 

tedious process involved. The alternative approach 

to produce graphene is reduction of GO using 

chemical reducing agents or conventional thermal 

treatment. Nevertheless, the synthesized rGO 

possesses high concentration of OFGs and low 

carbon-to-oxygen atomic ratio (C/O). In order to 

produce high-quality rGO in a rapid and low-cost 

manner, reduction of GO using microwave 

irradiation is recently explored because it 

simultaneously combines the advantages of low cost 

by Hummer’s method and super-fast volumetric 

heating by microwave irradiation [6-8]. Further, 

despite the commercial success of LIBs as power 

sources for portable electronic devices, the 

commonly used graphite anode and LiCoO2-based 

cathode cannot satisfy the demanding requirements 

of the advanced LIBs due to the low capacity and the 

inferior rate capability, respectively. Therefore, it is 

envisaged that the electrochemical properties of 

LIBs can be improved significantly using high 

quality microwave processed rGO (MWrGO) 

because it is regarded as a promising electroactive 

material to replace traditional graphite in anode and 

as a conductive additive in cathode. Thus, the twin 

objectives of this study [9] were to rapidly produce 

high quality rGO via microwave treatment of GO in 

the solid state and assess the performance of 

MWrGO for battery anode and cathode applications.  

In this work [9], the GO prepared using the 

modified Hummer’s method was first pre-annealed 

at 250 ℃ to restore partial graphitic structures before 

being subjected to microwave irradiation at different 

powers (300, 500, and 800 W). The microwave-

synthesized products of annealed GO are denoted as 

MWrGO-X where X represents the microwave 

power. It is found that the microwave-assisted 

reduction process can be completed within few 

seconds at the super-fast heating rate of 

30,000 ℃/min. For comparative study of the impact 

of pre-annealing treatment on microwave absorption, 

GO without pre-annealing treatment (denoted as 

unannealed GO) was subjected to microwave 

irradiation and was compared with annealed GO. 

Detailed computer simulation using reactive 

molecular dynamics (RMD) was used to mimic the 

thermal deoxygenation process of OFGs at different 

microwave powers by considering the microwave 

localized heating of functionalized carbon atoms. 

The simulation results suggested that different 

microwave powers could be used to tailor the quality 

of MWrGO – a unique trait that can be exploited 

based on need. The obtained MWrGO-800W 

exhibited a highly porous structure, high C/O ratio 

(≈14.29), high surface area (310.24 m2/g) and high 

electronic conductivity (761.4 S/m). For LIBs 

application, the anode made of MWrGO-800W 

delivered a high discharge capacity of 750.0 mAh/g 

at 0.2 A/g with near-zero capacity loss after 100 

cycles. Additionally, the LCO-based cathode with 

MWrGO-800W as conductive additive was shown to 

exhibit an improved capacity retention and rate 

capability compared to the counterpart containing 

carbon nanotube (CNT) or graphite. 

 

 

Figure 1: Schematic of the microwave set-up used for 
reduced graphene oxide production. AR gas was used for 

creating an inert atmosphere [9].  

The as-prepared GO was annealed at 250 ℃ for 

1 hour in argon atmosphere to obtain annealed GO. 

The annealed and unannealed (as-prepared) GO was 

placed inside a microwave transparent quartz 
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reactor, which was flushed with argon gas for 10 min 

to create an inert atmosphere. Microwave irradiation 

was performed at powers of 300, 500, and 800 W 

using a customized microwave oven (Fig. 1) 

operating at 2.45 GHz frequency. For comparison, 

as-prepared GO without the annealing treatment 

(denoted as unannealed GO) was exposed to 800 W 

microwave irradiation in identical argon atmosphere. 

Upon microwave irradiation, the real-time 

temperature profiles across annealed GO and 

unannealed GO were monitored (Fig. 2) using 

thermal imaging camera (FLIR-A655sc, Sweden). 
 

 

Figure 2: Time-temperature profiles of annealed and 
unannealed GO by 800 W microwave irradiation. The heating 

rate observed is ~30,000 ℃/min for annealed GO and 
~2000 ℃/min for unannealed GO [9]. 

Fig. 2 depicts the effect of pre-annealing 

treatment on the microwave absorption of 

unannealed GO and annealed GO. The annealed GO 

could be heated up to ~670 ℃ within few 

milliseconds due to the boosted microwave coupling 

capability caused by partial restoration of conjugated 

graphitic structure. This is in sharp contrast with the 

highest temperature of only ~160 ℃ achieved on the 

unannealed GO. The modified Hummer’s method 

introduced OFGs on the basal planes of GO, which 

cleaved the defect-free conjugated structure down to 

tiny polyaromatic islands [3]. Those polyaromatic 

islands created inter-boundaries along the vicinity of 

the OFGs and thus confined the transportation of π 

electrons within delimited regions. Consequently, 

the π electrons were hard to be driven by the E-field 

component of the electromagnetic microwaves to 

transport over a long range to generate enough Joule 

heating to effectively reduce GO. Fortunately, GO is 

thermodynamically unstable due to the incorporated 

-OH and -C=O groups [3]. The pre-annealing 

treatment of GO at 250 ℃ can remove the -OH and 

-C=O groups and thus eliminate the inter-boundaries 

of defective regions, leading to partial restoration of 

the conjugated structures. This enabled the 

transportation of π electrons over a longer distance 

and generated significant amounts of Joule heating, 

yielding a remarkable heating rate of 30,000 ℃/min 

for annealed GO. This value was far greater than that 

of 2,000 ℃/min achieved in conventional rapid 

thermal reduction method [10]. This superfast 

heating rate was the direct result of intense 

microwave absorption and efficient conversion from 

microwave energy to thermal energy [10]. 

Furthermore, the obtained high temperature 

(~670 ℃) of annealed GO was also believed to result 

in the localized deoxygenation of OFGs. The pristine 

quality of the MWrGO was confirmed by high 

resolution TEM, selected area electron diffraction 

(SAED) and micro-RAMAN spectroscopy [9].  

It is also interesting to find that during 

microwave processing strong arcing was observed 

on annealed GO after just 1-3 s of microwave 

irradiation (Fig. 3), whereas no arcing was observed 

on unannealed GO even after even 60 s of exposure. 

The occurrence of microwave induced arcing may be 

ascribed to the congregation of π electrons at the 

sharp sites on graphene planes, which led to the 

ionization of the surrounding gas [11]. During 

microwave irradiation of annealed GO, the residual 

OFGs were locally heated and deoxygenated, which 

further eliminated the inter-boundaries around OFGs 

and enabled more π electrons to transport over a 

longer distance. In this scenario, a higher 

concentration of π electrons was built up at sharp 

sites, such as plane edges or defective points, 

resulting in the formation of intense electrostatic 

field [12]. The induced electrostatic field was likely 

to ionize the surrounding gas through electron 

excitation, which was perceived as electric arcing. It 

is also believed that the microwave reduction of GO 

was a self-accelerating deoxygenation process 

because the freshly formed MWrGO themselves 

became additional microwave absorption regions 

and in turn converted more microwave energy to 

thermal energy to remove the residual OFGs. 
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Figure 3: Thermal images of the occurrence of arcing during 
microwave irradiation on annealed GO. (a) Before microwave 
irradiation, (b) Heating up of GO samples at the beginning of 

microwave irradiation, (c) The initiation of arcing from GO 
surface, and (d) the development of intense arcing with 

extended microwave exposure [9]. 

It is also interesting to find that during 

microwave processing strong arcing was observed 

on annealed GO after just 1-3 s of microwave 

irradiation (Fig. 3), whereas no arcing was observed 

on unannealed GO even after even 60 s of exposure. 

The occurrence of microwave induced arcing may be 

ascribed to the congregation of π electrons at the 

sharp sites on graphene planes, which led to the 

ionization of the surrounding gas [11]. During 

microwave irradiation of annealed GO, the residual 

OFGs were locally heated and deoxygenated, which 

further eliminated the inter-boundaries around OFGs 

and enabled more π electrons to transport over a 

longer distance. In this scenario, a higher 

concentration of π electrons was built up at sharp 

sites, such as plane edges or defective points, 

resulting in the formation of intense electrostatic 

field [12]. The induced electrostatic field was likely 

to ionize the surrounding gas through electron 

excitation, which was perceived as electric arcing. It 

is also believed that the microwave reduction of GO 

was a self-accelerating deoxygenation process 

because the freshly formed MWrGO themselves 

became additional microwave absorption regions 

and in turn converted more microwave energy to 

thermal energy to remove the residual OFGs. 

 

Figure 4: Mechanistic aspects of microwave interaction on 
annealed GO: The microwaves are absorbed by oxygen 
functional groups and resulted in localized overheating, 

which lead to the formation of hotspots. The high 
temperature of hotspots can effectively deoxygenate the 

oxygen functional groups, thereby resulting in the release of 
gaseous species (CO2, H2O, CO and O) and the formation of 

structural voids on the graphitic backbone. During microwave 
irradiation, the E-field component of the electromagnetic 

microwaves drive the π electrons to accumulate at the sharp 
edges of voids of the graphene planes. This leads to the 

ionization of surrounding gas and the occurrence of intense 
arcing [9]. 

MD simulation has provided useful insights 

into the atomistic information regarding 

transformations and deoxygenation of OFGs during 

microwave irradiation. Two simulation scenarios, 

i.e. direct heating and microwave localized heating, 

were carried out. From the simulation results, it was 

concluded that the hydroxyl groups were 

decomposed from GO sheets at roughly 1200 K, 

followed by removal of epoxide, and carbonyl 

groups above 2200 K. The decomposition of 

hydroxyl groups at lower temperature was supported 

by previous research [13, 14]. Based on the 

simulation results, the decomposition mechanisms of 

hydroxyl, epoxide, and carbonyl groups are proposed 

(Fig 4). The hydroxyl group was decomposed from 

carbon skeleton by breaking the C-OH bond during 

microwave irradiation and then was released as a 

hydroxyl free radical. As for the decomposition of 

epoxide group, the two C-O bonds sequentially 

broke, and an oxygen atom was then released, as 

a) b) 

c) d) 
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illustrated. Notably, if two epoxide groups are linked 

by a carbon-carbon bond, they tended to transform 

into a pair of carbonyl groups as shown, which was 

also reported by Abolfath [15]. With regard to the 

paired carbonyl groups, one carbonyl group was 

rearranged with the C-CO bond of another carbonyl 

group and became an over-coordinated epoxide 

group, releasing a CO molecule. 

Battery anode and cathode structures were 

prepared and electrochemically characterized using 

the approaches described elsewhere [9].  For anode, 

the slurry of 60 wt% MWrGO and 40 wt% 

polyvinylidene fluoride (PVDF) was prepared using 

N-methyl pyrrolidinone (NMP, 99%) and was blade 

cast on Cu foils, followed by drying at 100 °C 

overnight. Afterwards, the dried electrode was roll 

pressed and punched out (8 mm discs). The mass 

loading was ~0.2 mg/cm2. For cathode, the 

stoichiometric amounts of Co3O4 (≥99%, Sigma) and 

Li2CO3 (≥99%, Fisher) were first ball milled at 

200 rpm for 16 hours with the ball-to-powder ratio of 

10:1, followed by calcination at 850 ℃ for 5 hours 

to prepare LiCoO2 (LCO). The slurry of 91% LCO, 

1 wt% MWrGO-800W and 8 wt% PVDF was 

prepared for MWrGO-containing cathode (LCO-

MWrGO) and the slurry of 89 % LCO, 3 wt% CNT 

and 8 wt% PVDF was prepared for CNT-containing 

cathode (LCO-CNT) using NMP. The slurries were 

blade cast on Al foils, followed by drying at 100 °C 

overnight. Afterwards, the dried electrodes were roll 

pressed and punched out (8 mm discs). The mass 

loading was ~3.1 mg/cm2 for LCO-MWrGO and 

~3.0 mg/cm2 for LCO-CNT. 

All the working electrodes prepared above 

were assembled in 2032 type coin cells with lithium 

metal as counter electrode in Ar-filled glove box 

(MBraun). Celgard 2325 membrane was used as 

separators and the electrolyte of 1.0 M LiPF6 in 

ethylene carbonate/dimethyl carbonate (1:1 v/v) was 

used. All the cells were conditioned for 1 day and 

galvanostatically charged/discharged using multi-

channel battery tester (Neware, BTS-4008). For 

battery (LIB) applications, the anode made of 

MWrGO-800W was demonstrated to deliver a high 

capacity of ~750.0 mAh/g with near-zero capacity 

loss after 100 cycles [9]. Additionally, a highly 

conductive 3D network constructed by porous 

MWrGO-800W provided LiCoO2 with a high-

capacity retention of ~70% at the high current rate of 

10 C, which is promising for power-oriented 

cathode.  

Hence (i) it is demonstrated that by 

incorporating a preliminary step of converting 

graphene oxide (GO) from a poor microwave (MW) 

absorber to an excellent microwave absorber through 

a simple pre-annealing treatment, the reduction 

process of GO can be fully accomplished using 

microwaves at an ultra-fast heating rate of 

30,000 ℃/min to produce high quality microwave 

reduced graphene oxide (MWrGO) in bulk; (ii) 

Reactive molecular dynamics simulations provided 

significant insights into the molecular-level 

interaction of annealed GO with microwaves and 

suggested that a relatively low-power (800W – 

something that is commonly available) microwave 

irradiation resulted in efficient removal of oxygen 

functional groups and the formation of structural 

voids on the graphene plane through localised 

heating. The E-field component of the microwaves 

drive the π electrons to accumulate at the sharp edges 

of voids of the graphene planes leading to the 

ionization of surrounding gas and correlates the 

observed occurrence of ‘arcing’; and (iii) For battery 

applications, the anode made of MWrGO-800W 

delivered a high capacity of ~750.0 mAh/g with 

near-zero capacity loss after 100 cycles. 

Additionally, a highly conductive 3D network 

constructed by MWrGO-800W was found suitable 

for a power-oriented cathode. 

Thus, the microwave-assisted reduction of GO 

provides a rapid way to produce high-quality 

reduced graphene oxide for energy storage devices at 

an affordable cost and at bulk scale. 
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