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1 Introduction: 

Holey graphene, referred to as graphene with 

nanoholes in their basal planes, recently attracted 

increasing research interests from both fundamental 

and practical application point of view [1]. The 

existence of nanoholes in these bulk 3D materials not 

only increases accessible surface area, but also 

provides desired “short-cuts” for efficient mass 

transport across graphene basal planes and ultimate 

access to, and from inner surfaces, which is very 

different from the intrinsic perfect graphene sheets. 

Most importantly, generating nanoholes naturally 

transform a large number of in-plane atoms into edge 

atoms. These atoms have different electronic states 

and chemical functionalities from their basal planes, 

which render holey graphene materials unique 

properties and capabilities.  

Recent years have witnessed wide range of 

applications from molecular sensing to 

electrochemical energy generation and storage, 

demonstrating the critical advantages of holey 

graphene-based materials toward practical 

applications. However current approaches for 

scalable production of holey graphene materials 

require graphene oxide (GO) or reduced GO (rGO) 

as starting materials [2]. Thus generated holey 

graphene materials still contain a large number of 

defects on their basal planes, largely due to the 

existence of or evolved to “hard-to-remove” defects 

in these starting materials. The existence of these 

defects not only complicates fundamental studies, 

but also influences certain practical applications due 

to the largely decreased conductivity, thermal and 

chemical stability. 

 

 

2 Methodology: 

This work reports a novel, rapid, and eco-friendly 

approach for mass production of holey graphene 

materials [3]. In this approach, dry microwave 

chemistry was exploited to fundamentally solve the 

above mentioned problems, so that controllable 

generation of nanoholes can be achieved while 

leaving other parts of the graphene basal plane 

largely intact. Furthermore, the hole edges can be 

controlled to be rich in zigzag geometry, which is the 

preferred edge structure for catalytic and spintronic 

applications.  

 
Figure 1: A schematic drawing to demonstrate the structure 
of the slightly oxidized GIC (SO-GIC). Low density of oxygen 

containing groups were introduced in the basal planes during 
oxidation and some intercalants (HSO4

-) still exist in the 
galleries between the graphene sheets. 
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One of the key features in our new approach is 

the use of slightly oxidized graphite intercalation 

compounds (SO-GICs) (Figure 1 and Figure 2a) 

instead of direct use of GO or rGO as starting 

materials. In SO-GICs, a low density of oxygen-

containing groups are sparsely distributed across the 

graphene sheets in entire graphite flakes. Hence, the 

formation of those hard-to-remove defects as 

described during annealing of GO/rGO would be 

largely prevented.  

The second key feature of this approach is to 

make full use of microwave heating in air instead of 

traditional convection heating in inert environments 

(such as in Ar). For carbon materials with only slight 

oxidation, strong microwave absorption and rapid 

transformation of the absorbed MW energy into heat 

with high efficiency are expected [4-6]. The heat 

generated can achieve a very fast temperature rise, 

which can induce rapid chemical reactions. In this 

case, the rapid chemical reactions induce fast 

degassing, building up an inner gas pressure inside 

SO-GICs, which pushes the graphene sheets apart 

(expansion). Furthermore, the mechanism of 

microwave heating of slightly oxidized carbon 

materials without solvent is mainly wireless 

(contactless) Joule heating [5-6]. The 

electromagnetic field of microwaves induces motion 

of electrons in conducting material, which causes 

heating due to electrical resistance [5-7]. Therefore, 

the current induced during microwave irradiation is 

not converted to heat in perfect graphene domains 

due to their ballistic conduction behaviour. On the 

other hand, the defective regions, in which oxygen 

containing groups or other topological defects are 

located, scatter the electrons and provide electrical 

resistance. Therefore, these defect regions are 

headed selectively. This region-selective heating can 

induce different chemical reactions depending on the 

microwave power, irradiation periods, and the 

chemical nature of carbon materials subjected to 

microwave irradiation. These reactions may include 

(1) direct carbon combustion selectively at the 

defective regions to generate vacancies or nanoholes 

(direct perforation); and (2) deoxygenation and 

reconstruction of the defect sp3 carbon bonds into sp2 

configuration (fixing defects or remediation). These 

two processes tend to occur concomitantly and 

competitively. With this consideration, microwave 

irradiation pattern was optimized to generate 

graphene materials with controlled hole structures. 

Most importantly, all the graphene materials 

generated by this approach have their basal planes (in 

the non-hole regions) nearly free of other defects. 

This feature ensures the preservation of the 

outstanding electric and thermal transport properties, 

and chemical inertness of pristine graphene. 

 

 

Figure 2: (a) A HRTEM image of the SO-GIC (the starting 
material before microwave irradiation). (b) and (c) 

representative SEM images after the first microwave 
irradiation of SO-GIC, which is named as graphene nanoplates 

(Gn). (d) A Typical HRTEM images of Gn, showing almost all 
the defects in the SO-GIC was fixed. 

3 Results and Discussion 

We first applied lower power and shorter microwave 

irradiation time to exfoliate (or expand) the SO-GICs 

(Figure 2a-b). The product of this step was named as 

graphene nanoplatelets (Gn) due to the fact that most 

of the defect in the basal planes were concurrently 

fixed during the expansion and most of them 

composed by several layers of graphene (Figure 2c-

d). The efficient expansion of the SO-GICs 

warranted most of the graphene sheets in the 

resulting Gn to be accessible to the oxidant (air) for 

direct combustion in the following step. Upon 

cooling down (~ 10 mins), the Gn was irradiated for 

another 5 seconds at 200 W. Further expansion was 

observed from Scanning Electron Microscope 

(SEM) imaging. It was also observed that holes of 

300-500 nm were generated on the basal planes of 
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most of the Gn. We referred to this sample as 

graphene nanoplatelets with holes (Gn-H), Figure 

3a). Since both sides of the exfoliated nanoplatelets 

in Exp-Gn were accessible to the oxidant (air), holes 

were generated on both sides of the nanoplatelets. 

Upon one more 5-second microwave irradiation 

(upon cooling down, ~ 10 mins), the surface area of 

the product was further increased to 744 m2/g. The 

holes became larger and most of the holes penetrated 

deep into the lower layers of the stacked graphene 

sheets. Some of them even penetrated through the 

entire nanoplatelets. Note that most of the chemical 

etching approaches struggle to create holes which 

penetrate through a nanoplatelet of several layers due 

to the preferred in-place etching processes [8]. 

Furthermore, the hole edges are heavily etched, 

rough and irregular (Figure 2b). We termed this 

sample as graphene nanoplatelets with etched hole 

edges (Gn-HE). Very interestingly, in the non-hole 

regions from SEM, baby holes with diameters of 2-

5 nm were observed via high resolution 

Transmission Electron Microscope (TEM) (Figure 2 

c-d). Some of the baby holes were terminated with 

zigzag edges (Figure 3d). The near pristine nature of 

their basal planes and the richness of the zigzag 

edges were clearly observed via atomic resolution 

TEM and further supported by other techniques, 

including the studies of the localized π-edge states 

associated with zigzag geometry via electron 

paramagnetic resonance (EPR) measurements. 

The holey graphene nanoplatelets were 

explored as metal-free, even heteroatom-doping 

free- chemical catalysts for hydrogen atom transfer 

reactions. They exhibited excellent catalytic activity, 

desired selectivity, and chemical stability for 

recyclability, which were not achievable by their 

counterpart holey graphene derivatives with basal 

plane defects. Equally important, the intrinsic 

chemical catalytic activity of localized π-edge states 

was unambiguously demonstrated experimentally in 

this work, due to the absence of other defects in the 

basal planes of these unique holey graphene 

nanoplatelets. Recently, the electrochemical 

catalytic behaviour of the holey graphene 

nanoplatelets was also studied and carefully 

compared with a holey graphene materials fabricated 

from GO/rGO, which contained a large amount of 

other defects. Using oxygen reduction reaction as 

model system (ORR), for the first time, we found the 

catalytic current density is proportional to the 

concentration of the paramagnetic species measured 

by EPR, unambiguously suggesting that the zigzag 

edges in holey graphene materials are the catalytic 

sites for ORR. Furthermore, even though the amount 

of catalytic sites in our holey graphene nanoplatelets 

is much less than those in the holey graphene 

materials fabricated from GO/rGO, the catalytic 

efficiency of each catalytic site is much higher, 

which is comparable to those metal-based catalytic 

sites. 

 

 
Figure 3: (a) and (b) A representative SEM image of Gn-H and 
Gn-HE respectively. (c) and (d) Typical HRTEM images of SOG-

HE, showing baby holes of 2-5 nm and nearly defect free 
honeycomb structures of the basal planes. The edges of some 

of the baby holes were in zigzag geometry, indicated by a 
yellow arrow. 

It is worthwhile to mention that there are no 

scalable approaches reported to date for mass 

production of highly conductive and chemically 

stable pristine holey graphene without involving 

metal-containing compounds and at low cost for 

practical bulk applications. Furthermore, the 

traditional methods are challenging in controlling the 

hole edges with dominated zigzag geometry. From 

thermodynamic point of view, armchair should be 

the major ones. We attribute the unexpected results 

presented in this work to the unique contactless 

heating mechanism provided by microwave heating 

applied in this approach compared to traditional 
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convection heating approaches and also the structure 

of the slightly oxidized graphite as the starting 

materials for the microwave chemistry. 

 

4 Summary and Conclusions 

In summary this work reports a simple and scalable 

approach to fabricate pristine holey graphene 

nanoplatelets which are rich in zigzag edges. The 

approach exploits dry microwave chemistry 

providing several non-competitive advantages over 

the previously reported methods for large scale 

production and broad application. (1) The structures 

of graphene products (with or without holes in their 

basal planes) can be controlled to give materials that 

are nearly free of other defects in their basal planes. 

This feature ensures the preservation of the 

outstanding electric and thermal transport properties, 

and chemical inertness of the basal plane of 

graphene; (2) The process is eco-friendly, no metal-

containing compounds are involved in the 

production process; (3) The microwave fabrication 

process is fast (several seconds). In addition, 

compared to the approach based on wet microwave 

chemistry [9], there are additional advantages 

brought in by this dry microwave chemistry 

approach: (a) The issues associated with the usage of 

strong acids and oxidants in a microwave oven, such 

as safety and corrosion to microwave instruments, 

are naturally avoided. (b) Since the dry approach is a 

solvent free process, all the microwave energy is 

efficiently absorbed only by the reactants. 

Accordingly, the required microwave energy is 

much lower and the irradiation time for the 

production is even shorter [9]. All these advantages 

greatly simplify the design for a continuous large-

scale and cost-effective production of high quality 

holey graphene nanoplatelets with controlled 

structures, which can bring a broad spectrum of 

potential applications of holey graphene materials to 

reality. 
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