








ln gd . These findings offer strategies to maximize the ER of 

graphite in the microwave-assisted exfoliation. First of all, 
natural, flake-type graphite having large particle size (the larger, 
the better) is preferred to achieve the industrial-scale 
production of defect-free graphene through ER maximization. 
Secondly, there is a flooring value for graphite size (less than 
4.7 to 9.4 μm depending on the form and type of graphite) that 
can be exfoliated by microwave irradiation (Figs 4a-d).  

E. Reduction Process Using Benzyl Alcohol  

Together with Raman spectrometer and XPS, the changes 
in the extent of oxygen through reduction process with benzyl 
alcohol were measured for raw graphite, EG with reduction 
process, and EG without reduction process, thus examining the 
effect of the reduction process on C:O ratio. For 2 kinds of 
samples (i.e., EG with reduction process and EG without 
reduction process), their Raman spectra were recorded, as 
shown in Fig. 5a. The Raman spectra of EG with reduction 
process and EG without reduction process showed G band at 
1584 cm-1, 2D band at 2673 cm-1, and almost no line at 1370 
cm-1, which were well matched with the reported fundamental 
Raman modes for graphite [15]. This shows qualitatively that 
the EGs prepared by microwave irradiation have C:O ratio 
similar to raw graphite. We also performed a quantitative 
analysis on C:O ratio in EG with reduction process and EG 
without reduction process using XPS. The C 1s core level 
spectra of the samples (especially, EG with reduction process) 
were deconvoluted into 3 peaks of 284.95, 285.90, and 292.77 
eV corresponding to C-C, C-O, and pi-pi moieties, respectively. 
The chemical fractions of C-C and C-O existed in each sample 
were calculated on the basis of the area of the individual peaks 
and the atomic sensitivity factor (Fig. 5b). The C:O ratios 
measured from EG with reduction process and EG without 
reduction process were 6.41:1 (13.5%) and 10.49:1 (8.7%), 
respectively. This conforms that the microwave-assisted 
exfoliation method employed in this study produces EG having 
a relatively low oxygen content of 13.5% and the oxygen 
content of the EG decreases slightly but not significantly 
(8.7%) with the reduction process. 

IV. CONCLUSIONS 

The expanding nature of graphite in the microwave-assisted 
exfoliation has been understood to build the backbone for the 
industrial-scale production of defect-free graphene and oil 
adsorption material. In detail, the dependence of the ER of 
graphite on mechanophysical parameters (e.g., mixing ratio, 
mixing time, microwave irradiation time, and graphite 
properties) can be summarized as follows: among the 
combination of graphite, KMnO4, and HNO3 amounts, a 
mixing ratio of 1:1:2 is desirable to achieve the maximum ER; 
5 minutes of agitation produce the maximum ER of graphite; a 
microwave irradiation time of 60 or larger seconds is enough to 
fully expand graphite; natural, flake-type graphite having large 

particle size is preferred. Noticeably, the last phenomenon can 
be predicted from our fluid-dynamics-based model. 
Extrapolation of this study to other exfoliation method might 
help us to investigate the critical expanding nature of graphite, 
therefore mass-producing high-quality graphene.  
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