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Abstract  

Facile and scalable fabrication of highly dense and high quality graphene films and articles is 

extremely attractive for a range of electronic and mechanical applications. Pristine, high quality 

graphene with its inherent impermeability poses challenges in fabricating dense films and thick 

parts with high electrical conductivity due to the difficulty in removing trapped air and/or solvents 

used in various fabrication methods. To overcome this deficiency, nano-holes were intentionally 

created in pristine graphene (“holey graphene”) with an average diameter of approximately 15 nm. 

The holes serve as pathways for the rapid removal of gases or liquids and enable the fabrication of 

dense holey graphene nanostructures. Subsequently, a high temperature process is applied to 

effectively repair the nano-holes and recover the high quality graphene conjugated network. 

Through the creation and repair of the nano-holes, dense graphene articles were created that 

exhibited an ultrahigh conductivity of 2209 S/cm and a high carrier mobility of 673 cm2V-1s-1. 

This unique processing methodology enables the facile and scalable fabrication of high quality 

graphene constructs for a variety of applications.  
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Introduction   

Graphene is a promising 2D material with excellent electrical conductivity[1], thermal 

conductivity[2], chemical and temperature resistance[3–6], mechanical strength and low density[7], 

and is ubiquitously applied in fields such as energy[8–14], environment[15,16], automobile and 

aerospace[17]. However, the performance of graphene-based macrostructures (fibers, films, 

complex shapes and articles), in terms of electrical conductivity and carrier mobility[18,19], is far 

less than that of an individually isolated high quality graphene sheet. This is because the effects 

from the limit on sheet lateral sizes, and the presence of defects become more significant as the 

macrostructures increase in size. Also, the current approaches to fabricate graphene-based articles 

often introduce defects, but those defects are difficult to fully remove, and can diminish 

mechanical, electrical and thermal properties. Current manufacturing methods for graphene or 

reduced graphene oxide (RGO) have a major limitation: difficulty in removing solvents or gases 

to achieve a dense structure, due to the impermeability of macroscopic stacks of such sheet-like 

2D nanostructures. It has been reported that gases such as H2 and He cannot permeate graphene 

nanosheets[20] and most solvents cannot permeate intact graphene, which limits its effective 

manufacturing[20]. The electrical performance of graphene film fabricated from solution exfoliated 

small graphene flakes is poor, with a low DC conductivity on the order of 100 S/cm[21]. Another 

strategy for graphene manufacturing is to synthesize graphene oxide (GO) which allows for easier 

processing, followed by film fabrication, and then reduction[22–26]. A much higher conductivity has 

been demonstrated by the chemical reduction or thermal reduction of GO[27–35]. For example, the 

highest DC conductivity reported in chemically reduced graphene approaches 1000 S/cm[36]. Lian 

et al. recently reported that a high conductivity of 1790 S/cm was achieved for pure chemically 

converted graphene after thermal annealing at high temperatures up to 3123K[37]. The solution 

processes discussed above to process the chemically converted graphene, typically via vacuum 
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filtration, is time-consuming and has limitations with respect to film thickness. In addition, to 

achieve high electrical conductivity, the high temperature annealing process requires expensive 

and complicated equipment, and is time-consuming. Thus, developing a new methodology to 

scale-up and rapidly manufacture highly dense graphene architectures with excellent performance 

would be a major breakthrough.   

 

Creating holes in the 2D material is an attractive approach as it is simple and scalable, and it solves 

the fundamental challenges in the ability to remove solvent and gas during article fabrication. The 

nano-holes enable the fabrication of dense nanostructures while also creating reactive edge sites 

for subsequent functionalization[38–41]. Recently there has been much progress on the development 

and applications of holey graphene (h-Graphene) in energy storage (batteries, supercapacitors)[42–

45], water desalination[46], chemical and biosensing[47]. However, for applications requiring high 

electrical conductivity, the presence of holes in the final article are fundamentally problematic as 

they disrupt the graphitic conjugated network structure and deteriorate the original performance of 

high quality graphene. 

 

In this study, a facile, scalable process is demonstrated involving the creation of nano-holes on 

graphene nanosheets followed by rapid thermal healing to fabricate highly dense and defect-free 

2D graphene films (via vacuum filtration) and 3D graphene assemblies (via dry compression 

molding), as illustrated in Figure 1. Nano-holes in graphene nanosheets can be created by simply 

oxidizing the commercial graphene powder in hot air to selectively oxidize defective sites. The 

nano-holes allow for fast solvent escape when employing solution-processed methods such as 

vacuum filtration. In addition, the as-obtained h-Graphene powders can be pressed or molded into 
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In this study, we demonstrated that heating graphene nanosheets in hot air resulted in the creation 

of nano-holes, which can be subsequently repaired after being treated at HT of 2700 K. The h-

Graphene can be fabricated into dense films by solution-based process (i.e., vacuum filtration) due 

to fast solvent escape through the holes on graphene nanosheets. The h-Graphene can even be 

directly compressed into a dense assembly under completely solvent-free conditions, opening up 

a new strategy for fast manufacturing of high-quality graphene based architectures. The highly 

dense graphene film or assembly with holes can be transformed to hole-free, highly crystalline 

graphene architecture after fast HT treatment via Joule heating. The HT treated h-Graphene 

exhibits excellent transport characteristics with ultrahigh electrical conductivity of 2209 S/cm, due 

to the high carrier mobility (673 cm2V-1s-1) of graphene nanosheets with closed holes. The 

proposed mechanism of repairing nano-holes on graphene nanosheets, supported by molecular 

dynamics (MD) modeling, is that carbon atoms recombine and carbon radicals fill in the holes 

under high temperature, creating a near-perfect carbon lattice consistent with that of graphene. We 

envision that the strategy of creating and repairing holes on graphene nanosheets utilizing thermal 

treatment provides new tools to tune defects on graphene and a new route to rapidly manufacture 

graphene materials with excellent performance in applications requiring high electrical and 

thermal conductivity.  
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Experimental Section   
 
Synthesis of h-Graphene 

1.5 g pristine graphene powder (Vorbeck Materials; Vor-X reduced 070) was placed in a quartz 

crucible and heated in air at a ramp rate of 10 K/min and held at 710 K for 10 h in an open-ended 

tube furnace (MTI Corporation). After cooling to room temperature, ~ 1.1-1.2 g h-Graphene was 

obtained as black powder.   

Fabrication of h-Graphene film and assembly 

The h-Graphene film was fabricated by vacuum filtration. Briefly, 0.2 g of as-synthesized h-

Graphene powder was added to 200 mL of N-methyl-2-pyrrolidone (NMP) solution and the 

mixture was then sonicated for 3 h to disperse the h-Graphene nanosheets. A free-standing h-

Graphene film with diameter of 35 mm was obtained by filtering the supernatant through a 0.65 

��m pore-sized membrane (Millipore, U.S.A) with subsequent drying in air.  

The h-Graphene article was fabricated by solvent-free compression molding at room temperature. 

0.16 g of as-synthesized h-Graphene powder was transferred to a stainless steel die (length: 30 

mm, width: 6 mm, thickness: 0.67 mm). In order to prevent the graphene assembly from sticking 

to the die, h-Graphene powder was sandwiched between two pieces of porous polypropylene (PP) 

membrane. H-Graphene assembly with a density of 1.05 g/cm3 was finally obtained after cold-

press using a hydraulic press (SPEX Sample Prep-Carver) with applied pressure (270 MPa) for 30 

min.  

Material characterization 

A Hitachi SU-70 field emission scanning electron microscope (SEM), and a JEOL JEM 2100 

transmission electron microscope (TEM) at an accelerating voltage of 200 kV were employed to 

characterize the morphology of graphene samples with open or closed holes. Micro-Raman 
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Figure S2 TEM images of pristine graphene nanosheets. 

 

 

Figure S3 High magnification SEM image showing details of surface morphology of a 2700 K 

HT treated h-Graphene film. 
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Figure S1 SEM image of a pristine graphene nanosheet. 
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Figure S2 TEM images of pristine graphene nanosheets. 

 

 

Figure S3 High magnification SEM image showing details of surface morphology of a 2700 K 

HT treated h-Graphene film. 
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Figure S4 (a) Initial model. Periodical boundary conditions are applied in the plane of graphene. 

Cyan: a monolayer graphene with a hole defect at the center. Pink: carbon radicals. (b) side view 

of (a). 

 

Figure S5 Sequential snapshots of the hole-filling process. Pink: carbon radicals. The edge of the 

hole reconstructs at high temperature with the introduction of additional carbon radicals. With a 

constant feeding of carbon radicals at a high temperature of 2700 K, bonds are formed gradually 

between the edge atoms and carbon radicals until the hole is filled. 


