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ABSTRACT: The formation and kinetics of single and double vacancies
in graphene chemical vapor deposition (CVD) growth on Cu(111),
Ni(111), and Co(0001) surfaces are investigated by the first-principles
calculation. It is found that the vacancies in graphene on the metal
surfaces are dramatically different from those in free-standing graphene.
The interaction between the vacancies and the metal surface and the
involvement of a metal atom in the vacancy structure greatly reduce their
formation energies and significantly change their diffusion barriers.
Furthermore, the kinetic process of forming vacancies and the potential

route of their healing during graphene CVD growth on Cu(111) and

Ni(111) surfaces are explored. The results indicate that Cu is a better catalyst than Ni for the synthesis of high-quality graphene
because the defects in graphene on Cu are formed in a lower concentration and can be more efficiently healed at the typical
experimental temperature. This study leads to a deep insight into the atomic process of graphene growth, and the mechanism
revealed in this study can be used for the experimental design of high-quality graphene synthesis.

1. INTRODUCTION

Graphene has attracted extensive research interests recently due
to its outstanding physical, chemical, and electronic properties
and numerous potential applications."™ In particular, the
extremely high carrier mobilities in graphene with the
theoretical limit of ~200000 cm®* V™' s™' ensure it the best
candidate for replacing silicon in the future electronics.*
Unfortunately, these outstanding properties of graphene may
be greatly degraded for the existence of defects in the
honeycomb lattice. Thus, the synthesis of high-quality graphene
is essential to its practical applications. Among the present
technologies of graphene synthesis, the chemical vapor
deposition (CVD) method is the most intensively investigated
one® " and has been recognized as the most promising
approach to achieving this target.

To date, although large-area graphene films have been
successfully synthesized by the CVD method, the quality of
them is not as good as expected. For example, most of the
reported carrier mobilities of CVD graphene are 1000—3000
em? V™' 571, which are still about 1 order of magnitude lower
than those of the mechanically exfoliated one'* and 2 orders of
magnitude lower than the theoretical limit.* The low mobilities
have been attributed to the carrier scattering at the grain
boundaries (GBs) between single-crystalline domains.'®
Recently, by suppressing the nucleation of graphene or using
the seeded growth strategy, the technology of growing
graphene with very large single crystalline domains, which
sizes up to mm scale, has developed.'*'® However, the carrier
mobilities of the large-domain CVD-grown graphene are only
improved to ~4000 cm? V! s71,'® which are still much lower
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than those of the exfoliated graphene, although the CVD-grown
one already has larger domain sizes.'” Therefore, there must be
other defects in the CVD samples that scatter or trap carriers.
Beyond the linear GBs, various point defects are the most
potential candidates which are responsible for the downgrading
of graphene’s quality. Thus, understanding of the structural
stability and formation of point defects during graphene CVD
growth and the healing of these point defects are pressing and
important to improve graphene’s quality by further optimizing
the experimental design.

Single and double vacancies (SV and DV) in free-standing
graphene'®>* and the walls of CN'Ts**~** and transition-metal
atoms embedded in these vacancies*~>° have been extensively
investigated theoretically. In free-standing graphene, the ground
structure of a SV has a pentagon-dangling bond (5-DB)
formation.'®*? Its formation energy is as high as 7.5 eV, but it
can diffuse quickly in graphene by overcoming a low diffusion
barrier of 1.3 eV."”** The coalescence of two SV directly leads
into the formation of pentagonloctagonlpentagon (SI8IS),
which is a metastable structure of a DV and can be further
reconstructed into the ground structure of the DV, the 555—
777 formation.”® The diffusion barrier of a DV in graphene is
~7 eV, drastically higher than that of SV and implying the
immobility nature of DV.** During CVD growth, graphene is
formed on a transition-metal surface, and thus any C atom that
has a DB around a point defect can be passivated by the catalyst
surface, which may lead to great changes in the formation
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Figure 1. (a) Optimized structures of a SV (SDB) and a DV (SI8IS and $55—777) in free-standing graphene and (b—d) SV and (e—h) DV in
graphene on the Cu surface (top and side views). Carbon atoms around defect and the extra metal adatom in M@3DBs and M@4DBs structures are
highlighted by green and blue, respectively. (ij) The formation energies of SV and DV in graphene on Cu, Ni, and Co surfaces in comparison with

those in free-standing graphene (illustrated by black lines).

energies, diffusion barriers, and even the order of stability of
competitive structures, such as the SI8IS and 555777 of DV.
Therefore, understanding the properties of these point defects
in graphene on different catalyst surfaces is very important for
the experimental design. In particular, the quality of graphene is
expected to be improved by selecting a proper catalyst on
which the point defects are less stable and can be efficiently
healed during the growth. However, to our best knowledge,
there is no systematic theoretical study on this issue, although
its importance has been evidenced by a few experiments.**~>*

In this article, we report a systematic theoretical study on the
formation of SV and DV during the CVD growth of graphene
on three of the mostly used catalyst surfaces: the (111) surfaces
of fcc Cu and Ni and (0001) surface of hcp Co. The structure,
formation energy, and mobility of the defects are explored first,
and significant difference between the vacancies in free-standing
graphene and metal—supported graphene is revealed. The
strong interactions between metal and dangling C atoms at the
vacancy sites can greatly change the vacancy structures, where
the SV tends to have three dangling C atoms bonded to the
catalyst surface (3DBs), and the one additional metal atom
locating in the center of a DV (M@4DBs) is energetically more
preferable than other configurations. The formation energy of a
SV is dramatically decreased, and its diffusion barrier is
significantly increased to 3.0—4.0 eV due to the strong
interaction with the metal surface, which implies the excep-
tional stability of the SV on metal surfaces. The involvement of
a metal atom at the center can greatly stabilize the DV and
maintain its high diffusion barrier. Besides, our further
exploration on the formation process and healing mechanism
of DV in graphene on Cu or Ni surfaces suggests that Cu is a
better catalyst than Ni for high-quality graphene synthesis
because of the larger defect formation energy and the lower
barrier of defect healing on Cu. Therefore, this study provides a
guideline for the selection of catalyst and growth temperature
in the synthesis of high-quality graphene.
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2. MODELING AND COMPUTATIONAL DETAILS

Among the commonly used catalysts for graphene CVD
growth, including Rh,** Ru,** Ni,35’36 I, Pt,** Pd,** Cu,* and
Co,* the lattice constants of Cu, Ni, and Co surfaces are very
close to those of graphene. Besides, according to previous
theoretical studies, Cu and Ni/Co represent two typical types
of catalysts. Cu has weak interaction with C and does not form
carbide phase, while Ni/Co interacts strongly with C and can
form stable carbide phase.'”'**~* Therefore, we simulate the
growth of graphene on the (111) surfaces of fcc Cu and Ni and
the (0001) surface of hcp Co as examples of catalysts for
graphene CVD growth in this study.

In this study, a three-layer metal slab with fixed bottom layer
atoms was used to represent the metal surface, and then a 6 X 6
supercell of graphene on the metal surface was used to
represent the CVD-grown graphene. The repeated slabs were
separated by more than 10 A to eliminate their interactions
between images. Because we were more interested in graphene
than substrates, the lattices of metal surfaces were chosen to
match the graphene lattice parameters, which lead to small
deformation of the substrates (3.75, 1.28, and 1.87% for Cu,
Co, and Nj, respectively). The formation energy of a defect in
graphene on a metal is defined by

Ef = Edefect + ieC - EM—G - jgm (1)
where Eg.. and Ey;_g are the total energies of graphene-metal
systems with and without a defect, respectively; € is the energy
of one C atom in graphene; €, is the energy of a metal atom in
bulk, i is 1 for a SV or 2 for a DV, and j is 1 if an extra metal
atom is involved in the structure.

In the study of defect formation and healing, an edge of
graphene nanoribbon (GNR) was used to represent the
growing front of graphene. In previous experimental reports,
hexagonal 6graphene islands with zigzag edges were frequently
observed.*® Recent theoretical study demonstrated the same
conclusion by using the kinetic Wulf construction and showed

the growth of a zigzag edge mediated by the kink propagation
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with the assistance of a metal atom.” Therefore, in the study of
defect formation and defect healing, a model of zigzag-edged
GNR with a kink on the (111) surface of fcc Cu and Ni with a
super cell of 13.47 X 13.47 A was adopted.

All the calculations in this paper were based on the density
functional theory (DFT) and frozen-core all-electron projector-
augmented wave method, as implemented in the VASP code.*’
Both generalized gradient approximations (GGA) with
Perdew—Burke—Ernzerhof (PBE) exchange—correlation func-
tional including van der Waals (vdW) corrections (DFT-D2
Grimme’s method** and vdW-DF functional of Langreth and
Lundqpyist et al.)*** and local density approximation (LDA)*'
were used in the calculation of some typical configurations, and
these results are compared in Tables S1 and S2. The
configurations calculated by GGA including vdW corrections
and LDA method are very similar, but the vacancy formation
energies and their diffusion barriers are about 10—15%
different. The vacancy formation energies in free-standing
graphene calculated by DFT-D2 and vdW-DF methods are
almost the same, while the vacancy formation energies in
graphene on metal surface calculated by using the vdW-DF
method are generally 5—10% larger than those calculated by
using the DFT-D2 method. Using the vdW-DF method in the
calculation is much more computationally expensive than using
the DFT-D2 method. So, to balance the accuracy of the
methods and the computational time-consuming, all the data
shown in the main text are calculated by the DFT-D2 method.

The energy cutoff for the plane-wave expansion was set to
400 eV. Conjugated gradient (CG) atomic optimization is
performed with a criterion of convergence of 0.01 eV/ALA2 X
2 k-point grid was chosen in the Brillouin zone integration for a
6 X 6 supercell of graphene on the metal surfaces, which can
give the results of ~2% difference with that calculated by more
k-point sample (see Table S3). The climbing image nudged
elastic band method** was used to locate the transition states.
Spin-polarized DFT was used in all calculations. The scanning
tunneling microscope (STM) ima§es are calculated within the
Tersoff-Hamann approxjmation.5

3. RESULTS AND DISCUSSION

3.1. Stability and Formation Energies of SV and DV. In
free-standing graphene, the removal of a C atom results in three
DBs (3DBs) in the sp*-hybridized honeycomb lattice, while the
3DBs formation is not stable, and two of the C atoms with DBs
approach each other to form a five-membered ring (SMR).
This leads to the well-known ground structure of SV, being
composed of one pentagon and one DB (5DB)."”** On the
three metal surfaces, such a structure is still stable, but the C
atom with a DB bends downward to form a strong C—M bond
with a metal atom of the substrate (Figure 1b). Such a SV
configuration is very similar to the previously reported SV in
graphene on Pt(111) surface.’® Another stable structure of SV
in graphene on metal is the 3DBs formation, in which all three
DBs bend downward to one metal atom of the substrate to
form three strong C—M bonds, and the metal atom is lifted
from the substrate for ~0.5-0.9 A (Figure 1c). This
configuration is similar to the monovacancy in graphene on
Re (0001) surface in a previous report.> Considering the high
temperature of graphene CVD growth (~1300 K), active metal
atoms may be excited to interact strongly with defects in
graphene. Therefore, we introduce a new type of SV structure,
called M@3DBs, in which an extra metal atom is drawn from
metal bulk to passivate the 3DBs (Figure 1d).
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The formation energies for the three types of SV structures
on Cu, Nj, and Co surfaces are summarized in Figure 1i. It is
clear that all of the formation energies of SV in graphene on
metals are significantly smaller than those in free-standing
graphene (7.79 eV at the same comgputational level and 7.4 eV
in other theoretical calculation).' Among these three SV
structures, the 3DBs structure, as shown in Figure 1c, has the
lowest formation energy of 4.99, 2.80, and 2.43 eV on Cu, Nj,
and Co surfaces, respectively. The formation energies of 3DBs
structure were drastically dropped for ~40, 60, and 70% on Cu,
Nj, and Co surfaces, respectively, from 7.79 eV in free-standing
graphene. Such a great reduction is attributed to the metal
passivation of the DBs. It is notable that, although the M@
3DBs formation is more stable than the SDB structure on the
three metal surfaces, it is not the ground structure because
there’s no enough space in the SV to accommodate the metal
atom.

The moiré pattern is characterized as different local stacking
configurations between graphene and catalyst surfaces.>*>> In
order to count the effect of moiré pattern of graphene on metal
surfaces, three representative configurations of graphene on
Cu(111) surface are considered. As shown in Table S4, they are
(i) the top fcc, (ii) top hep, and (iii) hep—fec configurations, as
those shown in ref 56. The formation energies of SV for fcc and
hep configurations are 4.99 and 4.85 eV, respectively, which is
nearly equal because of the exact same stacking order between
graphene and the first layer of metal. The SV for configuration
(iii) possesses a much higher formation energy of 6.33 eV,
which is ~30% greater than that for fcc or hep configuration.
This is due to the large displacement of the metal atom that is
strongly bond to the three C DBs (Table S4). It is worth noting
that the models considered in our study are the configurations
with low defect formation energy. The packing order of
graphene on catalyst surface is an important factor that affects
the stability of different defect structures. But considering the
large size of the unit cell of the moiré pattern, a complete study
on the effect of moiré pattern is extremely computationally
expensive and is beyond the scope of this research.

Four different DV structures on metal surfaces, including the
known SI81S and 555—777 (Figure le,f, respectively) structures,
which are well explored in free-standing graphene and carbon
nanotubes,”*~**** a structure with four DBs (4DBs, Figure 1g)
and a structure with one extra metal adatom passivating the
four DBs (M@4DBs, Figure 1h) were considered. It was found
that the 585 structure is stable only on the Cu surface. On Ni
and Co surfaces, the strong C—M interaction simultaneously
breaks the highly strained C—C bonds of the 5I8I5 formation
and leads to the 4DBs formation. In the 4DBs structure, a metal
atom is drawn up from the metal surface and leaves a vacancy in
the catalyst surface, which indicates a strong tendency for the
four DBs to be passivated by the metal atom. As shown in
Figure 1j, due to the strong interaction between the defective
site in graphene and the catalyst surface, the formation energy
of 555777 drops by 0.92, 1.68, and 2.33 eV from that in free-
standing graphene on Cu(111), Co(0001), and Ni(111)
surfaces, respectively. This indicates the graphene—metal
interaction increases in the order of Cu(111) < Co(0001) <
Ni(111). For similar reason, the formation energies of another
two configurations, 4DBs and M@4DBs, drop in a very similar
manner. For all of the three metals considered in this study, the
M@4DB DV structures are slightly lower than others, and the
formation energies are 5.10 eV on Cu, 3.74 eV on Nj, and 4.31
eV on Co surface, respectively.
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As shown in Figure 1ij, all of the formation energies for both
SV and DV on Cu surface are higher than those on Ni and Co
surfaces. This result is expected because Cu—C interaction is
known to be weaker than Co—C or Ni—C interaction and Cu
cannot passivate the DBs efficiently. For graphene CVD
growth, high formation energies imply a potential of synthesiz-
ing graphene with a low defect concentration. In this regard, Cu
is probably one of the best catalysts for high-quality graphene
growth. The formation energy per missing atom (<2.5 eV) of a
DV is much lower than that of a SV, that is to say the DV is
thermodynamically more favorable than the SV. In order to
provide evidence for experimental observation, the simulated
STM images for the most stable SV (3DBs) and DV (M@
4DBs) structures in graphene on Cu(111) surface at the voltage
of —2.0 V are shown in Figure 2 (the most stable SV and DV

Figure 2. Simulated STM for the most stable SV (3DBs, left) and DV
(M@4DBs, right).

structures), and others are shown in Figure S1. The simulated
STM images for the most stable SV and DV are consistent with
a recent experimental work, which has Si and Fe atoms filled in
the SV and DV in graphene.”’

3.2. Mobilities of SV and DV. In free-standing graphene or
CNTs, the barrier of SV diffusion is very low (1.4 eV according
to our calculation, in agreement with the value in literature, 1.3
eV),” and thus SV may diffuse very quickly and coalescence
into DV or holes™® or disappear at the edge of the graphene at
an elevated temperature. However, in graphene on metal, it
shows exceptional stability, which was recently observed in
experiments.>’ Here, the diffusion barriers of the most stable
SV and DV structures are explored, and the paths of their
diffusion on a Cu surface are shown in Figure 3. It is worth
noting that the diffusion paths for the SV and DV on Ni and Co
are very similar to those on Cu (Figure S2). There’s an
intermediate state in the diffusion path of the SV, which is
similar to the SDB structure (Figure 1b). The intermediate
connects two symmetric 3DBs structures that are separated by
a distance of one lattice constant (0.242 nm). The diffusion
barrier of a SV on the Cu surface is 2.99 eV, which is much
greater than that in free-standing graphene, ie., 1.4 eV. This is
because the metal atom of the substrate sticks to DBs tightly
and therefore reduces the mobility of the SV (the metal atom is
marked in blue in Figure 3c). Similarly, higher diffusion barriers
for SV in Co and Ni surfaces are expected because of the
stronger interactions between the metals and DBs. Further
calculations confirm the prediction that the diffusion barriers of
a SV on Ni and Co surfaces are 3.52 and 3.99 eV, respectively.

The diffusion frequency of SV can be estimated by

f=10"xexp(—Ep/kT)s™" (2)
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Figure 3. Diffusion barriers of (a) SV and (b) DV in free-standing
graphene (G) and graphene on Cu, Ni, and Co surfaces and
representative diffusion paths for (c) SV and (d) DV on Cu(111)
surface. The moved carbon atoms are colored green and yellow, and
the metal adatom is colored blue.

where kT/h ~ 10" s7' and kT ~ 0.1 €V at a typical CVD
growth temperature (T ~ 1300 K), k is the Boltzmann
constant, and Ep, is the diffusion barrier. Thus, the estimated
frequencies on Cu, Ni and Co surfaces are 1, 1073, and 10~ 57,
respectively. This result indicates that long-distance diffusion of
SV on Ni and Co surfaces during CVD growth is almost
impossible, while SV may diffuse for certain distances (~10 nm
in an hour) on a Cu surface.

The diffusion of M@4DBs, the ground structure of DV, can
be regarded as a process of exchanging metal and C atoms
(Figure 3d, where the extra metal atom is marked by blue). The
calculated DV diffusion barrier energies are 6.33, 5.4S, and 4.74
eV on Cu, Nj, and Co surfaces, respectively, which are lower
than that in free-standing graphene (~7 €V).>* But they are still
too high to be overcome at the typical CVD growth
temperature (T ~ 1300 K), and thus we conclude that the
DV in graphene on metal surfaces is immobile.

3.3. Formation Processes of DV during CVD Growth.
We have shown that DV on all catalyst surfaces is immobile and
that only SV on the Cu surface may be able to diffuse for a
certain distance. This result indicates that the healing process
by the diffusion of vacancies out of a graphene domain, which
has a typical size of 1—100 ym, is almost impossible. During the
CVD growth of graphene, it is difficult to form a SV with three
DBs because the many C atoms around tend to be incorporated
into the graphene. In contrast, M@4DBs, the ground structure
of DV, which can be regarded as the substitution of two small C
atoms by a large metal atom in the graphene lattice, will most
probably be formed during growth because the metal atom is
involved in the C addition process.”

Figure 4a (I and II structures) shows graphene growth on the
Cu(111) surface. It presents how a new carbon hexagon was
formed nearby a kink of the zigzag edge by the continuous
addition of two C atoms onto a kink site at the zigzag edge with
the assistant of a Cu atom. When the two C atoms are added
from the right side of the metal atom that passivates the kink
site, the metal shifts one step left to form a structure which is
equivalent to the original one. However, it is also possible to
have the metal atom embedded into the graphene lattice when
the two C atoms are added from the left (III and IV structures
in Figure 4a). As a defect, the structure with the embedded
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Figure 4. Process of normal growth versus defect formation in graphene on (a) Cu(111) and (b) Ni(111) surfaces (the numbers below the

structures are the formation energies).

metal atom has a formation energy which is 1.3 eV higher than
the original one. If such a formation was stabilized in the front
of graphene growth, the M@4DBs structure of the DV can be
formed by further additions of C atoms. Under the condition of
near thermal equilibrium at the experimental growth temper-
ature (kT ~ 0.1 eV), the concentration of such metal-
embedded metal formation can be estimated as

Co = exp(—1.3eV/kT) = 10°° (3)

The same formation process of a metal atom embedded
structure on Ni(111) surface is shown in Figure 4b. The
formation energy of the embedded structure is only 0.9 eV, so
the concentration of defects can be estimated to be

Cy = exp(—0.9eV/kT) = 10> (4)

It indicates that the concentration of DV in graphene growth
on Ni surface is much higher than that on Cu surface. In this
regard, Cu is a better catalyst than Ni for high-quality graphene
synthesis.

4. FURTHER HEALING OF DV DURING GRAPHENE
CVD GROWTH

If the embedded metal atom cannot be healed at the kink, it will
stay in the front of growing graphene before the addition of a
new hexagon chain. During this period, there is another route
for it to be healed, ie., two C atoms diffuse to the catalyst and
draw it out of the front of growth (Figure $). On a Cu(111)
surface, two steps are required to achieve such a healing: (i) the
embedded metal atom and the first added C atom form a
hexagon on the edge of the graphene; and (ii) the second
added C atom replaces the metal and forms a complete front
on the edge of graphene. As shown in Figure Sa, step (i) is the
threshold step with a barrier of 1.86 eV, and the overall energy
drop of the whole process is 4.79 €V, which means the healing
is highly exothermic. The healing mechanism can be applied to
graphene on a Ni surface as well. As shown in Figure Sb, the
threshold step is step (ii) with the corresponding barrier of 2.42
eV, which is higher than that on the Cu surface.

Next, we consider the rate of defect healing during graphene
CVD growth by the aforementloned mechanism. Similar to the
defect annealing in CNTs,* the evolution of the concentration
of the embedded metal structure is given by

dC = —CKdt + (1 — C)K_dt (3)

where C is the concentration of embedded metal atoms, and K,

= (kT/h) X exp(—E*/k,T) and K_ = (kyT/h) exp[—(E* +
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Figure 5. Defect healing process in graphene on (a) Cu(111) and (b)
Ni(111) surfaces with two additional carbon atoms.

E,)/k,T] are the reaction constants of the forward and reverse
processes whose barriers are E* and E* + E,, respectively.
Considering the high exothermic reaction, we can neglect the
reverse process. Therefore, eq 5 can be simplified to be

dC = —CK,dt (6)
The solution of eq 6 is
C/Cy = exp[—t(k,T/h) X exp(—E*/k,T)] (7)

where C, is the initial defect concentration, which can be
estimated by eqs 3 and 4. During graphene growth, the addition
of each C chain leads to the propagation of growth front for a
distance of Ad = 2.13 A. So the growth rate is R = Ad/z, where
7 is the period for the growth front being filled with a new
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hexagon chain. The reported growth rates are in the range of

[0.1, 10*] nm/s,°”*"and thus 7 is in the range of [1, 10°] s.
Figure 6 shows the rate of DV healing as a function of growth

rate R at different temperatures on a Cu or Ni surface. The

T(a) Cu
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Figure 6. Rate of point defect healing in graphene CVD growth on (a)
Cu(111) and (b) Ni(111) surfaces as functions of graphene growth
rate R at different temperatures.

difference in the defect healing on Cu and Ni is clearly shown.
For example, at the temperature of 1300 K and the growth rate
of 10—100 nm/s, the healing rate is greater than 99.999% on
Cu but only 90% or less on Ni. This result can clearly explain
why 1300 K is the typical experimental temperature for
graphene CVD growth on Cu surfaces.*”*® It also shows that
both the temperature and the growth rate play crucial roles in
the defect healing. The faster growth at lower temperature leads
to a higher defect concentration, and slower growth at higher
temperature results in a lower concentration. The temperature-
dependent defect healing is in consistent with the report of
Jacobson et al,, in which high—quality graphene is obtained by
high-temperature annealing. ° More importantly, we find that
the defect healing exhibits higher efficiency on Cu than on Ni
surfaces, which can also prove that Cu can be a better catalyst
for graphene CVD growth from a new aspect. Besides, the M@
4DBs structure may have other important applications. The
embedded metal atom can be used as a catalyst for various
chemical reactions.”>"%* Therefore, this study also shows a
route of synthesizing graphene embedded with various
catalysts.

5. CONCLUSIONS

In summary, we have performed a comprehensive theoretical
investigation on the formation, mobility, and healing of SV and
DV in graphene on metal surfaces, including Cu, Nj, and Co. It
was shown that, due to the passivation of active C atoms of the
defects by metal atoms, the formation energies of both SV and
DV are greatly reduced and that the diffusion barriers of SV are
greatly increased compared to those in free-standing graphene.
The most stable SV and DV structures tend to have more DBs
passivated by a metal atom instead of forming topological
defects, such as five-, seven-, and eight-membered rings. Being
different from those in free-standing graphene, the SV on
metals is no longer mobile. Furthermore, the kinetics of DV
formation and their healing during graphene CVD growth were
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considered. Our calculations show that, at the typical condition
of graphene CVD growth (1300 K with the growth rate of 10—
100 nm), the concentration of defects on a Cu surface can be
greatly reduced to 107 * 107 = 107'? or lower. However, on a
Ni surface, higher concentration of DV can be observed during
CVD growth. This study indicates that those metals which have
weak interaction with carbon (e.g,, Au, Ag, Cu, etc) are better
catalysts for high-quality graphene growth than those that
interact strongly with carbon (e.g.,, Ni, Co, Fe, Pt, Ru, Rh, etc).
On the other hand, those metals which interact strongly with
carbon can be used in synthesizing new types of graphene
embedded with metal atoms, which can serve as efficient
catalyst for various chemical reactions.
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Comparison of configurations, formation energies and diffusion
barriers of vacancies in free-standing graphene and on Cu(111)
surface by DFT-D2, vdW-DF and LDA methods are presented
in Tables S1 and S2; tests for different k-point grids for a 6 X 6
supercell of graphene on Cu surface are presented in Table S3;
configurations and formation energies of SV in graphene on
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