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ABSTRACT  

The atomic structure of sub-nanometer pores in graphene, of interest due to graphene’s potential as a 

desalination and gas filtration membrane, is demonstrated by atomic resolution aberration corrected 

transmission electron microscopy. High temperatures of 500 °C and over are used to prevent self-healing 

of the pores, permitting the successful imaging of open pore geometries consisting of between -4 to -13 

atoms, all exhibiting sub-nanometer diameters. Picometer resolution bond length measurements are used 

to confirm reconstruction of five-membered ring projections that often decorate the pore perimeter, 

knowledge which is used to explore the viability of completely self-passivated sub-nanometer pore 

structures; bonding configurations where the pore would not require external passivation by e.g. hydrogen 

to be chemically inert.  
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The introduction of nanoscale pores into graphene yields a filtration membrane that, due to the stability 

of its sp2 bonding structure, is both chemically inert and exceptionally strong, all while being a single 

atom thick. This atomic level sieve has been experimentally demonstrated to be effective for the 
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desalination of water,1 and the translocation of DNA and RNA,2–6 and there have been theoretical studies 

exploring the potential use of graphene for ionic selection7 and gas filtration.8–12 DNA translocation is 

performed optimally with nanoscale pores, diameters of ~3 nm, whilst for water desalination,13–15 gas 

filtration16 and ion selection pores of sub-nanometer diameters are required. For  desalination the diameter 

of  pores in the filtration membrane are crucial as they must be small enough to reject salt ions while still 

permitting the passage of water molecules, with theoretical modelling studies suggesting a non-

functionalized pore diameter of less than a nanometer being required.13,17 

Synthesis of graphene-like structures with sub-nanometer pore sizes has been previously achieved 

through employing a bottom-up chemical synthesis technique,18 and directly in graphene by AFM 

indentation,16 however imaging these structures at the single atom level has proven problematic. Typically 

sub-nanometer to nanometer scale pores are created through the perforation of the graphene sheet via its 

bombardment with energetic ions1,19,20 or electrons.21–23 Creating pores through electron irradiation 

presents the advantage of both greater milling sensitivity and a high resolution in-situ imaging capability 

when performed within a TEM. Performing this process at an electron accelerating voltage of 80 kV or 

less permits both the sensitive control of pore creation and its safe imaging,24,25 due to being close to the 

knock-on damage threshold for sp2 bonded carbon. Achieving pores with diameters below a nanometer 

by this technique, however, has proven difficult. This is largely due to two factors; (i) metal adatoms 

catalyzing the rapid etching of the pore perimeter under continued electron irradiation, with the pore 

blocked by the adatom whilst at sub-nanometer diameter,26 and (ii) the self-healing of the graphene via 

the inclusion of highly mobile surface carbon contamination into the pore.27 These two effects are shown 

with aberration corrected (AC-) TEM data in Figure S1. In particular, Figure S1g and h demonstrate how 

sub-nanometer pores are quickly filled whilst under electron irradiation, with two consecutive images 

showing a sub-nanometer pore in the graphene acting as an anchor point for mobile carbon species on the 

surface, activated by the electron beam. Although this process can be prevented by maintaining sample 

cleanliness while kept under vacuum, exposure to contamination may eventually saturate pores of even 

nanoscale diameters, as shown in Figures S1i and j. 
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Here, we present the first single atom resolution images of sub-nanometer diameter pores in graphene. 

We achieve this through employing an in-situ heating holder, allowing us to heat the graphene sample to 

high temperatures and thus prevent the sub-nanometer pores from filling with amorphous carbon. Imaging 

and pore creation are performed with a JEOL 2200MCO AC-TEM at 80 kV, equipped with a 

monochromatic filter to reduce the beam energy spread to less than 300 meV, allowing for the single atom 

resolution imaging of graphene. 

Results and Discussion 

Heating graphene at temperatures of 500 – 800 °C allowed for the observation of sub-nanometer pores, 

created by irradiating the graphene at 80 kV with a high beam current density.24 Imaging over prolonged 

periods of electron beam exposure was enabled by the elevated temperatures, with the high temperature 

preventing pore saturation by mobile surface carbons. Single atom resolution AC-TEM images of several 

observed sub-nanometer pore structures are presented in Figure 1, with diameters ranging from ~ 0.5 to 

0.8 nm, alongside atomic models.  
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Figure 1. (a) Low and (b-f) high magnification AC-TEM images of sub-nanometer pores in graphene. (g-k) 

Corresponding atomic models. Dotted circles in (c) and (e) denote possible mobile atoms occupying the pore. (b) -6 

atoms. (c) -10 atoms. (d) -8 atoms. (e) -8 atoms. (f) -13 atoms. Scale bars are (a) 2 nm and (b-f) 0.2 nm.  

The pores were observed to grow under the electron beam via sequential atomic sputtering (Figure S2). 

The atom-by-atom process was captured, an example sequence of which is shown in Figure 2a-c. Under-

coordinated atoms along the perimeter were removed preferentially, as expected due to their lower binding 

energy and thus higher sputtering cross section. This process lead to the formation of 5-membered rings 

projecting outward from the perimeter of the pore (Figure 2b and c). As with the graphene monovacancy, 

one would expect the two under-coordinated carbons of the five-membered ring to undergo 

reconstruction, removing their dangling bonds (Figure 2g). For the monovacancy, the reconstruction has 
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been experimentally demonstrated to reduce the inter-atomic distance to ~ 190 pm, whereas for a 

monovacancy with no reconstruction the distance is comparable to the equivalent bulk distance along the 

zigzag axis, graphene’s unit cell parameter of 246 pm.28 The inter-atomic distance between the indicated 

under-coordinated atoms in Figure 2b was obtained by taking a box averaged intensity profile along the 

boxed area in Figure 2d, which with double Gaussian fitting (Figure 2e) yielded a bond length of 

205 ± 6 pm. Whilst this length is marginally larger than the monovacancy reconstructed bond it is still a 

significant contraction from 246 pm. Measurements of the inter-atomic distances across all single atom 

resolution images with of a 5-membered ring protruding along the pore perimeter were taken in the same 

manner, and are shown in Figure 2f, demonstrating that reconstruction does occur in almost all cases. 

From density functional theory (DFT) geometry optimizations on both reconstructed and non-

reconstructed pores (Figure 2g and h) it was possible to model the expected atomic separations through 

applying the same measurement technique to multi-slice image simulations29 (Figure 2i and j), to yield 

intensity profile plots (Figure 2k). These give a reconstructed bond length of 169 pm, and a non-

reconstructed equivalent inter-atomic distance of 236 pm, suggesting our experimental results show 

weakly reconstructed five-membered rings. DFT calculations present only a small energy difference 

between the fully reconstructed pore (Figure 2g), with a total energy 0.51 eV less than the non-

reconstructed structure (Figure 2h). 
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Figure 2. (a-c) AC-TEM images showing atom-by-atom growth of a sub-nanometer pore. Time stamps are (a) 

t = 0 s, (b) 65 s, and (c) 116 s.  (d) Magnified view of the highlighted area in (b) (grey scale, black atom contrast). 

The box and arrow denote the area and direction along which the box averaged intensity profile in (e) was taken. 

(e) Intensity profile fitted by double Gaussians. Individual peak fits and total fit shown at different y-axis offsets, 

with interatomic distance of 205 ± 6 pm. (f) Distribution of measured inter-atomic distances between the under-

coordinated atoms of 5-membered rings along the perimeter of imaged pores (𝑥̅ = 199 ± 6 pm). (g) and (h) DFT 

geometry optimized 7 atom pore structures for a reconstructed and non-reconstructed perimeter defect, respectively. 

(i) and (j) Image simulations of the perimeter defect from (g) and (h) (grey scale, black atom contrast). (k) Intensity 

profiles of the reconstructed and non-reconstructed perimeter defect from (i) and (j). Measured interatomic 

distances are 169 pm and 236 pm for the reconstructed and non-reconstructed DFT, respectively.  

 

The pores shown in Figure 1 and Figure 2 are non-passivated, that is the under-coordinated edge carbon 

atoms are not saturated with hydrogen atoms or other groups,30 as demonstrated by their tendency to 
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undergo reconstruction in Figure 2. Thus smaller pores of fewer removed atoms are generally 

unobtainable, as these will instead preferentially reconstruct into vacancy structures assembled of 4- to 8-

membered rings. For instance in the case of the -4 atom pore it has been demonstrated through experiment 

and DFT that there is a strong preference to reconstruct into alternate tetravacancy configurations rather 

than remain in a more open pore shape (Figure 3a).31 It is of interest however that the -4 atom sub-

nanopore has no dangling bonds, forgoing the need for functionalization to stabilize and passivate. This 

is desirable, as such a pore structure can be expected to be chemically inert and thus potentially more 

resilient. Other possible self-passivated pore structures are shown schematically in Figure 3a, consisting 

of -6 and -12 atoms, respectively. AC-TEM imaging has captured several instances of the -4 atom pore 

(Figure 3b) but, as mentioned, this structure is not frequently observed due to alternative, more 

energetically favorable geometries. The postulated self-passivated -6 atom structure has been observed 

only once and, as shown in Figure 3c, has a substitutional dopant along the edge. The larger -12 atom 

pore structure was not observed at all in our high temperature data set, consisting of over 2,500 captures, 

and at least 300 of which contained a nano or sub-nanopore structure. 

A superficial examination of the pore structures shown in Figure 3a suggests that these structures may 

become increasingly unstable with size as the perimeter hexagons experience larger strains, denoted with 

red lines in the schematics. We performed DFT structural optimization to elucidate the relative stabilities 

of the three self-passivated pore structures, shown in Figure 3d-f, which demonstrate that the increased 

strain prevents the complete reconstruction of the perimeter atoms for both the -6 and -12 atom pores. 

However, it is noticeable that the inter-atom separation indicated with blue arrows in Figure 3e and f 

increases markedly from the -6 to the -12 atom pores. Measuring the inter-atomic separation from the 

multi-slice TEM image simulations of the relaxed DFT structures quantifies this increase in atomic 

separation with pore size, as shown in Figure 3g, with the distance rising from 166 pm to 192 pm and 246 

pm for the -4, -6, and -12 atom pores. The 166 pm separation found for the -4 atom pore is comparable to 

the 5-membered ring reconstructions in the 5-8-5 divacancy.32 The 246 pm distance for the -12 atom pore 

is identical to the unit cell parameter of graphene, thus there is no interaction between the under-
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coordinated perimeter atoms for the relaxed structure. The -6 atom pore occupies an intermediate position 

where there is some measurable degree of reconstruction between the perimeter atoms, reflected in the 

contracted 192 pm separation, and is comparable to measurements of the reconstructed monovacancy.28 

These results suggest that the -4 and -6 atom self-passivated pore structures should be stable and are 

indeed passivated through reconstructions, whereas the strain around the perimeter of the -12 atom pore 

would prevent the formation of reconstructions, thus will not be self-passivated. DFT of the self-

passivated -6 atom pore showed an energy 2.17 eV lower than for the three-fold symmetric -6 atom pore 

shown in Figure 1a, again supporting the stability preference for such self-passivated structures. The low 

rate of observations of self-passivated -4 and -6 atom pore structures is possibly due to the action of the 

electron beam, which causes structures to rapidly evolve via Stone-Wales rotations and thus impeding 

their capture in a steady configuration (Figure S3). 
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Figure 3. (a) Schematics showing the three self-passivated sub-nanometer pore structures. Red lines denote strained 

bonds. -4 atoms also shows the more stable tetravacancy configuration. (b) and (c) AC-TEM images of the -4 and 

-6 atom pore structures shown in (a). The pore in (c) has a heavy contaminant substituted for carbon at the site 

indicated. Scale bars are 0.2 nm. (d-f) DFT optimized geometries for the -4, -6 and -12 atom self-passivated pores, 

respectively. (g) Box averaged intensity line profiles with double Gaussian fittings for the inter-atomic distance 

indicated in the inserts for the -4, -6 and -12 atom pores. Inserts show the multi-slice TEM image simulations 

calculated from (d-f) (grey scale, black atom contrast) used for obtaining the intensity profile data. Individual peak 

fits, total fit and the three different pores are shown at different y-axis offsets. Measured inter-atomic distance are 

166, 192 and 246 pm for the -4, -6 and -12 atom pore, respectively. 

 

Recent work investigating the edges of graphene have shown that the zigzag edge (Figure 4a) 

preferentially configures into a reconstructed 5-7 zigzag edge at high temperature (Figure 4b).33 Since the 

images of sub-nanometer pores here were captured at sufficiently high temperatures it would not be 
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unreasonable to anticipate that similar reconstructions may take place along the pore perimeters. However, 

no such 5-7 edge nanoscale pores were observed, with reconstruction of the zigzag edges only found to 

occur for holes with diameters over several nanometers. DFT calculation of a -6 atom pore with a 5-7 

perimeter (Figure 4c) showed that the total energy was 6.01 eV greater than the non-reconstructed -6 atom 

pore shown in Figure 1a, explaining the lack of such structures.  

 

Figure 4. Atomic models of (a) zigzag edge, (b) reconstructed zigzag edge, and (c) DFT optimized 

reconstructed -6 atom pore.  

The closest to a 5-7-5 type edge geometry that was identified was a metastable intermediate 

configuration that enabled 5-membered rings to migrate along the pore perimeter, with a sequential 

AC-TEM image series shown in Figures 5a-c. Schematic models of the images in Figures 5d-f show the -8 

atom pore switching through an intermediate 5-7-5 structure (Figure 5e) via two Stone-Wales bond 

rotations (arrows). The intermediate 5-7-5 configuration along the nanopore perimeter was found to be 

stable, with the structure observed through several consecutive images taken over 46 seconds before 

switching to the configuration in Figure 5c. We suggest that frequently observed movement of five-

membered rings along the pore perimeter is enabled by switching through this intermediate 5-7-5 

structure, as confirmed by high temperature tight-binding molecular-dynamics (TBMD) simulations 

(Movie S1). These confirm the process occurs via two Stone-Wales bond rotations. A sequence of such 

pore perimeter dynamics is shown in Figures 5g-i, with the perimeter defects switching across the 

perimeter to particular final positions; the five-membered ring are not seen to simply move to an adjacent 
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site but instead a site separated by an odd number of hexagons. This is a necessary consequence of the 5-

7-5 switch mechanism (see Figure S4), and supports our proposed 5-7-5 migration mechanism. 

 

 

Figure 5. (a-c) Sequential AC-TEM images and (d-f) atomic models showing the translation of a 5-membered ring 

along the pore perimeter via an intermediate 5-7-5 metastable state in (e). The arrows in (d) and (e) indicate the 

bonds that undergo rotation. (g-i) Sequential AC-TEM images and (j-l) atomic models showing the translation of 

5-membered rings along the pore perimeter. Scale bars 0.2 nm  
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In Figure 1c and g trace signals can be observed inside the pore, highlighted with dotted circles. We 

suggest that these faint signals are due to a partially mobile atom residing inside the pore. Since the atom 

is mobile over the course of the image exposure the registered signal is low. This is explored in more 

detail for the structure shown in Figure 1d in Figure 6. Figure 6a-c show the same image as in Figure 1d 

along with the images immediately before and after. Both Figure 6a and c are -9 atom pores, whereas 

Figure 6b shows an apparent -10 atom pore. Rather than an atom being ejected and another added over 

such a short time frame, it is more plausible that the pore in Figure 6b in fact contains an additional carbon 

atom that is mobile over the course of the exposure. Examination of the three sites where weak signals 

are seen in Figure 6b by box averaged intensity profiles (Figure 6d-h) demonstrates that the intensity of 

these sites (black arrows) is significantly less than that of the atoms located along the pore perimeter (red 

arrows). We propose that the atom is moving between metastable positions shown in Figure 6i. The 

importance of considering these weak signals inside the pore of mobile atoms is shown in Figure 6j-l, 

where a 555-777 divacancy (Figure 6j) undergoes a reconfiguration in a single frame (Figure 6k) before 

returning to the original configuration but translated by one lattice site (Figure 6l). The intermediate frame 

(Figure 6k) initially appears to that of a -6 atom pore structure if the faint inner atom signal is not taken 

into account. 
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Figure 6. (a-c) Chronological AC-TEM image sequence of a sub-nanometer pore of -9, -10 and -9 atoms. 

Annotations denote atomic positions (images without annotations are shown in Figure S5). (d) Unfiltered and (e) 

Savitzky-Golay filtered image of the -10 atom pore in (b). (f-h) Box averaged intensity profiles taken along the 

annotated boxes in (d) and (e), with red arrows marking stable atom positions and black arrows semi-mobile inner 

atoms. (i) Atomic model showing the metastable sites. (j-l) AC-TEM image series showing reconfiguration of a 

555-777 divacancy. 
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Conclusion 

We have experimentally demonstrated the atomic structure of sub-nanometer pores in graphene by high 

temperature AC-TEM, and shown typical atomic configurations for these pores. Bond length 

measurements have shown that five-membered rings around the pore edge undergo weak reconstruction, 

with the degree of reconstruction suggesting that self-passivated -4 and -6 atom pore structures are viable. 

Several instances of the former and a single instance of the later were imaged, which while demonstrating 

their viability suggests that they are not the preferred configuration, at least when under electron beam 

irradiation. Although the sub-nanometer pores imaged in this report may only be stable at high 

temperatures and under vacuum conditions, where back-filling is reduced, our study still provides 

fundamental atomic level knowledge on the structure of pores that can exist in graphene at this length 

scale. Furthermore, our results show that edge reconstructions for these ultra-small pores is different to 

long straight edges, which is attributable to curvature induced strain effects.  The revealing of the detailed 

atomic bonding arrangement of sub-nanometer pores in this work will be of assistance in understanding 

the reaction chemistry of graphene nano-pores. 

Methods 

Synthesis and Sample Preparation 

Graphene was synthesized with a liquid copper catalyst CVD method as outlined in the work of Wu et 

al..34,35 Copper on top of tungsten was loaded into a furnace, where it was annealed at 1090 °C under 

200 sccm Ar and 100 sccm H2/Ar mix (25% H2) gas flow for 30-60 minutes, melting just the copper. The 

H2/Ar flow was lowered to 80 sccm and a CH4/Ar mix (1% CH4) was introduced at 10 sccm for 

90 minutes. The sample was then cooled to 1060 °C for 30 minutes whilst maintaining gas flow to fill in 

cracks in the graphene.35 Then the graphene was removed and quickly cooled to room temperature in a 

H2 and Ar atmosphere. A PMMA support was spin coated on to the graphene/Cu/W stack before removing 

the metals. W was detached by attaching the sample as the anode in the electrolysis of 2 M sodium 

hydroxide solution with Cu as the cathode. The Cu was etch by floating the sample on 1 M ammonium 
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persulfate etchant, followed by extensive DI, HCl and DI water rinse stages to clean the graphene. The 

PMMA/graphene film was then transferred to a TEM grid. The PMMA was removed by baking in 

atmosphere at 350 °C overnight. 

Imaging 

Imaging was performed at 80 kV with Oxford’s JEOL 2200 MCO aberration corrected TEM, with 

single atom resolution images presented here captured with the monochromator activated and using a 

5 μm slit to reduce the beam energy spread to ~ 0.3 eV. A DENS Solutions heating holder was used to 

heat the sample to temperatures of 500 – 700 °C to permit imaging of sub-nanometer pores before being 

filled. Images presented in the main text have been subjected to bandpass and Gaussian or Savitzky-Golay 

noise reduction filters. An upper estimate of the electron flux incident on the sample is 105 e- nm-2 s-1, as 

found in our previous work,24 although insertion of the monochromator slit will act to reduce this 

brightness. For bond measurements images have been subjected to post-correction to remove residual 

aberrations (Figure S6).  

Modeling 

The density functional theory (DFT) calculations were performed within the generalized gradient 

approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) functional36 using Vienna ab initio simulation 

package (VASP) code.37 The unit cell was constructed by removing several carbon atoms from pristine 

graphene of 448 carbon atoms to construct odd number vacancy structures. In constructing the super cell 

for simulation, we contain a vacuum region of 30 Å in the z direction. The Brillouin zone was sampled 

using a (2×2×1) Γ-centered mesh. The energy cut-off used for the plane wave basis set was 400 eV. When 

structural relaxations were performed the structure was fully relaxed until the force on each atom was 

smaller than 0.02 eV/Å. 

The tight-binding molecular-dynamics (TBMD) simulations were performed using a modified 

environment-dependent tight-binding (EDTB) carbon potential,38 which was modified from the original 

EDTB carbon potential to study carbon sp2 bond networks39 and has been successfully applied to 
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investigations of various defect structures in graphene.40–42 The details of the TBMD simulation methods 

have been described in previous papers.38 The self-consistent calculations were performed by including a 

Hubbard-U term in the TB Hamiltonian to describe correctly charge transfers in carbon atoms of dangling 

bonds and to prevent the unrealistic overestimation of charge transfers. The equations of motion of the 

atoms were solved by the fifth order predictor-corrector algorithm with a time step of 1.0 fs. In the 

simulation unit cell, carbon atoms are removed from a pristine graphene lattice of 448 carbon atoms to 

construct defect structures. All simulations were started at a temperature of 3,000 K under the canonical 

control of temperature. The elevated temperature simulates the action of incident high energy electrons 

elastically transferring energy to carbon atoms in the graphene lattice. The temperature was gradually 

increased to 4,300 K under linear temperature control to accelerate the dynamics so that structural 

reconstruction could be observed during the simulation time. The velocity scaling method was also used 

to control the temperature. 
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