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Metal doping into the graphene lattice has been studied recently to develop novel nanoelectronic devices and to gain 

understanding of the catalytic activities of metals in nanocarbon structures. Here we report direct observation of 

interactions between Cu atoms and single-layer graphene by transmission electron microscopy. We document stable 

configurations of Cu atoms in the graphene sheet and unique transformations of graphene promoted by Cu atoms. First-

principles calculations based on density functional theory reveal a reduction of energy barrier that caused rotation of C-C 

bonds near Cu atoms. We discuss two driving forces, electron irradiation and in situ heating, and conclude that the 

observed transformations were mainly promoted by electron irradiation. Our results suggest that individual Cu atoms can 

promote reconstruction of single-layer graphene. 

Introduction 

Interactions between metals and graphene have been 

extensively studied aiming to control the local properties of 

graphene for applications in electrocatalysts and 

nanoelectronic devices1–3 and to create novel carbon 

nanostructures.4–7 Theoreticians predicted that transition metal 

atoms in graphene vacancies have unique electronic and 

magnetic properties.8–10 However, there are only a few 

experimental reports on such metal–graphene systems, due to 

the difficulty of their direct observation. Researchers applied 

aberration-corrected transmission electron microscopy (TEM) 

and scanning TEM (STEM) to observe metal atoms in a 

graphene sheet, such as Fe dimers1 and single atoms of Pt, Co 

and In11 doped into graphene vacancies, as well as etching of 

graphene mediated by metal atoms (Cr, Ti, Pd, Ni or Al).12 

These studies suggest that most metal atoms, except for Au, 

promote etching of graphene. Such destruction of graphene 

will result in a serious problem for practical applications. 

Here we report the structures and dynamics of Cu atoms 

embedded in a single-layer graphene observed by aberration-

corrected TEM. We selected Cu because it has a similar 

electronic configuration to Au and is known to be the best 

catalyst for graphene growth13–15; hence, Cu will not etch 

graphene and is expected to catalyse the growth or 

modification of graphene structures. We directly observed 

unique morphological changes in Cu-doped graphene that 

have not been observed with other metals: reconstruction of 

graphene grains, various transformations promoted near Cu 

atoms, and formation and mending of nanopores. First-

principles calculations based on density functional theory 

(DFT) were performed to explain the observed stability and 

dynamics, as well as Cu-assisted transformations of graphene. 

Results and discussion 

Cu sites in graphene 

In the areas irradiated by focused electron beam, some Cu 

atoms replaced carbon atoms in the graphene lattice. This 

substitution was observed more frequently in areas containing 

residual oxygen and hydrocarbon contaminations. These 

contaminations could be reduced by in situ annealing. Thus 

the density of Cu-C substitutions in graphene could be 

controlled by electron beam current and sample annealing 

temperature, which may be useful for practical applications.  

The TEM image of Fig. 1a shows more than 10 Cu atoms 

embedded in a ~4×4 nm2 area of graphene. We took TEM 

images at overfocus conditions to highlight Cu atoms, and Cu 

atoms appeared 1.8 ± 0.2 times brighter than C atoms. 

Meanwhile, at underfocus (Scherzer focus) the contrasts are 

reversed and Cu atoms are more difficult to image. Multislice 

simulation for the present overfocus conditions yielded a Cu/C 

intensity ratio of 1.92 (further details on Cu identification are 

given in Supplementary Figs. S1–3). 
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Most of previous studies1, 8–11, 16 focused on metal atoms in 

single or double vacancies (Figs. 1b, and c), i.e., the cases 

when metal atoms substituted for one or two carbon atoms in a 

pristine graphene lattice. In contrast, the Cu atoms in our 

experiments exhibited a more complex behaviour and were 

frequently observed at topological defects in graphene (Figs. 

1d–f). We name the corresponding structures according to the 

number of atoms making up the carbon rings, including the 

central Cu atom. For example, the Cu atom shown in Fig. 1d 

makes two six-membered rings and one seven-membered ring 

with neighbouring C atoms, so we call this structure 667. 

DFT calculations suggest that most Cu-related defects are 

not planar, except for those containing four-coordinated Cu 

(Fig. 1c). Three-coordinated Cu atoms (Figs. 1b and d–f) 

protrude from the graphene surface because single vacancies 

are too small to accommodate them. The height is the smallest 

for the 577 structure shown in Fig. 1e, whereas in the 667 

configuration several carbon atoms are displaced out of 

graphene plane along with Cu. Malola et al.16 claimed that Au 

preferentially occupies double or larger vacancies to reduce 

the height; however, we observe no clear correlation between 

the height and stability (lifetime) of the observed structures. 

For example, the highly distorted 667 was more frequently 

observed and had a longer lifetime than the almost planar 577 

structure. Krasheninnikov et al.9 found that metal atoms, 

including Cu and Au, form covalent bonds with the C atoms at 

the vacancies. The stability primarily depends on the strain 

around the Cu atoms and the bonding strength between Cu and 

C; hence, the height of a defect is not a decisive factor. 

In addition, Cu atoms physically adsorbed on a pristine 

graphene surface were rarely observed, because their diffusion 

barrier is more than 10 times lower than that of substitutional 

Cu atoms.17 The energy provided by heating and electron 

irradiation was sufficient to transform Cu atoms embedded in 

graphene and was too large to observe atoms adsorbed on its 

surface. 

Reconstruction of graphene 

Cu substitution resulted in a gradual reconstruction of 

graphene during the TEM observations. Figure 2a was taken 

13 min after Fig. 1a from the same sample area. A small 

misoriented region was created near Cu atoms. It contains 

pairs of five- and seven-membered rings at a 30° grain 

boundary (yellow in Fig. 2b). Such pairs are called Stone–

Wales (SW) defects. Figures 2c and d show TEM images 

taken before and after the reconstruction taken from another 

area. Note the broadening of the corresponding Fast Fourier 

transform (FFT) patterns (cf. insets in Figs. 2c and d), which 

reveals that the reconstruction resulted in an angular disorder 

due to the formation of 1–3 nm sized grains. We numbered the 

four grains shown in Fig. 2d as follows: grain #1 kept its 

original orientation, but became a bit distorted; #2 and #4 

reconstructed and rotated by 18° and 23° from the original, 

respectively; and #3 rotated while preserving its original six-

membered ring structure. 

Most grains were disrupted by the local strain induced by 

the contaminants, and reconstructed via repeated rotation of 

C–C bonds near Cu atoms to minimize the overall strain. In 

Fig. 2a, hydrocarbon contaminants on the left side of the 

image were partially graphitized by electron irradiation, 

distorting the underlying graphene lattice. Grain #2 was also 

covered by hydrocarbons (Fig. 2c); it reconstructed after their 

removal by electron irradiation, albeit with a different 

orientation. 

Supplementary Movie S1 was taken 15–21 min after Fig. 

2c, which shows a different type of reconstruction, namely a 

grain rotation. In contrast to the former reconstruction, the 

grains kept the original graphene structure during the 

reconstruction. Grain #3 retained its orientation until a small 

pore was mended by Cu atoms, and gradually rotated by about 

17° owing to the strain from contaminants on the left and 

defects on the right side (see Supplementary Fig. S4). During 

this process, many SW defects moved via C–C bond rotation 

and helped fit grain #3 to its neighbours. 

Figure 1 Cu atoms embedded in graphene. (a) Unprocessed TEM image of Cu atoms (brighter spots) embedded in graphene. (b–f) Averaged 

and low-pass-filtered TEM images (top row) and corresponding DFT models of Cu sites (top and side views, second and third rows, 

respectively). 
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Lehtinen et al.18 found that aggregated interstitials in 

graphene, which have a strong local curvature in graphene, are 

energetically more favourable than isolated ones. The same 

was true of Cu atoms and SW defects: SW defects were 

reported to distort graphene,19–20 and Cu atoms in our 

experiment tended to combine with them rather than remain 

isolated. Cu atoms can also distort graphene, thereby 

promoting both generation of defects and their healing via C–

C bond rotation. Such repeated distortion and reconstruction, 

promoted by Cu atoms and electron irradiation, gradually 

changed the graphene structure. 

Transformations promoted by Cu atoms 

We analysed the dynamics and stability of 56 single Cu atoms 

to further elaborate the graphene transformations mentioned 

above. Figure 3 shows the four typical transformation types: 

(a–b) and (c–d) are C–C bond rotations #1 and #2. They differ 

by that in #1 one of the rotating C atoms is attached to a Cu 

atom, while in #2 the rotating pair is separated from Cu. The 

third transformation is rotation of a C–Cu bond (e–g), and the 

fourth is ejection of one C atom (h–i). Selected images were 

converted into an animation which includes all transformation 

types (see Supplementary Movie S2 and Fig. S5). 

The majority of the observed transformations were C–C 

rotations near the Cu atoms. C–C rotation #1 was most 

common and occurred reversibly, while C–C rotation #2 was 

less frequent (Fig. 3j). We can explain this preference by the 

number of bonds that break and recombine during each 

transformation. Two strong C–C bonds break in process #2, 

whereas #1 involves one C–C bond and one weak C–Cu bond. 

The binding energies of substitutional C and Cu atoms in 

graphene were calculated as 15.7 and 3.9 eV, respectively. 

Because each C and Cu atom is bonded with three 

neighbouring C atoms, the energy difference between one C–

C bond and one C–Cu bond, or between rotations #2 and #1, is 

estimated to be ~4 eV. This scenario explains the relative 

Figure 2 Reconstruction of graphene. (a) TEM image taken after ~13 min from the same area as shown in Fig. 1a. (b) Model of grain 

boundary marked by the white box in (a). Five- and seven-membered rings appear in yellow. (c) TEM image taken before the reconstruction. 

(d) TEM image taken 20 min after (c). Insets in (c) and (d) are FFT images. 

Figure 3 TEM images of the structures before and after each transformation: (a, b) rotation of C–C bond attached to a Cu atom, (c, d) 

rotation of C–C bond near a Cu atom, (e–g) rotation of C–Cu bond, and (h, i) ejection of C atom next to Cu. Rotated C atoms are highlighted 

as light blue balls. (j) Observation frequency for each transformation (arb. units). 
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frequencies of C–C rotations #1 and #2, but not of the other 

transformations: it predicts that C–C #1 and C–Cu rotation 

should be equally frequent, as they both involve one C–C and 

one C–Cu bond. Meanwhile the C–C #1 process was 3 times 

more common in our observations. Furthermore, C ejections 

were rather common, despite their expected high energy 

barrier, whereas very few Cu ejections were observed. We 

discuss this inconsistency later. 

 We performed first-principles calculations based on DFT, 

to evaluate the activation energy barrier and the total energy 

change for each transformation. Our DFT calculations of the 

energy barrier do explain why the C–C rotations are promoted 

by Cu atoms. They agree with the analysed observation 

frequency (Fig. 3j) and stability (lifetime) of each structure 

and the binding energy estimates mentioned above, although 

they are simplified models and do not take in account the 

defect-related lattice distortions in the large area. 

Figures 4a and b show the C–C rotation that converts four 

six-membered rings into two SW defects. Replacing one C 

atom with a Cu atom in these figures results in the 666, 667, 

567 and 577 defects as shown in Figs. 4d-g, respectively (see 

Supplementary Fig. S6 for other Cu configurations). Figure 4c 

shows the energy diagram of C–C bond rotation without Cu 

atom. The total energy increased by 5.06 eV when a SW 

defect was created. The top of the barrier corresponds to the 

transition state with two broken C–C bonds; it is 9.36 eV 

above the pristine graphene and 4.30 eV above the SW defect 

level. These values are consistent with a previous report21. As 

discussed below, the 9.36 eV energy can be easily supplied by 

a typical TEM operated at 200-300 kV, but not at 80 kV. 

We also calculated C–C bond rotation with Cu atoms (Figs. 

4d–f), and found that the energy barrier of C–C rotations was 

significantly reduced from that in pristine graphene (Fig. 4h). 

The C–C rotation #1 was most frequently observed, because 

the energy barrier was reduced to 3.18 eV, and the energy 

required to return to the 666 structure in Fig. 4d was only 0.84 

eV. This reduction came from the low C–Cu binding energy 

and from the partial passivation of carbon dangling bonds by 

Cu (see inset in Fig. 4h).  

The stability of each structure depends on the energy barrier 

height rather than the total energy difference. For example, 

although the SW defect is 5.06 eV less stable than pristine 

graphene, once it is created, the energy barrier of 4.30 eV 

prevents its relaxation from SW defect to pristine graphene. 

The 577 structure (Fig. 4g) has a lower total energy than the 

667 structure (Fig. 4e); however, there is no transition state 

between the 577 structure and the 666 structure (Fig. 4d), as 

shown in Fig. 4h; therefore, it will soon transform into 666 

(the pristine structure without SW defects). Cu atom at the 

vertex of the pentagon induces a large stress in graphene and 

therefore is less stable than in the other configurations, despite 

the low total energy of its optimized structure. 

This factor appears in our experimental observations as the 

defect lifetime. Defects involving five-membered rings, such 

as 577 and 568, had approximately half the lifetime of the 667 

or 677 structures (see Supplementary Table S1). The 577 

structure can also be regarded as a transition state of diffusion 

of Cu atom. The Cu atom in the 666 structure will exchange 

positions with the neighbouring C atom by the 180° C–Cu 

rotation. The corresponding energy barrier is 2.32 eV (energy 

difference between the 577 and 666 states), which is similar to 

the value of 2.2 eV for Au atom diffusion in graphene.22 

Driving force of the transformations 

In this section, we discuss two driving forces: in situ heating 

and electron irradiation. C–C bond rotations occurred within 5 

min in our experiment, which had a temporal resolution of 1s. 

We estimated the energy required to rotate the C–C bond at 

3.2 eV, which is sufficient to cause SW defect formation by 

C–C rotation #1 and relaxation by C–C rotation #2, as shown 

in Fig. 4h. We then calculated the time required for the next 

rotation via thermal activation23: the C–C bond rotation takes 

~1015 s at 300 °C, with an attempt frequency of 5 × 1012 s-1 

given by the G-mode vibration of graphene.24 This calculation 

suggests that most transformations could not be induced by 

thermal activation (except for the relaxation of SW defects via 

C–C rotation #1), and were promoted by electron irradiation. 

This conclusion is supported by our observations that 

graphene structure remained unchanged in weakly irradiated 

sample areas. 

When an electron is elastically scattered at an angle θ by an 

atom, it transforms an energy Et to it25; Et increases with θ and 

decreases with the atomic mass number (12 and 63.5 for C and 

Cu, respectively). We used an accelerating voltage of 80 kV 

because the corresponding Et value is lower than the 

Figure 4 Energy required for the bond rotations. (a, b) Atomic 

models of C–C bond rotation without Cu atoms. Orange frames 

outline the cells used in DFT calculation, which contain 96 atoms. 

(c) Energy diagram of transformation between (a) and (b). (d–g) 

Atomic models of Cu sites in graphene. If the two carbon atoms 

highlighted by yellow ellipses are rotated, the model of Cu atoms 

embedded in SW defects (e–g) will become pristine structure (d). 

(h) Energy diagrams of transformations between (d) and (e), (f) or 

(g). Insets show models of transition states. 
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sputtering threshold energy (~22 eV26–27), which reduces the 

knock-on damage. However, this low beam energy can still 

induce transformations in Cu-doped graphene, with carbon 

atoms being more susceptible owing to their low atomic 

number. The maximum transfer energies Emax (Et at θ = 180°) 

are 15.74 eV for C and 2.97 eV for Cu. 

The energy transfer model can explain why C–C bond 

rotation and C atom ejection were more frequently observed 

than C–Cu bond rotation and Cu ejection. The energy 

transferred to Cu atoms cannot exceed 2.97 eV; hence, the 

observed transformations arose mainly via excitation of C 

atoms. Electron irradiation has less effect on Cu; thus, Cu 

atoms moved less than C atoms. Although the binding energy 

of a Cu atom in a single vacancy is 4–5 times smaller than that 

of a C atom, Cu atom ejections from the graphene lattice were 

rarely observed in our TEM experiments. The ejected C and 

Cu atoms likely moved too fast to be observed by TEM and 

were trapped by other vacancies or contaminants in graphene. 

Cu atoms are expected to be more mobile near contaminants 

or nanoparticles than in a perfect graphene lattice. 

For all the transformations described above, the energy 

transferred from electron beams should be greater than the 

energy barrier Eb. The scattering cross section σ for an energy 

transfer Et ≥ Eb is given by,23, 25 

������� � 2
 � d�
�
d� sin�d�

�

����

� 4�����1 � � �!⁄ ��
#$� 2
 � sin�

%1 � �� � �!��&� d�
�

����
 

with � � #$�'(/*, �! � , 2
�⁄  

 where θmin is the minimum scattering angle given by equation 

Et = Emax sin2 (θ / 2), dσel / dΩ is the differential elastic cross 

section, #$  is the Bohr radius (5.29 × 10-11 m), Z is the atomic 

number (6 for C and 29 for Cu), and E0 is the electron rest 

energy (0.511 MeV). Thus, taking Eb = 3.2 eV for C–C 

rotation (which leads to θmin = 54° for carbon), we obtain σ = 

2.9 × 10-6 Å. The defect lifetime t is inversely proportional to 

the product of σ and electron beam current density j (t = 1 / σ 

j). 

Figure 5 shows the averaged lifetimes, including all types of 

structures and transformations, at different current densities 

(respective lifetime values of typical structures are shown in 

Supplementary Table S1). The green and blue symbols 

respectively show the experimental values measured at 150 °C 

and the calculated values, assuming the energy transferred to 

C is 7.26 eV (the maximum value for C–C bond rotation near 

a Cu atom). Although the experimental lifetimes are slightly 

longer than the calculated ones, their orders of magnitude are 

the same, and both lifetimes are inversely proportional to 

current density j. For j = 125 A/cm2 at 150 °C, transformations 

occurred within a few seconds in defective areas, whereas 

stable structures such as 667, 666, 677 and 5656 in a relatively 

clean graphene often survived for more than 2 min. We 

conclude that Cu atoms promote C–C rotation when they are 

surrounded by many defects, but not when reconstruction of 

the graphene is complete. 

As shown in Fig. 5, the temperature effect on the lifetime t 

became significant at lower current density j, although it was 

smaller than the electron irradiation effect. In contrast to the 

energy transferred from electron beam, the thermal activation 

energy affects C and Cu equally; hence, increasing the 

temperature reduced the lifetime of every Cu-graphene 

configuration. Gan et al.28 measured the diffusion rates of Pt 

and Au atoms at different temperatures and calculated the 

diffusion barriers. However, Malola et al.16 pointed that these 

results may not be accurate because of the strong irradiation 

effect. Further observations are necessary for a quantitative 

discussion of the temperature effect, especially at low electron 

beam densities (≤ 125 A/cm2). 

Cu atoms and nanoparticles started to evaporate at much 

lower temperature than the melting temperature 1085 °C of 

bulk Cu. Electron irradiation also promoted the aggregation 

and evaporation of Cu; however, Cu nanoparticles were 

evaporated only by heating. We took a low-magnification 

TEM image (Supplementary Fig. S1c) and then turned off the 

beam. About half of the nanoparticles have disappeared after 

11 h of heating at 300 °C. Cu atoms embedded in the graphene 

lattice were more stable than the particles physically adsorbed 

on the graphene surface. The ejection frequency of Cu atoms 

from the graphene lattice did not increase at 300 °C compared 

to that at 150 °C. However, above 300 °C, Cu evaporated very 

rapidly, before promoting Cu substitutions. Such heating 

should be avoided when manufacturing Cu-doped graphene 

devices. 

Uniqueness of Cu compared with other transition metals 

Many metals, including Cr, Ti, Pd, Ni and Al, were 

experimentally reported to etch graphene,12 and a similar 

activity was theoretically predicted for Fe and Co.29 Cu atoms, 

however, promoted graphene reconstruction rather than 

etching in our experiment. Even when small pores were 

created by irradiation, Cu atoms covered their edges to prevent 

Figure 5 Lifetime under electron irradiation. Observed lifetimes at 

150 and 300 °C were averaged and plotted as a function of the 

electron beam current density. Blue symbols indicate the calculated 

values assuming that Et = 7.26 eV for C. 
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expansion of the pores and mended them by trapping C atoms 

floating around (e.g. Supplementary Fig. S4b). We have not 

observed such effects for Pt under similar experimental 

conditions.30 Double-vacancy transformation processes were 

observed in graphene without Cu atoms (Supplementary 

Movie S3 and Fig. S7), however, they occurred at an angstrom 

rather than nanometre scale. 

We believe this unique ability of Cu originates from its 

electronic configuration specific to noble metals. The binding 

energy of Cu at the single and double vacancy was calculated 

as 3.90 and 5.26 eV, respectively, whereas those of the other 

transition metals are 6–8 eV.8–9 While diffusing, these metal 

atoms bind C atoms and remove them from the graphene 

lattice. This effect should be much smaller for Cu, Ag, Au 

(binding energy 2–5 eV) and Zn atoms (binding energy 1–3 

eV).8–9 

Furthermore, we also calculated the energy difference ∆E 

between Fe, Cr, and Ni substitutional atoms at SW defects and 

those at single vacancy without SW defects (models and 

results are shown in Supplementary Fig. S6). We found that 

their ∆E are ~1 eV higher than for the Cu atoms in the same 

models; hence, compared to Fe, Cr, and Ni, Cu atoms are 

more stable near SW defects and thereby promote C–C bond 

rotations and unique reconstructions. 

Conclusions 

We directly observed atomic-scale transformations of Cu-

doped graphene by aberration-corrected TEM. Our 

observations suggest that Cu atoms tend to combine with SW 

defects and preferentially replace C atoms in defective 

graphene areas. They also modify graphene by promoting C–

C bond rotation, formation and mending of nanopores, and 

rotation of grains mediated by contaminants and lattice 

defects. Cu atoms and SW defects form grain boundaries 

between the reconstructed and original grains. All these 

transformations were assisted by electron irradiation, which 

affected C atoms much more than Cu atoms because of the 

higher energy transferred to them from the electron beam. 

Thermal effects need a further study, and our results reveal 

that Cu atoms are stable in graphene sheets up to 300 °C. We 

combined experiment with DFT calculations to investigate the 

stability of Cu atoms embedded in graphene and the activation 

energy barriers for the experimentally observed 

transformations. Our results reveal that individual Cu atoms 

can catalyse reconstruction of carbon nanostructures. 

Methods 

Sample preparation 

Single-layer graphene on a Cu foil was transferred onto in situ 

heating chips (E-chips for AduroTM, Protochips) using the 

previously reported poly(methyl methacrylate) support 

method30. To avoid metallic impurities we etched the Cu foil 

with a metal-free (NH4)2S2O8 (ammonium persulfate) 

solution. Heating in a vacuum of 0.6–1×10-5 Pa at high 

temperatures above 400 °C created clean graphene patches 

about 200 × 200 nm2 in size. Cu was then deposited using an 

ion beam etching system (PECS, Gatan). When observed at 

room temperature just after deposition, Cu had not formed 

crystals; it was dispersed with oxygen and hydrocarbons. A 

recent study suggests that partial oxidation of Cu suppresses 

nucleation, and a large graphene sheet with a single domain 

can be synthesized31. In fact, oxidized Cu nanoparticles 

promoted etching of graphene, whereas pure Cu nanoparticles 

did not. Therefore, we heated the sample at 150–300 °C to 

remove oxygen, and Cu atoms formed nanoparticles (the 

corresponding size distributions are shown in Supplementary 

Fig. S1). Cu nanoparticles gradually evaporated at 300 °C and 

rapidly disappeared at ~500 °C. Si contamination was possible 

because we used quartz-tube furnaces and silicon nitride in 

situ heating chips, yet we believe that Si was a minor impurity 

and most of observed atoms were Cu. Indeed all nanoparticles 

around the observation areas and a few dispersed atoms were 

identified as Cu by STEM combined with electron energy loss 

spectroscopy (EELS, Fig. S2). 

TEM imaging experiments 

Aberration-corrected TEM (JEM-ARM200F, JEOL) was used 

for in situ observations. The microscope was operated at a 

relatively low voltage of 80 kV to reduce knock-on damage to 

the graphene sheets. The sample temperature during 

observation was kept at 150 and 300 °C by an in situ heating 

holder (AduroTM, Protochips). Most results are reported for 

150 °C, unless mentioned otherwise, but the frequency of each 

transformation type and lifetimes of each structure were 

measured at both temperatures. TEM movies were acquired at 

a speed of 0.5–2 frames/s. All the TEM images shown in Figs. 

1–3, except for Fig. 1a, are snapshots from the TEM movies 

that are processed as follows: frames were shifted to 

compensate for thermal drift, and then averaged and low-pass 

filtered to improve the signal-to-noise ratio (Figs. 1a and 2a 

are unfiltered images). 

First-principles calculations 

We performed first-principles calculations based on DFT 

using the PHASE/0 code32. The generalized gradient 

approximation33 and ultrasoft pseudopotential34 were 

employed. The spin polarization was considered. The cut-off 

energies of the plane-wave basis set and charge density were 

taken at 25 and 255 Ry, respectively. Each defect was 

introduced in a graphene supercell of 6 × 4√3 periodicity (96 

atoms). The lateral size of the unit cell was measured using the 

optimized lattice constant of graphene, 2.476 Å, which is 

0.6% larger than the experimental lattice constant. The 

graphene sheet was isolated by a vacuum layer 10 Å thick (we 

used 12-Å-thick cells with ~2 Å distortion height). A 

Monkhorst and Pack mesh of 3 × 3 × 1 size was used for k-

sampling35. The atomic positions were optimized until the 

residual force became smaller than 5.0 × 10-4 hartree/bohr. To 

evaluate energy barriers, a climbing image nudged elastic 

band method with eight images was employed36. 
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