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Our first-principles calculations reveal that there exist contrasting modes of initial nucleations of
graphene on transition metal surfaces, in which hydrogen plays the role. On Cu(100) and Cu(111)
surfaces, an sp>-type network of carbons can be automatically formed with the help of hydrogen under
very low carbon coverages. Thus, by tuning the chemical potential of hydrogen, both of the nucleation
process and the following growth can be finely controlled. In contrast, on the Ni(111) surface, instead
of hydrogen, the carbon coverage is the critical factor for the nucleation and growth. These findings
serve as new insights for further improving the poor quality of the grown graphene on transition metal
substrates. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4974178]

l. INTRODUCTION

In order to grow large-area and high quality graphene
sheets, chemical vapor deposition (CVD) techniques on tran-
sition metal (TM) surfaces have been extensively exploited.'©
Currently, the Cu surfaces are highly preferred. The growth on
Cu surfaces is self-limiting, with good control of the graphene
layers.»’~!1 Great efforts have been spent in improving the
quality of the grown graphene sheets,'~'> for which a funda-
mental insight into the atomistic mechanism of the growth is
highly needed. Of course, to completely understand the whole
growth process is difficult at present because in experiments
a lot of growth parameters, such as substrate, temperature,
vapor pressure, preannealing, and cooling, can affect the crys-
tallinity of the graphene sheets significantly.!> So, a combina-
tion of experimental and multiscale modeling studies should
be employed to fulfill this task.

Hydrogen (H) is popular in the CVD environment of
graphene growth, either coming from the feedstock gas of
H,/CHy, or CHy4 pyrolysis, or substrate pretreating by H, gas,
and can play different roles at various growth stages.3~10:12-17
Some researchers believe that dissociative H atoms will occupy
the surface active sites, inhibiting dehydrogenation of hydro-
carbons and thus degrading the crystallinity of the graphene.'®
On the contrary, some researchers suggest that H atoms can
clean the Cu surface and assist in the formation of carbon
radicals.'>!7 Vlassiouk and co-workers even pointed out that
graphene could not be grown in the absence of H atoms.'3
H atoms can also act as etchant, the role of which relies
on the growth conditions.”!3!41® H atoms can either etch
the graphene to form hydrocarbons, inhibiting the graphene
growth,'* or remove the unorganized or defective graphene
edges, improving the graphene quality.'? Recently, using first-
principles simulations, Zhang et al. reported that H plays a key
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role in the synthesis of bilayer/few-layer graphene by passi-
vating the active edges.!” We note that the role of hydrogen
in the nucleation process, especially at the initial stage, is not
fully attached and is highly unclear.

In the literature, the nucleation of graphene on TM sur-
faces has been investigated extensively, especially by calcula-
tions based on the density-functional theory (DFT).!!-12:19-26
First, the hydrocarbon molecules may dissociate on the sur-
faces, forming carbon monomers or dimers, or even larger
carbon clusters. On Ni, Fe, Co, and Mo surfaces, the carbon
adatoms will diffuse into the bulk first and then segregate to the
surface upon the following cooling. On Cu and Au surfaces,
the dissociated carbon atoms keep staying on the surface.!?
Once the carbon coverage having reached a critical value, the
nucleation process starts. Carbon monomers are taken as the
starting species of graphene nucleation by many studies in
the history.!??12224 Recently, Wu et al. reported that carbon
dimers instead of monomers are the dominant feeding species
in the graphene epitaxial growth,'! and larger carbon clusters
in the form of chains can facilitate the graphene growth via
cluster attachment.>> Gao et al. pointed out that in the initial
stage of graphene growth, on the Ni(111) surface, carbon takes
the chain structure instead of the sp® cluster until the number
of carbon atoms (N¢) > 12.2! Similar trends are also expected
on other TM surfaces.?> We note that although H exists in the
growth environment in large amount, it is completely ignored
in these studies. The carbon chain structures mentioned in
these studies, although energetically favorable, are far from
the configuration of the sp> carbon atoms in graphene.

Cu and Ni surfaces are the most popular substrates for the
graphene growth but the growth behaviors on the two surfaces
are contrasting.®!? By far, the different C solubilities in Cu
and Ni lattices are considered as the main cause.?® H, although
existing in the growth environment in large amount, has not
been fully considered in the nucleation processes, which could
be crucial in determining the quality of the grown graphene.

Published by AIP Publishing.


http://dx.doi.org/10.1063/1.4974178
http://dx.doi.org/10.1063/1.4974178
http://dx.doi.org/10.1063/1.4974178
mailto:lxzhang@nankai.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4974178&domain=pdf&date_stamp=2017-01-18

034704-2 Feng et al.

In this paper, we report a systematic study of the initial
nucleation of graphene on Cu(111), Cu(100), and Ni(111) sur-
faces with H in the growth environment. On all of the surfaces,
the adsorbed hydrocarbon clusters can be stabilized at high
chemical potential of hydrogen (uy), while the correspond-
ing pure carbon clusters are more stable at low pug. On Cu
surfaces, the larger size of carbon cluster, the more stable the
cluster is. On the other hand, on the Ni surface, the above
trend takes place only when the carbon coverage is close to
full. This indicates that larger carbon or hydrocarbon clusters
can be formed spontaneously on Cu surfaces at any carbon
coverage but not on the Ni surface. Specifically for C¢ and
CgsHy clusters, on Cu surfaces, Cg favorably takes the chain
structure while CgHy takes the ring structure. The CgHy rings
can further easily coalesce to form larger islands of graphene.
While on the Ni surface, both of C4 and CgHy clusters take
only the chain structure. Therefore, the high quality of sin-
gle layer graphene grown on Cu surfaces benefits from the
presence of H.

Il. COMPUTATIONAL METHODS

The calculations are performed within the framework
of density functional theory as implemented in the Vienna
Ab initio Simulation Package (VASP).?’ The Kohn-Sham wave
functions are expanded in a plane wave basis set with a cut-
off energy of 500 eV. The projector-augmented wave (PAW)
method and PBE potential for the exchange-correlation func-
tional are used. Four-layer slab models with surface periodicity
of 9 X 9,6 x 6 and 3 x 3 are used to describe the Cu and
Ni surfaces under different carbon coverages, in which the
bottom layer is fixed at the optimized bulk positions.'! The
Monkhorst-Pack (MP) k-point meshes are 2 x 2 x 1,3 x3 x 1
and 5 X 5 x 1, respectively. A force acting on each atom of
<0.02 eV/A is used as the criterion of convergence. For car-
bon coverages of 0.074 ML and 0.667 ML, the supercells with
9 x 9 and 3 x 3 surface periodicity are used, respectively. In
the calculations of the C;, C,, and Cj clusters, 6, 3, and 2 pairs
of the clusters are placed on the surfaces to keep the carbon
coverage a constant. To study the coalescence of the clusters
on the surfaces, the so called climbing image nudged elastic
band method (cNEB) is employed, using a supercell with 6 X6
surface periodicity.”®

The formation energy of an adsorbed hydrocarbon or C
cluster is given by

Ef = E3 — Emetal — 0 X uc — m X py, (D

where E, is the total energy of the adsorbed system, Epera 1S
the total energy of the reference metal surface, and n and m are
the number of C and H atoms in the hydrocarbon or C cluster.
The chemical potential of C (uc¢) is the energy per atom in
graphene. The chemical potential of H (ugy) is tunable during
the growth, depending on the working temperature and H;
partial pressure.”® Most of the graphene CVD growth occurs
at a temperature range of 800 K-1400 K and an H, partial
pressure range of 107*~10? mbar. Thus, the low py value of
—1.6 eV corresponds to the high temperature and low partial
pressure within the ranges, and the high puy value of —0.6 eV
corresponds to the low temperature and high partial pressure.

J. Chem. Phys. 146, 034704 (2017)

Some discussions on the influences of dispersion force and
finite temperature are included in the supplementary material.

lll. RESULTS AND DISCUSSION

As the first step, we investigate the relative stabilities
of adsorbed C (-C,;) and hydrocarbon (-C,H,;) clusters on
Cu(111), Cu(100), and Ni(111) surfaces forn=1, 2, 3, and 6.
The optimized atomic structures of the clusters on Cu(111) are
illustrated in Figure 1. It can be seen that, without H, the carbon
atoms tend to have more nearest neighboring Cu atoms. With
increasing of n, the C atoms tend to form a chain-like cluster.
With H atoms in the clusters, the chains become zigzag. For
n = 6, the ring structure becomes favorable where a surface Cu
atom locates below the center of the cluster. On Cu(100) and
Ni(111) surfaces, the structures of the clusters are similar and
shown in the supplementary material.

The corresponding formation energies of these clusters
are calculated based on Eq. (1), and the results are shown in
Figure 2. On the Cu(111) surface, we can see that, regardless
of C coverage, all of the C,, clusters are favored under low py
and the corresponding C,H,, clusters are favored under high
ug. This indicates that structural transformations between C,
and C,H, can be induced by tuning the chemical potential
of H in the growth environment. We can also see that the
C, or C3 (CoH, or C3Hj3) cluster is much more favored than
Ci(CiH)), and the C¢(CgHpg) cluster is more favored than the
C, or C3 (CoH; or C3H3) cluster. This clearly indicates that
on the Cu(111) surface, the C atoms prefer to form larger clus-
ters. Last but not least, we see a structural transformation from
one dimensional chain to zero dimensional ring for the most
favorable clusters of n = 6. This indicates that the sp® network
of graphene can be spontaneously formed by just tuning the
chemical potential of H in the CVD growth environment. From
some previous theoretical works, we know that at the initial
nucleation stage, to form the sp® network of pure C atoms is
not easy.”!??

The above results for the Cu(111) surface apply to the
Cu(100) surface too, which indicates that the carbon nucle-
ation process on Cu surfaces has no obvious preference on the
orientation of the substrate, which agrees with the experiments
very well.

On the Ni(111) surface, the C,H,, clusters can also be sta-
bilized under high chemical potential of H, similar to that on
the Cu surfaces. But the nucleation process is quite different

-C, -C, d -Cy -CChain -C Ring
-C\H, -C,H, -CgH,Chain -CgHgRine

FIG. 1. Representative atomic structures of most stable (a) Cp and (b) C,Hp
clusters on the Cu(111) surface. The corresponding structures on Cu(100) and
Ni(111) surfaces are similar and not shown. Light blue (brown, red) balls are
Cu(C, H) atoms.
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FIG. 2. The formation energies (per
carbon atom) of the adsorbed C, and
CpHy, clusters at low (® = 0.074 mono-

layer) and high carbon coverage (©

= 0.667 monolayer) on Cu(l11),
Cu(100), and Ni(111) surfaces as func-
tions of the chemical potential of H (up).
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The corresponding atomic structures
can be found in Figure 1. The dashed
lines indicate the upper and lower limits
of the real experimental conditions for
the graphene CVD growth.
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from that on the Cu surfaces. As shown in Figure 2(f), at high
carbon coverage, similar to that on the Cu surfaces, the larger
clusters are more favored than the smaller clusters. But it is not
the case for low carbon coverage, as seen in Figure 2(c). This
indicates that on the Ni(111) surface, the carbon coverage is
an important factor for the spontaneous nucleation as well as
the following growth. Larger carbon or hydrocarbon clusters
can be formed spontaneously on the Ni surface only at high
C coverage. From Figure 2(f), we can also see that the most
favored CgHg cluster takes the chain structure rather than the
ring structure as they do on the Cu surfaces. As some previous
investigations of graphene nucleation on the Ni(111) surface
showed, the nucleated carbon clusters still need to go through
the structural transformation from the 1D chain to 2D sp? net-
work during the initial growth of graphene.?’->> The point is
that, unlike on the Cu surfaces, the sp2 carbon network cannot
be formed spontaneously on the Ni(111) surface even with the
help of H.

In the above discussions, two n = 6 clusters, the Cg (with-
out H) and the C¢Hg (all of the carbon atoms are hydrogenated)
are considered, respectively, corresponding to H poor and
rich conditions. Between the two extreme conditions, CgHy
(x=1-6) clusters may also exist, with their structures represen-
tatively shown in Figure 3(d). The atomic structures of them are
shown in Figure 3(d). Their formation energies are shown in
Figures 3(a)-3(c) under three specific chemical potentials of H.

From these figures, we can see that on the Ni(111) surface,
the chain structures are always more favored than the ring
structures. We can also see that under high py (Figure 3(a)), the
most favored cluster is not fully hydrogenated, with x roughly
between 3 and 5; under low py (Figure 3(c)), the most favored
cluster is Cg, completely not hydrogenated; under medium py
(Figure 3(b)), the most favored cluster is CgHy with x roughly
between 0 and 3. This indicates that on the Ni(111) surface,
the stable chain structures may be hydrogenated in different
extent, depending strongly on the growth conditions.

(@  p,=-04ev ®)  p=-10ev (©)  py=-20ev
1.6 H 1.6 i :
’ g —I—'ChainonClu i ' I ' 2447 l ; ]
—0—Ring on Cu © /7
¢ 2.0 17 o
1.2 =1=-ChainonNi{ |, | el / A
— | "0--Ring on Ni ]/ 1.6 Iﬁ’,‘ i
> 0.8 ] | o o 7 . .
Che o —, - 08 0——07;? 124 e ] FIG. 3. The formation energies (per
w | Sl 0\ -6 e »?,' 1 | ,/'/?'/ carbon atom) of the most favored C¢Hy
04 "~o g 2901 0= 01 < 084 -7 4 (x=0, 3, 5, 6) in the ring or chain struc-
IR i 04] " I 1 o4 ?, - ture at (a) high, (b) medium, and (c) low
0.0 . — ! L C i_{ . . L ! (': ug on Cu(111) and Ni(111) surfaces. (d)
-Cq -C¢H3-C¢Hs-CHg -Cs -CgHy -CeHs-CgH Cs -CeH3-CoHs-CeHg The atomic structures for the chain and

ring structures with x = 3 and 5. For x
= 0 and 6, the structures are shown in
Figure 1.
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form the larger CjpHjg cluster, (b) two
identical CgHg rings to form the larger
Ci2Hjg cluster, releasing one H, at the
same time, on Cu surfaces, (¢) two identi-
cal Cg chains to form the larger Cy; clus-
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w . The atomic configurations of the initial,

transition, and final states are shown in
l the insets. Light blue (green, brown, red)
balls are Cu (Ni, C, H) atoms.
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On the Cu(111) surface, on the other hand, under high py
(Figure 3(a)), the most favored cluster is fully hydrogenated
with x = 6, taking the ring structure; under low pyy (Figure 3(c)),
the most favored cluster is Cg but in the chain structure; under
medium py (Figure 3(b)), the most favored cluster is CgHy
with x roughly between 3 and 6, still in the ring structure. On
the Cu(100) surface, the favored structures are the same as that
on the Cu(111) surface and not shown repeatedly. The above
results indicate that on the Cu surfaces, both the ring and chain
structures may exist and the ring structures may be partially
hydrogenated, depending also on the growth condition.

During the nucleation process, one important step for
adsorbed clusters is to coalesce to form larger clusters or
islands. On Cu surfaces, the energy profiles for the process of
merging of two —CgHs clusters are shown in Figure 4(a). On
the Cu(111) surface, the barrier is ~1.20 eV and it is ~1.0 eV
on the Cu(100) surface. These values are in the same orders
as the barriers previously reported for the attachment of the
C, cluster to a graphene island.!! Under the ordinary growth
temperatures between 800 K and 1200 K, these barriers could
be easily overcome. More importantly, on Cu surfaces, the
merging of two CgHs clusters is exothermic. This indicates
that the coalescing process of these C¢Hy clusters can take
place at a very high rate. If the clusters are fully hydrogenated,
as shown in Figure 4(b), the barrier for the merging is as high

L A L L AL AL L
0 2 4 6 8 10 12 14
NEB Image

as ~3 eV. To further release an H, molecule, the additional
barrier is ~1.5 eV [on the Cu(111) surface] or ~2.5 eV [on
the Cu(100) surface]. This indicates that in order to acceler-
ate the coalescing of the smaller clusters, tuning uy to favor
the formation of the partially hydrogenated ring cluster is the
key. From the above formation energy calculation results in
Figure 3(b), we can see that medium py favors the formation
of partially hydrogenated —CgHy clusters, which can boost the
coalescing process of such clusters to form a larger island.

On the Ni(111) surface, the influence of hydrogen on the
coalescing process of the small clusters is much weaker than
that on the Cu surfaces, as schematically shown in Figures 4(c)
and 4(d). Instead, the carbon coverage plays a more important
role. The coalescing process is endothermic under low carbon
coverages. To accelerate the coalescing process, a high carbon
coverage on the surface is needed. Because the high carbon
coverage does not benefit the quality control of graphene, the
graphene grown on the Ni(111) surface would intrinsically
have worse quality than that grown on the Cu surfaces.

IV. CONCLUSIONS

In summary, we have studied the role of hydrogen in the
initial nucleation and the coalescing processes for graphene
growth on the two most common substrates, Cu and Ni, by
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using first-principles calculations. The results on different Cu
surfaces are similar but are contrasting to that on the Ni(111)
surface. On the Cu surfaces, the existence of hydrogen in the
growth environment can favor the formation of carbon rings,
and the carbon rings can easily coalesce to form a larger sp?
network of carbon, the graphene island. On the other hand,
on the Ni(111) surface, the hydrogen favors the formation of
zigzag carbon chains. The chains can also coalesce into larger
island, but only favored at high carbon coverage. This new pic-
ture of graphene nucleation is expected to be a significant step
forward toward a full understanding of the graphene growth
on transition metal surfaces.

SUPPLEMENTARY MATERIAL

See supplementary material for the atomic structures of
the adsorbed clusters on Cu(100) and Ni(111) surfaces and
the temperature and magnetic effects on the stabilities of the
clusters.
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