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The first extraction of graphene in 2004 led to a wide range of
experimental and theoretical studies aimed at better under-
standing and exploiting the unique properties of this novel
two-dimensional material.[1] Among the many potential
applications, which have been suggested, are uses of graphene
as a substrate in high-performance catalysis and as a compo-
nent in circuit-board technology.

In particular, graphene�s high surface area and conduc-
tivity have motivated proposals to use it as a substrate for
growing and/or anchoring metal nanoparticles in high-perfor-
mance catalysts and other electrochemical devices.[2, 3] How-
ever, the activity of such carbon-supported metal catalysts is
strongly dependent on the dispersion and stability of the
metal clusters on the support (i.e. the ability of the substrate
to stabilize metal clusters of various sizes on its surface).[4]

Thus, vacancy defects are expected to play a vital role in
making graphene suitable for these applications by supplying
highly active binding sites for adsorbing and stabilizing metal
clusters.

Indeed, finite populations of single and double vacancy
defects are thermodynamically stable in graphene, and have
been studied extensively.[5–11] Density functional theory
(DFT) calculations revealed that vacancy defects resulting
from the removal of up to five C atoms reconstruct to form
non-hexagonal rings (models are shown in the Supporting
Information: Figures S1.b–f).[12] Even larger holes have been
observed in electron microscopy experiments.[13]

Defects may also play a critical role in using graphene
components for circuit fabrication. For example, taking
advantage of the Dirac fermions in graphene requires open-
ing up its band gap to convert it from a conductor into
a semiconductor. This conversion can be achieved by doping
graphene with either B or N atoms;[14–17] however, another

possibility for accomplishing this could be the adsorption of
small metal clusters on the surface. Because the adsorption of
such clusters can be used to tune additional magnetic and
transport properties of the substrate, it might also provide
a technique for controlling an additional set of electro-
magnetic properties.[18]

The catalytic nature of Ni is well established, and Ni
nanoparticles are commonly used to catalyze the synthesis of
carbon nanostructures. Owing to the strong affinity between
Ni and C, the incorporation of Ni atoms into carbon
nanostructures, grown using Ni catalysts, has been observed.
Ushiro et al. reported that X-ray adsorption measurements
detect Ni impurities in carbon nanostructures following
nickel-catalyzed synthesis, which even treatment with acid is
not able to remove.[19] Moreover, Banhart et al. identified Ni
impurities wrapped in onion-like graphenic particles by using
electron microscopy.[20] The work of Rinaldi et al. is even
more supportive.[21] Combining results from DFT calculations
and high-resolution transmission electron microcopy meas-
urements (HR-TEM) utilizing several in situ characterization
techniques, they concluded that Ni atoms form very stable Ni–
C compounds during nickel-catalyzed carbon nanotube
(CNT) growth, which are incorporated into the final products.
They also found unexpectedly strong adsorption of the Ni
clusters on the CNT supports. However, despite the potential
advantages of using Ni nanoparticles adsorbed on graphene,
their catalytic and electromagnetic properties (with the
exception of single and two Ni atoms adsorbates[22, 23])
remain mostly unexplored.

Based on these findings, it would be expected that just as
Ni nanoparticles might be used to tailor critical properties of
defective graphene sheets, a graphene substrate might be used
to modify the catalytic properties of nickel nanoparticles as
well. To elucidate this potential interplay we employ DFT to
study the adsorption of Nin nanoclusters on defective
graphene (details in the Supporting Information). As sub-
strate models we select graphene sheets with vacancy defects,
resulting from the removal of x atoms (with x� 5; see
Figure S1 in the Supporting Information). To model the
adsorbed Ni nanoparticles, we successively grew Nin clusters
with n� 10 and focused on the lowest energy adsorption
configuration of each Nin cluster on each of these six graphene
substrates (with and without vacancy defects). The binding
energies (referenced against single Ni atoms and the gra-
phene substrate) for the lowest energy configuration are
summarized in Figure 1. The binding energies can be
explained by three types of bond contributions.

The first type of binding is between Ni atoms. As the
cluster size increases the ratio of bulk to surface atoms
increases so that the binding energy will asymptotically
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resemble the bulk cohesive energy of Ni (red curve in
Figure 1), which we calculated to be 4.61 eV/atom (exp.:
4.44 eV[24]).

The second contribution to the binding comes from
attractive interactions between Ni atoms and the conjugated
p-system in graphene (Ni�C p-bonds). To separate the
contributions of Ni�C and Ni�Ni bonds (which are both
included in Eb) it is useful to also define the cluster adsorption
energy (Ead), which is referenced to the isolated, fully relaxed
Ni cluster and the graphene substrate (details in the
Supporting Information). These adsorption energies (Fig-
ure S2) suggest that Ni�C p-bonds contribute as much as
1 eV/atom to Eb. The quick increase of the energy gained by
forming a Ni�Ni bond (Figure 1, red curve) far outweighs the
advantage of having strong Ni�C p-bonds. Thus, the favored
location of additional Ni atoms on the d0 (no defect) substrate
is one that enables the formation of strong Ni�Ni bonds on
one side of the graphene sheet (Figure 2).

The third contribution to the total binding energy comes
from Ni covalently binding to C sp2 orbitals, which are not
involved in the C�C s-bond network in graphene as a result of
a missing C atom at a vacancy defect (e.g. d1). We refer to
these interactions as Ni�C s-bonds. As can be seen from the
large energies (4.5–7.5 eV) associated with the adsorption of
a single Ni atom on any of the defective surfaces (d1–5), Ni�C
s-bonds are stronger than either Ni�Ni bonds or Ni�C p-
bonds. Thus, their formation is favored, and is the determining
factor in cluster growth as long as the C sp2-orbitals surround-
ing the defect site are accessible to additional Ni atoms. In
maximizing the degree of Ni�C s-bonding, we find that
symmetric clusters, with equal numbers of Ni atoms above
and below the defect, are formed. The number of Ni atoms
able to participate in Ni�C s-bonding is naturally related to
the size of the defect: 2 Ni atoms for d1, 4 Ni atoms for d2 and
d3, 6 Ni atoms for d4, and 7 Ni atoms for d5.

In the case of small defects (d1–3) we observe asymmetric
cluster growth (beyond the formation of the initial Ni�C s-
bonds). The addition of the first Ni atom that does not
participate in Ni�C s-bonding breaks the symmetry of the
cluster, so that there are more atoms on one side of graphene
sheet than on the other. The next Ni atom being added can
form more Ni�Ni bonds by bonding to this larger cluster.

Thus clusters only grow on one side of the sheet where there
are small defects.

In the case of larger defects (d4 and d5) at least three Ni
atoms are able to participate in Ni�C s-bonding on each side
of the surface. Because additional Ni atoms are geometrically
hindered from initially coordinating with more than three
other Ni atoms, the same number of Ni�Ni bonds will be
formed, regardless of which side the Ni atoms are added to.
This means that the relative strength of the three new Ni�Ni
bonds being formed determines the location at which each
new Ni atom is added. This being the case, Ni atoms are
preferentially added to the smaller side of the cluster, where
the Ni atoms have lower coordination numbers, and as a result
are more reactive. Thus, in stark contrast to the growth of
asymmetric clusters on only one side of d1–d3, we observe the
growth of symmetric clusters, with equal numbers of Ni atoms
on d4 and d5. Because these symmetric clusters grow with one
half on either side of the graphene sheet, and thus effectively
penetrate the sheet, a stronger binding of both partners is
expected. Importantly, the growth of symmetric clusters
rationalizes the experimental findings that Ni nanoparticles
are very stable on the CNT supports.[21]

The cluster adsorption energies in Figure S2 show that Ni
clusters bind relatively weakly to perfect graphene (Ead�
2 eV) with small variations along the surface plane, indicating
that they are likely to diffuse even at room temperature. In
contrast, Ni clusters bind strongly to the defective graphene
with Ead� 5 eV, a result of the formation of Ni�C s-bonds.
Moreover, Ead increases as the size of the defect increases.

To better understand the high stability of Ni clusters on
defective graphene, we further analyzed the density of states
(d-band) of Ni atoms in a bulk Ni3C (Ni-Ni3C) solid and in the
Ni9 cluster on the d5 defect structure (Figure 3). In bulk Ni3C,
every Ni atom binds to two neighboring carbon atoms. In

Figure 1. Binding energies (Eb in eV/Ni atom) for the formation of Nin
clusters in the gas-phase and on graphene substrates with different
amounts of vacancy defects (d0–d5). The lines guide the eye.

Figure 2. Configurations of Ni clusters on various graphene substrates.
dx denotes the defective graphene with the x atoms removed, which
increase from zero in the first row to five in the last row of the figure.
Nix describes the size of the Ni cluster.
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contrast, the Ni atoms in the Ni9 cluster bind to three, two,
one, or even zero carbon atoms (denoted as Ni-3, Ni-2, Ni-1,
and Ni-0). As expected, the energies of the d-states associated
with each Ni atom reflect the number of Ni�C bonds the Ni
atom is directly involved in, with larger numbers of Ni�C
bonds corresponding to lower energies (Figure 3). Thus, Ni-3
is more stable than Ni-Ni3C, forming very stable Ni–C
structure on defective graphene and thus supplying a solid
foundation for further Ni cluster growth. Indeed, the stable Ni
carbide-like compounds have been proposed on Ni surfaces
and graphite platelet both experimentally and theoreti-
cally.[25, 26] Further, stable Ni surface-carbides have been
observed during nickel-catalyzed CNT growth by using HR-
TEM supported by DFT calculations.[21] Therefore, we expect
that, not only graphene but also graphite and CNTs as well as
other graphene-like materials (such as graphene oxide and
nitrogen-doped graphene), which exhibit interesting catalytic
properties,[27–30] should serve as appropriate substrates for Ni
cluster growth.

On larger defects (d3–5), Ead increases noticeably with the
addition of each Ni atom until the defect�s capacity for
forming Ni�C s-bonds is saturated. Thus, these larger defects
might be viewed as catalytic sites, which accelerate the
nucleation of small clusters. Because Ead is dominated by
contributions from Ni�C s-bonds, it does not change signifi-
cantly as the size of the Ni cluster increases from Ni5 up to Ni10

(the largest deviation of Ead is 8.47 %). Because the difference
in Ead only depends on additional Ni�C p-bonding, the
stabilities of Nin clusters (4�n� 10) on d3 and d4 are very
similar (the largest deviation in Ead being 12.2%), and all sizes
ranging from Ni4 to Ni10 have similar stabilities on d3 and d4

defects. Thus, we expect both the dispersion and stability of Ni
clusters on graphene to be substantially enhanced on d3 and
d4.

To evaluate the stability of the defect-attached nickel
clusters, we also calculated the diffusion barriers for Nin

clusters with 4< n� 10 on d3 and d4. Migration of the entire
cluster away from the defect requires over 8.5 eV, which
indicates a very high stability even at elevated temperatures.
As migration of the entire cluster does not seem feasible we
also considered step-wise destruction of the attached clusters
by removing parts of the cluster only. In this case we still find
diffusion barriers above 3.5 eV. The resulting low mobility is

in agreement with corresponding experimental observa-
tions.[21]

The d-band center (Dc) of the Ni atoms provides
a quantitative measure of their catalytic activity.[31, 32]

Table S1 shows the individual Dc values of the most active
Ni atoms in the clusters. The negative shift of the Dc value of
the NiC atoms (i.e. Ni atoms directly involved in Ni�C s-
bonding), induced by the adsorption on the d3 and d4

structures, indicates suppressed reactivity and is most likely
due to the formation of Ni�C s-bonds. In contrast, the
Dc values of NiNi atoms (i.e. Ni atoms not directly involved in
any Ni�C s-bond) are shifted positively in clusters adsorbed
to d3 and d4 defects. This enhanced reactivity results from
weakened Ni�Ni bonds between NiC and NiNi atoms as the
NiC atoms form s-bonds to C atoms. On d5, the Dc values of
the NiC atoms is similar to that of NiNi atoms. We explain this
similarity by noting that the Ni atom, which replaces the
removed C atom, weakens the bond strength between the
neighboring C atoms and the surrounding Ni atoms. However,
both the NiC and NiNi atoms in Nix/d5 have a higher reactivity
than their counterparts in isolated (i.e. unadsorbed or in gas
phase) Ni clusters (as can be seen from the Dc values in
Table S1).

For clusters larger than Ni6, the most reactive atoms are
the NiNi atoms on d4. Their Dc values are as much as 0.75 eV
higher than in the corresponding isolated Ni clusters (Dc =

�0.85 eV on Ni10/d4 and 1calcd =�1.60 eV on Ni10). Therefore,
we anticipate that the symmetric structure d4 would be a good
substrate for growing and anchoring Ni catalysts. Given the
high reactivity, dispersion, and stability of the Ni clusters on d3

and d4, we expect a mixture of d3 and d4 defects to be an
excellent substrate for improving the catalytic activity of Ni
clusters. Interestingly, large holes have indeed been observed
by electron microscopy measurements of such substrates.[13]

As defects can be generated by irradiation with electrons or
ions,[11] modulating the defect size combined with well-
selecting particles might indeed be an interesting strategy to
tune the catalytic properties.

The band gaps (Eg) associated with various Nin/dx

structures for p(5�5) unit cells are summarized in Table S2.
All the graphene sheets except d2 are metallic, whereas d2 is
a semiconductor with an Eg value of 0.54 eV. To compare our
results with other studies, we calculated Eg for the d2 defect
structure in larger unit cells (0.43 eV for p(8�8) and 0.29 eV
for p(10�10)). The latter is close to the value (0.21 eV)
calculated for the reconstructed d2 system in the same unit
cell.[33]

As might be anticipated, adsorbed Ni clusters do not
strongly influence the band gap of pristine graphene whereas
they significantly alter the band gap of defective graphene
(except d2). For example, a single Ni atom on d3 induces
a band gap of 0.49 eV for a p(5�5) unit cell, changing d3 from
semimetal to semiconductor. It is established that DFT
substantially underestimates band gaps. Thus, the Eg value
in the actual defective graphene Ni/d3 is probably much larger
than 0.49 eV. The experimentally observed high stability of
nickel-atom impurities in carbon species[19–21] suggests that
single nickel-atom or nickel-dimer impurities may provide

Figure 3. Density of states (d band) for Ni atoms in bulk Ni3C and Ni9
cluster on d5. Ni-3, Ni-2, Ni-1, and Ni-0 denote the Ni atom of Ni9
cluster involved three, two, one, and zero Ni�C s-bonds, respectively.
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a robust means for modulating the band gap of carbon
materials.

We attribute this gap modulation to the hybridization
states involved in the s-bonding between the Ni atoms and
undercoordinated C atoms. As can be seen in Figure 4a, the

d3 defect induces the energy band of graphene to shift closer
to the Fermi energy. Owing to its asymmetric structure, the
energy levels of defective graphene are also less degenerate
than those of pristine graphene. Of particular interest is
a partially occupied pz state near the Fermi level, which is split
off from the p-band of the carbon ring, and is responsible for
the metallic character of d3. Under the influence of a Ni atom,
the graphene p-band states at the bottom of the conduction
band mix with Ni d-band states and together split away (from
the valence band) to form a separate state directly above the
Fermi energy (Figure 4b). As this separated state is now
empty and the valence band is fully occupied with the
addition of d electrons from the Ni atom, a band gap opens
up.

Note that the size of this band gap depends on the
concentration of defects, such that the band gap decreases as
the concentration of defects decreases on d0–d4 (see
Table S3). In contrast, Eg values increase on d5 with decreas-
ing defect concentrations given in monolayers (MLs), defined
as the number of defects per unit cell divided by the number
of lattice sites per unit cell (e.g. 0.24 eV for Ni2/d5 at 1/50 ML
in p(5�5) and 0.37 eV for Ni2/d5 at 1/128 ML in p(8�8)). The
weak dependence of the size of their band gaps on the defect
concentration in the Nix/d5 structures suggests that these
structures are promising candidates for applications as
graphene-based semiconductors.

In summary, having investigated Ni nanoparticle growth
on perfect and defective graphene sheets, we find that Ni
clusters grow asymmetrically on only one side of small
graphene defects, while they grow symmetrically on larger
defects (more than three missing C atoms) forming a nickel
carbide layer along the graphene sheet. Increased symmetry
of the clusters also corresponds to greater thermodynamic
stability, which might improve the catalytic reactivity of the Ni
clusters. We anticipate that the Nix/d3 and Nix/d4 structures
present optimal catalytic reactivity. Meanwhile, we find that
small Ni clusters effectively introduce a band gap into
defective graphene, suggesting a possible means of modulat-
ing the electronic properties of graphene. In particular, the

high thermodynamic stability of Nix/d5 and the weak depend-
ence of the size of its band gap on the defect concentration
commend it as a promising candidate for graphene-based
semiconductors. Furthermore, our results are helpful for
understanding and engineering other carbon-based function-
alized materials, such as CNT-based catalysts (e.g. in fuel cells
or solar cells) and electronics.[34, 35] In particular, it should be
possible to use Nix/dn structures to grow graphene–CNT
hybrid nanostructures, which have great advantages for
practical applications.[36, 37]
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