
Nanopores
Size-Dependent Evolution of Graphene Nanopores 
Under Thermal Excitation

  Tao   Xu  ,     Kuibo   Yin  ,     Xiao   Xie  ,     Longbing   He  ,     Binjie   Wang  ,     and   Litao   Sun   *   
 Nanopores embedded in thin membranes have attracted 

global attention because of their potential application in 

label-free, single-molecule detection of chemicals or biomole-

cules. [  1–4  ]  A nanopore of 1–5 nm exhibits a distinct size effect, 

making it particularly suitable for characterizing most bio-

molecules. For example, protein nanopores [  5  ,  6  ]  and solid-state 

nanopores (embedded in silicon nitride, [  7  ,  8  ]  silicon oxide, [  9  ]  or 

aluminum oxide [  10–12  ]  membranes) have been used to detect 

single-strand DNA or RNA. Although solid-state nanopores 

exhibit high stability, the thickness of membranes are typi-

cally large with low resolution along the pore axis which can’t 

be used to obtain precision information on biomolecules 

(e.g., sequence of base pairs in DNA). Thus, nanopores based 

on graphene material have been applied as alternative solu-

tions to this problem. Aside from the exceptional mechanical 

properties of few-layer graphene, its thickness ( ∼ 0.34 nm per 

layer) well corresponds with the distance between adjacent 

base pairs on stretched DNA ( ∼ 0.36 nm), thereby enabling 

graphene nanopores to access single-base resolution on 

DNA. [  13–15  ]  However, conventional nanofabrication tech-

niques constrain the precise modulation of pore morphology. 

Drilling nanoscale pores by focused electron beam-induced 

processing inside a transmission electron microscope (TEM) 

enables the effective fabrication of nanopores with defi ned 

diameters because of the sputtering effect [  16–20  ] . However, 

this technique is not fully controllable at nanoscale because 

real-time imaging cannot be synchronously performed with 

drilling, which leads to morphological defects in nanopores. 

 To fabricate small nanopores with fi ne pore morphology, 

researchers modulate the morphology of as-fabricated nano-

pores by electron beam irradiation at optimized electron 

intensity. [  16  ,  17  ]  Given the electron beam-induced surface ten-

sion, the atoms can be activated to form a mass fl ow, which 

can reconstruct nanopore edges, thereby modifying nanopore 
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geometry. Nevertheless, electron irradiation can damage the 

crystalline structure of the membrane, causing amorphism, 

especially in materials with low displacement energy; an 

example of such materials is carbon, [  20  ]  whose atom displace-

ment energy is 15–20 eV (out of plane) and 30 eV (in-plane) 

for graphite. [  21  ]  These atom displacement energies mean 

that electrons carry energies greater than 100 and 140 keV, 

respectively. Therefore, the structure or morphology of fab-

ricated nanopores becomes unstable, which may increase 

the fragility of and noise in nanopore-based nanodevices, as 

well as limit their application in DNA sequencing and single-

molecule analysis. According to previous studies, radiation 

damage can be avoided or minimized by the heat effect 

because heat treatments, or thermal annealing, may pro-

mote the self-repair of the crystallinity of carbon materials, 

including graphene. [  19  ,  22  ]  

 In this paper, we modulate the morphology of graphene 

nanopores by in situ thermal heating on a TEM. Direct 

thermal heating on this instrument can avoid the absorp-

tion of contaminants and help fi ne-tune nanopore size and 

crystallinity. Our results show that the size of the fabricated 

nanopores can be precisely reduced or enlarged, depending 

on the relationship between the diameter of the nanopore 

and the thickness of graphene membrane. As we will show 

in this paper, the thermal-induced migration of uncombined 

carbon atoms energetically prefer to form a stable structure 

with low free surface energy.   

 Figure 1  a shows that the nanopores were fabricated on 

the graphene membranes by a highly focused electron beam. 

During nanopore fabrication, the electron beam was care-

fully adjusted and quickly moved to a fresh region on the 

graphene sheet at a pre-defi ned irradiation time less than 

20 s. When the fabrication process was complete, the elec-

tron beam was quickly sheltered and then widely distributed 

to minimize irradiation damage during routine imaging. The 

nanopore temperature was maintained at above 400  ° C for 

at least 30 min without irradiation. Finally, the nanopores 

with sizes comparable to those of the as-fabricated nanop-

ores were imaged by a spread electron beam to determine 

whether shrinkage or expansion has occurred. Figure  1 b–c 

show the typical shrinkage of graphene nanopores with 

an initial diameter of  ∼ 3.8 nm at 400  ° C, while Figure  1 d–e 

show the expansion of nanopores with an initial diameter 

of  ∼ 7.8 nm at 400  ° C.    

 Figure 2  a–c demonstrate the typical shrinkage of 

graphene nanopores under thermal heating. The nanopores 
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     Figure  1 .     TEM image of the fabrication and evolution processes of graphene nanopores: (a) Schematic of the experiment illustrating the fabrication 
and evolution processes of graphene nanopores and (b–e) TEM images showing nanopore shrinkage (b–c) or expansion (d–e) under thermal 
excitation. The scale bar is 2 nm in (b–c) and 5 nm in (d–e).  
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with an initial mean diameter ( 2
√

S/π   , where  S  is the area 

of the nanopores) of 4.2 nm were drilled at room tempera-

ture (RT) by a converged electron beam for 20 s (Figure  2 a). 

The thickness of the graphene membrane was estimated at 

 ∼ 6 nm because the dark rim of the nanopores represent con-

nected adjacent graphene layers or back folding. [  23  ,  24  ]  The 

graphene around the pores becomes amorphous due to elec-

tron irradiation. Then, 55 min after the temperature has been 

increased to 450  ° C without irradiation, the average diameter 

of the nanopores decreases from 4.2 to 3.3 nm (Figure  2 b), 

and the edge of the nanopores appears very different from 

that before heat treatment. Before thermal treatment, amor-

phization is observed, leading the edge of the pore unclear. 

However, after being heated, a clear terrace-like structure 

can be seen around the as-fabricated nanopores. Another 

13 min later, the pore diameter slightly changes and then sta-

bilizes at 3.2 nm, and the edge of the terrace-like structure 

becomes clearer. The evolution of pore edge indicates that 

thermal effect may not only change the sizes of nanopores 

but also recrystallize amorphous carbon, which is attrib-

uted to the saturation of dangling bonds and the migration 

of defects at temperature higher than 300  ° C. [  22  ]  Interest-

ingly, the graphene nanopores drilled at 400  ° C also shrink 

as a function of time at the same temperature, although the 

change in diameter is minimal. More examples on shrinkage 
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of nanopores with various diameters and thicknesses under 

thermal excitation are given in Figure S1.  

 Nanopores can also tend to expand under electron irra-

diation. In this study, we visibly observed the expansion 

of nanopores under thermal heating without irradiation. 

Figure  2 d–f shows the expansion of a 5.6 nm nanopore in a 

 ∼ 5.1 nm thick graphene membrane, which was also drilled at 

RT. Then, the temperature was raised to 450  ° C. After 40 min, 

the nanopore diameter expands from 5.6 to 7.0 nm at 450  ° C, 

as shown in Figure  2 e. However, the diameter of the nano-

pores changes little after another 20 min of heating, before 

eventually stabilizing at 6.9 nm. Other typical expansions of 

nanopores are also given in Figure S2. 

 The thermal effect can cause the shrinkage and expan-

sion of graphene nanopores. To investigate the mechanism 

of the thermal effect on nanopore size, we repeated nano-

pore fabrication with thermal-assisted modulation. A total 

of 70 nanopores were investigated and the results are shown 

in  Figure    3  . The fi ndings confi rm the shrinkage and expan-

sion effect of heat treatment. Specifi cally, 26 nanopores 

expand and the remaining 44 shrink. Meanwhile, 40 (97.6%) 

out of 41 nanopores, with initial pore diameters smaller than 

membrane thicknesses, shrink after heat treatment, whereas 

25 (86.2%) out of 29 nanopores, with initial diameters greater 

than membrane thicknesses, expand. Some nanopores slightly 
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     Figure  2 .     Evolution processes of graphene nanopores: (a) Nanopores drilled at RT with initial diameters of  ∼ 4.2 nm and (b–c) nanopores of 
(a) after being heated at 450  ° C for 55 and 68 min. The mean diameter of the pores decreases to 3.3 nm and then stabilizes at 3.2 nm. 
(d) Nanopores drilled at RT with an initial diameter of  ∼ 5.6 and (e–f) nanopores of (d) after being heated at 450  ° C for 40 and 60 min. The mean 
diameter of the pores expands to 7.0 nm and then stabilizes at 6.9 nm.  
deviate from the law shown in Figure  3 , which could be due 

to the errors in thickness estimation. Because the graphene 

thickness cannot be directly measured from TEM images, 

calculating the graphene layers around the inner fringe of 

the nanopores may induce inevitable uncertainty. However, 

statistical study of nanopores with diverse diameters versus 
© 2012 Wiley-VCH Verlag GmbH

     Figure  3 .     Data on the shrinking or expanding pores with different initial 
diameters and thicknesses. The red circles on the diagram represent 
shrinkage under direct thermal heating, whereas the black triangles 
represent expansion. The blue dotted line illustrates the case when 
pore diameter is equal to pore thickness.  
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graphene thicknesses intuitively exhibited the dominant 

regime of the nanopore evolutions. In Figure  3 , the dashed 

line (which indicates the initial nanopore diameter equal 

to the membrane thickness) denotes the criterion for pore 

shrinkage and expansion. The change in the size of graphene 

nanopores (increasing or decreasing) depends on the ratio of 

initial pore diameter to membrane thickness.  

 The physical shrinkage or expansion mechanism of 

graphene nanopores can be explained by the thermal-induced 

migration of uncombined carbon atoms, which energetically 

prefer to form a stable structure with low free surface energy. 

The amount of carbon adatoms determines the extent of 

diameter change. 

 The carbon atoms knocked out by electrons and 

hydrocarbons adsorbed on samples are the main sources of 

carbon adatoms. Regardless of their origin, carbon adatoms 

are highly mobile at temperatures above 300  ° C. [  21  ]  Hence, 

the adatoms at high temperature can diffuse to low free 

surface energy  F  of the system. If the graphene nanopore 

structure is simplifi ed as cylindrical with radius  r  embedded 

in the graphene membrane with constant thickness  t , we can 

calculate the change in free energy in relation to an intact 

sheet using the following equation: [  16  ] 

 �F = γ�A = 2πγ
(
r t − r 2

)
  (1)    

 Where   γ   is the surface tension of the mobile interstitial 

carbon atoms and   Δ A  denotes the change in surface area. 

Under such an assumption, free surface energy decreases 

with the expansion of nanopores when  r   >   t /2, or with the 

shrinkage of nanopores when  r   <   t /2. This result agrees with 
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     Figure  4 .     Different amounts of carbon adatoms in the evolution of graphene nanopores: (a) Schematic of the evolution of graphene nanopores 
under different conditions. (b–e) TEM images of the evolution of nanopores drilled at 400  ° C (b–c) and nanopores drilled at RT without annealing 
(d–e) under thermal excitation. The nanopores drilled at 400  ° C with an initial diameter of  ∼ 7.0 nm slightly changes in size, whereas the nanopores 
drilled at RT close after being heated at 450  ° C for 90 min. The scale bar in (b–e) is 5 nm.  
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the experimental fi ndings (Figure  3 ). During heat treatment, 

  Δ F  always decreases, indicating that of the change in nano-

pore size is mediated primarily by the free surface energy. 

 Lastly, the relationship between the amount of carbon 

adatoms and the evolution of pore sizes has been discussed. 

Two main sources of carbon adatoms were used in the experi-

mental system: the interstitial atoms generated by the irradia-

tion effect and the adatoms produced by the decomposition 

of the adsorbed hydrocarbons. Electrons with energies greater 

than 100 keV [  21  ]  damage the graphene crystal structure at RT, 

generating undesired interstitial atoms. A large amount of 

knocked out carbon atoms exist in the area exposed to the 

electron beam. At the same time, nanopore area is always 

smaller than beam size. Therefore, a damaged region always 

exists around the inner fringe of a nanopore, which contains 

many uncombined carbon atoms. Hydrocarbon contamina-

tion, on the other hand, is induced and decomposed onto the 

sample by the electron beam, which also considerably affects 

the change in nanopore size. 

 As shown in  Figure    4  a, substantial contamination is des-

orbed under pre-annealing before the nanopores were fab-

ricated under conditions I and II. In these cases, minimal 

contamination is absorbed on the graphene membrane. The 

adatoms mainly originate from the knocked out atoms in the 

damaged region during high-dose irradiation in the drilling 

process. The difference was that the nanopores were drilled at 

400  ° C and RT under conditions I and II, respectively. During 

the drilling process at 400  ° C, some knocked out carbon 
4 www.small-journal.com © 2012 Wiley-VCH
atoms diffuse and form a stable structure through dangling 

bond saturation. Hence, fewer adatoms are produced, causing 

obscure change in nanopore diameter under condition I. 

Without pre-treatment, substantial contamination is observed 

in the samples treated under condition III; the contamination 

supplied an additional carbon source under electron radia-

tion. The change observed under condition III is more vis-

ibly observable under thermal treatment. Figure  4 b–c shows 

the TEM images of the nanopores drilled at 400  ° C; these 

nanopores exhibit little change under the same temperature. 

By maintaining this temperature for 60 min without irra-

diation, the diameter of the pore decreases only by 0.1 nm 

(i.e., from 7.0 to 6.9 nm). The same situation occurs with the 

subtle changes in Figures  2 b–c and e–f. Figure  4 d–e present 

completely closed nanopores at 450  ° C. The nanopores were 

drilled at RT without any heat pre-treatment for contami-

nation cleaning. Thus, considerable carbon contamination is 

adsorbed onto the graphene membrane, thereby producing 

numerous adatoms under electron radiation. After being 

annealed for 90 min, the nanopores completely close. The 

structure of the fi lled region differs from the other areas in 

the membrane, as shown in Figure  4 e. The control experiment 

in Figure  4  confi rms that the amount of adatoms determines 

the extent of diameter change, and that contamination is a 

major source of adatoms.  

 In conclusion, graphene nanopores can shrink or expand 

by direct thermal heating dependent on the ratio of nanopore 

diameter to membrane thickness. At the same time, the extent 
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of diameter change depends on the quantity of uncombined 

atoms, and the amorphous area around the hole recrystallize 

under thermal annealing. Such a size-dependent evolutionary 

mechanisms of nanopores considered as thermal-induced 

migration of uncombined carbon atoms, which also proved by 

exprements. The in situ TEM fabrication technique combined 

with direct thermal heating serves as an effective strategy for 

fabricating graphene nanostructures of high crystallinity. Such 

nanostructures present promising potential for chemical and 

biological applications in which graphene nanodevices are used.  

 Experimental Section 

 Graphene was prepared by exfoliating expanded graphite using 
high-powered ultrasonication, [  25  ]  then it was transferred onto a 
hole in the carbon-coated TEM copper grid. The thickness of the 
graphene sheets was determined by imaging a folded edge of 
the nanopores, [  19  ,  20  ]  which mostly ranges from 2 to 25 layers 
(0.7–8.5 nm). Nanopores were drilled on the pristine graphene 
sheets in an image aberration-corrected TEM (FEI Titan 80–300 at 
300 kV) equipped with a heating sample holder (GatanTM 628). To 
remove the contamination induced by adsorbed hydrocarbon mol-
ecules, we maintained the specimen temperature above 300  ° C for 
30 min before further processing. [  26  ]  The nanopores were fabricated 
on the graphene membranes by a highly focused electron beam 
(5–10 nm spot diameter, current density  ∼ 10 8  electrons nm  − 2 ) 
under a magnifi cation of 550 k × . During nanopore fabrication, the 
electron beam was carefully adjusted and quickly moved to a fresh 
region on the graphene sheet at a pre-defi ned irradiation time less 
than 20 s. When the fabrication process was complete, the elec-
tron beam was quickly sheltered and then widely distributed to 
minimize irradiation damage during routine imaging, at which the 
current density is lower than 10 6  electrons nm  − 2 .   

 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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